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SUMMARY

The ring-opening of cyclopropylcarbinyl radicals has been
postulated to proceed via a dipolar transition state. In this thesis
it was hoped to delineate some of the factors that influence the
rate of ring-opening of some substituted cyclopropylcarbinyl
radicals and1 hence estimate their relative importance. This would
allow the involvement of the dipolar transition state in the
ring-opening process to be assessed.

In order to achieve the above objective it was necessary to

synthesise methylcyclopropanes with substituents at both the
x-position and the 2-position. Such compounds should readily react
with t-butoxyl radicals to give 'a series of cyclopropylcarbinyl
radicals. The bulk of the synthetic work was in two parts, the
first involved synthesis of 2,2-difluoro substituted cyclopropanes,
to determine the influence of fluorine substituents 1in the
cyclopropane ring. The second section involved cyclopropanations
using carboethoxycarbene.

Radicals were generated, from successfully synthesised

precursors, and their electron spin resonance spectra recorded.

The data obtained provided evidence for the involvement of a
dipolar transition state in some of the ring-opening
rearrangements. However, in several of the radicals other factors
are clearly influencing the observed ring-opening. In another

section of the work the effect of phenyl and ferrocenyl

substituents on the ring-opening of cyclopropylcarbinyl radicals

was assessed.
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1. INTRODUCTION

Radical rearrangements are increasingly being used to probe
reaction mechanisms. This is because under favourable conditions
the presence, or otherwise, of radical intermediates in a reaction of
unknown or uncertain mechanism can be probed by using as a
potential intermediate a species which, if it is a free radical, will
undergo rearrangement. Examples of this, which are widely used,
are substrates possessing the cyclopropylcarbinyl and hex-5-enyl
groups, which would give as intermediates the cyclopropylcarbinyl
(1) and hex-5-en-1-yl (3) radicals. These radicals rearrange readily

to afford but-3-en-1-yl! (2) and cyclopentylmethyl (4) radicals

respectively.

>

(1) (2)
=

rd

(3) (4)

We need to know the rate at which these rearrangements
occur as well as the typical rearrangement products., The rate of
rearrangement of the suspected radical intermediate must be rapid
enough to compete with other reactions of that intermediate,
otherwise the absence of rearranged products has no significance.

To illustrate this, consider the mechanism of hydrogen
transfer by nicotinamide dependent horse liver alcohol dehydro-
gena.se,..l""3 This has wvariously been considered to involve hydride

transfer and single electron transfer with involvement of radical

intermediates {see Scheme 1I).



REARRANGED RADICAL
PRODUCTS

Scheme 1

If radical intermediates are involved the rearrangement of the

cyclopropylcarbinyl radical, generated from the probe species, must

be fast enough to compete effectively with other reactions of the

cyclopropylcarbinyl radical. In this case no rearranged products
were isolated and it is proposed that hydride transfer is the
mechanism occurring. However in a similar study of lactate
dehydrogenase3’4 utilizing the probe species methyl 2-cyclopropyl-
2-trimethylsilyloxyacetate (5) the rate of rearrangement of the
possible radical intermediate is not fast enough to exclude the
possibility of radical involvement. In processes like those described

above the radical rearrangement acts as a timing device, or
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free-radical clock,® and provides a method for quantitative

examination of radical-molecule reactions.

_0OSiMe,
D—— CH
~ COzMe

(5)

Clock reactions are not, however, confined to radical
rearrangements. The B-scission of t-butoxyl radicals is perhaps the
simplest example of a radical clock reaction and has been used to

measure relative rates of hydrogen abstraction from organic

compounds in solution® (see Scheme I1I).

Scheme Il

In the presence of a hydrogen donor AH, competition between
B-scission and hydrogen abstraction occurs. At low conversions,
the concentration of AH remains essentially unchanged and the

ratio of the rate of abstraction to the rate of B-scission can be

determined by product analysis for acetone and t-butanol

(Equation (1)).



kAH [Me3COH]

(eq. 1)
kg [AH]}[MenCO]

If a separate experiment is carried out under the same
conditions with a second substrate BH, the relative ratio of
hydrogen abstraction kpay/kpy can be calculated. If the wvalue of
kg, the rate of B-scission, is known then the free-radical clock is

said to be calibrated and absolute values of kpy and kpy can be

calculated.

1.1 Calibration of Clock Reactions

To use unimolecular clock reactions to determine absolute
rate constants for radical-molecule reactions, under typical
experimental conditions, we need to have a series of calibrated
free-radical clocks.? For primary alkyl radicals, probably the most
extensively studied class of radicals, a reasonable series of
calibrated free-radical clocks exist. If we look at the following

_ _ o
species, the neophyl radical (k,4° C = 59 s~1), the hex-5-enyl
- 25°C - 5 &1 - '
radical (k, =1 x 10° s71), and the cyclopropylcarbinyl radical
o
(kr25 C = 1 x 108 s”1), we can see that their rates of
rearrangement, k,, cover seven orders of magnitude. For classes of
radicals other than primary alkyls, there is often a distinct lack of
suitable clock reactions.
The methods available for the measurement of rates of

rearrangement in free-radical reactions’® can be split into two

broad categories: direct and indirect methods.



1.1.1 Indirect methods
Indirect methods for determination of the rate of a

unimolecular radical reaction involve a competition between this

process and some other reaction of known or readily determined

rate.

(a) The "tin hydride method"

One of the commonly used indirect methods is the so called
"tin hydride method" (see Scheme III). The ratios of hex-1-ene (8)

to methylcyclopentane (9) were measured at 40°C for different

concentrations of tri~butyltin hydridem9

+ BusSn e — P (I/ Bu,SaBr

(6) | (7)
BUsSﬂH* KH BUSSIIH ‘ KH
BusSa * +
(8) 9

Scheme II1
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The abstraction of hydrogen from tri-butyltin hydride by various
alkyl radicals has been studied using laser flash photolysis
techniques.10 This work provided values of ky and showed the
rates of abstraction to be almost independent of radical
structurell i.e. for primary, secondary and tertiary radicals kg 18
the same. From the ratio of (8):(9) and the value of ky it 1is

possible to evaluate the rate constant, k,, for the rearrangement.

(b) Di-t-alkyl nitroxides

Stable di-t-alkyl nitroxides can be used to trap unstable
carbon centred radicals (see Scheme IV), giving stable alkoxyamine

products.12,13
RoN-Os + Rl¢ —m—> RzN-O-R’

Scheme IV

The ratios of these products elucidates the reaction pathway

involved. To obtain rate constants for competing reactions the rate

constant for the trapping reaction is required.

The di-t-alkyl nitroxides have the ability to scavenge alkyl
radicals at near diffusion-controlled ratesl419 (k = 107-109 s~1),
and yet not combine with oxygen-centred radicéls. The technique
depends on the isolation of the alkoxyamine products and
determination of their structure by conventional spectroscopic
methods. The presence of a good u.v. chromophore in the nitroxide

allows the products to be analysed by h.p.l.c. with u.v. detection.
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The nitroxide (10) meets these conditions and has been used to

study radical-polymerisation reactions16-18 in which there are

multiple pathways.

N—Os®

(10)

t-Butoxy radicals react with the vinyl monomer methyl
acrylate via several competing pathways. The major pathway is,
addition of the t-butoxy radical to the unsubstituted terminus of
the double bond of the alkene ("tail" addition) (see Scheme V, path

i).
%

i)  (CH3)3COs + CHp=CH(COyCH3) ———> (CH3)3COCHoCH(COoCH,)  62.9

ii) (CH3)3CO¢ + CHg=CH(COaCH3) ——> (CH3)3COCH(CO2CH3)CH, 0.9
iii) (CH3)3COs + CHp=CH(CO2CH3) ——> (CH3)3COH + CH9=CHCO,CHy 8.8
iv) CHa=CHCO9CHyp + CHy=CH(CO5CH3) —— dimer radical 3.4
v)  (CHg)3COs ———(CH3)2CO + CHj 12.4
vi) CHg + CHp=CH(CO,CH3) ———5CH3CHpCH(CO,CH3) 5.]
vii) (CH3)3COCHaCH(CO2CHg) + CHy=CH(CO9CH3) — dimer radical 5.5
viii) (CH3)3COCH(CO2CH3)CHp + CHp=CH(CO3CH3)—— dimer radical 0.4

Scheme V
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However smaller amounts of "head" addition (path ii), H-abstraction
(path iii), and fragmentation of the t-butoxy radical to give methyl
radicals and acetone (path v) are observed. Due to the high rate
of trapping of (lI0) no polymer results from these reactions and the

products from paths i-viii are trapped as the alkoxyamines, e.f.

for path 1 the alkoxyamine pl:oduct is (11).

_O———N
(CH3)yCOCH,— CH
~CO5CH,4

(11)

In an e.s.r. spin trapping study of the above reaction using the
trap nitroso t-butane only the product formed via path i could be
detected.

The cyclopropylcarbinyl-allylcarbinyl rearrangement has
been studied by this method.19:1205 1t has two advantages over
e.s.r. studies namely: (i) reactions can be investigated at ambient
temperatures and (ii) the possibility of reversibility of the

rearrangement can be probed. If the rearrangment is irreversible
the product ratios are independent of nitroxide concentration and

vice versa.

In one of these studiesl?® the cyclopropylcarbinyl radical
was generated from the diazene (12) and the various radical
products trapped with nitroxide (10) (see Scheme VI). The ratio of
the trapped products (14):(15) was determined by h.p.l.c., g.c.m.s.,
and lH n.m.r. spectroscopy. The other radical product (13) gives

the hydroxy isoindoline HT and was identified by similar means.



C—N=N

OH

(12)

Scheme VI

1.1.2 Direct methods

The direct methods involve the study of free-radical
rearrangements by a physical technique. The most commonly used
tool in such a study is e.s.r. spectroscopy and this is considered

first.

(a) E.s.r. spectroscopy

Certain rearrangement processes can be studied directly
provided both the initial and rearranged radials can be observed
by e.s.r. spectroscopy. For this to be a viable procedure it is

necessary that the steady state concentration of the radicals is
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% 10-6M.7,20 This requirement can severely restrict the temperature

range over which experiments can be conducted.
At these concentrations most radicals decay with second-

order kinetics by diffusion-controlled bimolecular self-reaction.! If

we have conditions where:

i) The unrearranged radical Ue can be generated
photochemically and detected in the cavity of the e.s.r.
spectrometer (see Scheme VII).

ii) The temperature of the sample can be adjusted until
both the unrearranged radical Ue and the rearranged

radical Re can be observed simultaneously.

Then under conditions of steady-state photolysis,21$23 where the

radical concentrations do not change with time, we can write

Equation (2) which rearranges to give gquation (3).

hy
Photolabile species = Ubs

kl"
Us —————> Re

kyu
U+ Ur ——

non-radical

kur
Ue+ Rem——

products

kKRR
Re+ Remrmmm—mm)

Scheme VII



]

d{(Re ]

2.
= Q = kr[U' ]-ZkUR[U' HR 0]"2RRR[R' } (eq. 2)
dt

1 2KuRr 2KRpiR e ]

1
+

[R'] kr kr[U. ] (eq- 3)

At each temperature the radical concentrations are varied by
changing the incident light intensity. In this way a plot of 1/[Re]
vs [R*]/Ue] has a straight line of slope ZRRR/kr.21'25 Normally the
e.s.r. signals are too weak to make measurements except at full
light intensity. Usually this problem is discounted as the radicals
in question generally undergo an irreversible coupling and/or
B-disproportionation, during their bimolecular self-reaction.
Bimolecular self-reactions occur at diffusion-controlled limits4®
giving kyy = krr = kyrs Equation (3), can now be simplified to

Equation (4).

| 3 [Re]
= [Re ]|l + — (eq. 4)
2KkRrR [Ue ]

Only one measurement of [R+* ] and [U ] at full light intensity is
now needed to calculate k,/2Kkgpg:

To get the absolute value for k,, we must obtain a value for
ZkRR.This is done in a separate e.s.r. experimenté® by generating

R from an independent source and monitoring its decay under the

same conditions as used in the previous experiment.
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(b) Laser-flash photolysis

Laser-flash photolysis uses nano or pico second pulses from

a laser source to generate transient radical species. These species
are then observed by a variety of spectroscopic techniques. The
use of such short pulses of energy to generate the transient
species allows the study of processes with rate constants of up to
1012 -1, The monochromaticity of the laser pulses allow the
photolysis of only one component in a solution, while the others
are effectively transparent to the pulse.

Laser-flash photolysis has been used to study various
reactions including hydrogen abstraction by t-butoxyl radicals,27
determination of rate constants for some reactions of triethylsilyl
ra.dicals,28 and in determination of the rate constants for the
reaction of alkyl radicals with tri-butyltin hydride..lot29 Using the
last case as an example, a system had to be found where the alkyl
radical was generated in a first-order process from precursors
that were not reactive towards alkyl or tin radicals (see Scheme
VIII). The wavelength of the excitation pulse must be such that the

tri-butyltin hydride is "transparent".

i) (CH3)3COOC(CH3)3 =, 2(CH3)3CO *

ii) (CH3)3COe + RgAs ————> R3AsOC(CH3)3

ifi) R3AsOC(CHg)3 —————> Re + RpAsOC(CHg)g
iv) Re + BugSnH ——————> RH + BugSne

V) (CH3)3CO-» + BugSnH-——> (CH3)3CO + BugSne

Scheme VIII
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The pulse is absorbed by the peroxide which decomposes and

initiates the sequence of reactions (i) + (iii) to produce the alkyl
radicals. The alkyl radicals then attack tri-butyltin hydride to give
the tri-butyltin radical, which is detectable. It is essential that
reaction (il) occurs faster than reaction (v) otherwise the observed
tri-butyltin radical concentration is not produced solely by the
alkyl radicals. This problem is alleviated by having a high
[R3Ag]:{BugSnH] ratio. When the reaction was carried out the
builld-up of the detectable tri-butyltin radical was seen to follow
pseudo first-order kinetics and an experimental rate constant,
Rexp» was obtained. If a series of experiments are carried out
varying the concentration of tri-butyltin hydride then ki can be

obtained from a plot of keyxp vs [BugSnH] by using Equation (5).
Kexp = T,~1 + ki [n-Bu3SnH] (eq. 5)

T,, is the lifetime of the alkyl radicals in the solvent without
n-Bu3SnH and excludes any second-order processes. The values of
the rate constant obtained in this work led to the revisionlO of
the kinetic data for several widely used clock species e.g. for the
hex-5-enyl system the previous value 2 of kr25°C = 1.0 x 10° s~1

°
was raised to give k.22 C = 2,3 x 105 5-1,

(c) Muon spin rotation

In muon spin rotation, spin polarised positive muons are

stopped, in a solution of interest, in transverse magnetic fields

and the subsequent time evolution of the spin polarization

observed.
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In unsaturated organic compounds free radicals form by

addition of muonium (Mu = ute™), a light hydrogen isotope (see

Scheme IX).

Scheme IX

They are identified by their muon-electron hyperfine interactions.
Reactions of the radicals lead to a decay of the radical signals and
from the resultant line broadening of Fourier transform spectra
the rate constants are extracted. This work has been carried out
on a variety of substituted hex-5-enyl and cyclopropylcarbinyl
radicals.30;131 The results obtained agree well with previous studies

using e.s.r. and other techniques.

1.2 Examples of Specific Classes of Clock Reactions

Various radical rearrangements will be considered in this
section. _Three species, the neophyl, the hex-5-enyl and the
cyclopropylcarbinyl radicals will be discussed. It has already been
noted that the rate constants for the rearrangements of these
radicals cover seven orders of magnitude. Each rearrangement will
be discussed in turn and its use as a probe species considered.

Finally, the effect of substituents on the cyclopropylcarbinyl

radical will be considered in greater detail.
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1.2.1 Neophyl rearrangement

The neophyl rearrangement was first discovered by Urry
and Kharasch3l in 1944 in a careful product study of the cobalt
(I1) chloride-catalysed reaction of phenylmagnesium bromide with
neophyl chloride. The existence of the neophyl! rearrangement can
be easily shown nowadays by u.v. photolysis of a di-t-butyl
peroxide solution of t-butylbenzene3d3 in the cavity of an e.s.r.

spectrometer (see Scheme X).

. -
(CH,),CO* + <|:— CH, —P» (CH,),COH + cls— CHs
CH, CH,

Scheme X

At room temperature only the radical (16) is observed, but at
higher temperatures the radical (17) is also seen. The rate
constant32-3% determined for the neophyl rearrangement is k25°C -

59 s~1, Evidence3® guggests that the neophyl rearrangement is
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intramolecular and must proceed via a spiro[2.5)octadienyl

intermediate or transition state (18).

Neophyl-like rearrangements are enhanced by various
factors. The stabilization of (18) by delocalization leads to an

increase in the rate of rearrangement. This is exemplified by the

comparative rates of rearrangement of the phenyl (19) and

B-naphthyl (20) systems (see Table 1).

Unrearranged radical Rate constant at 25CC

CM&;CHQ'

59 g—1
(20) 2900 s~1
(C"I{’)’CCHz. 3.6 x 10° g~1

(21)

Table 1 Rate constants for the rearrangement of some

neophyl-like radicals.
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Neophyl-like rearrangements are often driven by the relief of
steric strain as a hindered primary alkyl radical rearranges to a

less congested tertiary alkyl radical; c.f. the rates of rearrangment

of radicals (19) and (21) (see Table 1). The tertiary radical formed

by rearrangement of radical (21) is also further resonance
stabilized. Electron-withdrawing groups e.g. p-NO9 also facilitate

neophyl-like rearrangements. The rearrangement of radical (22) is

at least 8 times faster than that of the analogous radical (21).3°9

The effect of electron-withdrawing substituents is attributed to
delocalization of the unpaired electron onto the substituent, with

consequent stabilization.

NO, C— CH,s

(22)

1.2.2 Hex-5-enyl radical

The hex-5-enyl radical undergoes cyclisation in a highly
regiospecific manner by intramolecular addition to give
predominantly (3> 95%) the c:,rclc::'opent‘.yhma-t,h],rl9 radicals. Many
reactions?0-98 have been carried out with this species and it was
often found that cyclohexyl products were not isolated. Careful
analysis of the reaction of 1-bromohex-5-ene with tributyltin
hydride at 65°C confirmed that cyclohexane was formed®8 in a real,

although minor, pathway (see Scheme XI).
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XH
K . XH
_*

Experiments in which cyclopentylmethyl and cyclohexyl

Scheme XI

radicals were generated separately demonstrated the irreversi-
bility‘w"49"'51 of each mode of cyclisation and the fact that the
rearrangements do not go via a common intermediate,43:48 since
the relevant hydrogen atom transfer steps are fast and
irreversible, the relative yields of cyclohexane and methylcyclo-
pentane9!52’53’53 reflect the relative rates of the two ring-closure
processes. Thermodynamicsg'ﬁo and kinetic6l data show cyclohexyl
to be more stabilized than cyclopentylmethyl. Cyclisation of the
hex-5-enyl radical is a highly selective process that follows the
thermodynamically less-favoured pathway.

The absolute values of the rate constants for cyclisation of
hex-5-enyl radicals at ambient temperatures were determined as
early as 19681192 and in 197440s46 by gteady state e.s.r. methods.
Subsequent revision of these rate constants by a variety of
methods has led to a generally accepted value of kr60°C = 7.5 x

109 s8~1 for the hex-5-enyl radical.
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The tendency of the hex-5-enyl radical to undergo
1,5-cyclisation makes this system a useful tool for identifying the
nature of reactive intermediates. The hexenyl cation forms only
six-membered rin3362 whereas the anion undergoes 1,5-ring closure
but very slow1y63. The magnitude of rate constants allows the
cyclisation of hex-5-enyl radicals to be used as a free-radical

clock reaction (see Scheme XII).

Scheme XII

The decomposition of 6-heptenoyl peroxide in the presence of
copper(Il) acetateY0:64 afforded hexa-1,5-diene and methylene-
cyclopentane in a good combined yield. The absence of cyclohexene
from the product mixture indicates that the oxidative elimination
step does not involve an intermediate carbonium ion. Oxidation of
the hex-5-enyl radical competes with its cyclisation, thus the ratio
of the yields of cyclic to acyclic products is linearly related to the
copper(Il) acetate concentration and to kox/kcy' The value of kcy

is known and kg can be calculated4® at ambient temperatures to

give koy = 1.2 x 106 5~1,
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Another use of the hex-5-enyl radical rearrangement has
been in the determination of rate constants for the spin trapping

of primary alkyl radicals.14:69 The technique of spin trapping has

been qualitatively used in the detection and identification of free
radicals. A lack of information on the rate of reaction of radicals

with the standard spin traps has posed several problems.
In the reaction of radicals He and Ce® with the spin trap T
(see Scheme XIII), the rate constant k. for the rearrangement of

the hex-5-enyl radical is reliably known. Both the radicals He and

Ce are primary alkyls and will form spin adducts with T that have
very similar properties. A distinction between HTe and CTe is
obtained by labelling He with 13C at C(1). The hyperfine splitting

(h.f.s.) obtained in the e.s.r. spectrum from this carbon will only

be detectable in HTe,

He Coe

He +T£—' HTe

C'+T—IE-§——» CTe

Scheme XIII

The ratio of [HT¢]/[CTs] is independent of reaction time, indicating
that the spin trapping is irreversible., The rate constants for the

trapping k¢ can be calculated from Equation (6).
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ko [HT- ]

¢ (eq. 6)
[T][CT. ]

This work was carried out using phenyl N-t-butylnitrone and
2-methyl-2-nitrosopropane as the spin traps and the rate constants
are kt40°C = 1.3 x 10° M~1 s~1 and 90.2 x 109 M~1 g-1 respectively.

Another use of an intramolecular 1,5-cyclisation process was
made recently in a study of single-electron transfer, in the
reactions of lithium dimethylcuprate with alkyl halides.66 various
5-substituted-1-cyclooctenes, (see Table 1II), were reacted with
lithium dimethylcuprate. In this reaction when the 5-substituent is
iodine (23) the product distribution supports a radical pathway, as
more than half the products are bicyclo{3.3.0Joctane derivatives.
These Dbicyclic products are formed by an intramolecular
1,5-cyclisation of the radical generated when single-electron

transfer from the cuprate to the iodide (23) occurs.

% Yield
X
CH o
Recovered 3 Oth
substrate e
I
23) 0 13.1 4.4 16.7 234 218
Br 69.6 3.9 0 2.9 12.1 0
(24) '
OTs 0 56.4 0 0 0 30.4
(25)

Table II  Reactions of 5-substituted 1-cyclooctenes with LiCuMes.
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The tosylate (25), on the other hand, gives only uncyclised
substitution and elimination products. The bromide (24) only
undergoes very slow reaction (30% after 20 days) and suggests
that neither an electron transfer process, as for the iodide, or a
direct substitution, as for the tosylate, are particularly favourable
reaction pathways. However significant amounts of cyclised product
are formed, suggesting radical involvement in the reaction

pathway.

Other uses of the hex-5~enyl radical rearrangement as a
probe have been in aromatic homolytic substitution reactions,87-69

the reductive demercuration of alkyl mercury{II) halide3,54’55 the
wittig rearrangement,70 the reaction of alkali benzophenone ketyl
with alkyl iodides,’! the reduction of alkyl halides by sodium
napthalenide,72'73 the reaction of enones with wvarious organo-

metallic species,55'72"78 the formation and oxidation of Grignard

reagentsﬁg"Sl etc.

1.2.3 The cyclopropylcarbinyl radical

The cyclopropylcarbinyl-allylcarbinyl radical rearrangement
(see Scheme XIV) has been reasonably well studied and shows some

interesting features.

® L' \/\C-H2 °
(1) 2)

Scheme XIV
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If cyclopropylcarbinyl radicals are generated in the cavity of the
e.8.r. spectrometer31'83 at temperatures of -140°C or lower, only
the expected spectrum for the cyclopropylcarbinyl radical is
observed. Between -40°C and -100°C both the cyclopropylcarbinyl
and allylcarbinyl radicals are observed, and above -100°C the only

observed species is the allylcarbinyl radical.

The e.s.r. spectrum of the cyclopropylcarbinyl species

indicates a bisected conformation (26) is preferred.83'36

(26)

The rate constant for the cyclopropylcarbinyl-allylcarbinyl

rearrangement is krs=c1.3 x 108 §-1,82,87,88

LLike the hex-5-enyl system the cyclopropylcarbinyl-
allylcarbinyl! rearrangement can be used as a free-radical clock,
but as the rate of rearrangement is faster it allows different
reactions to be studied. The rate constants for ligand transfer of
halides from copper(ll) halides to alkyl radicals have been
determined87-91 in this manner (see Scheme XV). The reaction of
copper(II) bromide with cyclopropylacetyl peroxide produces
predominantly cyclopropylcarbinyl bromide, but some allylcarbinyl

bromide was also produced due to rearrangement of the cyclo-

propylcarbinyl radical.
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Scheme XV

An increase in the copper(il) bromide concentration overwhelms the
competing rearrangement and gives a higher yield of
cyclopropylcarbinyl bromide. The two competing reactions are

o
shown (see Scheme XV). The value for the rate constant kr25 C =

1.3 x108 571 allows k1(Br) to be calculated from Equation (7).

A value of ki(Br) = 4.3 x 109 M-l s~! was obtained. The

K, {
K, E“xﬂ (eq. 7)

oxidation of cyclopropylacetyl peroxide by copper(II) chloride
produced a mixture of isomeric chlorides. Analysis as for
copper(Il) bromide gave a 2nd order rate constant of ki{(Cl) = 1.1

x 109 M~1 g1 for the chlorine transfer.

The cyclopropylcarbinyl-allylcarbinyl rearrangement has also

been used to study various biologically based systems. One use, in
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the study of hydrogen transfer to and from nicotinamide
coenzymes, has been mentioned previously (section 1),1-4 The
intermediacy of free radicals in penicillin biosynthesis®2 has been

probed. The cyclopropyl-containing substrate (27), (see Scheme

XVI), was incubated with the enzyme isopenicillin N synthetase to
give predominantly the ring-opened product (29) and the penicillin
(28) as a minor component. This observation is consistent with the

involvement of a free-radical intermediate in the reaction pathway,

leading to ring opening of the cyclopropane ring.

\Y

, COH CO,H N

0 el = QD =

M Prod
@7 Mnor(l;g;duq a] or(zg) uct

N,/

Scheme XVI
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Other uses of the cyclopropylcarbinyl-allylcarbinyl radical
rearrangement to study the involvement of radical intermediates in
biological systems include studies of cytochrome P-450 catalysed
hydroxylation93 and the cleavage of the C-P bond in degradation
of organophosphate.94 The rearrangement has been used to probe
many other reactions e.g. the detection of radical intermediates in
the reaction of lithium dimethylcuprat.e56!57'95’96 with enones; the
reactions of metalate anions with alkyl halides;97’93 and in various

photochemicalgg"loﬁ reactions.

In addition to its use as a probe species the cyclopropyl-
carbinyl-allylcarbinyl radical rearrangement has also been used in
synthetic applications.126 it has been reported that preparation
and opening of cyclopropylcarbinyl radicals constitutes a general
synthetic method for the attachment of alkyl and substituted alkyl
groups to an existing cyclic structure. The cyclic allylic alcohol
(30) can be converted to the cyclopropane (31) (see Scheme XVII).
The cyclopropylcarbinyl radical (32) is generated and subsequently

ring opens to give the alkyl substituted system (33).

ﬂ
PhSe” : t i
(31) #a

-

(33) . (32)

i
HO HO
(30)

i, CHalg, Zn(Cu), ether, 16 h; ii, BugP, PhSeCN, THF, - 78° C ¢

25°C, 16h; iii, BugSnH, hV hexane, 10-30°C 2:Sh.

Scheme XVII
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1.2.4 Substituted cyclopropylcarbinyl radicals

As noted previously the cyclopropylcarbinyl-allylcarbinyl
rearrangement has several interesting features and has been used
as a mechanistic probe in the detection of radical intermediates
and to obtain rate data of competing processes. In its simplest
form it is a reasonably well documented system but little is known
about the effect of substituents? at the radical centre or on the
ring.

Whether a radical undergoes a rearrangement, and if so, the

direction and rate of that rearrangment is dependent on several

factors. These factors will be considered in turn.

(a) Stability of the unrearranged and rearranged radicals

The relative stabilities of the unrearranged and rearranged
radicals can determine which species will be observed. In the
following rearrangement the initial radical (34) cannot be observed

as the rearranged species (35) is a more stable tertiary radical.107

The phenyl substituted radical (36) rearranges considerably less
rapidlyl¥8 than the unsubstituted cyclopropylcarbinyl radical
because the radical is resonance stabilized by delocalization of the
unpaired electron into the benzene ring. Even greater stabilization

occurs in radical (37) which rearranges only 310w1y109 and which

is in equilibrium with (38).
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38)

Ph
(37)
It has also been shown recentlyl2’” that a sulphur atom
vicinal to the radical centre, as compared with a carbon atom, will

stabilise the cyclopropylcarbinyl radical (see Scheme XVIII).

Photolysis of the thiophen-2(5H)-one (39) gives, after cyclization of

the initial radical, the radicals (40) and (41):

0 CO,Me

(42) (43)

Scheme XVIII
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these radicals were identified as their respective products (42) and
(43). It is reported that when R’ = CHg the ratio of (42):(43) is 2:3.
The presence of the sulphur atom stabilises the radical (41) and
leads to the predominance of the product (43). When R’ = (CHj)3Si
a further stabilisation is seen due to the presence of a silicon

atom and the ratio of (42):(43) is 1:4.

(b) Stereoelectronic effects

The rate and direction of ring opening is expected to be
dependent on the geometry of the orbitals involved. The two
isomeric steroid radicals (44) and (45) ring open in different

directions to give (46) and (47) respectively.110

45) ° ‘ (47)

Another example of this is the bicyclic radical (49), which
rearranges to give predominantly the less stable primary alkyl
radical (48) together with the secondary radical (50) as a minor

product.
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(49) (50)

The observed direction of ring opening indicates that the B-Y

bond, which cleaves preferentially, is the one which is most nearly
in the eclipsed conformation with respect to the semi-occupied
p-orbital. This fact can be explained if the transition state for the
B-scission of an alkyl radical allows maximal interaction between
the semi-occupied orbital and the o* orbital of the bond under-
going cleavage.99!110 A high degree of overlap however is not a
prerequisite for ring opening as radicals in a fixed conformation

such as radical {(51) can undergo ring opening, albeit less rapidly.8

(c) Steric factors

Studies of the isomeric 2-alkyl-substituted cyclopropyl-
carbinyl radicals (52) and (54)112‘121 (see Scheme XIX) have shown

that the radicals from the ciIs-isomers (52) rearrange to the
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thermodynamically more stable secondary radicals (53),112-118 The

trans isomers (54) anomalously give the less stable primary

radicals (55).

(54) (55)

a. R2=R3=H
b. R2=OH,R3=MC
C. Rz = OS.nBu:, . R3= Me

Scheme XIX

Considering the cis-isomers (52) first, there will be a large

steric interaction between the 2-alkyl substituent and the

substituents at the radical centre. The sterically favoured

conformations of the cis-radicals (52) are shown below (56 and 57).

Me

(56) (57)
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These conformations minimise the interaction between the
substituents at the radical centre and the alkyl group. In both of
these conformations there is maximum overlap of the SOMO and the
o* orbital of the C1-C2 bond. The C1-Co2 bond undergoes cleavage
to give the secondary radical (41). The sterically less-favoured

conformations (58 and 59) for the cis-radicals (52), are shown

below,

(58) (99)

These conformations would lead to the cleavage of the Cy-C3 bond
which 1s not observed experimentally. It appears as if steric
factors control the direction of ring-opening of cis-2-alkyl
substituted cyclopropylcarbinyl radicals.

The ring-opening of the radicals from the trans-isomers (54)

to give the primary radicals can be envisaged in terms of frontier

molecular orbital theory.124 In cyclopropane the orbital energies
for all three C-C bonds are degenerate. The presence of a 2-alkyl
group on the cyclopropane ring will raise the energies of the ©
and OF orbitals of the C{-Co bond above the energies for the

C1-C3 bond (see Scheme XX). The interaction of the SOMO of the

radical is with the oF rather than the O orbital and this leads to

cleavage of the Cy-C3 bond. This cleavage would result in the

primary radical being formed.
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Scheme XX

For the cis-isomers (52) there is a large steric interaction
between the two cis groups in the conformations that would lead to
C1-Cg3 cleavage. This large steric interaction overides any effect
seen by the raising of the orbital energies of the C{-Co bond. The
direction of ring-opening of the cis-radicals is controlled by steric

factors and the trans-radicals by polar factors.

(d) Polar effects

We now look at some substituted cyclopropylcarbinyl radicals
in turn. First the oxiranylmethyl radical (60)115 wundergoes
rearrangement at least an order of magnitude faster than the

cyclopropylcarbinyl species.
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The rearrangement occurs by exclusive C-0 bond cleavage even
though a C-0 bond is generally 4-20 kJ mol~1 stronger than a C-C
bond. This is consistent with the involvement of the dipolar
transition state (61) which is stabilised by the presence of an

oxygen atom. However, if the product radical is sufficiently

stabilized then C-C bond cleavage may occur rather than the C-O

bond cleavage123'132 (see Scheme XXI). This observation has been

Scheme XXI

used synthetically in the production of novel vinyl ethersl?3 (see

Scheme XXII). The radical (62) rearranges to give predominantly
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the aryl stabilised product radical (63). C-C bond cleavage is also

PI'OPOSGd130 as a step 1n the biosynthesis of the antibiotic

Rifamycin S.

(62)

% 24%

Scheme XXII

The (trans-2-trifluoromethylcyclopropylcarbinyl radical (65) gives
preferentially the secondary radical (66);124 this is in contrast to
the analogous trans-2-methylcyclopropylcarbinyl radical (54), which
gives predominantly the primary radical, but is consistent with the

proposed dipolar transition state for the rearrangement.

X
. — & M
A/ky S / v
CF, (65)
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Frontier molecular orbital theory can be used to explain the
differences observed between trans-2-trifluoromethyl and the
trans-2-methylcyclopropylcarbinyl radicals.124 The ring-opening of

the trans-2-methylcyclopropylcarbinyl radical has already been

discussed in this manner (see section 1.2.4. (c)). The presence of a
trans-2-trifluoromethyl group' will have the opposite effect to the
trans-2-methyl group. A 2-trifluoromethyl group on the cyclo-
propane ring will lower the energies of the o and o* orbitals of
the C1-Co bond below those of the C4-C3 bond (see Scheme XXIII).
The interaction of the SOMO of the radical is with the o* orbital

and will lead to cleavage of the C4-Co bond. This cleavage results

in the secondary radical being formed.

Scheme XXI111
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On rearrangement the 2,2-difluorocyclopropylcarbinyl radical

(67) gives only the primary product radical (68),123

The other possible product radical is the more stable difluoro alkyl

radical (69). The formation of the primary radical product has been

explained in two ways. The dipolar transition state for the
rearrangement 1is less favoured in the case of the secondary
radical product resulting in only the primary radical (67) being
observed. It has also been suggested123 that the effect of the
fluorine substituents is to weaken the C-C bond opposite the

substituents. The preferential cleavage of this bond results in

formation of the primary product. Further information about the
process involved could be obtained from a detailed kinetic study of
the rearrangement. If the rate of the ring-opening rearrangement
of the radical (67) is faster than that found for the unsubstituted

cyclopropylcarbinyl radical then the bond-weakening theory holds.

If the rate is slower then a dipolar transition state is implicated.
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Substituents that would enhance the stability of the
transition state might be expected to increase the rate of ring

opening of the radical, as in the case of the oxiranylmethyl radical

(48), Conversely substituents that reduce the stability of the
transition state would be expected to decrease the rate of ring-

opening, as for esters, nitriles and other electron-withdrawing

groups.



2. DISCUSSION
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The ring-opening of cyclopropylcarbinyl radicals has been

postulated to proceed via a dipolar transition state.133 1t is

expected that the nature of substituents on the ring and at the

radical centre would affect the rate of ring-opening. It is foundl34

(see Table III) that a species with an electron-withdrawing group

at the radical centre will ring-open several orders of magnitude

less rapidly than the parent radical.

l>/\x — ./\/\x

Substituent
X

COOBul
COOCH3
CN

CsCH

Table III:

These findings are

Highest temp at which
unrearranged radical
observed

(K)

310
290
220

290

Max value of
k(s~1) at 298K

2.2 x 108
4 x 102
2 x 103
4 x 10°
2 x 103

Rates of rearrangement of cyclopropylmethyl

radicals with an electron-withdrawing group

at the radical centre

in agreement with a postulated dipolar

transition state for the rearrangement. In all the radicals noted

(see Table III)

however, the

rate

of ring-opening may be
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significantly lower than that of the parent radical due to
delocalisation of the unpaired electron on to the &-substituent in
the initial radical. It was hoped in this thesis to estimate the
relative importance of factors that influence the rate of ring-
opening of substituted cyclopropylcarbinyl radicals and to examine
the evidence for the proposed dipolar transition state.

At the start of the project several target radicals were
proposed so that the effect of the substituents could be observed
without delocalisation of the unpaired electron occurring. The
difluorocyclopropyl compound (70) was chosen to enable the

electron-withdrawing effect of the fluorine groups on the

F7 (70) RO,C™ (71)

ring-opening to be studied. The target compound (71) would allow
an assessment of the effect of an ester group on the radical
rearrangement. It would be important to separate the stereocisomers
of this compound because, as mentioned previously (see section
1.2.4 (c) and (d)), the cis and trans-isomers can ring-open in
different directions. To eliminate these stereochemical

considerations the diester (72) was thought of as a target radical.

RO’C>A/. ;
OR

ROC (M)
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The synthesis of a precursor for the radical (73) would allow the
study of the éffect, on the ring-opening, of an electron-withdraw-
ing OR group. The two spiro radicals (74) and (75) were suggested

as targets for two reasons. It is knownl3® that t-butoxyl radicals

X X CO,R

(74) (75)

abstract hydrogen from spiro[2.5]Joctane (76) to give almost

exclusively the spiro[2.5]o¢t—2—y1 radical (77).

(76) (77)

This abstraction would allow us to generate these spiro radicals

easily for use in e.s.r. spectroscopy. It was also anticipated,
misguidedly, that the synthesis of the precursors for these

radicals would be relatively straightforward.

The bulk of the synthetic work carried out was directed

towards the production of precursors for the difluorocyclo-
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propane compounds. Most 8uccess was achieved in obtaining
precursors that would give the radical species (71), (72), and (73).
Spiro compounds that would have given radicals (74) and (75) were
not successfully synthesised. The bulk of the synthetic work is in
two major sections, the first covering the difluorocyclopropane
compounds (see section 2.1) and the second relating to the other
substituted cyclopropanes (see section 2.2).

The majority of cyclopropane syntheses were undertaken by
the generation of a carbene or a carbenoid species and its
subsequent addition to an alkene. The reaction of a carbene with
an alkene 18 a standard route to cyclopropanes. The well
documented Simmons-Smith reaction involves the addition of

methylene carbene, :CH9, to an alkene to give the cyclopropane

(see Scheme XXIV),

Scheme XXIV

The addition of a carbene is not limited to methylene carbene but
other substituted carbenes can be generated from suitable
precursors. Two substituted carbenes, difluorocarbene, :CFg9, and
carboethoxycarbene, :CHCOoCHoCH3 are discussed in the following

work.
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A carbene, under certain circumstances will undergo an
insertion reaction into a C-0 or C-halogen bond. This insertion
reaction was observed while attempting to carry out cyclo-
propanation reactions using some allylic compounds; these reactions
are discussed in section 2.2.3.

In section 2.3 the reduction of cyclopropyl phenyl ketone
and cyclopropyl ferrocenyl ketone by tributyltin hydride is
discussed and the differing extent to ~.which a phenyl and

ferrocenyl group stabilise a cyclopropylcarbinyl radical is
reported. An attempt was also made to use the radical trap
1,1,3,3-tetramethylisoindolin-2-yloxyl in this study. The production
of this radical trap and its use are discussed in section 2.4.

To return to one of the major sections of work, the

synthesis of 1,1-difluorocyclopropanes is discussed below.

2.1 Synthesis of 1l,1-Difluorocyclopropanes

The synthesis of 1,1-difluorocyclopropanes is reported in the
literature. The majority of the methods reported are based on the
production of difluorocarbene and its subsequent addition to an
alkene to give the difluorocyclopropane. There are four methods of
synthesis listed below: methods (1) to (3) are based on generation
of difluorocarbene while method (4) involves the cyclopropanation

of a fluorinated alkene.

(1) decomposition of methyl chlorodifluoroacetate,

CICF9COoCH3, by a lithium chloride/HMPA complex.135i137
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(2) decomposition of phenyl(trifluoromethyl)mercury by

sodium iodide,138-141

(3) decomposition of halodifluoromethylphosphonium salts by

alkali metal fluorides.l42

(4) cyclopropanation of ethyl 3,3-difluoroacrylate.143,144

All four methods have been attempted with varying degrees of
success. Taking each method in turn the work undertaken and the

problems encountered are discussed.

2.1.1 Decomposition of methyl chlorodiflﬁoroacetate by a LiCl/HMPA

complex

It has been reported that sodium or lithium chlorodifluoro-

acetate can be decarboxylated in the presence of an alkene to give

the corresponding difluorocyclopropane. The decarboxylation of

sodium chlorodifluoroacetate (78) in the presence of cyclohexene

gave difluoronorcarane (79)149 (see Scheme XXV). These reactions
have several disadvantages, they are said to require a large
excess of the acetate salt before reasonable yields of the

cylcopropane are obtained. The acetate salts are extremely

CICF,CO, Na* + Q —3p NaCl + CO; +
(78)

Scheme XXV

(79)
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hygroscopic and must be handled under rigorously anhydrous
conditions, usually in a "dry box". It is also reported that
difluorocarbene generated in this way is less efficiently trapped
than when the carbene is generated from organometallicsl38"141
(see section 2.1.2) or difluorodiazirine,146

The difficulties mentioned above have led to the development,
by Wheaton and Burton,136r137 of a reaction involving the addition
of the readily synthesised methyl chlorodifluoroacetate (80) to a
lithium chloride/hexamethylphosphoramide complex (see Scheme
XXVI). In this reaction the acetate salt complex (81) is generated

in-situ and on decarboxylation at 80°C gives the chlorodifluoro-

CICF5CO9CHg + LiCl : 2HMPA

(80)

CICFoCOoLi : 2ZHMPA + CH3Cl

(81)

l

[CICF9)~ + [Li: 2HMPA]?

(82)

l

:CFgo + CI”

Scheme XXVI

methide ion (82). The chlorodifluoromethide ion spontaneously

decomposes to give difluorocarbene and chloride. The difluoro-
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carbene produced is trapped by an alkene to form the difluoro-
cyclopropane. The reaction (Scheme XXVI) is carried out in the
presence of excess alkene to favour the carbene-alkene addition

reaction over the possible carbene-carbene coupling reaction.

This procedure of Wheaton and Burton was used in an
attempt to produce the difluorocyclopropanes required as radical

precursors. Two different types of reaction conditions were used:

(1) anhydrous conditions and a dry nitrogen atmosphere

(see Table 1IV); and

(2) in-vacuo in sealed glass vials (see Table V).

Both of these methods proved to be unsuccessful. This failure was
probably due to insufficiently anhydrous reaction conditions. The
experiments carried out are listed below (see Tables IV and V). The
alkene used in most of these experiments was the
reportedly136i147!148 good carbene trap 2,3-dimethylbut-2-ene. The
reaction mixtures were analysed by g.l.c., however, for most of the
experiments, no indication of any reaction taking place was seen,
For the reactions carried out at atmospheric pressure most of the
reaction mixtures showed, on analysis by g.l.c., only the presence
of the starting alkene. Two of the reactions carried out showed the
presence of a minor product on g.l.c. analysis. This product had a
shorter retention time than the starting alkene. It was attempted,
without success, to isolate this material by fractional distillation
from the reaction mixture.

The sealed tube reactions were carried out in order to

reduce the amount of alkene present and hopefully ease the
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detection and isolation of any product. It was also hoped that it
would be simpler to keep these reactions anhydrous. On analysis
by g.l.c. the only material recovered, in these reactions, was the
starting alkene.

In an attempt to make a less volatile product the alkene
3-(t-butyldiphenylsilyloxy)prop-1-ene (83) was used in the above

reaction at atmospheric pressure. The 3-(t-butyldiphenylsilyloxy)-

I'i’h
BulSi-0O-CHo-CH=CHg

Ph

(83)

prop-l-ene was synthesised by a standard route from t-butyl-
chlorodiphenylsilane and allyl alcohol. The t-butyldiphenylsilyloxy
group was chosen for this reaction because of its bulk and high
molecular weight. It was hoped that any cyclopropane formed, by
addition of difluorocarbene, would be relatively non-volatile and
easier to isolate and analys'e. The t-butyldiphenylsilyloxy group is
also less prone to hydrolysis and easier to handle than the
trimethylsilyloxy analogue.

No product from the reaction of difluorocarbene with the

alkene (83) was seen by g.l.c. analysis, the only material evident

being the alkene (83).
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2.1.2 Decomposition of phenyl(trifluoromethyl)mercury by sodium
iodide
This method depends on the production and spontaneous

decomposition of a trifluoromethide ion. This route to difluoro-

carbene was pioneered by Seyferth et. a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>