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Carbocations

Are electron deficient and have an L
empty p orbital (sp? hybridized). Not all ,;— |
carbocations are equally stable so there (]
are predictable patterns for which ones -
will form. ey e
(|3H3 (I:I-|3 | |
_CL > _CL > _C. > _c.
H,C” CH, H™ " SCH, H™ " SCH, H™ " H
3° 2° 1° ez methyl
A’Q;“ oWF \‘,\_s/ L TW:;':L one & gqpup
A ket B
rertiary carbocatisie  NOte: this is the same order of stability as carbon radicals. 1 5y i



Carbocations (cont’d)

The order of carbocation stability arise from
three sources.

+
%
b

1) Inductive electron donation: the

electrons in C-C o bonds will be pulled ?C\
closer to the C* helping to minimize the H,C H
charge. Note: this does not work for C-H

bonds_ C-H G-p overlap

medg ) v e

Ze« 2)  Hyperconjugation: this is a orbital
interaction between adjacent C-H bonds
that can overlap the empty p orbital of
the C*, this again helps to minimize the
charge on the C*.




Carbocations (cont’d)

3) Resonance: a carbocation immediately adjacenttoa
system (double bond, triple bond or aromatic ring) can be
stabilized by resonance. This lowers the energy by
spreading the charge over more atoms, i.e.

the allvl carbocation

@8 Lo ong Bacls Lana




Carbocations (cont’d)

One final complexity for carbocations: rearrangement.
Carbocations are susceptible to 1,2-hydride shifts, where an
adjacent H atom (and its bonding electrons) shift to the C* to
produce a more stable carbocation, i.e.

Lo — 2y

i H

This is also possible for methyl groups. These shifts are
common when a tertiary, allylic or benzylic carbocation is
produced.



cyclohexene

3.7.a Addition of Halogens (w fff}lil f:

Addition of Cl, or Br, across the double bond to e
product 1,2- dihalide alkane. 5 e el
@ Br Jl culas 131 51 clia
Ne=c” Br2 L e
/C:C\ r C (I: oo "
I ls3<sBr2 Ia:ji_m
CCly | L e - '

(annaddmon)

(vicinal dibromide)

Halogen is usually dissolved in chloroform or
carbon tetrachloride.

Reaction is rapid at room temperatures

Addition of bromine is a common chemical test for

the presence of double bonds as the red colored

bromine solution turns colorless when it reacts ,
with an alkene

Reaction relies on the polarizability of the halogen
bonds o o

Br—Br.




e C=c =¥

NN T A e
Alkenes readily add chlorine or bromine.
CH;CH=CHCH; + Cl, — CH3(|3H—(|?HCH3 (3.5)
O (N
2-butene 2,3-dichlorobutane
bp 1-4°C bp 117-119°C
CH,=CH—CH,—CH=CH; + 2 Br, — CH,—CH—CH,—CH—CH,
| | | | (3.6)
Br Br Br Br
|,4-pentadiene 1,2,4,5-tetrabromopentane > s
NN
bp 26.0°C mp 85-86°C .

Lo, (5 i}nﬂ 2
oo T o) ey, e s

PROBLEM 3.8 Write an equation for the reaction of bromine at room
temperature with a. propene b. 4-methylcyclohexene



Halogenation (cont’d)

In the first step the © electrons act as a
nucleophile attacking the bromine displacing

a bromide ion and forming the cyclic bromonium
cation intermediate.

—+

¥

In the second step the nucleophilic bromide ion - /X
attacks the side of the bromonium ion away from Vifm i
the bromine atom opening the highly strain cyclic s

\/EB
structure and producing the 1,2 dibromo '
=B

hydrocarbon.

Note this is a trans addition since the two Br =B
atoms add to opposite side of the double bond.



an electrophile

5 H B
In,,,,¥ i L / v / \

v — g . — \uyc Qm my(:_(: oy BI—

a nucleophile A bridged bromonium

ion intermediate

Copyright © John Wiley & Sons, Inc. All rights reserved.

an electrophile

.e B N
(?13*,': Z :Br: .
/X J
e G=——=C Lormyy & \C— 1"'w,
/ \ \ .B/. \ 1
" Br
‘Br: Anti (coplanar) orientation A Newman projection
of added bromine atoms of the product
a nucleophile viewed from the left

Copyright © John Wiley & Sons, Inc, All rights reserved,
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3.7.b Addition of Water (Hydration) s

(Hpo U7 )

H+
CH,=CH, + H—OH — CH,—CH, (or CH;CH,OH)

H OH

ethanol

: i
+H—on & :

y y\);“/ —OH

H o

(3.7)

(3.8)

@\y;\ﬂ* N S\_\ H“‘ —> ﬂ}j‘/ﬂ-ﬂ' Lo
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cyclohexene :{ 4)/ cyclohexanol .puic
bp 83.0°C LoV v bp 161.1°C “=c
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3.7.c Addition of Acids

(2t

\ / o+ 8" I |
C=C + H—A =
/ N |
H A
£ -8
CH,=CH, + H—Cl — . CH,—CH, (or CH;CH,CI)
S . |
[vs<VH d
ethene hydrogen ¢~ chloroethane
chloride (ethyl chloride)
g Soy
+ H—OSO;H \—
H H A H 5
e e H OSO.H
cyclopentene sulfuric st s cyclopentyl
e hydrogen sulfate

acid
e | vpr

(3.9)

(3.10)

(3.11)



Symmetry and Addition Reactions

The ha|ogenation of ethene is a Table 3.2  Classification of Reagents and Alkenes by
. Symmetry with Regard to Addition Reactions
very symmetry reaction as both

Symmetric Unsymmetric
the reagent (Br,) and the
substrate (ethene) are symmetric. eagenis FRAE MR
In this situation there can only be clrcl H--0H
a single product. What about H-H H =4 080,H
asymmetric reactions? Two
. . Alkenes CH, ==CH, CH,CH ==CH,
products are possible now, which
regioisomer will form? L i z\/cm
/ \\ /
A Sl
mirror plane not a mirror plane
R H R H R H
S 4 o | | ||
L=C_ + X—Y —= —C—C— andlor —C—C—

| | | |
v’ r \r
: . ' \ \



Symmetric Unsymmetric
Reagents Br -+ Br H - Br
Cl—¢l H-+OH
H-+H H—-0S0,H
Alkenes CH,==CH, CH,CH =CH,
f,\p'o)@ 1__' — CH3
)
[ ., '
Qe A M)S
0«2 . mirror plane not a mirror plane

ﬂ(\ —S Cq
DR o i
Sijc{/ic >



Markovnikov’s Rule

Fortunately there is a simple rule of thumb to
predict which product will form: Markovnikov’s
rule, which states that when an unsymmetrical
reagent adds to a double bond the electrophilic
part of the reagent adds to the carbon with the
most hydrogen atoms on it.

N aloun: Kovss PR RS W IR [ H < )
fule Ly W
i H—OH, ~ CH,CHCH
ety Ph“» W
ot 25 = 3 3
cYycu=cyy > H-cl ;;;,,;"” :f 4 H | //
EN | OH
- - - 2-propanol
[CHJ%H —ckJ (JH SCH =(JH2 e ¢ £
[ clz CHsch, ) o /’y/
sea S It [ _n'i"n_ (. 7
© Yable ey e [\ ,ﬁ ] \%—\u‘\u ?’V‘M? Carbo catiyn }i O l l X
e i CH:CH,CH,—OH

'll'



Markovnikov’s Rule (cont’d)

Why? This mode of addition will always produce
the most stable carbocation intermediate, i.e.
consider the addition of H* to propene...

H

)\Jr 1° carbocation - anti-Markovnikov product
/\/\\l-h /

™~ ;

P L 2° carbocation - Markovnikov product



Hydration

 Addition of water across the double bond
* Productis an alcohol

* Requires an acid as a catalyst as water is not
acidic enough to produce the electrophile

2 | -
> dilute H3O+ ;

(e.g. dilute HySOy, H3PO4)

w3 w»)



Hydration (cont’d)

First step is the protonation of the alkene in a
Markovnikov orientation to generate the most
stable carbocation.

The second step is the attack of the nucleophilic
water molecule on the carbocation

Finally an acid/base reaction deprotonates the
alkyloxonium ion to form the alcohol.

PSS

e
2

B
e
X
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—O0—H H2Q
A@ J,\wa M#
- _;i;t;: e H
1 slow W;;; ® fast
: (step 1) =~ ; (step 2)  ~ |
e /

more stable H '([ H
3° cation | ;
fast H2§
(step 3)




Hydrohalogenation

Addition of HX across a double bond to produce a
Markovnikov halide alkane

WMo acy
2w e

Reactivity: HI > HBr > HCI > HF (parallels acidity)

HBr needs to be used in the dark and under an
inert atmosphere to prevent a free radical
addition process that produces the anti-
Markovnikov product.

Note: this same mechanism applies to other acids
such as H,SO,



Hydrohalogenation (cont’d)

First step in the Markovnikov addition of the
electrophilic acidic proton to produce the most
stable carbocation intermediate.

The second step is the nucleophilic attack of the
halide anion on the carbocation intermediate
generating the alkyl halide product.

XIS

|
X

B



%’ Lo o, \L\
1° cation) fast
(mlnor)
\ H—Br
 slow™
sy “(r d S.)
' B :
> N® | > \I—/
O ~oti fast
(2~ cation) Br
(major)
- 7 \_ J
Y Y
Step 1 Step 2

Copyright © 2017 by John
Wiley & Sons, Inc. All rights
reserved.



Hydroboration/Oxidation

* Final product is an anti-Markovnikov alcohol
* Two step reaction, BH;, H,0,/NaOH

the net result of hydroboration— contrary to Markovnikov's rule. the
oxidation is the addition of H and OH hydrogen has added to the former double-
across the C—C double bond bond carbon with the fewer hydrogens
e S @QHf 5\2'0\!«“:3&\’.,4\\" J luﬁ.hA
T Selued @ Nael , Koo, \A.;w e MJR":Q
1) BHy . THF o Hode 7 isian
/\/\/ : > & NM/\/\/\ OH W, Ne T
2) NaOH, HyO, Ay A @
Copyright © John Wiley & Sons, Inc, All rights reserved, (m(_wu e ::';
Markow i "sﬂt'?f“ ‘:2*%0
. L . o475 Concggp AN
e Electrophile is the B atom (H is more EN than B!) Pt
 Concerted addition reaction H
" .
65— &+/ H—B—H .
H - ' H transition state
H B \ K C e (':\\“’ for hydroboration
~ . LISLL alcohol JI 13
A /"'+ \ @ ey e e oSy Tl S <l oyean
R H Uil 2etH 050 Makrovnikov g oIS 13) markovnikov or

W i i
(water J1 lseuss Y)H20 ~ et antimakrovnikov

L;w;(l)wﬂm Jass antimarkovnikov sU o 131 oI
2) 080,



Hydroboration (cont’d)

Step 1: alkene 7 electron acts as nucleophile
and add to the electrophilic B, at the same
time the H is transferred to the C atom.

Step 2: stepl repeats twice more

Step 3: peroxide ion acts as nucleophile with
the B atom.

Step 4: migration of the C-B bond to form a C-
O bond and displace hydroxide

Step 5: nucleophilic attack by hydroxide on B
displacing it as BOH

Step 6: acid/base reaction to protonate the
alcohol

H

ik

i

M

//' repe&s

twice

JI s details Lo o8
Saasll &) Lege Le.... mechanisms
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Hydrogenation

* /Addition of'H, across the double bond to
produce an alkane

* Requires a metal catalyst, Pt, Pd, Ni or Rh

* “syn” addition, both atoms add to the same
side of the double bond.

Hydrogenation of Ethene

L]
H\ H I
S5 Pd/C
C=0 ¥ H2 . H—C—"C—H JI b 4l el ¥
b T t|_I }I_l ;

Ethene Ethane




Hydrogenation

Step 1: hydrogen adsorbs onto
the face of the metal

Step 2: alkene approaches H
atoms

Step 3: H atoms add to the two C
atoms producing an alkane S

\\\\\\\\\\\\



Oxidation: Permanganate

Used as a chemical test

Product is a glycol (1,2-diol)
and manganese oxide

Color change from purple to
brown-black MnO, solid ¥

OsO, also used to make 1,2-
diols

|




Oxidation: Permanganate (cont’d)

 Complex reaction mechanism

* Reactive via a five membered cyclic ester
intermediate.

e Both O atoms are transferred from the
permanganate ion.
OXidikion of
) u«eox,jd,mjz ’ l\

N S e _ e L | —
3 C=C__+2K*MnO,” +4H,0 — 3—%—-(‘,— + 2MnO, + 2K*OH

a \ l,(ov»e

S%bwj @X;&'?ﬁv\j O\jcvuf

OH OH
alkene potassium a glycol manganese
permanganat dioxide
(purple) (brown-black)

QS Chemicay UM 2 e
yest



Oxidation: Ozonolysis

] . s |92
OXidaksn LN Lo oz
Cleaves the double bonds in
half generating two carbonyl .- ... ., v
groups “"” e
1.0
In Zn/H* get aldehydes or Y= e,

ketones (reductive products) r | H 2 Zn, H*
In H,0, ketones or carboxylic

acids (oxidative products) R R 1o,
Was primarily used for >==< —
structure determination since R { H 2 H,0,
ozone only reacts with C-C s
multiple bonds. covam 1%

Generates smaller molecules
that are easier to identify.

~H , .
C = ¢ \) ©
UL e
2)zn, yt i
CH/; H H
+ CHac-n

e ez

Rl u;—,"aJ:‘rf"“’é‘;

Q
Vo3 CHze _oy

) Haop. +

BJD\P-\&;/LP l)) \9)&/ Lo ysLl@--%
Q:-SL'\_}"PUJUI QA W



™ O , £\ H,0*

Oxidation: Ozonolysis (cont’d)

W'/\O\ .
2
Step 1: © electrons act as nucleophile |\*o '5/“/\?‘ - ,
attacking the ozone at the ele hilic Lo Qe O
terminal O atom. A second C- is
formed by a nucleophilic attack o J
other terminal O atom \_
—O first product
- H
Step 2:the molozonide rearranges to an 3\46\ -
ozonide
Step 3:the ozonide peroxide O acts as a l
base to a water molecule producing one \_
. H (0]
of the final produces. S
o
'l| O=—  second product

Step 4: the hydroxide attacks the hy
O forming a peroxide and the seco
carbonyl compound

- C=0+0=C

- ; = o ozonide

ronid two carbonyl o/

Eroups



Raé—l Cﬁ,[ Addikion +
A&&”{:.n }o

Radical Addition Reactions: Polymers:>

ns of small
erization.

and polybutylene
s used throughout

One of the m
alkenes is a free
Polyethylene, pol
are all very common
society.

As with the other fre ' n we have
seen, this requires

chain growth and fifially a termination step.



Radical Addition Reactions: Polymers

Initiation is comm done usin roxides since they break at

moderate temperat

Re=0— 2R—O0-
organic peroxic two radicals

jon reaction in a free
onomer rather than

In contrast to the free radic
radical addition the initiat
removing a H atom.

o™ cHx

R CHZ——— ) e RO_CHZ—CHZ

catalyst a carbon-centered
radical free radical



Radical Addition Reactions: Polymers

Chain growth occurs as the carbon radical reacts with additional
monomers.

; CH,=CH, =CH,
ROCH,CH, — = ROC =
H,CH,CH,CH,CH, and so on
Termination usually occurs wh n radical react with

each other.



Radical Addition Reactions: Polymers

During chain growth a branch point can be introduced if the
chain wraps back on itsglf and abstragis a H atom from the
middle of the chain. Gr@With will thef@@roceed from this point.

~+ CH H CH.
S ¢ gt
< H "q‘g h : ¥ %
"'“m{m ﬂx‘f - .N‘"W'%, - v 2%and S0 0n
et o o
CH,
|
CH,e
The result is a complex brangh&d poly
% v
W % W

o

branched polyethylene



Radical Addition Reactions: Polymers

The exact structure of the polymer, chain
branching, can be controlled to some de
initiator, use of catalysts,
introduce branching and re
relative concentrations of initi
temperature.

gth and amount of
e by the choice of
monomer types to
lons. This include the
onomer, and reaction



Additions to Conjugatg@d Systems

lication for addition
addition generating a
onds are conjugated
intermediate, i.e.

Conjugated systems prov
reactions. The first step is an
carbocation. But since the two
resonance is possible for the carbo

1,2-addition 1,4-addition



There will usually be both the 1,
conjugated alkenes. The only time

Ca .

1,2-addition 1,4-addition

In this case the there will be more of the 1,4 addition product as it
reacts through a 3° carbocation which is more stable than the 2°.
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Cycloadditions: the Diels-Alder Reaction

There is an additional type of reaction for
conjugated alkenes, a cycloaddition. This a very
Important reaction as it is an easy way to
generate cycloalkenes in very high yields. The
reaction involves a conjugated diene and an
alkene or alkyne. There is a rearrangement of

the © electrons that will produce two new o
bonds forming the ring.



Cycloadditions: the Diels-Alder Reaction

Diene \IJ‘j.\'T‘L‘J’ﬁ
Dienophile
Diene: 1,3-butadiene
Dienophile: ethene
Product: cyclohexene
S S . | iy Cocle e
© on-)\a:;\?:"“‘ A ¢ ke (
tw/ B > new o bond
/CH?_ "iof;‘; . new’ 7 bond /CH?. r

N2 T il \\\\CH eH,

(/1 CH  _CH,
CH \\CH:\\

new o bond

D

1,3-butadiene ethylene cyclohexene



Cycloadditions: the Diels-Alder Reaction

The reaction proceeds best when an electron withdrawing group is attached
to the dienophile.

Electron withdrawing groups are groups of atoms that will withdraw electron
density of the dienophile © bond which makes it a better electrophile.
Common electron withdrawing groups include: carbonyl (-C(=0)R), cyano (-
C=N) and esters (—CO,R).

dienes
=
- -
dienophiles
O @)
Hk CN CO,CH, CN
X 2
CO,CH,

O Monday

25-2 -2,24



