Chapter 4

Reactions of alkenes

Addition reactions
Carbocations
Selectivity of reactions
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O Prob 47 p192. Give the reagents that would be required
(including catalyst).
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Electrophilic addition o

\ / (™ | L N |
c—C + H-Br —, —Cc—C— + B %, —c—C—

AN “mNC apn

the electrophile a carbocation | the nucleophile
adds to an sp? intermediate | adds to the
carbon of the carbocation
alkene
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O addition of electrophile and then nucleophile to C=C
electrophile from E* Nu:~ or E®*—Nu®- or E-Nu

O (typically) 2-step reaction
1st step ~— addition of E* to = ~ slow ~ RDS

o C=C is a weak Nu ~ need strong E* like H*
o base destroys E* ~ run in acidic or neutral condition

2nd step ~ addition of Nu:~ to C* ~ fast




Addition of HX ot

O electrophilic addition of HF, HCI, HBr, or HI to =
E* is H* from Ho*

O A symmetrical alkene gives one product.

H3C\ /CH3 (‘:H:a CH;
c=C + HBr — CH;CH — CCH;,4
H,C CH, Br

O unsymmetrical alkene?

g ik
CH;CCH;3 + :Cl:™ —> CH;CCH;
7 |
CH; tert-butyl cation Cl
(\ tert-butyl chloride
CH;C==CH, + H—CI only product formed | | |
\ CH CH
CH3CHCH2 + Cl —> CH;3CHCH,CI
isobutyl cation isobutyl chloride

not formed




Stability of carbocation

Ch 4 #5

relative stabilities of carbocations

R R == H
7 4 7 /
most stable > R —C\Jr > B —C\+ > R —C\+ > H—C\+ < least stable
R H H
a tertiary a secondary a primary

carbocation carbocation
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due to charge dispersion by
o Inductive effect ~ e-donating R

carbocation

H

H

methyl cation

o hyperconjugation betw e in ¢ bond and empty p orbital

+‘hyperconjugation |
H
H
2

O EC H—'C
Eh L )
H ;
CH,CH, *CH,

ethyl cation methyl cation

tert-butyl cation

isopropyl cation

H H
{ /

H-C—C"
{1\
H H

ethyl cation



Regioselectivity

Ch 4 #6

Free energy

The 1st step is the RDS, and the more stable carbocation
Intermediate is formed more rapidly. = regioselectivity

CH,CHCH,CH;
+
Br~

CH;CH=CHCHj
HBr

CH _;?HCH »CH;
Br

CHj;

—_ >
Progress of the reaction

the difference
in the stabilities
of the transition
states

AN

CH;CHCH; isobutyl cation

CH3(+ZCH3 tert-butyl cation

the difference in
the stabilities of the
carbocations

CH,

| &

CH;

Progress of the reaction

|
CH;C=CH, + H—Cl

rson Education, inc.

C|H3 CH3
CH;CCH; + :Cl:” — CH3CCH;
/ , S l
tert-butyl cation £l
(-\ tert-butyl chloride
only product formed
CH; CH,
\ A |
CH;CHCH, +:Cl:” — CH3CHCH,CI

isobutyl chloride

isobutyl cation
not formed

Hammond postulate:
“Structure of [TS]* is similar to that
of the species of the similar energy.”

v [TS]* resembles intermediate
more than reactant.
v AGH* for t-Bu cation is lower.
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O regioselective

CH; H;C Br CH;
)\\ | Br
+ HBr —— +
R
1-methylcyclohexene 1-bromo-1-methyl- 1-bromo-2-methyl-
cyclohexane cyclohexane
major product minor product

O completely regioselective ~ regiospecific

(|3H3 CH; CH,4 4not formed
CH3C = CH2 + HCI — CH3CCH3 CH3CHCH2C1
2-methylpropene ﬂ (|31
only product formed 3°Ctr>2°Ctr>>1°C*
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O not regioselective

E|3r Br
CH3CH :CHCH2CH3 + HBr —— CH3CHCH2CH2CH3 + CH3CH2CHCH2CH3
2-pentene 2-bromopentane 3-bromopentane

50% 50%

©2011 Pearson Education, Inc.




Markovnikov’s rule i

O Markovnikov in 1870

“In addition reactions of HX to alkenes, H bonds to C with
more H.”

O Restating

“In addition reactions to alkenes, E* adds so as to form more
stable carbocation.”

Cl

> | |
CH3CH2CH:CH2 + HClI —— CH3CH2CHCH3




Addition of water [hydration] s o

CH;CH-—-CH, + H,O ——> noreaction

H,O is a too-weak acid to give electrophilic H* or Ho*

need a catalyst \

HSO4
CHy,CH—CH, + H)O =< - CH;CH-— CH,
OH H
HQSO4 T H20 —_— H30+ + HSO4_
hydronium ion
_ N strong acid ~
a hydration [addition of water] gives H* as E*

an acid-catalyzed hydration
Hydration of alkene gives alcohol.
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O 3-step mechanism

a protonated

S alcohol
F R slow fast
CH}CH:CHE + H_?H —- CH';CHCH'; + HEQ: — CH}CHCH"{
+ -
e " o — P ;1-

/\ H A8 -?H H>0 removes a
addition of addition of _H " proton, regenerating
the electrophile the nucleophile 7 | the acid catalyst

Hzai
| fast

CH_;(':‘HCH_; + H;0%

:OH
the first 2 steps the same to hydrohalogenation
o obeying Markovnikov’s rule
3rd step ~ removal of H* ~ H* recovered
o protonated alcohol [ROH,*] is a very strong acid (pK, < 0)
HSO,~ as the (competing) Nu:?
» weaker (base) and smaller amount




Addition of ROH s

H,S0,

CH3CH :CHZ + CH30H = CH3CH . CHZ

| |
OCH; H

2-methoxypropane
an ether

acid-catalyzed addition of alcohol to alkene gives ether

mechanism the same to hydration

CH;CH /(/3H7 2 F‘OJFCHq Show CH;CHCH; + CH;OI—I fast.  CH,CHCHS,
}'l | (' :OCHj

]|—[4_- |

HCH;QH

fast

ol
CHyCHCH; + CHOH
:QCH3 H




Carbocation rearrangement

Ch4 #12

(|:H3 CH3
CH3CHCH:CH2 + HBr — CH3CHCHCH3
3-methyl-1-butene ll_’:r

2-bromo-3-methylbutane
minor product
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™
CH3(|ICH2CH3

Br

2-bromo-2-methylbutane
major product 1

O rearrangement with 1,2-hydride [H:] shift

CH; i CH;
| Ny | T+
CH;CH—CH=-CH, + H—Br —>  CH;C—CHCH;

CH;

|
> CH;C—CH,CHj
+

3-methyl-1-butene

|_A
]L < a 1,2-hydride shift

a secondary
carbocation

lﬁr‘
iy
CH-CH- -(llHCH_;

Br
minor product

addition to the
unrearranged
carbocation

to form more stable carbocation

a tertiary
carbocation
addition to the lﬁr—
rearranged
carbocation
CH'{(': ' CHECHq
Br

major product
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O rearrangement with 1,2-methyl shift

C|H'=. ey ?Hl (|:H3
X
CH;C —CH-——CHz + H—Cl —>  CH;C—CHCH; CH_;(E—CHCH;
([ZH; CH, @ 1.2-methylshift | (le}
3,3-dimethyl-1-butene a secondary a tertiary
carbocation carbocation
addition to the J’CI_ addition to the |C|—
unrearranged rearranged v
carbocation CH; carbocation CH,
| |
CH;(E—(FHCH; CH3(|:—(|3HCH3
H;C Cl Cl CHj;
minor product major product

O rearrangement with ring expansion

CH, T , CH; CH3 CHs
cH=cH, P&, \EH CHy — ;~CH; _Br, CH,
3

2011 Pearson Education, Inc.

to form more stable C* and ring




Addition of X,

Ch 4 #14
CH3CH CH2 + BI'2 > CH3(‘:H ?Hz
Br Br
O addition of Cl, or Br, [chlorination, bromination]
In inert solvent like CH,CI, or CHCI,
0 mechanism ~ through cyclic intermediate :1?}:
3
HQC_CHZ
. why not through C*? less stable
iBr: more stable than C* N
. ey :Br:
‘Br: ‘Br: 7N
3 WS HQC_CHZ

‘. .-'; Y - L s &
H,C—CH, — H,C CH, + :Br > :Br— CH,CH, — Br:
»

1,2-dibromoethane
a cyclic a vicinal dibromide
bromonium ion

This Br is E* and Nu at the same time.

more stable
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How did they know that cyclic rather than C*?
o retrieving intermediate?
o observing product
the carbon skeleton
CH, (‘3H3 does not rearrange

|
CH3CHCH:CH2 ~+- BI’Q CH3CHC‘HCH2BI'
Br

3-methyl-1-butene
1,2-dibromo-3-methylbutane
a vicinal dibromide

S
CH,Cl,

O addition of Cl, or Br,; not F, or I,
F, Is too reactive [explosive]

I, IS not reactive enough

CH;CH—CHCH; + Iy« o~ CH;CHCHCH,
1 K

unstable




Writing organic reactions ch 410

™ o
CH3C :CH2 . i C12 m CH3(‘:CH2C1
2|

reactants left, products right

conditions above or below arrow

o catalyst
o solvent, temperature, heat [A]

sometimes substrate (or organic comp’d) only on the left

- Cl;
CH;CH—CHCH;j W CH;CHCHCH;

cl ¢l

2011 Pearson Ecueation, inc.




Halohydrin formation sz

O reacting X, in H,0

CH;CH—CH, + Br, — > CH;CHCHBr + CH3(|2HCHZBr + HBr
2 |

propene OH Br

a bromohydrin minor product
major product

H,O is Nu: awa solvent
» Water is a nucleophilic solvent; CH,CI, is an inert solvent.

H,O wins over Br:~as the Nu:
o solvent ~ much larger # of molecules

water removes

/__\*. L]
Br: water attacks the
= | a proton

. K .. — |unstable intermediate
nucleophile ‘Br: )1 electrophile C + Br:
v/ o :Br: s
N H

slow

o: .
CH';CH:)‘CHQ —¢ CH;CE_% CHg(FHCHQ_B.r:
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H,0: e +
st * CHg(EHCHQ—.B.r: + H;0:

:OH
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O regiochemistry

o+ o+

0 B P
: . - iE .0
(b B CH,CH CH, CH,CH— CH,
- - i W . .
el Ny / H0: as : :
CH:GH ‘CHy /a6t © CH3CHCH,—Br: 8:0H 8:0 H
| | |
*:-:l;)H H H
H ‘ more stable transition state ‘ less stable transition state

Pearson Ecucation, .

O other Nu’'s — when a larger amount than X, is used

T i
CH3CH:CCH3 + C12 i CH3OH — CH3CH(‘:CH3 + HC]
Cl OCH;

CH3CH:CH2 = BI'2 + NaCl —— CH3CHCH2BI' + NaBr

|
Cl




Oxymercuration-reduction s e

O for alcohol synthesis

(acid-catalyzed) hydration of alkene
o low yield, C* rearrangement
o Still, industrial method

oxymercuration-reduction
o high yield, no rearrangement
o lab-preferred

O 1-pot 2-step reaction

P 1. Hg(O,CCH3),, H,O/THF
R—CH—CHy 3 N, > R—CH—C&,

OH

TO\%OT = Hg(OC(O)CH;), = Hg(OAc),
mercuric acetate
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O mechanism
typo: O,CH; should be

1st step ~ same to X,/H,0O OC(O)CH, or OAC
‘ nucleophile ?ZCH“‘ 0,CH; water attacks the
L O.cH | unstable intermediate
lelectrophlle — g =0 ~—~Hg" /4
‘f ~ TN\ H,0:
CH;CH= CHE —> CH;CH- CH? —H CH;CHCH,—Hg— 0O,CH;
k\h_ o oy
o . :OH
_ N water removes
+ CH30, [l[i__ P proton
inEi:
CH;(EHCHE- ‘Hg —OAc
2nd step ~ reduction OH  + HO'
NaBH,4
CH3(|2HCH2Hg OzCCHg,% CH3CHCH3 + Hg + CH3C02
LOH OH

oxidation ~ adding C-O (C-N, C-X) bond and/or removing C-H bond
reduction ~ adding H and/or removing O (N, X)




Ch 4 #21

O gives the same product as hydration

Markovnikov alcohol

oxymercuration-reduction

(|:l-13 1. Ha(0,CCH-)>. H,O/THF (|:H3 no carbocation
CH3$_CH=CH3 2- NgLHz 3)2. H, g CHB':':_(EHCHB rearrangement
. 4
CH; CH;OH

If C* rearrangement possible in hydration ~ different product

acid-catalyzed addition of water

CH; CH;

| H.SO [ carbocation
CHgflf—CH=CH1 + H,0 = 294 CH,C —(i"IHCH;, rearrangement
CH; OH CH;
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O alkoxymercuration-reduction

gives ether
CH; H,C. OCH,
1. Hg(O,CCF;),, CH;0H
2. NaBH,
1-methylcyclohexene 1-methoxy-1-methylcyclohexane
an ether
H,SO
CH;CH=CH, + CH;0H ——% CH3(|3H(|3H2
OCH; H
2-methoxypropane
an ether
oxymercuration-reduction
(|:H3 R — (|:H3 no carbocation
CH3(|:—CH=CH3 2' Ng;Hi 3)2. Ha . CHB(E_(EHCHB rearrangement
CHj; CH;OH




Addition of peroxyacid e

O to prepare epoxide ring

epoxide ~ 3-membered cyclic ether ~ reactive

‘epoxy’ resin ~ cured o 0

Q\/,oo\)oi/ O\. ‘/O\/Q

n

0
O peroxyacid [hydroperoxide] i a weak bond |

R O j/O o
~a peroxyacid

O addition of hydroperoxide

0 2 new o bonds form 0
7 bond breaks | |two oxygens o [/ | | one oxygen
C C
N 7 N\

A v Y
RCH=CH, + R OOH —> RCH—CH, + R OH
an alkene a peroxyacid an epoxide a carboxylic acid

20 =] di
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O mechanism — ‘concerted’

/R
—C H
// i H—0—C
— H (O | \O
nucleophile %\O ».— electrophile S
é&%? VAN
11 Paarson Education, Inc. B \ / \
‘concerted’ mechanism we have seen
|J
nucleophlleF Br% electrophile ﬁr'
\vf ) YA L
_ + :Br:
- / \ / \ "
[ 3 'U'*;CH
nucleophile & G 0,CHj,4
o H.?._DECH'J, Hg+

ElEEtrﬂphliEJ___ - 3 b g
CH,CH=CH, —— CH;CH—CH-
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O nomenclature of epoxide ring

common name — ‘oxide’

O O
£\ /' \
H2C =CH2 HQC_CHz H2C =CHCH3 H2C_CHCH3
ethylene ethylene oxide propylene propylene oxide

© 2011 Pearson Education, Inc.

o -lde for anion?
= -OCH; methoxy; CH,CH,O~ ~ ethoxide

IUPAC name ~ ‘oxirane’ or ‘epoxy-’

0 O 0
/N /N
H,C —CHCH,CHj CH,CH—CHCH; A<
2-ethyloxirane 2,3-dimethyloxirane 2,2-dimethyloxirane

1,2-epoxybutane 2,3-epoxybutane 1,2-epoxy-2-methylpropane

© 2011 Pearson Educal




Hydroboration-oxidation s e

O gives ‘anti-Markovnikov alcohol’

V\/OH

Hydration or oxymercuration-reduction gives not.

‘terminal’ or primary alcohol

CH;CH=—CH, Hljzsg a CH,CHCH,

propene OH
2-propanol

o 1. BH3/THF
CH;CH—CH: 3 por n,o. w0 CH3CH:CH,OH

propene 1-propanol

O borane, BH,
Lewis acid ~ with empty orbital ~ E*

H

| incomplete 'H 'H

| octet o\H ! 6\1

H BH, ‘CH
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O mechanism: 1st step (actually, 1-1)

CH3CAHf\CH2 — CH3(‘:H - (|:H2
\ ¥
H- BH, H BH,

nucleophile % \ an alkylborane

Flectrophile

Explanation based on EN:
B(2.0)-H(2.1) > B%* is E*

1 Pearson Ecucation, i

Why B on less-substituted C? not quite correct
addition of BH; addition of HBr
H H H H H H H H
8+| | | 8+| 8+| | | 8+|
CH3_(I:_______(I:_ CH3_C ______ CI _H CH3_C:_CI_ CH3_C ______ C_H

f---—--BH, H,B--— 1 Br-—---H H------Br

o— o o— o—

more stable less stable more stable less stable

transition state transition state transition state transition state

@ 2011 Pearson Education , Inc.

o through 4-center TSt not thru C* ~ to explain the result
o actually, obeys (re-stated) Markovnikov's rule
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O mechanism: step 1-2 (and 1-3)
addition of alkyl borane RBH, (and dialkyl borane R,BH)

CH:CH—CH, — > CH3(|3HCH2BHR
H—BHR
an alkylborane a dialkylborane

CH;,CH=—CH, —> CH3(|3HCH2BR2

HBR,
a dialkylborane a trialkylborane

2nd reason for ‘anti-Markovnikov addition’ — steric hindrance

Why B on less-substituted C?
~ (1) more stable C*+-like TS* (2) steric hindrance
» (0) BH; is a Lewis acid (accepting e on B)
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O mechanism: 2nd step ~ trialky borane to (three) alcohols

| HO™, H,0,, H,0 B
R B > 3 ROH + “B(OH),
|
R repeat the two
Pearson Education, Inc. R R R preceding steps OR
| i | ™ | two times |
R—]|3 + {0—OH — R—]|3_—0—OH = R—B—0OR ——— RO—B—OR
R\‘/\ R +HO™ ][\—OH
|hydrogen peroxide ion ] m
OR
RO—]|3_—\9R
OH E\—
elimination of
” an alkoxide ion
repeat the three H
preceding steps Iﬂ OR
two times H—O . |
3ROH + "B(OH), ROH + HO™ «— RO: + RO—B
an slcohol >* |
A OH
protonating the
alkoxide ion

O general:

THF HO™, H,0 _
3CHCH=CH, + BH; —— (CH,;CH,CH,);B H202 25 3CH;CH,CH,0H + “B(OH),

® 2011 Pearson Education, Inc.




Addition of H, [hydrogenation] s o

O catalytic addition of H, to = - saturation

= need catalyst < strong H-H

Pd/C ‘ :
CH;CH=CHCH; + H, —— CH;CH,CH,CHj palladium on
2-butene butane carbon (black)’
CH; CH;
PtOz ‘ !
Q/ + H, —= O/ Adams catalyst
1-methylcyclohexene methylcyclohexane

O mechanism ~ not understood ~ possibly radical

the = bond between the two
carbons is replaced by two
C—H o bonds

hydrogen molecules settle the alkene approaches the
on the surface of the catalyst surface of the catalyst
and react with the metal atoms

i 3011 Pearson Education, inc.




(Relative) stability of alkenes 4 45

O trans-disubstituted alkenes is more stable than cis-

H;C H H,C CH; H;C H
\CC/ \CC/ \C—C/
/TN g /TN - /7N

H CH; H H H>C H

alkyl substituents alkyl substituents alkyl substituents

are trans are cis are on the same sp? carbon

@ 2011 Pearson Education, Inc

| the cis isomer has steric strainl | the trans isomer does not have steric strain

= steric hindrance
R \
Hr
s b
5 / g

cis-2-butene trans-2-butene
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O More substituted alkene is more stable.

relative stabilities of alkyl-substituted alkenes

H

A
H

Bonding C-H o orhital

{hilkled)

R R R R R H R
most stable g \ \C C/ \C C/ \C C/ 4 | ol
— > — - — > = east stable
7 X 7 " N 4
R R R H R H H
least stable .. CH3 CH
(|:HCH —CH [ (|:H3
3 2 CHZZCCH2CH3 CH3C:CHCH3
S
g =S AH° = -28.5 keal/mol AH° =-26.9 kcal/mol Antibonding C-C 77 orbita
_g nlillexd
@ ) .
° AH of catalytic hydrogenation GHa
CH;CHCH,CHj
©2011 Pearson Education, Inc. ;‘:_F‘_ o

difference not huge
o hyperconjugation ~ effect not as large as in C*

o steric hindrance
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O stability and reactivity

relative reactivity to Br, addition

Alkene Relative Rate Alkene Relative Rate
H H H:C CH
N,/ i T i
C=C I C=C | X 10°
7 \ /
H H H;C H
H CH->CH- H-.C CH
\ / ! g V.
/C=C\ | X 102 /C=C\ 2 X 108
H H H;‘;C CH}
H CH;
\ /
C=C 2 X |03
e \
H;C H

o high nucleophilicity

o higher hyperconjugation effect for C*
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