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Aim

Promote the teaching of radicals and their reactions

« present ideas for illustrating interdisciplinary research
* to introduce some modern and exciting developments in the area

» use different strategies to introduce the material in an entertaining and fun way

‘How to create memorable lectures’ Mariatte Denman, Stanford University (2005)

‘expressiveness enhances communication and facilitates comprehension’



A radical timeline

1900

Ph3C'
(Gomberg)

Me- from PbMe,
(Paneth) 1929

polymerisations 1937
(Mayo, Walling, Lewis)
radical mechanisms

(Hey, Waters, Kharasch)

1940s

1950-70s

rates of reactions;
lifetimes; autoxidation

1980s onwards

synthetic methods;
target molecule synthesis



Pre-university — a bad press

Halogenation of alkanes — unselective

Cl, HCI

CH4 U—\-\/j> CH3C| + CH2C|2 + CHC|3 + CC|4

Cracking of alkanes — useful but unselective and harsh conditions

high temp.
R  high pressure
R/;p"r\/ »  alkenes + alkanes
Depletion of the ozone layer — destructive radicals at work (ageing etc)
O; O,
CF,Cl *CF; + ‘clo
uv

(Polymerisation of alkenes)



A truly interdisciplinary topic

showcases fundamental chemical topics in modern contexts

preservatives
ESR and MS

(food chemistry)

(analytical chemistry)

ozone depletion

(atmospheric chemistry) ageing, cancer etc.

combustion, pollution (biological/medicinal chemistry)

(environmental chemistry)
polymers

reaction rates (industrial chemistry)

hysical chemistr
(phy SET using metals

synthesis
(inorganic chemistry)

(organic chemistry) bond enthalpies

(computational chemistry)
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Radical structure
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Analysis of radical stability

formation disappearance
R—X - R° > products
thermodynamic o
stability lifetime
bond enthalpy Steric effects
(hyperconjugation,

resonance)



Analysis of radical stability

bond enthalpy and resonance

360 H
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Analysis of radical stability

steric effects - size matters

lifetime (ESR)

C )\CJ\
| bulky
H groups

- -3
0.2 x 1072 seconds 21 hours

(at 107 mol dm=3)

persistent radicals
TEMPO - a stable solid

bulky
groups
N
3-electron !, dimerisation
bonding forms a weak
O-0 bond




Analysis of radical stability: you are the judge

Which of the following phenols has the weakest O—H bond?

OH OH
OH
OH
@) © @)
OMe
A

B C D

o~tocopherol: a natural antioxidant in Vitamin E



Analysis of radical stability: an aside

Gossypol (antioxidant from the cotton plant) Erotic acid

This is orotic acid (vitamin B13)
but it has been misspelt so often
it is also known as erotic acid.
If you add another carbon to it,
it becomes homo-erotic acid

Once used as a male contraceptive in
China but its effects were permanent
in up to 20% of patients!



Discuss radical formation

organics (azo compounds, peroxides eftc)

N heat or UV
N2 > 2R* + N,

organometallics (M-M or M—-C bonds)

heat or UV .
Buz;Sn——3SnBuj > 2 BusSn

metals (single electron transfer)

reduction
R 0 (via radical anion) o
Fe?* + \O/ \R » Fe¥* + RO + RO
O oxidation O
|| (via radical cation) ||
Ce4+ + C H > Ce3+ + C +
R/ \O/ R/ \O'

electrolysis (Kolbe); mass spectrometry (El)



Investigate radical reactions: a chain reaction

310 kJ mol!
360 kJ mol~
NC N >< heat /-\ H SnBu3
>< SN >N ———  MeC > Me,C—H + °*SnBu,
—N, | Abstraction |
AIBN CN CN

SnBU3

R—X
Abstraction Abstraction
BusSn—X BusSn—H



Investigate radical reactions

Predicting selectivity — bond enthalpies

break weak bonds, make stronger bonds (a guide)

400 kJ mol™’
Ph* Ph—CI

7 m i

C C
CIC/I/ ¢ <N

Cl Cl
300 kJ mol™’

Bu’ ‘Bu—Cl
350 kJ mol™’



Investigate radical reactions

Predicting selectivity — steric effects

stereoselectivity
complexation Yb3+
regioselectivity
)J\ Ieast hindered ('top') face
bulky /Q(WV/\
R R
group A
least hindered end R bulky group
@) O @) (@)
)k Prl, BusSnH, )k
G Yb(OTf)5
O N » O N
\ / —78 °C, initiator \ /
“, ~Ph 90%:; d.r. = 25 : 1 (Ph
Ph Ph




Investigate radical reactions: you are the judge

Examination question

Write a mechanism and the organic product(s) from the following reaction. (3 marks)

O—wm

+  BugSn® ———

Me
F,h/\o/ g

Answer by |.M. Unsure. How many marks would you give out of 3?

BugSn® ) BusSN._ BusSn._
S S S
| —_— o | — Ph®* +
C C C
Pz
o o Some ph/q<8/ oM 07 sMe

@0 (b)05 ()1 (d)1.5 (e)2 ()25 (g)3.0



Bu3Sn'q Bu3SN\
S S
| —_— —_—
C (>C
o N0 NoMe ph/q<8/ SSMe
There are five major errors
BU3an BU:;SN\
S S
oll} (>C
Ph/\O/ ~ONle ph//QCS/ SsMe

Ph*

BusSn

Investigate radical reactions: you are the judge



Investigate radical reactions

contrasting selectivity — radicals vs ions

O@

most acidic H
+
RO@ ,‘ﬂq’)\H ROH

Q / enolate ion

H

+ ROH

O
\ |
RO *

weakest C—H bond
H

acyl radical



Consider biomedical/environmental processes

Oxidative damage by RO</HO- radicals

weak O-H
bond Me

rO” /H\C °

can be formed from

electron transfer Me
involving metals M

. e . .

(e.g. in enzymes) vitamin E

Me

Me

vitamin E is fat soluble
and is located near cell
membranes where much
of the damage occurs

the methyl groups
Me shield the radical

‘0
Me
RO—H +
Me Me
the unpaired electron is Me the vitamin E radical is much less
stabilised by delocalisation reactive than the alkoxyl radical RO

around the benzene ring and does not cause oxidative damage



Consider biomedical/environmental processes

Nitrogen monoxide, nitric oxide (®*NO)

analysis —
detect surface radicals
on polymers (XPS)

increase blood flow in the body
e.g. Viagra enhances the
effects of NO; nitroglycerin,
reduces the pain of angina by
generating NO
pollutant —
ozone depletion

signalling
molecule in
biology

and acid rain (HNO;)

plant pollination
and flowering

fire flies and
luminescence

synthesis —
intermediate in
the Barton reaction



Application in synthesis

‘synthetic radical reactions are unselective, require
high temperatures or specialised UV equipment,
benzene as solvent and toxic chain carriers’

radical initiation under
mild conditions
H-atom abstraction
O

from acetal (usedin O O 1. Me,Zn, air, BF;*OEt,, )
excess) and selective NS ’ rt 5h ’ ’
addition to the less \\ //

hindered 'bottom' face +
2. oxidation
/©/\ S;”””ll/

-
'

87% (82% ee)

Org. Lett., 2006, 8, 5729



Application in synthesis: revision

imine formation

H

. O “YNHR NHR
S;c':mN—R S T \C/
R R R/ \R R/ \R
H,O N
NR S H.® @ ..
| ~H30 NR ~H,0 HQO\?( NHR
_C. n /
R R /C\ R/ R

imine R R



Latest developments

technically clean methods

i Et;B, O,, rt

| OMe |
Me Me OH
79%

OMe

\j

OHC
enantioselective methods

Br
toluene, MgBr,, —78 °C

MeO MeO

99% ee (S-naproxen ethyl ester)

(|39Ph2



Latest developments: enantioselective organocatalysis

@)
enamine NMe
formation and )‘
oxidation
Bn N
H
@) Et

(20 mol%)

‘Bu

L

H/U\W Ce(NH,)(NOs)s (2 equiv.), LiCl

NaHCOg3, 24 h, aq DME, —20 °C

Science, 2007, 316, 582

iminium ion
hydrolysis; radical
Cl H oxidation and
trapping with CF

S
N
S
S
)

OHC

A

85%:; dr [10:1; 95% ee

Y

NMe

o

Bn N Bu

NMe

Et




Latest developments

cascades - the ultimate in control

‘ Bu3;SnH, AIBN
Z > en
/ — SIMe3 » Mezsi/
O (i) tandem cyclisation
o g (ii) inter-addition
\\ / \ (iii) tandem cyclisation
(iv) 1,6-H atom transfer

(v) cyclisation
SiMe; (vi) fragmentation



Conclusion

Radicals and their reactions are an interdisciplinary topic that
showcases fundamental chemical topics in modern contexts

what are the what are the structures of
, smoking relative rates the non-radical products
metabolism ; of competing and how efficiently are they
. : reactions? formed?
pollution .. . N v duct
T . produc non-radical
7 radicals > radicals ™  products
UV radiation ,-° .A
, ) 3 what are the structures of can the radical reaction
inflammation - the radicals, how stable are be inhibited in some way?
r’gg/’;%% they, and how are they formed?




Oh, My ketone!

L

Oh, my ketone! Oh, my ketone!
And my primary amine.

You reacted, lost some water and
You formed a new imine.

Now the lone pair on the N then
Bonds with carbonyl C.

Pi electrons go to O, a

Proton shifts fast as can be.

Now the O is feeling greedy
Grabs an H from OH3.

Free electrons from the N then
Form a pi bond, water leaves.

Now the N is protonated

And a plus charge can be seen.
So the water yanks the H off
And we’ve formed a new imine.

Oh, my ketone! Oh, my ketone!
And my primary amine.

Your reacted, lost some water and
You formed a new imine.



Radical reduction — acting it out

.‘0.0.0'@

tin radical arrow tin halide radical tin hydride arrow tin radical



