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NOMENCLATURE

A capital F in a ring denotes that the ring and

unmarked substituents are fully fluorinated.
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ABSTRACT

The effect of substituents on the carbon-hvdrogen bond
reactivity in free radical additions to hexafluoropropene
has been investegated. Ethers, amines, amides, isocvyanates
and silanes all give free radical adducts. The order of
reactivity has been compiled. The reactivity of cvclic
ethers, amines and amides 1is discussed in terms of the
stereoelectronic effect. The reactivity of tetrahvdrofuran
and N-methvipvrrolidine towards hexafluoropropene under
uninitiated conditions has also been demonstrated.

The ease of hvdrogen abstraction from the substrates
was estimated using a method based on the thermal
decomposition of ditertiarybutvlperoxide. A correlation
between the ease of hydrogen abstraction and free radical
reactivity is demonstrated, although the reactivity of
aldéhydes is not simplv explained.

The adducts of ethers and amines can be
dehvdrofluorinated to give a variety of alkenes. Further
reactions of aldehvde and isocvanate adducts has given good
svnthetic routes to other functionally substituted
fluorocarbons. The amide adducts are also a useful source of
fluorinated amines which cannot be obtained directlv.

An amine 1:1 adduct has been fully fluorinated over
cobalt trifluoride at 440°C in good vield, although higher
adducts give lower vields. Remarkably high vields of
perfluorinated alkanes are produced by successive reaction

with sulphur tetrafluoride and cobalt trifluoride.
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CHAPTER 1

EFFECT OF ADJACENT FUNCTIONAL GROUPS ON THE FORMATION AND

REACTIVITY OF FREE RADICALS

A INTRODUCTION

The introduction of fluorine can have a profound
effect on the properties of organic compounds, whether the
molecule contains a single fluorine atom or is fully
fluorinated. Also the similar steric requirement of fluorine
and hvdrogen atoms are such that, in principle, a range of
fluorocarbon compounds could be synthesjsed that is
analagous to the huge range of known hvdrocarbon compounds.
AS there are only very few naturally occurring compounds
containing fluorine, the chemistry which has evolved is
entirelv synthetic. A wide range of methods has been
developed over the vears and a number of books have been

1°5  The special properties of

published on the subject
fluorinated compounds have 1led to their wuse 1in a wide
variety of applications despite their intrinsic high cost.
Thus their,thermal'and chemical stability, their unususal
biological activity, and their extreme water and oil
repellancy have found applications such as in plastics,
refrigerants, aerosol propellants, blood substitutes,
anaesthetics, pesticides and surfactants.

The free radical addition of carbon centred radicals
to alkenes have been Known since the late 1940's and is the

6-10

subject of early reviews . however the use of these

reactions in synthetic chemistry has attracted little




attention. Free radical additions to fluorinated alkenes 1is

a potential route to new functional fluorocarbon

compoundsll’12 and will be discussed in detail.

B FREE RADICAIL CHAIN MECHANISM

The free radical addition.reaction occurs via three
important steps, though in some cases alternative competing
reactions may also occur simul taneously, such as

telomerisation. The important steps are: -

(1> R-H Initiatory ., Initiation
~ e ! e .
9 L] = —_ -_— Ll
(2> R +/C C —> R ? C\_ Propagation
I 1 | .
(3 R—?—?- + R-H o R—?—?—H + R Chain Transfer

In order to form a rapid and 1long chain reaction,
steps (2) and (3) must be of low activation energyv, and
neither must be too endothermic. It is the aim of this
discussion to show the importance of substitution of both
the radical and the alkene in order to meet these

requirements.

1 The Effect of Substitution on the Formation of Radicals

The 1initiation step in a free radical addition
reaction involves the breaking of a bond to form a radical

pair (1>. The reaction is influenced bv many factors and

Initiatory
”

13,14

has been recently reviewed In this section the factors



influencing the breaking of the carbon-hvdrogen bond will be

discussed.

Cay Bond Dissociation

The initiation step in a free radical addition
involves the breaking of a bond to form a radical pair. The
energy required to do this is the bond dissociation energy

(B.D.E.)>:-

(1> R-H Initiatorsy, R <+ Hs AH = B.D.E. (R-H)

If the initiator and the type of bond being broken remains
constant then other Factors such as stereochemistrv will be
smaltl. In this thesis the bond being broken is a

carbon-hvdrogen bond and a series of B.D.E.'s for different

15,16

environments is shown (table 1). Aﬂj substitution of
Table 1 Bond Dissociation Energies for C-H
-1 -1
R-H KJ mol R-H KJ mol
— 2 = N —
H3C H 434 CH2 CHCH2 H 356
C- . - :
Cl3 H 402 CH3COCH2 H 385
FBC_H 434 HOCHZ—H 389
Et-H 410 HOCH(Me) -H 389
'pr-H 395 CH,OCH,, -H 385
t'Bu—H 380 HOCO-H 376
Ph-H 431 HCO-H 368
PhCHO—H 356 CHBCO—H 366

PhBC—H 313 PhCO-H 310




a methyl group leads to stabilisation. Simple hvdrocarbons
are able to stabilise a radical wvia hyvperconjugation (4).
Substitution with groups containing non-bonded p electrons

(5) or  electrons (6) are stabilised bv delocalisation of

the unpaired radica117.
H H
\E \ /
4 —Co=— e =
(4 P ? D — /C Q\
“ S + =
(5) CHBO—CH2 D—— CHBO—CH2
loo
g_‘ —_— _
(6 CH3 CH2 < CHBC—CH2
(b Hvdrogen Atom Abstraction Rates

The stability of a radical can also be demonstrated by
the rates of hvdrogen abstraction (7). If the abstracting
radical remains constant then the rate will depend on the

B.D.E. and the stability of the radical produced. A series

(7 R-H + cH* —E£—> R+ + CH,

of rate constants is shown18 (table 2). These rate
constants show the same trends as the B.D.E.'s. Thus it is
clear that radicals can' be produced more easilyv in

substituted compounds.

The rate constant for a radical-molecule reaction: -

K
R + A-B —2> R-A + Be



is defined by the relationship:-

- d(AB) = d(RA) = K _(R+)(AB)
dt at a

Table 2 Rate Constants for Hvdrogen Abstraction

R-H + CHJ —_ R- + CH

B~

R-H log kgkémhﬁf)g;ﬂ 1og k_{gewmd ')
CH,,-H 4.6 CH_COCH,,-H 6.6

CF,-H 4.7 HOCH,, -H 6.2

Et-H 5.9 HOCH (Me ) -H 6.8

lpr-n 6.8 CH_OCH,, -H 6.5

YBu-H 7.4 HCO,CH,, -H 5.6

Ph-H 6.2 CH,CO_CH,,-H 7.6

PhCH,,-H 6.8 HCO-H 9.0

Me NCH,-H 7.4 CH,CO-H 7.8

Me ,SiCH,-H 6.4

In order to determine rate constants it is necessary to Know
the rate of reaction and also ‘the concentration of the
radical. Since most radicals are extremely reactive, the
measured rates will often be close to the diffusion-
controlled limit and the radical concentrations will be very
low. Thus absolute rate constant measurement mayv be
difficult. There are three main methods used for these
absolute rate constant measurements. The rotating sector
method19 can be used for photo-initiated reactions. The beam
of light used for the initiation is passed through a disc
which has a sector «cut out. The wvariation of overall

reaction rate with variation of rotation speed of the disc



can be used to calculate the rate constant. The photo-

chemical aftereffect method relies on being able to observe

some phvsical property after initiation has ceased. Laser
. _20-22 . . .

flash photolvsis and pulsed radiolvsis are special

cases of this method. Steady-state E.S.R.23 can be used 1if

a high concentration of radicals can be achieved and
usually requires a very high rate of initiation.

The above physical techniques, while being accurate
are not very convenient for the synthetic organic chemist
who simply wants to Kknow approximate rates of a new
reaction without spending a lot of time and money finding
it. The alternative is to use two competing reactions where
the rate of one is known and then the rate of the other can
be found. The competing reaction of known rate mav be a
rearrangement or an alternative radical-molecule reaction.

one of the most widely used radical clocks is that
using the (3 -scission of the tertiarybutoxy radical which
has been used for over thirty yearsza. This easily produced
radical will undergo a rearrangement to acetone and methvl
radical with a Known rate (kb). Thus the rate of

abstraction of a hvdrogen atom from a substrate (ka> can be

'Buos+ a-y —2> BuoH + A-
t Ky
Buos ————> CH,COCH, + CHj

found from measuring the tertiary butanol and acetone

produced in the reaction. If the substrate is present in

excess: - C~
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kK = [tBuOH]

kb [AH][MeZCO]

It is usual to repeat this method with a substrate
whose rate of hydrogen abstraction is known, or is to be
used as a standard for comparison.

There are now a large number of radical clocks whose
rate of rearrangement have been accurately measured. One
which has been given a lot of attention in the cvclisation

of the 5-hexenyvl radical system25:—

-+ a8 —E> < (H + A

and has been used 1in a wide wvarietv of mechanistic
studie526

The simplicity of apparatus used and the relative ease
of product analysis will ensure that radical clock
techniques will be widely used by organic chemists in the

future.

(ecH Polar Effects

Polar Effects can be demonstrated by free radical
halogenation reactions. The two important propagation steps
are reactions (8) and (9). The enthalpies of reaction are
shown for bromine and chlorines. Halogenation of a hvdro-

carbon compound . gives a mixture of all possible halides from
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AH/KJ mol™! c1  Br
(8) X+ + R-H —_—> R« + HX -20  +46
(9) Re + X —_—> R-X + Xe -97 -92

abstraction of the various hydrogen atoms in the molecule.
The relative reactivity of the different hvdrogen atoms can

be expressed as their relative selectivities: -

Relative Selectivity, RSy =

K

X yoox 2
K
X

kx’ ky are rate constants for hvdrogen abstraction at
positions x and v.

X, y are the number of hyvdrogen atoms at positions X and v.

The position of halogenation will be determined by the

position of hvdrogen abstraction (8). For chlorination this
reaction is exothermic , thus according to the Hammond
Postulate27, the transition state will occur earlv on the

reaction coordinate. Liftle bond making or breaking will
have occurred and so polar effects will become important

¢

(10) .

(10> X-C-H "~~~ "7 -Cl1 X= Electron withdrawing group

Relative selectivities for chlorination of a series of sub-
stituted butanes is shown8 (table 3). The substitution

pattern shows that the high reactivity of the chlorine atom

leads to low selectivity. Substitution of the 1-position
with an electron withdrawing group leads to induction of two

opposing dipoles in the transition state (10> and causes
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Table 3 Relative Selectivities for Chlorination of

Substituted Butanes

>
9]
=)

X CH2 CH2 ———— CH

- 2 3

H 1 3.6 3.6 1

F 0.9 1.7 3.7 1

Cl 0.8 2.1 3.7 1

CF3 0.04 1.2 4.3 1
deactivation. A small effect 1is also seen for the

2-position while the_3— and 4- positions are unaffected.

For bromination the hydrogen abstraction reaction is
endothermic, thus according to the Hammond Postulate27, the
transition state will occur late on the reaction <co-
ordinate. Carbon-bromine bond formation will be advanced

and the carbon-hydrogen bond almost fully dissociated (11)

and so the B.D.E. of the two bonds will be the dominant

(11> Br H ~~°°° 'C'Z-—

factor. Relative selectivities for bromination of a series
of substituted butanes is shown8 (table 4). The lower
reactivity of the Dbromine atom leads to higher

selectivities. At the 1-position, substitution lowers ¢the
carbon-hydrogen B.D.E. and is activated. Polar effects,
however, will be important at the 2-position and 1is thus
deactivating.

Polar effects are also important in hvdrogen
abstraction by methvl radicals. In the transition state

however the dipole formed by the hvdrogen atom and the




Table 4 Relative Selectivities for Bromination

of Substituted Butanes

X "CH_X —— CH —— CH — CH

_ 2 2 2 3

H 1 80 80 1

F 9 7 a0 1

Cl 34 32 80 1

CF3 1 7 80 1
attacking radical is reversed (12). Relative selectivities

for hvdrogen abstraction by methvl radicals from a series of

<+ <+
(12) X-C-H "~~~ ° =Me X = electron withdrawing group
substituted butanes are shown14 (table 5. The

substitution of an electron withdrawing group activates the
l1-position by the favourable dipoles produced in the
transition state. Thus it can be seen that the methvl
radical is nucleophilic while the chlorine atom is

electrophilic.

Table 5 Relative Selectivities for Hydrogen

Abstraction by Methvl Radicals

§ CH2X E— CH2 — CH2 — CH3
F 8 10 10 1
CF3 1.3 3 10 1

> Stereoelectronic Effect

The 1interaction of a 1lone pair of electrons or

W -bonded electrons adjacent to a radical leads to



stabilisation. This can be shown, for example for an ether,
by simple valence bond theory (13> or frontier orbital
theory28 (14) .

+ -

(13 CHBO—CH:2 <—> CH30—CH2

For maximum stabilisation of a radical by an adjacent
lone pair of electrons, the two atomic orbitals involved

2
must be co—planar“g’so. A theoretical rationalisation has

been based on the concept of conjugative delocalisation31
between the adjacent non-bonded electron pair and the
radical orbital.

The lone pairs on an oxygen can be considered to be
Sp3 hvbridized or one having more p character and the other
more s character32‘ For this discussion it will be assumed
that thev are equivalent sp3 orbitals.

The extent of the delocalisation becomes a function of
the dihedral angle (8) between the C-H bond being broken and
the orbital of the heterocatom. Many rate constants for
hydrogen abstractidn have been measured and some are

33

shown (table 6> to demonstrate  the sStereoelectronic

effect. The reactivity of <cvclic ethers varies with
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ew down C-0 bond

different ring size and decreases in the order: -

5> 7 > 4 > acyclic > 6

tBuO‘ at 27°cC

Table 6 Rates of H Abstraction by

Ether M- 171

oxacvclobutane 4.0 X 106
tetrahvdrofuran 8.25 X 106
tetrahvdropyvran 2.7 X 106
oxacvcloheptane 4ot X 106
diethvlether 3.9 X 106

This can be explained simply by 1looking at the

conformation of the ethers. For a five

membered ring (15)

the ring will be nearly planar and the resulting value for 6

will be close to 0°. For a six membered ring, in a chair

0

<

View down C-0 bond
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conformation (16>, the value for 8 will be nearer 60° and so
the stabilisation effect will be very small. By considering
all of the rings, the order found is explained by the
stereoelectronic effect.

A similar result would be obtained if the carbon-
hvdrogen bond were required to be co-planar with the oxvgen

lone pair for abstraction to occur. The extra strain energy

a ’ View down C-0O bond

required to flatten the rings would destabilise the process.
The six membered ring would again be expected to be the
least reactive as this would require the largest amount of

energy to make the ring planar.

(e) Captodative Effect

It has been seen that.substitution of a radical by
either an electron withdrawing or electron donating group
leads to stabilisation. The substitution of a radical by
both tvpes of group simultaneously can act synergetically
and 1lead to very stable radicals. The concept of
merostabilisation34 or captodative stabilisation35'36 has
led to a new range of radical reactions and stable radicatls.

The stabilisation can be rationalised by frontier orbital

theoryv, for example 1in CHBOCHZCOZCHB'
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2 The Effect of Radical Substitution on Reactivity

The propagation step in a free radical addition (2>
will be affected bv the character of both the radical and
the alkene. The factors affecting this reaction have

38

recently been reviewed37’ and in this section the effect

of radical substitution is discussed.
~ g 11

2) Re + C=C —> R-C-C-

- 7N P

ca»y Molecular Orbital Theory and Polar Effects

The propagation step in the addition reaction involves
the formation of a & bond and the breaking of a T bond and
so will in general be exothermic7. Thus according to the

Hammond postulate27 the transition state will occur early on




the reaction coordinate, so that the o bond making and T¢
bond breaking are not far advanced. Calculations favour an

unsvmmetrical transition state (17) in which the distances

K ol 7
\\\\
(17) X \c c
TN

between the radical and the two vinvlic carbon atoms are

39,40

unequal’ If the X-steric effects are small (i.e. Y 1is

small), then the existence of an early transition state
allows us to predict polar effects 1in the free radical
addition by the use of frontier orbital theory.

To a first approximation, the theory states that the
energy difference between the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecualr orbital

(LUMO) of the reactants will determine the rate
variationszs. The smaller the energv difference between
these two frontier orbitals, the larger will be the

stabilising effect. The frontier orbital of the radical
will be the singly occupied molecular orbital (SOMO)> and the
interaction of this with the HOMO and LUMO of the alkene
should allow us to predict the polar effects. The
interaction of the orbitals depends on whether the SOMO of
the radical is closer in energy to the HOMO or LUMO of the
alkene.

If we have a radical with electron donating
substituents then the energy of its SOMO will be increased,

the energyv difference between the SOMO and the LUMO of the
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alkene will be reduced and will lead to an increased rate of
addition. Furthermore if electron withdrawing substituents
are now incorporated into the alkene the LUMO energyv will be
decreased and again the LUMO-SOMO energy difference will be
reduced and lead to a further increase in rate of addition.
For example in the case of addition of dimethylether to

hexafluoropropene: -

P RN LUMO

SOMO fl :’ .7
-~ e
~ ,

For radicals with electron withdrawing substituents
the energy of .its SOMO will be decreased and the interaction

of the SOMO with the HOMO of the alkene will become

dominant: -

R LUMO

To sum up the theory, the greater the power of electron

withdrawing substituents on the radical, the greater will be



its reactivity towards electron rich double bonds. While,
the greater the power of electron donating substituents, the
greater will be its reactivity towards electron deficient
double bonds. This can be demonstrated by comparing the
relative reactivity of a range of methyl radicals towards
ethene and a range of fluorinated alkenes37 (table 7). AS
the methvl radical becomes more electrophilic with
increased fluorine substitution the reactivity towards the
electron deficient fluorinated alkenes becomes lower. AS
the alkenes become more electron deficient the reactivity of

the nucleophilic methyl radical increases while the

reactivity of the electrophilic trifluoromethvl radical

decreases.
Table 7 Ratios of Rate of Addition
( =
k(alkene)/kACH2 CH2)
CH2=CHF CH2=CF2 CHF=CF2 CF2=CF2
-pHa 1.1 - 5.8 9.5
-CHZF 0.4 - - 3.4
-CHFZ 0.4 0.1 0.3 1.1
.CF3 0.5 0.2 0.05 0.1

(b) Steric Effects

Steric effects can have a major influence on free
radical reactions. Thus 1in the addition of substituted

3 (table 8) to ethene it can be seen that

methvl radicals1
as the bulk of the radical is increased the rate of addition
is decreased, showing steric effects to be important. If

the substituent groups are large enough the radicals may




Table 8 Relative Rates of Addition to Ethene
j s - o ° ( ) 0 °
Radical CH3 CHBCH2 (CHS,ZCH <CH3)3C
krel 1.0 0.8 0.5 0.2
become persistent and the reactivity reduced to zero, for
. . . i 41 t 42
example in the radicals R3C° where R is Pr R Bu ,

i*2 and (CF_)_CF
Me,si*? and (cF,),C

(cH Captodative Effects

The stabilitv of captodative radicals prevents their
reaction with alkenes due to the large loss of stabilisation
energy in the addition step. Thus they normally undergo
dimerisation or reac£ with other radicals. The dehvdro-
dimerisation of captodatively substituted compounds can be

achieved verv easily, for examp1e36:—

3 The Effect of Alkene Substitution on Reactivity

The effect "of substitution of the alkene on the
reactivity towards radicals (2) will be discussed 1in this

, , . 37,3
section and has been the subject of recent reviews ! 8.

(a? Molecular Orbital Theorv and Polar Effects

In the previous section, frontier orbital theory has

predicted an increase in reactivity of a radical by either
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electron donating or electron withdrawing substitution. It
also predicts a further increase in reactivity if the alkene
is substituted with a group of opposite polarity to that of
the radical substituents. The theory further predicts the
relative effects of o and @ substitution of the alkene by
considering the effects on the atomic orbital coefficients.
This is because the rate of a reaction 1involving bond
formation increases with the orbital coefficients of the two
atoms involved. Frontier orbital theory has previously been
used to predict ease of nucleophilic attack on fluorinated
alkenes44 and can also be applied to  nucleophilic radical
additions.

If an alkene is substituted with an electron with-
drawing group then, for the LUMO of the alkene, the orbital
coefficient on the substituted carbon atom will be decreased
and the coefficent on the non-substituted carbon atom will

be increased. Thus for attack by a nucleophilic radical at

0 @ ‘C:\@ Q

X~&+C=C C=C=-X
0 8]
o¢{-attack by R (S—attack bv R Alkene LUMO

the B—position an electron withdrawing substituent will
increase the rate of reaction by both lowering the alkene
LUMO energy and increasing the orbital coefficient on the(5—
carbon. However, for o-attack, the increase in the rate due
to the lower alkene LUMO energy will be opposed by a
decrease in orbital coefficient on the o{-carbon atom. Thus

the effect of substituents will be much greater for radical



attack at the @—position.

If a second electron withdrawing group 1is added the
reactivity will again depend on both the orbital
coefficients and the LUMO energy. The coefficients will
depend on the substitution pattern, however the LUMO energv
will simply be decreased. If the two substituents are at the

same end of the alkene then the orbital coefficient on the

X\%L@ X_Q=@ >
A0 700 00

substituted carbon atom will be further deacreased and the

Reactivity: -

>

coefficient on the non-substituted carbon atom further
increased. Thus the reactivity will be increased. If the
substituents are at opposite ends of the alkene then the
effect of the two groups will be opposed and the
coefficients will be equal. Thus the activating effect of
the first substituent will be opposed by the second

substituent.

Perfluoroisobutene45 reacts readily with tetrahvdro-
furan whereas perfluoro-Z—butene12 is less reactive than
hexafluoropropene towards cyclic ethers. Thus additions to

fluorinated alkenes can be rationalised by frontier orbital

theory.

¢b) Steric Effects

The steric requirements of an alkene can have a large

1
effect on radical addition. For substituted alkenes




(table 9) it can be seen that the regiospecificity of
adaition is high and that steric factors far outweigh the
polar effects of the differént groups. However the overall
rate of reaction is that which would have been predicted

from polar effects.

of 8
Table 9 CF% + CH2=CHX ke = Rate of Addition to Ethene
§ Regiospecificity (q:ﬁ) kx/ke
CH3 1 : 0.1 2.3
CF3 1 : 0.02 0.4
F 1 : 0.09 0.5
CH=CH2 1 : 0.01 20
(cH Electron Delocalisation in the Adduct Radical

The addition of a radical to an alkene 1is in general
exothermic and so from the Hammond postulate27 it would be
predicted that there 1is an early transition state. The
effect of the product radical stabilisation would therefore

be small. This 1s demonstrated in table 10 where the rate

o é
Table 10 Arrhenius Parameters for CF; + CH2=CHX

ke = Rate of Addition to Ethene

§ ku/ke log A Eé
H 1 8.0 2.9
F 0.5 7.9 3.3
cl 1.3 7.8 2.3
Br 1.2 7.8 2.2
CN 0.7 7.4 2.1
COCH 2.1 7.9 1.3



&~
@)

of reaction is little affected by the possibilitv of

resonance in the adduct radical.

d»> Captodative Alkenes

If one end of an alkene is simultaneously substituted
with an electron withdrawing group and an electron donating
group it becomes exXtremely reactive towards both nucleo-
philic and electrophilic radicals. This 1is because the
addition‘reaction becomes very exothermic due to the high

stability of the captodative adduct radical (18) formed.

Re + =:< —7> R-C- (18)

d

R- d
C c d
4 Ay
R-C-C-R R-C-C-C-C-R
A Ay ,
d (19 d c (20)

The adduct radical will usually be too stable to abstract a
hvdrogen atom from the substrate and will either react with

another radical (19) or dimerise35 (20> (table 11).

C SYNTHESIS VIA FREE RADICAL ADDITION REACTIONS

The formation of carbon-carbon bonds via polar

processes has received a major share of attention and new

methods are continually being developedA6. Non-polar

methods have also been developed and in particular
. . . 47

pericyclic reactions which have become widely used . In

contrast the use of free radical addition reactions has



Table 11 Formation of Bisadducts from Captodative Alkenes

CH_ c d CH
C l 3 é % l 3
A C_H
H2C=C + AIBN 6 6 NC e Coeee Co——C C CN
4 80°C I Y
CH3 d o CH3
C d vield % C d vield %
COZMe MeO 49 CN MeS 18
COZMe MeS 35 CN tBuS 88
COZMQ tBuS 76 CN MezN 38
C02Me Et2N 37 CN Morpholino 68
CONMe2 Me2N 40 CN Me3$10 33

received comparatively little attention, although recently

workers have begun to recognise the potential of these

. 48
reactions .

Table 12 Free Radical Additions to 1l-octene
CHC1 + CH_=CHC_H.. -n P%3% | CC14CH,CH,CH (51)
3 2 6 13 —=> 2276 13 -
22%
CH3CHO + CH_=CHC_ H13 Perox1de; CHBCOCH CH2C6H13 (52>
36%
MeOH + CH2=CHC6H13—n DTBP S HOCHZCH CH2C6H13 (53>
16%
Piperidine + CH2=CHC6H13—n Perox1de; N CH CH2C6H13 (54)
hv
H 70%
0O
= ' - 5
O + CH2 CHC6H13 n hv S (55>
CH_CH_C_H

27726 13
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1 Intermolecular Addition Reactions

Many free radical addition reactions have been Known
since the 1940's and additions of alkyl, aryl, acyl, &-halo,
% -0Xy, o&-amino, and o{-carbonyl! radicals to hydrocarbon

49,50 ,
and examples are given

alkenes are well established
(table 12). Despite the simplicity and synthetic potential
of these reactions they are seldom used.

Addition to fluorinated alkenes has been Kknown since
194856. A potential complication with many fluorinated

alkenes and especially tetrafluoroethene is the appearance

of telomers as side products.

R—CFZ-CF‘

Re + CF2=CF2 S >

Addition

2

- U = _ .
R--G-CF2 Cszn CF_=CF 5 R—CF CF2+E+1

Telomerisation

R—%CFZ-CFé4h + R-H s Re + R_4CF2-CFé+hH

Chain Transfer

As the most common radical systems involve nucleo-
philic radicals, electron deficient fluorinated alkenes are
ideally suited to addition reactions and their use has been
reviewedll. The use of hexafluoropropene which gives no
telomeric proddcts is ideal for a systematic study of the
synthesis of functional fluorocarbons and will be discussed
in later chapters.

The use of electrophilic radical systems has received
verv little attention but one example is in the svnthesis of

, , . 57
o{-alkyl mono- and di-carboxylic acids (21).




DTBP

ROOC(CH_)> COOR + CH_=CHR' ~———> ROOCCH(CH_)» COOR
2'n 2 2'n-1
' 2
CHZCHZR (21)
R = H, CH3, Et n=1, 2, 4, 7, 8
R'= Alkyl
2 Intramolecular Cyclisation Reactions

Radical addition to carbon-carbon double bonds can
also occur in intramolecular reactions. Such reactions lead
to cvclisation products and are of interest both in
synthesis and for the mechanistic problems they pose. A
common system is the 5-hexenyl system which can cyclise to
either a 5- or 6-membered ring. The size of ring formed is
controlled by both kinetic and thermodynamic factors and a
knowledge of these 1is required in order to select
conditions to favour the required ring size. The formation
of a 6-membered ring involves addition at the unsubstituted
end of the double bond and would also lead to a more stable
secondary radical. The variability of ring size formed can
be demonstrated by the cyclisation of a series of
stabilized 5-hexenyl radicals58 (table 13). This shows an
increasing preference for the 6-membered ring product with
increasing stabilisation and thus lower reactivity of the
radicals. The reaction has also been shown to be reversible
by the pyrolvsis of substituted perester558 (24> and ((25)
(table 14). The results show that the reaction for (24a)
and (25a) are completely reversible and for (24b) and (25b)
only partly so. These results show that for highly reactive,
unstabilised radicals the 5-membered ring 1is formed under

kinetic control. AsS the stabilitv of the radical is




Table 13 Cvclisation of Substituted 5-hexenyl Radicals
with DTBP
H X X X
Y DI§E> Y + Y
(22) (23)
X Y % (22) % (23D X Y % (22) % (23)
H H 100 0 COzEt C02Et 70 30
H CN 100 o) COCH3 COZEt 50 50
H COCH3 72 28 CN C02Et 16 84
H COZEt 56 44 =0 0 100
Table 14 Pyrolyvsis of Peresters
(CHB)BCOOOC X (CH_ >»CO00C
Y 3 Y
(24a) X = CN, Y = COZEt (25a) X = CN, COzEt
(24b) XY = =0 (25b) XY = =0
Precursor Yield % (22) (23)
24a 20 80
25a 15 85
Cyclisation 16 84
24b 30 70
25b 0] 100
Cyclisation 8] 100



increased the reaction becomes reversible and the more
stable 6-membered ring product is formed. If the double
bond is substituted then the addition will tend to occur at
the least substituted end if the group is large, however a

terminal methyl group can lead to only the 6—membered ring

product (26>. Thus the rules of cyclisation have to an
extent been rationalised59. The cvclisation can also be
Me

’ Me
CN CN
C02Et N C02Et (26)

made to occur by the addition of a radical to a suitable
diene. Thus in the reaction of acetaldehyvde with ester60
(27), the nucleophilic acyl radical first attacks the most

electron deficient double bond to form the radical (28)

which then cyclises to give the expected 6-membered ring

(29).
O ] ¢ 0
O
Il
OMe CHBC- * OMe OMe
—_—> —>
(27> (28) (29)
The intramolecular addition reactions are not confined
to the formation of monocyclic compounds. The use of

. . 58
suitable dienes (30) can lead to bicyclic products™ . The
intermediate radical (31> is wunsubstituted and might be
expected to give the more favourable 5-membered ring.

However the sterochemistry of the cyclohexene ring already



formed makes this less favourable and a second 6-membered

ring is formed (32).

=z 7~ - ‘

CN C02Et CN CO_Et CN CO_Et

(30> (31> (32>

3 Tin Hvdride Mediated Reactions

The synthesis of radicals from substituted alkyl
halides with tin hydrides has been used by many workers.
The mediation of tin hydride is convenient for the type of
reactions already described but can also be used for less

easily produced radicals.

n-Bu35n~H —> n—BuBSn- Initiation
R-X + n—BuBSn- —> R. + n—Bu3SnX
\ 7/ ! ,
Re + /C=C\ —_— R-(lZ-Cl- . Propagation
I 1 1
R—?—?- + n-Bn.Sn-H —> R—?—?—H + n-Bu_Sn-s

This method has been used recently for cyclisation of
many ethers and amides of which many are of synthetic
interest to the natural product chemist. However there |is
the problem of the lack of stereospecificity of radical
additions although in many cases this has proved to be less
of a problem than expected. The attempted synthesis of
dihydro—ﬁ—agarofuranf’1 from the ®-chloroether (33a) gave a
mixture of the possible isomers (34a). If however the silyl

alkvnvl derivative is used the cyclisation leads to a single
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product (34b) which can be dehydrosilvlated using stereo-

specific methods to give the required isomer.

~
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; —CH=CH2 (34a) X = H, Y = Me

o~
W
W
o
<
~
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-CECSiMe3 (34b) XY = =CH—SiMe3

Much attention has been focussed on the cyclisation of

o-acvlamino compounds for alkaloid svnthesis and for example

B—lactams have been used62 (35).

E
H OCH2C CPh nBUBSnH

AIBN
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CHAPTER 2

FREE RADICAL ADDITIONS OF NITROGEN FUNCTION SUBSTRATES

TO FLUOROALKENES

A INTRODUCTION

The free radical addition of amines to fluorocarbon
alkenes 1is potentially a direct route to fluorocarbon
amines. There is some indication from the literature that
amine additions will work but thev are mainly photochemical
reactions (tables 16, 21 and 22). Thus an investigation
into the 