Chapter 12

Radicals

Radicals
Radical reactions



Reactivity of alkanes on 1242

. CH-CH-
0 Alkanes are not reactive. b | M/\Eé/
CH;CH,CH,CH,

| a Satu rated H C butane ethylcyclopentane 4-ethyl-3,3-dimethyldecane

o no m—bond , no addition rxn

= ¢(C-C) and C-H are non-polar.
o nowhere for Nu: or E* to attack

natural gas

= alkanes = paraffins
o Alkanes are (fossil) fuel. ps69 reoine
= LNG, LPG, petroleum

m combustion rxn

kerosene,
jet fuel

heating oil,
diesel oil

lubricants

o 1 of only 2 rxns that alkanes undergo
asphalt, tar

heating
element




Chlorination and bromination s

O halogenation

CH; + Cl, —— CH;Cl + HCI
= from alkane to haloalkane ) © O loromethane

2
= why not | or F- CHiCH; + Bry, ———>  CH:CH,Br + HBr

hv bromoethane

o With heat or light, bond breaks
= to form (free*) radicals (with unpaired electron) *p572
= thru homolytic cleavage [homolysis]

. : ...which is Why each
in homolytic bond arrowhead is drawn
cleavage, each atom with 1 barb

gets one electron... ”\(\‘

...which is why the
in heterolytic bond arrowhead is drawn
cleavage, both electrons with 2 barbs

A—

remain with one atom... B — At 4+ B




Mechanism

Ch 12 #4
A -
C/D—((\jl —or ~ 2:Cl Gnitiation ste@
@omolytic cleavagJ hv
(\/\Q:Hg, — HCl: + -CH,
methyl radical }(propagation stepsD
Ry =
-CH; f\a—%z — CH;Cl + :ClI- _ _
7 radical ~ specie w/ »
008 — Cl, ) ~ reactive ~ octet rule
N
‘CH; + ‘CH; —— CH;CHj >@ermination step@
on. R
‘Cl- + ‘:CH; — CHiCl |

O 3 steps (of (every) radical reaction)
= Initiation ~ formation of radicals
= propagation ~ 1-2-1-2-1--- ~ 1 is RDS.

= termination ~ disappearance of radicals




Ch 12 #5

O Halogenation is ...

= a (radical) chain reaction
O repeating propagation steps
= a radical substitution reaction
o R-H + X, > R—X + HX

O mono- vs di- and tri-substitution

r\/\{’(\:Hq — HCl:  + +CHj

a methyl radical | propagation steps
/f——-‘\\ L
‘CH, i/}—cu —> CHCl + :CI-

Cl- + CH;C1 — -CH,(Cl + HCI
‘CH,CI + Cl, — CH,Cl, + CI-

= how to control (max mono-)?




Stability of radical o 1o o

0 3°>2°>1° > methyl radical

/R /R /H /H

most ) p p p least

e, 7 B > B H_C\@
H H H

tertiary radical secondary radical primary radical methyl radical

+| hyperconjugation

= due to hyperconjugation

m difference smaller than in C* e .
o less (stabilizing) overlap Skl H“‘f-ﬁ 2 c\

o 3-evs 2-e ~1eat AMO H “”
o ethyl cation

Energy
Energy

oy |@mpty p
\orbital
filled o filled &
bond orbital bond orbital
cZn cn




Distribution of products ch 1247

Cl
h |
CH;CH,CH,CH; + Cl, — CH;CH,CH,CH,Cl + CH;CH,CHCH; + HCI
butane 1-chlorobutane 2-chlorobutane
expected = 60% expected = 40%
experimental = 29% experimental = 71%

= expected (?) 6/4
< probability o< # of (substitution) sites
= obtained 29/71

< probability x reactivity (of site)
o 29/71 = (6/4) (1/r) - r = 3.8 (times more reactive)

o why? reactivity o< radical stability

tertiary > secondary > primary
reactivity 5.0 3.8 1.0




Reactivity-selectivity principle 12 o

Cl
% |
CH3CH2CH2CH3 + C]z - > CH3CH2CH2CH2C1 + CH3CH2CHCH3 + HCI
butane 1-chlorobutane 2-chlorobutane
expected = 60% expected =40%
experimental = 29% experimental =71%

relative rates of alkyl radical formation by|a chlorine radical at room temperature

tertiary > secondary > primary

5.0 3.8 1.0
]|3r
h
CH;CH,CH,CH; + Br, —— CH;CH,CH,CH,Br + CH;CH,CHCH; + HBr
1-bromobutane 2-bromobutane
2% 98%

relative rates of alkyl radical formation by|a bromine radical at 125 °C

tertiary > secondary > primary
1600 82 1

= A bromine radical is more selective. Why?




Ch 12 #9

O AH° = heat In — heat out = DH broken — DH formed
o DH ~ bond dissociation energy p242 Table 5.1

Cl-
Cl-

Cl-

Br-
Br-

Br-

Potential energy

F o Em
F —F
PN
P N
N — A
S §

HCI
HCl

HCI

HBr
HBr

HBr

AH® (kcal/mol)

101 -103= -2
99 -103= -4
97 -103= -6

exothermic
small and similar E,
more reactive and less selective

AH? (kcal/mol)

less than 1 keal)
~—— difference
in E, )

alkane /
+Cl- J
//

chlorination is
exothermic;
transition states
resemble reactants

e = 4

2 keal

2 kcal
o

Potential energy

101 -87=14 | endothermic
99 —87=12 large and dissimilar E,
97 —87=10 less reactive and more selective
el Hammond
inE, 5
. postulate
”kcnlz
..
alkane - o e =
+Bre ;2%1‘5322‘3&12??;’52‘,’;%1;";5;0@3

Progress of the reaction

Progress of the reaction
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O reactivity-selectivity principle [RSP]

“A more reactive species will be less selective.”
o rather obsolete ~ too many exceptions

O Bre is less reactive and more selective than Cle- Is.
(98/2 vs 79/21)

= Bromination is more controllable and useful.

= Chlorination is useful when only product.

. Cl
©+c12%’0/ + HCI




Halogenation useful?

Ch 12 #11

0 Radical chlorination or bromination of alkane

= IS not very useful for RX synthesis
o not very selective € isomers and multi-substitution
o better method? from alkene or ROH

= s still useful for converting alkane to something

CH y Q\OCH3
O (e = U,
(s

e

= X is a good leaving group




Fe and [=?

0o AH° of the

Ch 12 #12

first propagation step for monohalogenation

F- + CH, —> +CH; + HF AH°=105 - 136 = =31
Cl- + CH, — -CH; + HCl AH°=105-103= 2
Br- + CH; —> ‘CH; + HBr AH°=105- 88= 17

I- + CHy — -CH; + HI °=105 - 71= 34

m Fe too reactive - explosive

m |e not reactive - form |, not Mee




Peroxides oh 12 415

O Peroxides are formed from ethers w/ O..

o] ¢ ) R—'d:cH:—R
T an a-carbon ato O *
[initiation] / g
R—O—CH—R + Y: —s R—O—CH—R + HY Sl
al\_/(\\_/ orpitals
H a stable radical
[propagation] .
R—O—CH—R + :0—0- —> R—O—CH—R Cl-Cl SERE
AN | N=N T
ket 0=07 W ]
a peroxide radica i
i
I'I 0 I:‘
R—O—CH—R + R—O—¢CH—R —> R—0O—CH—R + R—O—CH—R m
L st e 56
0—0 i x;e H paramagnetic
a pero [unpaired e]
losive! but
= expiosive: bond order = 2

= peroxide [ROOR’]; hydroperoxide [ROOH] Y0=+0




Ch 12 #14

O Peroxides are radical initiators.

= form radicals (by (weak) O-O cleavage)

= initiate (another) chain reaction

AT ligh -
RGLoR S gy
a peroxide A alkoxy radicals
R=0 +‘H\—(‘];5.r: —* R—0—=H i ‘Br:

> Ethers are useful solvents,
but hazardous [explosive with heat or light]!

> do not heat

> store w/ stabilizer, and
purify (immed) before use

why so weak?

OH

BHT
a hindered phenol
a radical scavenger



Addition of e to C=C

Ch 12 #15
b H* is the E*.
CH;CH,CH=CH, + HBr — > CH;CH,CHCHj; internal more stable 2° C+
1-butene 2-bromobutane > internal RX
peroxide :
CH;CH,CH=CH, + HBr ———— CH;3CH,CH,CH,Br terminal
1-butene f 1-bromobutane ]
Bre is the E*.
. . . e o :
o with peroxide initiator more stable 2" radical
- terminal RX
RGLOR L o
a peroxide A alkoxy radicals
. —initiation steps)
R—O" + H—(E:r: — R—O—H + -Bn
bromine
radical

:].3.1" + CH2=CHCH2CH3 — CH2CHCH2CH3
- L
+ DT

propagation
[ steps

(|3H2(;HCH2CH3 + HL\]:B:r! — (|3H2—(|3HCH2CH3 + -Br:
Br Br H




Ch 12 #16

O radical addition reaction
= addition of radical electrophile (with one e)

= need radical initiator (like peroxides)

® NO rearrangement — &==¢s=™ high-energy TS

carbon skeleto N Reaction Progress
C|?H3 (|3H3 does not re angej

CHCHCH=CH, + HBr P29, CH CHCH,CH,Br ot a good example

> J
+ HBr 5 S <
>\/ ROOR Br ).\(\Br

0 Radical addition only for HBr, not for HCI or HI. Why?

CH;CH=CH, + HCl -Perexide, CH3C|ZHCH3

Gl
CH; CH;
| peroxide |

CH;C=CH, + HI ——— CH3(|JCH3
I

e-philic additions, not radical




Ch 12 #17

o
O AH® of the
propagation steps for radical addition
Cl- + CH,=CH, —> CICH,CH, AH° = 63 - 85 = -22 kcal/mol —exothermic)
CICH,CH, + HCl —> CICH,CH; + Cl-  AH°=103 - 101 = +2 kcal/mol<<endothermic)
too strong

Br+ + CH,—CH, — BrCH,CH,

AH®° =63 — 72 = -9 kcal/mol

BrCHZCHQ + HBr — BrCH,CH; + Br- AH° = 87 — 101 = —14 kcal/mol

too weak
I- + CH,=—CH, — ICH,CH, AH® = 63 — 57 = +6 kcal/mol
ICH,CH, + HI —> ICH,CH; + I- AH° =71 - 101 = -30 kcal/mol <exothermic)

= Both propag’'n steps have to be exothermic

< to compete w/ terminations, which are always exothermic
(with forming bonds only).

= If not, no chain rxn, and goes to ionic, even with a peroxide.




Stereochemistry

Ch 12 #18

O Radical substit'n and add’'n rxns are not stereospecific.

- Racemates form.

Vs - ~
(an asymmetric center

hv

CH}CHQCHQ_C[‘h + Bl’z —_— CH}CHZ{I:HCHE + HBr
Br
\\H
CHyCH,—C Br-Lpr
CH;

o P
|an asymmetric |

| CH,

(|3H3 center
CH:CH,C—=CH, + HBr —PeroXide .y CH,CHCH,Br
0=
CHyCH,—C 1 LB,

8-/

H H
| I

C.. .C
/" Br Br™ =\

\ { CH,CH
CH,CH, ¢y, CH, ~ 23

a pair of enantiomers

]i[ T
C. . C
Z3"CH-Br BrCH,"™ ;=\
\ 2 > 4 CH,CH
CH;CHE CH':, CH"; 2 3

a pair of enantiomers



Allylic and benzylic ch 12 839

O A&B radicals are very stable.

R R H H
/ - , gt~
Qf.H: = CH;=CHCH, = E"&HH > R'_E:"--.“ > H_“L‘%.“ > CHy=L'H = H LRH

o 1° but more stable than 3° due to

RC/I:I\@ CH, «— RCH=CH—CH,

% o
A s e > .
b am e e Qi O
<-,_)u ">

O A&B positions are reactive.

X
A Substit'n on aIIyIic

To favor substit'n use NBS

CH,CHj; CHCH;
O/ + X, il O/ + HX (X=ClorBr)




Using NBS for bromin’n of aIIyIic C  oiw

O
hvora Br
© e N—Br Eors ©/ not Br-cx
pero:ude
0]

cyclohexene N-bromosuccinimide 3-bromocyclohexene succmlmlde
NBS
O mechanism 0
= Initiation N—Br  Jwort, N. + B,
peroxice HBr and Br, generated
0 during rxn ~ low conc’n
- propagation ~ 2 steps If in high conc’'n? add’'n

Br second propagation
2 step
Br
Q + Br'




Ch 12 #21

O competition betw substit'n and addition

reverse starving HBr - /p. adds to the double bond)
CH;CHCH,Br —> CH,;CH,CH,Br if enough HBr
/

CH3CH=CH2 + Br-
\‘\\* CH,CH=CH, + HBr —> BrCH,CH=CH,

Br,
Br-}*@moves an allylic hydrogen)/
\

more irreversible when Br, fed (by NBS)

= NBS enables the substitution on allylic position by keeping
the conc’'n of HBr low.




Ch 12 #22

O Only 1 product, if 1-resonance radical.

o If not

CH, CH, CH,
Br- + O/ ——> HBr + O/ PN O/
3-methyleycloh )
methylcyclohexene lez
CH,
+ Q/ + Br-
Br

CH,

QLBr

= Prob 20 ~ # of stereoisomers?
o Look up Chapter 4, stereochemistry

= Prob 20b ~ kinetic and thermodynamic control
o Look up §8.13, addition to conj diene




Synthetic strategy o 12 25

O Ex?2

?
=0
high high
concentration concentration
Brz tert-BuO~ NBS tert-BuO~
tert- BuOH peroxide tert-BuOH
A Br A

E2 av0|ding Sy

O Ex3

CH3 & ‘ CH3
OO
Br
CH,; CH; CH,; CH3
Br, Br HO~ Brz
hv CH2C|2

small B: = Zaitsev anti addltlon
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O Ex4

CHCH; CH,CH,C=N
g =

= retrosynthetic analysis

Br

|
CH2CH2CEN CHzCHzBI' CH:CH2 CHCH3 CH2CH3
©/ — c— S— —

= synthesis

B
. high

I
CH,CH; CHCH; concentration CH=— Cl—l2 CHZCHzBr CH,CH,C=N
hv tert- BUOH peroxlde




Radical rxns in biological systems

Ch 12 #25

O at the active site of enzyme

= radical formed by the interaction

of alkane with metal ion (of enzyme) (not by heat or light)

= example: Liver detoxicates RH to ROH (soluble, excretable)

a radical

an alkane intermediate an alcohol
\ M X EF oy \
—C—H — —C- ‘OH — —C—OH
/U / . /
\ g on )
enzyme N\QILL/"N N\QF’AN T\Fﬂ/
y / /N / - / P / — /N

N—/N N—/N N——-N
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0O (radical) oxidation of oils and fats by O,

= similar to ether case
o stable radical - peroxy radical = chain rxn to other fat molecule

resonance contributor
with isolated double bonds

O O

/“K“«:Hm* nitistion,, e =y “oR
(@]

resonance contributor
/—\/_\\ /2\./_\‘
with conjugated L (CHz)n)k // (CHz)n)kOR

double bonds

o D l propagation 0— 'd-l propagation
removes a hydrogen .
from another lipid 0 HON

I |

HO N o] HOH O

)“A(CHZH\OR WI\(CHQ)H)J\OR

a peroxy radical

a peroxy radical

fat or oil l propagation fat or oil l propagation

H H
:?: :?
HOH O HOH O
O an alkyl hydroperoxide an alkyl hydroperoxide )(J)\
P et .
s (CH2)I] OR

o T %Y

Y (CHZ)“)I\OR
further “O2 %rther
oxidation oxidation

O
/\)J\07 + other short-chain

carboxylic acids




Radical inhibitor -

O stops [destroy] radical

© reactive # /
radical

0YH + RH O + RH

hydroqumone semiquinone guinone

O in living cells and cell membranes
= (radical) oxidation is ‘aging’
= anti-aging ~ inhibiting radicals in cells
o vitamin C ~ water-soluble radical inhibitor [antioxidants] in cells
o vitamin E ~ fat-soluble ~ works in cell membrane

CH;
OH
= HO
HD : 0 G 5 w ]
N MW
W H;C 0
HO OH CH;
vitamin C vitamin E

ascorbic acid a-tocopherol




Depletion of ozone In stratosphere ., .....

O by CFCs
c|:1 (|31
F—clz—c1 N F—(l} + CI
F F

0 a radical reaction — chain rxn

Cl: + Oy — CIO- + O,
ClO- + O3 — «ClO, + O,
'C102 —> Cl- + 02




Radical chain polymerization

Ch 12 #29

initiation steps

A
RO=0k S Chapter 27
a radical initiator radicals
Y AN

RO’ + CH2=(|3H — RO—CHQ(FH
Z Z

the alkene monomer
reacts with a radical

propagation steps (propagating sites)

7N N\ :
RO—CHQ(IZH + CH2=(|3H — RO—CHQ(IZHCH2(|ZH
Z 2z

Z Z
: R Ta .
RO—CH2(|3HCH2(|3H + CH2=(‘3H —> RO —CH2(|:HCH2(|:HCH2(|:H
Z Z Z Z 7 Z
Z =Cl~PVC
Z =Ph ~ PS

Z = COOR ~ acrylates



Summary

Ch 12 #30

O

halogenation substitution (to alkane)
= Cl and Br
= reactivity-selectivity

ether explosion through peroxide
addition (to =)

= with peroxide

= HBr only

benzylic, allylic
allylic substitution with NBS

radical initiator and inhibitor
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