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Abstract

Despite significant advances over the past few decades, most free radical reactions are
traditionally carried out in organic solvents that are often toxic, flammable, and
difficult to recycle. It is therefore timely to explore whether and how free radical
chemistry can be moved away from "conventional" solvents into ionic liquids. Ionic
liquids are green alternatives to traditional organic solvents, being recyclable, non-
volatile, non-flammable and air resistance. lonic liquids are composed entirely of
ions, and they can be designed for specific applications by the variation of either the
anions, cations or by modification on the substituents on the anion and cation.
Therefore, a wide variety of ILs structure is available for various requirements. For
example, the physical properties of the ILs including density, viscosity, melting point,

hydrophobicity and solubility of the ILs can be tuned.

While chemistry involving ionic liquids has dramatically increased in the last decade,
their impact upon chemical kinetics is still unclear. Further, very little traditional
radical chemistry has been performed in ionic liquids, and it is essential to understand
how critical rate constants for hydrogen atom transfer and radical rearrangements are
impacted by these alternative solvents. Although ionic liquids are often considered as
‘green solvents’, it is their ionic nature in particular that may influence reactivity and

selectivity of radical reactions.

In this work the first kinetic parameters for the intramolecular homolytic cyclisation
of a series of alkyl and alkoxyl radicals, intramolecular homolytic substitution at
selenium and intermolecular homolytic addition at double bond in the [EMIm][NTTf,],
an imidazolium-based ionic liquid, as well as in organic solvents such as benzene, n-
hexane or z-butylbenzene have been reported. Through the combination of laser flash
photolysis and competition kinetic studies we obtained the absolute rate coefficient
for the hydrogen abstraction from -BuSH by primary alkyl radicals in [EMIm][NTf]
of ky = (4.1 £ 0.1) x 10" M s, which is about five times higher than ky in
conventional organic solvents. Competition kinetic studies were used to determine k¢
for a number of 5-exo radical cyclisations and an intramolecular homolytic
substitution on Se, which are up to one order of magnitude higher in the ionic liquid

than in organic solvents.
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Generally, the rate of the 5-exo cyclisation at room temperature is up to 50% more
facile in the ionic liquid, depending on the nature of the radical, without any impact
on the sterecochemical outcome. The faster cyclisations observed for all studied
radicals in [EMIm][NTTf;] is ascribable to the favourable activation entropies for all
radicals that are suggestive of less-organised transition states for the 5-exo cyclisation,

compared to the corresponding reactions in conventional organic solvents.

Lowering the viscosity of ionic liquid by performing the reaction at elevated
temperatures led to a significant acceleration in the cyclisation rate. No interfering
reaction involving the ionic liquid constituents were observed and all products can be
quantitatively extracted from the ionic liquid phase, which can be reused without
purification. On the whole, our results highlight the potential of ionic liquids as
alternatives to conventional organic solvents for radical cyclisations, intramolecular
homolytic substitutions with neutral radicals and intermolecular radical addition to the

alkene.
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1 Introduction

1.1 Ionic liquids

1.1.1 History and applications

Ionic liquids (commonly abbreviated as IL) consist of oppositely charged ions, where
a combination of van der Waals, hydrogen bonding and coulombic interactions causes
most ILs to be liquid at ambient temperature (so-called “Room Temperature ILs”, or
RTILs), with melting points below 100°C." ILs were first mentioned in the late 19"
century, with Sir William Ramsay describing the product of citric acid and picoline as
an “uncrystallisable syrup” in 1876.1) However, the first intentionally synthesised IL,
ethylammonium nitrate (Et;NH" NO5"), is generally attributed to Paul Walden (1914),
without knowing that it would eventually become an important area of science.”! The
recent popularity of ILs is manifested by the number of publications on these
solvents, which have increased from only a few in the early 2000s to more than 40000
in the second half of 2019 Research into ILs occurs in diverse fields including

[5 ]

biotechnology,"! batteries,” material processing,® fuel cells,!” sensors,”®! solvents,

[10-11] 12]

electrochemical applications, environmental science and solar cells.!

1.1.2 Physicochemical properties

The advantage of ILs, compared to conventional organic solvents, are their properties
as non-flammable and non-volatile solvents with high water and air resistance, which
makes them highly desirable media for many applications.!"! While it is true to say
that some ILs are moister and air stable, chloroaluminate, chloride and sulphate

141 ILs consist of cations, such as [NV,N-dialkyl

anions produce hydrophilic ILs.
pyrrolidinium]” (1), [1,3-dialkyl imidazolium]" (2), [trialkyl sulfonium]" (3), [N-alkyl
pyridinium]" (4) or [tetra-alkyl ammonium]" (5), combined with various inorganic or
organic anions, such as tosylate (6), alkyl sulfonate (7), tetrafluoroborate (8) and

bis(trifluoromethyl sulfonyl)imide (9) , which are shown in Figure 1.1.



Common cations:

N N~ + \ +
| y — [SRXH(3'X)] / * N—R [NRxH(4-x)]
/ —
1 2 3 4 5
Common anions:
F Fs.C. _N_ _CF
fo e o o | VN ar INar 3
N Y7 B AN
S - s - FVF O 00 O
9
7 8

Figure 1.1. Common IL cations and anions. R = alkyl substituent.

ILs can be designed for specific applications by variation of either the anions, cations

[15-18] Therefore, a wide variety of

or by modification of the substituents on the ions.
IL structures with different physical properties, such as density, viscosity, melting
point, hydrophobicity and solubility, are (commercially) available. For example,
imidazolium-based ILs were first reported by Wikes in 1982 and developed for use as

battery electrolytes.!'” The following are the main features of ILs:

I.  Composed of large organic cations and anions with asymmetric and complex
shapes that prevent the ions being held together in a crystalline structure;

melting and freezing points are reduced so that ILs are liquid at ambient

temperature.!'™

II.  Strong electrostatic interactions between ions reduce the volatility of these

solvents.!"”! Despite very low vapour pressure, ILs can be distilled under

ultrahigh vacuum to produce very pure solvents for analytical purposes.”*”

III.  ILs are electrolytes which do not require co-solvents, so they are in the liquid

: 21-22
phase across a wide range of temperatures.”>'



IV. Mixing different ILs,*** or diluting them with organic solvents'**! enables
modification of the physical properties of the solvent to obtain functionality

for specific purposes.”**

V.  ILs are recyclable and re-usable.!?” >’
VI. ILs could enable chemical transformations that are not possible in
conventional solvents, for example when nonpolar and polar compounds need

to be dissolved simultaneously.*"

Given the above points, knowledge about the physicochemical properties, and the
relationship between property and structure of ILs allows to take advantage of

3151 1t should be noted, however, that the

different ILs for specific applications.!
physicochemical properties of the ILs can be affected by impurities, either from
absorbing atmospheric moisture or during IL preparation, which hamper the accurate
understanding of the property-structure relationship.”*>®! Froba, Kremer and Leipertz
made important contributions to determining the physical properties, including
refractive index, density, surface tension and viscosity of various ILs as a function of
temperature.”’! Figure 1.2 represents the dynamic viscosity of four different ILs
including [EMIm][EtSO4]  (I-ethyl-3-methyl imidazolium ethyl sulfate),
[EMIm][NTf;], [EMIm][N(CN),] (1-ethyl-3-methyl imidazolium dicyanimide) and
[OMA][NTf;] (trioctyl methyl ammonium bis(trifluoromethyl sulfonyl)imide) as a
function of temperature at atmospheric pressure measured using surface light

scattering (SLS).*®! The graph clearly shows the drop in IL viscosity with increasing

temperature.

In{n / mPa-s)
o
T

29 30 31 32 33 34 35 36 37
10371 /K

Figure 1.2. Arrhenius plots of dynamic viscosity (1) of ILs: [EMIm][EtSO,], O; [EMIm][NTf,], O;
[EMIm][N(CN),], A; [OMA][NT%], O This graph is taken from ref. [34].



To the best of our knowledge there is no data indicating that this behaviour of ILs
could possibly change the outcome of any reactions, which could be interesting topics

of study.

ILs as reaction media for free radical polymerisations have also been reported.” **!

The advantages of ILs over conventional organic solvents for polymerisation
processes is not just related to the low volatility or non-flammability of the solvent,
but as a medium for polymerisation from which polymers with higher molar mass are
obtained. High viscosity of ILs in comparison with organic solvents,** caused higher
degree of polymerisation due to diffusion-controlled termination, which leads to
generate less volatile thermolysis fragments and produce polymers with lower thermal

degradation.!*"

Apart from radical polymerisations, which can be carried out on industrial scales, and
have been successfully performed in ILs,"! studies of the behaviour of free radicals in
ILs in other synthetic radical processes are sparse, as evident from the relatively few

publications available on this topic.

In addition to room temperature ILs (RTILs),"*®!

many other types of ILs are available
today, for example polymerized ILs (PILs) with polymeric structure consisting of IL
monomers,*! task specific ILs (TSILs), which are designed for specific purposes,
granting a dual use of solvent and catalyst or reagent for particular tasks,'*"! and
supported IL membranes (SILM), which consist of pores that are filled with an IL and
can be used for selective separation of organic compounds or mixtures of gases.[*”)
Thus, the use of ILs as “designable” solvents has seen increasing use in organic
reactions, and also as media for radical polymerisations. In addition, the application of

ILs in drug delivery systems has been reported.*!

The applications of ILs mostly make use of their physical properties including
solubility, miscibility and viscosity. For example, ILs can be either hydrophobic such
as [EMIm][NTf,] (1-ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide)
and [BMIm][NTHT;] (1-butyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide)
or hydrophilic such as [EMIm]Cl (1-ethyl-3-methylimidazolium chloride) and
[EMIm][EtSO4] (1-ethyl-3-methylimidazolium ethyl sulphate) (Figure 1.3).'Y Water

miscibility of an IL mostly determined by the choice of anions. Hydrophilic anions



such as chloride and sulphate produce hydrophilic ILs. In comparison, hydrophobic
anions including NTf,” and PFs produce ILs that are not miscible with water. A
hydrophobic IL can be used as a non-soluble polar solvent to make a two-phase

system with water.

Hydrophobic ILs
+ +
~ N 4\ N /\ ~ N 4\ N /\J
\:/ . \:/
Fs;C.__ _N_ _CF3 -
80 8 FsC_ _N___CF;
O 00 O ZANN/AN
O 00O O
[EMIm][NTF,]
[BMIm][NTf,]
Hydrophilic ILs
+
\ﬁé\N/\ \NAN/\ 0\\//0
\:/ — 6/ \o/\
Cl
[EMIm]CI

[EMIm][EtSO,]

Figure 1.3. Examples of hydrophobic and hydrophilic ILs.

1.1.3 ILs and green chemistry

With the world’s increasing population, the demand for medicines, food, clothes and
other products is also greatly increasing. Chemistry always has played a crucial role
in the development and production of materials for human requirements; however,
many chemical processes are responsible for pollution and contamination of the
environment. Accordingly, “green chemistry” aims to develop new chemical reactions
and technologies, which will have substantially less damaging effects on the

47] While the detrimental effects of traditional

ecosystem, human and wild life.
solvents on various chemical reactions are well documented in terms of both kinetics
and thermodynamics, the search for greener alternatives for some of the more
problematic solvents (e.g. benzene and carbon tetrachloride — the latter is now banned
in many countries) has become a priority. A few alternative solutions and solvents

have already been explored that avoid or substitute organic solvents by non-toxic or



[48-49]

‘trace-less’ alternatives, including solvent-free synthesis, using water as reaction

50-53

media,”* ) supercritical carbon dioxide™* and poly(ethylene glycol). In recent years,

poly (ethylene glycol) has attracted attention as a green reaction media, which is less
hazardous than other organic solvents and has negligible vapour pressure.”>>”)
However, drawbacks include cost, limited solubility, and a narrow or limited ease of
use. These days, ILs are also marketed as “green” or “sustainable” alternatives to
conventional solvents, but such terminology does not necessarily mean that ILs are
environmentally friendly. Some ILs are known to be toxic such as [HDMIM][NTf;]
(1-hexadecyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide),”***! while

60]

others are considered to be non-toxic'® and biodegradable such as [Bet-ester][Lev]

(2-ethoxy-N,N,N-trimethyl-2-oxoethanaminium levulinate) (Figure 1.4).1"!

[HDMIM][NTf,]

o
N
P ;\l/m/ 0\/ WJ\O_
(o}
[Bet-ester][Lev]

Figure 1.4. Examples of toxic and non-toxic and biodegradable ILs.

Nonetheless, “green chemistry” and ILs are correlated due to the unique properties of

the latter, which make ILs alternatives to conventional solvents.

1.1.4 1ILs as convenient solvents for synthetic chemistry

The use of ILs as reaction medium has been widely explored. Consequently, the
effects of ILs on the selectivity and kinetics of many organic reactions have been
studied in detail. For example, Harper et al. found that the rate of the ethanolysis of
diethyl chlorophosphate 10 was affected by addition of [BMIm][NTT;], with the rate



enhancement depending on the mole fraction of the IL used. For example, the ratio of
the bimolecular rate constant (k;) at 0.3 mole fraction of [BMIm][NTf;] in ethanol to
the value in ethanol-de (kzermanoy) at 25 °C is (kao/kzethanoy = 4.0 £ 0.19). Determination of
the activation parameters showed the decrease in both activation enthalpy and
entropy. The decrease in both parameters suggests either a decreased organisation
about and stabilisation of the starting materials or stabilisation of the transition state
through electrostatic interaction with components of [BMIm][NTf,] (which also
involve some ordering). Given the charge development in the transition state, the later

has been considered as the origin of the rate enhancement (Scheme 1.1).1"

(o] (o]
I ke I
/\o/ I\o/\ B /\o/ \o/\
| ethanol-dg CD,CD;
10

Scheme 1.1. Ethanolysis of diethyl chlorophosphite.

It is interesting to note that various reactions have different mole fraction
dependencies. For example, an increase of the bimolecular rate constant (k;) for the
reaction between chloride 11 and methanol in the presence of triethylamine at 40 °C
to reach a maximum enhancement by a factor of two at 0.02 mole fraction of
[BMIm][NTf,] in methanol was found.'? In this case, the maximum effect occurred
at a much lower proportion of the ionic liquid compared to the ethanolysis of diethyl

chlorophosphite described in Scheme 1.2 above.

cl OCH,

CH;O0H, NEt;
_—
[BMIm][NTf,]

1"

ko= (62.5 % 0.4) x 1075 (methanol at 40 °C)
k;=(4.8+0.6)x 107 s (0.02 mole fraction of [BMIm][NTTf,] at 40 °C)

Scheme 1.2. Solvolysis of the chloride 11 to give an ether.



The work of D'Anna et al. 7% and Welton et al. "' are typical examples of
kinetic studies on organic processes. D'Anna reported a faster rate (by almost 1 or 3
orders of magnitude in comparison with methanol or benzene) of the nucleophilic
aromatic substitution of some 2-L-5-nitrothiophene 12 (L= Br, OMe, OC¢Hs as
leaving groups) with amines such as piperidine, pyrrolidine and morpholine in ILs
comparing to organic solvent (benzene, methanol) (Scheme 1.2). This rate
enhancement was attributed to an increase in polarity of the solvent, which stabilises

the charge separation developed in the transition state.™®

OZN/@\L ionicliquid; OZN/@\Am

S AmH S
12
I
®
r- AmH
(O
O,N ‘S L
TS

Scheme 1.2. Aromatic nucleophilic substitution with amines on nitrothiophenes. L = Br, OMe, OC¢Hs.
AmH = piperidine, pyrrolidine, morpholine.

ILs are also useful reaction media for transition metal catalysis processes, where they

can be considered as co-catalyst, since organometallic compounds can be dissolved in

831 Suzuki cross-coupling

[85]

ILs. Well-studied examples include Heck reactions,

reactions (Scheme 1.3),"**! hydroformylation and hydrogenation reactions.

Br B(OH),
% Pd(PPhs), O
. >
[BMIm][BF,] O

Scheme 1.3. Example of Suzuki cross-coupling reaction in [BMIm][NTT;].

For example, the observed improved efficiency of coupling reactions catalysed by

palladium phosphine have been rationalised by in sifu formation of complex 13 from



[BMIm][BF4], which makes the catalyst to exist longer and prevents catalyst

decomposition (Figure 1. 5).[86, 87]

Me
/
N T -
| Pd—X BF,
N\ ILPh3
Bu
13 X=Cl,Br

Figure 1.5. In situ formation of phosphine-imidazolylidene palladium complex 13.

Furthermore, ILs have been used as solvents and catalysts for organic syntheses
including Diels-Alder reaction,®®! esterifications,™ stereoselective halogenations,[86]
Friedel-Crafts reactions, Fischer-Tropsch syntheses, among others. For example, the
Diels-Alder reaction of isoprene 14 with methyl acrylate 15 proceeds in
trioctylethylphosphonium tosylate with high regioselectivity leading to practically
exclusive formation of the 4-substituted product 16 (Scheme 1.4). The absence of the
regioisomeric product 17 has been rationalised by coordination of the carbonyl
oxygen in 15 to the phosphorus atom in the IL, which increases the steric bulk at the

carbonyl side in methyl acrylate so that isoprene approaches methyl acrylate with its

methyl group as far away as possible from the coordinated carbonyl group (Figure

1.6).°1
C02CH3 IL COZCH3 COch3
+ W E— | +
>
17

14 15 16

99% 1%
+
O O
Oct;PEt \ 7/
- \O

IL: trioctylethylphosphonium tosylate

Scheme 1.4. Diels-Alder reaction of methyl acrylate 15 with isoprene 14 in IL as a solvent.



Figure 1.6. Coordination of the carbonyl oxygen to the phosphorus atom in trioctylethylphosphonium

tosylate.

Pericyclic processes such as the Cope and Claisen rearrangements have been shown
to perform in ILs with higher efficiency as a result of the high pressure within the
solvent caused by strong cohesive interaction between ionic species of the solvent,
and stabilising of the transition state in the IL.”*** For example, Cope rearrangement
of 3-phenyl-1,5-hexadiene increased from k;= (6.2 = 2.5) x 107 5" in benzene at 150
°C to k;= (61.6 + 9.4) x 107 s" in [BMIm][NT£,] at 150 °C (Scheme 1.5). Also,
Claisen rearrangement of allyl vinyl ether increased from k;= (1.0 + 0.1) x 10®s" in

benzene at 45 °C to k;= (3.2 + 0.1) x 10®s" in [BMIm][NT£] at 45 °C (Scheme 1.6).

X
=

/

—_—

Ky =
X

\

ki=(62+2.5)x 107 s (in benzene at 150 °C)
kj=(61.6+9.4)x 107 s (in [Bmim][NTf;] at 150 °C)

Scheme 1.5. Cope rearrangement of 3-phenyl-1,5-hexadiene.

W
;

k;=(1.0+0.1) x 10°s (in benzene at 45 °C)
k;=(32+0.1) x 10°s” (in [Bmim][NT£] at 45 °C)

Scheme 1.6. Claisen rearrangement of allyl vinyl ether.
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1.2 Free radicals in organic chemistry

1.2.1 General aspects of free radicals

Free radicals with a singly occupied molecular orbital (SOMO) are usually highly

5961 Up to the 1950s, free radical reactions

reactive species with unique properties.
were frequently disdained by synthetic practitioners and often blamed as the main
reason for unwanted reaction outcomes.””’ However, from the 1960s onwards,
scientists have sought to control free radical reactions in order to take advantage of

[98-101

these reactive species. ISince the discovery of radical chain reactions and the role

of transition metal compounds, such as mercury and tin hydrides in promoting these
reactions, radical chemistry has turned into an important tool in organic synthesis,'**!

providing methods to make new bonds such as inter-molecular or intramolecular

103,104] : 105]

homolytic addition to double bonds,' intramolecular homolytic substitutions!

. . 1
or translocation reactlons.[ 06]

In addition to their inherent reactivity, there are other factors that govern the outcome
of free radical reactions, such as electronic, polar, steric and bond strength effects.["”]
Understanding these factors allows to control the reaction conditions in order to
influence the reaction outcome in terms of regio- or stereoselectivity.'*® Although
several rules have been proposed that govern radical reactions, it remains difficult to
accurately predict the outcome of free radical reactions.!'®’ Since these reactions are
usually performed under kinetic rather than thermodynamic control, the stability of
the product is not determining the reaction outcome, whereas factors that affect the

transition state are key.!''”’

In the following sections, important radical reactions including intramolecular and
intermolecular radical addition to alkene double bonds, alkoxy radical cyclisations
and homolytic substitution reactions will be reviewed, since they have become
fundamental to the methods of organic synthesis and the formation of new bonds and

will therefore be topics of study in this thesis.

11



1.2.2 Polar effects on radical additions to double bonds

In radical additions to alkenes the regioselectivity and reaction rate depend on the
several factors, including the nature of the substituents on the double bond and on the
radical. The presence of electron withdrawing groups (EWGs) or electron donating
groups (EDGs) on the radical and double bond has a large influence on the rate and

regioselectivity of addition.!''

Carbon radicals, X-C", are considered nucleophilic if X is an electron donor (RO,
NR», R3Si or alkyl, etc.) or electrophilic if X is electron withdrawing (NO,, CN, COR,
COzR, etc.). Nucleophilic radicals interact faster with electron poor olefins,
conversely electrophilic radicals react faster with electron rich olefins. These effects
can be explained by frontier molecular orbital theory: the SOMO of the radical can
interact with either the highest occupied molecular orbital (HOMO) or lowest
unoccupied molecular orbital (LUMO). In a nucleophilic radical, the raised SOMO
interacts with the lower LUMO of the electron poor olefin. In an electrophilic radical
the lower SOMO of radical interacts with the raised HOMO of the electron rich olefin
(Figure 1.7).'%

E
LUMO T
) LUMO
/ AE}

L SOMO I ——X
SOMO T

=) 1) womo 1

s 1L Homo
EWG—R Zepe EDG—R Z EwG

Figure 1.7. Frontier molecular orbitals in electrophilic and nucleophilic radicals.
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1.2.3 Intramolecular radical addition to double bonds (radical

cyclisations)

The intramolecular carbon radical addition to double bonds, commonly known as

radical cyclisations, is an important tool for both mechanistic studies and synthetic

[113,114

applications. ] Numerous examples where radical cyclisations are used as a key

step to produce small rings, macrocyclic systems and complex molecules have been

1316 Hirsutene (19) is a linear condensed cyclopantanoid natural product.

reported.|
Scheme 1.7 illustrates the synthesis of hirustene (19) by Curran ef al. from iodide 18
through two consecutive 5-exo cyclisation followed by a hydrogen atom abstraction

from Bu3SnH to produce 19.1'"7]

A\ N

| Bussr; . 5-exo

18

5-exo BuzSnH
—_—

Scheme 1.7. Synthesis of hirsutene (19).

Since radical reactions are usually kinetically controlled, knowledge of the kinetics
and reaction mechanisms is essential to enable radical reactions in a regio- and
stereochemical fashion and to avoid formation of unwanted products."'*'"1 The

following section provides an overview of common kinetic methods.

1.2.4 Direct and indirect competition kinetic techniques

Both direct and indirect methods can be employed to determine reaction kinetics.
Laser flash photolysis techniques enable to directly obtain absolute rate data for

individual radical reactions from concentration-time measurements (provided that the

13



radical can be accessed by photolysis and monitored by UV/Vis spectroscopy or other
methods). Indirect methods include competition studies, where relative rates for the
competing pathways are obtained. Depending on the availability of absolute rate data
for one of these reactions, the absolute rate constant for the other reaction can
subsequently be determined. For simplicity, unimolecular and bimolecular reactions
that are irreversible are employed. For further simplification, in bimolecular reactions
one of the reagents is present in large excess (e.g. at least 10 equivalents) so that its
concentration changes only negligibly during the course of the experiment, enabling
the reaction to be treated as a pseudo-first order process. Scheme 1.8 outlines a
competition kinetics experiment in which the unimolecular radical rearrangement of
R’ to give R (rate constant k;) competes with bimolecular trapping of R" (rate
constant k) by X-Y to produce R-X. When the unimolecular radical rearrangement is
irreversible, the rate of trapping of R by X-Y is kinetically unimportant (assuming

that &, is the same for both R and R’).

. X-Y! k2 ° k . X'Y,k .
Y+RX "% R T g I RX Y
k.
-1

Scheme 1.8. A competition kinetic experiments involving a bimolecular and unimolecular process.

Under these conditions, the product distribution provides a ratio of the rate constants

for the unimolecular and biomolecular process via equation 1.
(1) [R'XV[RX] = kilk; x 1/[X-Y]

The most common indirect techniques applied for competition kinetic measurements
in radical chemistry are tin hydride, nitroxyl radical coupling, and pyridine-2-thione-

N-oxycarbonyl (PTOC)-thiol techniques, which will be outlined in the following.
1.2.4.1 Tin hydride reductions

In the tin hydride method, an alkyl halide is used as a radical precursor which is
reduced by trialkyl tin hydride (the most common is tri-n-butyl tin hydride,
Bu3SnH).!"®" One example for the determination of the rate constant for the hydrogen
transfer from BusSnH to an alkyl radical R" is outlined in Scheme 1.10. Thermolysis

of azobisisobutyronitrile (AIBN) initiates the radical chain process, where the

14



resulting initiator radical (In") reacts with tin hydride to give the tin-centred radical,
Bu;Sn®, which then reacts with the alkyl halide to produce the desired radical, R".
Unimolecular rearrangement of R* to R*', which has a known rate constant (this
reaction is called a ‘radical clock’; details will be outlined below) competes with the
bimolecular hydrogen atom abstraction to give a directly reduced compound R-H

(Scheme 1.9).

Initiation:
In—In — 2y

In + BusSnH —> In—H + Bu;Sn

Propagation:

BuSn 4 RX —» BusSnX . R

R 4 BusSnH __ 5 RH ., Busn
Unimolecular radical rearrangement:
kH . k1 o
RH «—— R — » R!' — » R'H
Bu3SnH Bu3SnH

Scheme 1.9. Reactions of the tin hydride technique.

BusSnH reacts with alkyl radicals with the rate of 2.4 x 10° M s at room

tempera‘fure.[12 1] Thus, one can use BuzSnH in the experiments with the rate constant
in the range of 1x10* to 1x10° M"'s". At the upper limit, the competition reaction will
predominate over hydrogen atom transfer from Bu3SnH, and vice versa, which leads
to lower the accuracy of analytical technique employed to determine products

distribution.

Tris(trimethylsilyl)silane (Me3Si);SiH, is a non-toxic alternative for tin hydride.!'**

24 The hydrogen atom transfer rate constant from (MesSi);SiH to alkyl radical
reported to be an order of magnitude less than BusSnH."'*) Therefore (Me;Si);SiH
with lower kg value is a useful clock that can be used to determine the rate of the

reaction in competition kinetic studies, which cannot be studied with Bu;SnH.
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1.2.4.2 Nitroxyl radical couplings

In this method, the desired carbon centred radical is generated by photolysis of either
a peroxy ester or a peroxide and the generated radicals are trapped by recombination
with nitroxyl radicals such as 2,2,6,6-tetramethyl piperidine-N-oxyl (TEMPO). There
is no chain reaction in this method (Figure 1.8). The coupling rate constant of nitroxyl
radicals with carbon radicals is very fast (generally between 10° to 10° M's™),
making this method suitable for the study of very fast radical reactions.!'**"*!] The
negative side of this method is the influence of steric hindrance on both carbon radical
and nitroxyl radical on the coupling rate constant, which means that one cannot use a

rate constant for coupling of one nitroxyl radical to estimate that for another one.!*")

o

N

hv y R >LJ< 0—N

(RCOy), —» RCO, ? — >

Cco,

o
>@<
R1 > O—N

R

Figure 1.8. Nitroxyl radical coupling reactions.

1.2.4.3 PTOC-thiol cleavage

The PTOC-thiol method"*" employs (N-hydroxypyridine-2-thione) esters (PTOC
esters) as the source of radicals (Figure 1.9).""7PTOC esters were first developed by
Barton, Crich and Motherwell in 1983.1"*% They have a characteristic yellow colour
due to their strong chromophore at 350 nm, which extend into the visible light range,
enabling initiation of the radical chain with visible light. Homolytic cleavage of the
weak N-O bond in the PTOC ester produces an acyloxyl radical that gives the desired
carbon radical after rapid decarboxylation. The alkyl radical then goes through either

a rearrangement process or hydrogen atom abstraction.

16
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fast

RSH lkH RSH l

RH R'H

Figure 1.9. The PTOC-thiol method chain sequence in a competition kinetic experiment.

By using the hydrogen atom donor in large excess (e.g. at least 10 equivalents), the
final product distribution can provide a ratio of the rate constant for the unimolecular
rearrangement and bimolecular hydrogen atom abstraction processes (equation 1).
Thus, once one rate constant is known for either process, the other can be calculated

from the ratio of unimolecular and bimolecular products.
Equation (1)
(1) d[R"'J/d[RH] = k¢/ky x 1/[RSH]
(2) [R'HJ/[RH] = kc/ky * 1/[RSH]

Where [RSH] is the concentration of the trapping agent, ky is the rate constant for
hydrogen atom transfer from RSH to the alkyl radical, and k¢ is the cyclisation rate

constant.

1.2.5 Well-studied radical clocks

As mentioned above, a radical clock is a radical reaction with a known rate constant,
which can be used to determine the rate constants of other radical reactions in
competition kinetic experiments. Scheme 1.10 gives some examples for radical
clocks. The unimolecular rearrangement of the primary 1-butenyl radical 20 to the
tertiary 1-butenyl radical 20 has a rate constant of 4.8x10°s™ in THF at 25 °C. This

rearrangement occurs through 3-exo radical cyclisation to the intermediate

17



cyclopropylmethyl radical 21, followed by ring opening.!''®! Several radical clocks
involve ring opening processes. Ring opening of the cyclopropylmethyl radical 23 to
24 is a well-known clock in this group, which is an example of fast radical
rearrangement with a rate constant of nearly 1x10®s™ in THF at 25 °C.1"**P4 5 ¢x0
Radical cyclisations are another radical clock rearrangement. The most prominent
example in this group is the ring closure of the 5-hexenyl radical 25 to the
cyclopentylmethyl radical 26 with a rate constant of 2.3 x 10° s in THF at 25 °C.["*>
13 The well-studied cyclisation of the 5-hexenyl radical is one of the most versatile

[136-139] which has been used to explore the kinetics of a large number of

radical clocks,
5-exo radical cyclisation reactions. The latter radical clock will be used in this work

and will be therefore outlined in more detail in the next paragraph.

4.8x10%s"
THF, 25 °C
5.6 x 106 s
THF, 25 °C 77x1o8 -1 > F
S — THF 28 °C 3-Exo cyclisation / ring opening of
1.2x 108 - the 3,3-dimethyl 1-butenyl radical
20 THF, 25°C 22
A/' 1x108s™ M Ring opening of the cyclopropylmethyl radical
_ .
THF, 25 °C
23 24
/\/\/ 23x10%s 5-Exo cyclysation of the 5-Hexenyl radical
EE——"
THF, 25 °C
25 26

Scheme 1.10. Three well-studied radical clocks.

1.2.5.1 Cyclisation of 5-hexenyl radical

Cyclisation of 5-hexenyl radical first studied by Arai, Sato and Shida in 1960, who
observed the formation of methylcyclopentane from mercury-sensitized photolysis of
cyclohexane at 400 °C, which was explained by the cyclisation of the intermediate 5-
hexenyl radical 25."*”! Three years later, formation of the less thermodynamically

stable compound 26-H (5-exo product) as the major product and compound 28-H (6-
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endo product) as the minor product was confirmed by Lamb, Ayers and Toney using

6-heptenoyl peroxide (27) as a source of the 5-hexenyl radical (25) (Scheme 1.11).1'*!]

/éié

Toluene . 5-exo
(CHp=CH(CH2)4C02); | CH,=CH(CH,);CH,

Heat i
—
28

28-H
6-endo

Scheme 1.11. Thermal decomposition of the 6-heptenoyl peroxide (27) in toluene.

The cyclisation of the 5-hexenyl radical 25 is a valuable mechanistic probe!''®!''®]
used to measure the rate constant of reactions in competition experiments. For
example, rearrangement to cyclised radicals 26 and 28 can compete with the

bimolecular hydrogen atom trapping reaction to produce 25-H (Scheme 1.12).

26 28

M
w00
26-H 28-H

Scheme 1.12. Ring closure versus direct reduction of the 5-hexenyl radical (25).

There have been many attempts to ascertain the factors affecting the regio-chemistry
of free radical cyclisations. At one time the driving forces to obtain the energetically
less favourable 5-exo product as major product were considered to be the favourable
entropy and enthalpy terms.'* In 1968, Julia proposed that the energy of the

transition state is important, rather than the thermodynamic stability of product, in
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other words, the reaction proceeds under the kinetic control.”™ The transition state to
form a 6-membered ring is higher in energy than the one to form a 5-membered ring,
which means that the major product is the kinetic product, not the thermodynamic
product (Figure 1.10). According to the theoretical studies by Beckwith and
Schiesser!'**

in 1985, and two years later by Spellmeyer and Houk,"'*"

the strain
engendered in the transition structure of a 6-endo compound is greater than that of a

5-exo compound. This strain outweighs the thermodynamic factors that otherwise

favour generation of a more stable product,!'*?! leading to the less thermodynamically
stable compound as the major product.
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Figure 1.10. Reaction coordinate for the competing cyclisation pathways of 5-hexenyl radical (25).

On the other hand, Julia observed that a tertiary resonance-stabilised radical 29

exclusively generates 6-membered compounds 31 (Scheme 1.13 shows the resonance
structures of the radical 29, where structure B is more favourable than A and C and
this is because free radicals on tertiary carbons are more stable than radicals on either
oxygen or nitrogen atoms). The reason for this different outcome is the reversibility of
the reaction under the experimental conditions, which leads to the thermodynamic

product 31 (Scheme 1.13).”®! in contrast to radical 24, which undergoes an
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irreversible cyclisation leading to the kinetic product 27 as the major product (Scheme

1.12).
- &
o —_—
COEt CN

CO,Et CO,Et
29 30 : 31
14% 86%
COzEt COzEt COEt
30 29
COEt COEt N COEt
- A B c -

Resonance structures

Scheme 1.13. Reversibility of the 5-hexenyl radical cyclisation of radical 29 and the resonance
structures.

1.2.6 Stereochemistry of the S-exo cyclisation of substituted 5-hexenyl

radicals

The 5-exo cyclisation of 1-substituted 5-hexenyl radicals leads to the formation of cis-
1,2-disubstituted isomer. For example, the cis/trans ratio in the 5-exo cyclisation of

the hept-6-en-2-yl radical (32) in n-pentane at 25 °C is 2.6 (Scheme 1.14).11#+147]
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trans

Bu3SnH BuzSnH

sfis
kes=1.1 x 10°s" (in n-pentane at 25 °C)

_ 4 1, o cis-H trans-H
kirans = 4.2 X 10"s™ (in n-pentane at 25 °C)

Scheme 1.14. Cyclisation of the hept-6-en-2-yl radical (32).

An early explanation by Beckwith and co-workers suggested secondary orbital
overlap between the ¢~ orbital of olefinic bond and CH o of the alkyl substituent in
the transition structure (TS) for the cis cyclisation, which is not available in the trans
mode. The primary interaction involves interaction of the half-filled p orbital with the
vacant T orbital of the olefinic bond, which is available in both cis and trans isomers.

(Figure 1.11).114%!1%]

HH
_ : Lo
Primary interaction . . .
H Primary interaction . .
/., 'g H Secondary interaction
H (AN Ig
H
trans TS cis TS

Figure 1.11. Orbital overlap in the transition state (TS) of the 5-exo cyclisation of the hept-6-en-2-yl
radical (32).

However, this hypothesis was not supported by the calculations of Spellmeyer and
Houk, who attributed the preference towards the cis product to van der Waals

interaction between alkene carbon being attacked and carbon radical.!'**!
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1.2.6.1 Guidelines for radical cyclisation chemistry

Following this early work in the 1960s and 70s several researchers became interested
in radical cyclisation chemistry and made significant contributions to this field. These
contributions led Beckwith, Easton and Serelis to propose four guidelines for radical

reactions:!>"

I. Intramolecular addition under kinetic control in lower alkenyl radicals (alkenyls
contain less than 8 carbons in the chain including butenyl, hexenyl, heptenyl,
octenyl radicals) and lower alkynyl radicals and related species occurs
preferentially in the exo-mode.

II. Substituents on an olefinic bond disfavour homolytic addition at the substituted
position.

III. Homolytic cleavage is favoured when the bond concerned lies close to the plane
of an adjacent semi-occupied orbital or of an adjacent filled non-bonding or = -
orbital.

IV. 5-Ring closures of substituted 5-hexenyl radicals and related radicals are
stereoselective: 1- or 3-substituted systems afford mainly cis-disubstituted

products, whereas 2- or 4-substituted systems give mainly trans-products.

These guidelines provide rules to predict regio- and stereochemistry and have been a

most valuable tool to predict the outcome of radical reactions.!""!

1.2.6.2 Synthesis through the cascade radical reactions

Cascade radical reactions are a methodology that allows formation of the maximum
number of bonds with a minimum number of steps. There are many examples of the
use of intramolecular homolytic addition to prepare biologically active molecules.

Some interesting examples will be outlined in the following.

Scheme 1.15 illustrates the synthesis of heterocyclic complex 34 by Gulea et al.
through 5-exo cyclisation of 33 followed by 1,4-hydrogen atom transfer, finishing

with intermolecular addition."*?

23



\S'/ B Bu;SnH
u
o '~ _-"°r 3 CN
o —_— /\CN /\v
o T o o
\% AIBN \
Si
33 Y
| .
Ny
o 7'

5-exo

1,4-hydrogen
—_—
transfer

Scheme 1.15. Formation of silacycle 34 from bromomethyldimethylsilyl ether 33.!"*%

Another example of intramolecular homolytic addition is the synthesis of the steroidal
skeleton 35 with high regio- and stereo-control through a series of 6-endo reactions.
In general, acyl radical precursors having linear polyene structure may leads to

preferential 6-mode of cyclisation of this type of reactions (Scheme 1.16).[>!

PhSe

PN/BA aViss

(o)

Scheme 1.16. Synthesis of steroidal skeleton 35.!'>"
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1.2.7 Alkoxy radical cyclisation

Intramolecular addition of heteroatom radicals to double bonds is an effective

4 Tetrahydrofuran and

approach to prepare complex heterocyclic compounds.!
tetrahydropyran moieties are often found in complex natural products and are
considered important building blocks for natural product synthesis.!">>"**! Figure 1.12
shows the structure of the two natural products Monensin A and Calcimycin, which
have important biological properties including antibacterial and antifungal

activities.!*®

Calcimycin

Monensin A

Figure 1.12. Structures of Monensin A and Calcimycin.

Radical cyclisation of alkoxyl radicals provide an alternative to ionic methods to

access O-heterocycles under mild conditions (Scheme 1.17).["°7""]

. Ry
Ry R
o exo Vw endo : ﬁ o
- e a)
n n n
Scheme 1.17. Oxygen-centred radical cyclisation.

In 1989, the development of alkoxy radical precursors 36 with sufficient shelf life by

. [160

Hay and Beckwit I paved the way for using free alkoxy radical chemistry in
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organic synthesis and mechanistic studies. Hartung et al. reported some kinetic data

for the cyclisation of the substituted pentenyl-1-oxy radicals 37 (Scheme 1.18). They

showed that 5-exo cyclisation reactions of alkoxy radicals 37 proceed with excellent

stereoselectivity, despite being considerably fast reaction, and the stercoselectivity

depends on the steric hindrance of alkyl substituents in the 4-pentenyloxy chain.

Figure 1.13 illustrates the chair-like transition state for the cyclisation of the alkoxy

radical. The substituents in the transition state preferred to occupy pseudo-equatorial

position leading to produce stereoselective products trans-2,5-, cis-2,4-, trans-2,3.1161

RZ
. R3 R
. o / R . o 1y
37

trans-2,3
major

R1,R2=H

R3=CH;

R R! /|
W\O/NT
2
R 36 S

hv
Benzene

e

o
cis-2,3
major

R, R3=H
R2 = CH3

trans-2,5
major

R2,R3=H

R1 = CH3

Scheme 1.18. Generation and cyclisation of substituted pentenyl-1-oxy radicals 37.

Figure 1.13. TS model for stereoselective alkoxy radical cyclisation.
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1.2.8 Intramolecular homolytic substitutions

Intramolecular homolytic substitutions are another versatile method to form carbon-

1051 There are numerous

heteroatom bonds to access heterocyclic compounds.!
examples of homolytic substitution reactions at sulphur, selenium and silicon and
fewer examples involving tellurium and tin. For example, intramolecular homolytic
substitution on the sulfur atom can be used to produce carbon-sulfur bonds.!'®*'
Likewise, selenium-containing cyclic systems, which are interesting targets,
particularly in medicinal chemistry, can be synthesised through intramolecular

homolytic substitution of carbon radicals on selenium.!'®!

For a long time, the development of new methods to synthesise selenium-containing
rings suffered from the lack of accurate kinetic data for homolytic substitution
reactions. In 2014, a competitive kinetic and computational study of intramolecular
homolytic substitution of radical 38 by Schiesser and co-workers revealed that the
type of leaving radical is a main factor that influences the rate of the reaction (Scheme
1.19). For example, the rate constant for cyclisation (k¢) of radical 38 at 22 °C range
from 3.4 x 10* s'(R = n-octyl) to 1.1 x 10’ s'(R = Ph,CH) and correlate with

expectations based on leaving group ability.!%®'¢"]

o
.R
o Se
S
hv
Benzene

- NN Se\R L» Z Y+ R
Se
38

Scheme 1.19. Homolytic substitution at selenium.

Selenomilfasartan (41) is a selenophene analogue of milfasartan, which is an
antihypertensive compound. The selenophene ring 40 is synthesised through
intramolecular homolytic substitution (involving intermediate 39) with release of

PhCH," (Scheme 1.20).1'%%1¢"]
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Scheme 1.20. Selenomilfasrtan (41) synthesis through intramolecular homolytic substitution chemistry.

1.2.9 Intermolecular addition to alkene

Countless examples for the intermolecular free radical addition to olefins to form new
bonds have been reported. One early example is the anti-Markovnikov addition of
HBr to unsymmetrical alkenes such as propene 42. In the presence of a peroxide such
as hydrogen peroxide (H,O,), hydrogen bromide adds to propene via a radical

mechanism in an anti-Markovnikov mode (Scheme 1.21).1'""]
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Scheme 1.21. Anti-Markovnikov addition of hydrogen bromide to propene (42) in presence of
hydrogen peroxide.

Radical polymerisations are an important industrial application of intermolecular free
radical addition to alkenes. Similar to intra-molecular radical reactions outlined
above, there are several factors that affect the rate of addition of carbon-centred

[171]

radicals to olefins, including substituents on the radical and alkene, steric factors,

and likely the nature of the solvent used as the reaction medium.

1.2.10 Solvent effects on radical reactions

It has been found that solvent polarity affects the rate of the radical addition to double
bonds. Solvation energies include non-electrostatic, which does not affect the
activation barrier, and the electrostatic force that can be split into a solute polarisation
term and solvent-solute interaction. Due to the charge transfer from radical to alkene
in the transition state of the radical addition to double bond, the solvation energy of

[172

the transition state is larger than that of reactants.!'””! Therefore, enhancing solvent

polarity should decrease the activation barrier and increase the rate of addition.
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However, the influence of the solvent polarity on the activation barrier of a reaction

with polar TS is greater than the activation barrier of a reaction with less polar TS.

Supercritical fluids !'”* and ILs!""* have been studied as new reaction media in free

175,1
[93,175,176] and

radical polymerisation. In some cases, higher propagation rate constants
lower termination constants”* in ILs compared to conventional organic solvents have
been reported. Lower termination constants in ILs are attributed to the high viscosity

of the ILs compared with organic solvents."*!

In the preceding sections, various free radical reactions that lead to the formation of
new bonds in organic synthesis were presented. Yet, the influence of solvent has
rarely been considered in free radical reactions. The reason for this gap in research
arises from a belief of the non-polarisable nature of free radicals, meaning that free
radical reactions were thought not to be affected by the nature of the solvent. In fact,
computational studies have shown that the influence of the solvent is insignificant for

175

the addition of the methyl radical to a double bond.!"””) However, it has been reported

that polar effects and the exothermicity of a reaction can highly affect the activation

[

barrier.!!"*!""") Therefore, the polarity of the solvent should affect the activation

barrier.

Beckwith and Schiesser studied the effect of solvent on the cyclisation of substituted
5-hexenyl radicals. They showed that the cis/trans stereoselectivity of 5-exo
cyclisations increased for hexenyl radicals with a bulky #-butyl substituent at the
radical centre as the solvent polarity increased from benzene to 1-propanol. However,

no rationale has been provided (Scheme 1.22 and Table 1.1).['"®]

. R - R
Solvent
M\ R _— = U d
+

Scheme 1.22. Cyclisation of alkyl substituted 5-hexenyl radicals.
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Table 1.1. Cis/trans stereoselectivity for the 5-exo cyclisation of substituted 5-hexenyl radicals in

different solvents. Data from ref. 178.

cis/trans steroselectivity in solvent

Substituent (R) Benzene  DME™  1-Propanol
CF; 1.1 1.9 1.7
t-butyl 3.1 4.4 5.6
Dielectric constant 23 7.2 20.1

(@11 2-Dimethoxyethane.

1.3 Free radical reactions in ionic liquids

As stated in section 1.2.3.1, radical reactions usually proceed under kinetic control (if
the radical is not stabilised), hence, an understanding of radical reaction mechanisms

and kinetics!''®

is vital to synthesising molecules regio- and stereoselectively. A very
versatile solvent for free radical reactions is benzene, due its low reactivity.
Unfortunately, benzene is toxic, volatile and flammable. Alternative commonly used
less problematic solvents are tetrahydrofuran and n-pentane, which are unfortunately
also highly volatile and flammable. The unique properties of ILs, as outlined above,
and the observation of solvent effects on the stereoselectivity of substituted 5-hexenyl
radical cyclisations (see Section 1.2.10), suggest that these alkyl radical reactions
should be attempted in ILs as polar and “green” solvents. ILs are potentially greener
alternative for these useful organic reactions. There are no comprehensive reviews,

but a number of investigations and the most important findings will be summarised in

the following.

A recent investigation involving nitroxide spin trap indicated that IL could interact
with radicals either through hydrogen bonding or electrostatic interactions. These
additional interactions result in slightly reduced mobility of the spin probes.
Furthermore, it was found that electrostatic interactions between nitroxide radicals
and ionic liquid reduced mobility of radicals more than hydrogen bonding. An
example for such interactions is shown for a nitroxide radical and an imidazolium

based ionic liquid in Figure 1.14.1'"]
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Figure 1.14. Interaction between nitroxide radical and imidazolium based ionic liquid.

In general, the kinetics of organic reactions are guided by the physiochemical
properties of the solvents, including viscosity and polarity. The definition of solvent
polarity is not simple. In general, polarity is considered as a measure of the mixed

1801 According to  molecular

electrostatic and hydrogen bonding interactions.
spectroscopy and solubility, IL polarity can be defined as electrostatic interactions of
ILs that are equal to those of molecular liquids with notably higher dielectric

[180c

constants.!'**) However, for many well studied ILs, the measured dielectric constants

fall in the range of 10-1 5 [180d]

Variety of reactions proceeds faster in ILs, notably ionic and radical polymerisations.
Despite the promise of ILs as a sustainable alternative to conventional solvents, most
radical chemistry performed in ILs involves electron transfer or radical recombination

rather than traditional radical reactions.!'””’

1.3.1 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

([EMIm][NTHf,]) as a medium for radical reactions

1-Ethyl-3-methylimidazolium-based ILs have been reported to be moisture and air
resistant.""* The IL used throughout this thesis research, [EMIm][NTf] (Figure 1.15),
frequently appears in the chemical literature and its physicochemical properties have
been studied.?*"*!" The dielectric constant of [EMIm][NTf,] is reported in previous

work as 1221819 Fyrthermore, it is easy to prepare and purify,"'™ is optically
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transparent in the spectral region required for photochemical cleavage of PTOC
esters, and readily dissolves -BuSH, which was used as the trapping agent in the
competition kinetic studies. It is hydrophobic so easy to dry. In general, imidazolium-

based ILs have relatively low viscosity, making them easier to work with.

®
_ e}
F3C\S/N\S/CF3
AN
OO0 O
[EMIm][NT,]

Figure 1.15. Structure of [EMIm][NTf,], the IL used in this thesis.

[EMIm][NTT;] used throughout this study was purchased from IoLiTec-Ionic Liquids
Technologies GmbH. The water content reported by the supplier was 66 ppm. Given
that the IL bottle was sealed and kept in a desiccator after each use and also

13,14
L,[ 3,

considering [EMIm][NTf,] as a moisture and air resistant [ I'the intake of water

should be negligible.

Hydrogen atom transfer trapping reactions have been most commonly employed as
basis reactions in the competition kinetic studies of alkyl radical reactions. Several
calibrated hydrogen atom donors with known rate constants in conventional organic

d.'"*"" Among these, organotin compounds are widely used

solvents have been reporte
in kinetic studies,"®! but are presumed toxic and are insoluble in I-ethyl-3-
methylimidazolium bis(trifluoromethane-sulfonyl)-imide ([EMIm][NTf;]), the IL
used in this thesis. Of the readily available H-donors, z-butylthiol (--BuSH) is soluble
in [EMIm][NTf;]. Therefore, --BuSH was chosen as the H-donor in this work. The
thiyl radical generated from the trapping agent (+~-BuSH), propagates the chain

reaction by addition to the PTOC-ester.

PTOC esters can be prepared easily through the reaction of thiohydroxamic acid and a
carboxylic acid. They are stable provided they are shielded from light and stored

below room temperature.
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1.4 Aim and methodology of this thesis

The aim of this thesis is to explore whether and how free radical reactions, which
have been shown to be excellent methods for the preparation of complex molecular

(1841 can be

frameworks with high regio- and stereoselectivities under mild conditions,
moved away from “conventional” solvents into ILs. Although numerous kinetic data
are now available for reactions performed in traditional solvents, there remains a
distinct lack of kinetic parameters for reactions of neutral radicals in unconventional
solvents such as ILs. This thesis will provide the first unimolecular radical clocks for
alkyl radical cyclisation in an IL. In all of the reactions in this thesis the PTOC-thiol

121]

method"?" is used to measure the kinetics of cyclisation reactions, and the PTOC

ester is employed as the source of radicals (Figure 1.8).'%

The PTOC-thiol method will be used to perform competition kinetic studies for a
series of important radical reaction types, i.e. 5-exo cyclisations and intramolecular
homolytic substitutions, to obtain insight into the fundamental reactivities of neutral

alkyl and alkoxyl radicals in imidazolium-based ILs.

To directly compare the influence of the reaction medium on both radical reactivity
and stereoselectivity, experiments in this thesis were performed in the non-polar
conventional organic solvents of benzene, n-hexane or #-BuPh and in polar
[EMIm][NTf;] (Figure 1.14). The chosen IL is composed of an organic imidazolium-
based cation with a delocalized positive charge, and a relatively big anion with a

negative delocalized charge.

This thesis contributes to gaining a fundamental understanding of the effects of ILs on
the kinetics of various types of traditional free radical reactions. Specifically, it is
interesting to explore whether (i) these reactions take place in ILs; (ii) an IL medium
affects selectivity and efficiency; (iii) reaction products can be conveniently isolated
from the IL, and; (iv) the IL solvent can be recycled and/or reused. In order to directly
compare the influence of the reaction medium on both radical reactivity and
stereoselectivity, the experiments will be performed in non-polar conventional

organic solvents and [EMIm][NTf,].
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There are various options for following reaction progress in ILs. UV-Visible
spectroscopy requires a reaction involving a change in chromophore for it to be

1851891 Mass spectrometric analysis is complicated by the large proportion of

practical.!
ions present in the mixture, which can dominate the spectrum as a result.”” A
common problem for the use of NMR spectroscopy is overlap of the signals of

interest with signals due to the ionic liquid.!"""

Use of gas chromatography requires particular care to ensure that the involatile IL
does not block the column. This issue can be easily resolve by passing the organic
phase used in extraction through a silica plug before injection into the instrument to
remove trace amounts of IL. Efficient extraction of the reaction products from the IL
phase was required for gas chromatography analysis of the competition kinetic

studies, and this will be described in chapter 2.
The research addressing the thesis aim is presented in three chapters:

Chapter 2: DFT calculations performed at the M062X/6-31+G* level of theory using
the Gaussian software package to exclude the potential involvement of [EMIm][NTT;]
in radical reactions. Also, the extraction efficiency of the reaction products from the
IL phase was investigated to get reliable kinetic data for competition kinetic studies.
Kinetic rate data were determined for the cyclisation of a series of primary alkyl
radicals in [EMIm][NTT;] and conventional organic solvent and the results compared.

This chapter culminates with a study of the recyclability of ILs.

Chapter 3: Intramolecular homolytic substitution of C-1 substituted S5-hexenyl
radicals were explored to determine the role of steric effects on the rate and
stereoselectivity of 5-exo radical cyclisation in ILs compared with conventional
organic solvents. For this purpose, relative rate coefficients of suitably substituted 5-
hexenyl radicals of differing steric demand in ILs and organic solvents were
determined. Also, an example for a tandem radical cyclisation was performed on

[EMIm][NTH£].

Chapter 4: Kinetic rate data for alkoxy radical ring closure and homolytic
substitution at selenium in [EMIm][NTf;] and non-polar organic solvent were

determined and compared. This is followed by the determination of kinetic rate data
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for intermolecular addition of alkyl radical to activated double bonds in

[EMIm][NTHT;] and benzene.
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2  5-Exo cyclisation of primary alkyl radicals

The structure of the radicals and their precursors studied in this chapter are depicted
in Scheme 2.1. The 5-hexenyl radicals 25a-d were generated in the presence of #-
BuSH (z-butylthiol) by photochemical cleavage of the PTOC-ester 43a-d using a 250
W broad-spectrum mercury lamp. Competition kinetic experiments''! were performed
in [EMIm][NTf;], and, in order to directly compare the reactivity, also in the non-
polar conventional solvent #-butylbenzene (+~-BuPh) under otherwise identical reaction

conditions. Details will be outlined below (section 2.4.)

In all experiments the amount of [EMIm][Ntf,] (1 ml, 3.88 mmol) was much larger
than [-BuSH] with the maximum value of (22 pL, 1.96 x 10™ mmol), under these
conditions dilution of the ionic liquid by the reagent can be excluded (yIL = 1).1%
Quantitative extraction of the reaction products from the IL phase, which is crucial for

the competition kinetic studies, will be described in section 2.3.

S
R" o
\(\)S(\[( >N
R" R R o S
43 a:R=R'=R"=H
b:R=R'=H, R" =Ph
c:R=CO,Et,R'=R"=H
: hv d: R=R"=H, R' = CO,Et
solvent
co,
R R . R\R R
R ke R R'=ph N
7 - . E— —
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R" R' R R
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Scheme 2.1. Generation of the 5-hexenyl radicals (25) and competing reactions through reduction to
25-H and 5-exo cyclisation to 26.
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2.1 Exploring the compatibility of [EMIm]|[NTT;] in radical

reactions

Before starting the kinetic experiments, it was required to confirm that [EMIm][NTT;]
is stable under the experimental conditions of the intended radical reactions.”! In
particular, the alkyl side chains in the cationic moiety of [EMIm][NTf;] could
potentially provide a source of hydrogen atoms, which might lead to an apparently
faster rate for the terminating radical reduction. The NTf, moiety on the other hand
does not contain structural motifs susceptible to radical reactions and was considered

as inert.

Scheme 2.2 shows the results of gas phase DFT calculations performed at the
MO062X/6-31+G* level of theory using the Gaussian software package,* which used
the ethyl radical as a simplified model for the alkyl radicals employed in this study.
This level of theory was chosen because it has been previously shown to provide
sufficiently accurate energies to enable quantitative assessment of competing
pathways in radical reactions.”™ The kinetically and thermodynamically most
favourable pathway is hydrogen abstraction from the ethyl substituent in EMIm via
the transition state TS1. In fact, formation of the EMIm radical I is the only
exothermic pathway, whereas hydrogen abstraction from the primary positions to give
the isomeric radicals II and III is not only endothermic, but the transition states

associated with these processes, TS2 and TS3, are also considerably higher than TS1.

TS1 CPAN :
52.9 N7 NN +EtH

/ \:/ -8I.9

TS2
AN . 76.7 KPAN
\N/ N/\ +Et T \N/ N/\. +EtH
— 753 —
61.8 16.4
\ .\G)%\
N NN\ +EtH
— m
4.5
TS4
. 17.1 .
MeSH + Et —————>» MeS + EtH
v
-65.9

Scheme 2.2. M062X/6-31+G*-calculated barriers and reaction energies (in kJ mol™) for hydrogen
abstractions from EMIm and methylthiol (calculations performed by U. Wille).
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Comparison with the data for the hydrogen abstraction of Et’ from methyl thiol,
which was used as simplified model for ~-BuSH, clearly revealed that EMIm should
not be a competitive hydrogen donor for the radical reactions studied in this work.
Not only is TS4 considerably lower than TS1, but the hydrogen abstraction from a
thiol to give the product complex IV is also thermodynamically significantly more
favourable. Thus, based on the computations EMIm should be compatible to the
radical reaction conditions studied in this work. The Gaussian archive entries for all

calculated ground and transition states are given in the Appendix 1.

2.2 Synthesis of the radical precursors 43 and reference

compounds

This section describes the synthesis of the radical precursors 43a-d employed in this
Chapter, as outlined Scheme 2.1, and of the authentic samples of the reaction
products, which were required to unequivocally identify the product peaks in the gas

chromatograms.

All PTOC esters 43 were obtained by reacting the respective mono carboxylic acids
with N-hydroxypyridine-2-thione. Scheme 2.3 outlines the synthesis of 6-heptenoic
acid (47a), where commercially available diethylmalonate (45) was first alkylated
with 1.1 equivalents of 5-bromopentene in anhydrous DMF, using sodium hydride as
the base. Diethyl ester 46 was obtained in 62% yield after column chromatography.
The 'H NMR spectrum showed a triplet of the methine protons at 3.32 ppm (J = 7.5

Hz, 1H), in agreement with literature."”’

Subsequent saponification and
decarboxylation provided 6-heptenoic acid (47a) in 74% yield. The structure was
confirmed by 'H NMR data through the loss of the quartet and triplet signals of the
ethyl groups at 4.2 ppm and 1.26 ppm respectively, and a new triplet signal at 2.35
ppm (*J = 7.5 Hz, 2H) that can be assigned to the o-methylene protons, in agreement

with literature data.'®
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cozEt 1.1 equiv. NaH COzEt

20 ml DMF N 3 equiv. KOH
COLE 1.1 equiv./ < Br < % COEt EtOllleO /\ﬂs/\cozH
45 46 47a
62% 74%

Scheme 2.3. Synthesis of 6-heptenoic acid (47a).

7,7-Diphenyl-6-heptenoic acid (47b) was synthesised through a Wittig reaction'”’ by
treating phonium bromide 48" with two equivalents of n-butyllithium (n-BuLi),
followed by addition of benzophenone (Scheme 2.4). Column chromatography gave
the acid 47b in good yield (89%). The '"H NMR spectrum showed the vinylic proton
as a triplet at 6.06 ppm. All other signals matched those found in the literature.”!

Br

+ 2 equiv. n-BuLi Ph
Ph;P THF
T coH > WcozH
1 equiv. Ph,C=0 Ph
48 47b

89%
Scheme 2.4. Synthesis of the 7,7-diphenyl-6-heptenoic acid (47b).

Carboxylic cid 47¢ was synthesised as shown in Scheme 2.5. Diethylmalonate (45)
was alkylated with #-butyl 3-bromopropionate and allyl bromide in anhydrous DMF,
using sodium hydride as the base. Tricarboxylate S0 was obtained in 89% yield after
column chromatography. The 'H NMR spectrum showed the 9 protons of the ¢-butyl
ester group as a singlet at 1.42 ppm and two multiplets signals at 5.61-5.71 and 5.08-
5.13 ppm belonging to the olefinic CH and CH,, thus confirming the successful
formation of 49. Subsequent treatment of 49 with TFA in CH,Cl, at room temperature
gave compound 47c¢ in 90% yield. Loss of the signal of the #-butyl group in the 'H
NMR spectrum of the product 47¢, with the other signals similar to the spectrum of

the compound 50, confirmed the formation of the product 47c.
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CO,Et 1.1 equiv. NaH CO,Et 1.1 equiv. NaH

DME DMF Et0,C_ CO:Et

> t-BuO,C > t-Bu0,C N
CO,Et . Br CO,t-Bu 2 CO,Et : 2
27" 1.1 equiv g2 1.1 equlV/\/Br ”
45 49
89%
TFA Et0,c_ CO:Et
> HO,C
CH.Cl, St X
47c
90%

Scheme 2.5. Synthesis of the 4,4-bis(ethoxycarbonyl)hept-6-enoic acid (47c¢).

Scheme 2.6 outlines the synthesis of carboxylic acid 47d, which was prepared in a
similar way from diethylmalonate (45), 4-bromobutene and #-butyl bromoacetate in
anhydrous DMF, using sodium hydride as the base. Tricarboxylate 51 was obtained in
86% yield after column chromatography. The 'H NMR spectrum displayed a
characteristic singlet of methylene protons attached to the #-butyl carboxylate group at
2.9 ppm, a singlet of the #-butyl group at 1.42 ppm and two multiplets of the olefinic
protons at 5.73- 5.82 and 4.95- 5.05 ppm, confirming the successful formation of the
compound 52. Liberation of the acid using TFA in CH,Cl, at room temperature gave
compound 47d in 94% yield. The structure was confirmed by 'H NMR data through
the disappearance of the singlet of #-butyl group at 1.42 ppm.

CO,Et 1.1 equiv. NaH COZEt 1.1 equiv. NaH CO,Et
2 DMF . DMF _ EtO,C 2 conen
COLEt 1.1 equiv. Tz 2 CO,Et 1.1 equiv. = 2 2=y
2 Br Br CO,t-Bu
/ \/ 2
45 /\”; 51 52
86%
TFA EtO,C CO,Et
EE— CO,H
CH2C|2 / 2 2
47d
94%

Scheme 2.6. Synthesis of the 3,3-bis (ethoxycarbonyl) hept-6-enoic acid (47d).

Coupling of the mono acids 47a-d to provide the PTOC esters 43a-d was achieved
following the literature procedure (Scheme 2.7).'") Treatment of 47a-d with 0.95

equivalents of N-hydroxypyridine-2-thione (53) was performed under exclusion of
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light by covering the reaction flask with aluminium foil in the presence of a catalytic
amounts of 4-dimethylaminopyridine (DMAP) and 1.1 equivalents of
dicyclohexylcarbodiimide (DCC) in CH,Cl,. Purification by column chromatography
gave the respective thiohydroxamic esters 47a (69%), 47b (64%), 47¢ (90%), and 47d
(65%). "H NMR data analysis in C¢Ds showed the four aromatic hydrogen atoms at
5.4, 6.0, 6.4 and 7.4 ppm, respectively, with the other spectral data being similar to
those of the corresponding monoacids. The HRMS data of 43a-d confirmed the

molecular formula in all cases (Scheme 2.7).

CH,Cl,

R R S R R S
DMAP (catalytic amount),
OH HO_ : R" o
1.1 equiv. DCC
M . N | q > M‘( \N
R" R' R' o S R" R’ R' o S
53

47a-d 43a-d

Scheme 2.7. Synthesis of the PTOC ester 43a-d.

1,1-Diphenyl-1-hexene (25b-H) was synthesised as a GC standard through a Wittig
reaction by treating (l-pentyl) triphenylphosphonium bromide (54) with n-
butyllithium followed by addition of benzophenone (Scheme 2.8). Column
chromatography gave compound 25b-H in 32% yield. The "H NMR spectrum showed
a triplet at 6.11 ppm that can be assigned to the olefinic CH, in agreement with the

literature data.’®

Br i. 1 equiv. n-BuLi pp

+ =
-~ PPhs THF > 3
ii. 1 equiv. Ph,C=0 Ph
54 25b-H
32%

Scheme 2.8. Synthesis of the 1,1-diphenyl-1-hexene (25b-H).

(Diphenylmethyl)cyclopentane (26b-H) was synthesised through a Grignard

. 11,12
reaction,' %!

using benzophenone and cyclopentylmagnesium bromide (55) (prepared
by addition of bromocyclopentane to Mg chips in anhydrous THF and activation by a

few drops of 1,2-dibromoethane) in dry THF, and refluxing overnight. Subsequent
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work up and column chromatography gave (diphenylmethylene) cyclopentene (44) as
a white solid. Hydrogenation using 5% Pd/C under H, (100 psi) afforded the title
compound 26b-H in 47% yield over two steps (Scheme 2.9). The 'H NMR spectrum
displayed a characteristic doublet of the benzylic methine proton at 3.5 ppm and a
multiplet of the methine proton attached to cyclopentane at 2.63-2.74 ppm, in

agreement with the literature.™

MgBr
thc O, THF

Reflux overnight PdIC

55 26b-H
47%

Scheme 2.9. Synthesis of the (diphenylmethyl)cyclopentane (26b-H).

Diethyl allylethylmalonate (25c¢-H) was synthesised as shown in Scheme 2.10.
Diethylmalonate (45) was first alkylated with ally and then with ethyl iodide in
anhydrous DMF, using sodium hydride as the base. Diethyl allylethylmalonate (25¢-
H) was obtained in 78% yield after column chromatography. The 'H NMR spectrum
showed a quartet of protons attached to C-2 at 1.94 ppm and doublet of triplets of the
allylic protons at 2.66 ppm (*J = 1.1 Hz, °J = 7.4 Hz).

Diethyl ester 25d-H was prepared in a similar way, using 4-bromobutene and methyl

iodide (Scheme 2.11). Diethyl ester 25d-H was obtained in 89% yield after column

chromatography.
CO,Et 1.1 equiv. NaH, 1.1 equiv. NaH, 5
DMF H DMF 1 3
N \2/>4(\ 6
CO,Et A~ Br Et0,C~  COEt Etl Et0,C~ CO,Et
45 56 25¢-H
78%

Scheme 2.10. Synthesis of the diethyl allylethylmalonate (25¢-H).
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CO,Et 1.1 equiv. NaH, CO,Et 1.1 equiv. NaH,

DMF DMF Et0,C_ CO:Et
> _—
CO,Et N BT F T Tcogkt Mel ZE T
45 51 25d-H
89%

Scheme 2.11. Synthesis of the diethyl 2-(but-3-enyl)-2-methylpropanedioate (25d-H).

Diethyl ester (26¢-H) was prepared from diethyl diester 56, which was alkylated with
1,2-dibromoethane in anhydrous DMF, using sodium hydride as the base. Diethyl 2-
allyl-2-(2-bromoethyl) malonate (57) was obtained in 89% vyield. The 'H NMR
spectrum was in agreement with literature.'”) Compound 57 was irradiated with a
mercury lamp at 70°C in benzene in the presence of tris(trimethyl silyl)silane and
catalytic amounts of AIBN to furnish diethyl ester (26¢-H) as a pale yellow oil in

10% yield (Scheme 2.12). The 'H NMR spectrum was in agreement with literature."!

1.1 equiv. NaH, 1.2 equiv. TTMSS, Eto,c_ CO2Et
H ~S DMF _PBr = AIBN 2
EtO,C COEt 44 equiv.g, -~ Br EtO,C  CO,Et Benzene/70 °C
56 hv
57 26¢-H
89% 10%

Scheme 2.12. Synthesis of the 3-methyl-cyclopentane-1,1-dicarboxylic acid diethyl ester (26¢c-H).

2.3 Extraction procedure

One of the key challenges to using ILs as solvents in organic synthesis is the efficient
recovery of reaction products from these solvents. Several product recovery

techniques from ILs have been reported in the literature, for example:
1. Distillation of volatile products from an IL.!"*!

2. Extraction of hydrophilic products from hydrophobic ILs using water."”!

3. Utilizing supercritical carbon dioxide (CO,) for the extraction of non-volatile

or thermally sensitive products from an IL.1%!"]

4. Extraction of products from an IL using organic solvents."'®'"!
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Obtaining reliable kinetic data in competition kinetic studies requires determination of
accurate product ratios, which in turn requires a reliable and reproducible extraction
procedure to recover all products from the IL. Established methods, such as

1617 were not feasible for the

distillation!*! or extraction using supercritical CO,!
small-scale kinetic experiments in this work. Therefore, it was explored which
organic solvent could enable quantitative extraction of the reaction products from the

IL after the kinetic experiments.

It was found that extraction of the ionic liquid phase with ~BuPh (three times)
enabled quantitative recovery of the non-polar reaction products 25a-H and 26a-H
from [EMIm][NTf,]. Other solvents, such as dichloromethane, ethyl acetate, and
ethanol are miscible in [EMIm][NTf,] and could not be used for the extraction. In
order to verify that all products from the competition kinetics studies were
quantitatively extracted from [EMIm][NTf,], solutions of 1 equivalent of
methylcyclopentane (26a-H) and 1-hexene (25a-H) (the products of 5-hexenyl radical
25a cyclisation), in both ~-BuPh and in [EMIm][NTf,] were prepared (Figure 2.1).

O

25a-H 26a-H

Figure 2.1. Products of 5-hexenyl radical (25a) cyclisation.

The standard solution in ~-BuPh was directly analysed by GC, whereas the one in
[EMIm][NTf;] was analysed after extraction with -BuPh. The organic phase used in

the extraction passed through a short silica plug to remove trace amounts of IL.

Measuring the peak area (PA) is one of the common ways to quantify the composition
of reaction mixtures by GC. In this experiment, solutions of methylcyclopentane
(26a-H) and 1-hexene (25a-H) with similar concentration (1 molar) gave different
peak areas in gas chromatogram, which is due to the different response of the detector
(FID detector) to those compounds. Similar ratio of the peaks area obtained from

extraction with -BuPh (1.14) compared to those from the standard solution (1.13)
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provide confidence that the products of the 5-hexenyl radical cyclisation can be

successfully extracted with #-BuPh from the IL phase (Table 2.1).

Table 2.1. The ratio of GC peak areas of methylcyclopentane (26a-H) and 1-hexene (25a-H) in +-BuPh
and after extraction from [EMIm][NTT;].

Solvent [26a-H/M"  [25a-H]/M"'  PA (25a-H)/PA (26a-H)"
t-BuPh 1 1 1.1+0.1
[EMIm][NTf] 1 1 1.1+0.10

WPA: Peak area; error represents deviation from the average result of three experiments. 1A fter

extraction with #-BuPh.

For more polar compounds (including the products of the cyclisation of radical 25¢
and 25d) (Figure 2.2), several literature procedures were attempted, including
extraction with diethyl ether,!"® mixtures of petroleum ether and ethyl acetate (5:1),!'"!
and first dilution of the IL phase with ethyl acetate, followed by extraction with
diethyl ether (three times).*”! The latter method turned out to enable quantitative

isolation of polar compounds from [EMIm][NTf,]. The data are shown in Table 2.2.

Et0,C CO,Et

PN CO,Et
CO,Et
25¢-H 26¢-H

Figure 2.2. Products of radical 25¢ cyclisation.

Table 2.2. The ratio of GC peak areas of compounds 26¢-H and 25¢-H in -BuPh and after extraction
from [EMIm][NTT;].

Solvent [26c-H)/M"'  [25¢-H/M'  PA (25¢-H)/PA (26¢-H)™
t-BuPh 1 1 1.1+0.1
[EMIm][NTf] 1 1 1.1+ 0.2

BPA: Peak area; error represents deviation from the average result of three experiments. (IA fter
extraction with ethyl acetate and diethyl ether.
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2.4 Kinetic experiments

So far, a large number of radical clocks have been calibrated in different conventional
solvents, but not for ionic liquids. The first step in this work was therefore to calibrate

the first unimolecular radical clock for alkyl radicals in [EMIm][NT;].

Determination of the rate constants for the cyclisation of the primary alkyl radicals
from competition kinetic experiments requires knowledge of absolute rate data for at
least one reference reaction. The 5-exo radical cyclisation of the primary diphenyl
substituted 5-hexenyl radical 25b was selected as reference reaction (Scheme 2.1),
since the absolute rate coefficient k¢ could be determined by monitoring the time-
dependent formation of the resonance stabilised radical 26b in [EMIm][NT{;] through
transient UV absorption spectroscopy. In a second step, the ratio of cyclisation versus
reduction, kc/ky for 25b was obtained through competition kinetic studies by
determining ky for the hydrogen abstraction of a primary alkyl radical from a thiol in

[EMIm][NTT;]. More details are given in the following section.

2.4.1 Determination of the absolute rate constant, k¢, in [EMIm]|[NTT;]

using the direct method

The absolute rate constant for the 5-exo cyclisation of radical 25b, k¢, to form radical
26b was determined using laser flash photolysis (LFP).”*") The PTOC-ester 43b has an
absorption band at 355 nm. Laser excitation leads to homolytic cleavage of the N-O
bond, followed by rapid decarboxylation to form radical 25b, which can undergo

cyclisation to radical 26b. The latter was monitored at 325-340 nm (Scheme 2.13).

S
o Ph Ph_. _Ph
N N hv Ph
—_— \/\/\(
= o Ph -CO, ke
Ph
43b 25b 26b
Amax= 355 nm A max= 325-340 nm

Scheme 2.13. Generation and cyclisation of the 6,6-diphenyl-5-hexenyl radical (25b).
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The laser flash photolysis experiments were performed with an Edinburgh Instrument
LP920 spectrometer using the third harmonic of a Quantel Brilliant B Nd:YAG laser
(6 ns pulse, 25 mJ, A = 355 nm). The detector system employed a Hamamatsu R2856
photomultiplier tube (PMT) interfaced with a Tektronix TDS 3012C Digital Phosphor
oscilloscope for transient absorption spectra. Solutions of the PTOC ester 43b ([43b]
ca. 2 x 10* M) in [EMIm][NTf,] were studied in a static cell (10 x 10 mm). Control
experiments were performed in acetonitrile using the same concentration of 43b. The
solutions were purged with Argon for 15 minutes before the experiments and the
spectra were obtained 60 ns after the laser pulse.! To minimise the effects from
photobleaching, the laser was operated in single-shot mode, where the cell was
shaken manually after each laser pulse. The transient absorption spectra in both
acetonitrile and [EMIm][NTT;] were averaged over five of such measurements and are

shown in Figure 2.3.

—— in acetonitrile
0.10 — —— in [EMIM][NTH,]

0.00 —

-0.10 —

absorbance

-0.20 —

I I I I I I
300 350 400 450 500 550

wavelength (nm)

Figure 2.3. Time-resolved spectrum of transients produced by photolysis of PTOC ester 43b obtained
60 ns after irradiation with 355 nm light in acetonitrile (red line) and [EMIm][NT£,] (blue line).
Experiments performed by Dr J. Nathanael.

Overall, the intensity of the absorptions in the two different solvent systems suggest

that after 60 ns less 26b is formed in [EMIm][NTf;] than in acetonitrile, which might
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indicate that photochemical generation of 25b is slower in the ionic liquid. While the
absorption maximum of 26b in acetonitrile is characterised by two maxima at 330!
and 314 nm, in [EMIm][NTf], only one absorption maximum at 310 nm was found.
It is not possible to state whether the longer wavelength maximum in acetonitrile
disappears in the ionic liquid, or whether both maxima undergo a hypsochromic shift
in [EMIm][NTTf;], because the strong PTOC 43b depletion makes mesurements of
transient absorptions at wavelengths below 300 nm impossible. Time-dependent
formation of the signal at 310 nm in [EMIm][NTf,] showed first order behaviour
(Figure 2.4) to reveal k¢ for the formation of 26b of (10.0 + 0.8) x 107 s™ (298 K).
However, it should be pointed out that the kinetic measurements in the ionic liquid
were very challenging. In order to obtain a measurable signal of 26b in
[EMIm][NTT;], it was required to use a concentration of the PTOC ester 43b that was
about a five times higher than Newcomb et al. used in their laser flash photolysis
studies in acetonitrile (0.08 mM), where they determined k¢ = (4.5 + 0.1) x 10" s™
from the growth of the signal of 26b in the range of 310 - 342 nm (295 K).™* With the
higher [43b] in this work, k¢ was measured in acetonitrile as (7.5 £ 0.3) x 10" s from
the growth of the signal at 330 nm (298 K), which is 1.7 times larger than Newcomb’s
value. However, irrespective of this discrepancy, which was not further investigated,
the k¢ value for the 5-exo cyclisation of 25b in [EMIm][NTf,] was more than twice as
high than in acetonitrile (based on Newcomb’s value). It should be noted that the red-
shifted transient with an absorbance around 490 nm was formed within the time
period of the laser pulse and could be assigned to the 2-pyridinethiyl radical, the by-

product from the photochemical PTOC cleavage, in agreement with literature.”!
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Figure 2.4. Time-dependent formation of (diphenylmethylene)cyclopentyl radical 26b at 310 nm in
[EMIm][NTT;] ([PTOC] = 0.23 mM). Experiments performed by Dr J. Nathanael.

The obtained k¢ value was subsequently used to determine the kzvalue from -BuSH

to primary alkyl radicals in competition kinetic studies.

2.4.2 Competition kinetic studies

In order to calibrate the experimental methodology, the competition kinetic studies
were first performed with the well-studied 6,6-diphenyl-5-hexenyl radical 25b.[*1 A
series of competition kinetic experiments of the 5-exo cyclisation of the 6,6- diphenyl-
5-hexenyl radical 25b in -BuPh and [EMIm][NTT;] at 24 + 1 °C with concentrations
of -BuSH ranging from 0.1-0.25 M were carried out (Scheme 2.14).

Ph - ke Vil Ph
= —_— e —
5-exo Ph

Ph 25b Ph
26b 44
t-BuSH lkH t-BuSH l
Ph
R" > <
/
Ph
R"
25b-H 26b-H

Scheme 2.14. Competition kinetic studies of the 5-exo cyclisation of the 6,6-diphenyl-5-hexenyl
radical (25b) and the reduction through hydrogen abstraction from ~-BuSH.

According to the GC analysis, no additional products than those shown in Scheme

2.14 were found in the reactions performed in [EMIm][NTf,], indicating no
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interfering reactions of radical intermediates with the solvent. The identity of the
products was confirmed by comparison with authentic samples, which were prepared

as described in section 2.2.1.

With #-BuSH present in excess (10 equivalents), its concentration can be considered
as constant during the course of the reaction, enabling the system to be treated as a
pseudo-first order process. Under these conditions, the final product distribution
provides a ratio of rate constants for the unimolecular and bimolecular processes via

equation 1.

As outlined in chapter 1, when the radical cyclisation is irreversible, trapping of

radical 25b by #-BuSH (k) is kinetically irrelevant.”*
(1) [26b-H]/[25b-H] = kc/ky * [+-BuSH]”

The ratio of the product concentration was determined by GC analysis of the reaction
mixture from the relative peak areas (after extraction with ~-BuPh (3X) in the case of

the experiments performed in [EMIm][NT®]).

In the cyclisation of radical 25b, since the +~-BuSH was relatively poor trapping agent
for the stabilised radical 26b-H and that relatively high concentration of this radical
accumulated leading to radical-radical reaction to produce the cyclised alkene 44 as a
by-product, as reported previously."®! kc/ky for this reaction was therefore determined

using ([26b-H]+[44])/[25b-H] = kc/ky * [+-BuSH]".

The results of the competition experiment in -BuPh and [EMIm][NT,] are compiled
in Table 2.3. The data for the k¢/ky determination are shown graphically in Figure 2.5.
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Table 2.3. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 6,6-

diphenyl-5-hexenyl radical (25b) at 24 + 1 °C.[*H’]

[+~BuSH] 1/[+-BuSH]

Solvent [26b-H]/[25b-H]
M I\
t-BuPh 0.100 10.0 45.08 £2.45
0.120 8.3 41.22 £7.56
0.140 7.1 32.28 +0.41
0.175 5.7 27.78 £0.76
0.18 5.6 23.66 £ 0.55
0.210 4.7 19.87 £0.10
0.245 4.1 20.33 £1.52
0.280 3.5 18.80 + 1.45
0.315 32 15.42 £ 0.43
[EMIm][NTf;] 0.100 10.0 31.53 +£0.89
0.120 8.3 27.37+0.97
0.140 7.1 26.96 +1.27
0.160 6.3 22.58 £0.51
0.180 5.6 20.02 +1.35
0.200 5.0 19.92 +1.61

B Error represents deviation from the average of two experiments. (e} [43b] = 0.1[#-BuSH].

According to the equation ([26b-H] + [44])/[25b-H] = k¢/ky > [+-BuSH] ", the product
ratio versus of the inverse thiol concentration was plotted. The linearity of the data
shown in Figure 2.5, provides confidence that the kinetic model shown in Scheme

2.14 is correct.
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Figure 2.5. Dependence of [26b-H]/[25b-H] on -BuSH concentration at 24 = 1 °C for the cyclisation
of the 6,6-diphenyl-5-hexenyl radical (25b). Uncertainties are calculated from the linear regression

(20).

From the slope of the lines the ratio of the rate constant (kc/ky) is (4.5 £ 0.6) in ¢-
BuPh and (2.4 = 0.6) in [EMIm][NTf,]. Using the value for k¢ in [EMIm][NTT;]
determined from the direct kinetic measurement in this work of (10.0 + 0.8) x 10" 5™,

ki for HAT from #-BuSH to the primary alkyl radical is (4.2 £ 0.3) x 10’ M's™.

The measured ky value of (1.0 £ 0.2) x 10’ M s™ in #-BuPh (the value for k¢ = (4.5 +
0.1) x 107 s taken from literature)™ is in good agreement with the literature value in
THF at 25 £ 1 °C, (8.0 = 0.3)x 10°M"'s™', which was calculated from the Arrhenius
function log (A/M™'s™) = (8.37 + 0.08) - (2.00 + 0.09) (Table 2.4).*! Comparison of ky
obtained in [EMIm][NTf,] and in THF reveals that the hydrogen atom transfer rate

constant in [EMIm][NTTf,] is about four times higher than in the organic solvent.
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Table 2.4. Kinetic data for the 5-exo cyclisation of the 6,6-diphenyl 5-hexenyl radical 25b.1"

ke (s kg M's™)
Solvent kclky [b]
% 107 x 107
t-BuPh 45+0.6 (4.5+0.1) (1.0+0.2)
[EMIm][NTf,] 2.4+0.6 (10.0 £ 0.8) (4.2 +0.3)

] Errors are from the fit of the linear regression (20). ®'Determined from the slope of the line in Figure

2.5. Taken from ref. [8].

The observed rate accelerating effect of the ionic liquid on the hydrogen transfer from
the thiol to the hexenyl radical, compared to the aprotic organic solvent, could

potentially be rationalised by an interplay between enthalpic and entropic effects.

Scheme 2.15 illustrates the proposition for the reduction of the hexenyl radical 25a —
25a-H, where hydrogen bonding between the positively polarised H in the thiol and
the anion of the ionic liquid leads to stabilisation of the ground state. This H bonding
is broken when moving to the transition state, which increases disorder. It is possible
that the entropic benefit of the latter might outweigh the enthalpic cost associated with
breaking the hydrogen bonding, which should lead to a faster hydrogen transfer in the

ionic liquid.

Scheme 2.15. Proposed rationale of the higher rate coefficient for hydrogen rtransfer in IL. Hydrogen
bonding between the thiol and the anion of [EMIm][NTTf,] stabilises the ground state. The enthalpic
cost of breaking this H bond is outweighed by the entropic benefit resulting from a less ordered
transition state, resulting in rate acceleration for hydrogen transfer in the ionic liquid.

After having obtained rate data for the 5-exo cyclisation of the 6,6-diphenyl 5-hexenyl
radical at 298 K, which also enabled determination of the rate constant for the

reduction of this primary radical through hydrogen transfer from #-BuSH, it is now
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possible to determine rate coefficients for the cyclisation of other 5-hexenyl radicals.

The results will be described in the following.
2.4.2.1 5-Hexenyl radical cyclisation

Knowing the value of the rate constant for the hydrogen atom transfer from ~-BuSH to
primary alky radicals, the cyclisation rate constants of different primary alkyl radicals
can be measured. The same experimental methodology of the competition kinetic

studies described in the previous section, was used for this part of the study.

Photolysis of precursor 43a in the presence of /~-BuSH gave similar products in both #-
BuPh and [EMIm][NTT;]. The identity of the products was confirmed by comparison
with authentic samples (Sigma Aldrich), and the ratio of the product concentration
was determined by GC analysis of the reaction mixture from the relative peak areas
(after extraction with ~BuPh (3X) in the case of the experiments performed in

[EMIm][NT£]) (Scheme 2.16).

PO,

5-exo

t-BuSH l t- BuSH
T é
25a-H 26a-H

Scheme 2.16. Competition kinetic studies of the 5-exo cyclisation of the 5-hexenyl radical (25a) and
reduction through hydrogen abstraction from #-BuSH.

The competition kinetic experiments were carried out in both solvents at 24 + 1 °C
employing a variety of thiol concentrations. The experimental data are listed in Table

2.5. The data for the k¢/ky determination are shown graphically in Figure 2.6.
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Table 2.5. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 5-hexenyl

radical (25a) at 24 + 1 °C in -BuPh and [EMIm][NTf,].*H"!

[t-BuSH] 1/[+~-BuSH]
Solvent [26a-H]/[25a-H]
(M) M)
t-BuPh 0.200 5.0 0.21 +£0.01
0.100 10.0 0.37+0.02
0.050 20.0 0.71 +£0.02
0.040 25.0 0.74 +£ 0.04
0.030 333 0.87 +£0.07
0.015 66.6 1.57+0.01
[EMIm][NT£] 0.200 5.0 0.12+0.01
0.120 8.3 0.21 £0.02
0.080 12.5 0.27+0.02
0.050 20.0 0.39+0.05
0.045 22.2 0.45+£0.07
0.040 25.0 0.48 +0.07
0.035 28.6 0.54+0.02

I Errors represent deviation from the average of three experiments. (o] [43a] = 0.1[-BuSH].

70



1.8

1.6
1.4 2=0.98
12 kolky=(2.1£0.3)x 102

0.8
0.6
0.4
0.2

[26a-H]/[252-H]

R2=0.99
kelky = (1.8 +0.1) x 102

0 10 20 30 40 50 60 70
1/[¢-BuSH] (M)

® ~BuPh M[EMIm]|[NT®]

Figure 2.6. Dependence of [26a-H]/[25a-H] on -BuSH concentration at 24 + 1 °C for the cyclisation

of the 5-hexenyl radical (25a). Uncertainties are calculated from the linear regression (20).

The data measured in -BuPh are from the average of three experiments. The slope of
the straight line provides the ratio of rate constants (k¢/ky) as (2.1 + 0.3) x 107 in ¢-
BuPh. Thus, using the literature rate coefficient for the reduction of primary C-
centred radicals by -BuSH of k= (8.0 + 0.3) x 10° M s in THF,"! k¢ for the 5-exo

1

cyclisation 25a — 26a can be calculated as (1.7 + 0.2) x 10° s™'. This value is

sufficiently close to the reported value of k¢ in organic solvents of (2.2 £ 0.1) x 10° s~
1123} further supporting the above finding that the experimental methodology is

correct. The small differences might be due to employing different solvents.

When the reaction of 25a was performed in [EMIm][NTT;], a slightly smaller kc/kx
value of (1.8 + 0.1) x 107 was obtained. With the rate coefficient for the reduction of
primary C-centred radicals by +~BuSH of ky = (4.2 + 0.3) x 10’ M"' s™' obtained in
[EMIm][NTT;] in the previous section, the cyclisation rate coefficient is calculated to
be ke=(7.5+0.1) x 10° s, which is about four times faster in the ionic liquid than in

conventional organic solvents.

Relative activation parameters for the 5-exo cyclisation and the radical reduction were
determined by measuring kc/ky for the reaction of 25a in [EMIm][NTf,] over the
temperature range of 23-70 °C.** According to the linear form of the Eyring equation,
a plot of In (kc/ky) versus 1/T should produce a straight line, providing AAS* (the
activation entropy difference: AAS* = AS¢* — ASy*) from the intercept and AAH* (the

71



activation enthalpy difference: AAH* = AHc* — AHy*) from the slope (more details are
given in Appendix 2).

The values for AAH* and AAS* can be determined from kinetic data from In (kc/kz)
versus 1/T plot. The equation is a straight line with negative slope, - (AAH*)/R and an
intercept, AAS*/R. (using R = 8.314J K™ mol™).

The kinetic data in [EMIm][NTT;] are compiled in Table 2.6 and the plot to determine

the Arrhenius parameter is shown graphically in Figure 2.7.

Table 2.6. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 5-hexenyl

radical 25a at different temperatures in [EMIm][NT£ ][B!

T/°C [-BuSH|/M™ [26a-H]/[25a-H]
23 0.1 0.27 £0.01
35 0.1 0.36 £ 0.02
40 0.1 0.45+0.03
50 0.1 0.49 +0.02
60 0.1 0.61 +0.07
70 0.1 0.78+0.14

T Errors represent deviation from the average of three experiments. ™ [43a] = 0.01 M.
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Figure 2.7. A plot of In (k¢/ky)) vs.1/T for the cyclisation of the 5-hexenyl radical (25a) and reduction
through hydrogen abstraction from ~BuSH in [EMIm][NTf,] (R = 8.314J K™ mol™). Uncertainties are

calculated from the linear regression (20).

The values for AAS* of (32.0 + 7.1) I mol” K™ and AAH* of (18.3 + 1.1) kJ mol
obtained in [EMIm][NTf,] are within error similar to those in the conventional
organic solvent (data taken from literature)**”), which are included in Table 2.7 for
comparison. Since the kinetic measurements have shown that the cyclisation rate
coefficient is higher in the ionic liquid, this finding suggests changes in the activation
parameters of both hydrogen atom transfer and cyclisation processes that lead to small

changes in the relative kinetic data.

Table 2.7. Kinetic rate data for the 5-exo cyclisation of the 5-hexenyl radical (25a).

Solvent kclkeyg™ ! ke(s™) AAS* AAHH
x 107 x 10 (Jmol' K" (kI mol™)
t-BuPh 21+03 (1.7+0.2) 34.1+ 147 192+ 0.3

[EMIm][NTf,] 1.8+0.1 (7.5+0.1) 32.0+7.1% 183+ 1.11

1 Errors are from the fit of the linear regression (20). *I Determined from the slope of the line in
Figure 2.6, at 24 + 1 °C. ! Using ky; = (8.0 + 0.3) x 10° M s7'; ref. [3]. ¥ Using ky; = (4.1 £ 0.1) x 10’
M s determined in this work. ! Taken from refs. [25] and [3].
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2.4.2.2 The role of electronic effects

Previous sections provide evidence that IL’s have accelerating effects on both HAT
and cyclisation of nucleophilic alkyl radicals. In order to expand the scope of
synthetic radical reactions, electrophilic radicals will be studied in this section.
Diester substituted systems 25¢ and 25d were chosen for this purpose, which are
expected to undergo ring-closure with a faster rate constant compare to the
unsubstituted “parent” system (due to the Thorpe-Ingold effect, where large
substituents on the alkyl chain caused the intramolecular cyclisation reactions proceed
faster).!”> ?%! The presence of the two electron-withdrawing ester substituents on the
alkyl chain of the radical 25¢ should increase the electrophilicity of the radical
compared to the unsubstituted hexenyl radicals 25a. The electrophilicity should
increase even more when the diester group moves adjacent to the radical centre in
25d. Since '"H NMR data of the radicals could not be obtained to confirm the
proposition of increasing electrophilicity going from 25a -> 25b -> 25d, the chemical
shift of the future C-radical centre (C-6) in the 'H NMR spectra of the radical
precursors 43a, 43¢ and 43d was used as a proxy (Figure 2.8). Thus, the signal of the
protons at C-6 of compound 43a appeared at 2.35 ppm; this signal slightly deshielded
in compound 43¢ at 2.56 ppm and considerably deshielded in compound 43d at 3.47
ppm, clearly revealing the impact of the electron-withdrawing substituents at the
adjacent C on the electron density at this atom. To our knowledge the kinetics of these
two radicals has never been studied before.

2.35 ppm

1.24 ppm 4\ /> 2.56 ppm
EtO,C CO,Et /' s
(00
1.56 ppm 4/ 2.93 ppm‘/ \>

43a

2.75 ppm

43d
Figure 2.8. Structures and chemical shifts of compound 43a, 43¢ and 43d.
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2.4.2.2.1 Reaction of the 3,3-diester substituted 5-hexenyl radical 25¢

Following the method described above, competition studies with the diester
substituted radical 25¢ were carried out in both [EMIm][NTf;] and #BuPh (Scheme
2.17). Compounds 25¢-H and 26¢-H were prepared as a GC standard as described in
section 2.2.1. Because of the higher polarity of the reaction products, the reaction
mixture in [EMIm][NTf,] was diluted with ethyl acetate and extracted with
diethylether (3X), followed by GC analysis, as described in section 2.3.

EtO,C CO,Et

/\)Q/L»

5-exo CO,Et
25¢ 26c CO:2Et
t-BuSH lkH t-BuSH l
EtO,C CO,Et ﬁ
= CO,Et
25c-H 26¢-H

Scheme 2.17. Competition kinetic studies of the 5-exo cyclisation of the radical 25¢ and reduction
through hydrogen abstraction from -BuSH.

The ratio of rate constants (kc/ky) was determined in #-BuPh and IL employing
various concentrations of ~-BuSH at 24 + 1 °C. The experimental data are reported in

Table 2.8. The data for the k¢/ky determination are shown graphically in Figure 2.9.
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Table 2.8. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 5-hexenyl
radical 25¢ at 24 + 1 °C.[*HP]

[+BuSH]  1/[+-BuSH]

Solvent [26¢c-H]/[25¢-H]
M) ™

-BuPh 0.2 5 15.1+0.2
0.16 6.3 19.3+04
0.14 7.1 21.9+04
0.12 8.3 28.4+04
0.08 12.5 51.0+3.3

[EMIm][NTf;] 0.2 5 8.1+0.3

0.18 55 10.2+0.9
0.16 6.3 10.5+0.6
0.14 7.1 12.2+0.1
0.12 8.3 13.9+0.1

B Errors represent deviation from the average of three experiments; errors are [°] [43¢] = 0.1[~-BuSH].

N
(=)

Ul
o

R2=10.99
kcky;=4.9+0.6

M R>=0.97
kelky =1.9+0.32
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Figure 2.9. Dependence of [26¢-H]/[25¢-H] on -BuSH concentration at 24+1 °C for the cyclisation of

the 5-hexenyl 25c¢ radical and reduction through hydrogen abstraction from ~-BuSH. Uncertainties are

calculated from the linear regression (20).
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From the kc/ky value of (4.9 + 0.6) obtained for the reaction of the 3,3-diester
substituted radical 25¢ in -BuPh, the 5-exo cyclisation rate coefficient of kc = (3.9 £
0.5) x 10" s™" is calculated, which is about two orders of magnitude faster than for the

unsubstituted radical 25a.

The 5-exo-cyclisation rate constants of the dimethyl substituted 5-hexenyl radicals
59a and 59b in benzene at 25 °C is reported in previous work as k¢ = (5.2 x 10° s™)
and ke = (3.6 x 10° s™") respectively (Scheme 2.18),!"! indicating that radicals 59a and
59b cyclised faster than the unsubstituted radical 25a (due to the Thorpe-Ingold
effect). However, the cyclisation reactions of radicals 59a and 59b proceed by one
order of magnitude slower than radical 25¢, suggesting that, for the cyclisation of the
radical 25¢, in addition to the rate accelerating Thorpe-Ingold effect due to the
geminal diester substituents, the electrophilic nature of the radical centre further

increases the cyclisation rate by one order of magnitude.

R R
NS(\Br a:R=CHs R"=H
R" R" b:R=H,R"=CH;
58
Bu3;SnH,AIBN
25°C
benzene

Scheme 2.18. Cyclisation of radicals 59a and 59b.!"!

In [EMIm][NTf;] a kc/ky value of (1.9 £ 0.3) was obtained, leading to a rate
coefficient for the 5-exo cyclisation of 25¢ of ke = (7.8 + 0.2) x 10" s in

[EMIm][NTHf;], which is about two times faster than in #~-BuPh (Table 2.10).

Further insight into the factors affecting the rate of the cyclisation can be deduced

from the data obtained through temperature dependent studies, which are presented in
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Table 2.9. The experimental data for the activation parameters determination are

shown graphically in Figure 2.10.

Table 2.9. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 5-hexenyl

radical 25¢ at different temperature. "
[--BuSH]
Solvent T/°C [26¢-H]/[25¢-H]
M)
t-BuPh 25 0.12 284+04
35 0.12 289 +0.1
45 0.12 31.2+0.3
55 0.12 412+14
65 0.12 426 £09
75 012 495+1.2
[EMIm][NTf,] 25 0.12 13.9+0.1
35 0.12 263 +£0.1
45 0.12 304+£2.2
55 0.12 41.2+5.0
65 0.12 63.3+3.1

T Error represents deviation from the average of three experiments; errors are 2c. *' [43¢] = 0.012 M.
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Figure 2.10. (In (kc/ky)) vs.1/T for the ring closure of the 5-hexenyl radical 25¢ and reduction through
hydrogen abstraction from #-BuSH (R = 8.314J K™' mol™). Uncertainties are calculated from the linear

regression (20).

From slope of the line AAH¢* could be calculated as (12.4 + 3.3) kJ mol™ in -BuPh
and (32.6 + 2.8) kJ mol' in [EMIm][NTf] and AAS* from the intercept calculated as
(50.4 + 9.7) T mol" K™ in +~BuPh and (113.4 + 8.5) J mol K in [EMIm][NT£]
(Table 2.10).

Table 2.10. Kinetic rate data for the 5-exo cyclisation of the 3,3-diester-5-hexenyl radical.

Solvent kclky PP ke(s™) AAS*! AAH*
x 107 (Jmol' K" (kI mol™)
t-BuPh 4.9+0.6 (3.9+0.48) 50.4+9.7 12.4+33

[EMIm][NTf,] 1.9+0.32 (7.9 + 0.24) 113.4+8.5 32.6+2.8

B Errors are from the fit of the linear regression (20).“’] Determined from the slope of the line in Figure
2.9, at24 + 1 °C. ) Using ky = (8.0 £ 0.3) x 10° M s7'; ref. [3]. ') Using ky = (4.1 £0.1) x 10’ M 5™
determined in this work.

In ~-BuPh, the AAS* values for the reaction of the diester substituted radical 25¢ are
considerably more positive (113.4 + 8.5) J mol K™ compared to the unsubstituted
radical 25a (34.1 = 1.4) Jmol™ K™' (data for the latter are shown in Table 2.7). Under
the reasonable assumption that ASy* and AHy* in the respective solvents are

approximately the same for the alkyl radicals studied in this work,™* this finding
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indicates a less negative ASc* for the cyclisation of 25¢, compared with 25a. This
suggests earlier, less organised transition states for 25¢, in line with the higher
cyclisation rate of this radical due to the electrophilicity of the radical and the Thorpe-
Ingold effect.*"! AAS* is even more positive in [EMIm][NTT;] for 25¢ (113.4 £8.5)J
mol’ K, clearly suggesting that the favourable entropy term ASc* is mainly
responsible for cyclisation rate enhancement of these radicals, compared with the
unsubstituted radical 25a, where the small positive ASc* value is indicative for a more

ordered, later transition state.

The AAH* value for the reaction of the substituted radical 25¢ in -BuPh (12.4 + 3.3)
kJ mol™ is similar to the values of radical 25a (19.2 + 0.3) kJ mol”'. However, this
value is larger in [EMIm][NTf;] (32.6 + 2.8) kJ mol™, indicating a more positive
AH*c for 25¢ in [EMIm][NTf,] compared with in #-BuPh. In total, it appears that the
entropic benefit outweighs the enthalpic cost, which leads to lower the energy of the
transition state, leading to an overall rate enhancement for the 5-exo cyclisation of 25¢

in [EMIm][NTf;] compared with in ~-BuPh.
2.4.2.2.2 Reaction of the 2,2-diester substituted 5-hexenyl radical 25d

Radical 25d was generated from precursor 43d as described in section 2.2.1 (Scheme

2.19).
CO,Et
M{ ke CO,Et

EtO,C CO,Et 5-exo

25d 26d
t-BuSH lk,_, t-BuSH l
M{ CO,Et
Et0,C CO,Et CO,Et
25d-H 26d-H

Scheme 2.19. Competition kinetic studies of the 5-exo cyclisation of the radical 25d and reduction
through hydrogen abstraction from -BuSH.

kc/ky was determined using concentrations of #~BuSH ranging from 0.1-0.2 M

(consistent with other experimental conditions) at 24 + 1 °C. Unfortunately, under
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such conditions it was impossible to obtain a straight line in the plot due to high

cyclisation rate of 25d, resulting in a large signal of the cyclised compound 26d-H in

the GC, compared to only small amounts of the reduced radical 25d-H, which caused

scattered data points with larger errors. Therefore, the experiments were performed at

higher concentrations of #~BuSH (0.4-0.8 M) to promote radical reduction and to

reduce the error of the competition kinetic experiments. The results are listed in Table

2.11. The data for the k¢/ky determination are shown graphically in Figure 2.11.

Table 2.11. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 5-

hexenyl radical 25d at 24 + 1 °C.1*HP!

Solvent -BusHl 1/[t—Bu]SH] [26d-H]/[25d-H]
(M) M™)
t-BuPh 0.8 1.25 14.0+0.3
0.72 1.39 154+1.0
0.64 1.60 17.0+0.5
0.56 1.79 19.6 £ 0.7
0.48 2.08 252+0.9
0.4 2.5 29.7+1.2
[EMIm][NTf;] 0.8 1.25 22.6+14
0.72 1.39 23.3+£0.7
0.64 1.60 27.9+3.7
0.56 1.79 309+4.2
0.48 2.08 383+1.6
0.4 2.5 453+1.9

I Errors represent deviation from the average of three experiments. (o] [43d] = 0.1[#~-BuSH].
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Figure 2.11. Dependence of [26d-H]/[25d-H] on ~-BuSH concentration at 24 £+ 1 °C for the cyclisation

of the 5-hexenyl radical 25d. Uncertainties are calculated from the linear regression (20).

With kc/ky ratios of (13.1 + 1.3) obtained in #-BuPh and of (19.0 + 1.8) in
[EMIm][NT£], values for k¢ of (1.0 + 0.1) x 10*s™ in #-BuPh and (7.9 + 0.2) x 10% 5™
in [EMIm][NTTf;], respectively, can be calculated under the reasonable assumption
that ky for 25d — 26d-H should be similar as for the other primary alkyl radicals in
the respective solvent.””) These data indicate that by moving the diester group
adjacent to the radical centre in radical 25d to increase its electrophilicity, the
cyclisation rate further increases by one order of magnitude. This finding could be
rationalised by the structure of the transition state, which can be described by the
canonical forms A and B (Scheme 2.19), where B is characterised by charge transfer
from the alkene to the electrophilic radical centre. This additional stabilisation of the
transition state, compared to those for the nucleophilic radical 25a, 59a, 59b and less
electrophilic radical 25¢ leads to an increased cyclisation rate of this radical in the

organic solvent.

CO,Et © co,Et 7%

{choza ;dCOZEt
®
A B

Scheme 2.19. Canonical forms of the transition state for the 5-exo cyclisation of the electrophilic 5-

hexenyl radical 25d.
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The particularly rapid 5-exo cyclisation of 25d in [EMIm][NTT;], which is about one
order of magnitude faster than 25¢ and eight times faster than in the conventional

organic solvent, suggests additional stabilising effects by the ionic liquid.

It should be noted that in the case of 25d the reaction temperature could not be
increased beyond 50 °C due to the fast cyclisation of this radical, which made GC
determination of kc/ky by GC very difficult at temperatures higher than room
temperature, leading to the large error of the relative activation parameters. The
experimental results from the competition kinetic studies for the 5-hexenyl radicals

25d are compiled in Table 2.12.

Table 2.12. Kinetic rate data for the 5-exo cyclisation of the 2,2-diester-5-hexenyl radical 25d.!

Solvent kclkg™ P! ke (s AAS+ AAH
x 10® (Jmol' K™ (kJ mol™)
t-BuPh 13.1+1.4 (1.0+0.1)' nd. nd.
[EMIm][NTf,] 19.0+1.8 (7.9 +0.2) nd. nd.

[a] Errors are from the fit of the linear regression (20). T Determined from the slope of the line in
Figure 2.11, at 24 + 1 °C.[ Using k= (8.0 £ 0.3) x 10° M s7'; ref. [3]. ! Using k= (4.1 £ 0.1) x 10’
M s determined in this work.

2.5 Recyclability

The reaction involving radical precursor 43a was also used to explore the
recyclability of [EMIm][NTT;] as solvent for radical chemistry. After consumption of
the precursor was complete (using reaction conditions and times similar to those of
the kinetic studies), the products were extracted with ~-BuPh and the ionic liquid
solvent was reused directly without further purification. Using 1-heptene as internal
standard for the quantitative GC analysis (due to its chemical similarity with the
reaction products) revealed a combined yield of 84% for 25a-H and 26a-H after the
first cycle. The yield slightly dropped to 78% in the second cycle and to 74% in the
third cycle, which demonstrates that ILs can be reused several times in radical
reactions without significant loss of efficiency. However, we observed that the color

of the solvent turned to pale yellow after the first cycle, which is likely due to the
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accumulation of polar by-products (e.g., pyridyl sulfides resulting from the PTOC
precursor, see Scheme 2.1) that cannot be extracted from the [EMIm][NTf;] phase,
but since the outcome after 3 reaction cycles was still good, analysis of potential
degradation of the IL was not performed. It cannot be excluded that the presence of
these by-products might prevent quantitative extraction of the reaction products,
which could explain the slight drop in yield with increasing recirculation of the

solvent.

2.6 Summary

In this chapter it was demonstrated that ionic liquids can be successfully used in
intramolecular homolytic additions of primary alkyl radicals. Laser flash photolysis
studies were performed to reveal the absolute rate coefficient for the 5-exo radical
cyclisation of the diphenyl substituted primary alkyl radical 25b in [EMIm][NTT;] of
ke = (10.0 + 0.8) x 10" s”'. This value was used in PTOC-thiol competition kinetic
studies to determine the rate coefficient for the hydrogen abstraction from -BuSH by
primary alkyl radicals of ky = (4.1 £ 0.1) x 10’ M s™ in [EMIm][NT£], which is
about five times higher than in conventional organic solvents. This finding could be
rationalised by a hydrogen bond between the thiol and the anion of the ionic liquid in
the ground state. The enthalpic cost associated with breaking the hydrogen bond upon
progression to the transition state is outweighed by the entropic benefit caused by the
increase in disorder, resulting in an overall increase of the hydrogen transfer rate.
Through competition kinetic studies k¢ was determined for the 5-exo cyclisations of
the primary alkyl radicals 25a, 25¢ and 25d. Overall, these processes proceed faster
by up to one order of magnitude in the ionic liquid than in organic solvents. From the
Arrhenius parameters it appears that the rate accelerating effect is due to a favorable
AS*c term for all radicals, which can be rationalised by earlier, less-organised
transition states of the radical cyclisation. The particularly fast cyclisation rate of 25d,
which is the most electrophilic radical in this study, suggests additional stabilisation

of the transition state through interaction with the ionic liquid.
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No interfering reactions between [EMIm][NTf,] and radical intermediates were
observed. All products were quantitatively extracted from the ionic liquid phase,

which can be reused without purification for several cycles.
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3  Cyclisation of secondary S-hexenyl radicals

Many examples have shown that cyclisations of substituted alkenyl radicals are an
excellent method to prepare complex molecular frameworks with high regio- and
stereoselectivity under usually mild conditions.!'”” However, it is complicated to
determine the factors controlling the stereochemical outcome of these reactions.
Beckwith proposed a guideline, as described in Chapter 1, suggesting that cyclisation

of C-1 substituted 5-hexenyl radicals is predominantly cis-selective.!*!

In order to explore the role of steric effects on the rate and stereoselectivity of the 5-
exo radical cyclisation in ionic liquids, the reactions of the C-1 substituted 5-hexenyl
radicals 63a—d will be studied in this chapter (Scheme 3.1). Also, solvent-effect data
for radical 63d published in previous work,!"” showing that stereoselectivity of the
cyclised product is sensitive to solvent polarity (described in Chapter 1), open up the
possibility to explore the effects of ILs on the stereochemical outcome of the C-1

substituted 5-hexenyl radicals.

t- BuPh or
[EMIm][NTF]
/\/\/\R ke o

5-exo
63

cis-64 trans-64
t—BuSHl kn
a: R=Me
b: R=Et t-| BuSH t- BuSH
c:R=i-Pr NN
d: R = t-Bu = R

- Y

cis-64-H trans-64-H

Scheme 3.1. Generation of the 5-hexenyl radicals 63 and competing reactions through reduction to 63-
H and 5-exo cyclisation to cis-64 and trans-64.
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3.1 Synthesis of the radical precursors 62a-d and reference

compounds

This section describes the synthesis of the radical precursors 62a-d employed in this
chapter and of the authentic samples, which were required to identify the product
peaks in the gas chromatograms. All PTOC esters 62a-d were obtained by reacting
the respective carboxylic acids 62a-d with N-hydroxypyridine-2-thione (53).

Scheme 3.2 shows the synthesis of the first three carboxylic acids 66a-c. A procedure
similar to that used in the preparation of 6-heptenoic acid (66a), which was described
in Section 2.2.1, was followed and extended by an additional alkylation step. Diethyl
ester 46 was alkylated with alkyl iodide in anhydrous DMF, using sodium hydride as
the base. The alkyl substituted diesters 65a-c were obtained in 82%, 80% and 77%
yield, respectively, after column chromatography. Subsequent saponification and
decarboxylation provided the a-alkylated 6-heptenoic acids 66a-c in 92%, 80% and
60% yield, respectively. The identity of the compounds was confirmed by "H NMR
spectroscopy, which showed a doublet of the methyl protons at 1.2 ppm in 66a, a
triplet and multiplet of ethyl protons attached to C-2 in 66b at 0.94 and 1.55 ppm, a
doublet of methyl protons at 0.97 ppm and a multiplet of CH of the isopropyl group in

66¢ at 1.9 ppm, with other signals matching those of 6-heptenoic acid 47a.!'!)

CO,Et 1.1 equiv. NaH CO,Et 1.1 equiv. NaH CO,Et
2 20 ml DMF 7)\ 20 ml DMF R 3 equiv. KOH
> —_— —_—
B
CoEt AN 7 coqkt RI 77 th TCOgEt EtOH/H,0
A
45 46 65
a: R = Me (82%)
CO;H b: R=Et (80%)
a: R = Me (92%) c: R=i-Pr (77%)
= s R b: R = Et (80%)
c: R=i-Pr (60%)

66

Scheme 3.2. Synthesis of the carboxylic acids 66a-c.

The ¢-butyl-substituted carboxylic acid 66d was synthesised in 85% yield according to
literature!'? by treating the r-butylacetic acid (67) with freshly prepared LDA in THF,
followed by addition of 5-bromopentene (Scheme 3.3). The 'H NMR spectrum
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included a singlet of 9 chemically equivalent methyl protons attached to the
quaternary carbon at 0.99 ppm. HRMS of the acid 66d resulted in a peak at m/z
185.1537 [M + H'], which is consistent with the molecular formula of C;;H;605.

2 equiv. LDA
COLH q CO,H
THF
»> / 3 t-Bu
t-Bu Br
a1
67 66d

85%

Scheme 3.3. Synthesis of the carboxylic acid 66d.

Coupling of the acids 66a-d to provide PTOC esters 66a-d was achieved following
the literature procedure.!’’ Treatment of 66a-d with 0.95 equivalents of N-
hydroxypyridine-2-thione 53 was performed under exclusion of light (in an
aluminium-foil-covered reaction flask) in the presence of catalytic amounts of
dimethylaminopyridine (DMAP) and 1.1 equivalents of dicyclohexylcarbodiimide
(DCC) in dichloromethane. Purification by column chromatography gave the PTOC
esters 62a (69%), 62b (64%), 62¢ (90%) and 62d (63%). 'H NMR data analysis in
CsDg showed the four aromatic hydrogen atoms at 5.4, 6.0, 6.4 and 7.4 ppm, with the
rest of the spectra being similar to those of the corresponding acids 66a-d. The HRMS

data of 60a-d confirmed the molecular formula in all cases (Scheme 3.4).

R S S
OH HO DMAP (catalytic amount), O o
M , ~N | 1.1 equiv. DCC /\Hj\: >N
5 >
X CH,Cl, =~ 5 R X
66 53 62

Scheme 3.4. Synthesis of the PTOC esters 62a-d.

3.2 Kinetic experiments
With the required radical precursors in hand, the reaction of secondary 5-hexenyl

radicals 63a-d in [EMIm][NTf;] can be explored and compared with results from

reactions performed in organic solvents.
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GC analysis of the reaction mixtures obtained from photolysis of the PTOC esters
62a-d in the presence of 10 equivalents of #~-BuSH revealed formation of three major
products in both #~BuPh (or n-hexane in the case of 63d) and [EMIm][NTT;]. In all
experiments the amount of [EMIm][Ntf,] (1 ml, 3.88 mmol) was much larger than [z-
BuSH] with the maximum value of (22 pL, 1.96 x 10 mmol), under these conditions
dilution of the ionic liquid by the reagent can be excluded (yIL = 1). The products
from the radical reductions, i.e., 63a-d-H, were identified by GC through treatment of
the reaction mixtures with excess bromine, which reacted with the alkene moiety to
form the dibromide, leading to disappearance of the peaks of 63a-d-H in the GC
chromatogram. The two other products were the cis- and trans-isomers of the cyclised
products 64a-d-H. Since 5-exo cyclisations of C-1 substituted 5-hexenyl radicals

generally occur with high cis-selectivity in organic solvents, ™"

the product with
the larger GC peak area was assigned as cis-64a-d-H and the product with the smaller
GC peak area as trans-64a-d-H. The results of the competition kinetic studies will be

discussed individually for each radical.

3.2.1 Cyclisation of 1-methyl-5-hexenyl radical (63a)

Competition kinetic experiments with radical 63a in -BuPh and [EMIm][NTf;] at 24
+ 1 °C, which were performed according to the experimental procedure described in
Chapter 2, gave 1-heptene (63a-H) and the stereoisomeric1,2-dimethyl cyclopentanes
cis-64a-H and trans-64a-H, as depicted in Scheme 3.5.

. kC 7
W _ ¢ 5 +
5-exo

63a cis-64a trans-64a
t-BuSH lkH
t-BuSHl t-BuSHl
NN

cis-64a-H trans-64a-H

Scheme 3.5. Competition kinetic studies of the 5-exo cyclisation of the 1-methyl-5-hexenyl radical
(61a) and reduction through hydrogen abstraction from ~-BuSH.
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1-Heptene (63a-H) was identified by comparison with an authentic sample (Sigma

Aldrich). The two other peaks were assigned as described above. The detailed kinetic

data are provided in Table 3.1. The data for the kc/ky determination are shown

graphically in Figure 3.1.

Table 3.1. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 1-methyl-

5-hexenyl radical (63a) at 24 + 1 °C.1*HP!

[+~BuSH] 1/[t-BuSH]
Solvent cis/trans [64a-H]/[63a-H]
(M) ™M™
t-BuPh 0.2 5 3.83+£0.10  0.164 = 0.006
0.18 5.6 3.88+0.10  0.181+0.003
0.16 6.25 3.88+£0.03  0.206 = 0.006
0.14 7.1 3.87+0.03  0.239+0.005
0.12 8.3 3.85+£0.10  0.290+0.011
0.1 10 3.83+0.01  0.339+0.008
[EMIm][NT] 0.2 5 412+0.08  0.094 = 0.006
0.18 5.6 412+0.07  0.099 +0.005
0.16 6.25 418+0.04  0.108 +0.005
0.14 7.1 411+0.01  0.125+0.005
0.12 8.3 412+0.01  0.135+0.005
0.1 10 414£0.05  0.164 =0.007

B Errors represent deviation from the average of three experiments . [} [62a] = 0.1[-BuSH].
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Figure 3.1. Dependence of [64a-H]/[63a-H] on ~-BuSH concentration at 24 + 1 °C for the cyclisation
of the 5-hexenyl radical 63a and reduction through hydrogen abstraction from #-BuSH. Uncertainties

are calculated from the linear regression (20).

The data in Table 3.1 revealed that the cis/trans ratio remained constant in both
solvents at 24 °C with slightly more cis selectivity in [EMIm][NTf,] (cis/trans = 4.1 £
0.1) compared to that in -BuPh (cis/trans = 3.8 £ 0.1).

The gradient of the straight line provides the ratio of the rate constants (kc/kx) as (3.6
+0.2) x 107 in -BuPh and (1.4 + 0.1) x 107 in [EMIm][NT£]. It is apparent that the
ratio of kc/ky almost halves in value by moving from #BuPh to [EMIm][NTf,] for
this particular radical. It is reasonable to assume that &y from ~-BuSH to primary alkyl
radicals, which was determined in Chapter 2 as ky= (4.16 £ 0.3) x 10’ M s in
[EMIm][NTf;] and reported previously to be ky = 8 x 10° M s in organic

1
solvents,'®

I should be similar for secondary alkyl radicals. Under this assumption k¢
of (2.9 + 0.2) x 10° s in +-BuPh and kc= (5.8 £ 0.1) x 10’ s” in [EMIm][NT£]
(Table 3.3) is obtained, clearly showing that the cyclisation rate constant increased by

almost a factor of two moving from #-BuPh to [EMIm][NT;].

Relative activation parameters for the 5-exo cyclisation and the reduction of radical
63a were determined by measuring kc/ky in [EMIm][NTf;] and #BuPh over the
temperature range of 23-70 °C. The experimental data in #~-BuPh and [EMIm][NTf;]

94



are compiled in Table 3.2, and the plot to determine the Arrhenius parameter is shown

in Figure 3.2.

Table 3.2. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 1-methyl-

5-hexenyl radical (63a) at different temperatures.*"*+¢]

Solvent T/°C [64a-H]/[63a-H]

t-BuPh 25 0.164 + 0.006

40 0.179 +£0.006

45 0.184 +0.009

55 0.192 £ 0.006

60 0.202 +0.017

65 0.216 £0.011

[EMIm]|[NTf] 4 0.133+0.018

25 0.161 £0.007

45 0.308 +0.085

65 0.585 +£0.047

85 0.806 = 0.051

95 1.250 £ 0.053

115 1.706 + 0.053

B Errors represent deviation from the average of three experiments. I [62a] = 0.01 M. ! [+-BuSH] =

0.1 M.
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Figure 3.2. (In (kc/ky)) vs.1/T for the 5-exo ring closure of the 5-hexenyl radical 63a and reduction
through hydrogen abstraction from #BuSH in [EMIm][NTf,] and +BuPh (R = 8.314 kJ mol™).

Uncertainties are calculated from the linear regression (20).

Figure 3.2 reveals that an increase in temperature leads to a considerable acceleration
of the 5-exo cyclisation in [EMIm][NTf;], whereas in -BuPh the temperature effect
on kc/ky is only small. Figure 3.3 shows the viscosity data for [EMIm][NTf;], which
are taken from literature,!'”) and the temperature dependence of the 5-exo cyclisation
of 63a vs. the direct reduction by -BuSH in #~BuPh and [EMIm][NT{,] measured in
this work. These data clearly suggest that the faster cyclisation at elevated
temperatures is likely due to the decrease of the viscosity of [EMIm][NTTf,], which
should increase radical mobility and should therefore facilitate the conformational
changes required for a successful radical cyclisation. Furthermore, increasing the
temperature allows for a greater movement of the solute particles resulting in the
intermolecular interactions between the solute and solvent being broken. Therefore, a
reduction in any unfavorable interactions between IL and starting material 63a could
also be considered as the origin of the increased rate constant at elevated temperatures.
Thus, it appears that solvent viscosity is likely one of the main factors responsible for
the different relative kinetic data obtained in the IL, compared to conventional organic

solvents, where a temperature-independent product distribution would be expected.
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Figure 3.3. Temperature dependence of the 5-exo cyclisation of 63a ([cis/trans-64a-H]) vs. the direct
reduction by #-BuSH in +-BuPh (H) and [EMIm][NTf,] (@); with [¢-BuSH]/[62a] = 10 (left axis).
Viscosity data for [EMIm][NTf,] (O) are taken from ref. [19] (right axis).

In [EMIm][NT£], a AAS* (AAS* = AS*¢ - AS¥y) value of (38.3 + 15.8) J mol K
was obtained, which is more positive compared to the AAS* value in ~-BuPh of (-10.8
+ 15.8) J mol” K. Under the assumption that ASy* and AHy* in both solvents are
approximately the same for the alkyl radicals studied in this work, this finding
indicates a less negative AS*c for the cyclisation of radical 63a in [EMIm][NTf],
compared with -BuPh. The increased entropy of activation could be due to either: a)
increased ordering of [EMIm][NTT;] about the starting material 63a; or b) decreased
ordering about the transition state, relative to ~-BuPh. Due to the charge transfer from
the radical to the double bond occuring in the transition state, it can be considered as
unlikely that [EMIm][NTf,] with larger polarisability decreases ordering in the
transition state (especially compared to the non-polar solvent -BuPh). Therefore, it
can be suggested that the increased entropy of activation is due to [EMIm][NTL]

ordering about the starting material 63a to greater extent than that observed in -BuPh.

A similar trend was found for AH*c. The values for AAH* (AAH*= AH*c - AH*p) of
(21.1 £ 5.2) kJ mol" in [EMIm][NT£,] and (5.3 + 1.2) kJ mol”' in #BuPh indicate a
more positive AH*c for cyclisation of radical 63a in [EMIm][NTf,]. The increased
enthalpy of activation could arise from either: a) stabilisation of the starting material

63a; or b) destabilisation of the transition state, relative to ~-BuPh. Once again, it can
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be considered as unlikely that [EMIm][NTf,] with its larger polarisability destabilises
the transition state (especially compared to the non-polar solvent -BuPh). Hence, it
was considered more likely that [EMIm][NTTf;] is stabilising, and hence deactivating
the starting material 63a. As there is a rate enhancement in [EMIm][NTT;], relative to
t-BuPh, clearly the entropic benefit outweighs the enthalpic cost, which leads to lower
the energy of the transition state, leading to an overall rate enhancement for the 5-exo

cyclisation of 63a in [EMIm][NTf,] compared with in -BuPh (Table 3.3).

Table 3.3. Kinetic data for the 5-exo cyclisation of the 5-hexenyl radical 63a.

Solvent kclky™ ke (s AAS*H! AAH* !
cis/trans'™
x 107 x 10° (Jmol' K™ (kI mol™)

t-BuPh 3.8+0.1 3.6+0.2 29+0.2 -10.8 £3.8 53+1.2

[EMIm][NTf,] 4.1£0.1 14+0.1 58+0.1  383+158 21.1£52

) Error represents deviation from the average of six experiments, at 24 + 1 °C. ! Determined from the
slope of the line in Figure 3.1, at 24 + 1 °C. ') Errors are from the fit of the linear regression (20).

3.2.2 Cyclisation of the 1-ethyl-5-hexenyl radical (63b)

The PTOC-ester 62b was irradiated in the presence of #~-BuSH in -BuPh at 24 + 1 °C
to produce the uncyclised compound 63b-H and cyclised compounds, cis-64b-H and
trans-64b-H, as depicted in Scheme 3.6. The same products were obtained in
[EMIm][NTf;] as a reaction medium. The product identification was performed as

described in the previous section for the methyl substituted 5-hexenyl radical 63a.
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Scheme 3.6. Competition kinetic studies of the 5-exo cyclisation of the 1-ethyl-5-hexenyl radical (63b)
and reduction through hydrogen abstraction from ~-BuSH.

The detailed kinetic data are listed in Table 3.4 and the plot to determine the kc/ky is

shown in Figure 3.4.

Table 3.4. Results of the competition kinetic experiments for the 5-exo cyclisation of the 1-ethyl-5-

hexenyl radical (63b) at 24 + 1 °C.*H"]

[-BuSH]  1/[+-BuSH]

Solvent cis/trans [64b-H]/[63b-H]
M) M)
t-BuPh 0.2 5 2.87+0.02 0.187 +0.002
0.18 5.6 2.87+0.01 0.209 + 0.005
0.14 7.14 2.97+0.01 0.281 +0.016
0.12 8.3 2.97+0.05 0.319+0.011
0.1 10 2.98 £0.04 0.362 +0.024
[EMIm][NTf;] 0.2 5 2.61 £0.05 0.106 +0.001
0.18 5.6 2.60 +0.02 0.116 = 0.002
0.16 6.3 2.64 £0.04 0.122 +0.003
0.12 8.3 2.78 £0.03 0.159 +0.004
0.1 10 2.79+0.01 0.180 + 0.004

I Errors represent deviation from the average of three experiments. (o] [62b] = 0.1[#-BuSH].

99



0.4

0.35
R2=0.99
kelk;=0.036 £ 0.005

o
[

0.25

[64b-H]/[63b-H]
S
o
W [\S)

e
—

R2=0.99
0.05 k/ky; =0.015 £0.001

0 2 4 6 8 10 12
1/[+-BuSH] (M)
® ~BuPh M[EMIm]|[NT®]

Figure 3.4. Dependence of [64b-H]/[63b-H] on -BuSH concentration at 24 = 1 °C for the cyclisation

of the 1-ethyl-5-hexenyl radical (63b). Uncertainties are calculated from the linear regression (20).

The data in Table 3.4 show that the cis/trans ratio remained constant in both solvents
at 24 + 1 °C within the experimental error, with the average of (2.9 + 0.1) in -BuPh
and (2.7 £ 0.1) in [EMIm][NTf;]. Also, it is obvious that the cis-selectivity decreased
with increasing the size of the C-1 substituents moving from methyl (cis/trans = 3.8)
to ethyl (cis/trans = 2.9) substituted 5-hexenyl radicals in -BuPh, possibly due to
increasing unfavourable steric interaction of the transition state of cis-64b-H between
methyl and ethyl group compared with the smaller interaction in the transition state of

cis-64a-H between two methyl group (Figure 3.5). Similar trend was found in IL.

(1.H
H
H H
TS of cis-64a-H TS of cis-64b-H

Figure 3.5. Structures of cis-64a-H and cis-64b-H.

From the kc/ky value of (3.6 + 0.5) x 107 for the reaction of the ethyl substituted
radical 63b in -BuPh, the 5-exo cyclisation rate coefficient of k¢ = (2.9 + 0.4) x 10° s°
! is calculated, which is similar to the methyl substituted radical 63a reported in the

previous section. In [EMIm][NTf] a k¢/ky value of (1.5 + 0.1) x 107 was obtained,
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leading to rate coefficient for the 5-exo cyclisation of 63b as k¢ = (6.2 £ 0.2) x 10° 5™,
which is about two times faster than in /~-BuPh (Table 3.6).

Further insight into the factors affecting the rate of the cyclisation can be deduced
from the data obtained through temperature dependent studies, which are presented in

Table 3.5. The plot to determine the Arrhenius parameter is shown in Figure 3.6.

Table 3.5. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 1-ethyl-5-

hexenyl radical (63b) at different temperatures. ¢!
Solvent T/°C cis/trans [64b-H]/[63b-H]
t-BuPh 25 2.87+£0.02 0.187 +£0.002
40 2.79 £0.01 0.205 £ 0.002
50 2.77+£0.03 0.206 = 0.002
60 2.66 £0.03 0.306 + 0.023
70 2.60 +0.01 0.364 +£0.016
[EMIm][NT£] 25 2.79 +0.01 0.180 + 0.004
40 2.64 +£0.03 0.253 +0.059
50 2.51 £0.10 0.292 +£0.017
60 2.48 £0.06 0.399 + 0.065
70 2.40 +£0.03 0.499 + 0.051

Bl Errors represent deviation from the average of three experiments. (o] [62b] = 0.01 M. ! [~-BuSH] =

0.1 M.
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Figure 3.6. (In (kc/ky)) vs.1/T for the ring closure of the 5-hexenyl radical 63b in [EMIm][NTT;] and #-

BuPh (R = 8.314 kJ mol™). Uncertainties are calculated from the linear regression (26).

Figure 3.6 shows that temperature effect on k¢/ky in [EMIm][NTHT;] is larger than in ¢-
BuPh, which can be explained by the lower viscosity of [EMIm][NTf,] at higher
temperatures.!'”) The 5-exo cyclisation of the 1-ethyl 5-hexenyl radical (63b) proceeds
with similar cis-selectivity in both ~-BuPh and [EMIm][NT,] (Table 3.5).

AAS* calculated from the intercept and AAH* from the slope of the line from the plot
of In (kc/kp) versus 1/T.

The values for AAS* of (30.8 + 8.5) J mol”" K™ and AAH* of (19.2 + 2.7) kJ mol
obtained in [EMIm][NTT;] are bigger than those in ~-BuPh that are AAS* of (14.7 +
22.0) J mol™ K! and AAH* of (12.8 + 7.1) kJ mol™ (Table 3. 6). This trend is similar
as for the radical 63a, indicating that the favourable entropy term is responsible for
cyclisation rate enhancement of radical 63b in [EMIm][NTf,] compared with in #-
BuPh. However, the large uncertainties in the activation parameters for the cyclisation

of radical 63b in both solvents, making it difficult to confirm such a trend.
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Table 3.6. Kinetic rate data for the 5-exo cyclisation of the 5-hexenyl radical 63b.

Solvent kclky™ ke(s™ AAS*! AAHH
cis/trans'
x 107 x 10° (Jmol' K" (kI mol™)
t-BuPh 29+0.1 3.6+0.5 29+04 147+22.0 12.8+7.1

[EMIm][NT;] 2.7+0.1 15+0.1  62+0.1 30.8+8.5 192427

) Error represents deviation from the average of six experiments, at 24 = 1 °C. ° Errors are from the fit
of the linear regression (20).1 Determined from the slope of the line in Figure 3.4, at 24 + 1 °C.

3.2.3 Cyclisation of 1-isopropyl-5-hexenyl radical (63c)

Competition kinetic experiments with radical 63c¢ in #~-BuPh at 24 + 1 °C, which were
performed according to the experimental procedure described in Chapter 2, gave the
uncyclised compound 63c-H, and cyclised compounds, cis-64¢c-H and trans-64c-H,
as depicted in Scheme 3.7. The same products were obtained in [EMIm][NTf;] as a

reaction medium.

. 2
M —C> . 3\
5-exo
63c trans-64c

cis-64c

cis-64c-H trans-64c-H

Scheme 3.7. Competition kinetic studies of the 5-exo cyclisation of the 1-isopropyl-5-hexenyl radical
63c¢ and reduction through hydrogen abstraction from -BuSH.

The experimental data are provided in Table 3.7 and the plot to determine the kc/ky is

shown in Figure 3.7.
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Table 3.7. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 1-

isopropyl-5-hexenyl radical (63c¢) at 24 + 1 °C.[2H"]

[+~BuSH]  1/[-BuSH]
Solvent cis/trans [64¢c-H]/[63c-H]
(M) M)

t-BuPh 0.2 5 2.82+£0.02  0.180 = 0.004
0.18 5.6 2.81£0.03 0216+ 0.004

0.16 6.3 2.93+£0.12  0.243+0.006

0.14 7.1 2.88+£0.05  0.277+0.002

0.12 8.3 2.90+0.08  0.324+0.006

0.1 10 2.88+£0.03  0.383=0.009

[EMIm][NTf,] 0.2 5 2.84+£0.05  0.108 = 0.002
0.18 5.6 2.82+£0.08  0.115+0.002

0.16 6.3 2.82+£0.02  0.126+0.001

0.14 7.1 2.96+£0.08  0.139+0.003

0.12 8.3 2.87+£0.04  0.167 £0.003

0.1 10 2.78£0.07  0.196 =+ 0.001

I Errors represent deviation from the average of three experiments. (0] [62¢] = 0.1[#~-BuSH].

[64c-H] / [63¢
o
(V)

R>=0.99
kelky = 0.04 = 0.003

R2=0.99

kclk,, = 0.018 + 0.001

8 9

1/[-BuSH] (M)

¢ ~BuPh E[EMIm]INTS]

10 11

Figure 3.7. Dependence of [64¢c-H]/[63¢c-H] on ~-BuSH concentration at 24 = 1 °C for the cyclisation

of the 5-hexenyl radical 63¢ and reduction through hydrogen abstraction from #-BuSH. Uncertainties

are calculated from the linear regression (20).
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According to the data presented in Table 3.7, the cis/trans ratio remained constant at
24 + 1 °C within the experimental error, with the average of (2.9 + 0.1) in ~-BuPh and
(2.8 £0.1) in [EMIm][NTf,]. This finding indicates that the stereoselectivity of the 5-
exo cyclisation of radical 63c¢ at room temperature is not affected by the nature of the

solvent.

The ratio of the rate constants (kc/ky) is (3.9 £ 0.3) x 107 in -BuPh and (1.8 + 0.1) x
107 in [EMIm][NTf,] at 24 + 1 °C. The 5-exo cyclisation rate coefficient of k¢ = (7.5
+0.1) x 10° s in [EMIm][NT£] is calculated, which is about two times faster than
the cyclisation rate coefficient in +~BuPh (k¢ = (3.1 £ 0.2) x 10’ s) (Table 3.9).
Competition experiments at elevated temperatures are presented in Table 3.8. The plot

to determine the Arrhenius parameters is shown in Figure 3.8.

Table 3.8. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 1-

isopropyl-5-hexenyl radical (63¢) at different temperatures.[*°H!

Solvent T/°C cis/trans [64c-H]/[63¢-H]
t-BuPh 25 2.82+£0.02 0.180 £ 0.004
35 2.78 £0.02 0.219+0.013
40 2.77+£0.03 0.226 +£0.001
50 2.72 £0.04 0.248 +£0.004
55 2.68 £0.02 0.280+0.011
[EMIm][NTf] 25 277007  0.196 % 0.001
35 2.71 £0.05 0.341 £0.078
40 2.66 £0.02 0.367 £0.031
45 2.59+£0.06 0.373 £ 0.026
58 2.51£0.01 0.520+0.031
70 2.30+0.15 -

Bl Error represents deviation from the average of three experiments. (o] [62¢] = 0.01 M. ! [~-BuSH] =

0.1 M.
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Figure 3.8. (In (kc/ky)) vs.1/T for the ring closure of the 5-hexenyl radical 63¢ in [EMIm][NTf,] and #-

BuPh (R = 8.314 kJ mol™). Uncertainties are calculated from the linear regression (26).

The values for AAS* of (30.8 + 8.5) J mol”" K™ and AAH* of (19.2 + 2.7) kJ mol
obtained in [EMIm][NTT;] are bigger than those in ~-BuPh that are AAS* of (14.7 +
22.0) J mol™ K! and AAH* of (12.8 + 7.1) kJ mol™ (Table 3. 6). This trend is similar
as for the radical 63a and 63b, indicating that the favourable entropy term is
responsible for cyclisation rate enhancement of radical 63c¢ in [EMIm][NTf;]
compared with in #BuPh. However, the large uncertainties in the activation
parameters for the cyclisation of radical 63¢ in both solvents, making it difficult to

confirm such a trend.

Table 3.9. Kinetic rate data for the 5-exo cyclisation of the 1-isopropyl-5-hexenyl radical (63c¢).

Solvent kclkg™ 9 ke (s AAS* P! AAH™!
cis/trans"™
x 107 x10° (Jmol' K" (kI mol™)

-BuPh 29+0.1 39+£03 3.1+£024 93+73 11.0+2.3

[EMIm][NTf,] 2.8+0.1 18+0.1 7.5+0.13 358+248  20.1+7.8

) Error represents deviation from the average of six experiments, at 24 = 1 °C. " Errors are from the fit
of the linear regression (20). ! Determined from the slope of the line in Figure 3.6, at 24 + 1 °C.
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3.2.4 Cyclisation of 1-+-butyl-5-hexenyl radical (63d)

The stereochemistry and influence of temperature on the cyclisation of 5-hexenyl
radicals bearing a bulky substituent at the radical centre has been controversial for
decades. As mentioned above, the preferential formation of the cis isomer in the 5-exo
ring closure of C-1 substituted alkenyl radicals has been established as early as in
1972."THowever, in 1992 Beckwith et al. reported that the ring closure of the #-butyl-
substituted radical 63d is frans-selective with a trans/cis ratio of 3:1 at 25 °C,*" and
the high steric hindrance caused by #-butyl substituent was believed to be the reason

of breaching the general stereoselectivity trend (Figure 3.9).1'>!9]

5-exo “
M Sexo_ .

63d cis-64d trans-64d

Figure 3.9. Cyclisation of the 1-#-butyl-5-hexenyl radical (63d).

Some years later, in 2005, Curran ef al. demonstrated that 1-z-butyl-5-hexenyl radical
(63d), like other C-1 substituted hexenyl radicals follows the general “1,2 cis
selectivity” rules in 5-exo radical cyclisations.”") However, the role of the solvent in
controlling the stereoselectivity of the ring closure of C-1 substituted S5-hexenyl
radicals still remains unclear. Beckwith published solvent effect data for 1-z-butyl-5-
hexenyl radical (63d) showing that the stereochemistry in the cyclised product
depended on solvent polarity, where the cis/trans ratio increased as the solvent
polarity increased from hexane or benzene to n-propanol. Similar solvent effects on
the stereoselectivity of other secondary radicals 68 and 69 (shown in Figure 3.10)

were not observed (Table 3.10).[""
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Figure 3.10. The 5-exo cyclisation of substrates 68 and 69.

Table 3.10. Cis/trans ratio for the 5-exo cyclisation of the substrates 68, 69 and 63d in different

solvents."
cis/trans
Radical Benzene or hexane DME! 1-propanol
68 1.0 0.9 0.9
63d 3.1 4.4 5.9
69 0.6 0.6 0.6

I Data taken from ref. [17]. [b]1,2-dimethoxyethane.

Furthermore, the computational methods employed in the study of Curran et al.
predict that the stereochemical outcome should follow the general “1,2 cis selectivity”
rules, also in the case of the 5-exo cyclisation of 1-t-butyl-5-hexenyl radical (61d).
However, there is disagreement between the activation energy differences for
formation of the cis and trans isomers, with the experimental value of AE, = 12.97 kJ
mol ™, being considerably higher than the 2.7 kJ mol” calculated using the
BHLYP/cc-pVDZ method. ' This discrepancy warrants to revisit the stereochemical
outcome of the 5-exo cyclisation of radical 63d and the effects of temperature and

solvent on the stereochemistry outcome of this radical.

For these experiments instead of using ~-BuPh as the organic solvent, the reaction of

radical 63d was performed in the likewise non-polar n-hexane, since the signals of
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cis-64d-H signal and #-BuPh overlapped in the GC. The competition kinetic
experiments were carried out at 24 + 1 °C to produce the uncyclised compound 64d-
H and cyclised compounds, cis-64d-H and trans-64d-H, as depicted in Scheme 3.8.
The same products were obtained in [EMIm][NTf,] as a reaction medium. The
product identification was performed similar to that outlined for the methyl and ethyl

substituted radicals and the masses of the products were confirmed by GC-MS.

/\/\/- ke /
= I +
5-exo
63d

cis-64d trans-64d

t-BuSHl ky t-BuSHl t-BuSHl

/\/\/\’<
+
63d-H cis-64d-H trans-64d-H

Scheme 3.8. Competition kinetic studies of the 5-exo cyclisation of 1-#-butyl-5-hexenyl radical (63d)
and reduction through hydrogen abstraction from ~-BuSH.

The experimental data are listed in Table 3.11 and the plot to determine the kc/ky is

shown in Figure 3.11.
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Table 3.11. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 1-z-butyl-

5-hexenyl radical (63d) at 24 + 1 °C.*H]

[~BuSH] 1/[+-BuSH]

Solvent cis/trans [64d-H]/[63d-H]

V) )

n-hexane 0.20 5.0 1.61 £0.05 0.109 +0.010

0.18 5.6 1.58 £ 0.02 0.123 £0.011

0.16 6.3 1.58 £ 0.01 0.131+0.013

0.14 7.1 1.56 £ 0.05 0.156 +0.022

0.12 8.3 1.58 £ 0.07 0.174 +0.010

0.10 10.0 1.56 £0.13 0.187 +0.020

[EMIm][NTT;] 0.20 5.0 1.71 £ 0.01 0.055 +0.002

0.18 5.6 1.73+£0.12 0.059 +0.001

0.16 6.3 1.73 £ 0.02 0.064 + 0.002

0.14 7.1 1.71 £ 0.04 0.072 +0.002

0.12 8.3 1.66 + 0.04 0.081 +0.001

0.10 10.0 1.67 +£0.03 0.093 +0.007

I Errors represent deviation from the average of three experiments. (o] [62d] = 0.1[#~-BuSH].

0.25
— 02 R>=0.96
% kelky = 0.016 +0.003
g 0.15
)
<
)
0.05 R2=0.99
0 k/ky; = 0.0078 + 0.001
3 4 5 6 7 8 9 10 1

1/[t-BuSH] (M)
© n-Hexane M[EMIm]|[NT,]

Figure 3.11. Dependence of [64d-H]/[63d-H] on ~-BuSH concentration at 24 £+ 1 °C for the cyclisation

of the 1-z-butyl-5-hexenyl radical 63d. Uncertainties are calculated from the linear regression (20).
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From the k¢/ky value of (1.6 + 0.3) x 10 obtained for the reaction of the radical 63d
in n-hexane, the 5-exo cyclisation rate coefficient of k¢ = (1.3 + 0.2) x 10° s is
calculated. In [EMIm][NTf,] a kc/ky value of (0.8 = 0.1) was obtained, leading to a
value of k¢ as (6.4 + 0.2) x 10° s”. It is apparent that radical 63d undergoes ring
closure slower than the less hindered radicals 63a, 63b and 63¢ in both [EMIm][NTf]
and n-hexane. The lower k¢ for radical 63d might be due to steric hindrance in the
transition state of the cyclisation process (Figure 3.12). Similar to the results obtained

for radicals 63a, 63b and 63c, the k¢ for the #-butyl substituted 5-hexenyl radical 63d

increased moving from n-hexane to [EMIm][NTT;].

/-

H

TS cis-64d

Figure 3.12. Transition structure for the ring closure of radical 63d.

According to the data provided in Table 3.11, the average of the cis/trans ratio
obtained as (1.6 £ 0.1) in n-hexane and as (1.7 = 0.1) in [EMIm][NTT;] indicates that
the stereoselectivity of the 5-exo cyclisation of the #-butyl-5-hexenyl radical at room
temperature is not affected by the nature of the solvent, consistent with those obtained
for the other C-1 substituted hexenyl radicals reported in this chapter. Furthermore, it
is obvious that the cyclisation of the #-butyl-5-hexenyl radical is cis-selective in both
solvents, however the cis selectivity is much lower than in the case of the less
hindered methyl, ethyl and isopropyl substituted 5-hexenyl radicals which are 3.8, 2.9
and 2.9 respectively in -BuPh. This finding indicates that the steric hindrance is a
main factor controlling the stereoselectivity of the alkyl substituted radicals and ¢-

butyl substituted 5-hexenyl radical 63d is not excepted.

For further insight into the factors affecting the rate and stereoselectivity of the
reaction, the experiments performed at various temperatures ranging from 25-80 °C.
The detailed kinetic data are provided in Tables 3.12 and the plot to determine the

Arrhenius parameter is shown in Figure 3.13.
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Table 3.12. GC results of the competition kinetic experiments for the 5-exo cyclisation of the 1-z-butyl-

5-hexenyl radical (63d) at different temperatures. ***Hc!

Solvent T/°C cis/trans [64d-H]/[63d-H]

n-Hexane 25 1.60 + 0.06 0.109+0.010
35 1.53+0.01 0.141 £ 0.005

45 1.46 +0.01 0.201 £0.012

55 1.40 +0.01 0.214 £0.014

75 1.38 £0.01 0.256 +£0.018

[EMIm][NTf] 25 1.67 = 0.03 0.097 £ 0.007
40 1.60 +0.01 0.129 £0.011

50 1.51 £0.02 0.192+0.018

60 1.52 £0.01 0.214 £0.013

70 1.41 £0.02 0.310 £ 0.009

80 1.39 £0.01 0.361 £0.021

Bl Error represents deviation from the average of three experiments. (e} [62d] = 0.01 M. [ [~-BuSH] =

0.1 M.
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Figure 3.13. a: (In (kc/ky)) vs.1/T and b: (In (keis/kipans)) vs.1/T for the ring closure of the 5-hexenyl
radical 63d in [EMIm][NTf,] and #~BuPh (R = 8.314kJ mol'l). Uncertainties are calculated from the

linear regression (20).

Relative activation parameters were determined by measuring k¢/ky for the reaction of
63d in each solvent over the 25-80 °C temperature range. The values for AAS* of
(34.0 £ 9.1) T mol™ K" and AAH? of (21.8 + 3.0) kJ mol™ obtained in [EMIm][NTf]
are bigger than those in n-hexane that are AAS* of (21.1 + 21.2) I mol™ K" and AAH*
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of (15.5 + 6.8) kI mol™ (Table 3.13). This trend is similar as for the radicals 63a, 63b

and 63c¢, which described above.

Looking at the temperature profile of the different mode of cyclisation of radical 63d
in Figure 3.13.b, reveals that the stereoselectivity of radical 63d is similar in both n-
hexane and [EMIm][NTf,] and it does not display any solvent dependence.
Apparently, for radical 63d, with the large steric effect, the influence of the solvent on

the stereochemical outcome of the reaction becomes negligible.

Table 3.13. Kinetic data for the ring closure of 5-hexenyl radical 63d.

Solvent kclkg™ e ke(sT AASH! AAH* !
cis/trans™
x 107 x10° (mol' K" (kI mol™)

n-Hexane 1.6+ 0.1 1.6+0.3 1.3+£02 21.1+21.2 15.5+6.8

[EMIm][NT;] 1.7+0.1  08+0.1 64+02 340+9.1  21.8+3.0

[ Error represents deviation from the average of six experiments, at 24 = 1 °C. ! Errors are from the fit
of the linear regression (20). ') Determined from the slope of the line in Figure 3.11, at 24 + 1 °C;
errors are 2c.

Linear regression over the temperature range of 25 °C to 80 °C of the cis/trans ratio at
several temperatures provided the values for the differences in the activation energies.
The kinetic data are shown graphically in Figure 3.13.b. Based on the experimental
data reported in this section, the differences of the activation energies for formation of
the cis and trans isomers in the 5-exo cyclisation of the 1-#-butyl 5-hexenyl radical

(63d) in n-hexane can be calculated as 2.7 kJ mol™.
AE,= Slopex8.314x10~ kJ mol’’

AE,=328%x8.314x107=2.7 k] mol™

Indeed, the origin of the discrepancy between the previous experimental studies,*”!

and the one in this work is not clear. However, the experimental values obtained in
this work are consistent with the theoretical outcome reported in the literature using

BHLYP/cc-pVDZ method which is 2.7 kJ mol™.['”]
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3.3 Tandem radical cyclisations

Having established that 5-exo radical cyclisations can be successfully performed in
ionic solvents and with similar stereoselectivities than in organic solvents, a tandem
radical cyclisation of 1-propargyl-5-hexenyl radical (71) was explored (Scheme 3.9).
This radical was chosen because the corresponding PTOC radical precursor is readily
available in few synthetic steps and also because the additional alkyne moiety on the
structure of the radical 71 enables the reaction to proceed through two consecutive 5-

exo cyclisations to generate bicyclic alkenes 73.

1st cyclisation

—_—
t-BuSH
trans-72-H cis-72-H
2nd cycllsatlon
t-| BuSH

trans-73-H cis-73-H

Scheme 3.9. Tandem radical cyclisation of 1-propargyl-5-hexenyl radical 71.

3.3.1 Synthesis of the radical precursor 70

Scheme 3.10 outlines the synthesis of acid 75 and PTOC ester 70. Diethyl 5-hexenyl-
1,1-dicarboxylate (46) was alkylated with propargyl bromide in anhydrous DMF,
using sodium hydride as the base. Compound 74 was obtained in 75% yield after
column chromatography. Subsequent saponification and decarboxylation provided the
propargyl substituted monoacid 75 in 75% yield. The "H NMR spectrum showed a
triplet of acetylenic proton at 2.02 ppm, one doublet of doublet of doublet proton at
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2.43 ppm and another one at 2.54 ppm, which are assigned to the two chemically non-

equivalent hydrogen atoms attached to C-3.

Coupling of monoacid 75 to provide PTOC ester 70 in 50% yield was achieved

Blas described in Section 2.2.1. 'H

following the literature procedure (Scheme 3.10),!
NMR data analysis in C¢Ds showed the four aromatic hydrogen atoms at 5.4, 6.0, 6.4
and 7.4 ppm, with the rest of the spectra being similar to those of the corresponding
monoacid 75. The high-resolution mass spectrometry of 70 featured a peak at m/z

276.10538 consistent with the molecular formula of 70 (C,sH;sNO;S).

CO,Et 1.1 equiv. NaH EtO,C CO,Et CO,H

7)\ 20 ml DMF 3equiv.KOH 5
5 co,et

pz g
> ZE i Z
P A EtOH/H,0 6/ 3 4 2 !
7

Br\// 4 A 8
46 75
75% 75%
S S
CO,H
P HO DMAP (catalytic amount), O (o)
W,, N 1.1 equiv. DCC /\va\ N
; | -
N
75 X CHCl, 25 R
51
70

50%
Scheme 3.10. Synthesis of the PTOC ester 70.

3.3.2 Product assignment

Product assignment of this reaction was performed by GC analysis of the crude
reaction mixture, since the anticipated products are very complex and difficult to
access. Also, preparative separation of the products by column chromatography or

HPLC was impossible due to the lack of a UV chromophore in these compounds.

The experiments were performed first in n-hexane at 80 °C, where at least 6 major
products were obtained. Scheme 3.11 illustrates the generation of the by-product
produced in PTOC-thiol experiments from the reaction of the thiyl radical (+-BuS")

with the PTOC ester 70 in a radical propagation step.”*”
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Scheme 3.11. Generation of the by-product 76 when the thiyl radical reacts with PTOC esters.

Therefore, the product at Ry = 16.7 min can be assigned as the by-product 76. The
assignment of the other products was made by variation of [-BuSH], where
increasing concentrations of the thiol results in trapping of early radical intermediates.
At very high thiol concentration ([--BuSH] = 10 eq.) the product with the lowest
retention time (R; = 4.35 min) was the most dominant peak, which was, therefore,
tentatively identified as the directly reduced product 71-H. Lowering [¢~-BuSH]
resulted in increasing signal intensities at Ry = 4.57 min and R; = 5.33 min, which
were assigned as the monocyclic products trans-72-H and cis-72-H (Scheme 3.9). In
addition to this, two products at R(=5.79 min and R;= 6.26 min were detected, which
had their highest intensity at low thiol concentrations ([+-BuSH] = 1 eq.). Because of

the high cis-selectivity of such 5-exo cyclisations,!®"”]

the more abundant product at
Ri{= 6.26 min was assigned as cis-73-H, whereas the less abundant product at R, =

5.79 min was tentatively attributed to trans-73-H.

The assignment of cis-73-H was further confirmed by performing the reaction in
CeDs at 90 °C wusing 1 equivalent of #+-BuSH (Scheme 3.12). Performing the
experiments at higher temperatures increases the 5-exo cyclisation rate constants, as
described in Chapter 2, enabling the reaction to proceed faster through two
consecutive 5-exo cyclisation to generate bicyclic compounds cis-73-H as the major
product. Under these conditions two major peaks appeared in the GC of which the
product at R; = 6.26 min can be assigned as cis-73-H and the product at R; = 16.7 min

can be assigned as the by-product 76, which was described above.
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Scheme 3.12. Cyclisation of 1-propargyl-5-hexenyl radical (71) in C¢Dg at 90 °C.

Additional analysis of the reaction mixture using DEPT “C NMR spectroscopy
further supported this assignment. The sp>-CHj signal at 105.1 ppm and a quaternary
carbon at 153.2 ppm could be identified, which correspond to the vinylic carbons (-
C=CH,) of the exocyclic alkene moiety in cis-73-H. The three aliphatic methylene
carbon signals appear at 40.4, 34.1 and 25.9 ppm, whereas a signal at 48.4 could be
assigned to the quaternary aliphatic carbon at the ring fusion in cis-73-H. The by-
product 76 features the aromatic CH at 149.1, 135.9, 119.8 and 119.0 ppm, the
quaternary C-S carbon at 162.0 ppm and the ¢-butyl group at 29.5 and 18.9 (from cis-
73-H) ppm (Figure 3.14 and 3.15)

C NMR (500 MHz, C¢Dg): 162.0, *153.2, 149.1, *135.9, 119.8, *119.0, **105.1,
48.4,42.2, **40.4, **34.1, 29.5, **25.9, 18.9 ppm.

* = CH carbons (all from 76); 149.1, 135.9, 119.8, 119.0 ppm.
** = CH, carbons (all from cis-73-H); 105.1, 40.4, 34.1, 25.9 ppm
*#% =CHj3 carbons: 29.5 (from 76), 18.9 (from cis-7) ppm.

*a%%k =C carbons: 162.0 (from 76), 153.2 (from cis-7), 48.4 (from 19), 42.2 (from cis-
73) ppm.

118



|
T
& &
VAR ANAN

cis-73-H

CH3 carbons

CH2 carbons l

' 1\~

CH carbons

e e

All carbons |

ppm

Figure 3.14. DEPT C NMR spectra of the reaction mixture resulting from cyclisation of 1-propargyl-

5-hexenyl radical (71) in C¢Dg at 90 °C.
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Figure 3.15. C NMR(500 MHz, C¢Ds) of the reaction mixture resulting from cyclisation of 1-
propargyl-5-hexenyl radical (71).

Obviously, cis-73-H is the product of two consecutive cis selective 5-exo cyclisations
(first cyclisation to the alkene, followed by cyclisation to the alkyne), which could be
formed in [EMIm][NTT;], although the yield was slightly lower than that obtained in
n-hexane (37% vs. 45%, determined by GC from the relative peak areas). The major
by-product 71-H resulted from direct reduction of 71. The by-procucts from reduction
of the radical intermediate after the first cyclisation produced cis-72-H and trans-72-

H with less than 20% (GC) (Scheme 3.13).
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trans-72-H cis-72-H

n-hexane: 12% (GC) n-hexane: 19% (GC)
[EMIm][NTf,]: 17% (GC) [EMIm][NTf,]: 18% (GC)

5-exo
(2x)
—_—

t-BuSH

trans-73-H cis-73-H

n-hexane: 1% (GC) n-hexane: 45% (GC)
[EMIm][NTf,]: 4% (GC) [EMIm][NTf,]: 37% (GC)

Scheme 3.13. Tandem radical cyclisation of 5-hexenyl radical 71.

3.4 Summary
In order to explore the role of steric effects on the rate and stereo-selectivity of the 5-

exo radical cyclisation in ionic liquids, the reactions of the secondary 5-hexenyl

radicals 63a-d have been studied.
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It is obvious that the 5-exo cyclisation proceeds with similar cis-selectivity in both
[EMIm][NTT;] and in the organic solvent at ambient temperature. As expected, due to
unfavorable interactions in the transition state, the cis-selectivity decreases with

increasing size of the C-1 substituent in both solvent systems.

Furthermore, it has been found that ionic liquids enhance the rate of the cyclisation of

the secondary radicals similar to primary radicals.

Also, considerable 5-exo cyclisation rate enhancements (compared to the direct
reduction) have been observed by increasing the temperature in [EMIm][NTT;],
whereas in 7~-BuPh the temperature effect on kc/ky was only small. The faster
cyclisation at elevated temperatures is likely due to a decrease of the viscosity of
[EMIm][NTf;], which increases radical mobility and facilitates the conformational
changes required for successful radical cyclisations. Therefore, one can conclude that
solvent viscosity is one of the main factors responsible for the different relative

kinetic data obtained in the IL, compared to conventional organic solvents.

Analysis of the activation parameter showed that the values of AAS* were larger in
[EMIm][NTf;] in comparison with organic solvent for all secondary radicals,
Therefore, with the assumption that the activation entropy and enthalpy for HAT is
the same in both solvents, one can conclude that entropy changes of the secondary 5-
hexenyl radical for cyclisation is more favoured than hydrogen atom transfer in
[EMIm][NTf;] compare to organic solvent. Suggesting [EMIm][NTf,] ordering about
the starting material, to greater extent than that observed in ~-BuPh. Also, the values
of AAH* were observed to be larger in [EMIm][NTT;] in comparison with organic
solvents, which mean larger value of AHc¢ compare to AHy in [EMIm][NTL].
Therefore, one can conclude that either the energy barrier of the T.S for the
cyclisation is higher or for the hydrogen atom transfer is lower in [EMIm][NTf]

compare to organic solvent that caused larger AAH* in [EMIm][NT£].
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4  Miscellaneous reactions: Intramolecular
homolytic substitutions, S5S-exo alkoxy radical
cyclisations and intermolecular homolytic addition to

alkenes

4.1 Intramolecular homolytic substitution

Intramolecular homolytic substitution chemistry provides a versatile method for
accessing heterocyclic compounds.!"! In particular, selenium-containing cyclic
systems, which are interesting targets in medicinal chemistry, can be conveniently
synthesised through intramolecular homolytic substitution of C-radicals at selenium.™
While kinetic data for a series of intramolecular substitutions of primary alkyl radicals

2 . . .
2] ho such investigations have

at selenium have been recently determined in benzene,
been performed in ILs. The results from the competition kinetic experiments in the
previous chapters, which revealed accelerating effects on 5-exo radical cyclisations in
[EMIm][NTf;], suggest that similar behavior could also be found in intramolecular
homolytic substitutions. Since the rate coefficient for the homolytic substitution of
radical 78 in benzene is known, this radical was chosen as a candidate to explore the

intramolecular homolytic substitution chemistry in [EMIm][NT£,].>

Scheme 4.1 shows the generation of the radical 78 from the PTOC ester 77 in the
presence of #-BuSH. Intramolecular homolytic substitution leads to formation of
tetrahydroselenopyran (79) with the release of #-Bu, which competes with the direct

reduction to the selenoether 78-H.
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t-BuSHl ky

Sl
78-H

Scheme 4.1. Generation of the Se-containing radical 78 and competing reactions through reduction to
78-H and cyclisation to 79 through homolytic substitution.

4.1.1 Synthesis of the PTOC ester 77 and pentamethylene selenide (79)

as reference compound

The PTOC ester 77 was obtained by reacting the Se-containing carboxylic acid 80
with N-hydroxypyridin-2-thione (53), as described in Section 2.2.1 (Scheme 4.2).
Synthesis of the carboxylic acid 80 was performed as described previously.”) 'H
NMR data analysis in C¢Ds showed the four aromatic hydrogen atoms at 7.4, 6.5, 6.0
and 5.4 ppm and a triplet of the methylene protons a to the carboxyl group at 2.4 ppm

and a singlet of the 9 protons of three chemically equivalent methyl groups at 1.3

The HRMS of 77 featured a peak at m/z 362.0696 [M + H]" consistent with the
molecular formula C;sH,3NO,SSe, further supporting successful synthesis of this
PTOC ester 77.
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Scheme 4.2. Synthesis of the PTOC ester 77.

The reference compound #-butyl pentyl selenide (78-H) was prepared as described
previously” using 1-bromohexane, sodium borohydride and bis-(z-butyl) diselenide

in anhydrous ethanol in 65% yield (Scheme 4.3).

>L Se 2 equiv. NaBH, >L
Br% ¥ Se K - se TS

EtOH

78-H
65%

Scheme 4.3. Synthesis of the #-butyl pentyl selenide (78-H).

Pentamethylene selenide 79 was prepared as authentic sample following the literature

" using two equivalents of NaBH,, elemental selenium, six equivalents of

procedure,
EtOH and 1,5-dibromopentane in DMF as a colourless liquid in 26% yield (Scheme

4.4).

2 equiv. NaBH,4
Br 6 equiv. EtOH
Se +HB|-/\MZ ®

Se
DMF
79

26%
Scheme 4.4. Synthesis of the pentamethylene selenide (79).

Competition kinetic studies were performed in a similar way to those used for the 5-
exo radical cyclisations outlined in Chapter 2, by measuring the product ratio
[79]/[78-H] to determine kc/ky. Because of the polarity of the products, quantitative
extraction from the ionic-liquid phase was achieved by using a mixture of ethyl
acetate and diethyl ether (as described in Chapter 2). In all experiments the amount of

[EMIm][Ntf;] (1 ml, 3.88 mmol) was much larger than [~-BuSH] (11 pL, 9.8 x 107
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mmol), under these conditions dilution of the ionic liquid by the reagent can be

excluded (yIL = 1).

The results of the competition experiments in [EMIm][NTf;] and the literature data

for the reaction in benzene

[2¢]

are compiled in Table 4.1. The plot to determine the

Arrhenius parameter is shown graphically in Figure 4.1.

Table 4.1. GC results of the competition experiments for the intramolecular homolytic substitution of

the radical 78 at different temperatures. /"¢

[79]/]78-H] kclky kclkg™
T/°C
x 107 x 1073 x 107
in [EMIm][NTf;] in Benzene

24 3.29+0.34 3.29+0.34 2.5
59 7.01 +0.55 7.01 +0.55 53
81 12.60 + 0.41 12.60 + 0.41 7.8
100 2470+ 047  24.70 +£0.47 11.3

I Errors represent deviation from the average of three experiments. (o] [77] = 0.01 M. ! [~-BuSH] = 0.1

M. ' Data from ref. [1].

3
35
4 _ (AAHH)R = -2843.7
AASHR = 3.8
I3 R2=0.97
R
=
= 55
- (AAHH)R = -2173.5
-6 AASHR = 1.3
6.5 R>=0.99
7
0.0024 0.0026 0.0028  0.003  0.0032
1/T (K™
®[EMIm][NTf,] ™ Benzene

0.0034

Figure 4.1. (In (kc/ky)) vs.1/T for the homolytic substitution of radical 78 in [EMIm][NTf;] and

benzene (R = 8.314J K™ mol™). Uncertainties are calculated from the linear regression (20).
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The data in Table 4.1 suggest that an increase in temperature leads to acceleration of
the intramolecular homolytic substitution in [EMIm][NTf,] much more than in
benzene. This finding can be rationalised by the lower viscosity of [EMIm][NTf,] at
higher temperatures, which enables the conformational changes required for the

cyclisation. '

In [EMIm][NTf] a (kc/ky) value of (3.3 £ 0.7) x 10” was obtained, which reveals a
rate coefficient for the homolytic substitution of k¢ = (1.4 + 0.2) x 10° s (using the
value for the reduction of primary alkyl radicals by #-BuSH of kz = (4.1 £ 0.1) x 10’
M s determined in Chapter 2). Compared to the literature value for k¢ in benzene (2
x 10* s), this result clearly shows that the ionic liquid leads to a rate enhancement by
one order of magnitude (Table 4.2). Whilst the large uncertainties prevents
identification the origin for the rate enhancement, it is likely that the increased
entropy of activation is due to [EMIm][NTf;] ordering about the starting material 78,
to greater extent than that observed in #-BuPh, similar to those described for the 5-exo

cyclisation of 63a in the previous chapter.

Table 4.2. Kinetic data for the homolytic substitution of the radical 78 in benzene and in

[EMIm][NT£]. P!

keclken AAS? AAH?
Solvent ke (s

x 107 (Jmol' K" (kI mol™)
Benzene n.d. 2.0 x 10*¢] 109+23  18.1+0.8

[EMIm][NTf,] (3.3+0.7)  (14+0.1)x10°"  312+183 23.6+6.1

B Errors are 28. ™ Conditions: [~-BuSH]/[77] = 10. ' Data from ref. [2a]. ¥ not determined. ' Single-
concentration experiment at 24°C, error represents deviation from the average of multiple experiments.
[ Using ky = (4.1+0.1) x 10’ M 5™ determined in Chapter 2.

4.2 Alkoxy radical cyclisations

In contrast to the alkyl radicals studied in previous chapters, alkoxyl radicals, RO’, are
strongly electrophilic species. It was therefore interesting to explore whether their
reactivity is impacted when the reactions are performed in [EMIm][NTT;]. Alkoxy

radicals 82a and 82b (Scheme 4.5) were used to study the 5-exo cyclisation chemistry
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of alkoxy radicals in [EMIm][NTf;]. These radicals were chosen because (i) the
corresponding PTOC radical precursors are readily available in few synthetic steps
and (ii) because the reaction is expected to produce small molecules that could be
detected by GC chromatography (see Scheme 4.5). Furthermore, the kinetic rate data

for the 5-exo cyclisation of radical 82a are known in -BuPh.!”

To that end 81a and 81b were synthesised as precursors for the alkoxyl radicals 82a
and 82b, respectively (Scheme 4.5). The competition kinetic studies were then carried
out, similar to those described in previous chapters. It should be noted that, due to the
polar nature of the products, extraction from the [EMIm][NTf,] phase was achieved
using a mixture of ethyl acetate and diethyl ether (as described in Chapter 2).

R
o
/\)\/ ~ N AN
L
81 s a:R=H
b: R=Et
hv
t-BuPh or
[EMim][NTf,]
R (o)
/\)\/d o *
—_—
/ Y
R
82 cis-83 trans-83
t- BuSHlk,., t-BuSH t-BuSH

~Ln b

cis-83-H trans-83-H

Scheme 4.5. Generation of the alkoxy radicals 82 and competing reactions through reduction to 82-H
and 5-exo cyclisation to cis-83 and trans-83.

This section describes the synthesis of the radical precursors 8la-b and of the
authentic samples 82a-H and 82b-H, which were required to identify the product

peaks in the gas chromatograms.

The PTOC ester 81a was obtained following the literature procedure (Scheme 4.6),"!

by reacting tetracthylammonium pyridine-2(1H)-thione N-oxide (85) with pent-4-enyl
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methane sulfonate 84 in DMF to obtain PTOC ester 81a in 41% yield after column
chromatography. The "H NMR spectrum in C¢Dg showed four aromatic signals at 5.6,
6.0, 6.6 and 7.5 ppm. The spectrum showed the vinylic protons as two multiplets and
one triplet at 4.9 and 4.2 ppm, respectively.

“NEt, o
. /\/\/ ~
0\\//0 °\N N DMF Z N™ S
NN N )‘:) 7 7
/ S
)
84 85 81a

41%

Scheme 4.6. Synthesis of the PTOC ester 81a.

Scheme 4.7 outlines the synthesis of precursor 81b. Commercially available n-butyric
acid (86) was first alkylated with allyl in anhydrous THF, using two equivalents of
LDA as the base. The obtained acid 87 was reduced to the alcohol 82b-H using two
equivalents of LiAlH4 The alcohol 82b-H was mesylated using mesyl chloride to
give 2-ethylpent-4-enyl mesylate (88), which was then treated with
tetracthylammonium pyridine-2(1H)-thione N-oxide in DMF to obtain N-(4-pentenyl-
2-ethyl-1-oxy) pyridine-2-(1H)-thione (81b) in 56% yield. The '"H NMR spectrum
showed four aromatic signals at 7.4, 6.6, 6.0 and 5.6 ppm and a doublet of the a-
methylene protons at 4.0 ppm.

(0] 2 equiv. LDA, o 2 equiv. LiAlH,
THF THF X
/\)]\ —_— = X on————> \/\/\OH MSCl
OH A~ PBr Reflux Et  —
86 Et CH,CI,
87 82b-H

Scheme 4.7. Synthesis of the PTOC ester 81b.
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Competition kinetic studies were performed in a similar way to those used for the 5-
exo radical cyclisations outlined in Chapter 2. The reaction of the unsubstituted
alkoxyl radical 82a was performed in ~BuPh with #~BuSH as the hydrogen atom
donor to form the cyclised product 83a-H and uncyclised alcohol 82a-H, as
confirmed by GC using commercially available authentic samples purchased from
Sigma Aldrich. In all experiments the amount of [EMIm][NTf;] (1 ml, 3.88 mmol)
was much larger than [+-BuSH] (11 pL, 9.8 x 10" mmol), excluding dilution of the

jonic liquid by the reagent as a feature that must be considered (yIL = 1).1*!

Unfortunately, accurate product ratios could not be obtained because the GC signals
of 82a-H and #-BuSH partially overlapped. Using the heavier #-nonanethiol or ¢-
dodecanethiol as hydrogen donor enabled separation of the product signals by GC in
t-BuPh. However, due to insolubility of both z-nonanethiol and #-dodecanethiol in
[EMIm][NTf;], competition kinetic studies could not be performed in this ionic

liquid.

The complications arising from overlapping GC signals could be remedied through
the use of an alkoxyl radical with a higher molecular mass, which would increase the
retention time in the GC. Therefore, the ethyl-substituted alkoxyl radical 82b, which
was obtained by irradiating the precursor 81b in the presence of /~-BuSH, was then
attempted. This reaction led to formation of three major products that did not overlap
with any of the by-products and starting materials in the GC, allowing to obtain the

accurate kc/ky ratio.

Three major products were detected in the GC analysis of the reaction (see Scheme
4.7); the reduced alcohol 82b-H was identified by comparison with an authentic
sample, whereas the two remaining products were assigned to be the stereoisomeric
2,4-disubstituted tetrahydrofurans cis-83b-H (major) and trans-83b-H (minor) on the
basis of literature data, which show that pB-alkyl-substituted alkoxyl radicals undergo

5-exo cyclisation with high cis-selectivity.

The results of the competition
experiments in ~-BuPh and [EMIm][NTf,] are compiled in Table 4.3. The plot to

determine the Arrhenius parameter is shown in Figure 4.2.
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Table 4.3. GC results of the competition kinetic experiments for the 5-exo cyclisation of the alkoxyl

radical 82b at different temperatures.[*H*Hc]
kclky
Solvent T/°C cis/trans [83b-H]/[82b-H] 10
t-BuPh 24 3.40+0.01 10.58 £0.25 529+1.2
35 3.35+0.02 10.61 £0.38 580+1.8
40 3.37+0.01 11.28 £0.24 564+1.2
45 3.30+0.01 12.09 +£ 0.52 60.4+2.6
50 3.36 £ 0.01 12.14 + 0.61 60.7+0.7
[EMIm][NT£] 24 3.07 +0.01 7.87£0.29 304+14
35 3.00+0.01 8.05+0.09 40.3£0.5
40 2.98 +0.01 8.14 £0.58 40.7+29
45 2.93+0.01 8.40+0.93 42.0=+0.5
50 2.91+0.02 8.43+0.12 42.2+0.6
70 2.75 £0.01 9.00 +£0.85 45.0+£4.3

] Errors represent deviation from the average of three experiments (20). I 81b] = 0.005 M. [ [1-

BuSH] = 0.05 M.

0
- (AAHH)R = -502.93
(AASHR = 1.1
R2 = (.86
305 G—@\N\@
3
z E\E"EEE\Q
£ 0] -aAHYR=-304.78
(AASH)R = 0.08
R2=0.97
1.5
0.0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034
1/T (K™

¢ BuPh BE[EMIm][NTf]

Figure 4.2. (In (kc/ky)) vs.1/T for the ring closure of the alkoxy radical 82b in [EMIm][NT;] and #-

BuPh (R = 8.314 kJ mol™). Uncertainties are calculated from the linear regression (26).
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The data in Table 4.4 show that the cis/trans ratio almost remained constant in both
solvents at 24 °C, which is (cis/trans = 3.1) in [EMIm][NTf,] and (cis/trans = 3.4) in
t-BuPh.

As expected, the alkoxyl radical 82b undergoes rapid 5-exo cyclisation in ~BuPh,!”!
as reflected by a value of k¢/ky of 52.9 x 10%at24 + 1 °C, which is about one order
of magnitude higher than that for the 5-hexenyl radical (k¢/ky = (2.1 £ 0.3) x 107 see
Chapter 2). The kc¢/ky value obtained for the reaction of 82b in [EMIm][NTf;] is
39.4x107%, which is 25% less than that of in ~~-BuPh (Table 4.4). Because ky for the
reduction of alkoxyl radicals by ~-BuSH in both the organic solvent and in the ionic
liquid was not available, it was impossible to obtain k¢ for the cyclisation of the
alkoxy radical. However, based on the findings for the alkyl radicals, it is reasonable
to assume that ky from ~-BuSH to oxygen-centred radicals, i.e., RO" + ~-BuSH —
ROH + #-BuS’, should be faster in [EMIm][NTTf;] than in -BuPh. Therefore, the data
suggest that [EMIm][NTTf,] leads to increase of the 5-exo cyclisation of the oxygen-
centred radicals more than the 5-exo cyclisation of the carbon-centred radicals. (The
reduction of the value of k¢/ky of carbon-centred radicals was up to 50% less in ionic
liquid comparing to organic solvent, while this value is about 25% for the alkoxyl

radical).

The values for AAS* of (0.7 + 1.3) J mol" K and AAH* of (2.5 + 0.4) kJ mol
obtained in [EMIm][NTf,] are within error similar to those in the conventional
organic solvent that are AAS* of (8.8 + 6.3) J mol” K™ and AAH* of (4.2 + 2.0) kJ
mol” (Table 4.4). Since the kinetic measurements have shown that the cyclisation rate
coefficient is higher in the ionic liquid, this finding suggests changes in the activation
parameters of both hydrogen atom transfer and cyclisation processes that lead to small
changes in the relative kinetic data, which prevents the origin of the rate enhancement

being determined.
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Table 4.4. Kinetic data for the 5-exo cyclisation of the alkoxy radical 82b.1"

kclkey™ AASH! AAHF
Solvent cis-83b-H/trans-83b-H'™
x 107 (Imol'K") (kJmol™)

t-BuPh 34+0.1 529+1.2 8.8+6.3 42+2.0
[EMIm][NTH] 3.1+0.1 394+15 07+13 25+04
I Conditions: [+~-BuSH]/[81b] = 10. ®I Errors represent deviation from the average of three

experiments at 24 + 1 °C. [ Errors are from the fit of the linear regression (20).

4.3 Intermolecular addition of alkyl radicals to alkenes

The free radical polymerisation is the most important industrial application of free
radical chemistry in organic synthesis. This reaction enables the synthesis of
macromolecular carbon chains by addition of alkyl radicals to alkenes. Previous
works'™ indicated that alkyl radicals are more reactive with electron deficient alkenes
(i.e., acrylic monomers) than with electron rich alkenes (styrene). In order to explore
the effect of an IL solvent on intermolecular alkyl radical additions, the rate constant
for the intermolecular radical addition onto electron-deficient alkenes including

methylacrylate (MA) and methyl methacrylate (MMA) was determined.” "

To that end the reaction of the 3-phenylpropyl radical (90) to vinyl monomers (i.e.,
MA and MMA) will be studied in this section (Scheme 4.8). This radical was chosen
because the corresponding precursor, PTOC-ester 89, is synthetically readily
available. Also the anticipated products produced through the direct reduction and of
the first and second addition reactions can be detected by GC-MS analysis (see

Scheme 4.8).

This experiment uses two bimolecular competing reactions, of which one reaction has
a known rate constant (the rate constant for the hydrogen atom transfer from #-BuSH
to primary alky radical (kz) in organic solvents,'”! and in [EMIm][NTf,], which
determined in Chapter 2). The reaction was performed under pseudo-first order
conditions where the concentration of alkene and #BuSH are in large excess

compared to the concentration of radical precursor 89 (i.e., at least 10 equivalents).
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Scheme 4.8 outlines a competition kinetic experiment in which the bimolecular
radical addition of 3-phenylpropyl radical (90) to an electron deficient alkene to give
91-H (rate constant k,q;) competes with the bimolecular trapping of 3-phenylpropyl
radical (90) (rate constant kz) by ~-BuSH to produce 90-H. Theoretically, a mixture of
higher oligomers should be produced in this reaction, but in practice the &y ((8.0
0.3) x 10° M s in THF at 25 °C)!'¥ is larger by one order of magnitude than the
addition rate constant ks (6.2 X 10° M s in neat MA at 25 °C)[13], so that the

formation of products arising from further addition reactions of radical 92 is

negligible.
S
0\N
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Benzeneor

[EMIM][NTF,]

t-BuSH
— a:R=H

b : R=Me

CH2020H3 t-BuSH COZCH;;
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CO,CH;
COCHs (1 ByusH R
e
CO,CH,4 ke ©/\/\ CO,CH;
92-H

Scheme 4.8. Generation of the 3-phenyl propyl radical 90 and competing reactions through reduction
to 90-H and addition to alkene to produce 91-H and 92-H.

Under these conditions, the product distribution provides the ratio of the rate

constants for two biomolecular processes via equation 1.

137



(1) ([91-H]+[92-H])/[90-H]=k.qa/ky * [alkene]/[-BuSH]

More details are given in the following sections.

4.3.1 Intermolecular addition of 3-phenylpropyl radical (90) to
methylacrylate (MA)

Scheme 4.9 illustrates the competition experiments that occur under the conditions
when alkyl radical 90 was generated in the presence of 10 equivalents of ~-BuSH and
variety of MA concentrations with [MA]/[-BuSH] ranging from 2-6.6 (MA was

purchased from Sigma Aldrich and the stabiliser was removed by column

purification).

S
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92 92-H

Scheme 4.9. Generation of the 3-phenyl propyl radical (90) and competing reaction through the
addition of the radical 90 to MA and reduction through hydrogen abstraction from #~-BuSH to produce
90-H.
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The PTOC ester 89 was prepared through the procedure described in Section 2.2.1
(Scheme 4.10), which was synthesised from commercially available 4-phenylbutanoic
acid (93) in 71% yield. '"H NMR data analysis in CsDs showed the four aromatic
hydrogen atoms at 5.5, 6.1, 6.5 and 7.5 ppm, 5 aromatic hydrogen atoms of the phenyl
ring at 7.2 ppm and 6 aliphatic hydrogen atoms of the three aliphatic CH, at 2-2.5
ppm. The HRMS of 89 featured a peak at m/z 274.0894 [M + H]" consistent with the

molecular formula of C;5sH;5NO,S.

S
oH HO. N DMAP (catalytic amount), o
QM( 1.1 equiv. DCC ~N
+ >
o X CH,Cl, 0 x
89

71%

Scheme 4.10. Synthesis of the PTOC ester 89.

Ethyl 6-phenylhexanoate (91-H) was synthesised as a GC standard following the
literature procedure (Scheme 4.11)."¥ Treatment of 6-phenylhexanoicacid (94) with
methanol was performed in the presence of 0.1 equivalents of DMAP and 1
equivalent of DCC in dichloromethane. Purification by column chromatography gave
methyl 6-phenylhexanoate (91a-H) in 93% yield. The "H NMR spectrum displayed a
singlet of methyl protons at 3.6 ppm and 5 aromatic hydrogen atoms at 7.2 ppm, with

the other spectral data being similar to those found in the literature.!"”’

0.1 equiv. DMAP
1 equiv. DCC

\COZH 1 equiv. MeOH _ CO,;Me
CH,Cl,

91a-H
93%

94

Scheme 4.11. Synthesis of the methyl 6-phenylhexanoate (91a-H).

Competition kinetic experiments were carried out in benzene and [EMIm][NTf,] at 24

+ 1 °C. GC analysis of the reaction mixtures obtained from photolysis of the PTOC
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ester 89, revealed formation of three major products in both solvents. The directly
reduced product 90-H was identified using the authentic sample purchased from
Sigma Aldrich. The product produced from the first addition reaction 91a-H was
prepared as described above. Since the product produced from the second addition
reaction 92a-H was difficult to access, the assignment of this compound was
performed by GC-MS analysis of the crude reaction mixture, which displayed a signal

showing the mass of 292.1.

The experiments were performed by employing a constant concentration of +-BuSH
(10 equivalents) and variety of methylacrylate concentrations. It turned out that the
proportion of the methyl acrylate and ~-BuSH concentrations was very crucial in this
experiment. Thus, at a very high ratio of [MA]/[-BuSH] formation of higher
oligomers could occur, whereas in the case of very low ratio of [MA]/[t-BuSH] direct
reduction to product 90-H could be the dominant pathway Therefore the experiments
were performed with [MA]/[t+-BuSH] ranging from 2-6.6, and the only products
formed in detectable concentrations under these conditions are 90-H, 91a-H and 92a-
H. From the product distribution the ratio of the rate constants for two biomolecular

processes via equation 1 can be obtained.
(1) ([91a-H]+[92a-H])/[90-H |=k,as/kiy * [MA]/[t-BuSH]

The results of the competition experiment in benzene and [EMIm][NTf;] are

compiled in Table 4.5.
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Table 4.5. GC results of the competition experiments for intermolecular addition of radical 90 to MA

at 24 = | °C. [

Solvent [MA]/[+~BuSH] [Add]/[90-H]
Benzene 2.0 0.036 + 0.001
3.0 0.050 +0.02

4.0 0.064 £0.011

6.0 0.099 +0.032

6.6 0.095 +0.033

[EMIm][NTf] 2.0 0.068 + 0.006
3.0 0.083 +0.006

4.0 0.093 £ 0.008

5.0 0.092 +0.004

6.0 0.099 + 0.003

6.6 0.110 £ 0.002

1 Errors represent deviation from the average of three experiments (20). ! [~BuSH] = 0.1; [t

BuSH]/[89] = 10. [/ [Add] = [91a-H] + [92a-H].

According to the above equation, the products ratio versus of the [MA]/[--BuSH] was
plotted. The linearity of the data shown in Figure 4.3 provides confidence that the

kinetic model shown in Scheme 4.9 is correct.
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Figure 4.3. Dependence of [Add]/[90-H] on [MA]/[-BuSH] at 24 + 1°C for the addition of radical 90
to MA. [Add] = [91a-H] + [92a-H]. Uncertainties are calculated from the linear regression (20).

The addition of radical 90 to MA in [EMIm][NTf] can either occur within the solvent
cage, caused by the anion and cation of the solvent or radical can escape from the
solvent cage and reacts with another MA. Figure 4.3 shows that an increase in [MA]
leads to a considerable acceleration of the radical addition in benzene, whereas in
[EMIm][NTf;] the [MA] effect on k,qu/ky 1s small. This result may be explained by
the radical addition occurring within the solvent cage of the [EMIm][NTT;] to a high
extend, which is less dependent on the [MA].

From the slope of the lines the ratio of the rate constants (kuga/ks) is (1.4 + 0.2) x 107
in benzene. Thus, using the literature rate coefficient for the reduction of primary C-
centred radicals by #-BuSH of kx = (8.0 £ 0.3) x 10° M s in THF,!"* the k44 for the
addition rate constant of radical 90 to MA (90 — 91a) can be calculated as (1.1 + 0.2)
x 10°M™s, which is sufficiently close to the reported rate constant for the addition
of the primary n-pentyl radical to MA in neat MA at 25 °C (kya= 6.2 x 10°M's") as

they are of the same order of magnitude."

When the reactions performed in [EMIm][NT{,] resulted a smaller k,q/ky value of
(0.8 + 0.2) x 107 that is almost half of the value obtained in benzene. With the rate
coefficient for the reduction of primary C-centred radicals by -BuSH of ky = (4.2 +
0.3) x 10’ M s obtained in [EMIm][NTf,] (measured in Chapter 2), the addition
rate coefficient calculated as (3.2 £ 0.3) x 10° s, which is about three times faster in

the ionic liquid than in conventional organic solvents.
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Unfortunately, the reaction temperature could not be increased beyond room
temperature in benzene due to the generation of the higher oligomers in the reaction
vessel, which could not be detected by gas chromatography. The temperature-
dependent experiments in [EMIm][NTf,] also produced a line with relatively large
error of the activation parameters. The results of the competition experiments in
[EMIm][NTf;] are presented in Table 4.6 and the plot to determine the activation

parameters is shown graphically in Figure 4.4.

Table 4.6. GC results of the competition experiments for the intermolecular addition of radical 90 to

MA at different temperatures in [EMIm][NTf,].[?H0He]

T/°C [MA]/[t-BuSH] [Add]/[90-H]

23 4 0.093 £ 0.008
33 4 0.116 £ 0.002
45 4 0.125 £ 0.004
55 4 0.127 £ 0.005
60 4 0.148 £ 0.001
65 4 0.136 £ 0.007

1 Errors represent deviation from the average of three experiments (20). ! [~BuSH] = 0.1; [¢-

BuSH]/[89] = 10. [/ [Add] = [91a-H] + [92a-H].

0
0.5
| ((AAH¥)/R = -(896.04 % 372)
A (AASH/R = (0.71 = 1.2)
X5 R2=0.85
T 2 W
=
25
3
35

0.0029 0.003 0.0031 0.0032 0.0033 0.0034

1/T (K™
@ [EMIm]|[NT£)]

Figure 4.4. (In (kyq4/ky)) vs.1/T for the addition of radical 90 to MA in [EMIm][NTHf;]. Uncertainties

are calculated from the linear regression (20).
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The data in Table 4.6 shows that [Add]/[90-H] increase by a factor of two in
[EMIm][NTf,] with increasing the temperature from 23 to 65 °C.

The values for AAS* of (5.9 + 9.7) J mol" K and AAH* of (7.5 + 3.1) kJ mol
obtained in [EMIm][NTT;] (Table 4.9). Due to the absence of the data in benzene,

results could not be discussed for this reaction.

4.3.2 Intermolecular addition of 3-phenylpropyl radical (90) to methyl
methacrylate (MMA)

Following the experimental methodology described in the previous section, the
competition experiments for the addition of the 3-phenylpropyl radical 90 to MMA
were performed in benzene and [EMIm][NTHf;] at 24 + 1 °C (Scheme 4.12).

t-BuSH
—)

C020H3 lk dd

CH,0,CH; t-BuSH CO,CH;3
_—
ky

91b 91b-H

COZCH3 l P

CO,CH
COCH, t-BuSH e
e
| X CO,CH; ky ©/\/\ CO,CHj3
= 92b 92b-H

Scheme 4.12. Competition kinetic studies of the addition of the radical 90 to MMA and reduction
through hydrogen abstraction from ~-BuSH to produce 90-H.

In this experiment the assignment of the products 91b-H and 92b-H produced from
the first and second addition reactions was performed by GC-MS analysis of the crude
reaction mixture. Formation of three major products in both benzene and
[EMIm][NTf;] occurred, which displayed a signal showing the mass of 220.1 and
320.2 respectively.
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The results of the competition experiments are presented in Table 4.7 and the kinetic

data for the k,q4/ky determination are shown in Figure 4.5.

Table 4.7. Results of the competition experiments for the intermolecular addition of radical 90 to

MMA at 23 °C.[HP]

Solvent [MMA]/[-BuSH] [Add]"//[90-H]
Benzene 1.0 0.033 £0.002
1.5 0.050 + 0.005
2.0 0.061 + 0.002
2.5 0.070 + 0.001
3.0 0.078 + 0.003
[EMIm][NTf] 1.0 0.044 + 0.005
1.5 0.055 + 0.007
2.0 0.060 + 0.010
2.5 0.062 + 0.010
3.0 0.064 + 0.011

1 Errors represent deviation from the average of three experiments (20). I [+~BuSH] = 0.1; [t-

BuSH]/[89] = 10. [/ [Add] = [91b-H] + [92b-H].

0.1
0.09 kil = (1.0 £ 0.3)% 102

E 0.07

< 0.06

(=)

= 0.05

< 0.04

Z0.03
0.02
0.01

kadd/kH = (22 + 03) x 102
R>=10.98

0 05 1 15 2 25 3 35
[MA]/[t-BuSH]

@ Benzene M[EMIm]|[NT;]

Figure 4.5. Dependence of [Add]/[90-H] on [MMA]/[+~-BuSH] at 24 + 1 °C for the addition of radical

90 to MMA. Uncertainties are calculated from the linear regression (20).
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Figure 4.5 shows that [MMA] effect on k,;; in benzene is larger than in
[EMIm][NT£].

With k,qq/ky ratio of (2.2 + 0.3) x 10" obtained in benzene, using the literature rate
coefficient of ky = (8.0 £ 0.3) x 10° M s in THF,!"*! value for k4 0f (1.8 £ 0.2) x
10° M's™! was calculated in benzene. In [EMIm][NT£] a kuqa/ky value of (1 £ 0.3) x
10 was obtained, leading to the rate coefficient for the addition of the radical 90 to
MMA of kuq = (4.2 + 0.4) x 10°M™' s in [EMIm][NT£], which is about two times

faster than in benzene.

The results of the competition experiments at elevated temperatures are presented in

Table 4.8. The plot to determine the Arrhenius parameters is shown in Figure 4.6.

Table 4.8. Results of the competition experiments for the intermolecular addition of radical 90 to

MMA at different temperatures. ¢!

Solvent T/°C [MMA)/[+-BuSH] [Add]/[90-H]

Benzene 23 2 0.061 +0.002
44 2 0.064 + 0.002

55 2 0.065 +0.003

65 2 0.067 = 0.003

75 2 0.071 £ 0.001

[EMIm][NTf,] 23 2 0.060 +0.010
44 2 0.097 + 0.006

55 2 0.107 = 0.005

65 2 0.123 +£0.004

75 2 0.131 +£0.028

] Errors represent deviation from the averaged from three experiments (20). ™ [~-BuSH] = 0.1. 1)

[Add] = [91b-H] + [92b-H].
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Figure 4.6. (In (kyq4/kreq)) vs.1/T for the addition of radical 90 to MMA in [EMIm][NTf;] and benzene

(R = 8.314 kJ mol™). Uncertainties are calculated from the linear regression (20).

The data in Table 4.8 reveal that an increase in temperature leads to a considerable
increase of the addition rate of radical 90 to MMA in [EMIm][NT{;], whereas in
benzene the temperature effect on k4, is only small. This finding can be explained by
the lower viscosity of [EMIm][NTT;] at elevated temperature, which should enable

faster diffusion of the reactants, and therefore, faster rate constant.

The values for AAS* of (20.5 + 8.2) J mol”" K™ and AAH* of (12.9 + 2.7) kJ mol
obtained in [EMIm][NTTf,] are bigger than those in benzene that are AAS* of (-155+
2.6) I mol™ K™ and AAH* of (2.3 + 0.8) kJ mol™'(Table 4.9). This trend is similar as
for the intramolecular cyclisation of alkyl substituted 5-hexenyl radicals studied in
chapter 3, indicating that the favourable entropy term is responsible for intermolecular

addition rate enhancement of radical 90 in [EMIm][NTf,] compared with in ~-BuPh.
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Table 4.9. Kinetic rate data for the addition of radical 90 to alkenes."

Solvent Alkene kadd[b' (s'l) AAS? AAH?
x 10° (J mol™ K (kJ mol™)
Benzene MA 1.1+0.2 n.d n.d
[EMIm][NTf;] 42+0.3 59+9.7 7.5+3.1
Benzene MMA 1.8+0.2 -15.5+2.6 2.3+0.8
[EMIm][NTf;] 42+04 20.5+8.2 129+2.7

[ Errors are from the fit of the linear regression (26). " Determined from the slope of the line in Figure
4.3 and Figure 4.5, at 24 £ 1 °C.

4.4 Summary

In this chapter it was demonstrated that alkoxyl radical cyclisations, intramolecular
homolytic substitutions as well as intermolecular addition of alkyl radical at electron-
deficient alkenes could be successfully performed in ionic liquids with better or

similar outcomes compared to the conventional organic solvents.

Through competition kinetic studies the intramolecular homolytic substitution on Se
involving radical 78 was determined. Overall, these processes proceed faster by up to
one order of magnitude in the ionic liquid than in organic solvents. From the
Arrhenius parameters it appears that the rate accelerating effect is due to a favorable
AS*c term, which can be rationalized by earlier, less-organised transition states of the

radical cyclisation.

In the case of the electrophilic alkoxyl radical 82b, unlike the nucleophilic alkyl
radicals described in Chapter 1 and 2, the higher rate of the 5-exo cyclisation in
[EMIm][NTf;] was due to the enthalpy term AH*¢, which was more favourable in
[EMIm][NTf;] comparing to -BuPh, which suggests more stable transition state for
the 5-exo cyclisation of the O-centred radicals in [EMIm][NTT,].

Furthermore, the rate of the intermolecular addition to double bond was also observed
to be faster in ionic liquid comparing to organic solvent, which was due to favourable

entropy term.
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5  Conclusion and perspective

5.1 Conclusion

Free radical chemistry has become extensively used for preparation of complex
molecules. There is need for green alternative solvents to perform radical reactions.
Ionic liquids are green alternatives to traditional organic solvents. In this study
intramolecular homolytic additions of alkyl- and alkoxyl radicals, intramolecular
homolytic substitutions as well as intermolecular homolytic additions to alkene have
been shown that can be successfully performed in ionic liquids with similar to better
outcomes. Competition-kinetic studies, using [EMIm][NTf;] as an example of a
frequently used ionic liquid, revealed that the rates of cyclisation at room temperature
are generally greater in the ionic liquid by up to 60%, depending on the nature of the
radical. Generally, this is due to the favourable AS*c term for all radicals, which
suggests a less-organised transition state for cyclisation, compared to the reactions in
conventional organic solvents. While ionic liquid did not affect the stereo-selectivity

of the reactions.

Lowering the viscosity of [EMIm][NTf;] by performing the reaction at elevated
temperatures leaded to a significant acceleration of the cyclisation rate, in contrast to
conventional organic solvents, where the temperature effect was much less

pronounced.

No interfering reactions between [EMIm][NTf,] and radical intermediates were
observed. All products were quantitatively extracted from the ionic liquid phase,
which can be directly reused without purification. Studies on radical cyclisations and
intramolecular homolytic substitutions clearly showed that ionic liquids can be used
as a suitable alternative media for radical reactions when conventional organic

solvents may be problematic.
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5.2 Future directions

A number of interesting questions have been provoked as a result of the work
described in this thesis and will provide some solid grounds for future work in this
area.
i.  Can radical cyclisation reaction be done in a more viscous IL, eg,
[BMIm][NT£]?
ii.  How does this medium affect the reaction outcome and efficiency?
iii.  Is it possible to synthesise a bioactive compound in IL through the cascade
radical synthesis?

iv.  Can radical cyclisation reaction be done in glycerol as another green solvent?
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6 Experimental

6.1 General materials, equipment and methods

Unless otherwise stated, all starting materials, reagents and HPLC grade solvents
were purchased from commercial sources and used without further purification. The
reactions were carried out under argon atmosphere in oven-dried glassware. Ethanol
was dried by distillation over magnesium. Tetrahydrofuran, dichloromethane and

diethyl ether were dried using the Glass Contour solvent system.

Solvent removal ‘in vacuo’ refers to distillation using a rotary evaporator attached to a
vacuum pump. Analytical TLC was performed on Merck aluminium-backed 2 um
thick silica gel plates (Kieselgel 60 GF,s4). Compounds were visualised under a 254
nm UV lamp or by staining with KMnOj4 (0.063 M KMnOy, 0.48 M K,COs and 0.021
M NaOH in H,0), phosphomolybdic acid (PMA) (30 mM in ethanol) or bromocresol
green (solution of 0.04 g bromocresol green in 100 mL absolute ethanol was added
dropwise into a 0.1 M solution of NaOH until the solution becomes pale blue).
Scharlau silica gel 60 (particle size 0.04 x 0.06 mm) was used for column

chromatography.

NMR spectra were recorded on an Agilent MR400 ("H NMR: 400 MHz, °C NMR:
100 MHz) or Agilent DD2 ("H NMR: 500 MHz, °C NMR: 126 MHz, "'Se NMR 95
MHz) in deuterated chloroform (CDCls) or benzene (C¢Dg) as indicated at 25.0 °C.
Chemical shifts (8) are reported in parts per million (ppm) relative to either CDCls
(‘"H NMR: 7.26 ppm; >C NMR: 77.0 ppm) or C¢Ds (‘"H NMR: 7.66 ppm; *C NMR:
128.06 ppm). '"H NMR spectral data are reported as follows: chemical shift (3),

relative integral, multiplicity, and coupling constant/s (J) in Hertz (Hz, if any).

High resolution mass spectroscopy (HRMS) was conducted on a Finnigan hybrid
linear triple-quadrupole (LTQ) Fourier Transform ion cyclotron resonance (FTICR)

mass spectrometer. Parent ions are denoted by [M + H]".

Analytical GC experiments were performed using a Shimadzu GC 17-A fitted with
very non-polar SPB®-Octyl Capillary GC column (SGE) (L x LD. 30 m x 0.32 mm,

154



dr 0.25 um) or Agilent GC/Mass (EI, 70 eV), fitted with HP-5ms (L x L.D. 30 m x
0.25 mm, dr 0.25 pm) capillary column.

6.2 Synthesis library

6.2.1 Synthesis of the acids 47a-d and 66a-d

6-Heptenoic acid (47a)

Diethyl hex-5-ene-1,1-dicarboxylate (46):'") To a mixture of sodium hydride (0.5 g,
21.0 mmol) and anhydrous dimethylformamide (20 mL) under argon atmosphere was
added dropwise diethyl malonate (45, 3.0 g, 18.8 mmol), and the reaction mixture was
stirred at room temperature until evolution of hydrogen gas ceased. 5-Bromopent-1-
ene (2.9 g, 19.5 mmol) was added and the reaction mixture stirred for 1 hour at 70 °C.
The reaction was quenched by addition of water (200 mL) and extracted with diethyl
ether (3 x 50 mL). The combined organic extracts were dried over magnesium sulfate
and the solvent was removed ‘in vacuo’. Purification by column chromatography
(S10,, 95:5 Pet. ether/EtOAc) afforded the intermediate 46 as a colourless oil (2.6 g,
62%), which was directly used in the next step. 'H NMR (400 MHz, CDCls): & 5.74-
5.81 (1H, m), 4.95-5.03 (2H, m), 4.19 (4H, qd, >*J=2.7, 7.1 Hz), 3.32 (1H, t, ’J = 7.5
Hz), 1.40-2.10 (6H, m), 1.26 ppm (6H, t, >J = 7.1 Hz). °C NMR (100 MHz, CDCl;):
169.44,137.93, 114.97, 61.26, 51.90, 33.25, 28.16, 26.52, 14.06 ppm.

6-Heptenoic acid (47a):*! Decarboxylation of diethyl ester 46 (8.7 mmol, 2.0 g) was
performed according to the literature procedure.”) Compound 46 was hydrolysed by
dissolving it in a solution of potassium hydroxide (1.5 g, 27.3 mmol) in water (12
mL)/ethanol (24 mL), and then decarboxylated by heating to 150-160 °C. Acid 47a
was obtained as a yellow oil (0.8 g, 74%). '"H NMR (400 MHz, CDCl;): 5.76-5.86
(1H, m), 4.96-5.05 (2H, m), 2.38 (2H, t, °J = 7.5 Hz), 2.07-2.12 (2H, m), 1.64-1.71
(2H, m), 1.43-1.50 ppm (2H, m).
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7,7-Diphenyl-6-hexenoic acid (47b):'¥' This compound was prepared according to
the literature procedure! from 6-bromohexanoic acid (1.7 g, 9.0 mmol), triphenyl
phosphine (2.4 g, 9.0 mmol) in benzene (15 mL). The resulting (5-carboxypentyl)
triphenylphosphonium bromide 48 (4.0 g, 9.0 mmol) was then reacted with n-
butyllithium (9.0 mL, 18.0 mmol, 2 M in hexane) and benzophenone (1.6 g, 9.0
mmol) in anhydrous tetrahydrofuran (10 mL). The reaction was quenched by addition
of water (20 mL) and washed with diethyl ether (3 x 10 mL) to remove unreacted
starting materials. The solution was then acidified with concentrated hydrochloric
acid and extracted with diethyl ether (3 x 10 mL). The solvent was removed ‘in
vacuo’ to afford acid 47b as a white solid (2.2 g, 89%). 'H NMR (400 MHz, CDCl;):
7.16-7.38 (10H, m), 6.06 (1H, t, °J = 7.5 Hz), 2.31 (2H, t, °J = 7.4 Hz), 2.14 (2H, dd,
3J=17.4Hz, 14.8 Hz), 1.61-1.67 (2H, m), 1.53-1.47 ppm (2H, m).

4,4-Bis(ethoxycarbonyl)hept-6-enoic acid (47¢)

1-t-Butyl-3,3-diethyl hex-5-ene-1,3,3-tricarboxylate (50): Diethyl malonate (45, 3.0 g,
18.8 mmol) was added to a suspension of sodium hydride (0.5 g, 20.8 mmol) in
dimethylformamide (20 mL), and the mixture was stirred under argon until evolution
of hydrogen gas ceased. -Butyl 3-bromopropionate (4.0 g, 19.5 mmol) was added and
the resulting mixture heated at 80 °C for 2 hours. After cooling the reaction mixture
was poured into water (50 mL), extracted with diethyl ether (3 x 20 mL), dried over
magnesium sulfate, and the solvent was removed ‘n vacuo’. Purification by column
chromatography (SiO,, 97:3 Pet. ether/EtOAc) gave compound 49 (4.1 g, 76%). The
intermediate 49 (4.1 g, 14.2 mmol) was then reacted with sodium hydride (0.4 g, 16.2
mmol) and allyl bromide (1.8 g, 15.2 mmol) in dimethylformamide (20 mL) similar to
the procedure above. The ester 50 was obtained after purification by column
chromatography (SiO,, 97:3 Pet. ether/EtOAc) as colourless oil (3.8 g, 81%). 'H
NMR (400 MHz, CDCls): 5.61-5.71 (1H, m), 5.08-5.13 (2H, m), 4.12-4.21 (4H, m),
2.62 (2H, d, °J = 7.4 Hz), 2.12-2.23 (4H, m), 1.42 (9H, s), 1.24 ppm (6H, t, °J = 7.1
Hz). °C NMR (100 MHz, CDCly): 172.7, 171.47, 132.80, 119.85, 81.10, 61.95,
57.35, 38.16, 31.21, 28.71, 28.32, 14.73 ppm. HRMS (ESI) m/z calcd. for
[C17H2506] 1 329.1959 [M + H]", found 329.1956.

4,4-Bis(ethoxycarbonyl)hept-6-enoic acid (47¢): The acid 47¢ was obtained according
to the literature procedure!® through treatment of the ester 50 (3.8 g, 11.5 mmol) with
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trifluoroacetic acid (3 mL) in dichloromethane (3 mL) as a white solid (3.3 g, 90%).
"H NMR (400 MHz, CDCly): 5.61-5.71 (1H, m), 5.10-5.15 (2H, m), 4.13-4.25 (4H,
m), 2.65 (2H, d, °J = 7.4 Hz), 2.37-2.41 (2H, m), 2.18-2.22 (2H, m), 1.25 ppm (6H, t,
3J = 7.1 Hz). C NMR (100 MHz, CDCl3): 177.54, 170.50, 131.79, 119.28, 61.29,
56.33, 37.60, 28.84, 27.20, 13.90 ppm. HRMS (ESI) m/z caled. for [C3H200¢]":
273.1332 [M + H]", found 273.1333.

3,3-Bis(ethoxycarbonyl)hept-6-enoic acid (47d)

1-t-Butyl 2,2-diethylhex-5-ene-1,2,2-tricarboxylate (52): Diethyl malonate 45 (3.0 g,
18.8 mmol) was treated with 4-bromobutene (2.5 g, 18.5 mmol) similar to the
synthesis of diester 46, to yield the diester 51 as a colourless oil (3.1 g, 75%). Diester
51 was subsequently treated with #-butyl bromoacetate (2.7 g, 13.7 mmol) as
described for the synthesis of the intermediate 46 to produce tricarboxylate 52 as a
colourless oil (2.6 g, 76%) after column chromatography (SiO,, 95:5 Pet.
ether/EtOAc). '"H NMR (500 MHz, CDCl;): 5.73-5.82 (1H, m), 4.95-5.05 (2H, m),
420 (4H, q, >*J=7.1 Hz), 2.9 (2H, s), 1.98-2.10 (4H, m), 1.42 (9H, s), 1.25 ppm (6H,
t, °J = 7.1 Hz). >C NMR (100 MHz, CDCls): 170.52, 137.51, 115.31, 81.31, 61.61,
55.49, 38.85, 32.33, 28.81, 28.11, 14.16 ppm. HRMS (ESI) m/z calcd. for
[C17H2306] " 329.1959 [M + H]", found 329.1957.

3,3-Bis(ethoxycarbonyl)hept-6-enoic acid (47d): Following the literature procedure,!®
compound 47d was obtained from tricarboxylate 52 (4.0 g, 12.1 mmol,) through
treatment with trifluoroacetic acid (3 mL) in dichloromethane (3 mL) as a yellow oil
(2.8 g, 86%). '"H NMR (400 MHz, CDCl3): 5.71-5.81 (1H, m), 4.97-5.06 (2H, m),
421 (4H, q, >J = 7.0Hz), 3.03 (2H, s), 1.99-2.14 (4H, m), 1.25 ppm (6H, t, °J=17.1
Hz). C NMR (100 MHz, CDCl3): 175.00, 170.16, 137.01, 115.42, 61.79, 55.17,
37.18, 32.42, 28.70, 13.92 ppm. HRMS (ESI) m/z caled. for [C13H2006S]": 273.1332
[M + H]", found 273.1333.

2-Methyl-6-heptenoic acid (66a)

Diethyl 1-methylhex-5-ene-1,1-dicarboxylate (65a): Diethyl ester 46 (3.0 g, 13.0
mmol) was treated with methyl iodide (1.2 g, 14.0 mmol) similar to the synthesis of
compound 46, to yield the diester 65a as a colourless oil (2.6 g, 82%)."H NMR (400
MHz, CDCls): 5.73-5.83 (1H, m), 4.94-5.04 (2H, m), 4.17 (4H, q, °J = 7.1 Hz), 2.06
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(2H, q, °J = 7.2 Hz), 1.86-1.88 (2H, m), 1.4 (3H, s), 1.24 ppm (6H, t, °J = 7.1 Hz). °C
NMR (100 MHz, CDCls): 172.65, 138.4, 115.11, 61.35, 53.83, 35.24, 34.07, 23.85,
20.11, 14.29 ppm. HRMS (ESI) m/z caled. for [C13H204]": 243.1590 [M + H]", found
243.1591.

2-Methyl-6-heptenoic acid (66a):'"" Decarboxylation of diethyl ester 65a (2.0 g, 8.3
mmol) was performed similar to the procedure described for the decarboxylation of
diester 46. The acid 66a was obtained as a yellow oil (0.9 g, 76%). '"H NMR (400
MHz, CDCl;): 5.76 (1H, m), 4.99 (2H, m), 2.47 (1H, m), 2.07 (2H, m), 1.40-1.74
(4H, m), 1.19 ppm (3H, m). °C NMR (100 MHz, CDCl;): 183.02, 138.92, 115.29,
39.7, 34.11, 33.49, 26.93, 17.39 ppm. HRMS (ESI) m/z caled. for [CgH140,]":
143.10666 [M + H]", found 143.10674.

2-Ethylhept-6-enoic acid (66b)

Diethyl 1-ethylhex-5-ene-1, I-dicarboxylate (65b): Diester 46 (3.0 g, 13.0 mmol,), was
treated with ethyl iodide (2.2 g, 14.0 mmol) similar to the synthesis of compound 46,
to yield the diester 65b as a colourless oil (2.7 g, 80%). 'H NMR (400 MHz, CDCl;):
5.73-5.83 (1H, m), 4.95-5.04 (2H, m), 4.18 (4H, q, °J = 7.1 Hz), 2.06 (2H, q, *J = 7.2
Hz), 1.86.1.96 (4H, m), 1.21-1.30 (8H, m), 0.82 ppm (3H, t, >J= 7.6 Hz). °C NMR
(100 MHz, CDCls): 171.80, 138.13, 114.88, 60.93, 57.84, 33.80, 31.08, 25.19, 23.25,
14.09, 8.39 ppm. HRMS (ESI) m/z calcd. for [C14H2404]": 257.1747 [M + H]", found
257.1749.

2-Ethylhept-6-enoic acid (66b): Decarboxylation of diester 65b (2.0 g, 8.0 mmol) was
performed similar to the procedure described for the decarboxylation of diester 46.
The acid 66b was obtained as a yellow oil (0.9 g, 78%). '"H NMR (400 MHz, CDCl;):
5.74-5.82 (1H, m), 4.94-5.04 (2H, m), 2.26-2.32 (1H, m), 2.04-2.09 (2H, m), 1.37-
1.72 (6H, m), 0.94 ppm (3H, t, °J = 7.4 Hz). C NMR (100 MHz, CDCls): 138.36,
114.7, 46.85, 33.57, 31.11, 26.54, 25.15, 11.71 ppm. HRMS (ESI) m/z calcd. for
[CoH160,]": 157.1223 [M + H], found 157.1224.

2-Isopropyl-6-heptenoic acid (66¢)

Diethyl 1-isopropylhex-5-ene-1, 1-dicarboxylate (65¢): Diester 46 (3.0 g, 13.2 mmol)
was treated with isopropyl iodide ( 2.4 g, 14.0 mmol) similar to the synthesis of
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diester 46, to yield the diester 65¢ as a colourless oil (2.7 g, 77%). '"H NMR (400
MHz, CDCl3): 5.73-5.84 (1H, m), 4.95-5.05 (2H, m), 4.20 (4H, q, °J = 7.1 Hz), 2.82
(2H, d, *J = 2.6 Hz), 2.04-2.12 (4H, m), 1.99 (1H, t, °J = 2.6 Hz), 1.23-1.33 ppm (5H,
m). C NMR (100 MHz, CDCls): 171.20, 138.21, 114.81, 61.56, 60.62, 33.98, 33.19,
31.84, 23.90, 18.57, 14.15 ppm. HRMS (ESI) m/z calcd. for [C1sHa604]": 271.19039
[M + HJ", found 271.19045.

2-Isopropyl-6-heptenoic acid (66¢): Decarboxylation of diester 65¢ (2.0 g, 8.0 mmol)
was performed similar to the procedure described for the decarboxylation of diester
46. compound 66¢ was obtained as a yellow oil (0.8 g, 66%). 'H NMR (400 MHz,
CDCl3): 5.76-5.82 (1H, m), 4.94-5.03 (2H, m), 1.36-2.16 (8H, m), 0.96-0.97 ppm
(6H, m). °C NMR (100 MHz, CDCls): 138.38, 114.67, 52.26, 33.6, 30.41, 28.71,
26.94, 20.42, 20.05 ppm. HRMS (ESI) m/z calcd. for [C1oH130,]": 171.1379 [M +
H]", found 171.1380.

2-t-Butyl-6-heptenoic acid (66d)

t-Butylacetic acid (67) (1.0 g, 8.6 mmol) was treated with 5-bromo-1-pentene (1.3 g,
9.0 mmol) according to literature™ to obtain compound 66d as a yellow oil (1.3 g,
85%). '"H NMR (400 MHz, CDCl;): 5.74-5.84 (1H, m), 4.94-5.03 (2H, m), 2.42 (1H,
dd, *J=11.7, 2.6 Hz), 2.05-2.11 (2H, m), 1.27-1.70 (4H, m), 0.99 ppm (9H, s). °C
NMR (100 MHz, CDCl;): 180.44, 138.37, 114.67, 55.95, 33.57, 32.70, 27.78, 27.62,
26.96 ppm. HRMS (ESI) m/z calecd. for [CH»00,]": 185.1536 [M + H]", found
185.1537.

6.2.2 Synthesis of the PTOC esters (43a-d) and (62a-d)

The acids 47a-d and 66a-d were converted to the respective PTOC esters through
reaction with thiohydroxamic acid 53, as described in the literature.”? Due to

instability of the PTOC esters melting point could not be obtained.

1-[[(5-Hexenyl)carbonyl]oxy]-2(1H)-pyridinethione (43a): Green viscous liquid
(0.2 g, 30%). '"H NMR (400 MHz, C¢Dy): 7.44 (1H, dd, °J = 1.8, 8.9 Hz), 6.46 (1H,
dd, *J=0.6, 7.0 Hz), 6.01- 6.05 (1H, m), 5.61-5.69 (1H, m), 5.40-5.42 (1H, m), 4.94-
5.00 (2H, m), 2.35 (2H, t, °J =7.5 Hz), 1.81- 1.87 (2H, m), 1.53-1.61 (2H, m), 1.19-
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1.27 ppm (2H, m). °C NMR (126 MHz, C¢Ds): 168.8, 138.4, 137.6, 137, 132.3,
115.2, 110.9, 33.6, 31.7, 28.4, 24.1 ppm. HRMS (ESI) m/z calcd. for [C1,H sNO,S]":
238.08963 [M + H]", found 238.08948.

1-[[(6,6-Diphenyl-5-hexenyl)carbonyl]oxy|-2(1H)-pyridinethione (43b): Yellow
solid (0.7 g, 53 %). '"H NMR (400 MHz, C¢Ds): 7.43 (1H, dd, °J = 2.0, 9.1 Hz), 7.14
(10H, m), 7.3-7.32 (1H, m), 6.46 (1H, dd, >J = 7.0 Hz), 6.00-6.04 (1H, m), 5.38-5.40
(1H, t, °J = 6.9 Hz), 2.31 (2H, t, °J = 7.4 Hz), 2.03 (2H, q, °J = 7.4 Hz), 1.52-1.58
(2H, m), 1.28-1.34 ppm (2H, m). >C NMR (126 MHz, C¢Dg): 176.9, 168.8, 143.2,
142.9, 140.7, 137.7, 137, 132.2, 130.3, 129.4, 127.3, 31.6, 29.6, 29.4, 24.1 ppm.
HRMS (ESI) m/z caled. for [C24H23NO,S]: 390.15223 [M + H]', found 390.15192.

1-[[(4,4-Bis(ethoxycarbonyl)-5-hexenyl)carbonyl]oxy]-2(1H)-pyridinethione
(43¢): Yellow solid (50%). "H NMR (500 MHz, C¢Dg): 7.40-7.42 (1H, m), 6.6 (1H,
dd,*J=1.5,7.0 Hz), 6.01- 6.04 (1H, m), 5.67-5.72 (1H, m), 5.40-5.43 (1H, m), 4.97-
5.01 (2H, m), 3.94 (2H, q, °J = 7.1 Hz), 2.91- 2.94 (2H, m), 2.75-2.76 (2H, m), 2.55-
2.58 (2H, m), 0.91 ppm (6H, t, °J = 7.1 Hz). Due to the instability of this compound a
3C NMR could not be obtained. HRMS (ESI) m/z caled. for [C1sH23NO6S]
382.13188 [M + H], found 382.13200.

1-[[(3,3-Bis(ethoxycarbonyl)-5-hexenyl)carbonyl]oxy]-2(1H)-pyridinethione
(43d): Yellow solid (0.8 g, 61 %). 'H NMR (500 MHz, C¢D¢): 7.39 (1H, ddd, *J =
8.8, 1.8, 0.6 Hz), 6.72 (1H, ddd, >J = 7.0, 1.6, 0.6 Hz), 6.00-5.96 (1H, m), 5.72 (1H,
ddt, °J = 16.8,10.2, 6.6 Hz), 5.35 (1H, td, °J = 6.9, 1.8 Hz), 5.07 (1H, dq, *J = 17.1,
1.6 Hz), 4.93 (1H, dq, >J = 10.2, 1.3 Hz), 3.98 (4H, q, *J = 7.1 Hz), 3.47 (2H, s), 2.43-
2.37 (2H, m), 2.18-2.11 (2H, m), 0.92 ppm (6H, t, >J = 7.1 Hz). Due to the instability
of this compound a >*C NMR could not be obtained. HRMS (ESI) m/z calcd. for
[C1sH23NOgS]": 382.1319 [M + H], found 382.1324.

1-[[(1-Methyl-5-hexenyl)carbonyl]oxy]-2(1H)-pyridinethione  (62a):  Yellow
viscous liquid (1.0 g, 64%). '"H NMR (500 MHz, C¢D¢): 7.38-7.40 (1H, m), 6.40-6.42
(1H, m), 5.97-5.99 (1H, m), 5.63-5.72 (2H, m), 5.35-5.36 (1H, m), 4.93-4.99 (1H, m),
2.55-2.59 (1H, m), 1.86-1.89 (2H, m), 1.75-1.78 (1H, m), 1.30-1.34 (3H, m), 1.17
ppm (3H, d, °J = 7.0 Hz). >C NMR (126 MHz, C¢D¢): 176.24, 171.56, 137.98,
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137.47, 136.97, 131.48, 114.56, 110.33, 37.43, 33.17, 32.43, 26.20, 16.47 ppm.
HRMS (ESI) m/z calcd. for [C13H7NO,S]": 252.10528 [M + H]", found 251.92429.

1-[[(1-Ethyl-5-hexenyl)carbonyl]oxy]-2(1H)-pyridinethione (62b): Yellow viscous
liquid (1.4 g, 82%). '"H NMR (500 MHz, C¢Ds): 7.46-7.48 (1H, m), 6.61-6.63 (1H,
m), 6.11-6.14 (1H, m), 5.73-5.80 (1H, m), 5.49-5.52 (1H, m), 5.00-5.09 (2H, m),
2.53-2.58 (1H, m), 1.42-2.1 (8H, m), 0.95 ppm (3H, t, °J = 7.5 Hz). °C NMR (126
MHz, C¢Ds): 177.11, 171.64, 138.63, 137.9, 137.43, 132.34, 115.25, 111.17, 44.94,
34.0, 31.09, 26.91, 25.28, 11.98 ppm. HRMS (ESI) m/z caled. for [C14HoNO,S]":
266.12093 [M + HJ", found 266.12065.

1-[[(1-Isopropyl-5-hexenyl)carbonyl]oxy]-2(1H)-pyridinethione (62c): Yellow
viscous liquid (0.9 g, 75%). "H NMR (500 MHz, C¢Ds): 7.45-7.47 (1H, m), 6.57-6.59
(1H, m), 6.01-6.05 (1H, m), 5.74-5.81 (1H, m), 5.39-5.42 (1H, m), 4.98-5.05 (2H, m),
2.47-2.51 (1H, m), 1.44-2.15 (7H, m), 0.95 ppm (3H, dd, °J = 6.8, 13.5 Hz). Due to
the instability of this compound a >C NMR could not be obtained. HRMS (ESI) m/z
caled. for [C1sH2iNO,S]™: 280.13658 [M + H]", found 280.13663.

1-[[(1-2-Butyl-5-hexenyl)carbonyl]oxy]-2(1H)-pyridinethione  (62d):  Yellow
viscous liquid (0.8 g, 78%). '"H NMR (500 MHz, C4¢D): 7.46-7.48 (1H, m), 6.68 (1H,
d, °J = 7.0 Hz), 6.01-6.04 (1H, m), 5.79-5.85 (1H, m), 5.39-5.42 (1H, m), 5.00-5.11
(2H, m), 2.44 (1H, dd, >J = 2.7, 11.4 Hz), 1.42-2.1 (6H, m), 0.96 ppm (9H, s). Due to
the instability of this compound the >*C NMR spectrum could not be obtained. HRMS
(ESI) m/z calcd. for [C1sH23NO,S]": 294.15223 [M + H]', found 294.14713.

6.2.3 Synthesis of the radical precursor 70 and 77

2-(2-Propynyl)-6-heptenoic acid (75)

Diethyl [-propargylhex-5-ene-1,1-dicarboxylate (74): Diester 74 was synthesised
similar to the synthesis of diester 46, using diester 46 (3.0 g, 13.2 mmol), propargyl
bromide (1.6 g, 14.0 mmol), sodium hydride (0.36 g, 15.0 mmol) in DMF (20 mL).
After purification by column chromatography (SiO,, 5:95 Pet. ether/EtOAc)
compound 74 was obtained as colourless oil (2.6 g, 75%). 'H NMR (400 MHz,
CDCls): 5.73-5.84 (1H, m), 4.95-5.05 (2H, m), 4.20 (4H, q, >J = 7.1 Hz), 2.82 (2H, d,
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3J=2.6 Hz), 2.04-2.12 (2H, m), 1.99 (1H, t, *J = 2.6 Hz), 1.23-1.33 ppm (8H, m). °C
NMR (100 MHz, CDCls): 170.44, 138.13, 115.14, 79.1, 71.34, 61.7, 56.87, 33.84,
31.48, 23.41, 22.88, 14.21 ppm. HRMS (ESI) m/z caled. for [C1sH2,04]": 267.1590
[M + H]", found: 267.1591.

2-(2-Propynyl)-6-heptenoic acid (75): Decarboxylation of compound 74 (2.0 g, 7.5
mmol) was performed similar to the procedure described for decarboxylation of
diester 46 to yield the carboxylic acid 75 as a yellow oil (0.9 g, 75%). 'H NMR (400
MHz, CDCl): 5.74-5.84 (1H, m), 4.96-5.04 (2H, m), 2.6-2.66 (1H, m), 2.54 (1H,
ddd,*J=2.5, 6.9, 16.7 Hz), 2.43 (1H, ddd, >J = 2.5, 6.8, 16.8 Hz), 2.09 (2H, dd, *J =
7.1,14.2 Hz), 2.02 (1H.t, °J = 2.4 Hz), 1.65-1.78 (2H, m), 1.4-1.52 ppm (2H, m). "°C
NMR (100 MHz, CDCl3): 179.46, 138.06, 114.94, 81.03, 70.07, 43.97, 33.41, 30.38,
26.01, 20.77 ppm. HRMS (ESI) m/z calcd. for [C1oH140,]": 167.1067 [M + H]',
found 167.1067.

1-[[(1-(2-Propynyl)-5-hexenyl)carbonyl]oxy]|-2(1H)-pyridinethione (70): The acid
75 was converted to the PTOC ester as outlined in Section 2.1.2 to yield a yellow
solid (0.5 g, 72%). "H NMR (500 MHz, C¢Dg): 7.41-7.43 (1H, m), 6.68-6.69 (1H, m),
6.01-6.04 (1H, m), 5.67-5.76 (1H, m), 5.39-5.42 (1H, m), 4.96-5.04 (2H, m), 2.74-
2.79 (1H, m), 2.48-2.53 (1H, m), 2.32-2.37 (1H, m), 1.32-1.98 (7H, m) ppm. °C
NMR (126 MHz, C¢D¢): 177.21, 170.21, 138.68, 138.05, 137.55, 132.58, 115.52,
111.29, 81.18, 71.39, 43.03, 34.04, 30.76, 26.72, 21.58 ppm. HRMS (ESI) m/z calcd.
for [C1sH7NO,S]": 276.1053 [M + H]", found 276.1054.

2-Thioxopyridin-1(2H)-yl 6-(z-butylselanyl)hexanoate (77): This compound was
prepared following the literature procedure,!” using 6-(z-butylseleno) hexanoic acid
80. Yellow solid (0.8 g, 73%).” '"H NMR (500 MHz, C¢Ds): 7.42-7.44 (1H, m), 6.49-
6.51 (1H, m), 6.01-6.04 (1H, m), 5.39-5.42 (1H, m), 2.41 (2H, t, °J = 7.4 Hz), 2.35
(2H, t, °J = 7.4 Hz), 1.48-1.59 (4H, m), 1.36 (9H, s), 1.22-1.28 ppm (2H, m). Due to
the instability of this compound a *C NMR and "’Se NMR spectrum could not be
obtained. HRMS (ESI) m/z caled. for [C1sH23NO,S]": 362.0688 [M + H]', found
362.0688.
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6.2.4 Synthesis of the radical precursor (81a-b)

N-(4-Pentenyl-1-oxy) pyridine-2-(1H)-thione (81a):"""" This compound was
prepared by reacting of tetraecthylammonium pyridine-2(1H)-thione N-oxide 85 (0.5 g,
2.0 mmol) with n-pentenyl mesylate 84 (0.5 g, 2.0 mmol) in DMF (15 mL), as
described in the literature;!''a yellow oil (0.2 g, 41%). 'H NMR (500 MHz, C4Dg):
7.49 (1H, d, *J = 8.8 Hz), 6.65 (1H, d, *J = 6.7 Hz), 6.05-6.09 (1H, m), 5.62-5.70 (1H,
m), 5.42 (1H, t, °J = 6.5 Hz), 4.93-4.99 (2H, m), 4.07 (2H, t, °J = 6.5 Hz), 2.00-2.04
(2H, m), 1.58-1.64 ppm (2H, m).

N-(4-Pentenyl-2-ethyl-1-oxy) pyridine-2-(1H)-thione (81b)

2-Ethylpent-4-enoic acid (87):""*) n-Butyric acid (1.6 g, 18.0 mmol) was treated with
allyl bromide (2.4 g, 20.0 mmol) in tetrahydrofuran as described in the literature," to
yield acid 87 as a colourless liquid (2.2 g, 97%). '"H NMR (500 MHz, CDCls): 5.73-
5.82 (1H, m), 5.03-5.11 (2H, m), 2.35-2.43 (2H, m), 2.23-2.30 (1H, m), 1.55-1.71
(2H, m), 0.95 ppm (3H, t, *J = 7.5 Hz).

2-Ethylpent-4-en-1-ol (82b-H):"'" Acid 87 (1.0 g, 8.0 mmol) was reduced to alcohol
82b-H using LiAlH, (0.6 g, 16.0 mmol) as described in the literature!'* to obtain a
colourless liquid (0.9 g, 97%). '"H NMR (500 MHz, CDCls): 5.77-5.88 (1H, m); 5.01-
5.09 (2H, m); 3.56-3.58 (2H, dd, *J = 2.1, 5.62 Hz); 2.12 (2H, t, °J = 6.8 Hz); 1.3-1.57
(3H, m); 0.92 ppm (3H, t, °J = 7.5 Hz). °C NMR (126 MHz, CDCl;): 137.13, 116.08,
65.21,41.94, 35.37,23.23, 11.24 ppm.

N-(4-Pentenyl-2-ethyl-1-oxy) pyridine-2-(1H)-thione (81b): Tetracthylammonium
pyridine-2(1H)-thione N-oxide (0.5 g, 2.0 mmol) was treated with 2-ethylpent-4-enyl
mesylate 88 (0.4 g, 2.0 mmol) in DMF (15 mL) as described in the literature!' to
obtain a yellow oil (0.3 g, 56%). '"H NMR (500 MHz, C¢Dy): 7.45-7.48 (1H, m); 6.68-
6.69 (1H, m); 6.03-6.06 (1H, m); 5.67-5.75 (1H, m); 5.39-5.42 (1H, m); 4.95-5.01
(2H, m); 4.00-4.06 (2H, m); 2.02- 2.17 (2H, m); 1.64-1.71 (1H, m); 1.26- 1.48 (2H,
m); 0.84 ppm (3H, t, °J = 7.5 Hz). °C NMR (126 MHz, C¢Ds): 176.80, 138.44,
137.22,136.76, 131.34, 116.64, 11.35, 77.66, 38.83, 35.43, 23.72, 11.48 ppm.
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Synthesis of radical precursor 89: 4-Phenylbutanoic acid 93 (0.4 g, 2.7 mmol) was
converted to the PTOC ester 89 as described in the literature™ to yield compound 89
as a yellow viscous oil (0.5 g, 71%). '"H NMR (500 MHz, C¢Ds): 7.42-7.44 (1H, m),
7.01-7.14 (5H, m), 6.39-6.41 (1H, m), 6.01-6.05 (1H, m), 5.38-5.42 (1H, m), 2.45
(2H, t,°J = 7.5 Hz), 2.36 (2H, t, °J = 7.4 Hz), 1.87-1.93 ppm (2H, m). °C NMR (126
MHz, C¢Dg¢): 176.83, 168.82, 141.25, 137.58, 137.58, 137.17, 132.23, 128.92, 128.78,
126.43, 110.78, 34.95, 30.98, 26.20 ppm. HRMS (ESI) m/z calcd. for [CsH;sNO,S]':
274.0896 [M + H]", found 274.0894.

6.3 Synthesis of the reference compounds

The authentic samples 23a-H, 24a-H, 53a-H, 71a-H, 72a-H and 79-H were

commercially available and purchased from Sigma-Aldrich.

1,1-Diphenyl-1-hexene  (25b-H):'" According to literature procedure,'®!”]

(pentyl)triphenylphosphonium bromide 54 (3.7 g, 9.0 mmol) (prepared by addition of
I-bromopentane (1.3 g, 9.0 mmol) to triphenyl phosphine (2.4 g, 9.0 mmol) in
benzene (15 mL)) was reacted with n-butyllithium (4.5 mL, 9.0 mmol) and
benzophenone (1.6 g, 9.0 mmol) in anhydrous tetrahydrofuran (15 mL) to afford
compound 25b-H after purification by column chromatography (SiO,, n-hexane) as a
colourless oil (1.5 g, 68%). '"H NMR (400 MHz, CDCls): 7.18-7.41 (10H, m); 6.11
(1H, t, °J = 7.5 Hz), 2.11- 2.16 (2H, dd, °J = 7.4, 14.8 Hz), 1.41-1.48 (2H, m), 1.28-
1.38 (2H, m), 0.88 ppm (3H, t, °J = 7.3 Hz).

(Diphenylmethyl)cyclopentane (26b-H):*'"! A flame-dried round bottom flask was
charged with magnesium chips (0.6 g, 24.0 mmol). Bromocyclopentane (2.3 mL, 21.0
mmol) was dissolved in anhydrous tetrahydrofuran (45 mL) and about one fifth of this
solution was added to the flask, followed by a few drops of 1,2-dibromoethane. The
remaining solution was then added dropwise, and the reaction mixture was refluxed
for further 5 hours until the magnesium was dissolved. Under ice-cooling, a solution
of benzophenone (1.3 g, 7.0 mmol) in anhydrous tetrahydrofuran (10 mL) was added
dropwise to the Grignard reagent and the mixture was refluxed overnight. The
reaction was poured into 10% hydrochloric acid (5 mL), extracted with diethylether (3

x 15 mL), and the combined organic fractions were dried over magnesium sulfate and
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concentrated ‘in vacuo’. The residue was purified by column chromatography (SiO,,
95:5 Pet. ether/EtOAc) to afford compound 44 as a white solid, which was directly
used in the next step. '"H NMR (400 MHz, CDCls): 7.22-7.46 (10H, m), 2.44-2.48
(4H, m), 1.72-1.76 ppm (4H, m).

Compound 44 (350 mg, 1.5 mmol) was dissolved in ethanol (35 mL) and 5%
palladium on carbon (0.4 mg) was added. The mixture was hydrogenated (100 Psi of
H;) at room temperature for 20 hours, filtered through celite and washed with diethyl
ether (20 mL). The solvent was evaporated ‘in vacuo’ to give compound 26b-H as
colourless oil (275 mg, 46% over two steps). 'H NMR (400 MHz, CDCls): 7.10-7.30
(10H, m), 3.55 (1H, d, °J = 11.3 Hz), 2.65- 2.75 (1H, m), 1.55-1.69 (6H, m), 1.13-
1.19 ppm (2H, m).

Diethyl allylethylmalonate (25¢-H): Diester 56 was prepared from diethylmalonate
(45), similar to the synthesis of diester 46, using allyl bromide (2.3 g, 19.5 mmol) and
obtained as colourless oil (2.5 g, 66%). Diester 56 was subsequently treated in a
similar way with iodoethane (2.0 g, 13.5 mmol) to produce compound 25¢-H as
colourless oil (2.5 g, 87%) after column chromatography (SiO,, 95:5 Pet.
ether/EtOAc). '"H NMR (500 MHz, CDCl3): 5.61-5.70 (1H, m), 5.07-5.14 (2H, m),
420 (4H, q, °J=7.1 Hz), 2.66 (2H, dt, J = 7.4 Hz, *J = 1.1 Hz), 1.94 (2H, q,*J = 7.6
Hz), 1.26 (6H, t, °J = 7.1 Hz), 0.85 ppm (3H, t, °J = 7.6 Hz). °C NMR (126 MHz,
CDCl3): 171.2, 132.5, 118.6, 61.0, 57.7, 36.2, 25.0, 14.0, 8.2 ppm. HRMS (ESI) m/z
caled. for [C12H2004]": 229.1434 [M + H]', found 229.1436.

3-Methyl-cyclopentane-1,1-dicarboxylic acid diethyl ester (26¢c-H)

Diethyl  2-allyl-2-(2-bromoethyl)malonate ~ (57):'"  Diethyl  2-allyl-2-(2-
bromoethyl)malonate (57) was prepared from compound 56 (1.0 g, 5.0 mmol), similar
to the synthesis of diester 46, using 1,2-dibromoethane (1.0 g, 5.5 mmol) to produce
compound 57 as a pale yellow oil (1.5 g, 89%) after column chromatography (SiO,,
95:5 Pet. ether/EtOAc). '"H NMR (500 MHz, CDCls): 5.62-5.71 (1H, m), 5.14-5.18
(2H, m), 4.22 (4H, q, °J = 7.1 Hz), 3.36-3.39 (2H, m), 2.66 (2H, d, °J = 7.4 Hz), 2.44-
2.48 (2H, m), 1.28 ppm (6H, t, °J = 7.1 Hz).
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3-Methyl-cyclopentane-1, 1-dicarboxylic acid diethyl ester (26¢-H):"™ A sealable tube
was charged with benzene (20 mL), diester 57 (0.6 g, 2.0 mmol), tris(trimethyl
silyl)silane (0.6 g, 2.4 mmol) and a single crystal of AIBN. The mixture was degassed
by passing a slow stream of nitrogen through the solution for 1-2 minutes. The tube
was then immersed in oil bath at 70 °C for 3 hours, while it was irradiated with a 250
W mercury lamp at a distance of 18 cm. Evaporation of the solvent ‘in vacuo’
followed by column chromatography ((SiO,, 98:2 Pet. ether/EtOAc) afforded
compound 26¢-H as pale-yellow oil (0.5 g, 10%). "H NMR (500 MHz, CDCl;): 4.17
(4H, q, °J = 7.1 Hz), 1.64-2.64 (6H, m), 1.24 (6H, t, °J = 7.1 Hz), 1.21-1.29 (1H, m),
1.01 ppm (3H, d, °J = 6.6 Hz).

Diethyl 2-(but-3-enyl)-2-methylpropanedioate  (25d-H):!"”)  Synthesis  was
performed similar to the synthesis of compound 25¢-H from diester 51 (0.5 g, 2.3
mmol) and iodomethane (0.4 g, 2.5 mmol) to provide 25d-H as a colourless oil (0.5 g,
89%). "H NMR (500 MHz, CDCl;): 5.75-5.81 (1H, m), 4.95-5.05 (2H, m), 4.15 (4H,
q, °J = 7.1 Hz), 1.93-2.04 (4H, m), 1.41 (3H, s), 1.24 ppm (6H, t, >J = 7.1 Hz). °C
NMR (126 MHz, CDCls): 172.22, 137.6, 114.8, 61.1, 53.3, 34.6, 28.5, 19.8, 14.0
ppm.

Methyl 6-phenylhexanoate (91a-H):*! Ester 91a-H was synthesised from 6-
phenylhexanoicacid (94) (1.0 g, 5.2 mmol) and methanol (0.2 g, 5.4 mmol) in the
presence of DCC (1.1 g, 5.2 mmol) and DMAP (0.1 g, 0.5 mmol) as described in
literature to afford a colourless oil (1.0 g, 93%). '"H NMR (400 MHz, CDCls): 7.15-
7.35 (5H, m), 3.65 (3H, s), 2.60 (2H, t, °J = 7.7 Hz), 2.30 (2H, t, >J = 7.5 Hz), 1.59-
1.69 (4H, m), 1.31-1.39 ppm (2H, m). °C NMR (126 MHz, CDCls): 174.20, 142.33,
128.21, 128.09, 125.49, 51.30, 35.55, 33.85, 30.91, 28.59, 24.64 ppm.

-Butyl(pentyl)selane (78-H):*? The title compound was prepared according to
literature and obtained as a colourless liquid (65%). 'H NMR (500 MHz, CDCl;):
2.58 (2H, t, °J = 7.5 Hz), 1.66-1.80 (2H, m), 1.44 (9H, s), 1.32-1.37 (4H, m), 0.89
ppm (3H, t, = 7.0 Hz). "’Se NMR (95 MHz, CDCl;): 376.9 ppm.

Selenane (79):** This compound was prepared following the literature procedure,*"

using NaBH,4 (0.4 g, 10.0 mmol), elemental selenium (0.4 g, 5.0 mmol), EtOH (1.4 g,
30.0 mmol), 1,5-dibromopentane (2.3 g, 10.0 mmol) in DMF (10 mL). Purification by
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column chromatography (SiO,, 90:10 Pet. ether/EtOAc) gave compound 79 as a
colourless liquid (0.2 g, 26%). '"H NMR (500 MHz, CDCl;): 2.64-2.66 (4H, m), 1.91-
1.96 (4H, m), 1.56-1.60 ppm (2H, m).

6.4 Competition Kinetic experiments

An aliquot (1.0 mL) of a standard solution of #~-BuSH (usually 0.1 M in the respective
solvent, 10 equivalents) and the radical precursor (1 equivalent) was placed in a 1 mL
volumetric flask and the mixture was topped up to 1 mL with the solvent (¢-BuPh, n-
hexane, benzene or [EMIm][NTT;]). The solution was divided into three small Pyrex
tubes (300 uL) and degassed by either passing a stream of argon through the solutions
for 1 min or by freeze-thawing, where the samples were frozen using liquid nitrogen,
vacuumed, thawed, refrozen and sealed under vacuum. The reaction temperature was
controlled using a water condenser (23-25 °C) or an oil bath for higher temperature.
The samples were irradiated using a 250 W mercury lamp that was held at a constant
distance of 18 cm to ensure similar photon absorption in all experiments. The
reactions performed in conventional solvents were directly analysed by a GC
(Shimadzu GC-17A) fitted with a non-polar SPB®-Octyl Capillary GC column or an
Agilent GC/MS, fitted with HP-5ms capillary column (Table 5.1). In the reactions
performed in the ionic liquid [EMIm][NTf;], the products were extracted with
suitable organic solvent (3 times), which specified in each section for each reaction.
The combined organic layers were passed through the silica plug to get rid of the
remaining ILs in organic layer. Then the organic layer was subjected to the GC
analysis. In the reactions involving 25a in Chapter 2, the organic phase was washed
with bleach before GC analysis, to move #-BuSH signal, which overlapped with
directly reduced product peak. The products were identified by GC through
comparison with authentic samples, which were either commercially available or

prepared as described above.
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Table 6.1. Temperature program used for the analysis of the radical reactions studied in this work.

Radical Instrument

Temperature program

25a

25b

25¢

25d

63a

63b

63c

63d

71

78

82b

920

Shimadzu GC-17A

Agilent GC/MS

Agilent GC/MS

Agilent GC/MS

Shimadzu GC-17A

Shimadzu GC-17A

Shimadzu GC-17A

Shimadzu GC-17A

Shimadzu GC-17A

Shimadzu GC-17A

Shimadzu GC-17A

Agilent GC/MS

50 °C (10 mins hold), 20 °C/min. to 250 °C, 20 mins. Hold

100 °C (no hold), 10 °C/min. to 250 °C, 20 mins. Hold

100 °C (no hold), 10 °C/min. to 250 °C, 20 mins. Hold

100 °C (no hold), 10 °C/min. to 250 °C, 20 mins. Hold

60 °C (10 mins hold), 20 °C/min

67 °C (10 mins hold), 20 °C/min

80 °C (10 mins hold), 20 °C/min

90 °C (10 mins hold), 20 °C/min

90 °C (10 mins hold), 20 °C/min

90 °C (10 mins hold), 20 °C/min

70 °C (10 mins hold), 20 °C/min

. t0 250 °C, 20 mins

.t0 250 °C, 20 mins

.t0 250 °C, 20 mins

.t0 250 °C, 20 mins

.t0 250 °C, 20 mins

.t0 250 °C, 20 mins

. t0 250 °C, 20 mins

. Hold

. Hold

. Hold

. Hold

. Hold

. Hold

. Hold

70 °C (5 mins hold), 20 °C/min. to 250 °C, 20 mins. Hold
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7 Appendix 1

Gaussian archive entries for the calculations shown in Scheme 2.2

Reactant association complex [EMIm — Et’]

1\\GINC-SPARTAN-RC145\FOpt\UM062X\6-
31+G(d)\C8H16N2(1+,2)\UWILLE\12-S

ep-2017\0\\#p M062X/6-31+G* nosymm scf=(qc,direct) opt=(calcfc,z-matri
x,maxcycle=500) freq=noraman\\geom&freq\\1,2\C,-1.7922073093,0.6198314
451,0.1378714637\C,-0.5854699109,1.251560699,0.1222683237\C,-2.1562414
508,2.7782768204,-0.0886407662\N,-2.7572889467,1.5932506969,0.00191959
48\H,-2.054283416,-0.4260750194,0.2176663001\H,0.4196946645,0.86412575
46,0.1956130825\H,-2.6549496499,3.7305926507,-0.2028044404\N,-0.836345
8398,2.5986634946,-0.0197351\C,-4.2145978705,1.354293162,-0.001903829\
H,-4.6862055721,2.2968950747,-0.2889275984\H,-4.410554267,0.6163389112
,-0.783550085\C,0.1809064106,3.6521433181,-0.0864517091\H,0.7610296952
,3.6509480878,0.836972121\H,0.830985816,3.4694926708,-0.942911913\H,-0
.3168197871,4.614251184,-0.2044181893\C,-4.6942350627,0.8713551098,1.3
582880823\H,-5.7707471622,0.6870645959,1.3159234584\H,-4.2023416943,-0
.0651426719,1.6368640357\H,-4.5012372439,1.6176179287,2.1337279152\C,-
3.0742877957,-2.9793868408,0.4490070037\H,-3.3581088602,-4.0425670431,
0.4236296714\H,-3.1898495791,-2.6569744507,1.4901930373\H,-2.012163041

1,-2.9389983458,0.1844763077\C,-3.9192789125,-2.1802752953,-0.48637062
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02\H,-4.956261462,-1.9854444628,-0.2304147345\H,-3.6694597523,-2.14774
64729,-1.542264414\\Version=AM64L-G09RevB.01\HF=-423.5032438\S2=0.7545
1\S2-1=0.\S2A=0.750016\RMSD=0.000e+00\RMSF=1.146¢-05\Dipole=0.8355532,
1.7821861,-0.1624532\Quadrupole=11.039693,9.141867,-20.18156,-6.859687
8,-1.5780724,-0.8924916\PG=CO01 [X(C8H16N2)|\@
Sum of electronic and thermal Free Energies= -423.312410 Hartrees
TS1

1\I\GINC-SPARTAN-RC030\FTS\UM062X\6-
31+G(d)\C8H16N2(1+,2)\UWILLE\12-Oc¢

t-2017\0\\#p M062X/6-31+G* nosymm scf=(qc,direct) opt=(ts,noeigentest,
calcfc,z-matrix,maxcycle=500) freq=noraman\\geomé&freq\\1,2\C,-5.004888
0014,2.4568308571,-1.6519859693\C,-5.9317973811,3.3995852662,-1.981577
1609\C,-6.0093647385,3.1024331077,0.1972638769\N,-5.0636749225,2.28810
69624,-0.2823956391\H,-4.3141230961,1.9049864876,-2.2695706618\H,-6.20
01442492,3.8248300319,-2.9372395206\H,-6.28803964,3.1932181035,1.23744
89242\N,-6.5470139043,3.788098204,-0.8146562836\C,-4.3323880576,1.3102
933487,0.4940694331\H,-4.3630687074,1.5951138908,1.5458784838\H,-5.058
173772,0.1991553143,0.4065413332\C,-7.6027757484,4.7983762382,-0.70260
04048\H,-7.2209897735,5.7591313586,-1.0498681307\H,-8.4592638952,4.491
2256276,-1.3038138264\H,-7.9011433068,4.879187139,0.3423382196\C,-2.96
40784001,0.9763719778,-0.0406196208\H,-2.4666185525,0.3065916665,0.664

9135637\H,-3.0180475546,0.4521226255,-1.0007868401\H,-2.3391157041,1.8
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694878827,-0.1602638429\C,-4.782144387,-2.0553953591,0.7015724444\H,-5
.2616104321,-3.0398462025,0.6276362827\H,-4.4925175639,-1.915338788,1.
7477207729\H,-3.8748808349,-2.0924282952,0.0908862048\C,-5.7254848444,
-0.9755206994,0.2363306446\H,-6.6185009978,-0.8307409165,0.8481438449\
H,-5.9529165343,-0.971706827,-0.8325491167\\Version=AM64L-G09RevB.01\H

F=-423.4785846\S2=0.759175\S2-
1=0.\S2A=0.750055\RMSD=0.000e+00\RMSF=5.

169¢-06\Dipole=-0.7250543,1.5191936,-0.1474297\Quadrupole=68.5621902,-
18.7207683,-49.841422,-63.3513858,9.2683383,-7.6163998\PG=C01 [X(C8H16
N2)N\@
Nimag = -1421.6520 cm™
Sum of electronic and thermal Free Energies= -423.292263 Hartrees
Product association complex I

1\\GINC-SPARTAN-RC088\FOpt\UM062X\6-
31+G(d)\C8H16N2(1+,2)\UWILLE\08-S

ep-2017\0\\#p M062X/6-31+G* nosymm scf=(qc,direct) opt=(calcfc,z-matri
x,maxcycle=500) freq=noraman\\geomé&freq\\1,2\C,-2.4943420941,0.6896749
37,0.1934694912\C,-1.1546415725,0.8645597883,0.0407197176\C,-2.0790770
812,2.8637347942,0.1221501458\N,-3.0676306243,1.955277147,0.2442288739
\H,-3.0839329049,-0.2111971382,0.2670500187\H,-0.3571658344,0.14071296
27,-0.0426595765\H,-2.2130545079,3.935715339,0.1257330814\N,-0.9176536

853,2.2203793375,-0.0020661873\C,-4.4227607202,2.2396627593,0.39667105
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36\H,-4.6760317921,3.2906540874,0.4049228349\C,0.3975379885,2.85006470
69,-0.1535072432\H,1.0245849361,2.5818186087,0.6975922434\H,0.85262439
9,2.5078604164,-1.0836916375\H,0.2668312532,3.9312363323,-0.1867753382
\C,-5.4017977539,1.1370452566,0.5285412949\H,-6.4023046449,1.552259665
8,0.653078041\H,-5.4148100103,0.4908717361,-0.3604010888\H,-5.18972443
88,0.5029759876,1.4006532126\C,-1.9761460162,-2.6598683823,0.278176790
3\H,-1.3696978854,-3.5693347572,0.2670513823\H,-1.6217477551,-2.047707
9002,1.1166497902\H,-1.7737673463,-2.1275363396,-0.6595381581\C,-3.459
4466999,-2.9993529521,0.4197013986\H,-4.095989673,-2.1045642187,0.4302
300684\H,-3.7997050738,-3.6254024965,-0.409361029\H,-3.6516684622,-3.5
413806772,1.3493898208\\Version=AM64L-G09RevB.01\HF=-423.50623\S2=0.76
07\S2-1=0.\S2A=0.750072\RMSD=0.000e+00\RMSF=3.106¢-06\Dipole=0.6537837
,2.0783795,-0.1268396\Quadrupole=14.9445798,6.7755244,-21.7201042,-11.
5645485,-3.5213845,0.3547615\PG=CO01 [X(C8H16N2)|\@

Sum of electronic and thermal Free Energies= -423. 315781 Hartrees

TS2

I\\GINC-SPARTAN-RC0O70\FTS\UM062X\6-
31+G(d)\CSH16N2(1+,2)\UWILLE\21-Se

p-2017\0\\#p M062X/6-31+G* nosymm scf=(qc,direct) opt=(ts,noeigentest,
calcfc,z-matrix,maxcycle=500) freq=noraman\\geomé&freq\\1,2\C,-2.197842
9869,1.6817150825,0.0979506167\C,-1.5855837266,1.9644968474,-1.0857233

043\C,-3.6569772594,2.6998293924,-1.1934089819\N,-3.4870527171,2.15525
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79496,0.0092752423\H,-1.8276691534,1.1950693982,0.9881690326\H,-0.5785
171902,1.777232453,-1.4276118488\H,-4.5722408231,3.1440821751,-1.55912
47714\N,-2.5162710192,2.6002987449,-1.877726345\C,-4.5413292024,1.9798
403305,1.0344735146\H,-4.1387550681,2.3811738957,1.9710981856\H,-5.377
1255564,2.6153470751,0.7319044864\C,-2.2818084645,3.0948073863,-3.2380
034325\H,-1.5152054432,3.8703012867,-3.2125545636\H,-1.9623694635,2.26
54297867,-3.8698838285\H,-3.2117728401,3.5104710763,-3.6248198038\C,-4
.953250989,0.5328242197,1.1300556058\H,-5.1561018886,0.1346229033,-0.1

73968795\H,-4.1835770792,-0.1450875281,1.5029193591\H,-5.9129675059,0.
3836735465,1.6235826301\C,-5.912035766,-1.6363224854,-1.3621701141\H,-
6.0554129073,-2.046527984,-2.3686935079\H,-6.8901111455,-1.6166413709,

-0.8727443442\H,-5.2686794036,-2.3302116441,-0.8128156834\C,-5.3030448

625,-0.2544073382,-1.4214631256\H,-5.9462623885,0.5083405953,-1.871355

0296\H,-4.2871911503,-0.219682795,-1.8300571922\\Version=AM64L-G09RevB

.01\HF=-423.471584\S2=0.758797\S2-1=0.\S2A=0.750042\RMSD=0.000e+00\RMS

F=1.880e-06\Dipole=0.8872096,1.333733,-0.3943012\Quadrupole=20.3973531
,-7.8484806,-12.5488725,-22.8474555,7.8576849,-12.2785399\PG=C01 [X(C8
H16N2)\@

Nimag = -1459.0602 cm”

Sum of electronic and thermal Free Energies= -423.283181 Hartrees

Product association complex II
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1\\GINC-SPARTAN-RC008\FOpt\UM062X\6-
31+G(d)\C8H16N2(1+,2)\UWILLE\13-S

ep-2017\0\\#p M062X/6-31+G* nosymm scf=(qc,direct) opt=(calcfc,z-matri
x,maxcycle=500) freq=noraman\\geom&freq\\1,2\C,-2.2697247872,0.6797912
881,-0.0299625971\C,-0.9436815959,0.9881041116,-0.0251823307\C,-2.0802
641894,2.8733677247,0.0160770502\N,-2.958962817,1.8716084663,-0.004195
609\H,-2.779422783,-0.2727593139,-0.0410620557\H,-0.0690235584,0.35473
15733,-0.0362107955\H,-2.3245109418,3.926257726,0.0385669502\N,-0.8484
755637,2.3631026826,0.0042475459\C,0.4011582016,3.1299975913,0.0307481
077\H,0.9600074562,2.8760410958,0.9321234781\H,0.9861406671,2.89113903
04,-0.8579859965\H,0.1605445559,4.192669617,0.0356225599\C,-5.08150843
78,1.0726021161,0.923130598\H,-6.0115317078,0.5889845126,0.6569273942\
H,-4.758747186,1.0591091353,1.9576879775\C,-2.2448326276,-2.8055992673
,0.1526058166\H,-1.850031778,-3.8248271188,0.1301396009\H,-1.704673829
7,-2.2693445583,0.9420509031\H,-1.9981844721,-2.3481817751,-0.81327957
92\C,-3.7518201302,-2.8143631369,0.4086985987\H,-4.1768520145,-1.80221
2955,0.4579026582\H,-4.2822763475,-3.3511717823,-0.3823509275\H,-3.984
1764884,-3.3037873116,1.3584315157\C,-4.4360351209,2.0018131694,-0.041
9692542\H,-4.7584011417,1.8065008193,-1.0681904877\H,-4.6518898727,3.0
551198995,0.1822468636\\Version=AM64L-G09RevB.01\HF=-423.4953566\S2=0.
754886\S2-1=0.\S2A=0.750018\RMSD=0.000e+00\RMSF=7.756e-06\Dipole=0.694

7762,2.2228966,-0.1649188\Quadrupole=13.2772869,7.2545751,-20.531862,-
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10.896913,-0.9397405,-0.0072279\PG=C01 [X(C8H16N2)|\@
Sum of electronic and thermal Free Energies= -423.306166 Hartrees
TS3

I\\GINC-SPARTAN-RC046\FTS\UM062X\6-
31+G(d)\C8H16N2(1+2)\UWILLE\ 1-Oc

t-2017\0\\#p M062X/6-31+G* nosymm scf=(qc,direct) opt=(ts,noeigentest,
calcfc,z-matrix,maxcycle=500) freq=noraman\\geomé&freq\\1,2\C,-2.824683
541,1.3213961889,-1.8490693398\C,-2.9793219634,1.8866658262,-3.0783876
699\C,-4.6475320649,2.5580175652,-1.8097669594\N,-3.8737723795,1.76008
02714,-1.0647507632\H,-2.0697860764,0.6534547369,-1.4624407205\H,-2.37
81351048,1.8110231328,-3.9723378372\H,-5.5486355443,3.0497972879,-1.47
15003313\N,-4.1231831595,2.6500636834,-3.0336068364\C,-4.1565772728,1.
3211177918,0.2701113519\H,-4.8210037866,2.005193936,0.7926210066\H,-4.
8385170064,0.1445119079,0.1492599209\C,-4.6435836199,3.4841222691,-4.1
340816829\H,-4.6568510341,2.8563217194,-5.0281248976\H,-5.6777105244,3
.7279798729,-3.8809491923\C,-4.3259429897,-2.0644680478,0.00908 15962\H
,-4.7435563824,-3.0693322761,-0.1295374887\H,-3.8155432978,-2.05744200
21,0.9769346362\H,-3.5812681273,-1.9148292815,-0.7797551028\C,-5.42131
64039,-1.0291476292,-0.0491169473\H,-6.1509695202,-1.0713778041,0.7617
695474\H,-5.9005458268,-0.905686324,-1.0236388198\C,-3.8025017085,4.73
70827391,-4.331350854\H,-2.7700888085,4.487609031,-4.591042913\H,-4.22

30115476,5.3275932355,-5.1491260207\H,-3.7981383584,5.3533173341,-3.42
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83278665\H,-3.2460287418,1.0829196896,0.8147153605\\Version=AM64L-GO9R
evB.01\HF=-423.4763943\S2=0.759221\S2-1=0.\S2A=0.750057\RMSD=0.000e+00
\RMSF=4.735e-06\Dipole=-0.0691271,0.7332157,-0.3196596\Quadrupole=26.0
412909,-14.9696028,-11.0716881,-32.091098,28.3827922,-24.2582268\PG=C0

1 [X(C8H16N2)\@
Nimag = -1432.7183 cm™
Sum of electronic and thermal Free Energies= -423.288887 Hartrees
Product association complex I11

1\\GINC-SPARTAN-RC128\FOpt\UM062X\6-
31+G(d)\C8H16N2(1+,2)\UWILLE\09-S

ep-2017\0\\#p M062X/6-31+G* nosymm scf=(qc,direct) opt=(calcfc,z-matri
x,maxcycle=500) freq=noraman\\geom&freq\\1,2\C,-2.5425115507,0.6234597
242,-0.1016897504\C,-1.2018435719,0.8326118603,-0.0407331644\C,-2.2128
712321,2.8026547697,-0.117228802\N,-3.1513961257,1.8601278755,-0.15073
17705\H,-3.1092758322,-0.2963082864,-0.1182113842\H,-0.3741188965,0.14
09428032,0.0051336307\H,-2.3825006151,3.8695727227,-0.1418647142\N,-1.
0038375635,2.2089332062,-0.0505732443\C,0.2204496858,2.8561472454,-0.0
018090856\H,1.1095125208,2.2472596531,0.0365712812\H,0.2305095504,3.93
47657798,-0.0186500528\C,-1.9292100027,-2.7162957262,0.1191905364\H,-1
.2900592719,-3.6025235855,0.1541001859\H,-1.6708595191,-2.0987225596,0
.9881880902\H,-1.6667915707,-2.169123522,-0.7949193092\C,-3.405319839,

-3.1118103758,0.1330021283\H,-4.0741068094,-2.2414252653,0.1080528338\
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H,-3.654114434,-3.7341592161,-0.730499705\H,-3.6510123805,-3.678237026

1,1.0350207331\C,-4.6092401498,2.0924884498,-0.1971367219\H,-4.9906548

187,1.5481170761,-1.0647118354\H,-4.7491432698,3.1601141804,-0.3799921

48\C,-5.2823974732,1.6503456711,1.0940369085\H,-6.3535536296,1.8557850

362,1.0269657252\H,-5.1571147582,0.5773797289,1.2644653784\H,-4.879719

4429,2.1929957807,1.9533912487\\Version=AM64L-G09RevB.01\HF=-423.49948

57\S2=0.760392\S2-1=0.\S2A=0.750066\RMSD=0.000e+00\RMSF=4.736¢-06\Dipo

16=0.4929484,2.0393996,-0.1864352\Quadrupole=16.3373076,6.0177571,-22.
3550647,-13.9656622,-0.3016899,-0.4299979\PG=C01 [X(C8H16N2)|\@
Sum of electronic and thermal Free Energies= -423.310556 Hartrees

Reactant association complex [MeSH — Et’]

I\\GINC-SPARTAN-RCO015\FOptUM062X\6-3 1+G(d)\C3HIS 1 (2)\UWILLE\13-

Oct-2

017\0\\p M062X/6-31+G* nosymm scf=(qc,direct) opt=(calcfc,z-matrix,ma
xcycle=500) freq=noraman\\geom&freq\\0,2\H,-4.1410104931,0.6216848133,
-0.7139544411\C,-4.6986051419,-1.92057974,0.4273511609\H,-4.9982169199
,-2.9046537342,0.8210091595\H,-4.3262800883,-1.3400543209,1.2794435868
\H,-3.8590115302,-2.0906648397,-0.2537490326\C,-5.8320257519,-1.234962
3916,-0.257267573\H,-6.6217992242,-0.7693428481,0.3219535528\H,-6.0330
465274,-1.4172217144,-1.3068817645\S,-3.6233055384,1.6812614152,-0.065
5986368\C,-4.9845843152,1.8536388552,1.1311181376\H,-5.936399265,2.027

4431656,0.6266206406\H,-5.0610341842,0.9783613419,1.7796797123\H,-4.75
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01454337,2.7238688295,1.7471071358\\Version=AM64L-G09RevB.0 1\HF=-517.7

392191\S82=0.755033\S2-1=0.\S2A=0.75002\RMSD=0.000e+00\RMSF=1.947e-
05\D

ipole=-0.6033488,-0.4337154,0.274071\Quadrupole=5.7853949,-3.7942223. -
1.9911726,1.6350213,-3.0096703,2.2130131\PG=C01 [X(C3HIS1)\@

Sum of electronic and thermal Free Energies=-517.665886 Hartrees

TS4

ININGINC-SPARTAN-RCO9NFTS\UMO062X\6-31+G(d)\C3HIS1(2)\UWILLE\27-
Oct-20

17\0\\#p M062X/6-31+G* nosymm guess=check opt=(ts,noeigentest,calcfc,z
-matrix,maxcycle=500) freq=noraman\\geom&freq\\0,2\H,-4.6482102586,0.1
337435799,0.7709576406\C,-6.291962239,-0.7513163226,-0.767577046\H,-6.
9145250691,-1.573081872,-1.1515522304\H,-5.7095048057,-0.3648058254,-1
.6099177058\H,-6.9669971507,0.0402971336,-0.4287904899\C,-5.4058489621
,-1.2241567732,0.3424637497\H,-4.5415711562,-1.8360941007,0.0915769819
\H,-5.8586203544,-1.4445693585,1.3069645465\S,-3.9169391345,1.37358764
32,0.9245395738\C,-2.7699671322,1.0208731884,-0.4451365503\H,-3.298659
512,0.9244178373,-1.3962520921\H,-2.0838770195,1.8676996859,-0.5179648
085\H,-2.1845179856,0.1193179117,-0.252077417\\Version=AM64L-G09RevB.0

IN\HF=-517.7332511\S2=0.759369\S2-1=0.\S2A=0.75005\RMSD=7.383e-
09\RMSF=

1.047e-05\Dipole=-0.1175208,-0.7495663,-0.6280257\Quadrupole=3.6389121

,-1.9796651,-1.6592469,7.4622212,3.6295766,-1.7608356\PG=C01 [X(C3HIS1
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N@

Nimag = -948.9048 cm”™

Sum of electronic and thermal Free Energies=-517.659386 Hartrees
Product association complex IV

INNGINC-SPARTAN-RCO030\FOpt\UM062X\6-31+G(d)\C3H9S1(2)\UWILLE\13-
Oct-2

017\0\\¥p M062X/6-31+G* nosymm scf=(qc,direct) opt=(calcfc,z-matrix,ma
xcycle=500) freq=noraman\\geom&freq\\0,2\H,-5.5861436954,-0.0335336857
,-0.7792166944\C,-4.5058020159,-1.4349289344,0.4928716632\H,-4.6342432
101,-2.436237527,0.9161412875\H,-4.3171324859,-0.7508935111,1.32800398
95\H,-3.6069565906,-1.4496198236,-0.1323502877\C,-5.7337847145,-1.0133
955007,-0.3125793022\H,-6.6253405736,-0.958233767,0.3210570543\H,-5.94
1968073,-1.7288971628,-1.1141839413\S,-3.2717639416,1.7794258744,-0.03
61357094\C,-4.5169500326,2.1463528485,1.2135162557\H,-5.473663753,1.67
69379801,0.9684590967\H,-4.1921641773,1.8497997772,2.2126038984\H,-4.6
670078511,3.2330574217,1.2069760308\\Version=AM64L-G09RevB.01\HF=-517.
770637\S2=0.752985\S2-1=0.\S2A=0.750006\RMSD=0.000e+00\RMSF=1.475¢e-05\
Dipole=-0.4766006,0.1305705,0.433342\Quadrupole=3.172771,-0.5863687,-2
.5864022,-2.5527872,-4.3564752,1.9991037\PG=C01 [X(C3HIS1)[\@

Sum of electronic and thermal Free Energies=-517.690993 Hartrees
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Appendix 2

The linear form of the Eyring equation is given below:

k -AH~ k, AS”
In—= +In-£+
T RT h

Where:

k = reaction rate constant

T = absolute temperature
AH* = enthalpy of activation
R= gas constant

kg = Boltzman constant

h = Plank’s constant

AS*= entropy of activation

nkC __Ai.klnk_B.F&
T RT h

lnk_H=;AI_IH+lnk_B+ﬁ
T RT h

Dividing equation In (k¢/T) by In (kx/T) gives:

lnk—c= _AHC+lnk—B+& - ﬁ+lnk—3+ﬁ
k, h R RT h R
ke _(-AHZ  ASZ)_(-AHG  AS;
. U RT "R RT R
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ke _(-AHZ _-AHZ) (AS7 _AS;

k, \ RT  RT R R

~(AHZ - AH})
R

lnk—c =
kH

R

L1, [Asc-As;
T

Appendix 3

Table A.1. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 6,6-diphenyl-5-hexenyl radical (25b) at 24 + 1 °C.

Solvent [t-BuSH] PA PA PA

(M) (26b-H) (44) (25b-H)

t-BuPh 0.100 2867330 2674300 138823
0.120 3788477 2538475 216097

0.120 5653038 2455739 195174

0.140 4718140 2978416 271575

0.140 5471898 2865417 304542

0.175 16178424 4557394 917135

0.175 9592936 5215127 602909

0.180 9896774 4042508 815987

0.180 8809258 3630102 538065

0.210 21084787 6183409 1629529

0.210 16545300 4865300 1292191

0.245 21676509 6542836 1788876

0.245 25027606 5710096 1692795

0.280 29463079 7779273 2203263

0.280 21506556 6394309 1917846

0.315 30192527 7617108 2860633

0.315 26969828 7207530 2730314

[EMIm][NT£,]" 0.100 2697476 1383330 146678
0.100 2205236 1630036 143187

0.140 4668090 2867969 308302

0.140 3809167 1890222 258857

0.160 6217781 2641407 471852

0.160 5819032 2431535 420228

0.180 7413460 3018454 574868

0.180 6516695 2770697 584870

0.200 10252244 3449326 755683

0.200 8621955 3206400 763641

A fter extraction with z-BuPh.
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Table A.2. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 5-hexenyl radical (25a) at 24 + 1 °C.

Solvent [t-BuSH] PA PA

(M) (26a-H)  (25a-H)
t-BuPh 0.200 2181607 8232498
0.200 1949249 7501251
0.100 1652037 3891495
0.100 1720667 3568789
0.050 1082606 1288891
0.050 1127100 1256155
0.040 936273 972208
0.040 932843 1087603
0.030 619619 537741
0.030 617134 633463

0.015 108405 57063
0.015 119444 62019
0.200 658765 4267934
0.200 709539 4768640
0.120 527232 2305708
0.120 528571 2302210
0.120 1255560 4646330
0.120 1546834 6601933
0.080 464900 1394156
0.080 422285 1318469
0.080 1284968 3510013
0.080 1305275 4240249
0.050 246815 523805
0.050 303071 720989
0.050 904869 1820880
0.050 1111133 2065856
0.045 320551 622624
0.045 324630 593473
0.045 789176 1218156
0.045 896234 1846877
0.040 277971 489047
0.040 282916 505124
0.040 797271 1512540
0.040 899715 1272116
0.035 234959 373797

0.035 13444 19854
[EMIm][NT£,]" 0.200 658765 4267934
0.200 709539 4768640
0.120 527232 2305708
0.120 528571 2302210
0.120 1255560 4646330
0.120 1546834 6601933
0.080 464900 1394156
0.080 422285 1318469
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0.080 1284968 3510013

0.080 1305275 4240249
0.050 246815 523805
0.050 303071 720989
0.050 904869 1820880
0.050 1111133 2065856
0.045 320551 622624
0.045 324630 593473
0.045 789176 1218156
0.045 896234 1846877
0.040 277971 489047
0.040 282916 505124
0.040 797271 1512540
0.040 899715 1272116
0.035 234959 373797
0.035 13444 19854

A fter extraction with z-BuPh.

Table A.3. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-

exo cyclisation of the 5-hexenyl radical 25a at different temperatures."

Solvent T/°C PA PA
(26a-H)  (25b-H)
[EMIm][NTE] 23 1644363 4931183
1430361 4243334
35 2463706 5534610

2689731 5952246
2493869 6045848
40 1487399 2624447
1101196 2184955
1272098 2234433
50 1752593 2958459
1894963 3227176
1661790 2651263
60 1737166 2502029
1615546 2343803
1380378 1596527
70 1820565 2175743
1919109 2236602
2106345 1792376

BT +-BuSH] = 0.1 M. ™ After extraction with ~-BuPh.
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Table A.4. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 5-hexenyl radical 25¢ at 24 + 1 °C.

Solvent [t-BuSH] PA PA
(M) (26¢c-H)  (25¢-H)
t-BuPh 0.20 17376349 1138224
0.20 18465690 1234845
0.20 17427237 1161424
0.16 12044680 629619
0.16 14342216 723686
0.16 13647953 718415
0.14 11739984 512875
0.14 11992576 544566
0.14 12612813 604422
0.12 10314274 357355
0.12 10914290 384378
0.12 10472364 372962
0.08 7173548 131776
0.08 6213255 122442
0.08 7055116 147387
[EMIm][NT£]"! 0.20 7297025 870077
0.20 8051753 1027732
0.20 7514317 918366
0.18 5336233 588756
0.18 7087165 675313
0.18 3128120 286273
0.16 7166390 737283
0.16 5032328 464845
0.16 3817809 348348
0.14 4712709 384539
0.14 4005898 332831
0.14 4109512 337303
0.12 5905294 427965
0.12 3755855 268719
0.12 2614139 158726

A fter extraction with z-BuPh.

Table A.5. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-

exo cyclisation of the 5-hexenyl radical 25¢ at different temperature.'®

Solvent T/°C PA PA
(26c-H)  (25¢-H)
t-BuPh 35 13926382 559217

14265479 491989
13303933 462448
45 13105208 421751
12865150 406296
13140473 424296
55 9653706 246804
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9433441 221358
9448381 225445
65 11348062 260149
12372328 291469
11858680 283787
75 12187774 256514
12197398 238893
12049374 241660

[EMIm][NT£]™ 25 5078440 193661
5361283 203020

4047226 82533

35 2472917 85518
3015528 103734

3056982 92006

45 2824179 80243
2350001 52071

2172088 50156

55 4772478 96737
4701170 84760

5085493 59804

65 3427879 41829
3531066 25318

3203586 52327

Bl -BuSH] = 0.12 M. JA fter extraction with ethyl acetate and diethyl ether.

Table A.6. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 5-hexenyl radical 25d at 24 + 1 °C.

Solvent [t-BuSH] [26d-H] [25d-H]

M)

t-BuPh 0.80 57708559 801011259

0.80 58234026 798354275

0.80 56459741 808857715

0.72 46783620 734458430

0.72 50967457 728716510

0.72 45068708 735045930

0.64 39645459 661215375

0.64 39311746 654923685

0.64 36806606 649855838

0.56 30195123 581192951

0.56 30407406 578776537

0.56 30000549 614037587

0.48 20654718 505319297

0.48 20121217 497828219

0.48 18780683 493889588

0.40 14815639 420403123

0.40 13642774 419662463

0.40 13838278 416610547

[EMIm][NTHT;] 0.80 19050680 455118512

187



0.80 23325854 489778986

0.80 21353638 488112744
0.72 19262051 437098695
0.72 17707479 411034351
0.72 17486259 420026538
0.64 13364520 430392033
0.64 14215517 379345915
0.64 15986716 396230005
0.56 13008441 377961710
0.56 12883275 356869561
0.56 9889042 356709648
0.48 8913395 328511195
0.48 7814492 298211406
0.48 7260645 290381119
0.40 6554147 284167320
0.40 5958002 281379069
0.40 3588734 222634446

WA fter extraction with ethyl acetate and diethyl ether.

Table A.7. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 1-methyl-5-hexenyl radical (63a) at 24 + 1 °C.

Solvent [t-BuSH] PA PA PA
(M) (63a-H) (trans-64a-H) [cis-64a-H]

t-BuPh 0.20 90144 3087 11484
0.20 89750 2922 11411
0.20 86812 3036 11909
0.18 78936 3012 11399
0.18 83212 2966 11803
0.18 80899 3040 11743
0.16 71634 3026 11690
0.16 71168 2890 11326
0.16 68204 2966 11466
0.14 59524 2873 11115
0.14 57408 2869 11197
0.14 54137 2647 10170
0.12 45720 2886 10816
0.12 44686 2652 10444
0.12 42683 2430 9417
0.10 34742 2437 9353
0.10 37465 2561 9815
0.10 33115 2373 9082

[EMIm][NT£]" 0.20 60993 1052 4281

0.20 61253 1093 4614
0.20 65097 1289 5238
0.18 57892 1118 4592
0.18 55770 1009 4238
0.18 54019 1118 4539
0.16 49934 986 4162

188



0.16 48859 1025 4275

0.16 49876 1103 4559
0.14 55247 1309 5404
0.14 43336 1035 4254
0.14 43416 1112 4562
0.12 36223 994 4113
0.12 34094 869 3572
0.12 32279 854 3507
0.10 29058 932 3803
0.10 29324 893 3740
0.10 24917 834 3453

A fter extraction with z-BuPh.

Table A.8. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-

exo cyclisation of the 1-methyl-5-hexenyl radical (63a) at different temperatures.”

Solvent T/°C PA PA PA
(63a-H) (trans-64a-H) (cis-64a-H)

t-BuPh 25 90144 3087 11484

89750 2922 11411

86812 3036 11909

40 125708 4795 18244

129483 4678 17518

127194 4918 18548

45 127845 4671 17362

126554 5091 18714

125750 5069 18949

55 105261 4216 15537

104010 4165 15434

104304 4408 16362

60 107896 3941 14813

112771 4756 17360

105493 4663 17253

65 125528 5421 19896

120669 5902 21190

121637 5875 21210

[EMIm][NTf]™ 4 15706 294 1589

13708 280 1436

9087 210 1199

25 32847 1022 4093

29719 988 4041

29394 897 3721

45 18234 898 3163

19917 1676 6155

65 18825 2543 8157

12835 1995 6221

20852 2734 8668

85 15659 3026 8719

14448 3073 8711
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14956 3326 9413

95 22583 8099 22311
20967 6931 19094
25273 7817 21548
115 12321 5757 14817
11378 5573 14637
12912 6062 15526

BT +-BuSH] = 0.1 M. ™After extraction with -BuPh.

Table A.9. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 1-ethyl-5-hexenyl radical (63b) at 24 + 1 °C.

Solvent [--BuSH] PA PA PA

M) (63b-H) (trans-64b-H) (cis-64b-H)
t-BuPh 0.20 60039 2892 8239
0.20 59290 2915 8326
0.20 61422 2937 8511
0.18 51360 2811 8048
0.18 49144 2684 7727
0.18 50766 2656 7625
0.14 35008 2481 7262
0.14 32791 2495 7278
0.14 35569 2395 7040
0.12 27082 2209 6614
0.12 28693 2381 6952
0.12 28255 2144 6458
0.10 21209 1913 5790
0.10 22477 2116 6278
0.10 21545 1906 5629
[EMIm][NT£]"! 0.20 49723 1459 3818
0.20 43197 1241 3301
0.20 50236 1486 3813
0.18 48383 1587 4092
0.18 36425 1186 3096
0.18 51073 1613 4235
0.16 41094 1393 3669
0.16 39340 1329 3559
0.16 34298 1126 2933
0.12 32170 1384 3834
0.12 28961 1230 3405
0.12 30686 1234 3486
0.10 27372 1299 3642
0.10 22320 1029 2880
0.10 23761 1152 3198

A fter extraction with z-BuPh.
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Table A.10. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 1-ethyl-5-hexenyl radical (63b) at different temperatures.'!

Solvent T/°C PA PA PA
(63b-H) (trans-64b-H)  (cis-64b-H)

t-BuPh 25 60039 2892 8239

59290 2915 8326

61422 2937 8511

40 42986 2321 6457

37556 2042 5714

56966 3057 8529

50 73887 4014 11142

44080 2403 6644

47047 2575 7257

60 51997 4102 10873

32804 2992 7933

34434 2767 7479

70 29674 3140 8158

30426 2930 7676

36377 3657 9490

[EMIm][NTL]™ 25 27372 1299 3642

22320 1029 2880

23761 1152 3198

40 14883 1324 3535

19070 1168 3084

15927 924 2405

50 12157 931 2455

12511 1131 2778

12167 1007 2460

60 9451 1305 3235

19501 1928 4886

12579 1355 3281

70 11920 1553 3773

11469 1710 4052

10912 1762 4229

BT +-BuSH] = 0.1 M. ™After extraction with -BuPh.

Table A.11. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 1-isopropyl-5-hexenyl radical (63c) at 24 + 1 °C.

Solvent [--BuSH] PA PA PA
(M) (63c-H) (trans-64c-H) (cis-64c-H)

-BuPh 0.20 76120 3707 10401
0.20 78718 3685 10354
0.20 78109 3584 10230
0.18 65851 3843 10668
0.18 66496 3689 10444
0.18 68406 3838 10826
0.16 57878 3531 10271
0.16 53742 3410 10035
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0.16 57424 3482 10277

0.14 47554 3325 9681
0.14 46713 3294 9605
0.14 46257 3401 9571
0.12 39826 3209 9601
0.12 39280 3413 9674
0.12 38400 3171 9066
0.10 31930 3100 9031
0.10 28774 2943 8393
0.10 29392 2844 8208

[EMIm][NT£,]" 0.20 51787 1488 4191
0.20 51784 1454 4069
0.20 63448 1732 5010
0.18 44516 1301 3802
0.18 53340 1610 4434
0.18 58792 1813 5036
0.16 50957 1694 4730
0.16 45050 1467 4162
0.16 46794 1542 4365
0.14 39470 1395 4061
0.14 40541 1420 4121
0.14 37549 1314 4033
0.12 30896 1315 3780
0.12 34869 1550 4388
0.12 32650 1372 4003
0.10 25726 1379 3702
0.10 25701 1333 3707
0.10 26492 1351 3825

A fter extraction with z-BuPh.

Table A.12. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-

exo cyclisation of the 1-isopropyl-5-hexenyl radical (63¢) at different temperatures.”

Solvent T/°C  PA (63c-H) PA PA
(trans-64c-H) (cis-64c-H)
t-BuPh 25 76120 3707 10401
78718 3685 10354
78109 3584 10230
35 77203 4797 13349
77893 4278 11972
77439 4397 12104
40 77750 4667 12795
77972 4603 12920
80951 4875 13518
50 77784 5046 13916
76659 5263 14104
55 72106 5298 14229
71424 5386 14252
66963 5458 14278
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[EMIm][NTH]™ 25 25726 1379 3702

25701 1333 3707
26492 1351 3825
35 26182 1976 5460
26061 2102 5657
23426 2821 7527
40 21649 2347 6274
14134 4005 10642
20520 1865 5045
45 27022 3040 7845
23462 2355 6254
25307 2512 6378
58 24783 3963 9919
24717 3505 8788
25722 3660 9236
70 25995 3738 9302
21774 2742 6024
19691 2610 5798

BT +-BuSH] = 0.1 M. ™After extraction with -BuPh.

Table A.13. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 1-z-butyl-5-hexenyl radical (63d) at 24 + 1 °C.

Solvent [t-BuSH] PA PA PA
(M) (63c-H) (trans-64c-H) (cis-64c-H)
n-hexane 0.20 75364 2748 4582
0.20 73278 3186 5076
0.20 64807 2994 4659
0.18 63844 2791 4379
0.18 64874 3085 4860
0.18 59350 3039 4884
0.16 54561 2489 3943
0.16 49988 2573 4047
0.16 53526 2976 4674
0.14 100462 5213 8151
0.14 37893 2270 3623
0.14 12819 571 851
0.12 38882 2466 3960
0.12 29258 1956 3002
0.12 35555 2554 4063
0.10 25788 1782 2768
0.10 27544 1884 2885
0.10 29568 2434 3856
[EMIm][NT£]"™ 0.20 60168 1290 2185
0.20 63466 1249 2139
0.20 67123 1337 2289
0.18 58203 1232 2162
0.18 59835 1270 2178
0.18 56217 1232 2134
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0.16 48962 1101 1892

0.16 51619 1232 2156
0.16 48735 1154 1978
0.14 53298 1391 2438
0.14 49036 1295 2175
0.14 49231 1358 2312
0.12 33823 1076 1728
0.12 37697 1124 1904
0.12 36444 1095 1825
0.10 27392 892 1465
0.10 27716 963 1635
0.10 31328 1168 1944

A fter extraction with z-BuPh.

Table A.14. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-

exo cyclisation of the 1-z-butyl-5-hexenyl radical (63d) at different temperatures.

Solvent T/°C PA PA PA

(63d-H) (trans-64d-  (cis-64d-H)
H)

n-Hexane 25 75364 2748 4582

73278 3186 5076

64807 2994 4659

35 79864 4620 7069

74909 3973 6197

69505 3844 5972

45 69156 5758 8388

59166 4530 6554

56959 4879 7205

55 66873 7436 10384

58715 5761 8158

62610 6212 8707

75 83012 9621 13282

93076 9356 13026

82595 8788 12115

[EMIm][NT£]™ 25 27392 892 1465

27716 963 1635

31328 1168 1944

40 39365 1991 3180

42384 2255 3588

34585 1551 2479

50 23415 2017 3000

30915 2250 3424

30796 2174 3294

60 31690 2507 3843

33803 2888 4372

27542 2477 3736

70 34634 4501 6373

29135 3864 5358
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80

29940
29976
24422
29359

3696
4563
3446
4677

5240
6422
4796
6489

BI2-BuSH] = 0.1 M. ™A fter extraction with n-hexane.

Table A.15. The GC peak areas (PA) of the products of the competition experiments for the

intramolecular homolytic substitution of the radical 78 at different temperatures.

Solvent T/°C PA PA
(78-H) (79)
[EMIm][NTf] 24 284 20513
256 22855
290 21859
59 741 30218
747 25952
754 26744
81 1083 18495
1321 31346
1124 24800
10 2753 24104
2171 27974
2201 23003

BT -BuSH] = 0.1 M. ™A fter extraction with diethyl ether and ethyl acetate.

[al.[b]

Table A.16. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-

exo cyclisation of the alkoxyl radical 82b at different temperatures.

[a]

Solvent T/°C PA PA PA

(82b-H) (trans-83b-H) (cis-83b-H)

-BuPh 24 5824 15747 53481

6396 17653 60156

6295 16606 56507

35 6707 19263 64919

6446 19561 65377

5903 18252 60826

40 6442 18948 63938

6408 18803 63336

6500 18412 61755

45 6241 19418 63831

6005 18288 60464

5553 18479 60884

50 5257 16624 54281

5595 18065 59085

[EMIm][NTH]®! 24 6644 14145 43473

6192 14069 43273

6481 13715 42090

35 5681 12699 38123

5138 11749 35251
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40

45

50

70

5762
4877
5152
5697
4832
4626
4625
4730
4985
5356

12325
12011
11859
13830
11488
11058
11320
12728
12240
11733

36625
35788
35303
40559
33637
32117
33128
35114
33544
32192

BT [-BuSH] = 0.05 M. P’After extraction with diethyl ether and ethyl acetate.

Table A.17. The GC peak areas (PA) of the products of the competition experiments for intermolecular
addition of radical 90 to MA at 24 + 1 °C."

Solvent [MA] PA PA PA
(M) (90-H) (91a-H)  (92a-H)
Benzene 0.20 541722103 22804216 11447160
0.20 528901856 22853713 11388432
0.40 445327311 27417194 17847127
0.40 507920759 30334520 20246708
0.40 479676262 29511579 36232899
0.50 448112299 28765168 20680055
0.50 478632794 31331735 23514041
0.60 428920436 29651242 35930012
0.60 424113741 30396086 72598005
0.60 437062709 31633162 25178266
0.66 432645614 31615872 74090037
0.66 455807737 33085779 25568096
0.66 443831754 31585218 26107869
[EMIm][NTf]™ 0.20 109767117 6686330 3906689
0.20 150700364 8181650 4422004
0.20 173182076 9202884 4712910
0.30 114219968 7684767 5584865
0.30 181774873 11398647 6978213
0.30 172566957 11190802 6620589
0.40 107448131 7942714 6115277
0.40 161420488 11136188 7808248
0.40 181924093 11860803 8297451
0.50 164766565 11213104 8669653
0.50 167828059 11804481 8525727
0.50 181924093 11860803 8297451
0.60 160389817 11571836 9677966
0.60 193459666 13898633 10604866
0.60 208749055 14891093 11023299
0.66 126056395 10252976 7823915
0.66 120248873 9121180 7734717
0.66 155642464 11600919 9705064

BT -BuSH] = 0.1 M. ™A fter extraction with diethyl ether and ethyl acetate.
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Table A.18. The GC peak areas (PA) of the products of the competition experiments for the

intermolecular addition of radical 90 to MA at different temperatures in [EMIm][NT£]. P!

T/°C [MA] PA PA PA
M) (90-H)  (91a-H)  (92a-H)
23 0.4 445327311 27417194 17847127
0.4 507920759 30334520 20246708
0.4 479676262 29511579 36232899
33 0.4 845051236 50742957 26198965
0.4 850030561 48920643 23423766
45 0.4 467554594 29036125 15858810
0.4 475244068 30064248 16760401
0.4 461020376 28660836 16030238
53 0.4 422783158 27455721 15645020
0.4 521839212 31728252 17221281
0.4 476695293 30075051 17089672
60 0.4 387378450 31877785 20605956
0.4 409221309 33424188 20238418
0.4 392516040 32165861 26201600
65C 0.4 476817307 36837340 25615255
0.4 452555276 33985553 22641662
0.4 486192583 32764277 21710104

BT [-BuSH] = 0.1 M. ™A fter extraction with diethyl ether and ethyl acetate.

Table A.19. The GC peak areas (PA) of the products of the competition experiments for intermolecular
addition of radical 90 to MA at 24 + 1 °C.

Solvent [BuSH] [MMA] PA PA PA
(M) (M) (90-H)  (91b-H)  (92b-H)

Benzene 0.1 0.1 437430096 14072097 12832612
0.1 0.1 447622527 13572290 11206894

0.1 0.1 467417885 14167540 11211092

0.1 0.15 404120513 18068538 22274146

0.1 0.15 429278852 16518836 18210470

0.1 0.15 436895091 16568201 18830980

0.1 0.2 397117713 18885486 24837877

0.1 0.2 399875654 18274361 24743245

0.1 0.2 417021277 18226013 24889451

0.1 0.25 401557595 19190197 29496023

0.1 0.25 393227427 19199532 30204609

0.1 0.25 440228039 21932953 31644197

0.1 0.3 390640540 19526791 31434826

0.1 0.3 413440877 21617901 35647808

0.1 0.3 381860545 19724206 34342275

0.1 0.33 376200461 19873898 35484760

0.1 0.33 387854924 20945032 36662322

0.1 0.33 427142322 23531734 40026836

[EMIm][NT£,]" 0.1 0.1 196557634 5650021 6107231
0.1 0.1 144540592 4103175 4788831

0.1 0.1 230145458 5122424 6090247
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0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.15
0.15
0.15
0.2
0.2
0.2
0.25
0.25
0.25
0.3
0.3
0.3
0.33
0.33
0.33

176752724
184592977
201647732
165137469
153944269
198453579
135044491
148663520
198453579
133096316
182136724
201356993
143272210
187919175
164439492

5872873
5378533
4502529
5753494
4782435
5179008
4977312
4745190
5179008
5034576
5536831
5449050
5255146
5722486
4716359

8226706
7216118
8148092
9140276
7110685
7747013
7303463
7368783
7747013
8053839
8338778
8672168
7735396
8933327
7738808

@A fter extraction with diethyl ether and ethyl acetate.

Table A.20. The GC peak areas (PA) of the products of the competition experiments for the

intermolecular addition of radical 90 to MA at different temperatures.

[al.[b]

Solvent T°C [+-BuSH| [MMA] PA PA PA
(M) (M) (90-H)  (91b-H)  (92b-H)

Benzene 23 0.1 02 397117713 18885486 24837877
0.1 0.2 399875654 18274361 24743245

0.1 02 417021277 18226013 24889451

44 0.1 02 208345916 9179508 11555019

0.1 02 247992797 12049733 15171554

0.1 02 267469204 13638003 17352543

55 0.1 0.2 245877544 12156448 14815082

0.1 02 268409437 14800609 17590970

0.1 02 283061772 14632977 17332788

65 0.1 02 367929454 19744337 19662282

0.1 02 365024223 19350754 21782743

0.1 0.2 383872245 20894777 24160610

0.1 02 297172294 17714253 19453711

75 0.1 02 310652773 17579541 21158148

0.1 0.2 344427316 20013536 23110562

[EMIm][NTf,] 23 0.1 02 165137469 5753494 9140276
0.1 0.2 153944269 4782435 7110685

0.1 02 198453579 5179008 7747013

44 0.1 0.2 54332743 2603266 3842159

0.1 02 56686762 3007959 4627422

0.1 02 65787080 3139224 4739500

55 0.1 02 87346796 4955866 6569154

0.1 02 87906145 5601458 7186611

0.1 02 94762556 5635596 7203768

65 0.1 02 101094018 6341758 9152072

0.1 02 92172401 6212834 8794596

0.1 02 102437180 6810056 9254304

75 0.1 02 152135722 11205358 14470634

198



0.1 0.2 128592598
0.1 0.2 241251506

9055767
10890698

12566573
12540236

BT [-BuSH] = 0.1 M. ™A fter extraction with diethyl ether and ethyl acetate.

Table A.21. The GC peak areas (PA) of the products of the competition kinetic experiments for the 5-
exo cyclisation of the 5-hexenyl radical (25a) at 24 £ 1 °C to explore the recyclability of
[EMIm][NTH].

Run PA PA PA [25a-H] [26a-H] [1-Heptene]
(25a-H) (26a-H) 1-Heptene

Run1 22608 4087 43025 0.0056520 0.00102175  0.0086050
24038 4269 42093 0.0060095 0.00106725  0.0084186
21634 3884 40280 0.0054085 0.00097100  0.0080560

Run2 21623 4037 41503 0.0054058 0.00100925  0.0083006
22040 4833 41603 0.0055100 0.00120825  0.0083206
22011 4274 42695 0.0055028  0.0010685  0.0085390

Run3 21335 5027 42710 0.0053338 0.00125675  0.0085420
19918 4317 43813 0.0049795 0.00107925  0.0087626
20569 4432 41750 0.0051423 0.00110800  0.0083500
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