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Ac acetyl 
AIBN azoisobutyronitrile 
AMI Austin Model I 

Ar aryl 
Boc tert-butyloxycarbonyl 
Bn benzyl 

BT benzothiazole 

Bu butyl 
0C degree(s) centigrade 
cat. catalytic 
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Cp cyclopentadienyl 
d doublet or day(s) 

DCM dichloromethane 
de diastereomeric excess 
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DMF N. ýN-dimethylfbrmamide 
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e. g. exempli gratia 
EI electron impact 
Et ethyl 

equiv. Equivalent(s) 

ESI electrospray ionisation 

Et ethyl 

9 gram or grams 
h hour/hours 

HMPA hexamethylphosporamide 

HOMO highest occupied molecular orbital 
i. e. id est 
IR infrared 



irreversible 

coupling constant 
JMOD J modulated 
KHMDS potassium bis(trimethylsilyl)amide 

Lit literature 
LUMO lowest unoccupied molecular orbital 

mCPBA meta-chloroperbenzoic acid 
Me methyl 
min minute(s) 
ml millilitre(s) 
mol mole(s) 
mmol millimole(s) 
Ms methanesulfonyl 
mp melting point 
, Wz ratio of mass to charge 
NMR nuclear magnetic resonance 
0 ortho 
P para 
Ph phenyl 

ppm parts per million 
Pr propyl 

sat. saturated 
SET single electron transfer 
SOMO singly occupied molecular orbital 
t or tert tertiary 
TBAF tetra-n-butylammonium fluoride 
TDAE tetrakis(dimethylamino)ethylene 
THF tetrahydrofuran 
TLC thin layer chromatography 
Tf trifluoromethanesulfonate 
TS p-toluenesulfonyl 
TTF tetrathiafulvalene 
TTMSS tris(trimethylsilyl)silane 
UHF unrestricted Hartree-Fock 
UV-Vis ultraviolet visible 
VS. versus 
x halogen 

y yield 
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, 
&STRACT 

This project aims to explore the ability of organic molecules to transfer electrons and is 
based on the recent development within the Murphy group of a novel organic molecule, 
called Super-S. E. T. reagent 1, that allows the reduction of unactivated aryl and alkyl 
iodides. My study investigates the scope of donor 1 as a reducing agent and extends the 
study to a more powerful donor 2. 

Chapter One provides an introduction to the world of electron transfer. After giving a 
theoretical background, synthetic applications of electron transfer are highlighted, in 
particular using metal chemistry, electrochemical and photochemical methods. This 
chapter also discusses the use of sulfones and sulfonamides as challenging substrates for 
electron transfer. Finally the field of neutral organic electron-donors, which form the basis 
of my studies, is introduced. 

Chapters Two to Seven then summarise my work. Chapter Two and the second part of 
Chapter Sbc highlight my adventures in investigating the chemistry of donor 1. Until now, 
donor 1 is known to reduce efficiently only specific aryl and alkyl iodides. This report (i) 
highlights the scope and limitations of donor 1 in the reduction of different aryl iodide 
substrates and of aryl halides other than iodides and (ii) discusses the application of donor 
1 in the selective reduction of an ortho- over an analogous para-aryl iodide in substrate 3 
and (iii) recounts the successful isolation of the first adduct of the donor, i. e. 4. 
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Chapter Three to Six deal with the exploration of the power of Super-S. E. T. reagent 2. 
This donor was successfully applied as a powerful reducing agent in the reductive 
cleavages of a number of activated sulfones and sulfonamides, giving the reduced 
counterparts in excellent yields. Further, strong evidence for the first example of a Julia 
olefination using a neutral organic electron donor has been given. 
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It was also shown that the reagent has remarkable reducing power, being the first neutral 
organic reagent to generate highly reactive aryl anion intermediates in the reduction of aryl 
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bromides and iodides. Ester substrates 5,6 and 7 were synthesised and investigated as 
mechanistic probes in that context. 
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The chemistry of donor 2 with aliphatic halides was investigated, leading to the formation 
of aldehydes in DMF or DMA. It was found that the proportion of aldehyde can be 
increased with more equivalents of donor 2, ultimately leading to the aldehyde being the 
exclusive product. Using non-polar solvents, such as diethyl ether, donor 2 was 
transformed into a powerful reducing agent for alkyl bromides, reacting at room 
temperature and showing radical chemistry. Selective reduction of an alkyl over aryl 
bromide was achieved also. 
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Intriguing reactivity was observed with anthracene esters, giving the dihydroester as one of 
the major products, if a carbene is added, and dihydroanthracene, if not. 
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After a summary of results in Chapter Seven, Chapter Eight presents the experimental 
procedures and analytical data for the compounds discussed in Chapters Two to Sbc. 
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Chapter One - Introduction 

Introduction 

1.1 Theoretical background 

The following section discusses theoretical aspects of electron-transfer. Marcus theory is 

introduced firstly, redox potentials are then considered, followed by the chemistry of 

radical-anions, highlighting the factors and mechanisms governing reductive bond 

cleavages. The understanding of redox potentials as well as reduction processes is 

particularly important for the research discussed in this thesis. 

1.1.1 Marcus Theory 

Rudolph A. Marcus was awarded the Nobel Prize in 1992 for his contribution to the field 

of electron-transfer. He developed the theory that became later famous as Marcus theory, ' 

covering the physical and theoretical background to allow a deep understanding of 

electron-transfer processes. 

To understand Marcus' new idea and development in the theory of electron-transfer, a little 

background is required: 2 

If two molecules in solution are considered that exchange an electron, both molecules will 
undergo a considerable change in structure by accepting or donating the transferred 

electron. The environment, however (the solvent molecules in this case), needs to undergo 
change also, as two new ionic species are formed that require different solvation to 

stabilise them with respect to the starting molecules. Hence, a number of changes is 

required for the electron-transfer to occur and, therefore, a considerable rise in energy can 
be expected. The amount of energy required, or in other words the size of the energy 
barrier, determines the rate of the electron-transfer reaction. 
At this point Marcus' new concept came into play. 3 He assumed that the two molecules 
undergoing electron exchange have to be bound loosely. Further, he named the energy 
required for such structural changes the "reorganisation energy" and termed it as %. 
In Figure 1.1 4 two curves are shown, with the left representing the energies of the starting 

molecules and the right representing the energies of the product molecules after the 

electron-transfer step. The minima illustrate the equilibrium positions of the molecules 
before and after the reaction. The point where both curves intercept, is the point where 

electron-transfer occurs. X is the energy difference between the bottom of the left curve 

6 



Chapter One - Introduction 

and a point vertically above on the upper part of the other curve (representing the reaction 

products before any atomic positions have been changed). 

A /A A/A 

Reaction path 

Figure 1.1 Potential energy diagram of self-exchange electron-transfer reaction 
A'+ A =i A+ A' 

As can be seen in the above Figure 1.1 the activation energy (Ea= AG*) to undergo the 

electron-transfer reaction is only a part of the overall reorganisation energy X. This was 
incorporated by Marcus by adding the factor V4 into his general equationg (2) describing 

the rate of electron-transfer reaction. 

(1) k =A exp ( -äG *) 
(2) AG* =Z (i+ AG' )2 

k. BT 4A 

(3) A= A, +, t )2( (4) 4=(Ae 
2a, 2a, R Dop Ds 

The rate of electron-transfer (k) is given by equation (1). AG*, the energy barrier of the 
reaction, is described further in equation (2). X is composed of solvational. (), o) and 
vibrational (ki) components [equation (3)]. kB Is the Boltzmann constant, A depends on the 

nature of the electron-transfer reaction (e. g. intra- or intermolecular), T is the absolute 
temperature at which the reaction occurs and R is the centre-to-centre separation distance 
between the reactants. AGO Is the standard free energy of reaction (driving force), al and a2 
are the ionic radii of the reactants, D(, p and Ds are optical and static dielectric constants of 
the solvent and Ae represents the charge transferred from one reactant to the other. 
For a reaction in which energy E is liberated, the upper diagram will change slightly. The 

curve representing the products (marked as D+/A-) will now move down by the amount of 
energy liberated, E, and the activation energy (E. ) is decreased (Figure 1.2). 4 
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Chapter One - Introduction 

D/A D+/A_ 

EA E 

Reaction path 

Figure 1.2 Potential energy diagram of energy-liberating electron-transfer reaction 

D+A =D++A7 

If the driving force of the reaction increases, Le. the amount of energy liberated increases, 

which corresponds to a very negative change in free energy, the right curve will move 

down even further and eventually E becomes greater than the reorganisation energy 

X (Figure 1.3). 4 

D+/A' 

Reaction path 

Figure 1.3 Potential energy diagram of electron-transfer reaction D+A* D+ + A7 

Illustration of inverted region 

This situation became famous as the "inverted region" of electron-transfer. This is the 

novel and most revolutionary feature of the Marcus theory, because in contrast to any 

existing understanding of reactions at that time when Marcus published his work, in this 

region the rate of electron-transfer reactions decreases with increasing driving force as 

shown in Figure 1.4. Therein, the changeover from normal (left) to inverse (right) behaviour 

can clearly be seen. 
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Chapter One - Introduction 

1010 

k 
is-I 

106 

Figure 1.4 Connection between reaction speed (k) and driving force (AGI) for an 

electron-transfer reaction 

Twenty-five years after being predicted by Marcus, the existence of the inverted region 
was confirmed experimentally for the back electron-transfer process in a radical ion pair 
that was produced by intermolecular electron-transfer reaction, 5 and also in a number of 
intramolecular electron-transfer systems, exhibiting donor and acceptor connected 
covalently at a fixed distance. 6,7 

9 
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Chapter One - Introduction 

1.1.2 Fundamentals of Electrochemistry 

Standardpotentials - what they mean and what they tell us. 8 

When considering a reaction between a possible electron donor and a possible electron 

acceptor, it is important to decide in the first place whether the reaction will occur. The 

question can frequently be answered by comparing the standard reduction potentials E' of 

the reactants. For the following reaction (Scheme 1.1), 

A+D AT + D+ 

Scheme 1.1 

the corresponding equilibrium constant K is related to the difference between the standard 

reduction potentials EOA/A- and EOD+/D of the AW and D+/D couples, respectively. From 

the expression (5) below it follows for K, that if EIA/A- is much greater than ED+/D, the 

equilibrium of the reaction shown in Scheme 1.1 will be displaced to the right-hand side. 

The equilibrium will be displaced to the left-hand side accordingly, if the reverse is true 

(L e. EOA/A-<< ED+/D). If both potentials are of similar magnitude, the reactant and product 

concentrations obviously depend on the potential difference. 

(5) K= exp[F (EAO IA- - EDO, 
ID )IR-T] 

This equation (5) arises from the usual thermodynamic equilibrium expression (6), 

replacing the standard free energy difference with its electrochemical counterpart (7), the 

standard potential. 
-AG* 

(6) K=e RT (7) AG*= -v-F-A. El 

K: equilibrium constant; AG': difference in standard free energy; R: universal gas 
constant; T: absolute temperature; v: number of exchanged electrons; F: Faraday constant. 

Rearranged further, this expression appears in the form of the Nernst equation (8), that is 

named after 1920's Nobel Prize winner, Walther H. Nernst, and correlates the free energy 

with the electromotive force of the galvanic cell. It allows the calculation of the potentials 
depending on concentrations and conditions (L e. temperature, see equation). 

10 



Chapter One - Introduction 

(8) A. E =AEO+ 
RT In [A] - [D] 
F [A-]. [D'] 

According to its definition, the standard (reduction) potential of the A/A7 couple is the 

standard electromotive force of a cell in which an A/A- electrode is opposed to a standard 

electrode [usually hydrogen electrode, but among others a saturated calomel electrode 
(SCE) might also be used] whose potential is assigned 0 by convention. Thus, the standard 

reduction potential E' is then ascribed to the 'half-reaction' illustrated in Scheme 1.2. 

A+e -A (E°) 

Scheme 1.2 

The Nernst equation for this half-cell reaction then simplifies to appear in the form below 

(9): 

RT [A] 
E= EI>+ In 

Strong electron donors will generally have very negative reduction potentials and acceptors 

generally more positive reduction potentials, whereupon with increasing negative value the 

acceptor becomes more difficult to be reduced. 

For completeness it has to be mentioned, that the potential E is dependent also on the pH 
and solvent used, or more generally, the ionic strength of the solution. This is normally 
accommodated in the Nernst equation by replacing the concentrations with activities. 

II 



Chapter One - Introduction 

1.1.3 Radical-anions 

Reductive Bond Cleavage 

Radical-anions have received much attention, 9 as the transition into a radical-anion state 

activates organic molecules and gives rise to several interesting transformations, such as 

their reactions with free radicals, 10 fragmentation" or dimerisation 12 or even leads to DNA 

damage in a biological context. 13 Radical-anions are usually generated by one electron 

reduction, Le. an electron is injected into the LUMO of the molecule. If the LUMO is the 

antibonding orbital of a characteristic bond (cr*-orbital), this bond will be weakened (due 

to the decrease in bond order) and subsequently cleaved (Scheme 1.3). This is generally the 

case for alkyl halides. 14 

A-B e 
--P-- A-o + BF 

Scheme 1.3 

However, bond cleavage can also occur if the LUMO is a 7t-type orbital, as long as a 

relatively low-lying c; *-orbital is available to which the excess electron can be transferred. 

Di-para-nitroaryl disuffides typically undergo this "stepwise" bond dissociation (of the S-S 

bond)-" Therein, the electron is initially transferred into a n*-orbital, which becomes the 

SOMO. The SOMO is weakly coupled with the a*-orbital of the A-B bond, and the 

electron transition is accompanied by considerable stretching of the A-B bond and its 

subsequent cleavage (Scheme 1.4). 

A-B (A - B)*- A*+ B- 

Scheme 1.4 

Benzyl and aryl halides are further interesting examples of a predominantly stepwise 

cleavage mechanism. For aryl halides, as opposed to benzylic halides, the cr*-orbital, to 

which the electron transition occurs, is orthogonal to the 7c-system, i. e. there is no overlap 
between the orbitals (Scheme 1-5). 

dý ýý 
G-u 

Scheme 1.5 
aryl halides 

no 7t*-cr* overlap 

0 

benzyl halides 
good 7c*-a* overlap 
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Chapter One - Introduction 

Nevertheless, electron-transfer from 7c* to a*, although being formally forbidden, can 

occur. It requires out-of-plane vibrations that lead to bending of the aromatic-halogen 
bond. ' 5 After electron transition from the 7r-system to the (: r* orbital, a three-electron bond 

radical-anion intermediate is formed that dissociates finther into a carbon-centred radical 

and the anion of the leaving group (Scheine 1.6). 16 

e 0- Ar-X Ar-X 

e- ArCH2-X - »- ArCH2-X IN, 
it * 

AAX Are + X- 
G* 

ArH2C`_X ArCH29 +X 

G* 

Scheme 1.6 

Sav6ant describes 17 the bond-cleaving process without the presence of the three-electron- 
bond radical intermediate. He suggests that the cleavage of the anion radical may be 

viewed as an intramolecular concerted electron-transfer-bond breaking process. While the 
breaking bond is stretched, the energy of its antibonding orbital is lowered and once the 

energy is low enough to match with the energy of the initial LUMO (n* for many aromatic 

systems), where the extra electron is located, the electron is transferred and the bond 

cleaved concertedly. 

In contrast to aryl halides, benzyl halides are not in n-conjugation with the aromatic ring, 
[leading to a stronger carbon-halogen bond for aryl halides] and show considerable n*-G* 
overlap (see Scheme 1.5), which explains the much weaker C-halogen bond and hence the 

observed faster bond dissociation after electron-transfer. 18 

This introduces the main factors governing the reductive bond dissociation: the nature of 
the halogen and its relative position towards substituents in the ring are of importance for 

the rate of dehalogenation of benzyl and aryl halides. the rate increases for decreasing 
bond strength of the C-X bond (cleavage rate: I> Br > CI)14 and is greater if an electron- 

withdrawing group is located in the ortho- rather than the para-position relative to the 
leaving halide. It is assumed that this behaviour is due to steric effects. For ortho-nitroaryl 
halides the halogen atom is believed to influence the nitro group sterically, so that 

conjugation is prevented and hence stabilisation of the radical-anion is diminished. 

Therefore, dissociation of the C-halogen bond is favoured. 19 Meta-substitution leads to 

even slower dehalogenation than ortho and para because of the very low spin density at 

13 



Chapter One - Introduction 

the meta-position which disfavours, intramolecular electron-transfer from the nitro-group 
(to which the initial electron transfer occurs) to the halide. 

A ftirther crucial factor influencing the rate of reductive bond cleavage is the standard 

potential (E) for the formation of the radical anion of the substrate. EO is a measure of the 

energy of the 7c*-orbital (for most aromatic compounds) or, more generally, any other low- 

lying orbital to which the electron may be transferred. 17 In other words, a low reduction 

potential (in absolute value) corresponds to a low-energy LUMO and hence fast and easy 
initial electron-transfer to form the radical-anion. 
The above stated factors are not the only ones governing the driving force of reductive 

bond cleavage. Further variables, such as entropic terms and oxidation potential of the 

leaving group also contribute, but will remain undiscussed within the scope of this 

review. 14 

However, comment must be made on the uncertainty of stepwise or concerted mechanisms 
for the reductive bond cleavage of aryl and benzyl halides. In this context, it has been 

shown by Saveant and co-workers 20 with cyclic voltammetry that both iodobenzene and 3- 

methyliodobenzene follow a concerted pathway in the cleavage of the C-halogen bond; 

upon increase of driving force of the reaction (i. e. scan rate in electrochemical terms), 

however, the mechanism changes to stepwise. 

Benzyl halides are on the borderline between stepwise and concerted mechanisms as they 

feature a n-systern to accommodate an incoming electron, but at the same time their C-X 

bond is considerably weaker (see discussion above). Hence, either pathway is possible, 
depending on the ring-substitution pattern of the benzyl compound. Nitrobenzyl halides, 

for instance, have been shown to undergo stepwise cleavage, whereas no substituents or 

weakly electron-withdrawing substituents, such as a cyano group, lead to concerted 

reductive cleavage of the corresponding benzyl compound, benzyl chloride and 

cyanobenzyl bromide respectively. 21,22 

However, the reaction medium, Le. the solvent, has also an influence on the mechanism of 
the reductive cleavage. Thus it has been observed by UV-Vis spectroscopy that the radical- 

anion of 3-eyanobenzyl bromide dissociates in water in a stepwise manner with a rate 

constant of k=1.3 x 107 S-1.23 In DMF during electrochemical reduction, electron-transfer 

14 



Chapter One - Introduction 

and bond cleavage seem to occur concertedly. This different behaviour is presumed to be 

based on solvation effects. 22,24,25 

Reductive bondformation 

To address the variety in reactivity of radical-anions, the following paragraph will deal 

with bond formation processes. Although reductive bond dissociations may lead to bond 

formation in follow-up reactions from the radical intermediate, radical-anions can also 

undergo bond-forming processes right at the stage of the anionic radical intermediate. This 

is possible, if the LUMO contains significant n*-character and transition to a*, followed 

by irreversible bond cleavage, is precluded due to the absence of low lying cr*-orbitals of 

suitable leaving groups. Such radical-anions will react with electrophiles (proton, cation, 

unsaturated electron-poor system) or another odd-electron species (charged or neutral 

radical) to form new bonds. 9 

Synthetic examples and applications of reductive bond formation, such as the Birch 

reduction or the pinacol reaction as the most famous representatives of this process, will be 

discussed in chapter 1.2.1. 

15 



Chapter One - Introduction 

1.2 Electron-transfer in svnthesis 

Electron-transfer based chemical reactions can be found across many different areas of 

organic synthesis. Various metal-based reactions, photochemical processes and the entire 
branch of electro-organic chemistry can be assigned to electron-transfer. 
Therefore, this section attempts to give a broad overview and to cover many different kinds 

of synthetic applications of electron-transfer. 

1.2.1 Metals as electron-transfer reagents 

(i) Alkali metals 

Alkali metals (Li, Na, K) are the strongest reducing agents, with standard potentials of 

about -3 V relative to SCE in aqueous systems. Their redox potentials vary considerably 

with solvent (±IV) due to the variation in solvation of the cation. Sodium (Na/Na), for 

instance, exhibits a IV less negative potential (i. e. -2 V) in ammonia than in DMF; it reacts 

with ammonia to give solvated sodium cations and a deep-blue solution of solvated 

electrons (Scheme 1.7): 26 

Na + (n+m) 
NH 4- [Na(NH + [e(NH F4 "3 3)ln 3)m] 

Scheme 1.7 

The redox potentials of the most commonly used reducing agents in water are given in 

Figure 1.5 26 to provide an indication of the metals' reducing power. 

Reaction EO(V) 

Li+ + e' --4 Li -3.045 
Ký + e'--> K -2.925 

Na + e- --ý Na -2.714 
Al 3+ +3 e'--+ Al -1.660 
Zn 2+ +2 e- Zn -0.763 
Fe 2+ +2 e- Fe -0.440 
Sn 2+ +2 e- Sn -0.140 

Figure 1.5 Most common metals used as reducing agents 

16 



Chapter One - Introduction 

Perhaps the most famous reaction involving alkali metals is the Birch reduction, 27 which is 

used to reduce aromatic systems to their dihydro-counterparts as well as alk-ynes to 

alkenes, and can also be applied to reduce other functional groups. 

After the metal is dissolved in liquid ammonia as sho%vn below in Scheme 1.8, an electron is 

transferred to the substrate, here benzene u, to form a radical-anion 1.2. This is then 

protonated, traditionally by an alcohol, such as ethanol or tertiary butanol, and reduced 
further, followed by another protonation to give cyclohexadiene 1.3 (Scheme 1.8). 

LLNIIAI) 
___. 

0 

EtOll 1.3 

EtOll LiOEt 

o L? 
EtOll 

fill till 

9 
If 

UOU 111.5 1.4 

Scheme 1.8 

Substituted benzenes are reduced in a rcgioselective fashion (scheme 1.9). Ilis issue of 

selectivity has been studied extensively by theoreticians throughout the decades. 

R 
ö 

R-Ome 

1.7 

1.9 

MH `ý'ýý 

9R- 
COOII 

R 1.6 

Scheme 1.9 

Considering anisole, there are two, possible reaction paths that %vill lead to the identical 

regioisomer. Whereas the generation of the above isomer 1.7 has clearly been accepted and 

widely proven by various experiments, the mechanism of its formation remains %videly 
discussed by theoreticians. 
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D) I(D) 
0 
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1.96 
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11 1.7 

me 
(Doi 

Iml 
ROlkD) 

LLe- 

(DAZ 

1.13 1.14 1.8 

Scheme 1.10 

As sho%n in scheme 1.10 there are two possible mechanisms of formation of the 

regioisomcr formed by reduction of anisole i. q. The path 10) describes initial electron- 

transfer to form the aryl radical-anion 1.10, bearing the greatest anionic character ortho to 
the methoxy group. Protonation of this species [which is the rate determining step of the 

process) %vill give rise to radical mi that is then reduced further to the carbanion meta to 
the methoxy group 1.12. After rapid protonation of the carbanion, regioisomer 1.7 is 
formed. Alternatively, the radical-anion may be illustrated as shown in the lower reaction 
path, 1.13, where the anionic charge is greatest located meta to the methoxy group. Both 

mechanisms %%ill give rise to the same isomer. Birch proposed originally mechanism [M] to 
be valid, assuming the greatest electron density in the meta position of the radical-anion. 28 

Mckel calculations on anisole revealed that it is the position ortho to the methoxy group 
which is most electron-rich in the radical-anion. 29 Thus mechanism [0) %%-as suggested and 
followed. In a more recent publication Birch el aL suggest protonation at both sites, %Nith a 
slight preference for ortho, I. e. both mechanisms are operating. 30 Since the literature has 

not been consistent in favouring one mechanism over the other, Zimmerman and Wang had 

a practical as 'well as theoretical approach to the problem. Their approach 31 %vas based on 
the expected greater primary deuterium isotope effect expected for the protonation of less 
basic anions relative to more basic anions. Since the radical-anion [formed in the initial 

step of the Birch reduction] is less basic 32 than the carbanion and hence its Tate of 
protonation is lower, 33 the radical-anion should be more selective in deuterium 
incorporation than the carbanion. Accordingly, if mechanism [01 is followcd in the 

reduction of anisole, then the anion of the radical-anion is located ortho to the methoxy 
group and should have a lower deuterium incorporation than the meta position, where the 

anion in 1.12 will be formed. This anion is more rcactivc and hence less selective towards 
deuterium incorporation. If mechanism [Nil is followed on the other hand, the meta 
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position should be deficient in deuterium relative to ortho. When the experiment was 

carried out using sodium as the metal and tert-butanol (1-2 %'BuOD) as the proton source 

at -78*C in ammonia, it Nvas found that a seven-fold preference in deuterium incorporation 

in the meta position had taken place, consistent with mechanism [0]. Thcre %%-as concern 

that the products resulting from Birch reduction might undergo an exchange reaction and 

might incorporate deuterium, so that the deuterium distribution would not be based on 

kinetics anymore. Thus, blank experiments were carried out, in which dicncs were exposed 

to basic conditions simulating the Birch reduction, but no deuterium incorporation was 

obscrvcd. 31 
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From further theoretical considerations it was concluded that the stability of the produced 

radical after protonation of the radical anion and thus its effect on the transition state is 

important also. Tbus, radical mi experiences resonance stabilisation from the methoxy 

group, where 1.14 does not. This is in agreement with calculations (UHF/3-21G), where it 

31 
was determined that there is a 3.3 kcal/mol preference for ortho protonation. Overall, 

Zimmen'nan and Wang concluded that mechanism [0] is not the exclusive one, and that 

both mechanisms, [01 and [Nil, operate, urith a preference for [0]. 

Ordinary olefins; are usually inert to Birch reduction conditions due to the high energy of 

their a*-orbital. However, conjugated or phenyl-substituted double-bonds are reduced 
[conjugation lowers energy of n*1 as well as isolated alkynes to their corresponding E- 

alkenes, where the selectivity arises from protonation of the thermodynamically more 

stable anionic precursor intermediate, which adopts E-configuration (Scheme 1.11). 34,39 
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Recently, Overman et aL 35 applied the Birch reduction, followed by in situ alkylation of 

the anionic intermediate to generate an alkylated cyclohcxadiene moiety, in their synthesis 

of 112 (Scheme 1.12). 
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Scheme 1.12 

Research is ongoing to avoid the relatively harsh reduction conditions and to increase the 

number of clectrophiles that could be used to trap the anionic intermediate beyond the 

alkyl halides as illustrated in the previous synthesis by Overman et aL Ile limitation is that 

very reactive clectrophiles, such as enolisable aldehydes, silyl halides or acid chlorides are 
incompatible %%ith the nucleophilic solvent, ammonia. 

Donohoe and co-work-ers have sho%vn, in that context, that ammonia can be fully replaced 
by THF, and that reactive electrophiles can therefore be utiliscd. In their newly developed 

methodology di-tert-butylbiphenyl radical-anion Ix, generated by reacting lithium with 
di-tert-butylbiphenyl 1.24 (DBB) in THF, provides the electrons, and 
bis(methoxyethyl)amine 1.25 (BNIEA) acts as an acid (Scheme 1.13). 3637 
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Exposing alkali metals to certain functional groups leads to their reduction. Thus, carbonyl 
groups are reduced by sodium via single electron-transfer giving an alcohol if a suitable 

20 



Chapter One - IntWuction 

proton-source is present. This is knoi%m as the Bouveault-Blanc reaction. 311 Therein, 1.31 

accepts an electron to give the corresponding ketyl anion 1.32 that is then protonated to 

afford 1.33. Another electron-transfcr gives the anionic species 1.34 that is protonated to 

give alcohol 1.35 (Scheme 1.14). 
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Scheme 1.14 

In the absence of any proton source, the concentration of kctyl radicals %Nrill steadily 
increase, eventually leading to coupling of the ketyl radicals. However, due to the 

repulsion of the negative charges located on the oxygen atoms, dimerisation %%ill take place 
only if a suitable metal cation is present that is capable of binding to the oxygens, holding 
them together to allow coupling of the radicals (Scheme 1.15). Alkali-metals are not capable 

of binding simultaneously both oxygen anions. Therefore, this so-called 'pinacol' reaction 
is carried out with Mg, At or Zn. 
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Scheme 1.15 

00 Transition metals 

Various transition metals, such as Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn show electron- 
transfer chemistry and are therefore frequently used in s)mthesis. However, as many 

reactions utilising metals differ not significantly from each other, only a few selected 

examples will be presented below. 

Titanium 

In the early 1970s Muk-aiyarna, Tyrlik and McMurry made the independent and nearly 

simultaneous discovery of low-valent titanium being able to couple aldehydes or ketones 
39,40.41 and this became famous as the McNiurry reaction, sho%%m in scheme 1.16. The titanium 
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species is generated by reduction of TiCh or TiC14 with a suitable reducing agent, such as 

Zn, and is based on the high reducing ability and oxophilicity of Ti. 

The reaction can be stopped at the pinacol intermediate stage 1.42 by lowering the 

temperature [generally from solvent reflux temperature] to OoC. 42 
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A great achievement was the total synthesis of taxol by Nicolaou et aL, a promising anti- 

cancer agent. In that case, the central 8-membered ring of the precursor compound 1.46 Was 

synthesised via McMurry coupling of the two aldehydes in 1.47 (Scheme 1.17) ý3 
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Scheme 1.17 

Manganese 

1.46 

The mangancse(Ill)-based oxidative free-radical cyclisations of 1.48 a and 1.48 b (See Scheme 

1.18) highlight the factors that need to be understood to use manganese in spthesisý4 
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Oxidative cyclisation of P-keto ester 1.48 with Mn(OAC)3 occurs to give radical 

intermediate 1.49. This radical then either abstracts a hydrogen atom from the solvent or 
from the starting substrate 1.48 to give 1.50, or is oxidised to afford 1.51. 

Mn(III) is not capable of oxidising radical 1.49 to its corresponding cation, but Heiba and 

Dessau found that Cu(OAC)2 oxidises secondary radicals 350 times faster than Mn(OAC)3 

and that both reagents can be used together . 
45 The first step in this reaction sequence 

involves the loss of a proton of 1.48a, b to afford the Mn(III) enolate 1.52. In the next step, it 

is believed that Mn(II) loss occurs (for R=Me) to give the free radical 1.53 that then 

cyclises to 1.49b in a stereo- and regiospecific fashion. The pathway undergone if R=H, is 

assumed to be the cyclisation of the unsaturated Mn(III) enolate 1.52 to give radical 1.49a, 

i. e. there is no free-radical intennediate at that stage. 

A general problem in the manganese-promoted oxidations is that the product molecule 

might be oxidised finther, if it bears another H-atorn in the a-position to the ester carbonyl 

group, as the same reaction cycle could be undergone again with the next available 

hydrogen. An example is given in Scheme 1.19. Oxidative cyclisation of 1.54 gives radical 

1.55 that is then oxidised further to 1.56, probably as a mixture of double-bond positional 
isomers (1.56a and b). The unsaturated cyclic fl-keto ester 1.56a is more acidic than 1.55 and 
is rapidly oxidised further by two equivalents of Mn(III) to give a cyclohexadienone that 

tautomerises to phenol 1.57.46 
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Scheme 1.19 

(iii) Lanthanide reagents 

Lanthanides are used to transform functional groups and to form new C-C bonds by single- 

electron-transfer. They can be applied to selective reductions of alkynes and aromatic 
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systems, for which they were first used as an alternative to alkali metals in the Birch 

reduction (Scheme 1.20). 47 
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Scheme 1.20 

Probably the most used representative of its class is samarium (II) diiodide (SM12). It has 
been developed as a mild, ether-soluble, single-electron donor and is capable of a wide 

range of chemistry, of which selected examples are presented in the following section. 

Samarium (II) iodide is usually prepared from metallic samariurn in the presence of 1,2- 
diiodoethane in THE It reduces carbonyl compounds to the corresponding alcohols in the 

presence of a proton source, such as water or alcohol, as illustrated in Corey's synthesis of 
1.63 (Scheme 1.2 1). 48 
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However, in the absence of protons, pinacolic coupling is observed. Intrarnolecular 

examples carried out by Hanessian et al. gave cis-diols after highly stereoselective 
reduction of dicarbonyl compounds in excellent yield (Scheme 1.22). 49 
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Scheme 1.22 

Another carbon-carbon bond formation reaction that is frequently carried out using SM12 is 

the Barbier-type reaction. Its efficiency is highly dependent on the substrate as well as the 

reaction conditions employed. Primary organic iodides, for instance, undergo Barbier-type 

coupling with ketones, but require heating for 8-12 h in boiling THF . 
50 Alkyl bromides are 

less reactive and alkyl chlorides are virtually inert. However, if catalytic quantities of 
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Fe(III) salts are added, the reaction can be carried out under much milder conditions (at 

room temperature and short reaction times). 50 Further increase of reactivity can be gained 
51 by utilising HMPA as a co-solvent with THE In the presence of this solvent system, 

alkyl bromides are now reduced within I min at room temperature. 
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SM12 is particularly useful for the annulation of 5- and 6-membered rings via an 
intramolecular Barbier process. Prior to Molander's and Etter's discovery, there existed no 

reliable and convenient method to generate bicyclic systems by Barbier reaction. 
Considerable diastereoselectivity was observed also (scheme 1.23). 52 
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Ketyl radicals derived from SM12 reaction with aldehydes or ketones can be coupled with 

alkenes and alkynes in a radical fashion. Both inter- and intramolecular versions have been 

described. Thus it has been shown, for instance, that conjugated esters react with aldehydes 

and ketones in the presence Of SM12 to afford the corresponding lactones (Scheme 1.24). 53 
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Radical cyclisation reactions are particularly well suited to SM12 as the aryl radical 1.72 

produced by single-electron-transfer is not reduced further to the corresponding anion. 
However, the alkyl radical 1.73 obtained after cyclisation, couples with another SM12 

species to give the organosamarium (III) intermediate 1.74, which may lead to further 

reactions, if desired (Scheme 1.25). 54 
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Scheme 1.25 

However, the frequent requirement for carcinogenic HMPA make SM12, although a 

versatile reagent, rather unpopular and has led to a considerable drive towards replacing 
the reagent by 'cleaner' alternatives. 
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1.2.2 Electrochemical methods 

A very clean and effective way to transfer single electrons, without the requirement of any 

additional, not to mention carcinogenic, reagents is the generation of radicals or anions by 

electrochemical reduction. Electrochemistry allows the formation of bonds by typical 

radical reactions and the transformation of electron-poor functional groups, such as 

carbonyl-, cyano- or nitro-groups to their corresponding nucleophiles via cathodic 

reduction, giving reactive intermediates that enable further chemistry to be carried out. 
Similarly, electrons can be removed from electron-rich functionalities, e. g. amines, to 

generate electrophiles (anodic oxidation). However, as this is a separate issue that is not so 

closely related to our research, it will not be illustrated further in this review. Nevertheless, 

information about anodic oxidation can be obtained, following the references in this 

section. 55 

Electrochemistry provides a convenient method to synthesise a variety of building blocks, 

some of which have proven to be useful in total synthesis of natural products. 
Mitomycins (1.77), for instance, have attracted much attention due to their interesting 

structure and their possible anticancer properties. One approach involving electrochemical 

reduction as the key step is illustrated in Scheme 1.26-56 Keto-amide 1.78 was synthesised by 

N-tosyl group cleavage, followed by cyclisation and fragmentation. Ascorbic acid 
functions as a proton source as well as a reductant in combination with anthracene. 
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The California red scale pheromone 1.81 was synthesised via an indirect electrochemical 
57 reaction, involving vitamin B12 as a mediator for cyclisation (Scheme 1.27). Vitamin B12 

reacts with alkyl halide 1.82 to give a cobalt(III) alkyl intermediate that fragments to a 
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carbon-centred radical and a cobalt(II) species upon irradiation with visible light. The 

cobalt(II) is electrochemically reduced to Co(l) and undergoes finther reaction with 

another alkyl halide molecule 1.82 and hence re-enters the catalytic cycle. The so formed 

radical is capable of undergoing a variety of transformations, including a conjugate 

addition to the Michael acceptor 1.83 leading to the synthesis of the California red scale 

pheromone (1.81). [Note: The radical could undergo further cathodic reduction to the 

carbanion. Both species, however, lead to the same outcome in this case. The advantage of 
indirect methods is generally that reduction can be carried out at lower potentials and 

milder conditions. Over-reduction and resulting side-products are therefore avoided. 58,59] 
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Direct electrochemical reduction of a diazonium, salt, giving rise to an aryl radical that 

subsequently cyclises, was recently utilised by the Murphy group 60 for the preparation of 
indolines (Scheme 1.28). The advantage in using the diazoniurn acceptor was that the 

reduction could be carried out under quite mild conditions, allowing the presence of 
sensitive functional groups. 61 
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1.2.3 Photochemistry 

Photochemical electron-transfer reactions are based on the high reactivity of the excited 

state of a molecule. Neutral organic molecules can be excited by UV-Iight and transformed 
into highly reactive intermediates as will be discussed below. Thus, this section is 

supposed to address general principles and selected examples of photochernically induced 

electron-transfer reactions, since these contrast with the fundamentally different reactivities 

of neutral organic ground state donors that are investigated in our research and are 
discussed later in this thesis. 

Photochemical transformations frequently provide routes to synthetic targets that cannot be 

attained by conventional reactions. 62 Generally, a photosensitiser, which is a molecule that 

absorbs UV-light leading to the promotion of an electron from its HOMO to its LUMO, is 

utilised. Thus the photosensitiser is transformed into its excited species, exhibiting a hole 

in a low-lying orbital (that is capable of taking up an electron and hence oxidising another 

molecule)62 and an electron in a high-lying orbital (that can be donated and reduce another 
63 molecule). After being oxidised by a sensitiser, the organic molecule is transformed into 

a reactive intermediate that can undergo further reaction(s). 

An application of the principle can be found in the synthesis of polycyclic molecules by 

photo-induced cascade reactions. The photosensitiser 1.87 is excited by UV-light, leading 

to oxidation of the substrate 1.88 to give a radical-cation that subsequently undergoes 

nucleophile-assisted cascade cyclisation to afford the steroid ring system 1.89 (Scheme 

1.29). 64 
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Scheme 1.29 

The synthesis shown below in Scheme 1.30 does not, in contrast to the previous example, 
require the use of sensitisers. Instead the substrate itself, phthalimido-arnine 1.90, is excited 
by UV-light, leading to intramolecular single electron-transfer from the amine moiety to 
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the carbonyl acceptor which gives rise to the zwitterionic intermediate 1.91 that upon 

proton transfer cyclises to afford the heterocycle 1.92.65.66 
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This reaction was developed further by Mariano et aL, applying the novel concept of 

desilylation after intramolecular electron-transfer from the photo-excited silyl amine 1.93 

which enables further cyclisation to give spiro compound 1.94 (Scheme 1.3 1). 67 
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This desylilation-based synthesis was developed upon theoretical and experimental studies 
by Yoshida et aL 68 who predicted that the half-filled orbital of the heteroatom would 

overlap with the relatively large and energetically high-lying C-Si ci-orbital, resulting in 

bond weakening and thus C-SiR3 cleavage (Scheme 1.32). 
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Yoon et aL are actively involved in the development of new photochemically promoted 

radical and biradical, cyclisation reactions. They have studied a variety of desilylation type 

cyclisations and provided evidence for the zwitterionic intermediates with trapping 

experiments, such as cycloaddition or deuteration. 69,70 
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To finish this section the last example is one by Giese et aL who have shown that it is 

possible to introduce stereochernistry into target molecules via photo-induced biradical 

cyclisation. 
71 Stereoselective radical reactions are possible by means of chiral auxiliaries, 

72 
chelation control or substrate control (featuring a strained radical precursor). However, 

stereoselectivity arising from reaction between two radicals is very unusual. Nevertheless it 

is possible, as shown by Giese and co-workers who generated biradical 1.97 photolytically 
from 1.98 and examined its cyclisation behaviour to give 1.99 (Scheme 1.33). The 

intermediate 1.97 arises from H-atom abstraction by the photoexcited carbonyl group. 
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In another experiment, a triplet quencher (naphthalene) was added and no cyclisation was 

observed anymore. Hence the biradical 1.97 must be a triplet excited state that cannot 

undergo immediate cyclisation due to the forbidden spin compatibility and has a relatively 
long-lifetime that allows the molecule to adopt a preferential cyclisation conformation as 

shown in Scheme 1.34. Here the benzyl radical attacks the partner radical from the less 

hindered face. 

. IlPh 

Scheme 1.34 

To allow cyclisation, a triplet-singlet interconversion must take place, which occurs via 

partial overlap of the radical orbitals. This brings the radical centres close together. They 

approach each other with minimum hindrance and eventually cyclise rapidly, as soon as 

conversion to the singlet state is completed, giving rise to the observed stereoselectivity. 71 
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1.3 Sulfones and sulfonamides 

As part of my study, Super-S. E. T. reagents were investigated for their ability to cleave 

sulfone and sulfonamide groups. This will be presented in the later discussion of this 

thesis. Thus, the following section is intended to address the general utility and reactivity 

of sulfones. Furthermore, general methods to remove the sulfone group will be presented. 

1.3.1 Synthetic application of sulfones 

Sulfones have found extensive application in organic synthesis . 
73' Numerous natural 

product syntheses contain sulfones en route to the final target molecule. However, the 

sulfone group is generally removed prior to the end of synthesis. The sulfone group has 

become such a popular synthetic tool for numerous reasons. A sulfone is generally easily 

prepared by high yielding routes. It is a robust group that gives easy access to carbanions 

alpha to the sulfone group that can be utilised finther in efficient C-C bond formation via 

alkylation, acylation or aldol-like-reactions (Scheme 1.35). 73a 
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Scheme 1.35 

Phenyl sulfones (RS02Ph) and tolyl sulfones (RS02Tol) are most frequently used in 

synthesis, since they give rise to regiochernically unambiguous deprotonation. 

Classical Julia reaction 
The most important type of C-C double bond formation using sulfones is the Julia 

reaction. 74 

It is frequently used in total syntheses of natural products and was first reported by M. 
Julia and Paris . 

75 As shown in Scheme 1-36, sulfone 1.105 is deprotonated firstly to an a- 
sulfonyl carbanion. This then attacks an aldehyde or ketone, giving rise to a metal alkoxide 
adduct 1.106 that is usually derivatised in situ [e. g. by PhCOCI to afford adduct 1.107]. 
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Treatment of 1.107 with sodium amalgam then gives rise to the olefin 1.108. In very rare 

cases, direct treatment of 1.109 with sodium amalgam may lead to the alkene 1.108 also. 
However, usually isolation of intermediate 1.109 is preferred and derivatisation carried out 

in an additional step, giving rise to greater overall elimination yield in the final alkene 

formation. 
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Kocienski and Lythgoe have investigated the Julia reaction ftirther, addressing its scope 

and stereochernical outcome. 73a, 76,77 They modified the original Julia protocol, and used 

methanol as a solvent at low temperatures (-20 "C) with added ethyl acetate or THF to 

improve substrate stability. These conditions minimise unwanted side-reactions, such as 

hydrolysis of the derivative 1.107 (Scheme 1.36) or elimination of benzoic acid to form a 

vinyl sulfone. An example is shown in Scheme 1.37. After generation of the carbanion of 

1.110, aldehyde i. 111 is added and subsequently trapped with acetic anhydride to give 1.112 

which upon reductive elimination gives triene 1.113. Despite the formation of diastereorners 

for intermediate 1.112, E-stereochemistry was obtained exclusively in the final product 
1.113. 

S02Ph 

1.110 

Scheme 1.37 

(t) BuU THF P'02S, in 

0 
0"' 

OA'C""ý 

-Y 

1.112 

(iii)AC20 

Na(Hg) I 

MeOH 1 
ollýo 

1.113 

This can be rationalised as follows (see Scheme 1.38): Electron-transfer to the aryl sulfone 

group leads to C-S bond cleavage, generating a sulfinate anion and an intermediate radical 

1.114 that is then reduced to the carbanion 1.116. Either at the radical or the carbanion stage, 

equilibration of the intermediate occurs and elimination proceeds in an anti-periplanar 

fashion to give the E-alkene. 73a, 78 
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Scheme 1.38 

The product distribution (E: Z-isomer) reflects the thermodynamic distribution of the 
intermediate 1.116 or 1.114 that is dependent on the interactions of R and R'. The bulkier the 

substituents R and RI, the greater is the E-selectivity of the product. 
For more substituted systems, leading to fully substituted alkenes, the selectivity is lower. 

Another limitation of the Julia reaction is found in cyclic systems, when the elimination of 
the leaving group (AcO") cannot occur as readily since an anti-periplanar conformation 

cannot be adopted due to ring-strain. An example is shown below. The Julia reaction is 

low-yielding and the alternative product, the protonated carbanion 1.120, is obtained as a 

side-product (Scheme 1.39). 73,77 

HH 
Ph Sýý Na(Hg) 

r', 
Z%0- 

BzGý BzDý 

1.118 1.119 1.121 1.120 

Scheme 1.39 

Modified Julia reaction 
S. Julia and co-workers replaced the phenyl substituent on the sulfone, traditionally used in 

the Julia reaction, by a heterocycle. This heterocycle is quite elctrophilic, giving rise to 

altered reactivity. The first steps, deprotonation and addition to the aldehyde electrophile, 
are analogous to the classical Julia olefination (see Scheme 1.40). The difference in the 

modified version is that the metallated adduct m2i is inherently unstable and undergoes a 
facile Smiles rearrangemene 8,79 to give spirocycle 1.122. Elimination of sulfur dioxide and 
heterocycle 1.123 yields the alkene product 1.124 directly in one pot. 
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Scheme 1.40 

The stereochemical outcome in the modified Julia reaction is substrate-controlled. 78 

Addition of the aldehyde onto the alpha deprotonated sulfone 1.128 can give rise to anti 

and syn diastereoisomers. The anti diastereoisomer yields a trans-alkene while the syn 
diastereoisomer gives a cis-alkene. Low selectivities in alkene formation are thus 

ascribable to low diastereocontrol in the initial nucleophilic addition (Scheme 1.41). 
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Scheme 1.41 

It is believed that the initial addition step Of 1.128 onto the aldehyde can be reversible since 
the carbanion is highly stabilised. Thus, equilibration between syn and anti intermediate 

occurs via addition and retroaddition between the aldehyde and 1.128. The energy barrier 
for Smiles rearrangement is believed to be greater for the anti isomer 1.136 due to the 

eclipsed arrangement of Rý and R1 in 1.137. Equilibration between 1.136 and 1.138 as well as 
the faster rearrangement/ elimination for 1.138 provides notable cis seleCtiVity. 78 
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Ramberg-Bdcklund reaction 

The Ramberg-Bdcklund reaction is a rearrangement of a sulfone having a leaving group in 

the alpha position. A new C=C double bond is formed by loss of sulfiir dioxide (see Scheme 
73b 1.42) . 

HX 
base Rl 

Rl: ý; 
kS R2 

R Ký 3 

1.139 1.140 

Scheme 1.42 

The reaction is mostly conducted with a-chlorosulfones, and an a'-hydrogen is required for 

the reaction to occur. The mechanism was intensively studied, suggesting the following: 80 
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Scheme 1.43 
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1.143 1.144 

After deprotonation of the sulfone Scheme 1.43 to give the carbanion 1.142 intramolecular 

nucleophilic attack occurs by the latter on the a-carbon centre to displace the chloride, 
forming intermediate 1.143. This intermediate is unstable under the basic conditions and 
loss Of S02 occurs to afford the alkene 1.144.73 The stereochemical outcome of the reaction 

can be rationalised as shown in Scheme 1.44. 

After deprotonation, carbanion 1.146 is formed and this undergoes intramolecular 

nucleophilic attack more rapidly than epimerisation, to form intermediate 1.147. The final 

alkene reflects the stereochemistry of the intermediate 1.147. If the intermediate episulfone 
has an acidic a-hydrogen, then epimerisation of the intermediate may occur to form the 
less hindered episulfone intermediate, giving rise to the E-alkene as the final product. 
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1.3.1 Reductive Desutfonation 

Several reductive desulfonation methods are reported . 
73' Apart from electrochemical 

methods, 81 they all involve strongly reducing metals. Trost et aL developed a desulfonation 

method using sodium amalgam in methanol at temperatures between -201C and room 
temperature. 82 Synthetic application of this method by Fuchs et al. demonstrates that the 

83 
method is compatible with several ftinctional groups (Scheme 1.45). 

-SiMe3 -SiMe3 
Ns--/ 

H" S--/ PhO2S 
, 

00 
Me Na(Hg) 00., %Me 

1: 1 THF, CH30H "'o 75% 
M e0lj i eO 0M Me Me z 01- 

1.149 1.150 

Scheme 1.45 

In the synthesis of the marine eicosanoid bacillariolide Il from (R)-malic acid, the 
intermediate sulfonyl lactone 1.151 was reduced stereoselectively by sodium amalgam to 

84 lactone 1.152 . 

PhOýS 0H0 

Na(Hg) 
50 

o 

Momd H t: H20MPM momd tH20MPM 

1.151 1.152 

Scheme 1.46 

Another method for the removal of phenylsulfonyl groups is the use Of SM12 in a mixture 

of THF and HMPA. HMPA is a very toxic and carcinogenic reagent, however, it is a 

crucial co-solvent for the reaction to proceed (Schme 1.47). 85 

SM12. THF, HMPA 

4ýf -20*C 74% 

1.153 1.154 
Scheme 1.47 

Various nickel reagents have been applied to reductive desulfonations. 86 Among them are 
Raney Nickel or nickel-containing complexes. 
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1.4 Neutral organic electron donors 

Neutral organic molecules that are capable of electron donation in their ground state to 

substrates of suitable reduction potential are a clean, metal-free alternative in the multitude 

of electron-transfer methods and reagents. Tetrathiafulvalene (TTF) 1.155 has proven to be 

such a reagent. 87 It transfers an electron to a diazoniurn salt acceptor 1.156 at room 
temperature, giving rise to an aryl radical 1.157 that subsequently cyclises (Scheme 1.48). 
The TTF radical-cation formed after electron donation then traps the radical intermediate 

to form salt 1.158 and this is further converted to the alcohol 1.159 in a polar fashion 

(substitution reaction), therefore giving this discovery its name - the radical-polar 
crossover reaction. 
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The driving force for TTF to donate its electron is based on the aromatisation energy 

gained by the formation of the radical-cation species TTF+* (Scheme 1.49). The newly 
formed aromatic system (bold) can clearly be seen in resonance structure 1.161b. The 

reduction potential for the uptake of the first electron from TTF 2+ (1.162) to TTF+* (1.161) is 

quoted to be E' = 0.71 V (vs. SCE in MeCN); the potential for the second electron uptake 
from TTF+* to TTF is El = 0.32 V. 88 

(SSXýDl 
1.155 

Scheme 1.49 

1.161a Sý- ýss 
1.161b 

- -e- -0- 

1.162 

Research proceeded in the development of a stronger electron donor. A donor was sought 
that might have the ability of reducing more challenging substrates, such as alkyl and aryl 
halides. Accordingly, dithiadiaza compound 1.163 was prepared. It consists of a mixed 2- 

+0 
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nitrogen, 2-sulftir system. Nitrogen was incorporated due to the stronger R-donation of 

nitrogen as opposed to sulfur, which would lead to a greater stabilisation of the generated 

radical-cation after electron-transfer and hence might increase the driving force for the 

electron-transfer reaction. The initial test was carried out on diazonium. salt acceptor 1.164. 

However, surprisingly, 1.165 was isolated and its formation was rationalised as shown in 

Scheme 1.50. After electron-transfer-initiated aryl radical formation and cyclisation, trapping 

of the resulting radical-cation of dithiadiaza compound 1.163 with the aliphatic radical 

occurs to give adduct 1.166. This then undergoes fragmentation to give the keteniminiurn 

salt 1.167 due to the greater ability of nitrogen in stabilising the positive charge. Subsequent 
hydrolysis affords the product 1.165 (Scheme 1.50). In further experiments donor 1.163 

proved not to be powerftil enough to react with C-I bonds. 89,90 

This clearly highlights the requirement of changes in the molecular design of the donor, to 

increase its reducing power and to prevent any fragmentation side-reactions. A bridging 

chain within the donor molecule was proposed to obviate such a fragmentation of the 

donor species. 
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Meanwhile, Medebielle et aL developed the more powerfid organic donor TDAE91 1.171 
that was successfully applied in the reduction of highly activated halides. CF31 and benzoyl 

chloride 1.172 were coupled by an electron-transfer mechanism, possibly involving even 
trifluoromethyl anionic intermediates (Schme 1.51). 92 
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1.171 1.174,5% 1.173,44% 
Scheme 1.51 

The reduction potentials of TDAE were measured 93 to be E' =-0.61 V for the first 

(TDAE2+ --+ TDAE+') and E" =-0.78 V (vs. SCE in MeCN) for the second electron uptake 
(TDAE+* --* TDAE). In DMF only a single reduction peak was seen with E' 0.62 V (vs. 

93 SCE in DMF). The greater reducing power of TDAE in comparison to TTF can be 

ascribed to the greater n-donating power of nitrogen as opposed to sulfur. 

Having these three concepts in mind, the aromatisation principle as shown by TTF, the 

great ability of nitrogen in n-donation highlighted by TDAE and the requirement of a 
bridging side-chain to avoid fragmentation, the donor 1.175 was developed recently within 
the Murphy group. 94 The very similar donor 1.178 has been studied before by Shi, 

Thummel et aL 95,96 who synthesised disalt 1.176 and prepared donor 1.178 by 

electrochemical reduction. The aim of their study was to investigate the electrochemical 

properties of a series of such imidazole and benzimidazole analogues. The measured 
reduction potentials are EI/2 =-0.55 V for the first and EI/2 =-0.87 V (vs. SCE in DMSO) 

for the second electron uptake (see Scheme 1.52). Donor 1.175 was prepared 

electrochemically also and reduction potentials of EI/2 0.76 V and EI/2 0.82 V (vs. 

SCE in DMF) were measured. 97 

Br+ r+ BF Br+ 
N Cý N 4 N: o +e- "--,, N (): N> > +e C[N 

N E114/; 2 --0.5 5V EI/2 --0.87 VN 

1.175 

1.176 1.177 1.178 

Scheme 1.52 

The reduction potentials of the previously introduced donors are surnmarised below. The 
further left on this chart the indicated reduction is, the more difficult it is to achieve and 
hence the easier is the corresponding oxidation process. 
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Figure 1.6 Reduction potential chart* 

In order to use donor 1.175 in synthesis a direct route to prepare donor 1.175 was developed 

within the Murphy group (see Scheme 1.54 on page 43). The synthesis started from 

methylbenzimidazole that was refluxed in acetonitrile with 1,3-diiodopropane to give disalt 

1.179. Deprotonation of this benzimidazole salt then results in the formation of a carbene 
intermediate (e. g. 1.180 below) that will then initiate the 'dimerisation' process. A carbene 
is a neutral, divalent species, exhibiting two non-bonding orbitals and two electrons to 

distribute in the latter. These two orbitals are a lower energy sp2-orbital and a higher 

energy p-orbital. If both electrons are located in the energetically lower sp2-orbital, this 

will be a singlet state carbene. However, if the spin-pairing energy to accommodate both 

electrons in the sp 2 
-orbital is larger than the energy gap between spý- and p-orbital, the 

triplet state carbene will be favoured, having one electron in each orbital with parallel 

spin. 98 

RR 

n/ NI+ 

N NI 

Di 

tfiplet carbene singlet carbene 
RR 

1.180a 1.180b 

Figure 1.7 Singlet- and triplet-state carbene of 1.180 

Considering the carbene 1.180 in Figure 1.7, one factor stabilising this carbene is steric 
shielding around the carbene centre by R groups, so that due to steric hindrance, 
dimerisation is prevented. 99 However, bulky substituents R also favour the adoption of the 

lodobenzene: Voltarnmetry: E, 12= -1.77 V (vs. Ag/ AgCl, in H20) ý4.815 V (vs. SCE, in H20) 
Polarography: El 1/2 =-1.62 V (vs. SCE, in H20/ Dioxane) 
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triplet state, as both non-bonding orbitals are forced towards a linear structure, so that they 

are degenerate as p,, and pý orbitals. 100 

Further stability of the singlet state is gained, if the carbene carbon is bound to an 
electronegative atom, e. g. nitrogen or oxygen, as inductive effects within the G-system lead 

to lowering of the sp 2 
-orbital and hence singlet-state stabilisation. 101 The model carbene 

1.180 shown in Figure 1.7 also has strong n-donors, the nitrogens in the a-positions. The 

nitrogen lone pairs overlap with the empty p-orbital and hence stabilise the entire 
molecular structure, but also stabilise the singlet state, as the energy gap between the 

orbitals is increased (Figure 1.8). 102 

S 
S 

S 
S 

I + I 

CN 

Figure 1.8 Stabilisation by 7r-donation of nitrogen ]one pair into the empty p-orbital or carbene 

The 'dimerisation' of carbenes has been studied for decades 103 and it is generally believed 

now that the 'dimerisation' does not proceed via combination of two carbenes. This 

process would be subject to a quite high energy barrier, since one singlet-carbene lone pair 
would have to interact with the LUMO of the partner molecule and hence the high-lying a- 
orbital (high in energy due to the N-donation, Figure 1.8) of the other carbene. Instead it is 

proposed that the dimerisation occurs between the singlet carbene and its conjugate acid as 
illustrated in Scheme 1.53.104 
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Scheme 1.53 

Thus, disalt 1.179 was treated with a strong, non-nucleophilic irreversible base, KHMDS, 

and donor 1.175 was formed as a highly yellow, moisture and air-sensitive reagent in situ. 
This electron donor is now capable of transferring a single electron to an unactivated aryl 
iodide 1.184 to produce an aryl radical 1.185 that then undergoes typical radical cyclisation 
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to give 1.186 in excellent yield (Scheme 1.54) with the donor radical-cation 1.187 as by- 

product. 94 
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Scheme 1.54 

In contrast to the chemistry of TTF, the donor radical-cation 1.187 of benzimidazole donor 

1.175 that is formed after electron-transfer, does not couple to the intermediate radical 1.190, 

so that the radical-polar crossover reaction was not observed. In further experiments it has 

been established that donor 1.175 is an exclusive 'radical reagent' under the conditions 
used. The possibility of fort-ning aryl or alkyl anions has been investigated with the 
following methoxy substrate 1.191. If a second electron was transferred after cyclisation of 
the aryl radical 1.192, the anionic intermediate 1.193 would form that should subsequently 

eliminate methoxide to afford 1.194. Similarly, if a second electron-transfer took place at 
the aryl radical stage 1.192, before cyclisation, this would give the aryl anion 1.195 which 

could be reduced to give 1.196 or cyclise 105 and would subsequently eliminate methoxide to 

afford 1.194. However, only 1.197 was isolated in high yield, hence precluding any other 

pathway than the radical one. 94 
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Scheme 1.55 

Benzimidazole donor 1.175 was further applied to the reduction of aliphatic iodides, giving 
1.200 resulting from cyclisation of the radical intermediate arising from alkyl iodide m99. 

ccý ýqý 
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NN Me 
140 ý, e 
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MeO 11 MeO 84% 
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At this point my study started with the investigation of the general scope and power of 
donor 1.175 as a reducing agent. 
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Study and scope of benzimidazole donor 1.175 

As introduced in the previous chapter, benzimidazole donor 1.175 Was found to be reactive 

with aryl iodides, forming products in high yields arising from aryl radical intermediates. 

Aryl iodides with an ortho-NMs substituent (e. g. 1.184 on page 43) as well as alkyl iodides 

were found to react efficiently with benzimidazole donor 1.175. However, hardly any 

studies had been undertaken to investigate ortho-iodoaryl ether substrates or aryl halides 

different from iodides, i. e. aryl bromides and chlorides. Thus, the goal of the following 

study was to explore the reductive power and scope of benzimidazole donor 1.175 on those 

substrates. 

I(CH2)31 N KHMDS N> N 

N MeCN, 2d, 9, N-k) 
DMF/ 

CCN 

N-U 
reflux, 92% toluene (1: 3) ýe 

Me ýe ýe 

2.1 1.179 1.175 

Scheme 2.1 

Benzimidazole salt 1.179 was prepared as reported94 by refluxing N-methylbenzimidazole 

2.1 and diiodopropane in acetontrile and 1.179 precipitated as a white solid from the 

solution. 

In an initial approach to study the reductive power of donor 1.175, ortho-iodoaryl ether 

substrates were prepared to study the influence of the ortho-side chain on the reduction of 
the leaving halide. Ortho-iodo-NMs substrates were found to react efficiently with donor 

1.175 using 1.2 equivalents of donor in DMF/ toluene (1: 3) and KHMDS as the base. 

However, the reaction on sulfide substrate 2.2 [that was prepared in a facile two-step 

synthesis and investigated under the identical reaction conditions as the NMs series] was 
less successful. 

crçc Br S" m 
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Reagents and conditions: (i) 1,4-dibromobut-2-ene (2.5 equiv. ), NaH (1.2 equiv. ), 
THF, O'C to r. t., 2.5 h; (H) thiophenol (I equiv), NaH (1.2 equiv. ), THF, OT to r. t., 15 
h; (M) 1.179 (1.2 equiv. ), KHMDS (2.4 equiv. ), DMF/toluene (1: 3), 1 IOOC, 18h. 

Scheme 2.2 
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Substrate 2.2 did not undergo efficient cyclisation under the successful NMs-reduction 

conditions. Instead a complex mixture was obtained. In purification attempts on the 

mixture, product 2.5 was isolated in 10 % yield, and starting material 2.2 was observed in a 

mixture with other compounds by 'H-NMR analysis. To simplify this substrate, the SPh- 

radical-leaving group was replaced by an S-alkyl group in a parallel approach. Substrate 2.6 

was prepared by nucleophilic substitution of the common intermediate 2.4 and then 

examined in the reaction with donor 1.175 [that was prepared in situ from salt 1.179]. 

CCNý ý4: 0 

Ný 
Br SEt Me Me Et 

1.179 
KHMDS, DMFholuene, 

56% 86% 

Q7 

(w) 4: 1 0 OH 00 

Cco, 

2.3 2.4 2.6 2.6 2.5 

Reagents and conditions: (i) trans- 1,4-dibromobut-2-ene (2.5 equiv. ), NaH (1.2 equiv. ), 
THF, O*C to r. t., 2.5 h; (H) ethanethiol (1.2 equiv), NaH (1.3 equiv. ), THF, OIC to r. t., 18 
h; (iii) 1.179 (1.2 equiv. ), KHMDS (2.4 equiv. ), DMF/toluene (1: 3), 1 IO'C, 18 h. 

Scheme 2.3 

1H-NMR spectroscopic analysis of the crude mixture indicated that the reaction did not go 

to completion; a 4: 1 ratio of starting material 2.6 to cyclised product 2.5 was seen. This 

result confirms the observation made in the previous experiment. The electron-donating 

oxygen side-chain must alter the electronic environment of the starting iodide making it 

into a worse electron acceptor in comparison to the NMs-series. Thus, the applied 

reductive conditions are not sufficiently powerful to achieve the desired conversion. It is 

reported that methylphenylsulfide, PhSMe, exhibits a reduction potential* of E'i/2 = -2.27 

V (vs. Ag/AgCl in DMF). 108 For a rough comparison, iodobenzene is quoted to have a 

potential of E"1/2 = -1.62 (vs. SCE in 75% dioxane/water) [= -1.57 V (vs. Ag/AgCl)] . 
106 

The ArS-moiety should, therefore, not be reduced in preference over the Ar-I bond in 

substrate 2.2. The thiyI radical produced however is easily reduced to the sulfide anion. 

This might be an alternative reason for the inefficient reactivity of those ortho-iodoaryl 

ethers; perhaps the thiyl radical reduction was in competition with the iodide reduction. 

However, if this was the sole reason, at least 50 % overall conversion would have been 

expected. Thus, it seems as if ortho-iodoaryl ethers need greater reducing power to be 

converted completely. This assumption seems indeed confirmed by the reduction 

potentials* estimated by N. Findlay from our group, for an aryl iodide with an ortho-NMs 

E corresponds to the reduction potential measured by cyclic voltammetry and the quoted value differs 
significantly from E" obtained by polarography; the values cannot be compared between one another. 
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Chapter Two - Scope of benzimidazole donor as a reducing agent 

substituent the potential is Ep = -2.30 V (vs. Ag/AgCI in DMF)]. In comparison, an aryl 

iodide with an ortho-ether chain shows a potential of Ep = -2.48 V (vs. Ag/AgCI in DMF), 

suggesting that the reduction of the aryl iodo ether is more difficult, which is in line with 

the experimental observations [the cyclic voltammograms of the corresponding structures 

and information about their LUMOs can be found in the Appendix, chapter 9]. 

Another substrate investigated was 2.7. It was obtained under Mitsunobu conditions 

starting from iodophenol and cinnamyl alcohol. After donor formation, using KHMDS, 2.7 

was added and the mixture heated at reflux. ovemight (Scheme 2.4). 

+ 
ýýOH 

40% 
HO 

23 2.8 

CCN 

Me me 
1.179 

KHMDS. DMFholuene 

0 

2.7 

mbcture of compounds 

Reagents and conditions: (i) PPh3, DIAD, THF, OOC to r. t., 2.5h; (H) 
1.179 (1.2 equiv. ), KHMDS (2.4 equiv. ), DMF/toluene (1: 3), 1 IOC, 18h. 

Schcme 2.4 

It was found that 2.7 did not cyclise efficiently in the reaction with benzimidazole donor 

1.175. Instead starting material 2.7 was recovered in 44 % yield, and a mixture of several 

compounds was observed by GC-MS analysis, among them phenol, iodophenol, 2.10, some 

2.11 or 2.12 (both have identical masses) and several other unidentified compounds. 

Oli H !o ýýOH 
Cr 

23 2.9 2.10 2.11 2.12 

A molecular modelling study 107 of the LUMO of 2.7 indicated the highest LUMO density 

(which indicates where the electron is accepted with greatest probability, indicated in blue 

in Figure 2.3) to be located on the allylic side-chain of the molecule, suggesting that the 

electron is transferred there in preference to the aryl iodide moiety, possibly giving rise to 

the cleavage products 2.3,2.9 and 2.10. 
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lb 

40 
0 lb 

4. 

Figure 2.1 Substrate 2.7 

Figure 2.2 LUMO of 2.7 

Figure 2.3 LUMO density of 2.7 

To test whether this observation could have synthetic utility in the cleavage of benzylic 

protecting groups for instance, the substrate was simplified to 2.11, which was synthesised 

(as shown below) in 79 % yield and subjected to the reaction with in situ-prepared 

benzimidazole donor under more concentrated conditions. DMF was chosen as the only 

solvent to achieve greater temperature and hence more reductive power by donor 1.17-1, 

(reduction potential is concentration- and temperature-dependent, compare section 1.1.2). 

However, a complex mixture was obtained again, partially unidentified even by GC-MS- 

Since starting material 2.11 was recovered in 31 % yield and isomeric compounds of the 

same molecular mass were seen by GC-MS that probably arose by rearrangement under 

the high temperature conditions, it was decided that this reaction does not have synthetic 

utility (Scheme 2.5). 
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LI) CýOH 

Ho 

79% 
ao 

23 2.8 2.11 

-I+r--i. r CCý N 
v 
N 

Me me 

1.179 
KHMDS, DMF 

ao 

31% 

2.11 

Reagents and conditions: (i) PPh3, DIAD, THF, OIC to r. t., 5 h; (H) 
1.179 (1.2 equiv. ), KHMDS (2.4 equiv. ), DMF, 120'C, 18 h. 

Scheme 2.5 

These results highlight the importance of the nature of the side-chain on the reduction of 

aryl halides. Benzimidazole donor 1.175 seems to be at a fine borderline of being able to 

reduce more electron-deficient aryl iodides and to be rather limited in reducing slightly 

more electron-rich ones. Therefore, benzimidazole donor 1.175 could have scope as a 

selective reagent, and this will be investigated in later chapters. 

It was then decided to move on to aryl polyhalides, hoping that additional electron- 

withdrawing substituents might activate the aromatic system towards electron acceptance 

and might therefore allow the reduction of halides other than iodides. A study of reduction 

potentials revealed that ortho-chlorofluorobenzene exhibits a reduction potential of 
E'1/2= -1.89 V (vs. SCE in H20), IOSTbiS is slightly higher than iodobenzene (Ei/2= -1-62 
V vs. SCE in 75% dioxane-water). Thus, it was thought that if the number of equivalents of 

the donor was increased, reduction might be possible under those more forcing conditions. 
Since the reduction of ortho-chlorofluorobenzene would give rise to a volatile product, 

para-chlorofluorophenol was used instead, and a large group was attached to make it non- 

volatile (2.15, Scheme 2.6). 

liý N: 0 

ci 1 Me me 

FF1.179 F 
76% KHMDS, DMLJ 
(i) 

OH zz, Oýlý Zill 

2.14 2.15 2.15 

Reagents and conditions: (i) 5-phenyl- I -pentanol 2.13 (1 equiv. ), PPh3 

Scheme 2.6 
(1 equiv. ), DIAD (I equiv. ), THF, O'C to r. t., 2.5 h; (H) see Table 2.1. 

Two reactions were carried out (see Table 2.1 for conditions), one using standard aryl NMs- 
iodide reduction conditions except that DMF was used as the exclusive solvent, while in 
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the second experiment more concentrated conditions were applied. However, only starting 

material was recovered in both cases. 

Entry Conditions Outcome 

1 1.179 (1.2 equiv., 0.26 mmol), 2.15,90% 
KHMDS (2.4 equiv. ), 

DMF (I 7ml), II 8'C, 3d. 
2 1.179 (5 equiv., 1.5 mmol), 2.15,95% 

KIIMDS (10 equiv. ), 
DMF (14ml), 118'C., 3d. 

Table 2.1 Attempted reduction of chloride 2.15 

Since fluorochloride 2.15 did not lead to any conversion, it was decided to move on to 

bromo-fluorobenzene, because ortho-bromofluorobenzene is reported to have a lower and 

possibly more accessible reduction potential of E'1/2= -1.69 V (vs. SCE in H20)-108 No 

corresponding phenol bearing the fluoride and bromide ortho to each other was 

commercially available. It was decided, therefore, to use 2.16 instead, since at least the 

oxygen is located ortho to the bromide (compare previous discussion of rate of bond 

cleavage, page 13). Again, a suitable derivative, this time 2.17, was prepared to avoid any 

volatility problems (Scheme 2.7). 

I+r-l+r 
CC N: O 

N 
Me me 
1.179 

F, 94% Fj(: ý 11 
KHMDS, DMF 

, Jim 
Rq 

OH 
Br Br I 

(ii) 
I 

2.16 2.17 2.18, see Table 2.2. 

Reagents and conditions: (i) 5-phenyl- I -pentanol (I equiv. ), PPh3 
(I equiv. ), DIAD (I equiv. ), THF, OIC to r. t., 3 h; (H) see Table 2.2. 

Scheme 2.7 

Two different conditions were applied; the first using five equivalents of benzimidazole 

salt 1.179. This led to a 50: 50 mixture of 2.17 and its reduced counterpart 2.18. Using ten 

equivalents of salt under very concentrated conditions in the second experiment, pleasingly 
led to increase in reduction of the bromide to give 2.18 as the major compound. The 

reduced compound 2.18 turned out to be inseparable from its starting material 2.17 (Table 

2.2). 

51 



Chapter Two - Scope of benzimidazole donor as a reducing agent 

Entry Conditions Outcome 

1 1.179 (5 equiv., 1.5 mmol), 2.17: 2.18 
KHMDS (10 equiv. ), 1: 1 

DMF (I 5ml), II 01C, I Sh 
2 1.179 (10 equiv., 3. Ommol), 2.17: 2.18 

KHMDS (20 equiv. ), 2: 3 
D' - '8ml), II OT., 18h 

Table 2.2 Attempted reduction of bromide 2.17 

Complete reduction could not be achieved. This initiated a study of reduction potentials of 

aryl halides with different substitution patterns in more detail. Unexpectedly, great 
differences in reduction potentials are reported for the relative positions of the halides to 

each other; for ortho-bromofluorobenzene a reduction potential of E'1/2 =-1.69 V (vs. 

SCE in H20) is reported, as stated above. Changing the halide positions to para- 
bromofluorobenzene, tremendously changes the reduction potential to E"1/2 =- 2-00 V (vs. 

SCE in H20). 108 The observation of incomplete reduction of 2-bromo-5-fluoro-l-(5- 

phenylpentyloxy)benzene 2.17 is therefore rather unsurprising, as an enormous potential of 

approximately E'1/2 =-2.00 V has to be overcome which is beyond the power of donor 

1.175, even under very concentrated conditions. 

In conclusion, it has been shown that benzimidazole donor 1.175 has limited reducing 

power in reductions of substrates other than ortho-iodo NMs-substrates. Its scope as an all- 

round reducing agent is rather limited and to achieve reductions with low numbers of 

equivalents of donor and milder conditions (e. g. reaction at room temperature), a more 

powerful neutral organic reducing agent of more negative reduction potential needed to be 

developed and this will be discussed in the following chapter. 
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Powerful reductions and generation of aryl anions 

3.1 New electron donor - imidazole donor 2.20 

In the previous chapter, it has been shown that benzimidazole donor 1.175 is not powerful 

enough to reduce halides with a low number of equivalents of donor. To khieve these 

types of reductions, a more powerful donor was required. Considering the driving force of 

electron donation, the aromatisation energy gained by the donor molecule when 

undergoing transformation from the neutral donor towards the radical-cation (or dication) 

is crucial, as discussed in the introduction (e. g. TTF, benzimidazole donor). Thus, it was 

thought, that by omission of the benzene ring in the benzimidazoliurn system, greater 

aromatisation energy could be gained, having a single ring becoming aromatic after 

electron transfer and thus overcoming the annellation effect'09 that leads to smaller 

aromatisation energy and hence less driving force in the case of benzimidazole donor 1.175. 

r--1 
(, jý ýNN 

>---< 
N :0 

1.175 

+ rýý N N- 

N NO 
ýe ýe 

1.187 

r---l + r--) CN>_<ND N 
_<N > 

Nýj NN 
Ll--j 

2.20 2.19 

Scheme 2.8 

Imidazole donor 2.20 had been prepared by Ames, Thurnmel and Taton et a0lo"ll"12 to 

study the electrochemical properties of this compound. DiSalt 2.21 was synthesised and 

subsequently reduced in an electrochemical fashion to donor 2.20. The measured reduction 

potentials are EI/2 (MeCN) =-1.12 V and - 1.28 V [(ir. ) vs. SCE]; EI/2 (DMF) 1.20 V 

(vs. SCE)l 10 for the first and second electron. 

Br + f-'-"-l + Br- + 
CNýýND + I/I 7 EN +e N>_<N DI 

77ý1' 
c DI 

NNc NU e- NN 
L, j L"-, i 

2.21 2.19 2.20 
Scheme 2.9 

However, they neither succeeded in isolating donor 2.2o nor in preparing it in a more 
practical synthetic manner. A successful route to synthesise disalt 2.22 in bulk, developed 
by S. -Z. Zhou from our group, is via deprotonation of imidazole with NaH, treatment of it 

with 1,3-dibromopropane, followed by isolation of the intermediate and further treatment 
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with 1,3-diiodopropane (see Scheme 2.10). This gave rise to the stable, white precursor salt 

2.22. The donor can then be generated in situ by dissolving the salt 2.22 in DMF and treating 
it with Nall. After sufficient 'dimerisation' time, the mixture is centrifuged and the 

resulting supernatant liquid transferred to the substrate. 

H 1) NafL Br(CH2)3Br. -l + r----i +i- + - 
I+ r--) + 

CN I 
N N-. 

ý 56 % 
__I.. 

C, \> </ NaR DMF 
j 

NN CI -e CN D, e NýýN Di CI 

N 2) l(CH2)31, heat, N N- 
47% 

NN 
L-ý +e -NN NN +e L-ý 

2.23 2.22 2.20 2.19 2.24 

Scheme 2.10 

The first experiments carried out with this new donor were to attempt the reductions of 

substrates 2.17 and 2.15 again. In the first experiment, 1.5 equiv. of donor 2.20 were prepared 

using an excess of NaH. After centrifugation, the resulting yellow solution of donor 2.20 

was transferred via cannula to substrate 2.17 at room temperature. No change in colour was 

observed. However, after heating the mixture at 100"C overnight, the colour changed from 

yellow to deep red. Pleasingly, nearly complete reduction of bromide 2.17 to 2.18 was 

achieved (see Table 2.3). Increase to two equivalents in a second experiment then gave 2.18 

in a successful 76 % yield as the exclusive product (Scheme 2.11). 

FICý 

Br Cýý 

+r'l + NN 
\> ý3 

NN 

2.22 NaH, DMF 

F', 9 

01-111 

2.17 

Scheme 2.11 

see Table 2.3 

2.18 

Entry Conditions Outcome 

1 2.22 (1.5 equiv., 0.45 mmol), 2.17: 2.18 
NaH (12 equiv. ), 1: 6 

DMF (I 5ml), I 001C, 18h 
2 2.22 (2.0 equiv., 0.50 mmol), 2.18,76% 

NaH (16 equiv. ), 
DMF (15 ml), I 00T., 18h 

Table 2.3 Reduction of bromide 2.17 

This result highlights the exceptionally great reducing power of donor 2.20. With 
benzimidazole donor 1.175, in contrast, reduction of 2.17 could only be achieved to about 60 
%, using salt 1.179 in 10 equivalents and under very concentrated conditions. 
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Next to be reduced was substrate 2.15. Using benzimidazole donor 1.175, Chloride substrate 

2.15 had remained untouched, and only starting material had been recovered. Accordingly, 

1.5 equiv. of donor 2.20 were prepared from salt 2.22 in solution and added to 2.15. Again, 

no colour change was observed at room temperature. Heating at 100'C overnight led to an 

orange solution. However, 68 % of starting material 2.15 were recovered along with phenol 

2.26 in 9% yield (Scheme 2.12). Reduction of the chloride did not take place. Possibly 2.26 

arose from nucleophilic aromatic substitution by hydroxide on the fluoride. Substitution of 

an analogous aromatic fluoride has been observed by Davies et al. in the reaction of 6- 

chloro-5-fluoro-1,2,3-benzothiadiazoles with hydroxide for instance. 113 

+r--l +r IN cl cl 

F 
C, ý, <, D, 

F OH 
N 1.5 equiv. I 

2.22ý-jNaILDMF +C 

1 IOT, 18 h0 0-1-r5 

rý-r. 0 

5 68% 5 9% 

2.15 2.15 2.26 

Scheme 2.12 

Since the reduction potential of chlorofluorobenzene (E'1/2 = -1.69 V)108 should be in the 

range of the power of donor 2.20, there might be a different reason, why reduction was not 

observed. Possibly, electron transfer into the n*-systern of 2.15 occurred (of which the 

reduction potential is a measure) to form the corresponding radical-anion; the second step, 

however, involving stretching of the C-Cl bond with lowering of the a*-orbital and 

subsequent n*-a* transition with concerted C-CI cleavage, seems to be of too high energy 

to be achieved. 
In a theoretical study carried out by Pierini and Vera, the energy required to undergo the 

Tc*-a* transition was calculated for halobenzenes. They report 114 that the antibonding al 

(a*) orbital of the C-X bond lies more than 4 eV above the 7t* LUMO for X=F. In case of 

X= C1 this energy decreases to 1.11 eV, and for X= Br it is estimated to be 0.59 eV. 

Further, the a, (a*) orbital becomes LUMO for X=1. 

This study agrees with the experimental outcome stated above. Seemingly, the high energy 
barrier for the 7t*-cr* transition disfavours the reduction of aryl chloride 2.15. 
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3.2 Mechanism of aryl halide reduction 

3.2.1 Ester cyclisation as a probefor atyl anion 

The question then arose, by which mechanism the reduction of halides occurs. Does it 

proceed via a radical mechanism or possibly by an anionic mechanism? Given the 

reduction potentials of 2.20 that were investigated in acetonitrile, little difference was 

observed in the potential of the I" and 2 nd electron (see above). However, in DMF only a 

single potential was measured for the bromide salt 2.21. S. Park of our research group 

carried out electrochemical measurements' 15 on the corresponding iodide salt 2.22 in DMF, 

starting from the disalt 2.24, and he obtained the following cyclic voltammogram for donor 

2.20. 

2.00E-06 - 

I, ODE-W 
Voltage V 

1.8 1a a's -0.4 -0.2 
-I, DDE-06 

-2,00E-05 

r 

-3. OOE-06 

-4. DDE-05 

. 5, ODE-06 

Figure 2.4 

Thus, both electrons of the donor are, under the experimental conditions [i. e. DMF as the 

solvent] taken up at almost the same reduction potential, which can be seen in the cyclic 

voltammograrn (Figure 2.4). Only one 'wave' is seen that also exhibits a little 'shoulder' 

corresponding to the second electron being taken up at that potential. Further, from the 

peak height it was estimated that it indeed corresponds to two electrons being transferred 
(calibrated against ferrocene). If both electrons were donated to the donor precursor salt at 
different potentials, two separate waves would be expected. Since this is a reversible peak, 
this indicates in turn, that both electrons of the donor are almost equally powerful and this 

suggests that donor 2.20 might be capable of transferring two electrons to a halide acceptor. 

This was investigated synthetically by S. -Z. Zhou. A substrate was designed that would 
lead to unambiguous discrimination between aryl anions and aryl radicals. lodoester 2.27 

was selected as it should differentiate between an aryl anion and an aryl radical 
intermediate. If an aryl anion was produced, this should cyclise onto an ester. Aryl radicals, 
however, should not (see also later discussion). When the experiment was carried out, it 
was found' 16 that donor 2.20 reacts instantaneously at room temperature with the iodoester 
to give the reduced ester 2.28 (70 %) as well as the ketone 2.29 (16 %). This outcome was 
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rationalised. as follows: upon exposure of the aryl iodide to the donor, the aryl anion 2-30 

was formed, which subsequently attacked the ester functionality to fon-n ketone 2.29 or was 

protonated to give rise to the reduced ester 2.28 (Scheme 2.13). Alternatively reduced ester 

2.28 could also arise from hydrogen atom abstraction by the aryl radical 2.31. 

100 
2.27 

NN 
L-, j 

2.20 6ý 

2.31 
Scheme 2.13 

-I +r--l +I (N \) 
0 

1 5e uiv . q . NN 
2.22 ý-ý NaH, DMF Ný 0 

I+ 
Cýý 

70% 
2.28 

+ 

+r-I+ NN 

NN Ný2 

2.30 

0 

C1 
ll;:: ý 

ý6< 2.29 
16% 

In this reaction, the donor 2.20 was formed in situ, by use of sodium hydride as a base to 

trigger the donor formation. This results in the generation of sodium iodide as a byproduct 

that is slightly soluble in DMF. 1 17 Thus, metal ions, present in the reaction mixture, could 

complex to the aryl anion and thus lower its reactivity. In order to form highly reactive, 

non-chelated aryl anions and to establish the uniqueness of generating a 'naked' anion with 

a completely organic positive counter-ion, a metal-free protocol was developed. ' 18 To this 

end, donor 2.20 was generated as a pure compound, a yellow solid. This was achieved by 

reacting salt 2.22 with sodium hydride in liquid ammonia. After sufficient reaction time (4 

h), the ammonia was then evaporated and the residue transferred into a glove-box, where it 

was extracted with diethyl ether, and subsequently the solvent was removed by distillation. 

This method afforded donor 2.20 as a highly moisture-sensitive and air-sensitive, yellow 

solid that was stable under glove-box conditions! 

+ r---) + I- r--ý) NN 1) N"3 (1), NaH NN Cl \> (/ ýl 
0- 

1> 
--ý 

DI 
NN 2) Et2O extraction, NN 
L-ý evaporation Lýý 98% 

Scheme 2.14 
2.22 2.20 

Repetition of the previously discussed cyclisation experiment of iodoester 2.27 using the 

pure donor, gave a very similar outcome. The cyclised product, ketone 2.29, was isolated in 

slightly lower yield this time (Scheme 2.15). 1 16 

Atomic absorption (AAS) analysis: 0.005 mg of Na in 100.0 mg of donor 2.20 (0.047 mol%), evaluated by 
S. -Z. Zhou with an AAnalyst 200 Atomic Absorption Spectrometer [PerkinEimer instruments, Ltd]. 
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0 
2.27 

Scheme 2.15 
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0 00 iCýý76 
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13 
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To prove that radicals do not cyclise onto esters and to verify iodoester 2.27 as a valid 

mechanistic probe for aryl anions, it was decided to react iodoester 2.27 with benzimidazole 

donor 1.175 which has been shown to produce aryl radical intermediates, but no anions. 94 

Reaction Of 2.27 with one equivalent of donor 1.175 did not give rise to any conversion, Le. 

only starting material was recovered. 119 This can be rationalised as follows: due to the 

carbon side-chain ortho to the iodide leaving group as opposed to the electron-deficient 
94 NMs group [which fully reacts with one equivalent of donor], less inductive activation 

takes place. This has the consequence that the LUMO energy will be higher for the carbon 

side-chain substrate 2.27 and therefore a greater reductive power is necessary to reduce this 

substrate [analogous to what has been observed in the reactions of benzimidazole donor 

1.175 with aryl iodo ortho-ethers, compare chapter 2 and appendix]. Thus, it was decided to 

carry out the experiment under more concentrated conditions, Le. four equivalents of salt 

1.179 were used in an identical amount of solvent to the original experiment. 

- IýQ Ir 
cct 

101.179 me me 
1.2 equiv., NaH, DMF 

III no reaction 
2.27 1 IOT, IS h 

Scheme 2.16 

CNN 

0 1.179 me me 
4.0 equiv., NaK DMF Cý 

I 10-C, 18 h 
2.7 

00 
50 2.28 

The change to more concentrated conditions led to full conversion of the starting material 

and the ketone 2.29 was not formed [as judged from 'H-NMR spectroscopic analysis of the 

crude mixture]. Thus, the ester is a valid probe to test for aryl anions. However, after 

purification, the reduced compound 2.28 was isolated in 50 % yield only as the sole 

product. It was questioned whether this low yield might be due to the presence of traces of 

water, either in the salt starting material or in the DMF. If this was the case, sodium 
hydroxide would have formed in the 'dimerisation process' since an excess of sodium 
hydride had been used. The sodium hydroxide might then have hydrolysed the ester under 
the reaction conditions [DMF, II O'C, 18 hl and the acid formed might have been washed 
into the aqueous layer in work-up. Therefore, benzimidazole disalt 1.179 was freshly made 
by refluxing methylbenzimiclazole with diiodopropane in acetonitrile for 2 d. After 
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filtration and various washings with dichloromethane, the salt-was stored under vacuum for 

20 h, then heated to 120'C under vacuum for 2h prior to use and new sodium hydride was 

used as well as anhydrous DMF for the reaction. However, despite the careful drying of 

reagents, the isolated yield of the reduced ester 2.28 did not improve, and ester 2.28 was 
isolated in 51 % yield only. This suggests that side-reactions due to the excess of donor 

might have taken place that could be responsible for the low mass-balance. [Similar 

observations will be discussed later in this thesis (see section 3.2.2) and possible 

explanations will be presented in more detail. ] Decreasing the number of equivalents of 
donor to 2.5, reduced ester 2.28 was isolated pleasingly in 67 % yield. 120 

'Me significance of the 15 % yield of cyclised ketone 2.29 was next considered. Did this 

mean only 15 % of aryl anions were present and the reduced ester 2.28 might arise from 

aryl radical intermediates upon hydrogen atom abstraction? Or is there a much greater 

proportion of aryl anion 2.30 formed in the reaction, but the competing protonation of the 

aryl anion is just too rapid to allow more cyclisation? This raises further questions, i. e. (i) 

where would the proton be abstracted from and (ii) how can the real proportion of aryl 

anion intermediate be estimated? 

3.2.2 What is the proton source? 

Considering the mechanism of electron transfer, it is likely that a sandwich n-complex 121 of 
donor and acceptor is formed in the transition state to ensure sufficient orbital overlap 
[HOMO of donor with LUMO of acceptor], so that the transfer of electron from the 

HOMO to the LUMO can take place. Upon single electron transfer, a donor radical-cation 

and acceptor radical-anion will be formed [or donor dication 2.24 and acceptor anion 2.32 in 

the case of double electron transfer] and these two charged species are likely to stay 

attached to each other due to the stabilising attraction of the opposite charges. The donor 

radical-cation [or donor dication] could then become a source of proton due to its positive 

charge and induced acidity (Scheme 2.17) and since it is closely associated with the acceptor 

anion in a sandwich-like complex the proton-abstraction should be a very favourable 

process. 
HH 

f--V-l + 
NNNN Ný Nt cl >-- < Di c Di C, ý, -ý/ 

D, 

NN2.35 
+N N 

_I+N 
N L-I'li -I L--Ij 232 L----j 234 

2.20 2.24 2.33 
Scheme 2.17 
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Evidence in support of this assumption was the isolation of the donor-derived species 2-36 

(see below) that was detected in a reduction reaction of a sulfone, using 3 equivalents of 

donor 2.20, formed in situ using the sodium hydride technique. Heat [I I O'C for 18 h] was 

applied in the reaction. [Reductions of sulfones will be discussed in chapter five in this 

thesis. ] A possible mechanism for the formation of 2.36 is shown in Scheme 2.18 below. 

HH 

+ r-41 
0 NN+ CN> N ND H +H 

DWI 
C1 C> 

NNNNNNNNNNN 
LI-Ij L__ý ý, 

__j 
0 1--1 -1-Ij 

2.20 2.19 2_37a 2.37b 2-38 2.36 

Scheme 2.18 

Upon single-electron donation, the radical-cation 2.19 was formed that then acted as a 

proton source to form 2.37 (or alternatively, two electrons were transferred from 2.2o and 

the corresponding dication was reduced by excess donor to the illustrated radical-cation 

species 2.19). This radical species might have triggered C-C bond cleavage of the side- 

chain to give 2.38, and after hydrogen atom abstraction, species 2.36 was generated. 
Since the proton source is located so favourably close to the aryl anion in the proposed 

sandwich-like complex, it is obvious that it will be quite challenging to answer question 

(ii), Le. to reveal the real aryl anion proportion in the reaction. 

3.2.3 Alternative ester substrate to reveal the anion proportion - bromo diaryl ether 

It was thought that a structural change in the cyclisation substrate towards a more rigid 

system might favour cyclisation a little more over the competing very fast proton- 

abstraction. Therefore, diaryl ether ester 2-39 was selected. The bromide was chosen to 

allow easier synthesis of the substrate. Synthesis of diaryl ether 2.39 was accomplished by 

Ullmann-type copper(l) coupling of iodobenzoate 2.40 and 2-bromophenol 2.41. Due to the 

inductive activation of the methyl ester ortho to the iodide, the Cu(I) species should 
122 fl preferentially insert into the C-I bond. There is literature precedent or the greater 

reactivity difference of the C-1 over the C-Br bond insertions by Cu(I). Due to this kinetic 

preference, the bromoester 2-39 was chosen for preparation. Molecular sieves were utilised 
to mop up water in the reaction, since this could cause hydrolysis of the ester to the acid. 
Ester 2.39 was synthesised successfully in 20 % yield, which is in accord with the literature, 

given the highly disfavouring effect of ortho-substituents on the coupling reaction. 123 In 
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this reaction, two hindering ortho-substituents were present, so that the overall yield is 

quite pleasing. 

OMe 
Br,,, 

HO 

(CuSO3CF3). C6H5CH3 

pyridine, 4A molecular sieves, 
Cs2CO3,18 h 

B-r 

20% 
2.39 0 Ome 2.40 2.41 

Scheme 2.19 

In ester 2.39 the two phenyl rings should give rise to a conformationally restrained system, 

generating the anion in close proximity to the ester and hence possibly favouring the 

cyclisation. The initial test experiment was carried out as follows: 2.5 equiv. of salt 2.22 

were dissolved in anhydrous and deoxygenated DMF and transferred onto washed sodium 

hydride. This was then stirred at room temperature for 4h and centrifuged. The resulting 

supernatant liquid was added to bromoester 2.39 and the mixture was stirred overnight at 

room temperature, resulting in a colour change from yellow to red. After neutral work-up, 

a 'H-NMR spectrum of the crude mixture was taken and xanthone 2.42 was seen as the sole 

product. Column chromatography on silica gel was then carried out and xanthone 2.39 was 

isolated in 32 % yield. This proves the assumption of more favoured cyclisation of the 

anion over protonation in this rigid system to be true. Intriguingly, in a repetition 

experiment using 5 equivalents of donor 2.20, the mass balance decreased and xanthone 

2.42 was now isolated in 20 % yield (Scheme 2.20). 

cN 
Meo < N3 

2.3 equiv. Y'O NN 
NaH, DMF r 2.22 

C(O r. t., 18 h, neutral work-up 

2.39 

Scheme 2.20 

(N N 
\> (I ) 

0 MTYO NN5.0 equiv. 0 
Br 2.22 L-,, 

-j NaK DMF 

0 

CýOb 
b 

r. t., 18 h, neutral work-up 

ao 

2.42 32% 2.39 2.42 20% 

That multiple equivalents of donor 2.20 have a lowering effect on the mass-balance has 

been observed before (see previous discussion, page 58). However, the very low mass 
balance of only 32 % in the first experiment led to questions. This low mass balance might 
be ascribable to the presence of hydroxide in the reaction mixture that would form in the 
donor formation process by deprotonation of water by NaH, leading to the formation of 
carboxylic acid that might have been lost into the aqueous layer in work-up. Evidence for 

the presence of hydroxide was the formation of phenol derivative 2.26 in the reaction 
presented in Scheme 2.12, page 55. Thus, the experiment was repeated with fewer 
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equivalents of 2.22 (for a better mass balance) and this time an acidic work-up was carried 

out (Scheme 2.21). 

-I +r-'-I +r00 (N N 11ý OH OH 4 eC e0>0 
N<0 Ný 1.4 equiv. 

I 

,. 0 .0 

Br 2.22 1-----j NaH, DMF Nzý C 
Iz (1 111 Br 

C 

r. t., 18 k acidic work-up 0 

2.39 2.42 2.43 2.44 2.45 

Scheme 2.21 

Two fractions were isolated after column chromatography this time, the first less polar, 

containing xanthone 2.42 and, for the first time, the reduced compound 2.43 was also 

detected (ratio 1: 1). The second, more polar fraction contained two compounds, 
bromocarboxylic acid 2.44 and reduced carboxylic acid 2.45 (in ratio 1: 2). [2- 

Phenoxybenzoic acid 2.45 was identified by comparison of the 'H-NMR spectrum with that 

of the commercial material and bromocarboxylic acid 2.44 was identified by comparison of 

the 'H-NMR spectrum with that of the synthesised compound, see experimental section for 

further details]. 

The reduced ester 2.43 was formed, but surprisingly was detected only if acidification was 

carried out. This suggests that the reduced compound 2.43 must somehow have been 

liberated upon acidification. This intriguing observation would not be expected to be due to 

the presence of hydroxide in the reaction mixture. It was thought, therefore, that the 

presence of metal ions, Le. sodium iodide, might have caused this reaction outcome. Metal 

chelation via a favourable 6-membered structure (Scheme 2.22) might have activated the 

ester functionality in 239 towards attack by a nucleophile, i. e. hydroxide or possibly donor 

2.2o acting as a nucleophile, the former leading to carboxylic acid. However, it seems 

unlikely that the metal-complexed reduced ester might be water-soluble [to explain why it 

is lost in neutral work-up]. 
BM)o 

0, 

MeO 0---Na 

Scheme 2.22 

To test for this ftirther, it was investigated how donor 2.20, free of metal salts, would react 

with bromoester 2-39 in the absence of any metals or hydroxide. Thus, bromoester 2.39 was 
reacted with 2.1 equivalents of pure donor 2.20 in the glove-box. Upon addition of the 

solution of ester 2.39 in DMF to the pure donor solid, the yellow colour changed 
instantaneously to bright red-orange. After stirring at room temperature overnight, a 
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neutral work-up was carried out and xanthone 2.42 was isolated in 29 % yield as well as the 

reduced ester 2.43 in 58 % yield. This time the reduced compound 2.43 was detected, 

despite the absence of acid treatment. 

r'l-I 
MCO, 0N >-< 

N0 MeO 0 
NN Hb Bob 2.20 L----j 2.1 equiv. kzýý 

DMF, r. t., 18 h. neutral work-up 0 
29% 58% 

Scheme 2.23 
2.39 2.42 2.43 

In another experiment, 2.5 equivalents of pure donor 2.20 were reacted with ester 2.39 in the 

glove-box and this time acidic work-up was carried out. No acid was detected. Only 

xanthone 2.42 and reduced ester 2.43 were seen in the 'H-NMR spectrum of the crude 

mixture. 
This time, under metal-free conditions, the reduced ester 2.43 was isolated after neutral 

work-up. Addition of acid was not necessary to liberate it. In the next experiment it was 
investigated therefore whether metal chelation might indeed play a role in this behaviour. 

Thus, pure donor 2.20 was reacted in the presence of an added metal salt. One equivalent of 

sodium hexafluorophosphate (to avoid possibly nucleophilic iodide counterions) was 

added to the reaction of the pure donor 2.20 with ester 2.39. The sodium 

hexafluorophosphate was heated at 150'C under vacuum for 5h prior to use, then 

dissolved in 5 ml DMF. The substrate 2.39 was dissolved in 10 ml DMF and transferred via 

cannula to the sodium salt solution under argon. The resulting solution was transferred into 

the glove-box and added to the pure donor solid. A red-orange colour was observed. After 

stirring overnight at room temperature, a TLC was taken to monitor the reaction. For this a 
little amount of the reaction mixture was diluted with water (neutral! ) and extracted with 

ether. Only a single spot was seen [with the identical Rf value to that of xanthone 2.42]. 
Then, acidic work-up was carried out and two more spots appeared on TLC of the organic 
layer, leading to the reaction outcome presented in Scheme 2.24 below. 

rýý 
0 >-< 

0 meo 00 NN 
B, OH Br 2.2 0 L___J 2.5 equiv. 

0 
0 0,0 

C, 

0 
10 equiv. NaPF6 

DMF, r. t., IS h, acidic work-up 
1: 0.5: 3 

2.39 2.42 2.43 2.45 

Scheme 2.24 

Interestingly, in the presence of sodium cations the identical reaction outcome was 
observed as in the reactions in which the donor 2.20 was generated in situ with sodium 
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hydride (compare Scheme 2.21). In the presence of metal ions, the reduced ester 2.43 is not 

liberated into the organic layer until acidification, and the acid 2.45 is formed also. The 

presence of hydroxide is less likely in this reaction, however, water might be present, if the 

drying of the metal salt was not sufficient. Why the reduced ester 2.43 is liberated only 

upon acid treatment remains a mystery. 

It was also questioned whether the solvent might have an effect on the cyclisation 

efficiency. When diethyl ether was used as the solvent with the pure donor 2.20 and ester 

2.39 were reacted in the glove-box at room temperature for 18 h, only starting material 2.39 

was recovered. Presumably electron transfer is disfavoured in a less polar solvent since the 

transition state (charged) and products (charged) are unstabilised. This finding was 

confirmed in other experiments also [in reaction of the donor 2.2o with alkyl halides; this 

will be presented in chapter 4]. 

meo 
NN 

ry 2.20L----j 2.5equiv. 0ý0 

Et2O, r. t., 18 h 
reaction 

ao 

Scheme 2.25 2.39 

It was then of interest to discover how benzimidazole donor 1.175 would behave in the 

reaction with ester 2.39. However, aryl bromides do not react efficiently with 

benzimidazole donor (see previous chapter). Therefore, it was decided to prepare the 

iodide analogue to bromoester 2.39. 

3.2.4 Investigations with iodo diaryl ether ester analogue 

Iodoester 2.46 was prepared by Ullmann-Cu(I) coupling also, using a different Cu(I) 

source, but both copper species are possible, since they differ only slightly in reactivity. 123 

Due to the even bulkier ortho-substituent (iodine vs. bromine) and the extensive 

purification (various washings and extraction, column chromatography, followed by 

Kugelrohr distillation) it is not surprising that the yield of the reaction was not very high 

either. However, iodoester 2.46 was satisfyingly made in 22 % yield. 

0 

0 Me 
+ 

HO-U 
2.47 2.3 

Scheme 2.26 

CU20. CS2CO3,48 h 

pyridine, 4A molecular sieves 22% 0j 
2.46 0? Ome 
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Having substrate 2.46 in hand, it was decided to test it in a reaction with the pure donor 

2.20. For the initial cyclisation substrate, ester 2.27, no difference in reaction outcome was 

observed, whether the iodide or the corresponding bromide ester was used in the 

reaction. 116 

However, this was not seen for iodoester 2.46. Here the cyclisation was considerably 

enhanced in comparison to the reaction with bromoester 2.39 (compare Scheme 2.23). An 

increase from 29 % cyclisation to 45 % was observed. This may be due to smaller 

reorganization energies and activation barriers associated with the electron transfer to the 

aryl iodide, giving rise to less anion formation in the bromide case (more detailed 

discussion on the theoretical aspects of anion formation will follow in section 3.2.9). 
rI, _, 

(Ný I M00 MeO 0 
N Y_ 

ý_ 2.20 1.5 equiv. 0ý0"O 

DMF. r. t.. 18 h, neutral work-up 

CýOb Cb 

45% 49% 

Scheme 2.27 2.46 2.42 2.43 

The reaction of iodoester 2.46 with benzimidazole donor 1.175 was next assayed to verify 

also in this case that radical intermediates do not cyclise onto the ester. Thus, xanthone 2.42 

was not expected as a product. To achieve conversion of the iodoester to the aryl radical, 

high temperature and multiple equivalents of donor 1.175 are necessary. It was decided to 

use 3.5 equivalents of donor 1.175, that was prepared by the NaH method in situ and the 

yellow donor solution was then reacted with ester 2.46 at II O'C for 18 h (Scheme 2.28). 
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Unexpectedly, cyclisation took place to give xanthone 2.42 in 19 % yield. Further, the 

reduced ester 2.43 was isolated in an inseparable mixture with starting material 2.46 (ratio 
2: 1 in 'H-NMR spectrum, 31 mg) and both iodocarboxylic acid 2.48 and reduced acid 2.45 

were isolated in an inseparable mixture (5: 4 ratio) [the presence of the iodoacid 2.48 was 
verified by synthesis of the compound, i. e. by separate reaction of 2.46 with NaOH in DMF 

and heating overnight, see experimental section for further details. The reduced acid 2.45 
was authenticated by comparison with commercially available material]. 
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That both acids had formed was not surprising, since hydroxide is likely to be present in 

the reaction mixture. Metal ions were present also that seemingly activate the ester moiety 

towards attack by a nucleophile as seen previously (compare with Scheme 2.24). It was 

questioned, however, how xanthone was formed. The reduction potential* of iodoester 2.46 

was estimated to be Ep= -2.13 V (vs. Ag/AgCl in DMF) 130 and thus is almost identical to 

that of carbon ester 2.27 (Ep = -2.10 V vs. Ag/AgCI in DMF); 130 the transfer of the first 

electron to iodoester 2.46 should therefore be similarly difficult. However, it is currently 

unknown by which mechanism aryl anions form in the reaction with imidazole donor 2.20. 
Aryl anions could form directly via a concerted or successive two electron transfer from 

the donor to the aryl halide without the formation of an aryl radical intermediate. 

Alternatively, the aryl anion could be formed by further reduction of a 'real' aryl radical 
intermediate. Iodoallyl ether substrates (as discussed in chapter 2) give rise, if at all, to the 

simple cyclised compound arising from radical intermediates [if anion intermediates were 

present no such cyclisation would be expected]. However, the situation might be different 

for iodoester 2.46, since the derived aryl radical would have a longer life-time to be reduced 
ftirther (since the fast radical cyclisation is not an option). Nevertheless, reaction of 
benzimidazole donor 1.175 with carbon ester 2.27 did not lead to the formation of a ketone, 

and the lifetime of a possible aryl radical intermediate should be similar in that case. 
Also, the aryl radical intermediate, derived from ester 2.46, would not expected to be able 

to cyclise onto the ester, since the activation barrier for a radical to cyclise onto a carbonyl 

moiety is, due to the strong C=O a-bond, relatively high and therefore rather disfavoured. 

3.2.5 Can an atyl radical cyclise onto an ester? 

Not many studies have been carried out investigating the cyclisation of aryl radicals onto 

esters and the available literature is limited. However, with rate studies that were done by 

Beckwith and Hay, 124 it became clear that the cyclisation of alkyl radicals (e. g. 2.49, Scheme 

2.29) onto carbonyl moieties is challenging due to the reversibility of the formed oxyl 

radical 2.50 (back reaction is faster than cyclisation). If the cyclisation is made 
irreversible, 125 however, e. g. by rapid trapping of the intermediate oxyl radical 2.5o by 

titanium salts 126 or rapid loss of a very good radical leaving group alpha to the carbonyl as 
in 2.53,125 then cyclisation is possible (see Scheme 2.29). 

The reduction potentials were obtained by cyclic voltarnmetry, explaining to the large differences compared to the potentials that were estimated by polarography and discussed previously. 
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Scheme 2.29 

E. = 49.9 U/mol 

However. the cyclisation of atyl radicals on esters has not been studied or discussed in the 

literature. A semi-empirical, AM I gas-phase modelling approach using SPARTAN to study 

radical cyclisations onto esters was therefore next assayed (Figure 2.5). Three cases were 

considered, the cyclisation of the alkyl radical 2.49 and the cyclisations of the aryl radicals 

derived from carbon ester 2.27 and diaryl ether 2.46 were investigated. The activation 

energies for the cyclisations were obtained by stretching of the C-C bond in the product as 

indicated (Figure 2.1-1% below), leading to the transition state at the top of the graph, reactant 

at the right-hand side and product at the left-hand side of the graph. 

The alkyl radical 2.49 needs to overcome an activation barrier of 99.3 U/mol to cyclise 

(green graph), and the calculation showed that the reverse process is indeed more 

favourable, since the product radical (- 278.18 U/mol) is by far less stable than the starting 

radical (- 338.96 U/mol). 
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The radical derived from carbon ester 2.27 (red graph) shows a smaller activation energy of 

75 U/mol and the product is only 10 W/mol less stable than the reactant. However, carbon 

ester 2.27 did not cyclise when it was reacted with benzimidazole donor 1.175. This suggests 

that the competing H-atom abstraction and quenching of the aryl radical is more favourable 

than 75 U/mol and undergone more rapidly. 
The radical derived from diaryl ether 2.46 (blue graph) showed an even smaller activation 

energy (49.9 U/mol) and the product radical was now more stable than the reactant 2.46* 

(by 21 W/mol). This might suggest that cyclisation of the aryl radical might indeed be a 

favoured process for diaryl ether ester 2.46. 

To test whether this thermodynarnic preference for radical cylisation does indeed allow the 

aryl radical to cyclise in the case of diaryl ether 2.46, standard radical chemistry using 
AIBN and TTMSS was employed (Scheme 2.30). 

Meo 00 

AIBN, TTMSS 
6'0' 

90*C, toluene, 22 h0 

2.46 2.42 
Scheme 2.30 

1H-NMR and GC-MS analyses of the purified mixture did not show xanthone 2.42. The aryl 

radical therefore does not seem to be able to overcome the large barrier to cyclise onto the 

carbonyl group. However, the mixture obtained after column chromatography was rather 

complex, showing several peaks in GC-MS. Among these peaks, starting material 2.46 was 
identified. 
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Reduced ester 2.43 was seen, as well as a peak corresponding to a mass of the molecular 

ion of 226. The fragmentation of the latter peak suggests a loss of OMe-radical first, 

followed by a loss of a CO-radical, which would match with the structure 2.55 127 in Scheme 

2-31. This compound shows that cyclisation of the aryl radical onto the aromatic ring is 

more favourable than cyclisation onto the ester functionality. A higher molecular mass 

peak at 318 was seen also, which could correspond to the addition of a benzyl radical onto 
the reduced ester 2.43, however, the fragmentation does not support this straightforward 

solution too strongly and is rather complex (see experimental chapter for further details). 

If the structure corresponding to the molecular ion peak of 318 is indeed the benzyl radical 

addUCt 2.57, then this would explain why starting material 2.46 was not consumed 

completely in the reaction. Preferential H-atorn abstraction from toluene rather than 

TTMSS might have taken place, which stopped the radical chain. The Si-H bond strength 
in TTMSS128 is 79 kcal/mol (-- 331 W/mol) and the PhCH2-H bond strength was found to 

be only slightly higher, i. e. 85 kcal/mol (= 356 U/mol), 129 making the H-atorn abstraction 
from toluene therefore a likely possibility. 

Thus, an aryl radical does not seem to be able to cyclise onto the unactivated ester. 
However, as an alternative explanation for the formation of xanthone, it might be possible 

that benzimidazole donor 1.175 attacked the ester functionality of diaryl ether 2.46 - assisted 
by metal chelation and high temperature conditions - and after loss of methoxide, 
intermediate 2.60 might have formed (Scheme 2.32). The C-I bond was then reduced by 

electron transfer by another donor molecule to afford 2.61. Then radical cyclisation on the 

activated carbonyl moiety might have taken place to afford xanthone 2.42. 
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In this mechanism two crucial factors play a role: an inductively activated and therefore 

more reactive carbonyl group moiety is present that should pose a lower activation barrier 

for a radical cyclisation. Further, the radical cation 1.187 features an excellent radical 
leaving group, making the cyclisation irreversible. Carbon side-chain ester 2.27 (see Scheme 

2.32), in contrast, perhaps cannot undergo such 'favourable' and 'activating' chelation with 

metal salts and also the ester functionality is not activated by an electron withdrawing 
heteroatom, such as oxygen, and therefore nucleophilic attack by the donor species 1.175 

onto the ester functionality might be disfavoured, hence cyclisation is not seen for that 

substrate. 

If this mechanism was valid, xanthone 2.42 might not be formed if the reaction was carried 

out with the pure benzimidazole donor 1.175 in the absence of any metals, since activation 

towards nucleophilic attack by metal ions could not take place. Thus, pure benzimidazole 

donor 1.175 was prepared according to the previously described method, Le. by dissolving 

the precursor salt 1.179 in liquid ammonia and reacting it with NaH. After evaporation of 

ammonia, the residue was transferred into a glove-box and there repeatedly extracted with 
diethyl ether. Due to the low solubility of benzimidazole donor 1.175 in diethyl ether, only 
10 % yield of pure donor 1.175 was obtained (after 15 extractions and evaporation of the 

solvent). 

+ r---) +Ir, -l NN 1) NH3 (1). NaH 
\> t 

NN 2) Et2O extraction, 

CCN 

N 
II evaporation I1 10% 

Scheme 2.33 1.179 1.175 

Having enough pure benzimidazole donor 1.175 in hand, the reaction with iodoester 2.46 

was carried out. Thus, 3.5 equivalents of pure benzimidazole donor 1.175 were reacted with 
iodoester 2.46 in DMF at II O'C for 18 h. Colour change to dark red occurred as usual and 

after acidic work-up and further purification by column chromatography, xanthone 2.42 

was again isolated, this time in an even greater amount, i. e. in 27 % yield. The reduced 

ester 2.43 was again isolated in an inseparable mixture with starting material 2.46 (4: 1 ratio) 

and both acids, 2.48 and 2.45, were formed also (1: 1 mixture). 
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Although the reaction was carried out under *metal-free" conditions, xanthone 2.42 as well 

as both acids had fon-ned. This may be due to the heat that was applied in the reaction, 

since this is a difference to the pure imidazole donor [2.20] reaction, possibly giving the 

extra energy to allow nucleophilic attack by the donor onto the ester functionality also 

under unactivated, 'metal-free' conditions and therefore the mechanism in Scheme 2.32 

above might still be undergone. Alternatively, since multiple ether extractions were applied 

to obtain benzimidazole donor 1.175 (15 extractions as opposed to 1-2 for imidazole donor 

2.20) the proportion of Nal might be far greater now, so that the conditions are not as 

'metal-free' as assumed. 

3.2.6 Biradical coupling -a possible reaction path? 

When LUMO density calculations were carried out on iodoester 2.46, it was found that the 

highest LUMO density [indicated in blue] is located on the bold 7r-system (Figure 2.6 and 

Scheme 2.35), suggesting that the electron is transferred there with greatest probability. 
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Figure 2.6 Structure and LUMO density of diaryl ether 2.46 

A further mechanistic possibility may hence be that a ketyl anion intermediate 2.62a was 

formed initially and then biradical cyclisation took place after reduction of the carbon- 
iodine bond (Scheme 2.35). 
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Indicated by G, a stabilising component, either a metal cation or, in the metal-free reaction, 
the donor radical-cation, may assist the intramolecular biradical coupling by decreasing the 

negative charge density on the oxygen in 2.62b. 
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However, from the previously discussed experiments, it is evident that the ketone formed 

in the experiment is not reduced further to the alcohol, nor is ketyl radical coupling 

undergone (Scheme 2.36 below). Even greater donor equivalents led to a decrease in mass 
balance only, but not to the detection of a species arising from carbonyl reduction. 
Electrochemical measurement of the reduction potential, in contrast, suggests that ketone 

2.42, with a reduction potential of E112 ý-1.6 V, is reduced slightly more readily than the 

starting iodide 2.46 (whose reduction potential is around 0.5 V more negative). ' 30 However, 

this non-reduction of the ketone might simply be a phenomenon of reversibility. 
Considering ketyl anion intermediate 2.63, its conjugate acid has a pKa 131 of 10.5. The 

donor however is likely to be more basic. Therefore the donor species might always be 

protonated preferentially to 2.20*, which could drive the equilibrium back to the starting 
ketone 2.42 upon work-up (Scheme 2.36). Irreversible intennolecular pinacol coupling to 2.65 

might be disfavoured here, due to the absence of metals or steric bulk of the donor radical 

cation, if that is acting as the stabilising component. 
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Scheme 2.36 

To investigate whether an electron can indeed be transferred to a carbonyl species and 

therefore intramolecular biradical coupling in 2.46 may be a valid mechanistic alternative, 
the reduction of cyclopropyl ketone 2.66 was investigated next. This ketone should have 

similar electronics to 2.46 and any electron transfer to the ketone should lead to irreversible 

cyclopropane opening (as found by Tanko et al. electrochemically and theoretically' 32 ). 
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Cyclopropane opening was not observed, however, neither at room temperature nor when 
heat was applied, despite the observation of colour change from yellow to deep red. This 

suggests that electron transfer to form a ketyl anion intermediate, despite the seemingly 

feasible reduction potential of Ep = -2.24 V (vs. Ag/AgCI in DMF), 149 might not be 

possible to aryl carbonyl compounds. [For cyclic voltammogram and LUMO of 2.66, see 

appendix, chapter 9. ] 

3.2.7 Studies with iodoaryl ether ester 2.67 

Due to the various mechanistic possibilities of the diaryl ether ester reaction, it was 
decided to synthesise substrate 2.67. This was accomplished by reaction of 1,1,1-trichloro- 

2-methyl-2-propanol 2.68 with 2-iodophenol, following the procedure by Tanaka et aL 133 

who synthesised the analogous iodine-free ester in that way. 

Cl Cl 
Nzý NaOH, acetone 

- 

ýx 
Cl + 

76% OH OH 
2.68 2.3 

Scheme 2.38 

OH 

SOC12- ROH 
76 % (over ký1-10-, V-lr 

two steps) 

2.69 0 2.67 

For compound 2.67, the LUMO is not located anywhere near the ester moiety [see appendix 
for LUMO density of 2.67, chapter 9] and intramolecular biradical cyclisation should not be 

a mechanistic alternative. The oxygen side-chain however might still activate the ester 
inductively towards attack by a nucleophile and the mechanism in Scheme 2.32 might hence 

be supported. Further, a favourable attack by a nucleophile includes also a more favourable 

attack by an aryl anion, and might hence favour cyclisation of the aryl anion in competition 

with the proton abstraction, since the overall goal is still to improve the cyclisation yield 

with imidazole donor 2.20 and hence reveal the real anion proportion. Thus, ester 2.67 was 

reacted with 1.5 equivalents of pure donor 2.20 in the glove-box. When the solution of 2.67 
in DMF was added to the yellow pure donor solid, instantaneous colour-change to bright 

orange-red occurred. After stirring at room temperature overnight, the colour had changed 
to brown. After acidic work-up and column chromatography of the single spot, a 29: 71 
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mixture of reduced ester 2.70 and ketone 2.71 was observed by 'H-NMR spectroscopic 

analysis (Scheme 2.39). 

CNý 
00 

1NN00 

2.20 L-_ý 
I 1*_Zt 

1.5 equiv., DMF, r. t. '0 0 

CJ: 

O: 

ý 

29: 71 

2.67 2.70 2.71 
Scheme 2.39 

The ketone 2.71 now seemed to be the major product, which suggests that there was really 

quite a high percentage of anion intermediates in the reaction. In order to get a quantitative 

estimate, it was decided to reduce the ketone selectively with sodium borohydride in 

ethanol, in order to make a separation and characterisation of both compounds possible. 

Thus, the reaction was repeated and after work-up, the crude mixture was dissolved in 

ethanol and sodium borohydride was added. This led to 45 % of benzyl alcohol 2.72 and 20 

% of reduced ester 2.70 (Scheme 2.40). The overall mass balance was a little low and it was 

presumed that this might be due to the relatively high boiling point of ethanol leading to 

loss of material. 

NN C<0 
OH 0NN 

a102.20 L--J 00 NaBH4 
+0 

1.5 equiv., DMF, r. 
-t. 

O: 

o'ý EtOK r. t., 3 
_h 

0 oý 000 

2.67 2.70 
29: 71 

2.71 2.72 
45% 20% 

2.70 

Scheme 2.40 

Thus, the purified and isolated benzyl alcohol 2.72 was reoxidised to the ketone 2.71 and 

subsequently characterised. The reaction of 2.67 with the pure donor 2.20 was then repeated, 

purified by acidic work-up and column chromatography and a calibration 'H-NMR- 

experiment was carried out [diphenylmethane was added as the calibration standard]. The 
'H-NMR-calibration indicated that 51 % of ketone and 21 % of reduced ester had been 

formed (Scheme 2.41). 

00 a"O, ý 
2.67 

Scheme 2.41 

r--l 
(N), N 

N 
2.20 

U 

1.5 equiv., DW, r. t. 
00 + 

21% 

2.70 

0 
'H-NMR calibration 

CC 

with diphenyhnethane 
% 

2.71 

It was then checked whether the cyclisation of the corresponding aryl radical would be 

consistent with the previously discussed mechanism in Scheme 2.32 (after nucleophilic 
attack by the donor at high temperature and under activating metal-chelation). Ester 2.67 
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was reacted with benzimidazole donor 1.175 generated by the NaH method in situ. Salt 

1.179 was used in 3.5 equivalents and the mixture was heated at II OOC overnight. After 

acidic work-up, column chromatography was carried out and the 'H-NMR spectrum of the 

collected fraction showed reduced ester 2.70, starting material 2.67 and indeed ketone 2.71. 

100 
2.67 

Scheme 2.42 

- I+ r-'-% + 17 
C[ N: o 

1.179 me me 
LO equiv., NaH, DMF 

I 10-C, 18 h 

0 ao 11-1 ý-- I + 

0ý-o + ccok 
2.70 2.71 2.67 

This formation of ketone 2.71 would be consistent with the mechanism proposed in Scheme 
2.32. 

3.2.8 Is a radical anion Friedel-Crafts reaction a mechanistic possibility? 

The ether oxygen atom could be responsible for the fundamental difference in reactivity of 
the oxygen-containing ester substrates compared to the carbon-side chain ester 2.27 (that 

did not cyclise to the corresponding ketone) also in a different way (see Scheme 2.43). After 

formation of the reduced ester 2.70 via radical 2.73 and subsequent hydrogen atom 

abstraction, the oxygen atom might have assisted a thermal cyclisation of the reduced ester, 

and this Friedel-Crafts type process might be responsible for the observed cyclisation in 

the case of oxygen side-chain esters. 

r---l . 17 
CCý N 

, co N 

1001.179 me me 
4.0 equiv., NaH, DMF (Xo" 

-I 
IOIC, 18 h 

2.27 2.67 

Scheme 2.43 

0 Cý00ý-o aooý-o - C! 
OK 2.73 2.70 2.71 

To test for this possibility, (i) the reduced ester 2.43 [since xanthone and reduced ester 2.43 

are separable by column chromatography] was heated at II 0"C for 18 h in anhydrous DMF 
(Scheme 2.44). However, only starting material 2.43 was recovered which rules out the 

possi I ty of thermal self-cyclisation of the reduced ester. In another experiment (ii), 4.0 

equivalents of benzimidazole donor 1.175 were prepared in situ using the NaH method and 
reacted with reduced ester 2.43 at II O'C for 18 h in DMF to test whether activation of the 
ester by metal salts and/ or the nucleophilic donor is necessary to allow the Friedel-Crafts 
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process. This time, 58 % of the reduced ester 2.43 were recovered, and 31 % of acid 2.45 

had formed, indicating either the interaction of the donor with the ester functionality or the 

presence of water, hydroxide respectively. 

It was then tested (iii) whether reaction of the reduced ester 2.43 with pure imidazole donor 

2.20 occurred at room temperature (to check whether a Friedel-Crafts process was 

responsible here for cyclisation), but this was not the case (see Scheme 2.44). And finally 

(iv), the carboxylic acid did not undergo self-cyclisation at II O'C either and was thus not 

responsible for the produced xanthone either. 

MeO 0 

15 ng DMF, II O'C, 18 h 
I' no reaction 

acidic work-up 
2.43 

CN N-10 0 r 1) <1 
- MeO () MeO 0 OH 1.179 Me Me I 

40 equiv., NaH, DMF HC ao: 
b 

I IOT, 18 h, acidic work-up 59 % 31 Oo 
2.43 2.43 2.45 

meo 0 NN 
2.20 L---j 

no reaction 
15 equi% , DMF, r t, 19 h 

2.43 

HO 0 

(iv) 
Ob 

no reaction 
01-1,15 

ml DMF, I IOC, 18 h 
acidic work-up 

2.45 
Scheme 2.44 

Friedel-Crafts acylation reactions are generally carried out in the presence of a metal- 
based-Lewis acid, e. g. AIC13- In a theoretical investigation, the effect of AIC13 has been 

studied and it was suggested that besides its action as a Lewis acid, AIC13 breaks the 

aromaticity of the aromatic ring and introduces a negative charge on carbon via bonding to 

the Al and backbonding from the 3p Cl orbital to the benzene HOMO (Figure 2.7). 134 

L UL ) Cl 
Zý--ZD 0 

Figure 2.7 Backbonding from the 3p Cl orbital to the benzene HOMO 
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This introduced partial negative charge makes benzene more nucleophilic and hence 

reactive towards acylation. Thus, this study suggests that some kind of activation of the 

aromatic ring assists a Friedel-Crafts reaction. This might be the reason why the simple 

reduced ester 2.43 did not show any Friedel-Crafts reaction, as it contains a stable R-systern 

and the aromaticity is not partially broken. However, this may be different for iodoester 

starting materials. In the process of the electron transfer reaction with benzimidazole donor 

1.175, the aromaticity will be partially broken in the formation of the radical-anion. Since 

the radical-anion only forms if heat is applied, the oxygen will be ready waiting at high 

temperature, and as soon as the radical-anion is formed, will assist the Friedel-Crafts 

process to form the ketone (see Scheme 2.45). In the case of the reduced ester 2.43, the 

LUMO seems to be located on the ester side (bold) and the electron might be highly 

located there. Possibly the aromaticity of the non-bold 7E-system was not broken, so that 

Friedel-Crafts type cyclisation could not take place (Scheme 2.45). 

MeO-. 0 

SET 

DMF, I IOC, 18 h 

2.46 

MeO, ,0 

2.43 

Scheme 2.45 

000 

Cob 
- 2.74 2.75 2.76 

00 

2.42 2.77 

Whether such a radical-anion initiated Friedel-Crafts reaction was responsible for the 

formation of ketones in the reaction of benzimidazole donor 1.175 was next investigated. A 

n-activating (LUMO-lowering) group that is unambiguously not a leaving group was 

sought, and the choice resulted in the synthesis and study of diester 2.78, since this diester 

should be electron-deficient enough to accept an electron from benzimidazole donor 1.175 
(as confirmed by simple SPARTAN calculation of the LUMO energy and comparison with 
that of iodoester 2.56). 

Cl Cl 2.57 

Nzz 
C02Et -ýX Cl 

-ýC%Et 1) OH NaOR Acetone 
C(OH 

2) SOC12, EtOH OyyO 

2.79 2.78 OEt 

Scheme 2.46 

+ 
-CN N]a [N 

N 
1.179 ýle ýie 

_4.0 equiv., NaK DMF 

IOT, 18 h 

2.71 
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However, no ketone formation took place in the reaction of 2.78 with benzimidazole donor 

1.1715 (that was generated in situ from salt 1.179) as judged from the 'H-NMR spectrum of 

the crude mixture. Further GC-MS analysis of the reaction mixture showed considerable 

amount of starting material and no peak corresponding to ketone 2.71, making the radical- 

anion Friedel-Crafts process therefore a less likely mechanistic alternative. The 

mechanistic proposal in which radical cyclisation on the benzimidazolium activated ester 

takes place, is thus favoured. 

3.2.9 Theoretical investigations of aryl anionformation 

To establish further that aryl anions are indeed favourable intermediates in reaction with 
imidazole donor 2.20 and at the same time unfavourable intermediates in reactions with 
benzimidazole donor 1.175, a computational investigation of the corresponding electron 

transfer processes was undertaken by T. Tuttle. 135 The structural changes upon electron 

loss of the electron donors 1.175, and 2.20 were studied and it was found that donor 2.20 gets 

increasingly planar towards the dication species, whereas benzimidazole donor 1.175 

undergoes a considerable twist upon electron loss (see Figure 2.8). Furthermore, the 

formation of positive charge was found to be in total ca. 20 kcal/mol* more favourable for 

imidazole donor 2.20 (ca. 10 kcal/mol more favourable for the fon-nation of the radical 

cation, and 10 kcal/mol for the dication). 1 35 

L41 

1"2 

v 
12.0 

2.20 2.19 

16.0 

1.175 

T 2fl 3 

1.187 

Figure 2.8 

2.24 

1.43 

60 
4 1.9 

1.189 

The reorganisation energies as well as activation barriers for the formation of aryl anions 

were calculated next for each of the donors using Marcus theory. It was found that 
imidazole donor 2.20 exhibits slightly greater reorganisation energies 135 than benzimidazole 

* Conversion factor: I kcal = 4.1868 U 
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donor 1.175 which has to overcome an activation barrier of 12.8 kcal/mol to form aryl 

anions and the overall process is endergonic. Imidazole donor 2.20, in contrast, has with 6.9 

kcal/mol a considerable smaller activation energy to overcome to form an aryl anion in the 

reduction of iodobenzene, and also the process was found to be slightly exergonic. 135 

+r NNNN AGR = 12.1 kcal/mol >=< O: 

N NýO 

0 O: 

N N 
ul-- 

AG* = 17.4 kcal/mol 
ýe ý' 

1.175 1.187 
ýe ýie 

+ r'% 10+ r---1 + 
, «-'-. ýN NN 

G ARý8.3 kcal/mol 
zýN NN 

0ýN 

N-U 
Uý ul-- 

AG* = 12.8 kcal/mol 

1.187 1.189 

r 
NNNN AGR = 2.2 kcal/mol 

-- -, 1- + U- - AG* = 12.3 kcal/mol 
NNN+ 
L---j 2.20 L-, 

---J 2.19 

r NN cl \>-4 D, 

NN 
LI-Ii 

2.19 

+ r'l + 
N 

L-ý 

2.24 

AGR ý-2.5 kcal/mol 
AG"= 6.9 kcal/mol 

Figure 2.9 Activation energies (AG) and reaction free energies (, &GR) for electron transfer 

The formation of aryl anions by imidazole donor 2.20 is thermodynamically as well as 
kinetically more favourable than in the case of benzimidazole donor 1.175. These 

calculations therefore favour the anionic mechanism in reactions of imidazole donor 2.20 

with aryl iodides. 
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3.3 Further investigations to prove aryl anion intermediates - benzynes 

This indication of aryl anions needed further experimental evidence. Since the aryl anion 

seems to have at least enough life-time to cyclise onto an ester, it was thought that the 

addition of an anhydrous metal salt in the reaction of an aryl halide with imidazole donor 

2.20 might stabilise the anion and lead to the formation of an organometallic intermediate 

2.82, which should then have the lifetime to carry out subsequent chemistry, i. e. attack onto 
the solvent DMF, 136 giving rise to aldehyde 2.83 after work-up. 

-I +r'l +r NN 

N equiv. 

2.22 
ýý 

Na'KDMF 

IN, I 
'! ýý 04 5" 

(ii) 
I 

Arl 
+ 

ýýOH 
0) 

Cý 

5 
2.3 2.79 2.79 

0, 

MgBr2 e^, ý. MgBr 1) DMF 
-2) 

H+/H20 

2.81 2.82 

50 
2.80 - 

0 

H 

0-15" 

2.83 

Reagents and conditions: (i) 5-phenyt-l-pentanol (I equiv. ), PPh3 (I equiv. ), DIAD 
(I equiv. ), THF, 0"C to r. t., 3.5 h; (H) a) MgBr2 (1.2 equiv. ), 701C, 18 h; b) D20- 

Scheme 2.47 

Accordingly 2.79 was prepared in 85 % yield under Mitsunobu conditions. Anhydrous 

magnesium bromide was weighed in a glove-box and substrate 2.79 was transferred to it 

under inert conditions. Then the solution of donor 2.20 (generated by NaH method) in DMF 

was added and the mixture was stiffed at room temperature. Since the usual colour change 
in the reduction of aryl iodides did not occur at room temperature when the reagents were 

added, it was decided to heat at 70*C overnight, but this did not lead to the usual colour 

change either. The reaction was quenched with D20. However, IR-analysis of the crude 

mixture did not give rise to the characteristic C-D vibration at 2200 cm7l. Instead starting 

material 2.79 and its reduced counterpart 2.80 were isolated as an inseparable mixture in a 
1: 1 ratio. 
Questions arose as to why quantitative reduction of aryl iodide 2.79 did not occur, since 
aryl iodides are normally immediately reduced at room temperature after adding the 

reagents. The reason could be that the added Mg2+ ions stabilise the radical-anion formed 

after the first single electron transfer which corresponds to an increase in ERx/Rx*', and 
thus leads to significant decrease in fragmentation rate. This was observed for 4- 

chlorobenzophenone for instance, where a decrease in fragmentation rate by a factor of 20 

so 
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was estimated after the addition of metal-pairing ions. 137 However, MgBr2 being a Lewis 

acid, might also have led to interaction with the donor and might have lowered its HOMO 

energy, hence lowering its reducing power and thus partially preventing it from electron 
transfer. 

Another alternative attempt to prove the existence of the aryl anion intermediate was to 
investigate the formation of benzyne intermediates. Generally, benzynes are formed by 

elimination of a very good leaving group, such as triflate, ortho to the aryl anion centre. 
However, the strongly reducing donor 2.20 can cleave a triflate group [this will be 

discussed later in more detail]. Therefore, only limited leaving groups can be utilised for 

the benzyne formation. Kawabata et aL have reported138 in that context that cyclo-adduct 

2.88 was formed after electron transfer from lanthanum. to iodofluoro- or 
iodochlorobenzenes, 2.84a, b with faran, justifying the assumed benzyne intermediate 2.87 

(Scheme 2.48). 
C-- 

0 

La or La"+ La or W+ l' ý-- 
- Aw- 

01 
- 

ca ccx, 

ýZ, ýx (ü) 
ul- 

X-X- 

2.84a, X=F2.85 2.86 2.87 2.88a, 80 % (GC) 
2.84b, X= Cl 2.88b, 100 % (GC) 

Scheme 2.48 

From the previous studies on aryl chlorides and fluorides it was seen that those do not react 

under the reductive conditions using imidazole donor 2.20. Thus, the literature precedent 

was felt to be ideal. Accordingly, 2.84a and b along with furan [that was purified from its 

stabiliser beforehand and deoxygenated] were exposed to donor 2.20 (Scheme 2.48), which 
led to instantaneous colour change to deep red. The mixture was stirred at room 

temperature overnight and then quenched with D20. However, no product could be 

isolated. Possibly, benzyne 2.87 did not form and only the usual reduction took place, 
leading to fluoro- and chlorobenzene that have boiling points of 85T and 132T and were 

thus too volatile to be detected. The second option is that the electrophilic benzyne 
intermediate did form, but underwent preferential cycloaddition with another donor 

molecule 2.20 (which exhibits a very high-lying HOMO). Possible addition could lead to a 

positively charged species that would subsequently be lost into the aqueous layer in work- 
up. However, starting material would then have been recovered in 50 % yield. 
It was decided to synthesise a benzyne precursor that would lead to a non-volatile 
dehalogenated product, to test whether simple reduction might have taken place in the 
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previous experiments and the volatile products were subsequently lost. Thus, commercially 

available aldehyde 2.89 was reacted with phosphonium salt 2.90 139 in a Wittig reaction. The 

mixture of E- and Z-alkene 2.91 was then hydrogenated using a Pd/C catalyst; the solvent 

acetic acid was found to be crucial for the reaction to take place. 

73% Br 99% Br 
H Jýý+PNBr -------- 

Bul, ý toluene Pd/C. H 2, FF 
acetic acid 

2.89 2.90 2.91 2.92 

Scheme 2.49 

In the initial experiment, substrate 2.92 was reacted with 1.5 equivalents of donor 2.2o along 

with furan at room temperature in DMF. However, no reaction took place and starting 

material 2.92 was recovered (Scheme 2.50). This is in line with the experimental observation 

made in the reduction of 2.17 where 2.0 equivalents of donor 2.2o and heat were necessary 

to reduce the bromo-fluoro system completely (see below). Since the reduction from the 

aryl radical to the aryl anion should be easier than the initial reduction of the halide to the 

aryl radical, 140 an aryl anion should also form at high temperature. The fact that the 

reduction takes place only at high temperature might be advantageous, since the 

elimination of the fluoride leaving group might be favoured at higher temperature (due to 

greater molecular/ bond vibrations) and thus, the benzyne formation might be facilitated. 

Thus 2.92 was reacted with 2 equivalents of donor at high temperature in the absence of 

faran (which has too low a boiling point). However, only simple reduction to afford 2.94 

took place without any indication of successful benzyne formation (Scheme 2.50). 
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no reaction 

F, 2.94 77% 

Kawabata et aL used benzyne precursor trichloroiodobenzene 2.95 to form a cycloadduct 
with furan and lanthanum. The yield of the detected cycloadduct was significantly lower 

than in the case of 2-iodochlorobenzene, for instance. This may be attributed to the 
intermediate anion being more stabilised by the additional chlorine atoms, making the 
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benzyne formation slow and disfavoured. However, it did take place to some extent. 
Trichlorobenzene is non-volatile also, making this substrate another candidate for a 

qualitative benzyne intermediate test. Arene 2.95 was reacted with 1.5 equivalents of donor 

2.20 and purified furan in DMF at room temperature for 18 h. After work-up and column 

chromatography (to remove donor residues), the mixture was analysed by GC-MS. Several 

products were detected, but there was no sign of the cycloadduct arising from a benzyne 

intermediate. A second experiment was carried out, identical to the first with the only 
difference being that gentle heat was applied (45"C), but again, there was no sign of any 

products from a benzyne intermediate (see Scheme 2.51). The major compound formed in 

both experiments (although a GC-MS calibration with standards was not carried out) was 

trichlorobenzene 2.96. Aldehyde 2.97 had also formed [a possible mechanism of formation 

will be discussed in the next section in great detail] and biphenyl product 2.98. 
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Scheme 2.51 

The probability that biphenyl product 2.98 could form via coupling of two aryl radicals 

2.99a (Scheme 2.52) is rather low. More likely, the aryl anion 2.100 could undergo 

nucleophilic substitution on the activated iodide 2.95, leading to the biphenyl product 2.98. 

Further, an aryl radical 2.99a could, in principle, add to trichlorobenzene 2.96, giving 
biphenyl 2.98 after loss of an H-atom from 2.99b. 141 
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Scheme 2.52 
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One more approach to form benzynes was chosen. It was thought that a change of solvent 

might be advantageous for the formation of benzynes. Diethyl ether or THF are generally 

used in benzyne reactions (but this may be only to address the metal reactivity, e. g. 
breakdown of aggregation in such donating solvents). Nevertheless, the use of diethyl ether 

was felt to be advantageous, since the radical-cation or dication of the donor, after electron 
transfer, precipitates from solution. Thus, the precipitate can simply be removed by 

filtration and the solution can be analysed by GC-MS analysis. This allows the detection of 

more volatile products. Iodochlorobenzene and iodotrichlorobenzene were reacted with the 

pure donor 2.20 in deoxygenated and dry diethyl ether and purified furan for 18 h at room 
temperature. The precipitate was removed by filtration and the solution analysed by GC- 

MS. In both experiments the major product Oudged by peak height, no calibration was 

carried out) was the one arising from simple reduction of the C-I bond (Scheme 2.53). 
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In conclusion, benzynes could not be formed. This may be due to the fact that the donor 

dication is in close proximity to the aryl anion after double electron donation, and proton 
transfer from the side-chain of the donor dication salt occurs more rapidly than elimination 

of an ortho leaving group to form a benzyne. Also, the tested leaving groups are less 

efficient than others (e. g. triflate) and give rise to slow benzyne formation. However, more 

efficient leaving groups cannot be used for the formation of benzynes, since imidazole 

donor 2.20 is able to react with those. 
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3.4 To be nucleophile or electron donor - that is the question 

3.4.1 Reductions of anthracene esters with donor 2.20 

In section 3.2 above, the formation of aryl anions using donor 2.20 was discussed. Further it 

was assumed that benzimidazole donor 1.175 might be capable of attacking an ester 

nucleophilically, if heat is applied. Aryl radical cyclisation onto the formed intermediate 

was Proposed to lead to the cyclised ketone via a radical mechanism also, rather than via 

an anionic pathway. This interplay in reactivity between nucleophilicity and electron 

transfer ability was observed also in different reactions within the Murphy group. D. 

Thomson in our group studied the two reductions of anthracene methyl ester 2.102 and tert- 

butyl ester 2.104 below using imidazole donor 2.20.142 Along with starting material, he 

isolated in both cases dihydroanthracene, achieving with that a Birch-type reduction. 
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Scheme 2.54 
2.104 2.104 2.103 

The mechanistic rationalisation of the observed results was the following (see also Scheme 

2.55): since tert-butyl ester 2.104 gave only a trace of dihydroanthracene in the reaction with 
donor 2.20, it is assumed that dihydroanthracene 2.103 should not be produced by initial 

reduction of the anthracene moiety, followed by loss of the ester functionality, as the 
LUMOs, i. e. n* orbitals are expected to be of very similar energy for both esters (see 

appendix for LUMOs and geometries of the esters). 

r-*-, 
CNý_ N) 

NN 

2.102 

Scheme 2.55 

Me0 
H, ý-- 

0 
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Anthracene 2.107 is not reduced to dihydroanthracene, under the reaction conditions shown 
in Scheme 2.54,142 suggesting that the ester group is not lost until the anthracene n-systern is 
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reduced towards the dihydro analogue. It was assumed that the ester functionality is 

attacked initially by the nucleophilic donor, with methoxide and tert-butoxide respectively, 
being displaced. This would account for the poorer conversion to dihydroanthracene in the 

case of tert-butyl ester 2.104, where the carbonyl group is more protected by the crowded 

tert-butyl group towards attack by a nucleophile. Also, methoxide is a better leaving group 
(the corresponding acid has a pK, = 16; tert-butanol: pKa = 19). 143 The formed activated 
intermediate 2.108 might then be reduced more readily and after protonation might undergo 
thermal decarbonylation from 2.112 (Scheme 2.56) via the red mechanism indicated below, or 

alternatively by a radical mechanism as indicated in blue. 
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If 2.108 was indeed an intermediate in the mechanism, it would be expected that perhaps 

anthracene-9-carboxylic acid might be formed by displacement of the activated 
intermediate 2.108 by hydroxide or possibly hydrolysis of any activated intermediate (2.108 

or 2.112) in work-up. 

To rule out that any anthracene-9-carboxylic acid 2.115, that had formed in the reaction 

mixture, is subsequently converted to the dihydroanthracene 2.103 via reduction to the 
dihydroacid 2.116, followed by decarboxylation, anthracenecarboxylic acid 2.115 was 

reacted with in situ generated donor 2.20. 

2.108 2.109 2.110 
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However, this led to a recovery of starting material only, which means that any acid 
formed in the reaction mixture does not react further. To see whether acid had formed in D. 

Thomson's original experiment, methyl ester 2.102 was reacted with imidazole donor 2.20 

and acidic work-up was carried out (Scheme 2.58). A greater number of equivalents of donor 

(4 equiv. ) was applied under more concentrated conditions, and this time no starting 

material was observed. Acid extraction was carried out and dihydroanthracene 2.103 was 
isolated in 13 % yield. Surprisingly anthracene 2.107 was observed as a trace in the 'H- 

NMR spectrum also. The lower yield of dihydroanthracene 2.103 as compared to the 

original experiment may be due to the higher boiling point of ethyl acetate that was used in 

work-up (for solubility of carboxylic acid), leading to loss due to volatility. Carboxylic 

acid 2.115 was identified by LC-MS analysis of the fraction that was obtained from acid 

extraction in a mixture with other unidentified compounds. No peak corresponding to the 

dihydroacid 2.116 was observed in LC-MS. 

2.102 

N 

equiv. 
212U NaILDMFI 

I 10*C, 18 h 

NNI Nzt 

14 

C14ca 

13% 
2.103 

Co 

trace 
2.107 2.115 

Scheme 2.58 

The finding of carboxylic acid 2.115 might be a hint for the existence of a donor adduct 
intermediate 2.108. However it is not a proof, as acid 2.115 could also form by displacement 

of methoxide in 2.102 with hydroxide that might be present in the reaction mixture. It was 
therefore attempted to prove the existence of adduct intermediate 2.108. 
Anthracene-9-carbonyl chloride 2.117 was synthesised for that purpose. It was hoped that 

upon exposure of 1.0 equivalent of pure donor 2.20 in the glove-box to 1.0 equivalent of 
anthracene-9-carbonyl chloride 2.117 in fully deuterated DMF, the species 2.108 might form 

and might be observable by NMR analysis of the reaction mixture (Scheme 2.59). 
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Scheme 2.59 
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A solution of donor 2.20 in deoxygenated and deuterated DMF was transferred dropwise 

via pipette to anthracene-9-carbonyl chloride 2.117 in the glove-box at room temperature, 

leading to a black reaction mixture that was analysed by 1H-NMR and 13 C-NMR after 20 

min reaction time. However, the NMR spectra were rather complex and did not give any 
definite answer about whether the species 2.108 had formed. It was decided therefore to add 

diethyl ether to the reaction mixture in order to precipitate polar intermediates (i. e. the 

charged species 2.108). LC-MS analysis of the precipitate pleasingly showed a peak 

corresponding to [M+H]+ at 422 with a 13C isotope peak-intensity of -31 % relative to the 

[M+H]+ peak-intensity, which would match the 27 carbon atoms at a relative abundance of 

1.1 % and the contributions of the nitrogen and oxygen isotopes (relative abundances: 15N: 

0.36 %; 170: 0.04 %). This is evidence for the formation of species 2.108 (or an isomer of 

it) as an intermediate. 

As the next task it had to be proven that dihydroanthracene 2.103 indeed formed by 

reduction of acid chloride 2.117 (and therefore possibly via reduction of the intennediate 

species 2.108). Four equivalents of yellow donor solution 2.20 were added to anthracene-9- 

carbonyl chloride 2.117 via cannula, leading to the same black reaction mixture at room 

temperature. The mixture was then heated at reflux for 18 h and then exposed to acid 

extraction using ethyl acetate as extracting solvent (Scheme 2.60). A very similar reaction 

outcome to that discussed previously in Scheme 2.58 was observed. Dihydroanthracene was 
formed in 19 % yield and a trace of anthracene was observed also in the 'H-NMR 

spectrum. Further the acid 2.115 was once again identified by LC-MS analysis of the 

fraction that was obtained by acid extraction. 
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2.117 

+ N'N CIN "NDI 
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Scheme 2.60 
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This would be consistent with the previously proposed mechanism, in which initial attack 
by the donor onto the ester functionality was postulated. Later in the mechanism shown in 

Scheme 2.56, the loss of ester was described from a dihydroester species derivative 2.112 
(below). If this is indeed the case, a dihydroester or similar species should lose the ester 

group also upon exposure to imidazole donor 2.20. This was tested by S. -Z. Zhou, and he 

indeed found loss of the ester group in substrate 2.118 to form diphenylmethane 2.119 in 70 

% yield. This might suggest that the breakdown from 2.112 to 2.113 could indeed be a 
favourable process. 

Scheme 2.61 

Ome NN CIN'> <" D 
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12.22 

ýý Nal-L DMF 

2.118 1 10*C, 18 h 70% 
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In a blank experiment (Scheme 2.62), exposing triethylamine to diphenylacetic acid 2.120, 

followed by heating of the mixture overnight, diphenylmethane 2.119 was produced in 69 

% yield also. Thus, any hydroxide present in the reaction mixture may attack intermediate 

2.112, giving rise to the dihydroacid 2.116, which would convert also to dihydroanthracene. 

This explains why the dihydroacid was never detected in LC-MS. 
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+ N CN 0 

++ 

ci 31 
HO H N 

(N 5-e j(= -Co 0L 
._ 

OH 
-»- 1» 

CO2 
--2.103 

1HZ 

.41 z> N ND 
Zermal 

break-down 
LI-Ii HHHH 
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Scheme 2.62 

To see whether such a de-esterification has general applicability as a synthetic method, 
ester 2.121 was synthesised (Scheme 2.63). Here, only one stabilising aryl group is present. 
When ester 2.121 was reacted with donor 2.20, this time loss of the ester group was not seen. 
Starting material 2.121 was recovered in 57 % yield. Also, hydrolysis of the ester had taken 
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place to form acid 2.122 in 42 % yield, limiting the de-esterification therefore to substrates 

that contain more than one stabilising unit. 

OH S0C12. MeOH 
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Scheme 2.63 
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To increase the yield of dihydroanthracene 2.103 formed after reduction of an anthracene 

ester, the reductions of two more ester substrates were explored. Benzyl ester 2.123 as well 

as trifluoroethyl ester 2.124 were prepared readily via the acid chloride intermediate 2.117 

(Scheme 2.64). With respect to the anthracene-9-carboxylic acid methyl ester 2.102, both 

esters (2.123 and 2.124 below) feature a slightly more positive carbonyl group, which is 

hence similarly activated towards attack by a nucleophile and might give rise to conversion 

to dihydroanthracene 2.103 (see appendix, chapter 9 for structures, LUMOs and partial 

charge on the carbonyl group). Furthermore, benzyl ester 2.123 should allow the isolation 

of benzyl alcohol 2.125, if the alkoxide is displaced in the initial step of the mechanism. 
Meo,,.,,:: ), 

",, Zý-, 
100 

Cl 0 PMBOH 
Nzý Nk Nzý 

N: zt ll; zz liý: 
DCM, rt 

55% 
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14 Ile, ll!: ý F3C 

2.117 DCK rt 
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Scheme 2.64 67% 

When both esters were tested using 4.0 equivalents of in situ generated imidazole donor 

2.20, only very poor conversions to dihydroanthracene were observed (Scheme 2.65). 
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Trifluoroethyl ester 2.124 gave a trace (-Img) of conversion to an inseparable mixture of 

dihydroanthracene 2.103 and anthracene 2.107 (1: 0.42 ratio), despite its more activated 

carbonyl group. This result supports the assumption that the increased steric hindrance by 

the additional CF3 group might prevent nucleophilic attack by the donor. Acid 2.115 was 

detected by 'H-NMR and LC-MS analyses also. Para-methoxybenzyl ester 2.123 gave 

slightly more dihydroanthracene, and a large amount of para-methoxybenzyl alcohol 2.115 

as well as acid 2.115 were isolated. However, in both reactions the mass balance is poor and 

starting material was not recovered. 

3.4.2 Anthracene ester reduction in thepresence of a carbene 

From the investigations so far, it seems that the steric hindrance of the ester is important 

for the efficiency of the reductive process towards dihydroanthracene. The crucial step of 

the mechanism seems to be the first, Le. the attack of the donor molecule on the carbonyl 

group to form species 2.108. It was thought that a smaller nucleophile, such as 1,3- 

dimethyl-IH-imidazolium carbene 2.126 below, might attack the ester group with greater 

efficiency than imidazole donor 2.20 and the intermediate formed (2.127) might then be 

reduced fin-ffier by the imidazole donor 2.20 (Scheme 2.66). 

Meo 01 N 
): 

N 
2.126 

- MeO 
2.102 

Scheme 2.66 
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N+ Ný 

NN 
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2.127 2.103 

Thus, carbene 2.126 solution was prepared analogously to the in situ preparation of donor 

2.20. The slightly yellow carbene solution was transferred via cannula to methyl ester 2.102, 

resulting in a colour change to dark-green. This mixture was stiffed for 5 min at room 

temperature and then the solution of donor 2.20 was added; the colour remained unchanged. 
The reaction mixture was heated overnight and after acidic work-up, surprisingly, 
dihydroanthracene-9-carboxylic acid methyl ester 2.130 was isolated in 20 % yield. Also, 

anthracene was detected this time as a major component in the inseparable mixture with 
dihydroanthracene and unexpectedly another compound was seen as a trace (NMR-yields 
based on the ratio in 'H-NMR spectrum shown in Scheme 2.67). 'H-NMR and GC-MS 
analyses suggest that this trace might be 9-methylanthracene 2.129. Acid 2.115 was detected 
only as a small peak in LC-MS at [M-HI: 221 in the negative ion mode. 
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The formation of dihydroanthracene-9-carboxylic acid methyl ester 2.130 was very 
intriguing. Presumably, the mechanism of its formation is analogous to the one proposed 

previously in Scheme 2.56 (compare below in Scheme 2.68), however, the last step of thermal 

breakdown from 2.112 cannot occur analogously from the imidazolium. species 2.131. Also, 

the species 2.132 does not feature a good radical leaving group either. Thus, there will be a 

competition between displacement of 2.131 by methoxide or, alternatively, further 

reduction of 2.131 to 2.133, which should make a breakdown possible by regeneration of 

carbene 2.126 and decarbonylation, producing dihydroanthracene 2.103 after H-atorn 

abstraction. If displacement by hydroxide takes place to give dihydroacid 2.116, 

dihydroanthracene 2.103 would be formed also, as discussed previously. 
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The formation of anthracene 2.107 and methylanthracene 2.129 is rather mysterious. Both 

species might form by a Krapcho-type mechanism, i. e. by nucleophilic attack of the 

carbene onto the methyl group of the ester, followed by decarboxylation at high 
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temperature. For instance, demethylation of N-methylpyridinium. salts by the nucleophile 

triphenylphosphine is a known process. 144 [This Krapcho mechanism could also occur on 

2.130 which would lead to 2.103 directly]. However, anthracene-9-carboxylic acid 2.115 

does, under basic conditions, not undergo decarboxylation, making the Krapcho 

mechanism therefore perhaps to a less likely possibility. 
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Scheme 2.69 2.107 

However, the Krapcho proposal would be consistent with the following observation: when 

trifluoroester 2.124 was reacted with carbene 2.126 (generated from 2.128) and donor 2.20 

analogously to the latter experiment, anthracene 2.107 was detected as well as 

methylanthracene 2.129 and a small amount of dihydroanthracene 2.103 (Scheme 2.70). 

F3C 

2.124 

-I +r'l +r (N ND 

NN4.0 equiv. 
2.22 L-ý NaUL DMF 

+ 

I IOT, 18 h 

Me 
Cco C(ýo Cco 

2.103 trace 2.129 23% 2.107 4% 

Scheme 2.70 

F3C IC 0 

2.115 HH2.136 

Dihydrotrifluoroester 2.136 was not seen in this reaction, consistent with the trace amount 

of dihydroanthracene that was observed, which suggests that only a little reductive 

pathway was undergone. Carbene 2.126 seems to be too large also to attack the sterically 

more hindered carbonyl group in 2.124 from where further reduction towards 2.136 would 

occur; thus the Krapcho-type reaction as a competing process is undergone preferentially. 

N-heterocyclic carbenes (NHCs) are popular in organic synthesis. Their reactivity has been 

utilised in many synthetically useful transformations, such as 1,2-addition reactions 145 or 
ring-opening polymerisation 146 (see Scheme 2.71 below). In those cases initial attack by the 

carbene onto the carbonyl moiety has been proposed as a mechanistic rationalisation. 
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Scheme 2.71: ROP (left) and 1,2 additions (right) catalysed by NHC 

Sterically hindered N-heterocyclic carbenes are also utilised in transesterification 

reactions, 147 such as shown in Scheme 2.72 below. Recently, a computational study was 

undertaken by Lai et al. 148 to reveal the mechanism of carbene-catalysed transesterification 

and to explain the role of the carbene. 
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Scheme 2.72 

According to this study, carbene attack onto the ester 2.147 to form 2.149 via tetrahedral 

intermediate 2.148 is a quite high energy process (Scheme 2.73), making alternative 

mechanisms more favourable (free energies of 22.5 kcal/mol for 2.148 and 60 kcal/mol for 

2.149 relative to 2.147 were quoted for R! =Me and R! '=Me). 
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Mechanism (B), illustrated in Scheme 2.74 was found to be an energetically more favourable 

reaction path with an activation energy of 27 kcal/mol. (the transition states 2.15o and 2.152 
have a relative energy of 27 kcal/mol with respect to 2.147 for R! =R! '=Me); intermediate 

2.151 was computed to have an energy of 16 kcal/mol (relative to 2.147, with R! =R! '=Me) 

and is therefore of lower energy than the intermediates in mechanism (A). The role of the 

carbene is described to be as an organocatalyst, assisting the proton transfer from the 

alcohol to the carbonyl oxygen. The tetrahedral intermediate is then formed and 
subsequently decomposes to the acylated product. 
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However, the energetic differences between the intermediates in mechanisms (A) and (B) 

are not great. Further, the dielectric constant of THF was used to model solvation effects. 
Thus, under our reaction conditions, i. e. high temperature and DMF, mechanism (A) could 

well become favourable, particularly in the absence of protons/ alcohol [required in 

mechanism (B)I. 

To account for the reduction steps in the mechanisms proposed earlier (compare Scheme 

2.75 below), in which either an imidazolium. salt derivative 2.127 or donor derived species 

2.108 is proposed to be reduced further to the corresponding species 2.1og and 2.154, it Was 
decided to synthesise an analogue and to investigate its electrochemistry. 
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The attempted synthesis of anthracene derivative 2.127 via nucleophilic displacement by 

carbene 2.126 onto anthracene acid chloride 2.117 (Scheme 2.76) was not straightforward and 
led to a complex mixture. 
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Scheme 2.76 
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However, synthesis of ester analogue 2.157 under identical conditions was successful 

(Scheme 2.77). 
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Subsequent cyclic voltarnmetry of the compound 2.157 gave' 15,149 the following diagram 

(Figure 2.10). 
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Figure 2.10 Cyclic voltammogram of compound 2.157 vs. Ag/AgCI 

Starting from the right-hand side of the graph (as indicated by the arrow), imidazolium 

ester 2.157 (Scheme 2.78) is reduced to the corresponding radical, showing an irreversible 

peak. Further reduction of the radical 2.158 to the anion 2.159 occurs at a peak potential of 

Ep = -1.40 V. Calibration with ferrocene indicated that the peak height corresponds to a 

single electron being transferred. 
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The reduction from species 2.157 to 2.158 occurs in a region more positive than -1.2 V, 

where donor 2.20 transfers its electrons (peak potential for the oxidation of the donor 

considered) under identical conditions (Le. in DMF vs. Ag/AgCI electrode, identical 

concentration and temperature). The anthracene-derived species 2.127 should be reduced 

even more readily, as the alkoxy oxygen in the ester functionality 2.157 is expected to 

impede electron uptake. This shows that the required reduction step in the carbene 

mechanism (red mechanism in Scheme 2.76) is indeed achievable. Furthermore, with species 

2.159 a novel, more powerful, anionic organic electron donor was possibly generated, 

showing a peak potential of Eý= -1.40 V (for the reduction to species 2.159). Scope exists 

for further exploration of the latter electron donor in the future. 

Overall, a novel reductive reactivity of imidazole donor 2.20 has been observed in reactions 

with anthracene esters, and there is scope for optimisation of the reaction to make the 

reaction path leading to dihydroester 2.130 in the presence of a carbene 2.126 the most 
favourable. 
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Formation of aldchydes with imidazole donor 2.20 

D. Thomson 150 from our research group carried out investigations on the reductive 
behaviour of imidazole donor 2.20 on aryl iodides. He investigated whether substrate 2.160 

would cyclise upon treatment with donor 2.2o to give 2.163 or would give rise to the 

reduced product 2.162, which would normally be expected if aryl anions had formed 

(Scheme 2.79). Upon donor formation using salt 2.22 in DMF and NaH as a base, he exposed 

the yellow donor solution to the substrate 2.160. This gave rise to instantaneous reaction at 

room temperature (based on colour change from yellow to deep red). Upon aqueous work- 

up, D. Thomson discovered that apart from the reduced compound 2.162, the aldehyde 2.161 

was formed. In further investigations, S. -Z. Zhou from our group found the simple cyclised 

product 2.163 in trace amounts also. 

(Ný ý4 
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The question arose of how this aldehyde 2.161 was produced, since such formation of an 

aldehyde had never been seen before using benzimidazole donor 1.175. One possibility is, 

that upon exposure of donor 2.20 to substrate 2.160, the aryl radical 2.164 was formed which 
then cyclised to give the radical 2.165. Radical species 2.165 might then have been reduced 
ftuther by another electron to the aliphatic anion 2.166 which could subsequently attack the 

solvent, DMF, and give rise to the observed aldehyde 2.161 after work-up (Scheme 2.80, 
Route A). 
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There is literature precedent that aryl anions can undergo cyclisation onto alkenes also. 

This was seen in electrochemical reductions of aryl iodides and using organometallics. 151 If 

this was the case here, the aryl anion 2.168 must have been formed. This would then have 

undergone cyclisation to give anion 2.166 that would attack the solvent (DMF), and upon 
breakdown in work-up the aldehyde 2.161 would form (Scheme 2.81, Route B). 

R= (CI12)3Ph 

0 

r- 
01 2.160 

Cýx 
01 2.168 

Scheme 2.81 Route B 
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To test for route A, it was decided to prepare cyclopropane substrate 2.169. The 

cyclopropane is a very strained ring that is easily opened, if a radical is placed alpha to it. 

It has been utilised as a radical probe by Oshima et aL who investigated whether aryl 

radical intermediates are present in the reactions of tributy1manganate. 152 Thus, if the aryl 

radical 2.170 gave rise to the observed cyclisation, then the cyclopropane should undergo 

very fast ring-opening [before any further reduction of the radical to the aliphatic anion 

occurred] to give rise to compound 2.172 after H-atorn abstraction (Scheme 2.82). 

Nzý NN 
1 2.20 L--ý I Nzý 0 A: ý 

lo!: ý Cý Cý r'. 
-oe 

2.169 2.170 

Scheme 2.82 

01 01 

2.171 2.172 

On the other hand, methoxy compound 2.173, shown below, would be a suitable probe to 

test for anionic cyclisation (Route B). If the aryl. anion 2.174 was produced and 

subsequently cyclised, the methoxy group should be eliminated and product 2.176 would be 

observed (Scheme 2.83). 
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Chapter Four - Formation of aldehydes 

The synthesis of methoxy substrate 2.173 was accomplished successfully in eight efficient 

steps via the route shown in Scheme 2.84. lodobenzyl alcohol 2.177 was oxidised under 
Swern conditions, followed by Grignard attack of ally1magnesium. bromide onto the 

aldehyde 2.178. Nucleophilic substitution using 3-phenylpropanol and sodium hydride in 

DMF gave aryl iodide substrate 2.160, following D. Thomson's previous synthesis 150 of this 

compound. 
H0 

OH H 
clý 

89 % 87 % 65 % a)91 V. 
0 OH b)93% 

ý3 

2.177 2.178 2.179 2.160 2.180 

Ome OH Et0 0 

11- 
(Vii) :: 21 

11 le5: ý 
0 

(vi) 

>- 11 --- - 
(v) 

78% M 

0 

2.173 2.182 2.181 

Reagents and conditions: (i) oxalyl chloride (2.0 equiv. ), DMSO (3.0 equiv. ), NEt3 (5.5 equiv. ), DCM, 

-780C to r. t., I h; (H) allylMgBr (1.2 equiv. ), THF, O*C to r. t., 18 h; (iii) NaH (1.2 equiv. ), I-bromo-3- 
phenylpropane (1.5 equiv. ), DMF, OI'C to r. t., 18 h; (iv) a) OsO4/ Na104 or b) 03/Me2S; (V) C22H2102P 0 -1 
equiv. ), DCM, reflux; (vi) DIBAL-hexane (2.3 equiv. ), hexane, -780C, then r. t.; (vii) Mel (1.1 equiv. ), 
NaH (I. I equiv. ), DMF, r. t., 18 h. 

Scheme 2.84 

The double-bond in compound 2.160 was then oxidatively cleaved using osmium. tetroxide 

and alternatively, by ozonolysis; both routes were highly efficient in generating aldehyde 

2.180. This aldehyde was then reacted in a Wittig reaction with ethyl 
(triphenylphosphoranyliden)acetate to give conjugated ester 2.181. Complete reduction to 

the allyl alcohol 2.182 was accomplished using diisobutylaluminium. hydride (DIBAL) in 

hexane. After methylation with iodomethane in the final step, methoxy test substrate 2.173 

was satisfyingly made. 

Having substrate 2.173 in hand, the molecule was tested for the elimination of the methoxy 
group. Thus, imidazole donor 2.20 was prepared in the usual way in a centrifuge tube using 
sodium hydride as a base and anhydrous DMF as the solvent. After centrifugation, the 

supernatant yellow liquid was transferred via cannula to the test substrate 2.173 at room 
temperature. This resulted in instantaneous colour change to deep red. After stirring for 18 
h at room temperature, followed by aqueous work-up and purification, the following 

products were isolated (shown in Scheme 2.85). 
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OMe -I +r--'i +I- OMe 
OMe 

CN \> 
1.5 equiv. I -- NNII 

Cý cc/' 
2.22 ýý NaH, DMF 

HO, ZýI- 

- 

I 
r. t., 18 h 

No - "', 

ý Off 

II 
0ýý 26% 19 % 0ýýý trace 

2.173 

Scheme 2.85 

2.183 2.184 2.185 

However, elimination of the methoxy group was not observed. The 'H-NMR spectrum of 

the crude mixture did not show any signal near t5 6.0, characteristic of a terminal alkene. 
Purification of the reaction mixture and isolation of the products did not identify any 

elimination to compound 2.176 either. Instead, 3-phenylpropanol 2.183 was isolated in 26 % 

yield. A trace of cyclised product 2.185 was isolated as a mixture of diastereoisomers and 

the reduced product 2.184 was detected in 19 % yield. Surprisingly, only very little 

cyclisation took place in this reaction in comparison to the parent molecule 2.160. The 

formation of 3-phenylpropanol 2.183 is intriguing also, and might be rationalised as 
follows: donor 2.20 was used in 1.5 equivalents and the excess donor could have acted as a 
base (Scheme 2.86). Removal of the proton indicated in bold in Scheme 2.86 would give rise 

to a stabilised product 2.186 that bears an extended conjugated system. However, 2.186 was 

not observed. 
ome N OMe CN>. N OMe '31 -, 

(ý, < 
1.5 equiv. N< NDI + NN 

. 411 NN 2.22 L---) NaH, DMF 2.20 ci >-ý 1 

--i»- NH N 

31 &ýr, 
0 

01 R 
r. t., 18 h1 Lýý 3 

2.173 2.184 2.186 2.187 2.183* 

Scheme 2.86 

Alternatively, an aryl anion might have formed upon reduction of the aryl iodide by the 

donor 2.20. This might have caused elimination of 3-phenylpropanoxide by an 
intramolecular proton abstraction via a 5-membered transition-state (Scheme 2.87). 

ome N c ý, 
<1 )i 

1 105:; NN1.5 equiv. 
2.22 L-, 

-ýJ NaH, DMF 

18 h ol 
R 

2.173 

Scheme 2.87 

OMe 

ýH 
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To investigate this further, it was decided to test methoxy substrate 2.173 with 
benzimidazole donor 1.175. Donor 1.175 is known to reduce aryl iodides highly efficiently 

OMe 

H 
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Chapter Four - Formation of aldehydes 

to the corresponding aryl radicals. Under 'pure radical conditions' the formation of 3- 

phenylpropanol 2.183 would then not be expected, if it was really arising from 

intramolecular deprotonation by an aryl anion. Benzimidazole donor 1.175 was prepared 
identically to imidazole donor 2.20 using NaH in DMF and the centrifugation technique. 
Reaction of methoxy substrate 2.173 was carried out with 1.5 equivalents of donor 1.175 and 
heating of the mixture overnight (Scheme 2.88). However, the C-I bond was not reduced 

under these conditions; only starting material was recovered (72 %) along with 

phenylpropanol (8 %). This indicates that the formation of the alcohol 2.183 is induced by 

the basic donor. Also, the more negative reduction potential of the substrate 2.173 in 

comparison to previously studied ortho-NMs-aryl iodide? 4 is highlighted again. This can 
be ascribed to the less electron-withdrawing ortho-carbon side chain. Increase to 3.5 

equivalents of donor 1.175 under otherwise identical conditions (dilution, temperature, 

reaction time) forced the reaction to go to completion. 3-Phenylpropanol 2.183 was again 
isolated (5 %) along with reduced compound 2.184 and cyclised product 2.185 (in a 1: 4 

mixture, 81 % overall yield). The detection of reduced compound 2.184 under pure radical 

conditions could suggest that the radical cyclisation is rather SIOW153. On the other hand, H- 

atom transfer from the ether side chain to quench the aryl radical might have taken place 

(Scheme 2.88). 
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Ne 1.179 me me 
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Synthesis of cyclopropane substrate 2.169 was attempted by Wittig reaction of the 

previously made aldehyde 2.180 with phosphoniurn salt 2.187. This reaction afforded an 

OMe 

( Ný I &ý X/ 
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inseparable mixture of compounds and 2.169 could not be obtained. However, since 

methoxy substrate 2.173 did not cyclise efficiently in the previously discussed experiments, 

synthesis of substrate 2.169 has become unnecessary anyway. 

+- 1) BuLi, toluene, Br PPh3, toluene h3Br 
-30*C go X 

70% 

ýpp 

2) 

2.188 2.187 

dlýo 

Oil'-10 
2.180 

Scheme 2.89 

NN 
2.20 L----J_ 

? 

2.169 

4.2 Aldehydes in reductions of alkyl halides 

2.172 

This study was rather inconclusive. Therefore, it was decided to explore the formation of 

the aldehyde in an alternative approach. If an alkyl anion (formed by anionic cyclisation 
[route B] or by finther reduction of the cyclised radical [route A]) was responsible for the 

aldehyde formation, then it is worthwhile to test for the reductive behaviour of donor 2.20 

on alkyl halides. If an aldehyde was not formed upon reduction of an alkyl halide, then this 

would suggest that donor 2.20 is not capable of reducing alkyl radicals to the alkyl anion 

and one mechanistic possibility (route A) could be excluded. 
lodomethane is reported to have a reduction potential of E'1/2 1.3 8V (vs. SCE)l 54 which 
is less negative than the reduction potential of aryl iodides and thus the compound should 
be readily reducible [for comparison, iodobenzene is quoted to have a potential of E"112 = 

-1.62V (vs. SCE)]. 155 Thus, 5-phenyliodopentane 2.190 was synthesised by conversion of 5- 

phenylpentanol to the corresponding iodide using triphenylphosphine, imidazole and 
iodine. It was then tested in a reaction with donor 2.20: 1.5 equiv. of donor were used, 
formed in DMF using NaH and the centrifugation technique and reacted with the substrate 

at room temperature for 18 h (Scheme 2.90). 

NN 

N 1.5 equiv. 
<0 

ll-ý OH PPh3-12, lmidazole Nzý 1 
2.22 '-ý NaH, DMF 

I I- - 87% 
r. t., 18 h, acidic work-up 

2.189 

Scheme 2.90 
2.190 

H 

2.191 0 19% 

The colour did not change instantaneously, however, after several hours a change from 

yellow to deep red had occurred. After aqueous work-up a 'H-NMR spectrum of the crude 
mixture was taken and a triplet signal at 6 9.85 was seen that would be characteristic for an 
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aliphatic aldehyde. However, this signal was very small, corresponding only to a trace 

amount of the aldehyde 2.191. It was decided to repeat the reaction under identical 

conditions and to acidify in work-up this time, in order to aid the breakdown of the 

intermediate that possibly arises upon attack of the alkyl anion onto DMF. Upon addition 

of 2N hydrochloric acid (20 ml), the reaction mixture heated up, changed its colour from 

red to pale yellow and bubbles were observed. Subsequent 'H-NMR analysis of the crude 

mixture showed the aliphatic aldehyde 2.191 in considerable amount in a mixture with the 

simple reduced compound. The aldehyde 2.191 was isolated in 19 % yield after column 

chromatography on silica gel. This was very exciting as it suggested that donor 2.20 was 

possibly capable of producing alkyl anions by reducing an alkyl radical further. It was 

questioned whether it would be possible to reduce alkyl bromides and alkyl chlorides also. 

This would be synthetically advantageous since the starting materials bear greater stability 

in comparison to alkyl iodides. Alkyl bromides have a reduction potential of E"1/2 = -1.77 
V [vs. SCE (MeCN)] 154 and E" 1/2 =-1.94 V [vs. SCE (DMF)] 154 and should thus be in the 

range of the power of donor 2.20. Alkyl chlorides have a more negative potential, reflecting 

the greater carbon-halogen bond strength. Both alkyl bromide 2.193 and alkyl chloride 2.192 

were prepared by Mitsunobu reaction and then tested using slightly greater donor (2-2 

equiv. ) concentrations in order to accommodate the more negative potentials with greater 

reductive power (Scheme 2.90 and Scheme 2.91). The alkyl chloride did not show any reaction 

at room temperature after 18 h [as judged by 'H- NMR analysis of the crude mixture after 

acidic work-up]. Hence, the reaction was repeated and this time heat was applied. This 

resulted in a very complex mixture that was analysed by GC-MS. Among more than 20 

peaks in GC-MS, phenol 2.9 was identified. 
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--*- 

9 
OH 92% 0-ýýyl 
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Reagents and conditions: (i) 4-chlorobutanol, PPh3, DIAD, THF, O'C to r. t. 
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The alkyl bromide 2.193 showed much more promise. After 18 h of reaction at room 
temperature the reaction mixture had turned deep red and upon acidic work-up, a 'H-NMR 

spectroscopic analysis was done. The aldehyde signal was seen, thus bromide 2.193 reacted 
to the aldehyde 2.194 also, just like the alkyl iodide (Scheme 2.92). Furthermore, its 

proportion increased to 54 %, suggesting that more reducing power is required to give a 

greater amount of aldehyde. Therefore, bromide 2.193 was reacted in another experiment 

using 5 equiv. of donor 2.20 under otherwise identical conditions (same solvent amount, 
temperature, reaction time) and now an increase to 90 % in ratio was seen. After fin-ther 

purification, aldehyde 2.194 was isolated in 61 % yield. 

9 (i) 9 
OH 88% O', ýýBr 

2.9 2.193 

+ N) 

N<2.2 equiv. 
2.22 

ýý 
NaH, DMF 

IN 
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2.194 

54 % in ratio with reduced product 
in 1 H-NMR spectrum of crude mixture 

2.193 

(N ýq 
ý> < DI 

5.0 equiv. 
2.22 

U 
NaH, DMF 
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r. t., 18 k acidic work-up 

ol-ýýý H 

0 2.124 

90 % in ratio with reduced product in 'H-NMR 

spectrum of crude mixture; 61 % isolated yield 

Reagents and conditions: (i) 6-bromohcxanol, PPh3, DIAD, THF, OIC to r. t. 

Scheme 2.92 

It was felt that even further increase of donor concentration might give rise to complete 

aldehyde formation. Thus, iodide 2.120 was exposed to 6.0 equiv. of donor for 18 h at room 
temperature. 'H-NMR spectroscopic analysis of the crude mixture after acidic work-up 

showed the aldehyde 2.191 this time as the sole product. 

CN N) 

N><N6.0 equiv. 
2.22 ýý NaH, DMF_ 

r. t., 18 h, acidic work-up 
2.190 

Scheme 2.93 

2.191 
100 % in 1 H-NMR spectrum of 
crude mixture; 50 % isolated yield. 
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However, after column chromatography, the aldehyde was isolated in 50 % yield only. 

This might be due to the instability of aliphatic aldehydes on silica gel, leading to loss of 

material. A more stable product might give rise to better yields. Ketones are far more 

stable than aldehydes and should be formed, if the solvent was changed to 

dimethylacetamide 2.195. Formation of the alkyl anion 2.197 would then lead to attack on 

dimethylacetarnide which upon work-up would afford ketone 2.199 (Scheme 2.94). 
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Thus donor 2.20 was prepared in freshly distilled and deoxygenated dimethylacetamide 

using sodium hydride as a base. After centrifugation, the supernatant yellow liquid was 

transferred to alkyl iodide 2.190 and the mixture was stirred for 18 h at room temperature. 

A deep red solution resulted that was subjected to acidic work-up. A 1H-NMR spectrum of 

the crude mixture, surprisingly, showed the characteristic aldehyde signal at 6 9.8 again. 

And indeed, aldehyde 2.191 was isolated in 32 % yield after further purification by column 

chromatography, which is identical to the previous experiments in DMF. 

+r--l +r CN N 
v \i ><)3.0 

equiv. 
2.22U NaIL DMA 

IN H 

r. t., 18 h, acidic work-up 0 32% 

Scheme 2.95 2.190 2.191 

This result was highly unexpected and shows that the product formation is independent of 

the solvent used. This means that the aldehydes cannot arise from alkyl anions attacking 

the solvent. D. Thomson's substrate that gave rise to aldehyde 2.161 was subsequently 

tested in dimethylacetamide also, to investigate whether the situation is identical. 

+r`l +I- ( ý, 
'NH0 
N 1.5 equiv. NQ 

2.22 L-ý NaH, DMA 

r. t., IS h, acidic work-up 

2.160 2.161 

Scheme 2.96 
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Donor 2.20 was formed in freshly distilled and deoxygenated dimethylacetamide and after 

centrifugation added to substrate 2.160. Instantaneous colour change from yellow to deep 

red occurred. After stirring for 18 h at room temperature, the mixture was subjected to 

acidic work-up, as usual, and 'H-NMR analysis of the crude mixture was carried out. 
Again, the characteristic aldehyde peak at 6 9.9 was seen; there was no sign of ketone. 

Further, reduced compound 2.162 and cyclised product 2.163 were identified also in the 

NMR spectrum. 
This was a very intriguing result that raises the question how those aldehydes form. Since 

the additional CHO seems not to be arising from the solvent, the imidazolium. moieties 

may be the source and origin of aldehyde formation and this might be rationalised as 
follows (Scheme 2.97): after reduction of the alkyl halide 2.200 to the alkyl radical, addition 

to the radical-cation 2.19 might have occurred to form adduct 2.202a. This adduct could 

alternatively form by nucleophilic substitution by the nucleophilic donor 2.20 onto the 

primary alkyl halide [however, the fact that aldehyde 2.161 of the cyclised compound is 

formed, rules out that SN2 is the exclusive mechanism]. Reduction of the adduct species 

2.202 to 2.203 might then have occurred, addressing the observation that an increase of 
donor equivalents led to an increase in aldehyde formation. Hydrogen atom abstraction, 
followed by proton-catalysed hydrolysis might then have taken place to afford the 

aldehyde 2.205. 
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To test for the validity of the proposed mechanism the reduction step from 2.202b to 2.203 

was investigated further. For that puropose, 2-substituted imidazoliurn salt 2.206 was 

synthesised via nucleophilic substitution of alkyl iodide 2.207 with carbene 2.126. Three 

equivalents of in situ-prepared donor 2.20 were then exposed to species 2.206 and stirred at 

room temperature overnight, followed by acidic work-up, analogous to the previous 
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experiments in which aldehyde formation had taken place. However, this time no such 

aldehyde was observed. suggesting that the proposed mechanism is not valid. 
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A computational investigation* of the SOMO, spin-density and spin of the radical cation of 

imidazole donor 2.20 (i. e. 2.19) shows that, as expected, the unpaired electron is highly 

delocalised. Further, the highest spin-density (indicated in blue in (B)) as well as spin (C) is 

located on the central carbon atoms as well as nitrogen atoms (see Figure 2.11). 

4 

k-I 

0 

0 

Figure 2.11 

(B) 

SOMO (A), spin density (B) and spin (C) of donor radical cation 2.19 

Addition of the radical would therefore be most favourable at the central carbon atoms, as 
investigated above. The formation of aldehydes might alternatively be rationalised as 

* SPARTAN, Single-point, Hartree-Fock, 3-21 G* 
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shown below in Scheme 2.99. In this mechanism it is assumed that species 2.202a does not 

convert to 2.202b and instead is reduced at that stage to 2.209. Beta-cleavage to afford a 

highly stabilised radical might then take place to give 2.210a. Protonation to gain 

aromaticity might lead to intermediate 2.112a, which would give rise to aldehyde 2.205 after 

displacement of the carbene moiety and aqueous acidic work-up (Scheme 2.99). 

+ r'-) r--) r--ý r--l r---* 
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2.205 2.212b 2.112a 2.211 

Scheme 2.99 

In order to see the aldehyde as the exclusive product in the 'H-NMR spectrum of the crude 

mixture, multiple equivalents and high concentrations of donor 2.20 were required. This is 

once again incorporated in the mechanism by the additional reduction step (2.202a to 2.209) 

and alternatively, nucleophilic substitution of the alkyl halide by donor 2.20 to species 

2.202a might become a competitive pathway. Perhaps both mechanisms (Scheme 2.97 and 

2.99) are acting in parallel, with only one (Scheme 2.99) leading to the formation of 

aldehyde, explaining therefore the low mass balances (30-60 %) encountered in the 

aldehyde experiments. 

However, further investigations have to be undertaken to rationalise the rather mysterious 

formation of aldehydes in reactions with imidazole donor 2.20. 

4.3 Disfavouring the formation of aldehydes and selective reductions 

Addition of the alkyl radical to the radical cation 2.19 has to occur to give rise to the 

formation of aldehydes. Thus, in order to prevent the formation of those aldehydes and to 

achieve simple reduction of an alkyl halide, this coupling process of the radical to the 

radical cation of the donor needs to be prevented. This might be achievable by changing 
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the reaction solvent from DMF to a less polar one, such as toluene or diethyl ether. 
Because in those apolar solvents, the radical-cation of the donor might not be soluble 

anymore and might precipitate from solution, so that it is not able to couple with the 

radical. Thus, the alkyl radical would then not add to the radical-cation anymore, as this 

would be a heterogeneous reaction and would therefore be disfavoured. 

This was investigated by using the pure donor 2.20 in toluene on substrate 2.213. This 

substrate contains two C-Br bonds, one being of aryl and one being of aliphatic nature. The 

previous reactions on alkyl halides showed that complete consumption of the starting 

material took place at room temperature. With aryl bromides the situation is different. 

Ortho-bromide 2.39 was found to react at room temperature, while 2.92, in contrast, 

required heat despite the presence of the ortho-fluorine. This highlights the fine borderline 

of reactivity at which the donor acts. Studying the reported reduction potentials of 
bromophenols, 154 there should be a considerable reactivity difference between a para- and 

ortho-substituted halide, i. e. para-bromophenol shows a more negative reduction potential 

than ortho-bromophenol (Figure 2.12). 

Br 
2.213 

Br 
Ph 

F 

2.92 

MeOyo 

Isr c 

2.39 

C( Br 
& 

Brj[: > 

OH OH OH 
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C1,2 - -1.97 V -2.06 V -2.14 Vi 

Figure 2.12 Substrates and reduction potentials of bromophenols 

Thus, a para-substituted aryl bromide should be more difficult to reduce, probably 

requiring heat to achieve the reduction. It was thought, therefore, that if the experiment 

was carried out at room temperature, then selectivity might be observed in the competitive 

reduction of the alkyl and aryl bromide, reducing the aliphatic C-Br bond in preference and 
leaving the aromatic C-Br bond untouched in this particular substrate. To test for a 

qualitative answer, substrate 2.213 was reacted in DMF with in situ-formed donor 2.20 at 

room temperature. This showed in the 1H-NMR spectrum of the crude mixture that 

reduction of the aryl bromide bond had not taken place, only the aliphatic C-Br bond was 

reduced, however, as expected, aldehyde formation took place also in 30 % isolated yield. 
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Since selectivity in reactivity seemed to be the case, it was then tested whether the 

formation of aldehyde 2.214 could be avoided by using an apolar solvent. Thus, 1.5 

equivalents of pure donor 2.20 were dissolved in toluene in the glove-box and reacted with 
dibromide 2.213. After work-up a 'H-NMR analysis of the crude mixture was carried out, 

and this showed starting material 2.213 and its reduced counterpart 2.215 in a 50: 50 mixture. 
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0"""ýýBr 
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toluene, r. t., acidic 
work-up 
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Br 

2.213 
Scheme 2.101 

This result was intriguing, since it contrasts to results obtained in DMF, where complete 

conversion was seen using 1.5 equivalents of donor 2.20. This suggests again, as observed 

previously, that donor 2.20 has got lower reducing power in a less polar solvent than in 

DMF. Possibly, the formation of the polar electron transfer transition state is disfavoured 

in an apolar, less stabilising solvent. 
It was decided to increase the concentration of donor 2.2o by using 6.0 equivalents under 

otherwise identical conditions. This time, the reaction nearly went to completion. 

r-I 
Br NN Br Br 

2- 20 6.0 cquiv. 

toluene, r. t., acidic 
0"ýý 

Br work-up Me 0"ýýBr 
85: 15 

2.213 2.215 2.213 

Scheme 2.102 

Finally, using 7.0 equivalents of donor 2.20 led to success and only the product arising from 

reduction of the aliphatic C-Br bond was formed. Thus, complete selectivity was achieved 
as well as unique difference in reactivity observed by changing the solvent towards a less 

polar one. 
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Scheme 2.103 

r--) 
Br N 

>--< 
N DI Br 

NN 
2.20 L,,, J 7.0 equiv. 

toluene, r. t., acidic 
"-ýýBr work-up 0___ý. Me 67% 

2.213 2.215 

The moderate 67 % yield of aryl bromide product 2.215 might have been caused by the 

relatively high boiling point of toluene that was utilised in the reaction, and thus loss of the 

product may have occurred due to volatility. It was, therefore, decided to do the reaction in 

diethyl ether, since it has a relatively low boiling point and the radical-cation of the donor 

would not be soluble in it either, so that aldehyde formation is prevented. 

NN 
2.20 L, 

-, -J 7.0 equiv. 

Et2O. r. t., acidic 
Oý'ýýBr work-up 

2.213 
Scheme 2.104 

Me 70 % 

2.215 

But again, the yield of 2.215 (70 %) was not great and did not improve considerably. 

Possibly, although being disfavoured in apolar solvents, some nucleophilic substitution 

might have taken place and the intermediate 2.202 (compare Scheme 2.99) precipitated from 

the solution and was subsequently lost in work-up into the aqueous layer [or alkyl radical 

and donor radical-cation coupled before precipitation of the salt had taken place]. 
Nevertheless, the assumption of avoiding the formation of aldehydcs by using an apolar 

solvent was valid and it also confirmed that the source of aldehyde formation was the 

imidazole moiety. The question remained of whether the presence of metals is crucial for 

the formation of aldehydes, i. e. is there a difference whether the donor is formed in situ or 

whether the pure donor is used in DMF? This was investigated in another experiment. 

Br 
N 

2.20 
ýý 

7.0 equiv. 
DMF, r. t., 

0"ýýBr acidic work-up 

2.213 

Scheme 2.105 

Br 

0"ýý"ý H 25% 

2 21ý4O 

Again, aldehyde 2.214 Was formed and thus, no matter whether the pure donor is used in 
DMF or the one generated in situ by the NaH-method, aldehydes form. 
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One more question was asked, Le. whether the reduced compound 2.215 arises from a 

radical or an anionic intermediate. This was tested in a reaction of cyclisation substrate 156 

2.216 with 7.0 equivalents of donor in diethyl ether at room temperature (Scheme 2.106). 

After acidic work-up the cyclised product 2.217 was isolated as the exclusive product, 

indicating that reductions of alkyl halides in non-polar solvents proceed by a radical 

mechanism. However, the mass balance of the reaction was low, with 2.217 being isolated 

in 49 % yield only. 

Br 

02-- 2.20 7.0 equiv 

Et20, r. t 

49% 
Me0 

2.216 
Me0 

2.217 

Scheme 2.106 
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Reductive cleavage of sulfones and sulfonamides 

5.1 Reduction of triflates and mesylates 

In attempts to produce an aryl radical based on deoxygenation using benzimidazole donor 

1.175 on nitro triflate substrate 2.219, it was observed that the O-S bond of the triflate group 
was cleaved in preference to the aryl C-0 bond, giving rise to nitrophenol 2.218 (Scheme 

2.107). 

I-C 
OH 

75% CN02 
W 

2.218 

N Cý 
( ýO 

N 
' 1.179 ýfe me 

,ýC 
OTf 

C KHMDS, DMF/toluene 

N02 

2.219 

C OH 
I 

llýl 

CN02 

71 % 
2.218 

Reagents and conditions: (i) Tf2O (2.0 equiv. ), triethylamine (4.0 equiv. ), DCM, OOC to r. t., 
18 h; (H) 1.179 (1.2 equiv. ), KHMDS (2.4 equiv. ), DMF/toluene (1: 3), 11 O'C, 18 h. 

Scheme 2.107 

This cleavage could, in principle, be induced by the donor acting as a nucleophile (Scheme 

2.108) or by single electron transfer from the donor to the substrate. 

Scheme 2.108 

CCN 

-N 

0m 
n li 

- 

ýe ýe 

�-, ýý0-S 
ýCF3 

0H CF3 
01 

N02 

(ý(N02 UN02 

2.219 2.220 2.218 

Therefore, a more stable substrate, nitro mesylate 2.221 was prepared that might be less 

prone to attack by a nucleophile, but might still be activated towards reduction. It was 

reacted with benzimidazole donor 1.175. The most UV-active spot on TLC was isolated 

from the reaction mixture- and fully characterised (Scheme 2.109). The isolated compound 
2.222 did not show aromatic proton signals at a higher chemical shift than 6 7.2, which 
suggests that there was no nitro group present anymore. Twelve aromatic protons were 
counted. Further, three singlet signals (with 3H each) were seen that were likely to 

correspond to the two methyl groups on the nitrogen atoms of the benzimidazole moieties 
and the methyl group of the mesylate. The proton signals for the 3-carbon bridge were 
clearly seen, but both CH2 groups next to the nitrogen atoms have identical chemical shift 
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of 6 3.9. This indicates that the benzimidazole moieties must be neutral, since a benzylic 

CH2 group next to a positively charged nitrogen would be expected to have a chemical 

shift slightly downfield of 6 5. A molecular ion peak of 506 [M+H]+ was found by ESI 

mass spectrum analysis and confirmed by high-resolution mass spectrometry for M+H, 

matching the proposed structure 2.222 below. 

""tLN U) <, I rý-ý ývNN 
1.179 me me I 

ýA_ý 
I 

cc 

_ 

:0 

oms KHMDS, DUT/toluene No- N 79% -M% M 
cc 

(fi) oms N02 NCý 7% 
2.218 2.221 2.222 

Reagents and conditions: (i) MsCl (2 equiv. ), triethylamine (4 equiv. ), DCM, O*C to 
r. t., 18 h; (H) 1.179 (1.2 equiv. ), KHMDS (2.4 equiv. ), DMF/toluene (1: 3), r. t., 2 h. 

Scheme 2.109 

Structure 2.222 arises probably from reduction of the nitro group, and an intermediate 

species, (either of radical or anionic nature) is formed that subsequently attacks the radical- 

cation or dication species resulting from donor 1.175. It is reported for nitroaryl compounds 
that the single electron transferred to the substrate is located mainly on the nitro group, 

rather than being fully delocalised over the aromatic ring. 155 For the reduction of nitro 

groups, several electron transfer steps and also proton transfers are required. Many 

intennediates are likely to fonn and even dirnerisation can occur (Scheme 2.1 10). 157 

e' H+ e' 
!! 20 [ago 

OH 0 

O'NO2 

N' N' 
2.223 2.224 0- 2.225 Of H 2.226 OH 2.227 O'H 2.228 0 

possible compounds 
211+ 

12 
e' 

arising from HH+ dimerisation, e. g. N-N--ý\J/ 
&N=N-0 &I 

ONH 

0- 

Scheme 2.110 2.231 2.230 2.229 OH 

This sort of adduct species 2.222 suggests that the radical-cation (or dication), arising from 

the donor 1.175 after electron transfer, has sufficient lifetime and stability to be attacked by 

a nucleophile. This might be useful information in moves to make the electron-transfer 
process catalytic. 

Isolation of adduct species 2.222 in which the mesylate group is still present, suggests that 
the mesylate might be a stable protecting group in reactions with donor 1.175. This initiated 

use of the mesylate group as a possible electron deficient system that might facilitate the 
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reduction of the carbon-chlorine bond in substrate 2.232. However, upon reaction with 
benzimidazole donor 1.175 deprotection occurred, again to cleave the O-S bond rather than 

C-0 bond. It was found that one equivalent of electron donor and heat is required to 
deprotect completely (see Table 2.4, Entry 3). 

+ NN CD elo 
ev1 

F 1.179 me me 
98% KHMDS, DMF 

(i) (ä) 
OH Oms H 

2.233 2.232 2.233 

Reagents and conditions: (i) MsCI (2 equiv. ), NEt3 (2 equiv. ), DCM, 
OIC to r. t., 2.5 h; (H) see Table 2.4 

Scheme 2.111 

Entry Conditions Outcome 

1 1.179 (12 equiv., 1.3 rnmol), 2.233,45% 
KHMDS (2.4 equiv. ), 2.232,49% 
DMF (20 ml), r. t., 18 h 

2 1.179 (2.2 equiv., 1.0 mmol), 2.233,60% 
KHMDS (4.4 equiv. ), 2.232,25% 
DMF (15 ml), r. t., 18 h 

3 1.179 (1.2 equiv., 0.48 mmol), 2.233,75% 
KHMDS (2.4 equiv. ), 2.232,0% 

DMF (7 ml), II ST., 18 h 

Table 2.4 

It is reported that electrochemical reduction of triflates and mesylates occurs at relatively 
high potentials (in absolute value). Thus, phenyl triflate is quoted to have a reduction 

potential of E' = -2.63 V. 158 Incorporation of a cyano group changes the potential 

considerably to E' = -1.8 V for para-cyanophenyl triflate. 158 A nitro group is more 

strongly electron-withdrawing and might therefore make the potential even more positive, 

so that the reduction of triflates and mesylates becomes achievable for donor 1.175. Also, it 

is reported that the O-S bond is cleaved preferentially over the Ar-O bond in the 
intennediate radical-anion of phenyl triflates, hence indicating that deoxygenation based 

on triflates and mesylates is rather disfavoured (as attempted) and that the deprotection 

requires one electron only (as observed). "' 
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5.2 Reduction of activated sulfones 

Overall, the question of whether the deprotection of mesylates and triflates was induced by 

the donor acting as a nucleophile or electron transfer, cannot be answered. Thus, it was 
decided to move on to an unambiguous system, i. e. a sulfone. Sulfones exhibit a strong C- 

S bond that is not prone to an attack by nucleophiles. 
Y. Miclo in our research group tested benzimidazole donor 1.175 on sulfone 2.234 and on 

the more activated bissulfone 2.235.167 He did not observe any reaction at all, highlighting 

the strong C-S bond and the associated highly negative reduction potential of sulfones. 

. 
14 N CIý: O cc ]0 

1.179 Me Me 1.179 me me P% 

s 0s -P Nali, DMF 
no reaction 

NaH, DMF 
no reaction 

0 110 1 IOT, 18 h -C, 18 h 

2.234 

Scheme 2.112 

2.235 

It is reported that monosulfones are electrochemically reduced at a potential of E' = -2-27 
165 f, and as discussed in the introduction, strong reducing V (vs. SCE) or PhS02CH3 

conditions (such as sodium amalgam) are generally required for the deprotection. Even 

though benzimidazole donor 1.175 is a powerful donor, it is not powerful enough to reach 

those potentials. Thus, Y. Uenoyama from our group applied the more powerful imidazole 

donor 2.20 to the reductive cleavage of the bis-sulfone 2.236 (shown in Scheme 2.113). 167 

Using 3 equivalents of donor and heating at II O'C for 18 h, he observed the complete 

cleavage of bissulfone 2.236 to the corresponding monosulfone 2.237 (Scheme 2.113). After 

work-up and purification, its monosulfone counterpart 2.237 Was isolated in excellent yield 
by Uenoyama, which was a very promising result. 

Scheme 2.113 2.236 

0 
,0 ý\ ZZI, C, ý\ (ý D, s Nýý 3.0 equiv. 

2.22 NaH, DMF 
0 

I IOT, 18 h 
98% 

2.237 

As part of my studies, two more bissulfones, 2.240 and 2.241 were prepared [the former was 

obtained as a side-product in the synthesis of substrate 2.239, Scheme 2.114] and examined 
for their cleavage behaviour in the reaction with imidazole donor 2.20. Again, clean 

cleavages to the monosulfones were observed (Scheme 2.115). 
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Ph02 

PhO2S 89% 8% 

2.238 2.239 

Reagents and conditions: (i) 2.238 (1.0 equiv. ), NaH (I. I equiv. ), DMF, O*C to r. t.; 
(H) Mel (1.3 equiv. ), r. t., DMF, 18 h; (iii) 2.138 (1.0 equiv. ), 1-iodo-5-phenylpentane 
(2.0 equiv. ), K2CO3 (5 equiv. ), r. t., 5 d. 

2.240 

)5 PhO2S ) 
---lo- 02S 5 

Ph02S 02S 
I --l 61% 

0 

ýo 2.238 2.241 

Scheme 2.114 

, q, 5) 

0 oý,., ý ul- 
2.240 

02s 
ö 02s 

ýo 

2.241 

Nýý 3.0 equiv. 
2.22 NaH, DMF 

I 10*C, 18 h 

+r-I +I- N) cl 
N 30 quiv. 

2.22 
ýj 

Na'H, 
7MF 

I 10*C, 18 h 

y 
0 

97% 

2.242 

0 lo- I 
: o-lol J)5 

O'S 02S 
5 

94% 

2.243 
Scheme 2.115 

The sulfone cleavage can occur principally via the following mechanisms: upon electron 
donation to the arenesulfonyl group, heterolytic scission of the C-S bond can occur either 

to produce a suffinate anion 2.248 and a carbon-centred radical 2.246 that could then 

undergo further reduction to the carbanion 2.247 under the reaction conditions (route a). Or 

the reduction could proceed initially to produce a carbanion 2.247 and a sulfonyl radical 

2.249 [that should readily undergo fin-ther reduction to the sulfinate anion 2.248] (route b). 
R 

-1 +r"l +1- 11-1 PhSO2 
( ý) 

'N ip, 
R! S02Ph + 

N 
<"Ný 

3. Oequiv. 2.; 46 2.248 
Iýtl 

I 
RR 

ýO 

_)e02Ph 

212 L--. -j NaH, DMF 
e- e- 

R! S02Ph 

ko t 

I 10*C, 19 h 
S02Ph 

2.244 2.245 R 

R! 'Jý'S%Ph + PhSO2 

Scheme 2.116 2.247 2.249 

As an alternative substrate ester sulfone 2.251162 was explored. It was hoped that the ester 

group takes over the role of activation in place of a second sulfonyl group and reductive 
desulfonation would occur also. Thus, ester sulfone 2.251162 was reacted with three 

equivalents of imidazole donor 2.20 while heating at II OOC for 18 h. The outcome is shown 
in Scheme 2.117. 
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OMe 
+r---i +r NN 

N 

0-so 
0 

0"". ja 

> <N 
3.0 equiv. 

0 HO"-"a 2.22 L-ý NaH, DMF S02 

ome I looC, 18 h0 
OMe 

40% 29% 27% 

2.251 2.255 2.252 2.125 
Scheme 2.117 

As before, desulfonation occurred to give ester 2.255, this time in 40 % yield. In addition to 

that, cleavage of the C-C bond occurred to form sulfone 2.2152 in 29 % yield. This might be 

rationalised as depicted in Scheme 2.118. It has been suggested in the literature that the 

unpaired electron of the radical-anion 2.251* is mainly located on the sulfur rather than 

being fully delocalised over the aromatic ring. 159 Thus, the C-C bond cleavage might have 

been induced by overlap of the unpaired electron with the a* of the C-C=O bond to give 

para-methoxytoluene after decarboxylation (see Scheme 2.118) [LUMO of sulfone ester 

2.2-51 is shown in Chapter 9, Appendix]. 

ome OMe 
0,0 

0 (11,0 0,9 1- Co, 
s' 

9 
s02 + 0 

OPMB OPMB < OPMB 

L110 

2.251 2.251 2.251 2.252* 2.253 2.254 

Scheme 2.118 

In almost identical yield to sulfone 2.252, para-methoxybenzyl alcohol 2.125 was formed, 

which is rather surprising. Its formation could suggest that the decarboxylation to form 

para-methoxytoluene was rather slow. The acyl radical might have been quenched to 

species 2.256 very rapidly before loss Of C02 could occur. Upon work-up, the alcohol 2.125 

would then have formed. This, however, would be a rather unlikely scenario as the rate of 
decarboxylation for the analogous benzylalkoxycarbonyl radical 2.150 (Scheme 2.119) was 

determined by Beckwith and Bowry 160 to be k=2.2 x 108 s-1 at 79T, suggesting that the 

decarboxylation is a very fast process. 
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(N N+l OMe 
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0 2.22 NaH, DMF p 
OS02 

+0 
91ý 0-X 

OPMB 
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2.251 2.251* 2.252* 2.253 2.254 
I Me ome 

0 
OPMB 

. Q109 
I 

*. ,01 2.150 + PhSO2 
H0 HO 

2.255a* = 2.248* 2.256 2.125 

Scheme 2.119 2.255b* = 2.249* 

Considering the reaction conditions, an alternative mechanism might be responsible for the 

observed reaction outcome Of Scheme 2.117: imidazole donor 2.20 was formed from its 

precursor salt 2.22 that bears iodide counterions. To form donor 2.20, salt 2.22 was treated 

with NaH in DMF and this mixture was after sufficient time subjected to centrifugation. 
The supernatant liquid was then added to the substrate and the mixture was heated at 
II O'C for 18 h. Centrifugation was carried out to remove excess NaH as well as insoluble 

NaI that forms upon donor formation. However, some Nal is soluble in DMF'17 and was 

probably transferred to the reaction mixture. Thus, Krapcho reactionl6l that involves the 

decarboxylation of an ester in the presence of halide ions might have occurred here (Scheme 

2.120). 
()SO20 

0 
r, I-9 

0 S02 1 
&ý'aOMe 

DMF, II OT, 18 h 
"-"aoMe 
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2.25'ýaWe H0 2.259 OMe 5 88 2.246 

Scheme 2.120 
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Attack of the iodide at the benzylic position of sulfone ester 2.251, followed by 
decarboxylation would give rise to anion 2.252* and para-methoxy benzyl iodide 2.257. 
This benzyl iodide should be highly unstable under the conditions (I I O'C, DMF), so that it 

might be nucleophilically attacked by DMF to form 2.258. The formed species might either 
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be reduced further by the donor to 2.259 or break down in work-up to para-methoxybenzyl 

alcohol. Due to the different mechanistic possibilities, it was decided to test for the 

Krapcho reaction by performing the reaction in the absence of iodide. Pure imidazole 

donor 2.20 was used and the reaction was carried out under otherwise identical conditions 
[DMF, II O*C for 18 h]. * Satisfyingly, a very similar reaction outcome was observed as 

shown in Scheme 2.121, therefore, excluding a Krapcho-type interference. 
ome 

EN>_ýND 
0-s 

0NNH 

0 2.20 ýý 0 s02 0'. 'ýa0Me 

-a- ll, - 
+ 

, me; 3 equiv., DMF, ome 1 IOIC, 18 h 
1417% 

ä22% 

23% 

2.251 2.255 2.252 2.125 

Scheme 2.121 

A likely mechanistic possibility for the formation of para-methoxybenzyl alcohol 2.125 is 

the displacement of the alkoxide 2.125* by the nucleophilic donor 2.20 (compare section 3.4, 

i. e. anthracene ester reactivity), since the ester functionality is inductively activated by the 

sulfone group. This would once again lead to an activated donor complex 2.260, and 
decarbonylation would here also give rise to a stabilised carbanion (or radical) alpha to the 

sulfone group. This time, pure donor 2.20 was used in the reaction, thus, the concentration 

of hydroxide should, if present at all, be rather small, which suggests that hydrolysis of the 

ester by hydroxide attack, followed by decarboxylation should not be an alternative in this 

case. 

r---l 
CN N 

NN 

o: 

w OS02 

n-IINN,, N-z'l 

0-so 
0 

breakdown 

OMe 

2.125* 

9 
+ 2.125 

2.252 

0- 

U- O-M, 2.251 2.260 

Scheme 2.122 

It was next questioned, whether a monosulfone that is not activated by a second sulfone or 

ester group, would undergo cleavage under the reductive conditions also. Monosulfone 

2.234 162 was subsequently exposed to three equivalents of donor and the mixture was 
heated at II OT for 18 h. However, no reaction occurred as judged by 1 H-NMR of the 

crude mixture. 

Atomic absorption (AAS, done by S. -Z. Zhou) analysis: 0.005 mg of Na in 100.0 mg of donor 2.20 (0.047 
mol %). This corresponds to the maximum content of Nal in donor 2.20. 
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+ cl, ý> N 

3.0 equiv. NN 
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ý3 

2.22 ý-ý NaIL DMF 

no reaction 
I IOT, 18 h 0 

2.234 
Scheme 2.123 

This suggests that imidazole donor 2.20 acts as a selective reagent, being just at the 
borderline with its reducing power between the potentials of more activated and 

unactivated sulfones. Thus, two further activated sulfones were synthesised to test for this 
hypothesis. This time, the activation was induced by an extended carbon-based 7r-system. 
This should, once again, aid the formation of the product, i. e. the developing radical or 

anion in the transition state should be stabilised by delocalisation due to the extended R- 

system, and hence this should favour the transformation in comparison to the unactivated 

monosulfone 2.234 above. Also, the overall LUMO energy of the molecule would be 

lowered, easing therefore the electron transfer process (this will be discussed in section 5.4 
in more dctail). Thus, monosulfones 2.261 163 and 2.262 were envisaged (see Scheme 2.125). 

The latter was synthesised via addition of thiophenol to the protonated counterpart of 
diphenylethylene 2.263, followed by oxidation of sulfide 2.264 using meta-chloroperbenzoic 

acid (Scheme 2.124). 

01--0 

,s'1 2.263 2.264 2.262 
6 4>0 

Reagents and conditions: (i) thiophenol (1.3 equiv. ), perchloric acid, 2.263 (1.0 equiv. ), O'C to r. t., 
2 h; (ii) 2.264 (1.0 equiv. ), m-CPBA (6.0 equiv. ), DCM, OT to r. t., 18 h. 

Scheme 2.124 

Both monosulfones gave rise to complete desulfonation upon reaction with donor 2.20, 

giving rise to alkene 2.265 and 1,1-diphenylethane 2.266 as the sole products. Alkene 2.265 

was isolated in lower yield, presumably due to its volatility (Scheme 2.125). 
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The cleavages of monosulfones 2.261 and 2.262 are rationalised above by an electron 

transfer mechanism to the arenesulfonyl group. However, an alternative mechanism for the 

observed cleavage could lead to the identical products. If the sulfone cleavages from 

Scheme 2.125 proceeded via SNI reaction alternatively, highly stabilised carbocation 
intermediates would result (e. g. 2.267, Scheme 2.126). The resulting carbocation might then 

have been reduced by electron transfer, leading to the isolated alkene after protonation (of 

a carbanion) or H-atorn abstraction (of a radical intermediate). 

Scheme 2.126 

S02Ph 

DMF, II OT, 18 h 
ý%Ph 

2.261 

r--, N 
>-< 

N 

NN 

2.267 2.265 

To test whether loss of the sulfonyl group is possible via SNI, both substrates, 2.261 and 

2.262, were reacted in the absence of imidazole donor 2.20, once in pure DMF and in the 

other experiment in DMF with thoroughly dried Nal. If carbocations indeed formed, a 

diene, such as 2.268 or the iodide species 2.269 as shown in Scheme 2.127 would be expected 

to form among possible products. [In the reactions with imidazole donor 2.20, iodide 2.269 

could principally form also due to the presence of Nal. Reduction of the iodide by electron 

transfer could then take place, giving 1,1 -diphenylethane 2.266 also]. 
S02Ph 

Nal S02Ph Na 
ý\ /Y 

DMF, 110T. Igh -H 

'o "0 
1 S02Ph DMF, II O'C, 

I 
S" 

0 18h 0 

2.261 2.267 2.268 2.262 2.269 
Scheme 2.127 

However, both experiments gave rise to starting materials only [as judged by 'H-NMR 

spectroscopic analysis of the crude mixture after work-up], disfavouring therefore the 

possibility Of SNI reaction. 

In conclusion, it was shown that imidazole donor 2.2o is capable of cleaving inductively- 

and n-activated sulfones in excellent yields, making it a possible selective reagent in 
desulfonation reactions. 
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53 Reductive cleavage ofsutfonamides 

Due to the success in the deprotection of activated sulfones, sulfonamides were next 

examined for their cleavage with imidazole donor 2.20. Sulfonamides are tough challenges 

also; the S-N bond cleavage usually requires vigorous hydrolysis or strongly reducing 

metals. 164 The reduction potential for sulfonamides typically are around EO = -2.3 to -2.4 V 

(vs. SCE). 165 Sulfonamide 2.271 was prepared and examined for its cleavage behaviour 

using imidazole donor 2.20. The successful protocol that was found for desulfonation was 

applied in the initial experiment. However, this led only to 60 % deprotection (see Scheme 

2.128). 

Ný 
ýN 

NN3.0 equiv. 

W ON9 2.22 
L-ý NaH, DMF 

N9 1 0, N9 97% 02S 1 10*C, 18 h N9 
02S, 

HH 60% 17% 

2.270 2.271 2.270 2.271 

Reagents and conditions: (i) N-phenylbenzylamine (1.0 equiv. ), p-toluenesulfonyl chloride (1.2 
equiv. ), pyridine, reflux, overnight. 

Scheme 2.128 

It was thought that more forcing reducing conditions, Le. greater equivalent numbers of 
donor under more concentrated conditions, might drive the reaction to completion. Thus 

six equivalents of donor 2.20 under twice as concentrated conditions in DMF and II OOC for 

18 h were applied, and it was found that this led to a complete conversion, giving 

phenylbenzylamine 2.270 in 74 % yield (Scheme 2.129). 

02S 

2.271 

t7N N Ný 6.0 equiv. 

2.22 ý-ý NaH, DMF 

I IOT, 18 h 

H 74% 
2.270 

Scheme 2.129 

Two more sulfonamides, 2.272 and 2.274, were then considered that should differ in their S- 

N bond strengths and stability of deprotection products. For protected indole 2.272 it was 
found that a decrease in reaction time to 4h only, led to considerable increase in yield, 

reflecting indole's high reactivity and instability over longer reaction times (see Scheme 

2.130). 
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-1 +r--, i +I- 
(N N 

)t 
N N3 6.0 equiv. 

2.22 L----j NaH, DMF 
, "' N 

21 10*C, 4h 
)ýýS02.272 

Scheme 2.130 

Ný 
tN 

N N3 6.0 equiv. 
L----j NaH, DMF 2.22 

21 10*C, 4h 
)ýýS02.272 

2.273 

+ 
(N ý(N 

N N3 6.0 equiv. 
N-S=O 2.22 L--, 

-) NaH, DMF 

III IOT. 18 h 
no reaction 

91% 2.274 

Pipcrididc 2.274 did not show rcaction, which is in accord with its grcatcr S-N bond 

strength in comparison to the other tested sulfonamides. 

In terms of the cleavage mechanism (see Scheme 2.131), there is the possibility that the N-S 

bond cleavage proceeds to form a nitrogen-centred anion 2.275 and tolylsulfinyl radical 

2.276. SulfonamideS 2.271 and 2.272 would presumably give rise to anions with the 

additional lone pair being accommodated in an sp2 orbital. Piperidide 2.274, in contrast, 

would perhaps lead to an anion having the extra lone pair in an sp 3 orbital which should be 

less stable (this is confirmed by the trend of pK. 's). Alternatively, the bond cleavage could 

occur as to produce a nitrogen-centred radical 2.276 and sulfinate anion 2.278. 

Further theoretical investigations to resolve the mechanism of reductive bond cleavage will 

follow in section 5.4). 

R. 
N' 

IV R. 
N' 

R! - 0- 

I SET 1 02S Ilk" R. R! 
2S lqtttý - 

02S lizttý I 01 

ýo 

-I 

Ao 

-a N' 

2.277 2.275 

2.279 2.279* 02S Rý R! 

2.278 2.276 
Schcme 2.131 

To test whether sulfinate anion 2.278 was indeed produced in the reactions with donor 2.20 

as shown in Scheme 2.131, iodomethane was added to the reaction mixture to trap the 

sulfinate anion. Thus, sulfonamide 2.199 and 2.200 were reacted (see Scheme 2.132) with six 

equivalents of imidazole donor 2.20 for 18 h at I 10"C. After cooling the reaction mixture, 
iodomethane was added and this mixture was then stirred for 2d at room temperature. In 

both experiments tolyl methyl sulfone 2.280 was isolated, showing that 2.278 was formed in 

the reaction and possibly supporting the reductive mechanism. 
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+r"i +i- (N N 

N) N3 6.0 equiv. 
<IN 

6.0 equiv. 
dN I 

2.22 L-ý NaK DMF 2.22 NaK DMF \N 

ýI 

CnN 

it. (:: lN9 
Ts 1)110*C, Igh O=S=O O=S=O 

IS 1) 1 10*C, 18 h 
2) Mel, 2d 

ýe 
81% 2) Mel, 2d 73% 

2.272 2.280 2.271 2.280 

Scheme 2.132 

5.4 Theoretical investigations of the reduction of suffiones and suyonamides 

To understand the basis of the selectivity seen in the reactions above as well as to get 

insight into the mechanism of reductive cleavage, computational investigations [(DFT, 

B3LYP/6-31G(d, p)] were carried out by T. Tuttle from our Department. These studies 

show that the activation energy AG* required (calculated with Marcus theory) for the 

electron transfer to monosulfone 2.234 is much greater than for the activated sulfoneS 2.240, 

2.261 or 2.262 (see Table 2.5). 

Acceptor AG* AGR 
2.234 25.4 24.9 
2.240 13.9 -1.7 
2.261 6.1 -8.7 
2.262 5.1 -13.3 
2.271 10.7 -5.2 
2.272 10.8 -1.5 
2.274 27.0 26.7 

SO2Ph 

0 X' 
ss 

0 `0 
2.234 2.240 2.261 2.262 

1/ 

Pý) 

Table 2.5 Reaction free energy (AGt) and activation energy (AG) for electron transfer 

I Further it was shown that this initial electron transfer must be the crucial factor associated 

with reaction or non-reaction of the corresponding sulfone or sulfonamide, because for 

monosulfone 2.234 it was calculated that after electron acceptance to form the radical anion, 

the generated radical anion has to overcome a small barrier of only 2 kcal/mol to fragment. 

For 2.240,2.261 and 2.262, lower activation energies are associated with the initial electron 

transfer, and the dissociation into a sulfinate anion occurs concertedly with electron 

acceptance as indicated below (see Figure 2.13). 
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2.240 

ýw 

2.262 

-0.01 

Radical anion 
of 2.262 

-0.97 

Radical anion 
2.234 of 2.234 

-0.28 0.28 '1811! 

012 
%. %0 %W 

Figure 2.13 

This favourable dissociation can be explained with the relevant orbitals also, i. e. the 

LUMO of 2.261, for instance, is more extended and the additional 7E-substitution leads to 

much greater overlap than in 2.234 with the cy*-orbital of the C-S bonds, and therefore this 

bond will be far more weakened (Figure 2.14). 

Figure 2.14 LUMO of 2.234 (left) and 2.261 (right) 

For the studied sulfonamides the activation barriers to fonn the corresponding radical 

anions were found to be the most difficult step in the reductive bond cleavage also (see 

Table 2.5 above). Sulfonamides 2.271 and 2.272 show smaller activation energies for electron 

acceptance than piperidide 2.274, agreeing therefore with the experimental observation. 
166 

Upon reductive bond cleavage of 2.271 and 2.272, the negative charge was found to reside 

primarily on the sulfinate for benzyl sulfonamide 2.271, but the charge distribution was 
found to be reversed for the indole sulfonamide 2.272, and a loose associated complex was 
fon-ned that could be described by a three-electron bond (see Figure 2.15 and Appendix). 166,167 

Radical anion 
4.0 of 2.240 

-0.96 1 

-0.04 
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2.272 

%W 

2.271 

4w 

-0.65 -0.34 

-0.35 

2.274 
TUO. 

59 

-0.41 

CQ 

)ýýSo, 2.272 

NY 

2.271 

0 Cý-CN-S"=O 

2.274 

Figure 2.15 Sulfonamides (left) and corresponding radical anions (right) with charge distribution 

5.5 Activation of the ary1suffionyl moiety 

Based on the computational results above, the LUMO energy of the sulfone or sulfonamide 
is a crucial factor for the electron transfer and therefore for reductive bond cleavage to 

occur. Monosulfone 2.234 is completely unactivated and therefore poses a large activation 
barrier for electron acceptance. Alkene sulfone 2.261, in contrast, is activated due to the 
blue part of the molecule, posing a lower LUMO energy and activation barrier for electron 

acceptance. 

0 

2.234 

unacthated 

no cleaN al! e obsen. eil 

Figure 2.16 

0. 

2.261 

unactivated 

kO. 6-5 

ý. o 

01 

2.281 
unactivated) 

cleavaee obsened 9" 

Perhaps, a lowering of the LUMO energy could be introduced into the protecting group 
also, instead of activating the substrate itself (as for 2.261, indicated in blue), i. e. by using 
an electron-poor arylsulfonyl group. The lowering of the LUMO would then be achieved 
by imposing the activation onto the protecting group as shown in blue for 2.281 above, and 
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would have the advantage that the donor could have greater applications with the 

deprotection of a wider range of substrates. The choice of activating group is limited, as 

many electron-withdrawing groups (such as nitro-group for instance) can be reduced by the 

electron donor. The choice led to an ester as the activating group. 

The electron-poor sulfones 2.281 and 2.282 were explored. Sulfone 2.281 would be LUMO- 

activated by the ester group and was synthesised in 3 steps as indicated in Scheme 2.133. 

After nucleophilic substitution of the thiol on 3-bromopropane, esterification was carried 

out, followed by oxididation to the sulfone 2.284. 

1) DMIF, NaK O*C to r. t. 
1) SOC12, EtOH, 

H 

reflux, 5h 
OEt Br 3 

2) DMF, r. t., 2.5 h 2) M-CPBA, r. t., 

S"IaC02 

ovemight 0 
2.283 HS-&CO2H 2.284 2.281 0 

32 % over 3 steps 

Scheme 2.133 

Imidazole derived sulfones (such as 2.282 below) are more readily reduced than phenyl 

sulfones according to Kende et aL 168 who compared the reactivities in reactions with SM12 

and found reductive cleavage only with imidazole sulfones, but not with phenyl sulfones. 

Additives, such as HMPA or DMPU, lead to the reductive bond cleavage of 

phenylsulfones with SM12- 169.170 Imidazole sulfone 2.282 was synthesised readily in two 

steps (Scheme 2.134). 

1) DMF, NaH, OT to r. t. DCM N 10, 01- cl ý, > - S-- Br 2) DMF, r. t., ovemight, -11-1ý--ý 11 

ýis 

m-CPBA, N Ol 

2.283 
FN 

U-11 
ovemight 

Ný'-SH 
2.285 84% 2.282 72 

1%, -b 
I Scheme 2.134 

Both activated sulfones were then tested with imidazole donor 2.20, using 3 equivalents of 

in situ-prepared donor in DMF and heating overnight. Reductive bond cleavage did not 
take place in the reactions however; instead the ester functionality of ester sulfone 2.281 

was hydrolysed and imidazole sulfone 2.282 led to the recovery of starting material only. 

N 

N03.0 equiv. 
(fr3 

\>-Is- O=S=O 
11 

=2.22U 
NaH. DMF 

N0 

I 10*C. 18 h 
no reaction 

2.282 , 2.281 
0 OEt 

Scheme 2.135 

-i +ri +i- (N <N 

3 0 . equiv. NN 
2.22 

ýý 
NaK DMF ": Sýo 0, 

I IOT, 18 h 
2.286 

73% 0 OH 
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In a parallel approach, an electron-poor sulfonamide (2.288) was prepared readily in two 

steps as shown in Scheme 2.136. 

00 
11 

- -/u C" < 

0--CNH 
oi OH 

1) DCK NEt3 

-- 2) SOC12, EtOK 
reflux, 16 h 

2.287 
Scheme 2.136 

00 
N-SII 

0- 
-C 11 

ý ýX, 

0 OR 

2.288 86 % (over 2 steps) 

It was tested using 6 equivalents of pure donor 2.20 (to avoid possible ester hydrolysis by 

hydroxide, if in situ-prepared donor 2.20 is used). The mixture was heated at II O'C for 18 

h. Purification of the mixture resulted in isolation of 4-phenyl piperidine 2.287 in 61 % 

yield (Scheme 2.137). This was a pleasing result as this now makes the cleavage of 

sulfonamides independent from the substrate. The rather moderate yield can be ascribed to 

the challenging purification of an aliphatic amine, particularly in a mixture with DMF. 

r--l 

Ewýl 
00 It O-CN-S 

NN 
2.20 Lýý 

- 

O-CNH 

11 
0 OEt 6equiv., DMF, 

110T, I gh 61% 
2.288 2.287 

Scheme 2.137 

However, comparing the reductive bond cleavage of sulfonamide 2.288 with the attempted 

reductive cleavage of 2.281, the cleavage of the more activated N-S bond could have been 

induced by nucleophilic attack of the donor or hydroxide also and further investigation 

would be necessary to support the proposed electron transfer mechanism. 

Returning to the electron transfer induced reductive bond cleavage, the non-reaction in the 
first two sulfone cases (Scheme 2.135) might be due to the fact that the leaving group is 

unstabilised. So far, sulfones led to successful reductive bond cleavage, if they were a- and 
inductively-activated, leading to stabilised (conjugated) radicals. A primary alkyl radical 
(that would result in the two upper cases) would be less stabilised, leading therefore 
perhaps to a greater activation barrier also, despite the low-energy LUMO. 
Alternatively, it was thought that the initial electron-transfer into the n* (LUMO) might 
take place, however, the intramolecular electron transfer from the 7c* to the c; * of the C-S 
bond, that is necessary to trigger bond cleavage, might be disfavoured now. Because the n* 
was lowered by the electron-withdrawing substituent, but the orthogonal (Y-system was not 
(or less) affected, hence the gap between a* and cF* might be too large now to be 

overcome. This was explored with the next substrate, i. e. electron-rich methoxy sulfone 
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2.289 below. Again, an unstable alkyl radical would result from reductive bond cleavage, 
but this time, the a* --+ (; * gap should be significantly smaller in energy, as the a-donating 

methoxy group should raise the energy of the n*-system, and the inductively withdrawing 

effect of the methoxy group should affect the c; *- system, Le. lower its energy. 
Methoxy sulfone 2.289 was prepared in two efficient steps and tested under identical 

conditions to those used for the two electron-poor sulfones (2.282 and 2.281). 

MeO m-CPBA, rt MeO 
1) DMF, Nal-L OT to r. t. ýPl I 

'" -a overnight 
Br 2) DMF, r. t., 4h, ZI& S I DCM 

89% 99% 00 
MCO-- 

ZI-I eýSH 

2.283 2.290 2.289 

N 

MeO N 

Q1 

3. Oequiv. 
2.22 

L--, 
ýj Nall. DMF 

w no reaction 
I 1O. C. 18 h 

2.289 

Scheme 2.138 

However, 2.289 did not give rise to any bond cleavage either, suggesting therewith that the 

unstabilised alkyl radical leaving group might indeed be responsible here for the non- 

reaction in these cases. Thus, the leaving group stability is just as crucial as the LUMO 

energy for the activation barrier of electron transfer and therefore the reaction or non- 

reaction of the bond cleavage. 

Thus, in order to obtain a great driving-force for the sulfone to leave, more stabilised 

products might need to result from the reductive bond cleavage of low LUMO species. 
One alternative to producing a highly stabilised radical or anion, might also be to induce 

further reactivity in the resulting radical or anion after reductive bond cleavage. In other 
words, if the resulting cleavage product would react further, resulting in a highly stable 

product, this might lower the transition state energy for reductive bond cleavage also. 
Thus, the Julia olefination was envisaged next. 

5.6 Investigations towards the Julia olefthation 

As discussed in the introduction, the classical Julia olefination is carried out with sodium 

amalgam as the reducing agent and after sulfone reduction a very good leaving group (e. g. 
acetate) is eliminated, giving rise to an alkene with E-selectivity. 
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Kende, Keck and co-workers 168,170 found that the reduction of imidazole-containing Julia 

substrates, such as 2.291 below, is feasible using SM12. The reduction of PhS02 analogues 
however, is much more difficult to achieve. Imidazole sulfane 2.291 was thus synthesised, 
by alkylation of sulfone 2.282 (its synthesis is described above) using NaHMDS as the base 

and benzaldehyde as the electrophile. The alcohol obtained was then converted to the 

corresponding ester 2.291 using acetic anhydride (see Scheme 2.139). 

CN 
18% N 

b 2.282 

N cl ">-S02 OH (ii) 

b- 74% 
N' 

2.292 

Reagents and conditions: (i) NaHMDS (1.0 equiv. ), benzaldehyde (1.0 equiv. ), THF, -78'C, I h; 
(H) triethylamine (2.4 equiv. ), DMAP, acetic anhydride (1.2 equiv. ), DCM, OT to r. t., overnight. 

Scheme 2.139 

Having sulfone ester 2.291 in hand, its behaviour in the presence of electron donor 2.20 was 

next explored. Three equivalents of donor were used and the mixture was heated at II O'C 

overnight (Scheme 2.140). This resulted in a complete consumption of starting material and, 

after column chromatography, an inseparable mixture of alkenes was isolated in ca. 73 % 

yield. 

+ r--'-i + EN ,N 1> < 
N 

5N) 
3.0 equiv. 

2.22 
L---' 

NaK DMF 

II O-C, 18 

Scheme 2.140 2.291 2.293 2.294 

The mixture was analysed by 'H-NMR and GC-MS. The latter analysis is given in Figure 
2.17 below. Column A shows the GC-chromatogram. Two major peaks corresponding to a 

mass of 208 (identical with the mass of alkene 2.293) are present, which is illustrated in 

column C. Three other major peaks corresponding to a mass of 206 are present also 
(illustrated in column B) and this mass is identical to the molecular mass of diene 2.294. 
Comparison of the mass spectra of the peaks in column C with the known library spectrum 
of alkene 2.293 indicates a very good match (see Figure 2.18). Furthen-nore, alkene 2.293 has 

a characteristic fragmentation peak at 117; only the peaks from column C show this peak 
in the corresponding mass spectra, which is illustrated in D (Figure 2.17). The mass spectra 
corresponding to the peaks at the retention times 12.76 min and 13.17 min are identical, 
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hence suggesting that the peaks might correspond to the two possible isomers (E and Z) of 

alkene 2.293 (the mass spectra are shown in the appendix, section 9.3). 

RT: I i. t)t) - 15.51 SM: 7B 
RT: 13.17 NL: 

100 6.37E7 A 
RT: 14.25 RT: 13 59 TIC MS Genesis 

. fs526julia 
50 RT: 12.76 

0 
RT: 14.25 NL: 

loo 9.13E6 

m/z= 205.5-206.5 
MS Genesis 

50 fs526julia 

0 
RT: 13.17 NL 

100 3.06E6 

m/z= 207.5-208.5 
MS fs526julia 

50 

11.92 12.53 RT: 12.76 13.59 14.13 14.25 14.73 15.16 15.47 
0 

RT: 13.17 
NL: 

100 2.92E7 

D m/z= 116.5-117.5 
MS Genesis 

50 RT: 12.76 fs526julia 

0 

12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5 
Time (min) 

Figure 2.17 CC-MS analysis of the reaction from Scheme 2.291, with A: GC-chromatogram, B: 

peaks from A that show nvt = 206 in the MS; C: peaks from A that show ? Wz = 208 in 

the MS; D: peaks from A that show tWz = 117 in the MS. 

The fragmentation spectra of the three peaks in B in Figure 2.17, likely corresponding to 

diene 2.294, show a very good match with the known library spectrum also (see Figure 2.18). 
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Figure 2.18 Left: comparison between mass spectrum of the peak at RT: 13.17 min (top left) with 

the known library spectrum of alkene 2.293 (bottom left). Right: comparison between 

mass spectrum of the peak at RT: 14.24 min (top right) with the known library 

spectrum of diene 2.294 (bottom right). 

Furthermore, the three peaks in B in Figure 2.17 have an identical fragmentation pattern (see 

Appendix for the mass spectra, section 9.3), which would suggest that the three peaks 

might correspond to the three possible isomers, i. e. EIZ, ZIZ and EIE. Attempts to purify 

the mixture of alkene 2.293 and diene 2.294 by HPLC were unsuccessful. [The 'H-NMR 

spectra of the mixture of diene 2.293 and alkene 2.294 after column chromatography and 

after HPLC purification can be found in the Appendix, section 9.3]. 

Alkene 2.293 would be the first example of a Julia reaction in the absence of metals, using a 

completely neutral organic electron donor. Its formation can be rationalised by two 

possible mechanisms. The originally proposed mechanism for the classical Julia 

olefination includes the formation of an alkyl anion via two successive electron transfers 

and subsequent elimination of the acetate (compare with Introduction, section 1.3). For the 

reactions with electron donor 2.20 this path (Scheme 2.141) is a less likely alternative, since 
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reduction of an alkyl radical (2.296) to the alkyl anion (2.297) has as yet not been observed 

in reactions with donor 2.20 (compare section 4.2, i. e. aldehyde formation). The only 

possibility would therefore be that the arylsulfonyl group accepts two electrons before 

undergoing reductive bond cleavage (possibly analogous to the aryl anion formation). 

2 xe- D. E. T. 
I ----------------------- I ------- 11-1-1 ------------------------ 

N0N 
>=< N -0- 

0 

ý-Sp, Ne0 

N 
0--'\ 2* 20ý-ý s. E. T,, 

No i--\ 
\ R! 

ýý 
)w 

R" S. E. T. R! R! 

2.295 
C, \>-S(T, 

N 2.296 2.297 2.298 

Scheme 2.141 

However, the second mechanistic possibility would be the one that was proposed by Keck 

et aL 170 as an alternative for the classical Julia olefination mechanism. With deuterium 

labelling studies as well as SM12 reactivity comparisons, Keck et aL concluded that a very 
likely mechanistic possibility for the classical Julia olefination is the initial base-induced 

elimination of the acetate group by methoxide (sodium-amalgam in THF/methanol solution 

are the standard conditions), giving rise to a vinyl sulfone that is subsequently reduced 
further to the alkene. The vinyl sulfone intermediate was verified by premature quenching 

of the reaction. This mechanism could be a very likely reaction path for the reduction by 

donor 2.20 (Scheme 2.142). Reduction of the vinyl sulfone 2.299 might proceed via single 

electron transfer (S. E. T. ) to give the vinyl radical 2.300 that would then be quenched with 

an H-atom, or alternatively, further reduction to the vinyl anion might take place, giving 

alkene 2.298 after protonation of the latter. Vinyl anion 2.301 could also be formed by 

double electron transfer (D. E. T. ) directly from vinyl sulfone 2.299. 

2 xC D. LT 

N0 
NN)=ýNN) 

N CI 
'>'-so, 2.20 

C \>-SO2 
e- NN 

NO 

\WS. E. T. S. LT. re-ý 
R7 R! W+ r---, IV R! R7 R! R7 R! 

2.295 Cl \>---A 
N32.299 

2.300 2.301 2.298 Z--ýy jH* 

R! R7 

Scheme 2.142 2.298 

To test for this mechanistic possibility, vinyl sulfone 2.302 was prepared by DBU-triggered 

elimination of the acetate group in THF at room temperature, giving vinyl sulfone 2.302 in 

excellent yield (Scheme 2.143). Subsequent testing of 2.302 with donor 2.20 under identical 
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conditions as before, gave the identical reaction outcome. Once again, a mixture of alkenes 
2.293 and 2.294 was obtained in ca 78 % yield. 

[N x ý-S02 

N 

89% 
4-b 

NN QQ3.0 
equiv. 

2.22 NaJLDMF 

I IOT, 18 h, 78 % 

2.291 2.302 2.293 2.294 

Reagents and conditions: (i) DBU (6.0 equiv. ), THF, r. t., ovemight. 
Scheme 2.143 

Diene 2.294 might form by H-atom abstraction by a vinyl radical intermediate 2.303a, 

assisted by high temperature and the driving force of forming a highly conjugated system. 

CN > S02 

\--b b 
302 2 2_ 302 2.303a 

Scheme 2.144 

ý-b 
2.293 2.303b 

P2.294 2.294 

Altematively, diene 2.294 might form via allene species 2.304 that could result from base- 

induced elimination of the heterocyclic sulfonyl group. 

>-; So2 BH c 

-, 
7 

H 2.304 
0- 

2.294 r 
to - 

2.302 
Scheme 2.145 

The mechanism for the formation of diene species 2.294 could at this stage not completely 
be resolved. Therefore two more ester sulfone analogues were prepared, bearing a different 

aliphatic chain length that would not impose a driving force towards a conjugated species. 
Furthermore, two different aryl sulfonyl groups were explored in order to investigate the 

scope of the Julia-type olefination by electron donor 2.2o. SM12 was found to be inefficient 
in achieving the Julia reaction on phenylsulfonyl derivatives due to the more negative 
reduction potential of the latter group. How imidazole donor 2.20 stands in comparison to 
SM12 was thus of interest next. 
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HS Ome 
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S OMe 
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Reagents and conditions: (i) Etl, DMF, NaH, OOC to r. t., 2.5 h; (H) m-CPBA, DCM, r. t., overnight, 
(iii) NaHMDS (1.1 equiv. ), tert-butyl-benzaldehyde (1.2 equiv. ), THF, -780C, I h; (iv) triethylarnine 
(2.4 equiv. ), DMAP, acetic anhydride (1.2 equiv. ), DCM, O'C to r. t., overnight. 

Scheme 2.146 

Para-methoxysulfone ester 2.308 as well as phenylsulfonyl ester 2.309 were prepared as 

indicated in Schemes 2.146 and 2.147, analogously to previously described procedures. 
tBu tBu 

0W e-ý 11 fW 
S\02 

110 50 % over 0 
02 

steps 

2.310 2.311 
OH 

2.309 
0-ý 

Reagents and conditions: (i) NaHMDS (1.1 equiv. ), tert-butyl-benzaldehyde (1.2 equiv. ), 
THF, -78'C, I h; (ii) triethylamine (2.4 equiv. ), DMAP, acetic anhydride (1.2 equiv. ), DCM, 
O"C to r. t., overnight. 

Scheme 2.147 

Phenylsulfone ester 2-309 was then tested with electron donor 2.20, using 3 equivalents of 

donor at II O*C overnight. The result of the experiment is illustrated in Scheme 2.148. This 

time, two fractions were isolated. The first apolar fraction was analysed by 'H-NMR and 

GC-MS. The two major peaks in GC-MS had a molecular ion peak at a mass of 272, and 

further comparison with the 'H-NMR of the mixture indicated that those two peaks most 

likely correspond to allene 2.312 and alkyne 2.313. Two small peaks were also seen in GC- 

MS, corresponding to a mass of 174, which would match alkene 2.314 (2 peaks 

corresponding possibly to E- and Z-isomer of the alkene). However, alkene 2.314 was not 

observed in the 'H-NMR analysis, suggesting that it was formed only in trace amount. 

Vinyl sulfone 2.315 was isolated as the second fraction. 

2.309 

Scheme 2.148 

N 45% 01 
3.0 equiv. t 

2.22 L--ýj NaM, DMF 

IIO. C. 
- 
18 

-h 
cr-a 

'Bu 'Bu 

2.312 2.313 

'Bu 
ol 

SýO ý2 

'Bu 
trace 21% 

2.314 2.315 

Repeat of the experiment using 5 equivalents of donor to increase the reducing power and 
therefore perhaps favour alkene 2.314 formation and to achieve full reduction of vinyl 

137 



Chapter Five - Suý(ones and suýfonamides 

sulfone intermediate 2.315, led then to almost exclusive alkyne formation in the reaction 

with para-methoxy sulfone substrate 2.308 and aryl sulfone 2.309. In both cases, GC-MS 

and 'H-NMR analyses revealed traces of allene 2.312 and alkene 2.314 (two peaks with a 

mass of 174, identical retention time as previously, possibly corresponding to E- and Z- 
isomer) being formed also (Scheme 2.149). 

-S 2 SO 

0 

0-ý 

2.309 

N4e0-0-S02 

ýo 

2.308 

Scheme 2.149 

-i + r---i +r (N ND 

N><N5.0 equiv. 

W 2.22 
ý-ý 

NaK DMF_ 

2 go 
90% 7- 

1 IOT, 18 h 

---0- rBu 

55% 

2.313 

'Bu 

41% 

2.313 

11rj-a 'Bu 

trace 

2.314 

'Bu 

-/--a 
trace 
2.314 

Vinyl sulfone 2.315 that was prepared via DBU-induced elimination of acetate, gave rise to 

the identical reaction outcome with 5 equivalent of in situ-prepared donor 2.20. 

2.309 

Scheme 2.150 

NN 0ý 

NN5.0 equiv. 
2.22 ý, 

---j NaK DMF 

110'C, 18 h 

Nw 
') <N 1 

5.0 equiv. N. 
/D 

2.22 
ýý 

NaILDMF 

110T, 18 h 

2315 

2.312 

ý*C 

'Bu 'Bu 
69% trace 

2.313 2.312 

Reagents and conditions: (i) DBU (6.0 equiv. ), THF, r. t., ovemight. 

u 
trace 

2.314 

The varying mass balances in these reactions can most likely be ascribed to the rather low 
boiling points of the species formed. Observation of alkene 2.314 by GC-MS in only trace 

amounts in all cases suggests that the reduction potential of aryl sulfonyl groups either in 

ester sulfone species 2.309 or vinyl sulfone 2.315 is too negative to achieve complete 
reductive bond cleavage by electron donor 2.20, as is the case in reaction with SM12 
(without the help of additives, such as HMPA or DMPU) also. 
Alkyne 2-313 as well as allene 2.312 most likely form via base-induced elimination. As the 
reductive pathway seems to be too difficult for donor 2.20 to undergo, it chooses to react by 
an alternative pathway and acts as a base to eliminate the sulfinate anion. This highlights 

Cr--atBu 
trace 

2312 

C//--a 
'Bu 

/ý 
trace 
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once again, the fine reactivity borderlines of the neutral organic electron donors, reacting at 

the intersection between electron donor, nucleophile or, as observed here, a base (scheme 

2.151). Alternatively, hydroxide, that is likely to be present in the reaction mixture might 

have acted as the base also and might have caused the observed eliminations. Perhaps both 

species are reactive. 

0 NN 
A, 02W 2.20 orOll 

R 
NN 

2.316 
3 

Qýy 

Scheme 2.151 

Ar02 Ar02 ýR 

r R H H 

r 11 H 

00 2317 
13 

2318 
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=C==( 

1 

R 
R 

2319 2320 

As the final substrate, sulfone 2.321 was synthesised as shown in Scheme 2.152 and 

investigated, this time with pure donor 2.20 (i. e. hydroxide should not be present in the 

reaction mixture). This substrate now is derived from a ketone, bearing a methyl group 

instead of the (acidic) proton. Thus the elimination path towards alkyne 2.320 would be 

disfavourcd. However, the extra methyl group seems to increase the steric hindrance to 

such an extent that now a completely different proton is abstracted, leading to species 2.322 

as the exclusive product. 17his reaction outcome might be a combination of both, increased 

steric hindrance around the alpha-sulfonyl position and the absence of hydroxide as the 

possible (small) base. 

f _VS 
14% 

2.311-1 23 

O-SO2 
2.20 5.0 equiv. 

DMF. 110'C. Igh 

0 
2.321 

&SO2 

2.322 

Reagents and conditions: (i) NallMDS (1.0 equiv. ), 2-butanone (1.0 
equiv. ), TIIF, -781C, I h, then quenched with Ac2O (1.2 equiv. ). 

Schcme 2.152 

In conclusion, imidazole donor 2.20 mas applied to the successful and clean deprotection of 

activated sulfones and sulfonamides, proving to be a selective and highly powerful reagent. 
'Mis selectivity *N-as found to be based on the greater activation barriers for the electron 
transfer step to forni the radical anions in the unactivated sulfone and sulfonamide cases 
and depends both on the LUNIO energy and the stability of the leaving groups. 
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Strong evidence was presented for the first example of a Julia olefination using the neutral 

organic electron donor 210 on an imidazolc based sulfone ester, and the limited scope for 

other aryl sulfoncs has been shown. Promise lies in further investigation of imidazole or 
derivatives of similarly low reduction potential to make the reductive pathway most 
favourable in competition with basc-induccd side-reactions. Applications of 'metal-free' 

Julia reactions in synthesis are then likely to follow in the future. 
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Can neutral organic donors achieve selective reductions? 

Following the results that were obtained in the previous chapters in the reduction of aryl 
iodides, bromides and sulfoncs, significant differences in reactivities were observed 
depending on the reaction conditions. It seems that there is a very fine borderline in 

reactivity of the neutral organic electron donors. The investigations that were carried out 

on sulfones show that it should be possible to reduce a bissulfone over a monosulfone, if 

present in the same molecule or reaction mixture. Further, the experiments done on aryl 
iodides highlighted how important the nature of the ortho-substituent to the leaving iodide 

is for an efficient departure of the iodide. Great differences in reactivity were observed 

also, depending on whether additional substitution was on the aromatic system. Thus, it 

was observed that aryl bromide 2.39 reacts at room temperature, where fluorobromide 2.92 

reacts only if heat is applied. 

2.213 
Br 

1(5oBr 0) 

2.39 

Br 

Fýý 

2.92 

Further, para-bromide 2113, in contrast to 2.39, required heat also. This reaction outcome is 

in line with electrochemical observations. Para-bromophenol exhibits a more negative 

reduction potential than 2-bromophcnol. A similar trend is observed with iodophcnol: 

para-iodophenol is significantly more difficult to reduce than ortho-iodophenol (see Table 

2.6 below). '-'*4 

Compound 
11 

Br 
60tl BrýaOH cc I 

&OH 

A0 OH 

F 
I 6Br F"aBr ", aOH 

E"ta vs. SCE 
in H20 -1.97 V -2.06 V -2.14 V -1.53 V -1.63 V -1.70 V -1.69 V -2.00 V 

Table 2.6 

Tbus, it was thought that it might be possible to make use of this trend and to achieve 
selective reduction of an ortho- over a para-iodide, if both are present in the same 
molecule. Diiodo-substrate 2-324 was synthesised for that purpose by iodination of 4- 
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iodoaniline, following the procedure by Shirtcliff et aL 171 Subsequent mesylation and 

Mitsunobu reaction gave rise to diiodide 2.324. 

W NN 

1'ý'aNH 'I 

61% 1 59% o=s=o 90% o=s=o 
II 

Nit, N112 CHI CHI 

2.325 2.326 2.327 2.324 

Reagents and condillons: (i) 4-iodoaniline (1.0 equiv. ), tetramethylammonium iodochlorate 
(1.15 equiv. ), CaCOj (1.4 equiv. ), DCW McOll (5: 1), r. t., ovemight; (ii) 2.326 (1.0 equiv. ), 
DMAP, MsCl (1.1 equiv. ), p)Tidine, reflux, 18 h; (iii) 2.327 (1.0 equiv. ), but-2-en-l-ol (1.2 

cquiv. ), PPh3 (1.2 equiv. ), DIAD (1.2 equiv. ), THF, r. t., 4 h. 

Scheme 2.153 

Substrate 2.324 was then investigated with benzimidazole donor 1.175, since this donor had 

been shown to be at the borderline of being able to reduce aryl iodides. Thus, only this 

donor would give the desired selectivity in that case. In the initial experiment, 1.1 equiv. of 

donor 1.175 were formed in situ using the NaH method. After centrifugation, the 

supernatant yellow liquid was added to substrate 2.324 which gave a colour change from 

yellow to orange and the mixture NN-as then heated at II O'C for 18 h. After neutral work-up 

and further purification by column chromatography, 'H-NMR spectroscopic analysis of the 

obtained mixture was carried out and a rather complex composition was observed. By 'H- 

NMR spectroscopic comparison with the NMR data of the authentic sample, compound 

2.331 could be excluded; it %N-as not formed in this reaction (Schme 2.154). The sample was 

then further analysed by GC-MS, revealing that two compounds with identical mass were 

formed in the reaction, but showing a different fragmentation pattern. Comparison with the 

proton NMR spectrum indicated that these compounds might be 2.328 and 2.329. 

Furthermore, compound 2.330 %vas formed, indicating that over-reduction had taken place. 

r 
(: 

ýýN 

N 
1.179 gle 

aN 
1ý 

I --- 

N DMF, Nall equiv. NN 
I O=S=O 01=0 O=S=O 0=ý=o 
CH, cli3 CH, r CH3 H3 

2324 2328 2.329 2330 2.331 

Schemc 2.154 

In the experiment 1.1 equivalents of donor 1.175 were used since loss of donor solution was 
feared by centrifugation and subsequent transfer via cannula to the reactant. However, to 

ensure that only 1.0 equivalent of donor was present in the reaction mixture, donor 1.175 
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was formed diffcrcntlY in another experiment, this time forming it with KHMDS and 

adding the substrate to it. By this method, more precise amounts of reagents should have 

been in the mixture. Again, the reaction outcome was rather complex (Scheme 2.155). More 

than one product had formed. In purification attempts reduced iodide 2-329 and cyclised 
iodidC 2328 wcrc isolatcd. 

.N cc 
t 
N: o 

11.179 

l. o 
DMF. KINDS equiv. 

'laN 

0=1=0 11(rc. lah o=s=o 0+0 
C113 C113 CH3 

Scheme 2.155 2.324 2.328 2.329 

The isolation of reduced iodide 2.329 was intriguing. If an aryl radical had formed 

selectively on the ortho-iodide, this radical should have cyclised in a very rapid and 

efficient manner. Reduced, uncyclised products were never seen using benzimidazole 

donor 1.175 on iodo NMs substrates. 94 The presence of the second iodine should not have 

affected the conformation of the molecule to the extent that a cyclisation would now be 

slow and disfavoured in competition with hydrogen-atom abstraction. However, the second 
iodine might have an effect on the aromatic system (information about the LUMO of 2.324 

can be found in the Appendix, section 9.4). Two electron-withdrawing iodine substituents, 

might lower the LUMO energy considerably, and hence might activate the system towards 

reduction. This would agree with the observation that colour had changed at room 

temperature. This is generally only observed when heat is applied in reaction with 
benzimidazole donor 1.175 with iodo-NMs substrates. Thus, double electron transfer might 
have taken place onto this highly activated diiodo-substrate 2.324 at room temperature 

analogously to the chemistry of imidazole donor 2.20 on unactivated aryl iodides. 

To test for this greater reactivity of the diiodo-substrate 2.324 towards electron acceptance, 
the reaction %N-as tried with TDAE, which is a less powerful electron donor that does not 

react with mono-iodo NMs aryl iodides, 172 but might give rise to selective and exclusive 

aryl radical formations on this more activated system. 

Me214 
\-/ 

NMe2 

Me2N NMe2 

TDAE 
I 

DMF, I 10*C. IS h 
no reaction 

O=s=O 
CII, 

2.324 
Scheme 2.156 

143 



Chapter SLr - Selective reductions 

Thus, one equivalent of TDAE was reacted with diiodide 2.324 at DMF at I 10"C ovemight. 
After work-up 111-NMR of the crude mixture showed only starting material, the reaction 
did not proceed. 
In another attempt, diiodo-substrate 2.324 was reacted with two equivalents of 
benzimidazole donor 1.175 generated by the NaH method (Scheme 2.157), and this time heat 

was not applied. Monoaryl iodides do not react at room temperature with benzimidazole 

donor 1.175, thus, if selective reduction was possible at room temperature due to the greater 

activation of the diiodide system, then over-reduction should not take place, even if excess 

amounts of donor were used. 

-1, r-I . I- 

CO f1l)o 1.179 w MO 2.0 
N DMF. Nall equiv N 

0= =0 II 
r. t. Iah 01=0 O=S=O 

cill CH3 CH, CH, 

2.324 2.328 2.329 2.324 

Scheme 2.157 

When the yellow donor-solution was added to the substrate, instantaneous colour change to 

orange took place. After 30 min reaction time, the mixture was deep red, and after stirring 
for 18 h at room temperature, surprisingly, the mixture was yellow again (Scheme 2.157). 
'H-NMR analysis of the crude mixture after work-up indicated that the reaction did take 

place to some extent. Starting material 2.324 was seen in a mixture with cyclised iodide 

2.328 and reduced compound 2.329. 

The experiment was repeated and this time only gentle heat was applied (50'C for 18 h; 

II O*C are required to convert a mono-iodoarene94) to drive the reaction to completion. 
And indeed, pleasingly no starting material was observed anymore (Scheme 2.158). 

INC(N 

1*1 79 w MO 2.0 
DMF. NaH Cquivj N 

o=s=o o=s'=o '=o O=s 61,50'C, 18 h CIH3 41% CIH3 16% 

2.324 2.328 2.329 
Scheme 2.158 

Under these conditions, the benzimidazole donor was 100 % selective and reacted 
exclusively with the ortho-iodide. However, the reduced product 2-329 was observed again 
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(16 % NNIR yield) and the overall mass balance was rather moderate (57 %). It seems that 

benzimidazole donor 1.175 is capable of forming aryl. anions on an activated diiodo-system. 

To test why the mass balance is rather low, imidazole donor 2.20 that presumably had 

formed aryl anions on unactivated aryl iodides, was exposed to an aryl iodide cyclisation 

substrate. If the low mass balance can be attributed to the aryl anion intermediate, then 

imidazole donor 2.20 might show similarly low mass balances on analogous cyclisation 

substrates. Thus iodide 2.332 was reacted with 1.5 equivalents of donor 2.20 at room 
temperature. After acidic work-up and purification, the reduced product 2.333 was isolated 

(42 'Vo) as well as aldehyde 2-334 (13 %). 

H wwý 0 
2.4 equiv. 0 

IN 

2.22 N&KDMF N 

O-N 

o=s'=o o=s'=o O=s=O 
ut, IIh. acidic work-up II 6f, CH3 42% CH3 13 % 

2.332 2.333 2.334 
Scheme 2.159 

The mass balance was almost identical to the reaction described above (Scheme 2.158). 

However, when the reaction with diiodide 2.224 was repeated and acidic work-up was 

carried out also, no aldehyde was observed, and the onlY products formed were cyclised 
2.328 and reduced compound 2.329. 
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Conclusions 

It has been shown that the scope of benzimidazole donor 1.175 as a reducing agent is rather 

limited to specific ortho-iodo NMs substrates. More electron-donating ortho-side chains 

(i. e. containing an oxygen or carbon heteroatom) are only reduced with a greater number of 

equivalents of donor under more concentrated conditions. Halides other than iodides are 

reduced rather inefficiently, e. g. 2.17 below. 

r--, .r N 
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1640 me 

1.179 10 equiv. 
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2.17 
01.11- : 1-11 

2.18 
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Thus the scope of bcnzimidazole donor 1.175 lies in the ability to be a selective reagent. 

This has been sho%%m in the selective reduction of the ortho-iodide in the highly activated 

diiodo-substrate 2.224, that possibly led to the formation of an anion in this position even. 

This would be the first time that benzimidazole donor 1.175 generated an aryl anion. 
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f 

NýO 

1.179 vte 4e I"aN 

2. Oequiv., NaILDNIF 
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C113 

2.224 
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C113 41% Cl H3 16 
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In the reduction of an aryl nitro compound by benzimidazole donor 1.175, adduct species 

2.222 was isolated, that might arise from the addition of nucleophilic intermediates, formed 

by the reduction of the nitro group, giving important mechanistic information of the 

chemistry of those donors. 
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It was shown that imidazole donor 2.20 is a more powerful reducing agent, leading to 

complete reduction of aryl bromides, using low equivalent numbers of donor. Further, 

donor 2.20 was applied in the reduction of activated sulfones and sulfonamides, leading to 

products in high yields. 
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Ortho-iodoarenes and ortho-bromoarenes even react at room temperature with donor 2.20, 
highlighting its greater reducing power, and it was shown that aryl anion intermediates 

seem to be involved in the mechanism, since cyclisation of several ester substrates was 

observed. 
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With aliphatic halides, donor 2.20 intriguingly forms aldchydcs, if DMF is used as the 

solvent. The proportion of aldehyde was increased with greater number of equivalents and 

concentration of donor. It has been sho%vn that those aldehydes can be avoided by changing 

the solvent to dicthyl cthcr or toluene, giving then radical chemistry at room temperature 

on alkyl bromides and iodides. Further, donor 2.20 has been applied to the selective 

reduction of an aryl bromide over an alkyl bromide. 

N 6.0 equiv. 
2.2 2 NaKDMF_ 

r. l.. IIk acidic work-up 
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tý. 

O equiv. 

tolucntý r. t., acidic 

Br 
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Oý, ýý Me 67 % 
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Intriguing reactivity was explored with anthracene esters, giving a dihydroanthracene ester 
(2.130) as one of the major products, if carbene 2.126 (derived from 2.128) was added, and 

dihydroanthraccne, if not. 
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Furthermore, strong evidence was presented for the I" example of a Julia olefination. using 

a neutral organic elcctron donor. 

2.291 

EN\>- 
I 

2.302 

(Ný N 

NfN33.0 equiv. 

2.22 
ýý NaILDMF 

110T. 18h 

jb 
2.293 2.294 

N) 

NN3.0 equiv. 

212 
U 

Nall, DMF 

110-C, IS h 
jb p 

1\1 h 
2.293 2.294 

In terms of future developments, once the Julia reaction with donor 2.20 has been 

optimised, applications in synthesis could follow. Further mechanistic investigations to 

reveal the mechanism of aldehyde formation in the reduction of alkyl halides would be 

valuable. Also, the possibility of anion formation on activated aryl iodides by 

benzimidazole donor 1.175 would be an interesting subject for further studies in the future. 

Scope exists also for further optimisation and studies in the reduction of anthracene esters 

in the presence of a carbene. 
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17) 
11) Experimental Section 

8.1 General information 

'H-NMR spectra were recorded at 400.13 MHz on a Bruker DPX400 spectrometer and 

400.03 NIHz on an AV400 (AVANCE) and at 500.13 MHz on an AV/DRX500 

spectrometer. 13C NMR spectra were recorded at 100.6 MHz (DMX/ AV400) and at 

125.758 MHz (AV/DRX500) using a broadband decoupled mode on the same 

spectrometers. JMOD and 13C-decoupled spectra were used to determine the multiplicities 

of the carbon resonances. Experiments were carried out using deuterochloroform (CDC13) 

unless otherwise stated and chemical shifts are reported in parts per million (ppm). 

Coupling constants J are reported in Hertz (Hz). 'Me following abbreviations are used for 

the multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, double 

doublet; b, broad. 

infrared spectra were recorded on a Perkin Elmer "spectrum One FT-W spectrometer. 

Melting points were recorded using either a Griffin or a Gallenkamp melting point 

apparatus. 

Mass spectrurn analysis ,,. -as carried out by the EPSRC national mass spectrometry service 

centre using a JLZX 102, VG ZAB-E or VG micromass instrument. 

Column chromatography %Nras performed using Prolabo 35-75 gm particle sized silica gel 

60 (200400 mesh) or activated neutral alumina. Reactions were followed using thin layer 

chromatography (TLC) carried out on Merck silica gel 60 F254 pre-coated aluminium 

plates. Visualisation was achieved under UVP mineralight UVG-1 I lamp or by developing 

plates with methanolic vanillin or phosphomolybdic acid. 

All reagents were obtained from commercial suppliers. Tetrahydrofuran, dichloromethane, 

hexane, diethyl ether and toluene were dried with a Pure-Solv 400 solvent purification 

system (by Innovative Technology Inc., USA). Dimethy1formamide was obtained from 

commercial suppliers as anhydrous (99.98%) and used directly. Sodium hydride was 

supplied as a 60% suspension in mineral oil and was washed with hexane to remove the oil 

prior to use. 
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For references given in the experimental section the following convention is used. 
References given with the name of the compound in the title of an experiment were used 
for the procedures carried out in that experiment. References contained within the body of 

the report are from previous syntheses of that particular compound, not exclusively by the 

methods described, and were used for comparison of spectroscopic and analytical data. 
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8.2 Experiments from chapter 2: Reaction with benzintidazole donor 1.175 

1,3-bis[3-Niethyl-311-benzimidazoliumI propane dfiodide 1.17994 

-I r') I- CýN' W, ýt, 
> <1 

Me me 
1.179 

N-Methylbcnzimidazolc (5.00g, 37.82 nunol, 2.5 equiv. ) and 1,3-diiodopropane (1.74 ml, 

15.13 mmol, 1.0 equiv. ) were dissolved in acetonitrile (20 ml) and heated under reflux for 

4 d. After cooling, the precipitate %N-as collected by filtration and washed with DCM. The 

salt -Aras ground to a fine powder andwashed further with more DCM. This gave 1,3-bis[3- 

methyl-3H-benzimidazolium]propaneg4 1.179 as a white salt (7.817 g, 92 0/6), dec. at 276- 

277"C; v. (KBr)/caf 1 3034 (Ar-11), 1570 (Ar-H), 1462 (C-H), 1434 (C-H); A, (DMSO) 

2.60 (2H, quintet, J 7.3, CH2), 4.08 (6H, s, NCH3), 4.67 (4H, t, J 7.3, CH2), 7.68-7.47 (411, 

m, ArH), 8.02-8.08 (4H, m, ArH), 9.72 (211, s, 2x NCHC); &c (DMSO) 28.4 (CH2), 33.8 

(CHA44.2 (CH2), 113.9 (CH), 114.0 (CH), 126.9 (CH), 127.0 (CH), 131.2 (C), 132.2 (C), 

143.2 (CH). 

1-(4-Bromobut-2-enyloxy)-2-iodobenzene 2.4 

ao, 

2.4 

A solution of 2-iodophenol (5.60 g, 25.45 mmol, 1.0 equiv. ) in THF (75 ml) was added 

dropwise to a suspension of -, vashed sodium hydride (1.22 g, 30.55 mmol, 1.2 equiv. ) in 

THF (150 ml) while cooling to O*C. The mixture was allowed to warm to room 

temperature, stirred for lh and was then cooled to OT again. Subsequently, 1,4-trans- 

dibromobut-2-ene (13.60 g, 63.60 mmol, 2.5 equiv. ) dissolved in THF (75 ml) was added 

rapidly and the mixture was stirred for 2.5 h. The solvent was removed under reduced 

pressure and the residue N%-as subjected to column chromatography (5: 95 DCM/ petroleum 

ether) which afforded ]-(4-bromo-but-2-enyloxy)-2-iodobenzene 2.4 as a white solid (5.03 

g, 56 O/o); mp 41-42 T; (Found: [M+Nli4l+, 369.9299. CIOHIOBrIO requires [M+NH4]+, 

369.9299 for 79Br); v.. (KBr)lcnf 1 3055 (Ar-H), 3020 (Ar-H), 2895 (C-H), 2850 (C-H), 

15 81 (Ar), 1475 (C-11), 1437 (C-H); AI (CDC13) 4.02 (2H, m, CH2Br), 4.63 (2H, d, J 4.29 
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CH20), 5.98-6.04 (111, m. Cll,, =CIICI12Br), 6.16-6.24 (1 H, m, OCH2CH=CH), 6.72-6.76 

(111, m, ArH), 6.80 (111, dd, J8.2,1.2, ArM, 7.28-7.32 (IH, m, ArH), 7.80 (IH, dd, J7.8, 

1.6, ArH); & (CDC13) 32.3 (CH2), 68.5 (CH2), 87.0 (C), 112.8 (CH), 123.2 (CH), 129.3 

(CH), 129.8 (CII), 129.8 (CH), 139.8 (CM, 157.1 (C); nilz (EI) 354 (M+, 3% 8'Br), 352 

(M+, 3% 79Br), 219 (55), 92 (37), 63 (50), 53 (100). 

1 -Tod o-2-(4-ph c ny Isul fa nylb u t-2-cnyloxy)b enzen c 2.2172 

S, 0 -, 
1 

Icý 

2.2 

To a suspension of washed sodium hydride (134.4 mg, 3.36 mmol, 1.2 equiv. ) in THF (5 

ml), a solution of thiophenol (0.29 ml, 2.80 mmol, 1.0 equiv. ) in THF (5 ml) was added 

dropwise while cooling to O"C. The mixture was allowed to warm to room temperature and 

was stirred for 0.5 h. A solution of 1-(4-bromobut-2-enyloxy)-2-iodobenzene 2.4 (1.0 g, 

2.80 mmol, 1.0 equiv. ) in THF (5 ml) was then added dropwise at 0"C and upon complete 

addition, the mixture was warmed to room temperature again and stirred for 15 h. After 

quenching the reaction with water, the solvent was removed under reduced pressure and 

the residue was dissolved in diethyl ether (100 ml) and water (100 ml). The aqueous phase 

was extracted with diethyl ether (2 x 100 ml) and the combined organic phase was washed 

with water (2 x. 100 ml) and sat. sodium bicarbonate solution (5 x 50 ml), dried over 

sodium sulfate and evaporated. The residue was subjected to column chromatography 

(10: 90, then 20: 80 toluene/ petroleum ether), which afforded I-iodo-2-(4- 

pherVIsuy'anylbut-2-enyloxj)benzcne 2.2 as a white solid (0.890 mg, 83 %); mp 51-52'C; 

(Found: [NI+NIH4]+ 400.023 1. C16HISIOS requires [Af+NH4]+, 400.0227); v. a, (KBr)/cnf 1 

3057 (Ar-H), 2915 (C-11), 1581 (Ar), 1473 (C-H); 8H (CDC13) 3.62 (2H, dd, J 6.9,1.1, 

CH2S), 4.53 (21-1, dd, J 5.1,1.2, CH20), 5.76-5.84 (1 H, rn, CH=CH), 5.99-6.07 (1 H, m, 
CH=CH), 6.71-6.75 (IH, m, ArH), 7.20-7-33 (41-1, m, ArH), 7.36-7.39 (2H, m, ArH), 7.80 

(11-1, dd, J8.1,1.6, ArH);, 6c (CDC13) 36.1 (CHA 68.8 (CH2), 86.8 (C), 112.6 (CH), 122.8 

(CH), 126.5 (CH), 127.7 (CH), 129.0 (CH), 129.1 (CH), 129.5 (CH), 130.3 (CH), 135.7 

(C), 139.6 (CII), 157.1 (C); nVz (El) 382 (M+, 2 %), 163 (100), 146 (18), 135 (42), 108 

(52), 65 (29). 
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Attempted cylisation of 2.2 using benzimidazole donor 1.175 

CCNý N]O 

s'-, --, me M" SPh 
1.179 

KHMDS. DMF/tolue ID70 
complex 

Cý 

- 

Cý01/ 

mixture 

2.2 2.2 10% 
2.5 

Salt 1.179 (201.6 mg, 0.36 mmol, 1.2 equiv. ) was dissolved in DMF (5 ml) and toluene (10 

ml) and purged with argon for 30 min. KHMDS (1.9 ml, 0.72 mmol, 2.4 equiv., c=0.38 

mol/1) was added dropwise and the reaction mixture was stirred for lh at room 

temperature. A purged solution of substrate 2.2 (115.0 mg, 0.3 mmol, 1.0 equiv. ) in toluene 

(5 ml) was then added to the reaction mixture. After heating at reflux for 18 h, the mixture 

was poured into water (50 ml) and diethyl ether (50 ml), and the aqueous phase was 

'extracted with diethyl ether (2 x 50 ml). The organic phases were combined and washed 

with water (3 x 50 ml), dried over sodium sulfate, filtered and concentrated in vacuo. A 

complex mixture was obtained, in which starting material 2.2 was identified by IH-NMR 

comparison. Further purification of the mixture by by column chromatography (2: 98 ethyl 

acetate/ petroleum ether) gave the desired product 3-vinyl-2,3-dihydrobenzofuran 2.5 173 as 

a colourless liquid (4.3 mg, 10 %); v. �, (NaCl)/cm-1 3076 (Ar-H), 2959 (C-H), 1640 (Ar), 

1596 (Ar), 1481 (C-H); & (CDC13) 4.10-4.17 (IH, m, CH), 4.23-4.27 (IH, m, CH20), 4.72 

(IH, dd, J 9.0,9.0, CH20), 5.15-5.25 (2H, m, CH=CH2), 5.83-5.92 (IH, m, CH=CH2), 

6.81-6.91 (2H, m, ArB), 7.12-7.17 (2H, m, Affl); &- (CDC13) 47.2 (CH2), 76.4 (CH), 109.9 

(CH2)9 116.9 (CH), 120.8 (CH), 125.1 (CH), 128.7 (C), 129.5 (CH), 138.1 (CH), 160.1 (C); 

rWz (EI) 146 (M+, 24 %), 131 (100), 115 (35), 91 (28). 

1-(4-Ethylsulfanylbut-2-enyloxy)-2-iodobenzene 2.6 

ao, 
2.6 

To a suspension of washed sodium hydride, (36.9 mg, 0.923 mmol, 1.3 equiv. ) in THF (2 

ml) a solution of ethanethiol (0.064 ml, 0.85 mmol, 1.2 equiv. ) in THF (2 ml) was added 
dropwise while cooling to O'C. The mixture was allowed to warm to room temperature and 
was stirred for 0.5 h. A solution of 1-(4-bromobut-2-enyloxy)-2-iodobenzene 2.4 (250.0 
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mg, 0.71 mmol, 1.0 equiv. ) in THF (3 ml) was then added dropwise at OIC and the mixture 

was allowed to warm to room temperature again. After stirring for 18 h at room 

temperature the solvent was removed in vacuo and the residue was dissolved in water (20 

ml) and diethyl ether (50 ml). The organic phase was washed with water (2 x 20 ml) and 

sat. sodium bicarbonate solution (3 x 20 ml), was then dried over sodium sulfate and 

evaporated. The residue was purified by column chromatography and ]-(4- 

ethylsulfanylbut-2-enyloxy)-2-iodobenzene 2.6 was isolated as a yellow oil (203 mg, 86 %); 

(Found: [M+NI14]+ 352.0229. C12HI510S requires [M+NH4], 352.0227); vna, (NaCI)/cm7l 

2963 (C-H), 2923 (C-H), 1471 (C-H), 1438 (C-H); Aj (CDC13) 1.23 (3H, t, J 7.4, CH3), 

2.47 (2H, q, J 7.4, SCH2CH3), 3.19 (2H, dd, J 7.1,0.8, CHCH2S), 4.58 (211, in, OCH2), 

5.74-5.81 (IH, in, CH=CH), 5.87-5.94 (IH, in, CH=CH), 6.71 (IH, m, ArH), 6.80 (IH, dd, 

J 8.3,1.2, ArH), 7.25-7.29 (1 H, in, ArH), 7.77 (1 H, dd, J 7.8,1.6, MR); t3c (CDC13) 14.6 

(CH3), 24.7 (CH2), 33.1 (CH2), 69.1 (CH2), 87.0 (C), 112.8 (CH), 122.8 (CH), 126.9 (CH), 

129.5 (CH), 130.6 (CH), 139.6 (CH), 157.1 (C); nilz (EI) 334.1 (M+, 20 %), 272 (20), 220 

(100), 203 (32), 190.9 (80). 

Attempted cyclisation of 2.6 using benzimidazole donor 1.175 

r---l .r 

SEt SEt Me Me 
1.179 

-'r Q0 
KHMDS, DMF/toluenej ul-- 

'f ao, 

0 
2.6 2.6 2.5 

Salt 1.179 (201.6 mg, 0.36 mmol, 1.2 cquiv. ) was dissolved in DMF (5 ml) and toluene (10 

ml) and purged with argon for 30 min. KHMDS (1.6 ml, 0.72 mmol, 2.4 equiv., c=0.45 

mol/1) was added dropwise and the reaction mixture was stirred for lh at room 

temperature. A Solution of substrate 2.6 (115.0 mg, 0.3 mmol, 1.0 equiv. ) in toluene (5 ml) 

was purged with argon for 20 min and then added. The reaction mixture was heated at 

reflux for 18 h. The mixture was then poured into water (50 ml) and diethyl ether (50 ml) 
and the aqueous phase was extracted with diethyl ether (2 x 50 ml). The organic phases 
were combined and washed with water (3 x 50 ml), dried over sodium sulfate, filtered and 
evaporated. A 'H-NMR spectrum of the crude mixture showed a 4: 1 ratio of starting 
material 2.6 and 3-vinyl-2,3-dihydrobenzofuran 173 2.5; for data, see above. 
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I-lodo-2-(3-phenylallyloxy)benzene 2.7 174 

0 2.7 

Cinnamyl alcohol (1.220 g, 9.09 mmol, 1.0 equiv. ), 2-iodophenol (2 g, 9.09 mmol, 1.0 

equiv. ) and triphenylphosphine (2.384 g, 9.09 mmol, 1.0 equiv. ) were dissolved in THF 

(30 ml), and the mixture was cooled to O'C. DIAD (1.79 ml, 9.09 mmol, 1.0 equiv. ) was 
then added dropwise and the mixture was allowed to warm to room temperature and stirred 
for 2.5 h. The solvent was removed under reduced pressure and the residue was purified by 

column chromatography (10: 90 toluene/ petroleum ether). I-lodo-2-(3- 

phenylallyloxy)benzene 2.7 175 was isolated as a colourless liquid (0.801 g, 40 %); (Found: 

[M+NH4]+ 354.0348. C15H1310 requires [M+NH4], 354.0349); vn. (NaCl)/cm"l 3058 (Ar- 

H), 3025 (Ar-H), 2864 (C-H), 1581 (Ar), 1473 (C-H), 1438 (C-H); 8H (CDC13) 4.79 (2H, 

dd, J 5.4,1.6, CH20), 6.47 (1 H, m, CH=CH), 6.79 (1 H, m, CH=CH), 6.90 (2H, m, ArH), 

7.34 (2H, m, ArH), 7.41 (2H, m, ArH), 7.49 (2H, m, ArH), 7.87 (1 H, dd, J 7.8,1.6, ArH); 

c'ý (CDC13) 70.1 (CH2)3,87.3 (C), 113.2 (CH), 123.2 (CH), 122.4 (CH), 127.1 (CH), 128.3 

(CH), 129.1 (CH), 129.9 (CH), 133.3 (CH), 136.9 (C), 140.0 (CH), 157.6 (C); nzlz (EI) 

336 (M+, 100 %), 307 (29), 254 (30), 233 (70). 

Attempted cylisation of 2.7 using benzimidazole donor 1.175 

UN 
N 

ýfc ? 4. 

1.179 
KHMDS, DMF/toluene 

I- mixture ofcompounds 

2.7 

Salt 1.179 (201.6 mg, 0.36 mmol, 1.2 equiv. ) was dissolved in toluene (15 ml) and DMF (5 

ml) and purged with argon for 30 min. KHMDS (1.76 ml, 0.72 mmol, 2.4 equiv., c=0.41 
moIA) was then added dropwise and the mixture was stirred for lh at room temperature. A 

solution of 1-iodo-2-(3-phenylallyloxy)benzene 2.7 (101 mg, 0.3 mmol, 1.0 equiv. ) in 

toluene (5 ml) was purged with argon for 20 min and then added to the reaction mixture 
via cannula. The mixture was heated at reflux for 18 h, poured into water (50 ml) and 
diethyl ether (50 ml) and the aqueous phase was extracted with diethyl ether (2 x 50 ml). 
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The combined organic layer was washed with water (3 x 50 ml), dried over sodium sulfate, 

filtered and evaporated. The residue was purified by column chromatography (2.5: 2.5: 95 

toluene/ DCM/ petroleum ether) to afford starting material 2.7 (44 mg, 44 %) and two other 

complex fractions, one less polar than starting material 2.7 (26 mg), the other more polar 

than 2.7 (5 mg). Both fractions were subjected together to GC-MS analysis. Found: 

Phenol 2.9 176: nVz (EI) 94 (M+, 100 O/o), 66 (73), 65 (52), 63 (11). 

lodophenol 2.3 177: Wz (EI) 220 (M+, 100 %), 93 (16), 65 (26), 63 (12). 

Propenylbenzene 2.10 178 : Wz (EI) 118 (M+, 37 %), 117 (100), 91 (18), 63 (9). 

Phenyl-cinnamyl ether 2.1118() or 3-benzyl-2,3-dihydrobenzofuran 2.12 179: nilz (EI) 210 

(M+, 12 O/o), 117 (100), 115 (68), 91 (12), 77 (8). 

0H cco Cr 

2.3 2.9 2.10 2.11 2.12 

Phenyl cinnamyl ether 2.11 174 

0 2.11 

Cinnamyl alcohol (1.43 g, 10.6 mmol, 1.0 equiv. ), phenol (1.0 g, 10.6 mmol, 1.0 equiv. ) 

and triphenylphosphine (2.78 g, 10.6 mmol, 1.0 equiv. ) were dissolved in THF (15 ml), 

and cooled to O'C. Subsequently, DIAD (2.3 ml, 11.7 mmol, 1.1 equiv. ) was added 

dropwise. The reaction mixture was then allowed to warm to room temperature and stirred 

for 5 h. The solvent was removed in vacuo and the residue purified by column 

chromatography (10: 90 toluene/ petroleum ether) to give phenyl cinnamyl ether 2.11180 as a 

white solid (1.76 g, 79 %), mp 65-66"C (lit. 181 68-69.7'C); v.. (KBr)/cm" 3027 (Ar-H), 

2908 (C-H), 2862 (C-H), 1599 (Ar), 1448 (C-H); &H (CDC13) 4.72 (2H, dd, J 5.8,1.4, 

CH20), 6.41-6.48 (IH, m, CH=CHPh), 6.76 (IH, d, J 16.5, CH=CHPh), 6.97-7.00 (3H, 

ArH), 7.25-7.37 (5H, m, ArH), 7.42-7.45 (2H, m, ArH); 5c (CDC13) 68.8 (CH2)9 115-0 

(CH), 121.1 (CH), 124.7 (CH), 126.8 (CH), 128.1 (CH), 128.8 (CH), 129.7 (CH), 133.2 

(CH), 136.7 (C), 158.8 (C); Wz (EI) 210 (M+, 12 %), 117 (100), 115 (75), 91 (15), 77 (12). 

158 



Chapter Eight - Experimental Section 

Attempted cyclisation of 2.11 using benzimidazole donor 1.175 

71 
. 
r-'% . f- cc tII 

Me me 
1.179 

KHMDS, DMF CIO 

31% 

2.11 2.11 

Salt 1.179 (403.2 mg, 0.72 mmol, 1.2 equiv. ) was dissolved in DMF (13 ml) and purged 

with argon for 30 min. KHMDS (3.79 ml, 1.44 mmol, 2.4 equiv., c=0.38 mol/1) was then 

added dropwise and the mixture was stirred for lh at room temperature. An argon-purged 

solution of substrate 2.11 (126.2 mg, 0.6 mmol, 1.0 equiv. ) in DMF (7 ml) was then added 

to the reaction mixture via cannula and the mixture was heated at reflux for 18h, poured 
into water (50 ml) and diethyl ether (50 ml) and the aqueous phase was acidified and 

extracted with diethyl ether (2 x 50 ml). The combined organic phases were washed with 
dilute hydrochloric acid (3 x 50 ml), dried over Na2S04,, filtered and evaporated. The 

residue was subjected to column chromatography (10: 90 ethyl acetate/ petroleum ether) 

and two main fractions were separated, the first afforded starting material 2.11 (39 mg, 

31%) and the second fraction (33 mg) was a complex mixture that was subjected to GC- 

MS analysis which gave along with unidentified compounds: 
Propenylbenzene 2.10178: tWz (EI) 118 (M+, 37 %), 117 (100), 91 (18), 63 (9). 

2.10 

I-Chloro-2-fluoro-4-(5-phenylpentyloxy)benczene 2.15 174 

cl 
F 

2.15 

5-Phenyl-l-pentanol (0.144 ml, 0.854 mmol, 1.0 equiv. ), 4-chloro-3-fluorophenot (125.1 

mg, 0.854 mmol, 1.0 equiv. ) and triphenylphosphine (223.9 mg, 0.854 mmol, 1.0 equiv. ) 

were dissolved in THF (5 ml), and the mixture was cooled to O'C. DIAD (0.168 ml, 0.854 

mmol, 1.0 equiv. ) was added dropwise and the mixture was allowed to warm to room 
temperature and stirred for 2.5 h. The solvent was removed under reduced pressure and the 
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residue was exposed to column chromatography (10: 90 DCIvV petroleum ether). 1-Chloro- 

2-fluoro-4-(5-phenylpentyloxy)benzene 2.15 was isolated as a colourless liquid (189 mg, 76 
35ci); v O/o); (Found: [M+NH4]+ 310.1370. C17H18CIFO requires [M+NH4], 310.1368 for max 

(NaCl)/cnfl 3027 (Ar-H), 2938 (C-H), 2859 (C-H), 1609 (Ar), 1493 (C-H), 1470 (C-H); 

811 (CDC13) 1.55 (2H, m, CH2), 1.75 (2H, m, CH2), 1.86 (2H, m, CH2), 2.70 (2H, t, J 7.79 

CH2), 3.96 (2H, t, J 6.3, CH2), 6.67 (1 H, dd, J 8.8,2.8, ArH), 6.73 (1 H, dd, J 10.9,2.79 

ArH), 7.24 (2H, m, ArH), 7.33 (4H, m, ArH); t5c (CDC13) 25.8 (CH2), 29.1 (CH2), 31.3 

(CHA 36.0 (CH2),, 68.7 (CH2), 103.5 (d, 2J24.19 CH)3,111.4 (d3,3Jc-F3.2, CH), 112.1 (d, 2j 

18.0, Q, 125.9 (CH), 128.5 (CH), 128.6 (CH),, 130.6 (d, "J, 
-, 

1.1, CH), 142.6 (C)q 158.6 

(d, IJC-F 247.6, Q, 159.1 (d, 3Jc-F 9.7, C); rWz (EI) 294 (M+, 4 %, 37CI), 292 (M+, I I%, 

35CI), 146 (25), 148 (8), 91 (100). 

Attempted reduction of 1-chloro-2-fluoro4-(5-phenylpentyloxy)benezene 2.15 with 
1.175 

2.15 

r 

ccý, tNý NN 
ýfc ýfe 

1.179 
KHMDS, DMF (lçF 

2.15 

(i) Salt 1.179 (147.8 mg, 0.264 mmol, 1.2 equiv. ) was dissolved in DMF (12 ml) and 

purged with argon for 30 min. KHMDS (1.39 ml, 0.528 mmol, 2.4 equiv., c; = 0.38 mol/1) 

was added dropwise and the reaction mixture was stirred for lh at room temperature. An 

argon-purged solution of 2.15 (64.4 mg, 0.220 mmol, 1.0 equiv. ) in DMF (5 ml) was then 

added and the reaction mixture was heated at II VC for 3 d. The mixture was poured into 

water (50 ml) and diethyl ether (50 ml). The aqueous phase was extracted with diethyl 

ether (2 x 50 ml) and the combined organic phases were washed with water (3 x 50 ml), 
dried over Na2SO4. filtered and evaporated. The residue was purified by column 

chromatography (5: 95 ethyl acetate/ petroleum ether) to afford starting material 2.15 (58.0 

mg, 91 %). 

(H) Salt 1.179 (827.3 mg, 1.477 mmol, 5.0 equiv. ) was dissolved in DMF (10 ml) and 

purged with argon for 30 min. KHMDS (9.0 ml, 2.954 mmol, 10 equiv., c=0.33 mol/1) 
was added dropwise and the reaction mixture was stirred for lh at room temperature. An 

argon-purged solution of 2.15 (200 mg, 0.295 mmol, 1.0 equiv. ) in DMF (4 ml) was then 
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added and the reaction mixture was heated at II 8"C for 3d. The mixture was poured into 

water (50 ml) and diethyl ether (50 ml). The aqueous phase was extracted with diethyl 

ether (2 x 50 ml) and the combined organic phases were washed with water (3 x. 50 ml), 
dried over Na2SO4,, filtered and evaporated. The residue was purified by column 

chromatography (4: 95 ethyl acetate/ petroleum ether) to afford starting material 2.15 (190 

mg, 95 %). 

2-Bromo-5-fluoro-l-(5-phenylpentyloxy)benzene 2.17 174 

Fj(: 

Br cz,. 

"ýo 
2.17 

5-Phenyl-l-pentanol (0.44 ml, 2.60 mmol, 1.0 equiv. ), 2-bromo-5-fluorophenol (0.3 ml, 

2.60 mmol, 1.0 equiv. ) and triphenylphosphine (0.687 g, 2.60 mmol, 1.0 equiv. ) were 

dissolved in THF (8 ml), and the mixture was cooled to O*C. DIAD (0.51 ml, 2.60 mmol, 

1.0 equiv. ) was then added dropwise and the mixture was allowed to warm to room 

temperature and stirred for 3 h. The solvent was removed in vacuo and the residue was 

purified by column chromatography (5: 95 ethyl acetate/ petroleum ether) to give 2-bromo- 

5-fluoro-]-(5-phenylpentyloxy)benzene 2.17 as a yellow oil (823.9 mg, 84 %); (Found: 

[M+NI14]+ 354.0870. C17H, &BrFO requires [M+NH4], 354.0863 (for 79Br); vm. (NaCl)/ 

cm" 3084 (Ar-H), 3026 (Ar-H), 1605 (Ar), 1483 (C-H), 1423 (C-H); 811 (CDC13) 1.64-1.72 

(2H, m, CH2), 1.85 (2H, quintet, J 6.5, CH2), 1.99 (2H, m, CH2), 2.79 (2H, t, J 7.6, CH2), 

4.06 (2H, t, J 6.4, CH2), 6.69 (2H, m, ArH), 7.32 (3H, m, ArH), 7.42 (2H, m, ArH), 7.57 

(I H, dd, J 8.6,6.2, ArH); &- (CDC13) 25.8 (CH2), 28.9 (CHA 31.3 (CHA 3 5.9 (CHA 69.3 

(CHA 101.4 (d, 2 &F 26.7, CH), 106.5 (d, 4&F 3.6, C), 108.3 (d2 2&F 22.4, CH), 125.9 

(CH), 128.5 (CH), 133.5 (CH), 142.5 (C), 156.5 (d, 3JC-F 10.2, Q, 162.8 (d, I&F 246.02 

Q; tWz (El) 338 (M+, 5 %, 8'Br), 336 (M+, 5 %, 79Br), 192 (6,8'Br), 190 (6 
'79Br), 

117 

(28), 91 (100). 
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Attempted reduction of 2-bromo-5-fluoro-l-(5-phenylpentyloxy)benzene 2.17 with 
1.175 

- -- r- 

Me 
Me 

1.179 
FICý 

Br 

KHMDS, DMF 

01ýl- Zýt1 

2.17 

yý 
2.18 

(i) Salt 1.179 (828.8 mg, 1.48 mmol, 5.0 equiv. ) was dissolved in DMF (10 ml) and 

purged with argon for 30 min. KHMDS (7.43 ml, 2.97 mmol, 10 equiv., c=0.40 mol/1) 

was added dropwise and the reaction mixture was stirred for lh at room temperature. An 

argon-purged solution of 2.17 (100 mg, 0.297 mmol, 1.0 equiv. ) in DMF (5 ml) was then 

added and the reaction mixture was heated at 1181C for 18 h. The mixture was poured into 

water (50 ml) and diethyl ether (50 ml). The aqueous phase was extracted with diethyl 

ether (2 x 50 ml) and the combined organic phases were washed with water (3 x. 50 ml), 
dried over sodium sulfate, filtered and evaporated. The residue was subjected to column 

chromatography (5: 95 ethyl acetate/ petroleum ether) to afford an inseparable mixture of 

starting material 2.17 and 1 -fluoro-3- (5-phenylpentyloxy) -benzene 2.18 in 1: 1 ratio (analysed 

by 'H-NMR and comparison with the data of 2.18 on page 167). 

(H) Salt 1.179 (1.33 g, 2.37 mmol, 10.0 equiv. ) was dissolved in DMF (6 ml) and purged 

with argon for 30 min. KHMDS (11.8 ml, 4.74 mmol, 20 equiv., c=0.40 mol/1) was added 
dropwise and the reaction mixture was stirred for lh at room temperature. An argon- 

purged solution of 2.17 (80 mg, 0.240 mmol, 1.0 equiv. ) in DMF (5 ml) was then added and 

the reaction mixture was heated at 1181C for 18 h. The mixture was poured into water (50 

ml) and diethyl ether (50 ml). The aqueous phase was extracted with diethyl ether (2 x 50 

ml) and the combined organic phases were washed with water (3 x 50 ml), dried over 
sodium sulfate, filtered and evaporated. The residue was subjected to column 

chromatography (5: 95 ethyl acetate/ petroleum ether) to afford an inseparable mixture of 

starting material 2.17 and 1-fluoro-3-(5-phenylpentyloxy)benzene 2.18 in 2: 3 ratio (analysed 
by 'H-NMR and comparison with the data of 2.18 on page 167). 
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8.3 Experiments from chapter 3: Reductions and anions by imidazole donor 2.20 

General Procedurefor 'sodium Isydride-method' to generate the donor in situ 

Imidazole salt 2.22 or benzimidazole salt 1.179 was heated at I 10"C for lh under vacuum in 

a centrifuge tube, then cooled to room temperature and sodium hydride (60% suspension 

with mineral oil, 10 x salt equivalents) was added under argon atmosphere. This mixture 

was then washed with hexane (2 x 20 ml) and subsequently dried under argon. Dry DMF 

(15 ml) was deoxygenated with argon for 20 min [alternatively DMA (15 ml) was dried by 

vacuum distillation and purged with argon for Ih prior to use] and then added dropwise to 

the salt/ sodium hydride residue. This mixture was stirred for 4h at room temperature under 

argon and then exposed to centrifugation. The resulting supernatant liquid was transferred 

via cannula to the particular substrate [dried beforehand under vacuum at room 

temperature for 3 hl. The reaction mixture was stirred at room temperature for 18 h 

[alternatively heated at II O'C for 18 h] under argon atmosphere [see experiment for exact 

conditions]. Work-up was then carried out. 

General Procedurefor 'pure donor-method' 

The particular substrate was dried under vacuum at room temperature for 3h. Anhydrous 

DMF (15 ml) was then added under argon atmosphere and the mixture was deoxygenated 

with argon for 20 min. This mixture was then transferred into a glove-box. Pure imidazole 

donor 2.20 was weighed into a dry round-bottomed flask in a glove-box and the solution of 

the reactant in DMF was then added to it by pipette. The reaction mixture was stirred for 

18 h at room temperature in the glove-box. Work-up was then carried out. 

Work-up procedures 
If 'neutral work-up' is stated in the experiment, the following procedure was carried out: 
The reaction mixture was poured into water (20 ml). The aqueous layer was extracted with 
diethyl ether (3 x 20 ml) and the combined organic layer was then washed with water (4 x 
20 ml) and brine (20 ml), dried over sodium sulfate, filtered and removed in vacuo. 

If 'acidic work-up' is stated in the experimental procedure, the following was applied: 
2N hydrochloric acid (20 ml) was added and the aqueous layer was extracted with diethyl 

ether (3 x 20 ml). The combined organic layer was then washed with 2N hydrochloric acid 
(4 x 20 ml), followed by brine/ hydrochloric acid (20 ml + 10 ml), was subsequently dried 

over sodium sulfate, filtered and evaporated. 
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Which particular work-up procedure was carried out is stated in the experimental part 

below. 

Generalfuran purification 
For each reaction furan was freshly purified from its stabiliser (2,6-di-tertbutyl-4-methyl- 

phenol) prior to use according to this procedure: 182 Furan was washed with 7% aqueous 

potassium hydroxide solution (5 x 10 ml), dried over sodium sulfate, filtered and 

subsequently distilled under argon atmosphere over KOH pellets. The resulting furan was 
degassed with argon. 
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1,1-3,3-Bistrimethylene diimidazolium diiodide 2.22 

+ r--l + NN 
\> </ Di 

NN 
L-ý 

2.22 

Staze I Sodium hydride (27 g, 0.675 mol, 2.2 equiv. ) was washed with hexane (2 x 

200 ml), then dried under vacuum. Anhydrous DMF (20 ml) was added and the mixture 

was cooled to O'C. A solution of imidazole (40.6 g, 0.614 mol, 2.0 equiv) in DMF (30 ml) 

was added dropwise via cannula. After stirring for Ih at room temperature the mixture was 

cooled to O'C. 1,3-Dibromopropane (31 ml, 0.307 mol, 1.0 equiv) was then added 
dropwise, and the reaction mixture was subsequently stirred at room temperature 

overnight. DCM (1.5 1) was then added, the precipitate removed by filtration and the 

solvent evaporated. The residue was purified by vacuum distillation (I mbar, 175'Q to 

afford 1-[3-(IH-imidazol-1-yl)propyl]-IH-imidazole as a colourless liquid (30.6 g, 56 %); 

which was reacted in the next step. 
Stage 2A five-litre three-necked flask, equipped with a mechanical stirrer and a 

condenser was filled with acetonitrile (4.0 litres), 1-[3-(IH-imidazol-1-yl)propyl]-IH- 

imidazole (1.53 g, 8.68 mmol, 1.0 equiv. ) and 1,3-diiodopropane (1 ml, 8.68 mmol, 1.0 

equiv. ). The mixture was heated at reflux for 24 h, and then another batch of starting 

materials (of same quantity) was added. One batch of starting material was added every 24 

h. White precipitate appeared gradually. After 20 days, a total of 1-(3-(IH-imidazol-l- 

yl)propyl)-IH-imidazole (30.6 g, 0.173 mmol) and 1,3-diiodopropane (51.4 g, 0.173 

mmol) had been added. The mixture was further heated at reflux for an additional four 

days. The hot solution was decanted and acetonitrile was removed. The resulting solid was 

recrystallised from methanol to afford 1,1-3,3-bistrimethylene diimidazoliurn diiodide 2.22 

(38.8 g, 47 %) as a white solid; mp 284 'C (dec. ); Jjj (DMSO) 2.29-2.41 (2H, m, CH2), 

2.42-2.56 (2H, m, CH2), 4.43-4.48 (4H, m, 2x CH2), 4.58-4.65 (4H, m, 2x CH2), 7.65 

(4H, s, ArH), 9.07 (2H, s, 2x N=CBN+); consistent with the data collected previously 

within the group. ' 83 

1-(3-(lH-imidazol-1-yl)propyl)-lH-imidazole 2.20 

+r'-l + r---l NN NaH cl \> </ Di 
- 

NN 

NN cl >=< Di 

N N"3 Llý 
N 

LI-Ij 

2.22 2.20 
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A 250 ml Schlenk flask with a magnetic stirbar was flame-dried in vacuum, backfilled with 

argon and charged with 1,1-3,3-bistrimethylene diimidazolium diiodide 2.22 (6.0 g, 12.7 

mmol, 1.0 equiv. ). The salt was dried in vacuo at 100 'C for 2 h, then cooled to room 
temperature, purged with argon gas and sodium hydride (5.0 g, 127.0 mmol, 10.0 equiv. ) 

was added. The mixture was washed with dry hexane (3 x 100 ml) under an argon 

atmosphere and a dry-ice condenser was attached to the flask. The residual hexane in the 

reaction mixture was removed under vacuum and the system was back-filled with argon 

gas. Ammonia (15 0 ml) was condensed into the flask while a steady flow of argon gas was 

maintained at all times during the course of the reaction. The suspension turned yellow, 

was stirred and refluxed at room temperature for 2h and then left overnight at room 
temperature while the ammonia evaporated slowly. The flask was transferred into a glove 
box. The yellow solid mixture was extracted with dry ether (3 x 80 ml, deoxygenated). The 

yellow suspension was filtered and the filtrate was evaporated under reduced pressure by 

distillation to afford a yellow solid. This was dried in vacuo to afford 1-(3-(lH-imidazol-l- 

yl)propyl)-IH-imidazole 2.20 (2.7 g, 98 %) as a yellow solid which was stored under 

nitrogen; 9H (CA) 1.38-1.43 (4H, m, 2x CH2), 2.43-2.45 (8H, m, 4x CH2), 5.48 (4H, s, 4 

x =CB); the data were consistent with those reported in the literature184 and collected 

within the group. 183 

Reduction of 2-bromo-5-fluoro-l-(5-phenylpentyloxy)bcnzene 2.15 with donor 2.20 

-I+ r'--l +r 
R, E ý, <, N) 

FNq 

Br 
2.22ZjNaK DMF 

2.17 2.18 

(j) The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature for 1.5 h, then II O'C overnight, DMF (15 

ml), salt 2.22 (212 mg, 0.45 mmol, 1.5 equiv. ), 2-bromo-5-fluoro-l-(5- 

phenylpentyloxy)benzene 2.17 (101.1 mg, 0.3 mmol, 1.0 equiv. ). The purification of the 
crude mixture after neutral work-up was carried out by column chromatography on silica 
gel (5: 95 ethyl acetate/ petroleum ether) to afford an inseparable mixture of 2.17 and 2.18 
(56 mg) in 1: 6 ratio (analysed by 'H-NMR and comparison with data below). 
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(H) The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature for 1.5 h, then 110'C overnight, DMF (15 

ml), salt 2.22 (472 mg, 0.5 mmol, 2.0 equiv. ), 2-bromo-5-fluoro-l-(5- 

phenylpentyloxy)benzene 2.17 (95.0 mg, 0.28 mmol, 1.0 equiv. ). The purification of the 

crude mixture after neutral work-up was carried out by column chromatography on silica 

gel (5: 95 ethyl acetate/ petroleum ether) to afford 1-j7uoro-3-(5-phenylpentyloxy)benzene 

2.18 as a colourless oil (55 mg, 76 0/6); (Found: [M+NH4]+ 276.1754. C17Hj9FO requires 
[M+NH4], 276.1758); vn, ý,, (NaCl)/cm" 3027 (Ar-H), 2938 (C-H), 1592 (Ar), 1491 (C-H); 

Aj (CDC13) 1.54-1.62 (2H, m, CH2), 1.73-1.81 (2H, m, CH2), 1.85-1.92 (2H, m, CH2), 2.72 

(2H, t, J 7.7, CH2Ph), 3.99 (2H, t, J 6.5, CH20), 6.65-6.75 (3H, m, ArH), 7.24-7.38 (6H, 

m, ArH); &- (CDC13) 26.2 (CH2), 29.5 (CHA 31.7 (CHA 36.4 (CH2)) 68.7 (CH2)5,102.6 

(d, 2&F 24.6, CH), 107.7 (d, 2&F 21.3,, CH),, 110.9 (CH)q 126.3 (CH), 128.8 (CH), 128.9 

(CH), 130.6 (d,, 3&F 10.1, CH)q 142.9 (C), 161.0 (d9 3&F 10.9, C)q 164.2 (d, '&F 244.8, 

Q; nVz (EI) 258 (M+, 10 O/o), 146 (10), 117 (14), 91 (100), 83 (5), 65 (9). 

Attempted reduction of 1-chloro-2-fluoro-4-(5-phenylpentyloxy)benzene 2.15 

-1 +r--l +I- II N) 
FF0H 

NN 1.5 equiv. 
2.22ýý NaK DMF + 

51 IOIC, 18 h 5 68% 5 9% 

2.15 2.15 2.26 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II O*C, 18 h, DMF (15 ml), salt 2.22 (212 mg, 0.45 mmol, 1.5 

equiv. ), 1-chloro-2-fluoro-4-(5-phenylpentyloxy)benzene 2.15 (87.8 mg, 0.3 mmol, 1.0 

equiv. ). The purification of the crude mixture after neutral work-up was carried out by 

column chromatography on silica gel (5: 95 ethyl acetate/ petroleum ether) to afford 

starting material 2.15 (60 mg, 68 %) and 2-chloro-5-(5-phenylpentyloxy)phenoI 2.26 as a 
colourless oil (6 mg, 9 %); (Found: [M+NI141+ 308.1415. C17HI9002 requires [M+NH4], 

308.1412); 41 (CDC13) 1.49-1.57 (2H, m, CH2), 1.67 (2H, quintet, J 7.6, CH2), 1.77-1.83 

(2H, m, CH2), 2.65 (2H, t, J 7.6, CH2), 3.91 (2H, t, J 6.5, CH2), 6.43 (1 H, dd, J 8.9,2.8, 
ArH), 6.57 (1 H, d, J2.8, ArH), 7.16-7.29 (6H, m, ArH); r&z (El) 290 (M+, 62%), 144 (91), 
91 (100), 65 (14), 41 (12). 
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Reaction of benzimidazole donor 1.175 With iodoester 2.27 

(i) 

0 
r--"-i +I 

ccý, (, N]o vý 1.179 me 
4.0 equiv., NafL DMF 0ý 0 

1100C, 18 h 50% 

2.27 2.28 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and reagents: 110'C, 18 h, DMF (15 ml), benzimidazole salt 1.179 (668 mg, 

1.19 mmol, 4.0 equiv. ), 3-(2-iodophenyl)-2,2-dimethylpropionic acid ethyl ester 2.27 (99.0 

mg, 0.298 mmol, 1.0 equiv. ). The purification of the crude mixture after neutral work-up 

was carried out by column chromatography on silica gel (10: 90 ethyl acetate/ petroleum 

ether) to afford 2,2-dimethyl-3-phenyl-propionic acid ethyl ester 2.28 as a colourless liquid 

(32 mg, 51 1/6); 41 (CDC13) 1.22 (6H, s, CH3), 1.27 (3H, t, J 7.1, CH2CH3), 2.90 (2H, S, 

CH2), 4.15 (2H, q, J7.1, OCH2CHA7.12-7.18 (2H, m, ArH), 7.20-7.33 (3H, m, ArH); this 

is consistent with the data collected previously in the group. 195,183 

(ii) 
r 

ccý) (, N]o N 
0 1ý 

ý 
0ý 1.179 me 0 

4.0 equiv., NaH, DMF 

I 10*C, 18 h51% 
2.27 2.28 

Salt 1.179 was freshly prepared according to the above quoted procedure. The salt 1.179 

(694 mg, 1.24 mmol, 4.0 equiv. ) was stored under vacuum at room temperature prior to use 

[20 h], was then dried under vacuum at 120'C for 2h and then cooled to room 

temperature. Sodium hydride (60% suspension with mineral oil, 360 mg, 9.0 mmol, 30 

equiv. ) was added under argon atmosphere. This mixture was then washed with hexane (2 

x 20 ml) and subsequently dried under argon. Dry DMF (15 ml) was deoxygenated with 

argon for 20 min and then added dropwise to the salt/sodium hydride residue. This mixture 

was stiffed for 4h at room temperature under argon and then exposed to centrifugation. The 

resulting supernatant liquid was transferred via cannula to 3-(2-iodophenyl)-2,2- 

dimethylpropionic acid ethyl ester 2.27 (103 mg, 0.3 10 mmol, 1.0 equiv. ) [dried beforehand 

under vacuum at room temperature for 3 h]. The reaction mixture was heated at I 10"C for 

18 h under argon atmosphere. After allowing to cool to room temperature the reaction 

mixture was poured into water (20 ml). The aqueous layer was extracted with diethyl ether 
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(3 x 20 ml) and the combined organic layer was then washed with water (4 x 20 ml) and 
brine (20 ml), dried over sodium sulfate and removed in vacuo. The residue was purified 
by column chromatography (10: 90 ethyl acetate/ petroleum ether) to afford 2,2-dimethyl- 

3-phenyl-propionic acid ethyl ester 2.28 as a colourless liquid (32 mg, 51 %); for IH-NMR 

data see above. 

3-Allyl-l-propyl-1,3-dihydro-12,2'lbiimidazolylidene 2.36 

NN 
-1-1i 
2.36 

(Found: [M+H]+ 217.1449. C12H16N4 requires [M+H]+, 217.1448); vmax (NaCl)/cm-1 3109 

(Ar-H), 2961 (C-H), 2934 (C-H), 1422 (C-H); 81, (CDC13) 0.89 (3H, t, J 7.4, CH3), 1.76- 

1.82 (2H, m, CH3CH2CH2), 4.42 (2H, t, J 7.2, CH3CH2CH2N), 5.06-5.19 (4H, 

CH2=CHCH2N), 5.94-6.02 (1 H, m, CH2""": CHCH2), 7.01 (2H, s, ArH), 7.13 (2H, d, J 7.4, 

ArH); 8c (CDC13) 11.0 (CH3), 24.3 (CH2), 49.1 (CH2), 49.9 (CHA 117.4 (CH2)1,129.9 

(CH), 121.4 (CH),, 133.9 (CH), [2 x central C were not shown]; nilz (EI) 216 (16), 201 

(18), 173 (21), 159 (38), 147 (19), 94 (9), 57 (17)9 43 (40), 41 (100). 

Further details about the experiment in which 2.36 was isolated can be found on page 232. 

2-(2-Bromophenoxy)benzoic acid methyl ester 2.39 186 

ome 2.39 

Methyl-2-iodobenzoate (3g, 11.45 mmol, 1.0 equiv. ) and 2-bromophenol (1.2 ml, 11.45 

mmol, 1.0 equiv. ) were dissolved in pyridine (20 ml) under argon. To this mixture cesium 
carbonate (4.1 g, 12.59 mmol, 1.1 equiv. ), (CF3SO3CU)2*C6H5CH3 (0.5 g, 0.93 mmol, 0.08 

equiv. ) and 4A molecular sieves (50 mg) were added under argon. The reaction mixture 
was heated at II O'C for 36h under argon. After allowing to cool to room temperature, the 

mixture was poured into diethyl ether (200 ml) and water was added (200 ml). The 

aqueous layer was extracted with diethyl ether (150 ml) and the combined organic layer 

was washed with 2N hydrochloric acid (3 x 200 MI), followed by 2N sodium hydroxide 

solution (3 x 200 ml) and brine (200 ml). After drying over sodium sulfate the solvent was 
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removed under reduced pressure and the residue was purified by column chromatography 
(20: 20: 60 toluene/ dichloromethane/ petroleum ether) to give 2-(2-bromophenoxy)benzoic 

acid methyl ester 2.39 as a colourless liquid (0.7 g, 20 %); (Found: [M+H]+ 306.9965. 

C14H,, BrO3 requires [M+B]+, 306.9964); v.. (NaCl)/cm-1 3066 (Ar-H), 2950 (C-H), 1732 

(C=O), 1603 (Ar), 1471 (C-H); gil (CDC13) 3.87 (3H, s, CH3), 6.87 (IH, dd, J 8.2,1.4, 

ArB), 6.98 (IH, dd, J 8.2,0.8, ArH), 7.02-7.06 (IH, m, ArH), 7.45-7.30 (2H, m, ArB), 

7.51-7.55 (1 H, m, ArH), 7.69 (1 H, dd, J 8.0,1.5, ArH), 8.02 (1 H, dd, J 7.8,1.7, ArB); 8c 

(CDC13) 52.2 (CHA 113.9 (C), 118.9 (CH), 120.3 (CH), 122.8 (C), 123.9 (CH), 124.6 

(CH), 128.6 (CH),, 132.1 (CH), 133.7 (CH), 133.8 (CH), 154.2 (C), 155.5 (C), 165.8 (C); 

n2lz (EI) 308 (M+, 5% 8'Br), 306 (M+, 5% 79Br), 277 (6 S'Br), 275 (6 79Br), 227 (100), 196 

(34), 139 (38), 92 (31). 

Test reactions on 2-(2-bromophenoxy)benzoic acid methyl ester 2.39 

(i) 

+ 

,, 
0 

(ýI 
MeQ <") 

23 equiv. 
Br 2 22 NaH, DMF 

U 

OIU r. t., 18 h, neutral work-up 

C0 

2-39 2.42 32% 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (333 mg, 0.706 

mmol, 2.3 equiv. ), 2-(2-bromophenoxy)benzoic acid methyl ester 2.39 (94.3 mg, 0.307 

mmol, 1.0 equiv. ). Observation: Upon addition of yellow donor solution, instantaneous 

colour change to red-orange occurred. The purification of the crude mixture after neutral 
work-up was carried out by column chromatography on silica gel (20: 80 ethyl acetate/ 
hexane) to afford xanthone 2.421 87 as a white solid (19 mg, 32 I/o); mp 168-170'C (lit. 187 

172-173'C); (Found: [M+H]+ 197.0596. C13H802 requires [M+H]+, 197.0597); vm. 
(KBr)/cm" 3054 (Ar-H), 2987 (C-H), 1655 (C=O), 1609 (Ar); 8H (CDC13) 7.38-7.42 (2H, 

m, ArH), 7.51 (2H, d, J 8.3, ArH), 7.72-7.76 (2H, m, ArH), 8.3 6 (2H, dd, J 7.9,1.6, ArH); 

c'ý (CDC13) 118.2 (CH), 122.1 (C), 124.1 (CH), 127.0 (CH), 135.0 (CH), 156.5 (C), 177.5 
(C); YWz (EI) 196 (M, 100 %), 168 (59), 139 (53), 92 (11), 74 (17), 63 (25). 
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(ii) 
+ 

NN 

__YO 

MeO NN5.0 equiv. 0 
2.22 t---J NaK DMF 

Ný r C(! )O 

0_0 

I 

10.: ý 
0 

aý 

__ r. t., 18 1% neutral work-up 

2.39 2.42 
20% 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (776 mg, 1.64 

mmol, 5.0 equiv. ), 2-(2-bromophenoxy)benzoic acid methyl ester 2.39 (101 mg, 0.329 

mmol, 1.0 equiv. ). Observation: Upon addition of yellow donor solution instantaneous 

colour change to red-orange occurred. The purification of the crude mixture after neutral 

work-up was carried out by column chromatography on silica gel (20: 80 ethyl acetate/ 
hexane) to afford xanthone 2.42187 as a white solid (15 mg, 20 %); for data see above. 

+ 
MeQ (Ný 

y '0 N 1.4 equiv. 

llkzý: r L,, ý 2.22 
L-ý NaH, DMF 

r. t, 18 h. acidic work-up 

2.39 

00 

OH 1 7Zýk OH 
H leý 

0 

cýO 

Br 

cý 

2.42 2.43 2.46 2.45 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (230.5 mg, 
0.488 mmol, 1.4 equiv. ), 2-(2-bromophenoxy)benzoic acid methyl ester 2.39 (104 mg, 
0.339 mmol, 1.0 equiv. ). The purification of the crude mixture after acidic work-up was 

carried out by column chromatography on silica gel (20: 80 ethyl acetate/ hexane) to afford 
two fractions. The first fmction (21 mg, yellow liquid) contained xanthone 2.421 87 as a 

white solid and 2-phenoxybenzoic acid methyl ester 2.43 188 in a 1: 1 mixture; for data see 

above. The second fraction (15 mg, white solid) contained both acids 2.46 and 2.45 in a 1: 2 

mixture (15 mg, white solid), as judged by comparison of the 'H-NMR spectrum of the 
fraction with the data of those compounds (see below). 

2-Phenoxybenzoic acid 2.45 218: Mp 103-104'C (lit. 218 1121C); 811 (CDC13) 6.85 (IH, dd, J 

7.6,0.7, ArH), 7.13-7.16 (2H, m, ArH), 7.21-7.30 (2H, m, ArH), 7.43-7.51 (3H, m, ArH), 
8.23 (1 H, dd, J 7.9,1.7, ArH). 
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2-(2-Bromo-phenoxy)-benzoic acid 2.46 

H 0-- 0 
B3 

&Nb 

0 

2.46 

2-(2-bromophenoxy)benzoic acid methyl ester 2.39 (94 mg, 0.32 mmol, 1.0 equiv) was 

dissolved in DMF (12 ml). A solution of sodium hydroxide (128 mg, 3.2 mmol, 10 equiv. ) 

in water (2 ml) was added and the mixture was heated at I OO'C overnight. Acidic work-up 

was carried out and the residue purified by column chromatography (60: 40 ethyl acetate/ 

hexane) to afford 2-(2-bromo-phenoxy)-benzoic acid 2.46 as a white solid; mp 112-11 5*C; 

(]Found: [M+NH4]+ 310.0077. C13H9BrO3 requires [M+NH4]+, 310.0073 (for 79Br)); v. a,, 

(KBr)/cnfl 3380 (0-H), 3078 (Ar-H), 2918 (C-H), 1697 (C=O), 1601 (Ar); Sjj (CDC13) 

6.76 (1 H, d, J 8.3, ArH), 6.95-6.97 (1 H, m, ArH), 7.09-7.13 (1 H, m, ArH), 7.19-7.23 (1 H, 

rn, ArH), 7.31-7.3 5 (1 H, m, ArH), 7.46-7.51 (1 H, m, ArH), 7.66 (1 H, dd, J 7.9,1.2, ArH), 

8.16 (IH, dd, J7.8,1.5, ArH); t5c (CDC13)115.4 (C), 117.7 (CH), 119.9 (C), 121.4 (CH), 

123.6 (CH), 126.3 (CH), 128.9 (CH), 133.3 (CH), 134.1 (CH), 134.8 (CH), 152.1 (C), 

156.7 (C), 168.3 (C); nilz (CI) 312 ([M+NH4]+, 37 % SlBr), 3 10 ([M+NH4]+, 36 % 79Br), 

232 (100), 215 (43), 197 (32), 168 (24), 121 (15), 83 (18). 

(iv) r-1-1 
MeO- 0 (Nýý 0 

MeO 0 
6OB N N) 

2.20 L---J 2.1 equiv. 

DMF. r. t., 18h 
ao c 

29% 58% 
2.39 2.42 2.43 

The experiment was carried out according to the 'pure donor-method' procedure. 

Conditions and reagents: Room temperature, 18 h, DMF (15 ml), donor 2.20 (135.9 mg. 

0.629 mmol, 2.1 equiv. ), 2-(2-bromophenoxy)benzoic acid methyl ester 2.39 (92 mg, 0.299 

rnmol, 1.0 equiv. ). Observation: Upon addition of yellow donor solution instantaneous 

Colour change to red-orange occurred. The purification of the crude mixture after neutral 

work-up was carried out by column chromatography on silica gel (20: 20: 60 DCM/ toluene/ 

hexane, then 100: 0 methanol) to afford xanthone 2.42 187 as a white solid (17 mg, 29 %), for 

data see above and 2-phenoxybenzoic acid methyl ester 2.431 88 as a colourless liquid (39.6 

nig, 58 %); (Found: [M+H]+ 229.0859. C14HI203 requires [M+H]+, 229.0859); v,,,,, I. 
(NaCl)/cm7' 3068 (Ar-H), 3039 (Ar-H), 2951 (C-H), 1732 (C=O), 1603 (Ar), 1483 (C-H); 
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& (CDC13) 3.89 (3H, s, CH3), 7.04-7.09 QH, m, Affl), 7.09-7.19 (11-1, m, ArH), 7.27 (IH, 

ddd, J7.6,7.6,1.1, ArH), 7.39-7.43 (21-1, m, ArH), 7.52-7.57 (IH, m, ArH), 8.01 (lH, dd, J 

7.8,1.8, ArH); &- (CDC13) 52.3 (CH3)9 118.4 (CH), 12 1.1 (CH), 123.3 (CH), 123.4 (C), 

123.7 (CH), 129.9 (CH), 132.0 (CH), 133.8 (CH), 156.4 (C), 157.8 (C), 166.4 (C); rWz (EI) 

228 (M+, 76 %), 197 (100), 168 (28), 108 (57), 77 (78). 

(7) 

M ýO 

r '3ý0 Cý 
N N) 

2.20L-ý 2.5equiv. 
reaction 

O Et2O, r. t., 18h, 

2.39 

The experiment was carried out according to the 'pure donor-method' procedure. 

Conditions and reagents: Room temperature, 18 h, DMF (15 ml), donor 2.20 (162 mg, 0.75 

mmol, 2.5 equiv. ), 2-(2-bromo-phenoxy)-benzoic acid methyl ester 2.39 (93 mg, 0.30 

Mn-iol, 1.0 equiv. ). Observation: The yellow colour persisted and a white precipitate 

formed. 'H-NMR analysis of the crude mixture after acidic work-up (93 mg) showed only 

starting matenal 2.39; the reaction did not procced. 

(vi) 
meo 00 meo 00 

NNH 
2.20 L___J 2.5 equiv. Hb 

0 
()ýO 0 1.0 equiv. NaPF6 

CýOb 

DMF, r. t., I gh, acidic work-up 

2.39 2.42 1: 0.5: 3 

2.43 2.45 

Sodium hexafluorophosphate (50.38 mg, 0.3 mmol, 1.0 equiv. ) was dried under vacuum at 

150'C for 5 h. To this was added a solution of 2-(2-bromophenoxy)benzoic acid methyl 

ester 2.39 (93 mg, 0.30 mmol, 1.0 equiv. ) in anhydrous and deoxygenated DMF (5 ml) 

[dried under vacuum at room temperature for 3h prior to use] under argon atmosphere. 

Donor 2.20 was weighed into a dry flask in the glove-box and then dissolved in anhydrous 

and deoxygenated DMF (10 ml) under argon. The yellow donor solution was then added to 

the NaPF6-substrate solution via cannula, which resulted in an orange-yellow reaction 

nlixture. This was stirred for 18 h at room temperature. An aliquotwas taken from the 

reaction mixture and diluted with water and diethyl ether. A TLC of the organic layer 

showed only one spot (identical polarity as xanthone 2.42). Acidic work-up of the reaction 

rnixture was then carried out and a TLC of the residue showed then three spots. 'H-NMR 
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of the residue showed xanthone 2.42,2-phenoxybenzoic acid methyl ester 2.43 and 2- 

phenoxybenzoic acid 2.45 (ratio: 1: 0.5: 3); for data see (iii) above 

2-(2-Iodophenoxy)benzoic acid methyl ester 2.46189 

0 Ome 2.46 

Methyl-2-iodobenzoate (4 g, 15.3 mmol, 1.0 equiv. ) and 2-iodophenol (3.36 g, 15.3 mmol, 
1.0 equiv. ) were dissolved in pyridine (30 ml) under argon. Cesium carbonate (5.5 g, 16.79 

mmol, 1.1 equiv. ), copper (1) oxide (400 mg, 2.8 mmol, 0.18 equiv. ) and 4A molecular 

sieves (50 mg) were added to this mixture under argon. The reaction mixture was heated at 

II O"C for 48 h under argon. After allowing to cool to room temperature, the mixture was 

poured into ethyl acetate (200 ml) and water was added (200 ml). The aqueous layer was 

extracted with ethyl acetate (15 0 ml) and the combined organic layer was washed with 2N 

hydrochloric acid (5 x 200 ml), followed by 2N sodium hydroxide solution (5 x 200 ml) 

and brine (200 ml). After drying over sodium sulfate and filtration, the solvent was 

removed under reduced pressure and the residue was purified by column chromatography 

(20: 20: 60 toluene/ dichloromethane/ petroleum ether), followed by Kugelrohr distillation 

(1501C, 2 mbar) to give 2-(2-iodophenoxy)benzoic acid methyl ester 2.46 as a colourless 

liquid (1.19 g, 22 %); (Found: [M+NH4]+ 372.0092. C14HIII03 requires [M+NH4]+, 

372.0091); vmax (NaCl)/cni7l 3062 (Ar-H), 2998 (C-H), 2949 (C-H), 1732 (C=O), 1603 

(Ar), 1465 (C-H); St, (CDC13) 3.81 (3H, s, CH3), 6.73 (IH, dd, J 8.2,1.4, ArH), 6.85 (IH, 

ddd, J 7.6,7.6,1.4, ArH), 6.94 (1 H, dd, J 8.2,1.0, ArH), 7.21-7.27 (2H, m, ArH), 7.47- 

7.51 (IH, m, ArH), 7.87 (IH, dd, J 7.9,1.6, ArH), 7.96 (IH, dd, J 7.9,1.8, ArH); 8C 

(CDC13) 52.7 (CH3)) 88.2 (C), 118.1 (CH), 121.1 (CH), 123.5 (C), 124.4 (CH), 125.3 (CH), 

130.0 (CH), 132.6 (CH), 134.1 (CH), 140.3 (CH), 155.8 (C), 157.5 (C), 166.4 (C); nzlz (EI) 

354 (M+, 7 %), 227 (100 O/o), 196 (48), 168 (47), 139 (36), 63 (38). 
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Test reactions on 2-(2-iodophenoxy)benzoic acid methyl ester 2.46 

(i) 
m0 cI N 

>_ýN 30 Meo, 0 
NNH 

f%b 

1 1-ý : ýI, 1 
2.20 L--ýJ 1.3 equiv. 

0 

0 DMF, r. t., 18h 
45% 49% 

2.46 2.42 2.43 

The experiment was carried out according to the 'pure donor-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), donor 2.20 (97 mg, 0.448 

mmol, 1.6 equiv. ), 2-(2-iodophenoxy)benzoic acid methyl ester 2.46 (99.2 mg, 0.28 mmol, 
1.0 equiv. ). Observation: Upon addition of the substrate solution to the yellow donor solid 

a deep red-orange solution formed instantaneously. This colour changed to brown within 
18 h. The purification of the crude mixture after neutral work-up was carried out by 

column chromatography on silica gel (20: 20: 60 DCM/ toluene/ hexane, then 100: 0 

methanol) to afford xanthone 2.42 187 as a white solid (25 mg, 45 %) and 2-phenoxybenzoic 

acid methyl ester 2.43 188 as a colourless liquid (32 mg, 49 %); for data see above. 

(ii) 

N 
f 
N]O 

0 1.179 ýte ýie 0m 
3.5 equiv., NaK DMF H 

110T, 18 h, acidic work-up 0 
19% 

2.46 2.42 2.43 

00 

m0' OH OH cco cýO 
cX, 
2: 1 4: 5 

2.46 2.48 2.45 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: I 101C, 18 h, DMF (15 ml), benzimidazole salt 1.179 (566 mg, 
1.01 mmol, 3.5 equiv. ), 2-(2-iodophenoxy)benzoic acid methyl ester 2.46 (102 mg, 0.288 

mmol, 1.0 equiv. ). Observation: The yellow donor colour did not change at room 
temperature, while heating a colour change to deep red took place. The purification of the 

crude mixture after acidic work-up was carried out by column chromatography on silica 
gel (20: 20: 60 toluene/ DCM/ petroleum ether, then 20: 80 ethyl acetate/ petroleum ether) to 
afford a mixture of starting material 2.46 and 2-phenoxybenzoic acid methyl ester 2.43,88 
(1: 2 mixture, 31.3 mg) and xanthone 2.42187 as a white solid (I I mg, 19 %), for data see 
above, and a mixture (5: 4,14 mg) of 2-(2-iodophenoxy)benzoic acid 2.48 and 2- 

phenoxybenzoic acid 2.45; for data see (W) below. 
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(iii) 

r-, -l N 
)-( 

N-, 'ký 
0 MeO. 00H 

OH Mel 0 
N NýU 1 

1.175 113.5 equiv. 
HI 0ý0 0 

0 im- -k C, 15 nq DMF, I IOT, I gh . 1,0 
1" 

CýOb 
k; -0 

acidic work-up 27% 4: 1 
2.46 2.42 2.43 2.46 2.48 2.45 

1,1'-Dimethyl-3,3'-(trimethylene)-2,2'-bibenzimidazolinylidene 1.175 (303 mg, 1.0 mmol, 
3.5 equiv. ) was weighed into a dry round-bottomed flask in a glove-box. DMF (15 ml) was 
deoxygenated and added to the pure donor under argon. The donor solution was then 

transferred to 2-(2-iodophenoxy)benzoic acid methyl ester 2.46 (101 mg, 0.285 mmol, 1.0 

equiv. ) [dried beforehand under vacuum at room temperature] and the mixture was heated 

at II O*C for 18 h under argon. This led to a colour change from yellow to deep red. Acidic 

work-up was then carried out and the residue was purified by column chromatography on 

silica gel (20: 20: 60 DCIVV toluene/ hexane, then 100: 0 methanol) to afford xanthone 2.42187 

as a white solid (15.6 mg, 27 %) and a mixture of 2-phenoxybenzoic acid methyl ester 

2.43188 and starting material 2-(2-iodophenoxy)benzoic acid methyl ester 2.46 (4: 1 mixture, 
33.6 mg, for data see above), and a mixture of 2-(2-iodophenoxy)benzoic acid 2.4s and 2- 

phenoxybenzoic acid 2.45 (11.6 mg, 1: 1 mixture, judged by 'H-NMR and comparison with 

authentic compounds, see below for data). 

2-phenoxybenzoic acid 2.45218 as a white solid (19.2 mg, 31 %); mp 103-104"C (lit. 218 

11 2'Q; 41 (CDC13) 6.85 (1 H, dd, J 7.6,0.7, ArH), 7.13 -7.16 (2H, m, ArH), 7.21-7.3 0 (2H, 

m, ArH), 7.43-7.51 (3H, m, ArH), 8.23 (1 H, dd, J 7.9,13, ArH). 

2-(2-iodophenoxy)benzoic acid 2.48 
HO 

I 

2.48 

2-(2-iodophenoxy)benzoic acid methyl ester 2.46 (90 mg, 0.25 mmol, 1.0 equiv) was 
dissolved in DMF (12 ml). A solution of sodium hydroxide (102 mg, 2.5 mmol, 10 equiv. ) 

in water (2 ml) was added and the mixture was heated at I OOIC overnight. Acidic work-up 
was carried out and the residue purified by column chromatography (60: 40 ethyl acetate/ 
hexane) to afford 2-(2-iodophenoxy)benzoic acid 2.48 as a white solid; mp 99-100'C; 
(Found: [M+NH4]+ 357.9935. CUH9103 requires [M+NH4]+, 357.9935); v.. (NaCl)/Cm" 
3382 (0-H), 3066 (Ar-H), 2917 (C-H), 2840 (C-H), 1694 (C=O); & (CDC13) 6.82 (IH, d, 
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J 8.2, ArH), 6.93-7.02 (2H, m, ArH), 7.23-7.29 (IH, m, ArH), 7.40-7.47 (IH, m, ArH), 

7.51-7.55 (IH, m, ArH), 7.94 (IH, dd, J 8.3,1.5, ArH), 8.21 (IH, dd, J 7.8,1.6, ArH); 16C 
(CDC13) 88.3 (C), 118.2 (CH), 120.5 (CH), 123.9 (CH), 125.9 (CH), 126.7 (CH), 130.2 

(CH), 133.6 (CH), 134.9 (CH), 140.7 (C), 155.3 (C), 156.7 (C), 168.3 (C); Wz (ESI) 341 

([M+H]+, 100 %), 215 (18 ), 105 (19), 79 (32). 

Standard radical chemistry on 2-(2-iodophenoxy)benzoic acid methyl ester 2.46 

MeO 0 

Nzý AIBN, TrMSS Cý, 'O 

WT. toluene A. ý P06 
2.46 2.42 

2-(2-lodophenoxy)benzoic acid methyl ester 2.46 (105 mg, 0.293 mmol, 1.0 equiv. ) was 
dissolved in dry toluene (3 ml) and the solution was deoxygenated with argon for 40 min, 

then heated at 90"C. A deoxygenated solution of tris(trimethylsilyl)silane (TTMSS) (89.5 

mg, 0.36 mmol, 1.2 equiv. ) and azobisisobutyronitrile (AIBN) (69 mg, 0.42 mmol, 1.4 

equiv. ) in dry toluene (7 ml) was loaded into a syringe and added dropwise to the reaction 

mixture using a syringe pump over 4h under argon atmosphere. The mixture was stiffed 

and continued to heat at 90'C for another 18 h. The reaction mixture was then concentrated 

under reduced pressure and dissolved in diethyl ether (20 ml). 2N hydrochloric acid (20 

ml) was added and the aqueous layer was extracted with diethyl ether (20 ml). The 

combined organic layer was dried over sodium sulfate, filtered and evaporated. The residue 

was purified by column chromatography on silica gel (0: 100, then 5: 95, then 20: 80 ethyl 

acetate/ hexane) to give a mixture of compounds that was analysed ftirther by GC-MS, 

which showed possibly the following compounds: 
Dibenzofuran4-carboxylic acid methyl ester'90 2.55: nzlz (EI) 226 (M+, 60 0/6), 195 (100), 

167 (18), 139 (80). 

2-Phenoxybenzoic acid methyl ester 2.43: nilz (EI) 228 (M+, 66 %), 197 (100), 168 (14), 

108(40). 

2-(2-Iodophenoxy)benzoic acid methyl ester 2.46: nzlz (EI) 354 (m+, 34 %), 228 (227 (100 

%), 196 (52), 168 (35), 139 (42). 

2-(2-Benzylphenoxy)benzoic acid methyl ester 2.57: nilz (EI) 318 (M+, 90 I/o), 287 (44), 
286 (100), 269 (3 8), 215 (26), 165 (3 6), 152 (29). 
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111 `ýý 1 0101 0, CZ 

eý 

0-90, me 0Me 
2.55 2.46 2.57 2.43 

1, l'- Dimethyl-3,3'-(trimethylene)-2,2'-bibenzimidazolinylidene 1.175 

CN 
1) Nl13 (1), NaH 

Jim 
2) Et2O extraction, 

evaporation 

r--l N N: o 
LýjL >--< I, 

NN 
I1 10% 

1.179 1.175 

Benzimidazole salt 1.179 (4.8 g, 8.58 mmol, 1.0 equiv. ) was dried under vacuum at 100'C 

for Ih in a Schlenk flask. After allowing to cool to room temperature sodium hydride (3.43 

g, 85.8 mmol, 10.0 equiv. ) was added under argon. The mixture was washed with dry and 
deoxygenated hexane (5 x 100 ml) and subsequently dried under vacuum. The mixture was 
then cooled to -78"C and the system filled with argon. Ammonia (150 ml) was 

subsequently added and condensed at -78"C under argon and the resulting yellow mixture 

was stirred at -781C for 4 h. Ammonia then evaporated slowly overnight while allowing 

the mixture to warm to room temperature. The condenser was removed and the sealed 
Schlenk flask transferred into a glove-box. The solid residue of the reaction was extracted 

with dry and deoxygenated diethyl ether (15 x 50 ml) and the solvent removed by 

distillation in the glove-box. This afforded 1,1ý-dimethyl-3,3ý-(trimethylene)-2,2ý- 

bibenzimidazolinylidene 1.175 as a yellow solid (600 mg, 10 %); Jjj (deoxygenated C6D6) 

1.54 (2H, quintet, J 5.6, CH2CH2CH2), 2.90 (6H, s, CH3), 3.16 (4H, t, J 5.6, NCH2), 6.42 

(2H, d, J 7.3, ArH), 6.60 (2H, dd, J 7.4,1.0, ArH), 6.86-6.96 (411, m, ArH); & 

(deoxygenated C6D6) 29.0 (CHA 36.5 (CHA 48.0 (CHA 106.3 (CH), 109.5 (CH), 120.2 

(CH), 121.5 (CH), 123.6 (C), 141.9 (C), 143.2 (C). 

Attempted opening of cyclopropyl-(4-methoxyphenyl)methanone 

0 

wo 
2.66 

CN N 

N< Nýl 2.2 equiv. 
2.22 ýý NaH, DMF 

I looc, 18 h 

0 

Meor 89% 
2.66 
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The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II VC, 18 h, DMF (15 ml), salt 2.22 (311 mg, 0.66 mmol, 2.2 

equiv. ), cyclopropyl-(4-methoxyphenyl)methanone 2.66 (54 mg, 0.306 mmol, 1.0 equiv. ). 

Observation: The yellow donor colour did not change at room temperature; while heating a 

colour change to deep-red took place. The purification of the crude mixture after neutral 

work-up was carried out by column chromatography on silica gel (10: 90 ethyl acetate/ 

petroleum ether) to afford starting material 2.66 (48 mg, 89 %). 

2-(2-lodophenoxy)-2-methylpropionate 2.67123 

2.67 

2-Iodophenol (4.0 g, 18.18 mmol, 1.0 equiv. ), 1,1,1-trichloro-2-methylpropanoI 

hemihydrate (6.78 g, 36.36 mmol, 2.0 equiv. ) and sodium hydroxide (5.8 g, 145 mmol, 8.0 

equiv. ) were dissolved in acetone (200 ml) and the mixture was stirred at room temperature 

overnight. The solvent was then removed in vacuo, and the residue was dissolved in water 
(250 ml). The aqueous layer was extracted with diethyl ether (3 x. 200 ml) and then 

acidified with concentrated hydrochloric acid. The aqueous layer was then extracted with 
diethyl ether (3 x 200 ml), and the combined organic layer was dried over sodium sulfate, 
flitered and evaporated. The residue was dissolved in ethanol (100 ml) and thionyl chloride 
(2.65 ml, 36.36 mmol, 2.0 equiv. ) was added dropwise at room temperature. The mixture 

was then heated at reflux for 6h and subsequently concentrated under reduced pressure. 
The residue was purified by Kugelrohr distillation (150"C, I mbar) to afford 2-(2- 

iodophenoxy)-2-methylpropionate 2.67 as a slightly yellow liquid (4.6 g, 76 %); (Found: 

[M+NI141+ 352.0407. C12HIS03 requires [M+NH4]+, 352.0404); v, (NaCl)/c 1 3061 max m7 
(Ar-H), 2987 (C-H), 2938 (C-H), 1735 (C=O), 1580 (Ar), 1468 (C-H); 41 (CDC13) 1.33 

(3H, t, J 7.1, CH3), 1.72 (6H, s, 2x CH3), 4.32 (2H, q, J 7.1, CH2), 6.78-6.85 (2H, in, 
ArH), 7.23 -7.29 (1 H, in, ArH), 7.85 (1 H, dd, J 7.8,1.1, ArH); 8C (CDC13) 14.2 (CH3)9 25.5 

(CHA 61.6 (CHA 81.0 (C), 91.3 (C), 117.8 (CH), 124.1 (CH), 129.1 (CH), 139.8 (CH), 

155.2 (C), 174.2 (C); nVz (EI) 334 (M+, 12 %), 261 (26), 220 (100), 134 (23), 87 (49), 76 
(44), 59 (67). 
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Test reactions on 2-(2-iodophenoxy)-2-methylpropionate 2.67 

(i) 
r---,, 

100NN 
2.20 Lý,, J aoý 

1.5 equiv., DMIF, r. t. 

2.67 

0 c0 + 

00 2.70 2.71 

The experiment was carried out according to the 'pure donor-method' procedure. 

Conditions and reagents: Room temperature, 18 h, DMF (15 ml), donor 2.20 (122 mg, 0.48 

minol, 1.5 equiv. ), 2-(2-iodophenoxy)-2-methylpropionate 2.67 (106 mg, 0.317 mmol, 1.0 

equiv. ). Observation: Upon addition of the substrate solution to the yellow donor solid a 

bright red-orange solution formed. The colour changed further to brown after stirring for 

18 h at room temperature. Neutral work-up was carried out and the residue was purified by 

column chromatography on silica gel (20: 80 ethyl acetate/ petroleum ether, then 100 % 

dichloromethane) to give an inseparable mixture of 2-methyl-2-phenoxypropionic acid 

ethyl ester 2.70191 (21 % NMR analysis yield) and 2,2-dimethylbenzofuran-3 -one 2.11 194 (51 

% NMR analysis yield). The NMR analysis yields of the products were determined from 

standardised 'H-NMR spectroscopic analysis of I ml solution of the total amount of the 

isolated mixture of 2.70 and 2.71 in CDC13 along with diphenylmethane (17.27 mg, 0.1026 

mmol) as an internal standard and comparison with the authentic compounds; for data see 
below. 

(ii) 
r--i 

CN> N] 

0NN0 OH 
2.20 (> 00 

NaB114 0 

+ 1.5 equiv., DMF, r. t EtOH, r. t., 3h 

CCO 

0 
29: 71 45% 20% 

2.67 2.70 2.71 2.72 2.70 

The experiment was carried out according to the 'pure donor-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), donor 2.20 (100 mg, 0.46 

mmol, 1.5 equiv. ), 2-(2-iodophenoxy)-2-methylpropionate 2.67 (103.6 mg, 0.3 10 mmol, 1 .0 
equiv. ). Observation: Upon addition of the substrate solution to the yellow donor solid a 
bright red-orange solution formed. The colour changed further to brown after stirring for 

18 h at room temperature. Neutral work-up was carried out and the residue was dissolved 
in ethanol (15 ml). Sodium borohydride (34 mg, 0.899 mmol, 2.9 equiv. ) was added while 
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cooling to O"C. The reaction mixture was then stirred at room temperature for 3 h. After 

removing the solvent under reduced pressure, the residue was dissolved in diethyl ether (50 

ml) and water (50 ml). 2N hydrochloric acid was added and the aqueous layer was 

extracted with diethyl ether (2 x 50 ml). The combined organic layer was washed with 2N 

hydrochloric acid (2 x 50 ml), was then dried over sodium sulfate, filtered and evaporated. 
The residue was purified by column chromatography on neutral alumina (5: 95 ethyl 

acetate/ hexane) to afford 2-methyl-2-phenoxypropionic acid ethyl ester 2.70 191 as a 

colourless liquid (13 mg, 20 %); (Found: [M+NI14]+ 226.1440. C12HI603 requires 
[M+NH4] +, 226.1438); v. a,, (NaCl)/cm-1 3064 (Ar-H), 2989 (C-H), 2940 (C-H), 1733 

(C=O), 1580 (Ar), 1495 (C-H); iýi (CDC13) 1.28 (3H, t, J 7.1, CH3), 1.64 (6H, s, CH3), 

4.27 (2H, q, J 7.1, CH2), 6.88-6.90 (1 H, m, AM), 6.99-7.03 (1 H, m, ArH), 7.25-7.30 (2H, 

m, ArH); Ac (CDC13) 14.2 (CHA 25.5 (CHA 61.5 (CHA 79.1 (C), 119.2 (CH), 122.2 

(CH), 129.9 (CH), 155.6 (C), 174.4 (C); nilz (El) 208 (M+, 99 %), 135 (100), 94 (56), 66 

(14) and 2,2-dimethyl-2,3-dihydrobenzofuran-3-oI 2.72192 as a colourless liquid (23 mg, 45 

O/o); v.. (NaCl)/cm" 3307 (0-H), 2977 (C-H), 2932 (C-H), 1599 (Ar), 1478 (C-H); 8H 

(CDC13) 1.36 (3, s, CH3), 1.51 (3H, s, CH3), 1.74-1.76 (IH, m, O-H), 4.754.76 (IH, m, 
ArCHOH), 6.81 (IH, d, J 8.1, ArH), 6.92 (IH, ddd, J7.4,7.4,0.8, ArH), 7.23-7.29 (IH, m, 
ArH), 7.39-7.42 (IH, m, ArH); 8C (CDC13) 20.9 (CHA 26.5 (CH3), 78.8 (CH), 89.4 (C), 

110.9 (CH), 120.8 (CH), 126.5 (CH), 128.9 (C), 130.9 (CH), 159.1 (C); nilz (EI) 164 (M+, 

17 %), 145 (13), 131 (33), 121 (63), 105 (31), 39 (100). 

2,2-Dimethylbenzofuran-3-one 2.71 193 

0 

OýOK 
2.71 

2,2-Dimethyl-2,3-dihydrobenzofuran-3-01 2.72 (37 mg, 0.225 mmol, 1.0 equiv. ) was 
dissolved in DCM (10 ml) and the solution was cooled to O'C. Dess-Martin periodinane 
(115 mg, 0.271 mmol, 1.2 equiv. ) was added and the mixture was allowed to warm to 

room temperature and was stirred for 3h at that temperature. DCM (50 ml) and water (50 

ml) were then added and the aqueous layer was extracted with DCM (2 x 50 ml). The 

combined organic layer was washed with sat. sodium bicarbonate solution (3 x 50 ml) and 
brine (50 ml), was then dried over sodium sulfate, filtered and evaporated. The residue was 
purified by column chromatography on silica gel (5: 95 ethyl acetate petroleum ether) to 

afford a mixture of compounds. This mixture was dissolved in methanol (10 ml) and 
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potassium carbonate was added (93 mg, 0.67 mmol, 3.0 equiv. ). The mixture was stirred at 

room temperature for 18 h. The solvent was removed in vacuo and the residue dissolved in 

diethyl ether (50 ml) and water (50 ml). The aqueous layer was extracted with diethyl ether 
(2 x 50 ml) and the combined organic layer was then washed with water (50 ml) and brine 

(50 ml), dried over sodium sulfate, filtered and evaporated. The residue was purified by 

column chromatography on neutral alumina (5: 95 ethyl acetate/ hexane) to afford 2,2- 

dimethylbenzofuran-3 -one 2.71 194 as a colourless liquid (15 mg, 41 %); (Found: [M+H]+ 

163.0735. CloHI002 requires [M+H]+, 163.0754); vm,,, (NaCl)/crn-1 2973 (C-H), 2918 (C- 

H), 1721 (C=O), 1615 (Ar), 1464 (C-H); 41 (CDC13) 1.48 (6H, s, 2x CH3), 7.06-7.10 (2H, 

m, ArH), 7.61 (1 H, dd, J 7.2,1.3, ArH), 7.64.7.69 (1 H, m, ArH); 8C (CDC13) 23.2 (CHA- 

88.1 (C), 113.8 (CH), 119.8 (C), 121.9 (CH), 125.1 (CH), 138.3 (CH), 171.1 (C), 204.6 

(C); Wz (EI) 162 (M', 100 %), 147 (54), 91 (14); Wz (EI) 162 (M+, 100 %), 147 (54), 91 
(14). 

(ii) 
+ 

N CCV) 
f]0 

0ý NN 
1.179 me me 001 
4. Oequiv., NaILDMF_ 

Cý 
++I 

01 
10*C, 18 h 

10 07ýý 

CýOK 

0 
2.67 2.70 2.71 2.67 

The experiment was carried out according to the 'general sodium hydride-method' 

Procedure. Conditions and reagents: II O'C, 18 h, DMF (15 ml), salt 1.179 (672 mg, 1.2 
mmol, 4.0 equiv. ), 2-(2-iodophenoxy)-2-methylpropionate 2.67 (100 mg, 0.299 mmol, 1.0 
equiv. ). Observation: The yellow donor colour did not change at room temperature, while 
heating a colour change to deep red took place. Acidic work-up was carried out and the 
residue was purified by column chromatography on silica gel (10: 90 ethyl acetate/ hexane). 
'H-NMR 

analysis of the purified mixture showed 2,2-dimethylbenzoftiran-3 -one 2.71, 
starting material 2.67 and 2-methyl-2-phenoxypropionic acid ethyl ester 2.70; for data see 
above. 

Test reactions on 2-phenoxybenzoic acid methyl ester 2.43 

(i) 
MeO. 0 

010 

15 ml DMF, 1 'O'C, 18h no reaction 

2.43 acidic work-up 
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2-Phenoxybenzoic acid methyl ester 2.43 (38.9 mg, 0.1706 mmol, 1.0 equiv. ) was dissolved 

in anhydrous DMF (7 ml) and the mixture was heated at II O'C overnight. After allowing 

to cool to room temperature, acidic work-up was carried out. 'H-NMR spectroscopic 

analysis of the crude mixture showed only starting material 2.43; no reaction had occurred. 

(ii) 
N0 ccý 

f 
MNN: 

O 

Me 0 Ný OH 
1.179 4e 4e 

4.0 equiv., NaH, DMF 

Z: '-' 

0, 

D, CU, _ 

0 

0 11 
O'C, 18 k acidic work-up 0 58% 

6 

31% 

2.43 2.43 2.45 

The experiment was carried out according to 'general sodiuin hydride-method' procedure. 
Conditions and reagents: II VC, 18 h, DMF (15 ml), benzimidazole salt 1.179 (672 mg, 
1.2 mmol, 4.0 equiv. ), 2-phenoxybenzoic acid methyl ester 2.43 (66 mg, 0.289 mmol, 1.0 

equiv. ). Observation: The mixture turned from yellow to orange while heat was applied. 
Acidic work-up was carried out and the residue was purified by column chromatography 

on silica gel (20: 80 ethyl acetate/ petroleum ether) to afford starting material 2.43 (38.3 mg, 

58 %) and 2-phenoxybenzoic acid 2.45218 as a white solid (19.2 mg, 31 %); mp 103-104T 

(lit . 
218 112*C); Ail (CDC13) 6.85 (IH, dd, J 7.6,0.7, ArH), 7.13-7.16 (2H, m, ArH), 7.21- 

7.30 (2H, m, AM), 7.43-7.51 (3H, m, ArH), 8.23 (1 H, dd, J 7.9,1.7, ArH). 

(iii) 
MeO. 0 

2.20 
no reaction 

1.5 equiv., DMF, r. t. 

2.43 

The experiment was carried out according to the 'pure donor-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), donor 2.20 (97 mg, 0.45 

mmol, 1.5 equiv. ), 2-phenoxybenzoic acid methyl ester 2.43 (65.9 mg, 0.289 mmol, 1.0 

equiv. ). Observation: The reaction mixture stayed yellow. Acidic work-up was carried out 

and the residue was analysed by 'H-NMR spectroscopy which showed starting material 
2.43 only; the reaction did not proceed. 
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Test reactions of 2-phenoxybenzoic acid 2.45 

no reaction 
0") 

15ffdDMF, 110'C, 18h 
0 

acidic work-up 2.45 

2-Phenoxybenzoic acid 2.45 (93 mg, 0.434 mmol, 1.0 equiv. ) was dissolved in anhydrous 
DMF (7 ml) and the mixture was heated at II O'C overnight. After allowing to cool to 

room temperature, acidic work-up was carried out. 'H-NMR spectroscopic analysis of the 

crude mixture showed only starting material 2.45; no reaction had occurred. ' 

2-(l-Ethoxycarbonyl-l-methylethoxy)benzoic acid ethyl ester 2.78 

C C02Et 
l 

OYYO 

OEt 
2.78 

Ethyl salicylate (1.5 g, 9.03 mmol, 1.0 equiv. ), 1,1,1-trichloro-2-methylpropanoI 

hemihydrate (3.2 g, 18.05 mmol, 2.0 equiv. ) and sodium hydroxide (2.8 g, 72.2 mmol, 8.0 

equiv. ) were dissolved in acetone and the reaction mixture was stiffed at room temperature 

overnight. The solvent was then removed in vacuo and the residue dissolved in water and 

extracted with diethyl ether (3 x 100 ml). The combined organic layer was acidified with 

conc. hydrochloric acid and extracted with diethyl ether (3 x 100 ml). The combined 

organic layer was dried over sodium sulfate, filtered and evaporated. The residue was 
dissolved in ethanol (75 ml) and thionyl chloride (0.66 ml, 1.0 equiv. ) was added and the 

reaction mixture was heated at reflux for 6 h. After cooling, the solvent was removed in 

vacuo and the residue dissolved in diethyl ether (200 ml) and water (200 ml). The aqueous 
layer was extracted with diethyl ether (3 x 200 ml), and the combined organic layer was 

washed with water (3 x 200 ml), then dried over sodium sulfate, filtered and evaporated. 
The residue was purified by column chromatography (10: 90 ethyl acetate/petroleum ether) 
to give 2-(I-ethoxycarbonyl-l-methylethoxy)benzoic acid ethyl ester195 2.78 as a colourless 
liquid (2.05 g, 81 %); (Found: [M+H]+ 281.1386 C15H200s requires [M+H], 281.1384); 

v.. (NaCl)/cm"l 3077 (Ar-H), 2986 (C-H), 2940 (C-H), 1732 (C=O), 1601 (Ar), 1487 (C- 
H), 1080(C-0); Sjj(CDC13)1.26(3H, t, J7.1 CH2CHAI. 39 (3H, t, J7.1, CH2CH3), 1.62 

(6H, s, 2x CH3), 4.25 (2H, q, J 7.1, CH2CHA 4.36 (2 H, q, J 7.1, CH2CHA 6.83-6.85 
(IH, m, ArH), 7.01-7.05 (IH, m, ArH), 7.32-7.37 (IH, m, ArH), 7.74 (IH, dd, J 7.7,1.8, 
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ArH); c'ý- (CDC13) 14.2 (CHA 14.4 (CHA 25.2 (CH3), 60.6 (CH2), 61.3 (CHA 80.1 (C)q 

118.9 (CH), 121.8 (CH), 123.2 (C), 131.1 (CH), 132.3 (CH), 154.8 (C), 166.6 (C), 174.3 

(C); nilz (CI) 298 ([M+NH4]+, 37 %), 281 (100), 167 (18), 52 (22). 

Test reaction on 2-(l-ethoxycarbonyl-l-methylethoxy)benzoic acid ethyl ester 2.78 

1+ 

0 
, -k,,,, -CO2Et 

1.179 me me 

0"/ 
[. 0 equiv., NaH, DMF 

yo 110*C, 18 h 

2.78 OEt 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and reagents: II O*C, 18 h, DMF (15 ml), benzimidazole Salt 1.179 (668 mg, 

1.19 mmol, 4.0 equiv. ), 2-(I-ethoxycarbonyl-l-methylethoxy)benzoic acid ethyl ester 2.78 

(83.0 mg, 0.3 mmol, 1.0 equiv. ). Acidic work-up was carried out and the 'H-NMR 

spectrum of the crude mixture showed predominantly starting material 2.78, which was 

confirmed by further analysis by GC-MS: nilz (El) 280 (M+, 100 %), 207 (89), 166 (20)ý 

120 (37), 92 (21). 

1-lodo-2-(5-phenylpentyloxy)benzene 2.79 174 

2.79 

5-Phenylpentanol (1.530 ml, 9.09 mmol, 1.0 equiv. ), 2-iodophenol (2 g, 9.09 mmol, 1.0 

equiv. ) and triphenylphosphine (2.384 g, 9.09 mmol, 1.0 equiv. ) were dissolved in THF 

(30 ml), and the mixture was cooled to O'C. DIAD (1.97 ml, 10.00 mmol, 1.1 equiv. ) was 

then added dropwise and the mixture was allowed to waffn to room temperature and stiffed 
for 3.5 h. The solvent was removed in vacuo and the residue purified by column 

chromatography (3: 97 ethyl acetate/ petroleum ether) to afford I-iodo-2-(5- 

phenylpentyloxy)benzene 2.79 as a colourless liquid (2.830 g, 85 %); (Found: [M+NH4]+ 

384.0818. C17H, 910 requires [M+NH4], 384.0819); v.. (NaCl)/cm-1 3060 (Ar-H), 3025 

(Ar-H), 2935 (C-H)I) 2855 (C-H), 1581 (Ar), 1463 (C-H); 8ji (CDC13) 1.54-1.66 (2H, m, 
CH2), 1.69-1.75 (2H, m, CH2), 1.87 (2H, q, J 6.8, CH2CH2CH2), 2.68 (2H, t, J 7.3, 

CH2CH2Ph), 4.00 (2H, t, J 6.3, CH20), 6.65-6.79 (2H, m, ArH), 7.14-7.31 (6H, m, ArH), 
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7.76 (IH, dd, J7.8,1.6, AM); &- (CDC13) 26.2 (CH2), 29.4 (CH2). 31.5 (CH2), 36.2 (CH2). 

69.3 (CH2), 87.2 (C), 112.5 (CH), 122.7 (CH), 126.0 (CH), 128.7 (CH), 128.8 (CH), 129.7 

(CH), 139.7 (CH), 142.8 (C), 157.9 (C); rWz (EI) 366 (M+, 8%), 220 (19), 146 (14), 91 

(100), 65 (22). 

Attempted aldchyde formation from 1-iodo-2-(5-phcnylpentyloxy)benzene 2.69 

+ 
NI 

Ný)1.5 equiv. N 

2 22 
L---ý 

NaIL DMF 

MgBr2 

2.79 2.79 2.80 

Anhydrous magnesium bromide (200 mg, 1.09 mmol, 3.6 equiv. ) was weighed in a glove- 
box and added to substrate 2.79 (110 mg, 0.3 mmol, 1.0 equiv. ). Imidazolium Salt 2.22 (212 

mg, 0.45 mmol, 1.5 equiv. ) was stirred under vacuum for lh, then dissolved in DMF (15 

ml). The solution was added to a residue of washed sodium hydride (144 mg, 3.6 mmol, 12 

equiv. ) and the mixture was stirred for 4h and was then centrifuged. The solution was then 

added to the mixture of anhydrous magnesium bromide and substrate 2.79. The reaction 

mixture was stirred at room temperature for 2h and the yellow, cloudy mixture was then 

heated at 70'C for 18 h. Deuterated water (1.5 ml) was added and the mixture was stirred 

at room temperature for 15 min, then poured into water (50 ml) and diethyl ether (50 ml). 
The aqueous layer was acidified (2 N hydrochloric acid) and extracted with diethyl ether (2 

x 50 ml). The organic phases were combined and washed with dilute hydrochloric acid (3 

x), dried over sodium sulfate, filtered and evaporated. The residue was purified by column 

chromatography on silica gel (5: 95 ethyl acetate/ petroleum ether) to afford a yellow oil 
(80 mg) that was a 50: 50 mixture of starting material 2.79 and its reduced counterpart 1-(5- 

phenoxylpentyl)benzene 2.80 196 (determined by 'H-NMR spectroscopic analysis). 

2-Bromo-l-fluoro-4-(4-phenyl-but-l-enyl)benzene 2.91 

Br Zý11'1 zztl 
I 

F 

A solution of triphenyl-(3-phenylpropyl)phosphonium bromide 197 (2.95 g, 6.4 mmol, 1.3 

equiv. ) in THF (10 ml) was cooled to -78T and n-BuLi (2.48 ml, 5.9 mmol, 1.2 equiv., c 
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= 2.38 moUl) was added dropwise. The mixture was stirred for Ih at room temperature and 
then re-cooled to -30"C. A solution of A solution of 3-bromo-4-fluorobenzaldehyde 2.89 
(1.0 g, 4.93 mmol, 1.0 equiv. ) in THF (10 ml) was added dropwise and the reaction 

mixture was stirred at room temperature over night, was then poured into water (150 ml) 

and diethyl ether (150 ml). The aqueous layer was extracted with diethyl ether (150 ml) 

and the combined organic layer was washed with water (150 ml) and brine (150 ml), was 
then dried over sodium sulfate, filtered and evaporated. The residue was purified by 

column chromatography on silica gel (5: 95 ethyl acetate/ petroleum ether) to afford 2- 

bromo-I -fluoro-4-(4-phenylbut-] -enyl) benzene 2.91 (1.09 g, 73 %) as a mixture of E and Z- 

isomers as a colourless liquid, which was reacted further directly. 

2-Bromo-l-fluoro-4-(4-phenylbutyl)benzene 2.92 

Br 

FýOr"ý'ý2.92 

To a solution of 2-bromo-l-fluoro-4-(4-phenylbut-l-enyl)benzene 2.91 (1.09 g, 3.57 mmol, 
1.0 equiv. ) in acetic acid (5 ml) was added palladium (10 % Pd on activated carbon, 20 

mg) and this mixture was stirred under hydrogen atmosphere (112-balloon used) at room 

temperature for 5 h. The mixture was then filtered using Kieselguhr and the resulting 

solution was neutralised with sodium bicarbonate solution at O'C. Ethyl acetate (100 ml) 

was then added and the aqueous layer was extracted further with ethyl acetate (2 x 100 ml). 
The combined organic layer was washed with brine (200 ml), dried over sodium sulfate, 
filtered and concentrated in vacuo. The residue was subjected to column chromatography 

on silica gel (5: 95 ethyl acetate/ petroleum ether) to give 2-bromo-I-fluoro-4-(4- 

phenylbutyl)benzene 2.92 as a white semi-solid (1.08 g, 99 %); (Found: M+ 306.0412. 

C16HI6BrF requires At, 306.0414 (for 79BrJ); vm. (NaCl)/cm7l 3026 (Ar-H), 2934 (C-H), 

1601 (Ar), 1496 (C-H); &I, (CDC13) 1.73-1.74 (4H, m, CH2), 2.67-2.80 (4H, m, CH2), 7.02- 

7.18 (2H, m, ArH), 7.20-7.44 (6H, m, ArH); i5c (CDC13) 31.0 (CH2), 34.9 (CH2), 35.2 

(CH2)ý 35.9 (CHA 108.8 (d9 2JC-F20.7, C), 116.2 (CH), 126.0 (CH)q 128.6 (CH), 128.9 

(CH), 133.3 (CH), 140.1 (d, 4JC-F20.7, C), 142.5 (C), 157.6 (d, IJC-F244.9, C); nzlz (EI) 

308 (M+, 18 %, 8'Br), 306 (M+, 18 %, 79Br), 228 (6), 187 (15), 149 (27), 109 (47), 91 

(100), 65 (38). 
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Test reactions with 2-bromo-l-fluoro-4-(4-phenylbutyl)benzene 2.80 

(i) Attempted benzyneformation 

eý>, 1 
Zýb, Br 

.. 10 

+r"i + 1- 
N, 

> <ý, 31 

NN1.5 equiv. 
2.22 t-ý NaH, DMF C-- 

0 
r. L, lgh - 

2.93 

no reaction 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: room temperature, 18 h, DMF (15 ml), salt 2.22 (212 mg, 0.45 

mmol, 1.5 equiv. ), 2-bromo-l-fluoro-4-(4-phenylbutyl)benzene 2.92 (92 mg, 0.3 mmol, 1.0 

equiv. ), furan (0.65 ml, 9 mmol, 30 equiv. ). Furan was purified and treated as stated in the 

general procedure. 'H-NMR spectrum of the crude mixture after work-up showed only 

starting material 2.92; the reaction did not proceed. 

(H) Formation of I -fluoro-4-(4-phenylbutyl) benzene 2.94 

Br 

2.92 

NN 
<"NDI 

2. Oequiv. 
2.22 L-ý NaH, DMF 

I IOT, 18 h 

521 1 

F'*fýý V% 
2.94 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II O`C for 18 h, DMF (15 ml), salt 2.22 (283 mg, 0.6 mmol, 2.0 

equiv. ), 2-bromo-l-fluoro-4-(4-phenyl-butyl)benzene 2.92 (92 mg, 0.3 mmol, 1.0 equiv. ). 

Purification after work-up carried out by column chromatography on silica gel (4: 20: 76 

ethyl acetate/ toluene/ petroleum ether) to afford 1 -fluoro-4- (4-phenylbutyl) benzene 2.94 as 

a colourless liquid (53 mg, 77 %); (Found: M+ 228.1308 C161117F requires M+, 228.1309) 

v.. (NaCl)/cm7' 3048 (Ar-H), 2931 (C-H), 2856 (C-H), 1508 (Ar), 1463 (C-H); Ai 

(CDC13) 1.70-1.79 (4H, m, CH2), 2.68-2.75 (4H, m, CH2), 7.01-7.07 (2H, m, ArH), 7.18- 

7.21 (2H, m, ArH), 7.25-7.31 (3H, m, ArH), 7.35-7.39 (2H, m, ArH); 5L- (CDC13) 31.2 

(CH2), 31.4 (CH2), 35.2 (CH2), 36.0 (CH2)e 115.3 (CH), 125.9 (CH), 128.5 (CH), 129.8 

(CH), 138.3 (d, 4Jc-F3.2, C), 142.7 (C), 161.4 (d, IJC-F242.9, Q; nilz (EI) 228 (M+, 9 %), 

185 (2), 13 6 (4), 109 (100), 91 (3 8), 65 (6). 
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Attempted benzyne formations from 1-chloro-2-iodobenzene 2.84b 

(i) 
-I +r'l + I- NN (> (' 1 

1.5 equiv. 
2.22 

U 
Nall, DMF 

CIO 

r. t., 18 h- 
no product detected 

2.84b 2.93 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and reagents: Room tempearture, 18 h, DMF (15 ml), salt 2.22 (212 mg, 0.45 

mmol, 1.5 equiv. ), 1-chloro-2-iodobenzene 2.84b (71.5 mg, 0.3 mmol, 1.0 equiv. ), furan 

(0.65 ml, 9 mmol, 30 equiv. ). Furan was purified and treated as stated in the general 

procedure. No material was obtained after work-up of the reaction mixture. 

(ii) 
r-I N 
>---< 

N 

ýý, - 00 
2.20 a 

C, 
1.2 equiv., Et2O, r. t. cl 

2.84b 2.93 train product in GC-MS 

2.101 

The experiment was carried out according to the 'general pure donor-method' procedure. 
Conditions and reagents: Room temperature for 18 h, diethyl ether (15 ml), donor 2.20 (78 

mg, 0.36 mmol, 1.2 equiv. ), 1-chloro-2-iodobenzene 2.84b (71.5 mg, 0.3 mmol, 1.0 equiv. ), 

furan (0.65 ml, 9 mmol, 30 equiv. ). Furan was purified and treated as stated in the general 

procedure. Observation: A precipitate formed during the reaction. Thus, the reaction 

mixture was filtered and the resulting solution subjected to GC-MS analysis which 

suggested, among other compounds, chlorobenzene 2.101 as the main compound. No 

cycloadduct arising from benzyne intermediate was detected by GC-MS. Chlorobenzene 

2.101198 was identified with 96.66 % probability match with the known library compound; 

nilz (EI) 114 (M+, 33 %, 37CI), 112 (M+, 100 %, 350), 77 (46). 

Attempted benzyne formations on 2-fluoroiodobenzene 2.84a 

+ NN 
) <1 

NN1.5 equiv. 

2.22 NaH, DMF 
no product detccted 

cc 

F 

CIO 

18 h 
I- 

2.84a 2.93 
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The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (212 mg, 0.45 

mmol, 1.5 equiv. ), 1-fluoro-2-iodobenzene 2.84a (66 mg, 0.3 mmol, 1.0 equiv. ), furan (0.65 

ml, 9 mmol, 30 equiv. ). Furan was purified and treated as stated in the general procedure. 
No material was obtained after work-up of the reaction mixture. 

Attempted benzyne formation on trichloroiodobenzene 

(i) 
-I +r'l +I- N) 

,N11.5 
equiv. 

0 
cl cl 

cl I C, cl 
cl 2.22 

U 
Nal-L DMF C, :aHI 

C. 
XX, ', co 1 1.19 h cl cl cl cl cl Cl 

2.95 2.93 2.96 2.97 2.98 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (212 mg, 0.45 

mmol, 1.5 equiv. ), 1,2,4-trichloro-5-iodobenzene 2.95 (92 mg, 0.3 mmol, 1.0 equiv. ), furan 

(0.65 ml, 9 mmol, 30 equiv. ). Furan was purified and treated as stated in the general 

procedure. The crude mixture after work-up was subjected to column chromatography on 

silica gel (10: 90 ethyl acetate/ petroleum ether) and the resulting mixture was subjected to 

GC-MS analysis which suggested the following compounds: 

1,2,4-Trichlorobenzene 2.96: Wz (EI) 186 (M+, 3 %, 37C137C137C1), 184 (M+, 33 %, 
35C137C137C1), 182(M+, 94 %, 35C135C137C1), 180 (M+, 100 %, 35C135C135C1), 147 (18)', 145 

(27), 111 (6), 109 (22), 74 (17). 

Literature mass spectrum from library of mass spectrometry program: 
1,2,4-Trichlorobenzene 2.96: Masses and relative abundances: 187 (0.2), 186 (4.1), 185 

(2.1), 184 (35.6), 183 (6.3), 182 (97.2), 181 (6.8), 180 (99.9), 149 (4.7), 148 (2.0), 147 

(28.1), 146 (5.2), 145 (44.9), 144 (4.3), 112 (1.3), 111 (8.5)110 (5.4), 109 (26.7), 74 (19.3), 

75 (9.3), 76 (0.5). 

2,4,5-Trichlorobenzaldehyde 2.97: Wz (EI) 213 (M+, 10 %, 37C137C137C1) 

, 211 (m+, 34 %, 
35C137C137C1) 209(M+, 100 %, 35C135C137C1), 207 (M+, 98 %, 35C135C135C1), 181 (24), 179 

(25), 143 (8), 145 (13), 109 (22), 74 (20). 

Literature mass spectrum from library of mass spectrometry program: 
2,4,5-Trichlorobenzaldehyde 2.97: Masses and relative abundances: 213 (4.4), 212 (18.7), 
211 (30.8), 210 (54.5), 209 (92.2), 208 (62), 207 (100), 184 (3.6), 183 (8.8), 182 (11.6)9 
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179 (26.7), 148 (3.2), 147 (11.4), 146 (15.0), 145 (20.4), 144 (21.1), 143 (10.5), 111 (11 - 1), 

110 (7.7), 109 (323), 108 (12.3), 107 (2.2), 75 (12.3), 74 (47.1), 73 (21.5), 29 (11.3), 28 

(1.7). 

2,4,5,2', 4', 5'-Hexachlorobiphenyl 2.98: nzlz (EI) 368 (1 %, 1X 35C1,5 X 37C1), 366 (8 %, 2x 

350,4 X 
37C1) 364 (35 %, 3x 350,3 X 

37C1) 362(77%, 4 X 
35 Cl, 2X 37C1), 360 (100 %, 5 

x 
35C1,1 X 

37C1) 

, 358 (50 %, 6x 350), 327 (34), 325 (53), 323 (35), 292 (34), 290 (66), 288 

(48), 257 (3), 255 (11), 220 (18), 218 (30), 182 (11), 144 (16), 109 (9), 73 (3). 

Literature mass spectrum from library of mass spectrometry program: 

2,4,5,2', 4', 5'-HexachlorobiphenyI 2.98: Masses and relative abundances: 

370 (trace), 369 (0.1), 368 (1.3), 367 (1.2), 366 (10.3), 365 (5.1), 364 (41.5), 363 (11.0)2 

362 (91.8), 360 (99.9), 359 (3.7), 358 (70.5), 230 (1.6), 329 (3.1), 328 (4.9), 327 (9.0), 326 

(3.1), 325 (13.6)2 324 (5.7), 323 (8.7), 322 (0.8), 294 (8.4)2 293 (4.7), 292 (36.8), 291 

(10.3), 290 (73.1)2 289 (8.5), 288 (60.4), 258 (1.3), 257 (2.4), 256 (5.7), 255 (7.1), 254 

(9.9), 253 (7.3), 252 (7.0), 222 (3.5), 221 (3.4), 220 (22.3), 219 (7.6), 218 (35.5), 217 (6.0), 

216 (2.1)2 185 (3.5), 184 (6.8), 183 (13.1), 182 (20.7), 181 (23.5), 180 (23.0), 179 (13.0)9 

147 (20.4),, 146 (53.5),, 145 (85.5)9 144 (77.2),, 111 (11.6),, 110 (35.9)" 109 (56.9)" 108 

(23.3)9 107 (8.1)., 79 (6.5)9 78 (8.4),, 77 (1.4),, 75 (4.5)9 74 (30.0),, 73 (28.6),, 72 (11.8). 

(ii) 
+r'l 

cl 

C'ýa, I cl 
10 cl, 

NN 

NN1.5 equiv. 

2.22 
ýý NaH, DMF 

45C, 18 h 

2.95 2.93 

0 
cl C, 

H 

CI)acl cl)cýcl 

2.96 2.97 

cl cl 

cl 
II cl 

cl cl 

2.98 

Furan was purified and treated as stated in the general procedure. A mixture of furan (0.65 

ml, 9 mmol, 30 equiv. ) and 1,2,4-trichloro-5-iodobenzene 2.95 (92 mg, 0.3 mmol, 1.0 

equiv. ) was heated at 45'C under argon and the donor solution [prepared according to 

A general NaH-method' procedure, 212 mg of salt 2.22,0.45 mmol, 1.5 equiv. ] was added at 

45"C and stirred for 30 min at that temperature, then stirred overnight at room temperature. 

The crude mixture after work-up was subjected to column chromatography on silica gel 
(10: 90 ethyl acetate/ petroleum ether) and the resulting mixture was subjected to GC-MS 

analysis which suggested the formation of 1,2,4-trichlorobenzene 2.96,2,4,5- 

trichlorobenzaldehyde 2.97 and 2,4,5,2', 4', 5'-hexachlorobiphenyI 2.98; see above for mass 

spectra of the compounds. 
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(iii) 

ci 
2.20 

clzcl 
1.2 equiv., Et20, r. t 

2.95 2.81 

C1 main product 
in GC-MS 

C1 analysis 

2.96 

The Experiment was carried out according to the general 'pure donor method' procedure. 
Conditions and reagents: Room temperature, 18 h, diethyl ether (15 ml), donor 2.20 (78 

mg, 0.36 mmol, 1.2 equiv. ), 1,2,4-trichloro-5-iodobenzene 2.95 (92 mg, 0.3 mmol, 1.0 

equiv. ), furan (0.65 ml, 9 mmol, 30 equiv. ). Furan was purified and treated as stated in the 

general procedure. A precipitate formed during the reaction. Tbus, the reaction mixture 

was filtered and the resulting solution subjected to GC-MS analysis which suggested 

trichlorobenzene 2.96 [for mass spectrum see above] as the major product, no cycloadduct 

was observed. 

Attempted reduction of anthracene-9-carboxylic acid 2.115 

+r-'-i +r (N N) 
I \> <1 1 

5.0 equiv. 

2.22 
U 

NaH, DMF 

I IOIC, 18 h 

2.115 2.115 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II OOC, 18 h, DMF (15 ml), salt 2.22 (684 mg, 1.5 mmol, 5.0 

equiv. ), anthracene-9-carboxylic acid 2.115 (67 mg, 0.3 mmol, 1.0 equiv. ). Acidic work-up 

was then carried out. No reaction had taken place, based on comparison of the 'H-NMR 

spectrum of the crude mixture with starting material 2.115; 8j, (CDC13) 7.56-7.66 (4H, m, 
ArH), 8.04 (2H, dd, J 8.3,4.7, ArH), 8.16 (2H, dd, J 8.3,4.7, ArH). 13.9 (1 H, s, C02H); 

nilz (ESI) 222 (M+, 28 %), 221 (100), 205 (36), 179 (17). 

Reduction of a nth racene-9-ca rboxylic: acid methyl ester 2.102 

+r Ný 

N<N4.0 equiv. 
0 

MF 2.22 L---j Nalt D 

I 10-C, 18 h 13% trace 
2.102 2.103 2.107 2.115 
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The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: 110'C, 18 h, DMF (15 ml), salt 2.22 (566 mg, 1.2 mmol, 4.0 

equiv. ), anthracene-9-carboxylic acid methyl ester 2.102 (70 mg, 0.296 mmol, 1.0 equiv. ). 

Observation: Upon addition of the yellow donor solution to the reactant at room 

temperature the colour changed to orange and upon heating overnight to dark-red. After 

heating at II O'C for 18 h, ethyl acetate was added (20 ml) and 2N hydrochloric acid (20 

ml). The aqueous layer was extracted with ethyl acetate (2 x 20 ml) and the combined 

organic layer was washed with 2N hydrochloric acid (3 x 20 ml). The organic layer was 

then washed with aqueous NaOH solution (3 x 20 ml), then dried over sodium sulfate and 

evaporated. The residue was purified by column chromatography on silica gel (3: 97 ethyl 

acetate/ hexane) to give 9,10-dihydro-anthracene 2.103 as a white solid (7 mg, 13 %) and 

anthracene 2.107 as a white solid (trace); for data see below. The basic aqueous layer was 

acidified with conc. hydrochloric acid and extracted with ethyl acetate (3 x 20 ml). This 

organic layer was then combined, dried over sodium sulfate and evaportated. The residue 
(12.2 mg) contained anthracene-9-carboxylic acid 2.115 (based on comparison of the 'H- 

NMR spectrum of the crude mixture with the commercial material of 2.115) and LC-MS 

mass spectrum analysis showed, among other unidentified peaks, a signal at nilz (ESI-) 221 

([M-H]+), corresponding to anthracene-9-carboxylic acid 2.115. 

Anthracene-9-carbonyl chloride 2.117 
C0 

2.117 

Anthracene-9-carboxylic acid 2.115 (2.0 g, 8.99 mmol, 1.0 equiv. ) was dissolved in DCM 

(20 ml) and oxalyl chloride (0.94 ml, 10.7 mmol, 1.2 equiv. ) was added. The reaction 

mixture was cooled to O*C and four drops of anhydrous DMF were added. After stirring 
the mixture at O'C for Ih the stirring was continued for another 2h at room temperature. 
The solvent was removed in vacuo and the residue was recrystallised (DCM/hexane) to 

give anthracene-9-carbonyl chloride 2.117 as a yellow solid (1.53 g, 71 %); mp 153"C 

(dec. ); (Found: M+ 240.0334. CjsH9CIO requires At, 240.0336 for 35CI); v.. (KBr)/cm" 

3059 (Ar-H), 1797 (C=O); 41 (CDC13) 7.27-7.58 (2H, m, ArH), 7.59-7.62 (2H, m, ArH), 

8.06-8.08 (2H, d, J 8.7 ArH), 8.12-8.15 (2H, dd, J 8.7,0.8 ArH), 8.60 (IH, s, ArH); t5c 
(CDC13) 123.9 (CH), 125.9 (CH), 125.9 (C), 127.9 (CH), 128.7 (CH), 130.7 (CH), 170.6 
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(C); Wz (EI) 242 (M+, 6 %, 37 CI), 240 (M+, 18 %, 350), 205 (100), 177 (64), 151 (23), 88 

(26). 

Formation of salt species 2.108 from anthracene-9-carbonyl chloride 2.117 

r---, 
CI XN) 

2.20 ý-ý I. Oequiv. 
IN- 

6D 

d7-DMF, r. t., 20 min 

71% 

2.117 2.108 

Anthracene-9-carbonyl chloride 2.117 (98.1 mg, 0.407 mmol, 1.0 equiv. ) was dried under 

vacuum at room temperature for 3 h. Imidazole donor 2.20 (88 mg, 0.407 mmol, 1.0 equiv. ) 

was dissolved in d7 -DMF (2 ml) [that was deoxygenated with argon for 20 min prior to 

usage] in a glove-box. The solution was transferred dropwise via pipette to anthracene-9- 

carbonyl chloride 2.117 in the glove-box at room temperature. After stirring for 20 min, the 

reaction mixture was analysed by 1H and 13 C NMR spectroscopy. Diethyl ether (20 ml) 

was added to the reaction mixture and the precipitate was filtered and washed with diethyl 

ether. The obtained brown solid was analysed by LC mass spectroscopy, showing the 

desired peak for species 2.108: 

LC-MS analysis: [M+H]+ 422 (21 

MS-MS at 422: 422 ([M+H]+, 78 421 (M+, 100 %), 394 (16), 327 (23), 314 (19), 

217 (68), 150 (98). 
13C isotope peak at : [M+H]+ 422: 31 corresponding to 27 carbon atoms at 1.1 % relative 

abundance and the isotope contributions of 170 and 15N. 

Reduction of anthracene-9-carbonyl chloride 2.117 

+ 
EN Ný 

NN4.0 equiv. 
2.22 L-ý NaH, DMF 

I IOT, 18 h 

2.117 

Cco Cco (I 

2.103 19% 2.107 trace 2.115 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: 110'C, 18 h, DMF (15 ml), salt 2.22 (566 mg, 1.2 mmol, 4.0 

equiv. ), anthracene-9-carbonyl chloride 2.117 (69 mg, 0.287 mmol, 1.0 equiv. ). 

Observation: Upon addition of the yellow donor solution to the substrate at room 
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temperature the colour changed to dark green-black. After heating at II O'C for 18 h, ethyl 

acetate was added (20 ml) and 2N hydrochloric acid (20 ml). The aqueous layer was 

extracted with ethyl acetate (2 x 20 ml) and the combined organic layer was washed with 2 

N hydrochloric acid (3 x 20 ml). The organic layer was then washed with aqueous NaOH 

solution (3 x 20 ml), then dried over sodium sulfate and evaporated. The residue was 

purified by column chromatography on silica gel (3: 97 ethyl acetate/ hexane) to give an 
inseparable mixture of 9,10-dihydro-anthracene 2.103 as a white solid (9.6 mg, 19 %); 8H 

(CDC13) 4.01 (4H, s, CH2), 7.26 (4H, dd, J 5.5,3.3, ArH), 7.36 (4H, dd, J 5.5,3.3, ArH); 

and anthracene 203 2.107 as a white solid (trace); i5h (CDC13) 7.48 (4H, ddd, J 6.3,6.3,2.8, 

ArH), 8.02 (4H, dd, J 6.5,3.3, ArH), 8.44 (2H, s, ArH); consistent with the data quoted by 

D. Thomson. 203 The basic aqueous layer was acidified with conc. hydrochloric acid and 

extracted with ethyl acetate (3 x 20 ml). This organic layer was then combined, dried over 

sodium sulfate and evaporated to give a residue (20.5 mg) that contained anthracene-9- 

carboxylic acid 2.115, based on comparison of the 'H-NMR spectrum of the fraction with 
the commercial material of 2.115 and LC-MS analysis showed among other unidentified 

peaks a signal at 221 ([M-H]) with a MS-MS: nVz (ESI+) 223 ([M+H]+ , 89 %), 205 

(100), 179 (37), corresponding to anthracene-9-carboxylic acid 2.115. 

Triethylamine blank experiment 

NEt3, DMF 
- 

"ýO 

69 

C: 

7 

IIOOC, 18 h 

(0 

2.120 2.119 

Diphenylacetic acid 2.120 (250 mg, 1.18 mmol, 1.0 equiv. ) was dissolved in DMF (15 ml) 

and triethylamine was added (0.45 ml, 3.54 mmol, 3.0 equiv. ). The reaction mixture was 
heated at II O'C for 18 h. Diethyl ether (50 ml) and 2N hydrochloric acid (50 ml) were 

added and the aqueous layer was extracted with diethyl ether (50 ml). The combined 

organic layer was washed with 2N hydrochloric acid (4 x 50 ml), dried over sodium 

sulfate, filtered and evaporated. The residue was purified by column chromatography on 

silica gel (5: 95 diethyl ether/ hexane) to afford diphenylmethane 199 2.119 as a colourless 
liquid (136 mg, 69 %); v,,,,., (NaCl)/cm"l 3085 (Ar-H), 3062 (Ar-H), 3027 (Ar-H), 2910 (C- 

H), 2843 (C-H), 1599 (Ar), 1494 (C-H); 81, (CDC13) 4.06 (2H, s, CH2), 7.15-7.30 (6H, m, 
ArB), 7.31-7.45 (4H, m, AiM; öc (CDC13) 42.2 (CH2), 126.3 (CH), 128.8 (CH), 129.1 

(CH), 114.1 (C); Wz (EI) 168 (M, 100 %), 167 (97), 165 (45), 153 (37), 152 (27), 91 (13). 
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1-Phenylcyclopentanecarboxylic acid methyl ester 2.121 

OMe 

2.121 

I-Phenylcyclopentanecarboxylic acid (1.5 g, 7.88 mmol, 1.0 equiv. ) was dissolved in 

methanol and thionyl chloride (2.3 ml, 31.5 mmol, 4.0 equiv. ) was added dropwise at O'C. 

After heating the mixture at reflux, for 5 h, the solvent was removed in vacuo and the 

residue purified by column chromatography (15: 75 ethyl acetate/ petroleum ether) to 

afford the I-phenylcyclopentanecarboxylic acid methyl ester 2.121 as a colourless liquid 

(1.46 g, 91 %); (Found: [M+NH4]+ 222.1492. C13HI602 requires [M+NH4]+, 222.1489); 

v,,,. (NaCl)/cm'l 2952 (C-H), 2874 (C-H), 1729 (C=O), 1448 (C-H), 1012 (C-0); 8H 

(CDC13) 1.71-1.79 (4H, m, CH2CH2CH2CH2), 1.91-1.98 (2H, m, CHHCCHH), 2.64-2.71 

(2H, m, CBHCCHH), 3.63 (3H, s, OCH3), 7.12-7.26 (1H, m, ArH), 7.31-7.33 (2H, m, 

AM), 7.50-7.58 (21-1, m, ArH); & (CDC13) 23.6 (CH2), 36.2 (CH2)9 52.3 (CH3), 59.1 (C), 

126.6 (CH), 126.8 (CH), 128.3 (CH), 143.3 (C), 176.5 (C); Wz (EI) 204 (M+, 4 %), 145 

(93), 115 (18), 91 (100), 77 (10), 67 (16), 59 (19). 

Attempted reduction of I-phenyl-cyclopentanecarboxylic acid methyl ester 2.121 

+1 
N 

ý DI 
4.0 equiv. '01 

ome 2.22 
U 

NaH, DMF 

I IOOC, IS h 

2.121 

c90me ýý1jOH 

42% 

2.121 2.122 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: 1100C, 18 h, DMF (15 ml), salt 2.22 (566 mg, 1.2 mmol, 4.0 

equiv. ), I-phenyl-cyclopentanecarboxylic acid methyl ester 2.121 (70 mg, 0.342 mmol, 1.0 

equiv. ). Observation: Upon addition of the yellow donor solution to the reactant at room 

temperature the colour changed to orange and upon heating overnight to dark-red. Acidic 

work-up was carried out and the residue was purified by column chromatography on silica 

gel (2: 98, then 20: 80 diethyl ether/ hexane) to give starting material 2.121 as a colourless 
liquid (40 mg, 57 %) and I-phenylcyclopentanecarboxylic acid 2.122 as a white solid (27.3 

mg, 42 %); mp 153-1550C (lit. 218 159-161'C); vinm (KBr)/crrfl 3402 (0-H), 2873 (C-H), 

1681 (C=O), 1443 (C-H); &H (CDC13) 1.71-1.80 (4H, m, CH2CH2CH2CH2), 1.91-1.97 (2H, 
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m, CHHCCHH), 2.63-2.73 (2H, m, CHHCCHH), 7.23-7.28 (IH, m, ArH), 7.31-7.35 (2Hs 

m, ArH), 7.40-7.43 (2H, m, ArH); c3c (CDC13) 23.6 (CH2), 36.0 (CHA) 58.9 (C), 126.9 

(CH), 127.3 (CH), 128.3 (CH), 142.7 (C), 182.3 (C); nilz (ESI) 190 (M+, 18 

Anthracene-9-carboxylic acid 4-methoxybenzyl ester 2.123 

MeO_, o_- 

0 

2.123 

Anthracene-9-carbonyl chloride 2.117 (382 mg, 1.58 mmol, 1.0 equiv. ) was dissolved in 

DCM (15 ml) and cooled to O'C. A solution of 4-methoxybenzyl alcohol (241.3 mg, 1.74 

mmol, 1.1 equiv. ) in DCM (5 ml) was then added dropwise. The mixture was allowed to 

warm to room temperature and was stiffed overnight. The solvent was removed in vacuo 

and the residue purified by column chromatography on silica gel (5: 95 ethyl acetate/ 

petroleum ether) to give anthracene-9-carboxylic acid 4-methoxybenzyl ester 2.123 as a 

yellow solid (296 mg, 55 %); mp 148-150'C; (Found: M+ 342.1253 C23HIS03 requires Al", 

342.1250); vm,,., (KBr)/cm" 3056 (Ar-H), 3003 (Ar-H), 2908 (C-H), 2836 (C-H), 1718 

(C=O), 1612 (Ar), 1199 (C-0); 81, (CDC13) 3.83 (3 H, s, OCH3), 5.64 (2H, s, CH20), 6.92- 

6.96 (2H, in, ArH), 7.46-7.54 (614, m, ArH), 7.97-8.03 (4H, in, ArH), 8.50 (114, s, ArH); &C 

(CDC13) 55.4 (CHA 67.2 (CHA, 114.1 (CH), 124.9 (CH), 125.5 (CH), 126.9 (CH), 127.9 

(C); 128.4 (C), 128.7 (CH), 129.3 (CH)p 130.5 (CH), 131.2 (C), 159.7 (C), 169.5 (C); nilz 
(EI) 342 (M+p 6 %), 298 (2), 178 (1 I)p 121 (100), 91 (15), 77 (11). 

Anthracene-9-carboxylic acid 2,2,2-trifluoroethyl ester 2.124 

F3 c 

2.124 

Anthracene-9-carbonyl chloride 2.117 (386 mg, 1.60 mmol, 1.0 equiv. ) was dissolved in 

DCM (15 ml) and cooled to O'C. Trifluoroethanol (5 ml) was then added dropwise. The 

mixture was allowed to warm to room temperature and was stirred overnight. The solvent 

was removed in vacuo and the residue purified by column chromatography on silica gel 
(5: 95 ethyl acetate/ petroleum ether) to give anthracene-9-carboxylic acid 2,2,2-trifluoro- 
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ethyl ester 2.124 as a yellow solid (324 mg, 67 0/6); mp 121-122OC; (Found: M+ 304.0707 

C17HIIF302 requires At, 304.0706); v. a,, (KBr)/cm" 3059 (Ar-H), 2968 (C-H), 1738 

(C=O), 1416 (C-H), 1169 (C-0); 6a (CDC13) 5.06 (2H, q, J 8.4, CH2), 7.48-7.52 (2H, m, 

ArH), 7.57-7.61 (2H, m, ArH), 8.07-8.09 (2H. m. ArH), 8.09-8.10 (2H, m, ArH), 8.53 (IH,, 

s, ArH); 8c (CDC13) 61.0 (q, 2JC-F 36.6, CH2),, 121.7 (C), 124.5 (CH), 125.4 (C), 125.6 

(CH), 127.4 (CH), 127.5 (C), 128.7 (CH), 130.5 (CH), 130.8 (C), 167.9 (C); rWz (EI) 304 

(M+, 100 %), 205 (55), 177 (75), 176 (57)31151 (19), 88 (39). 

Reduction of anthracene-9-carboxylic acid 4-methoxybenzyl ester 2.123 

+ NN 
p 7 <'N)l 

4.0 equiv. N 

2.22 
L---j NaK DMF 

110T, 18 h 

ccq 

3.7% 

2.123 2.103 

cco C; ) 
MOý 

H 

0.7% 26% 29% 
2.107 2.115 2.125 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: 110'C, 18 h, DMF (15 ml), salt 2.22 (566 mg, 1.2 mmol, 4.0 

equiv. ), anthracene-9-carboxylic acid 4-methoxy-benzyl ester 2.123 (100 mg, 0.292 mmol, 
1.0 equiv. ). Acidic work-up was carried out and the residue was purified by column 

chromatography on silica gel (2: 98, then 70: 30 diethyl ether/ hexane) to give an 
inseparable mixture of 9,10-dihydroanthracene 2.103 (3.8 O/o) and anthracene 2.107 (0.7 %) 

as a white solid (3 mg, ratio 7: 1) as the first fraction and an inseparable mixture of (4- 

methoxyphenyl)methanol 2.125 (29 %) and anthracene-9-carboxylic acid 2.115 (26 %) as a 

yellow solid (29 mg, ratio I: 0.899) as the second fraction; for data see above and on page 
232. 

Attempted reduction of anthracene-9-carboxylic acid 2,2,2-trifluoroethyl ester 2.124 

(i) 
+r---i +r F3CH2C 0NN C><, 3 

NN4.0 equiv. 

lozý lzý Nzý 2.22 
L, 

--ý NaK DMF 

le; lo!: ý le; - 

2.124 
1 IOT, 18 h 

cco cco 

( D, 
2.103 1: 0.42, trace 2.107 2.115 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: 110T, 18 h, DMF (15 ml), salt 2.22 (566 mg, 1.2 nimol, 4.0 
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equiv. ), anthracene-9-carboxylic acid 2,2,2-trifluoroethyl ester 2.124 (91 mg, 0.299 mmol, 
1.0 equiv. ). Acidic work-up was carried out and the combined organic layer was 

additionally washed with aqueous NaOH solution (3 x 20 ml). The residue was purified by 

column chromatography on silica gel (2: 98 diethyl ether/ hexane) to give an inseparable 

mixture of 9,10-dihydro-anthracene 2.103 (trace) and anthracene 2.107 (trace) as a white 

solid (I mg, ratio I: 0.426); for data see above. 
The basic aqueous layer was acidified with conc. hydrochloric acid and extracted with 

ethyl acetate (3 x 20 ml). This organic layer was then combined, dried over sodium sulfate 

and evaporated to give a residue (8.6 mg) that contained anthracene-9-carboxylic acid 

2.115, based on comparison of the 'H-NMR spectrum of the crude mixture with the 

commercial sample of 2.115 and LC-MS analysis showed among other unidentified peaks a 

signal at nilz (ESI-) 221 ([M-H]), corresponding to anthracene-9-carboxylic acid 2.115. 

(ii) 
+r"-l +r N 

F3CH 4.0 equiv. NN 

2.22 ý-ý 
_NaK 

DMF 

II O-C. 
2.124 18 h 

Cco Co CCOC 

trace 23% 4% 
2.103 2.129 2.107 2.115 

The yellow donor solution was prepared according to the 'general NaH-method' procedure 

using salt 2.22 (566 mg, 1.2 mmol, 4.0 equiv. ) and anhydrous DMF (10 ml). 1,3-Dimethyl- 

IH-imidazolium salt iodide 1.128 (168 mg, 0.75 mmol, 2.5 equiv. ) was heated at 90"C for 

lh under vacuum in a centrifuge tube, then cooled to room temperature and sodium 
hydride (60% suspension in mineral oil, 300 mg, 7.5 mmol, 25 equiv. ) was added under 

argon atmosphere. This mixture was then washed with hexane (2 x 20 ml) and 

subsequently dried under argon. Dry DMF (5 ml) was deoxygenated with argon for 20 min 

and then added dropwise to the salt/sodium hydride residue. This mixture was stirred for 

4h at room temperature under argon and then exposed to centrifugation. The resulting 

supernatant liquid was transferred via cannula to anthracene-9-carboxylic acid 2,2,2- 

trifluoroethyl ester 2.124 (94.0 mg, 0.308 mmol, 1.0 equiv. ) [dried beforehand under 

vacuum at room temperature for 3 h]. The reaction mixture turned dark-green and was 

stirred at room temperature for 5 min. The donor solution prepared from salt 2.22 was then 

added via cannula and the mixture was heated at II O'C for 18 h under argon atmosphere. 
After heating the reaction mixture at II O'C for 18 h, acidic work-up was carried out. The 
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residue was purified by column chromatography on silica gel. (2: 98, then 20: 80, then 90: 10 

diethyl ether/ hexane) to give an inseparable mixture, tentatively identified as 9,10- 

dihydroanthracene 2.103 (trace), anthracene 2.107 (4 %) and 9-methyl-anthracene 200 2.129 

(23 %) as a white solid (16 mg, yields determined based on the ratio in the 'H-NMR 

spectrum of the mixture) as the first fraction. The second fraction (12.8 mg) contained 

mainly anthracene-9-carboxylic acid 2.115 based on comparison of the 'H-NMR spectrum 

of the crude mixture with the commercial 2.115 and LC-MS analysis of the fraction showed 

a signal at nilz (ESI-) 221 ([M-H]), corresponding to anthracene-9-carboxylic acid 2.115. 

Reduction of a nth racene-9-ca rboxylic acid methyl ester 2.102 in the presence of 2.126 

(N tN) 
NN4.0 equiv. 

2.22 
L-ý NaH, DMF 

+ 2.102 cl 

I IOT, 18 h 

Cco Cco ao 

2.103 12% 2.107 22% 2.129 trace 

m0H 

Nzt 

2.130 HH 20% 2.115 

The yellow donor solution was prepared according to the 'general Na]H-method' procedure 

using salt 2.22 (566 mg, 1.2 mmol, 4.0 equiv. ) and anhydrous DMF (10 ml). 1,3-Dimethyl- 

IH-imidazoliurn salt iodide 2.128 (168 mg, 0.75 mmol, 2.5 equiv. ) was heated at 90*C for I 

h under vacuum in a centrifuge tube, was then cooled to room temperature and sodium 
hydride (60 % suspension in mineral oil, 300 mg, 7.5 mmol, 25 equiv. ) was added under 

argon atmosphere. This mixture was then washed with hexane (2 x 20 ml) and 

subsequently dried under argon. Dry DMF (5 ml) was deoxygenated with argon for 20 min 

and was then added dropwise to the salt/ sodium hydride residue. This mixture was stirred 
for 4h at room temperature under argon and then exposed to centrifugation. The resulting 

supernatant liquid was transferred via cannula to anthracene-9-carboxylic acid methyl ester 

2.102 (70.0 mg, 0.296 mmol, 1.0 equiv. ) [dried beforehand under vacuum at room 

temperature for 3 h]. The reaction mixture turned dark-green and was stirred at room 

temperature for 5 min. The donor solution prepared from salt 2.22 was then added via 

cannula and the mixture was heated at II O'C for 18 h under argon atmosphere. After 

heating the reaction mixture at II O'C for 18 h, diethyl ether (20 ml) and 2N hydrochloric 

acid (20 ml) were added. The aqueous layer was extracted with diethyl ether (2 x 20 ml) 

and the combined organic layer was washed with 2N hydrochloric acid (3 x 20 ml). The 

organic layer was then washed with aqueous NaOH solution (3 x 20 ml), then dried over 
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sodium sulfate and evaporated. The residue was purified by column chromatography on 

silica gel (2: 98, then 20: 80 diethyl ether/ hexane) to give an inseparable mixture of 9,10- 

dihydroanthracene 2.103 (12 %), anthracene 2.107 (22 %) and 9-methyl-anthracene 200 2.129 

(trace) as a white solid (18 mg, yields determined based on the ratio in the 'H-NMR 

spectrum of the mixture) as the first fraction. As the second fraction was isolated 9,10- 

dihydroanthracene-9-carboxylic acid methyl ester 2.130 as a yellow liquid (14 mg, 20 %); 

(Found: [M+NI141+ 256.1328. C16HI402 requires [M+NH4]+, 256.1332); v.. (NaCl)/cm" 

3066 (Ar-H), 2945 (C-H), 2923 (C-H), 1735 (C=O), 1449 (C-H), 1152 (C-0); 8ji (CDC13) 

3.60 (3H, s, OCH3), 3.92 (111, d, J 18.2, ArCHHAr), 4.33 (111, d, J 18.2, ArHHAr), 5.02 

(IH, s, ArCHCO), 7.24-7.32 (4H, in, ArH), 7.35-7.37 (2H, in, ArH), 7.40 (2H, dd, J 7.9, 

1.5, ArH); 8c (CDC13) 36.3 (CH2), 52.4 (CH), 52.8 (CH3), 
) 

126.4 (CH), 127.5 (CH), 128.1 

(CH), 128.6 (CH), 133.9 (C), 136.9 (C), 172.5 (C); nzlz (CI) 256 ([M+H]+, 100 %), 239 

(8), 195 (10), 179 (12), 52 (4). 

The basic aqueous layer was acidified with conc. hydrochloric acid and extracted with 

ethyl acetate (3 x 20 ml). This organic layer was then combined, dried over sodium sulfate 

and evaporated to give a residue (16 mg) that contained anthracene-9-carboxylic acid 2.115, 

based on comparison of the 'H-NMR spectrum of the crude mixture with the commercial 

2.115, and LC-MS analysis of the fraction showed among other unidentified peaks a signal 

at nilz (ESI-) 221 ([M-H]), corresponding to anthracene-9-carboxylic acid 2.115. 

1,3-Dimethyl-IM-imidazolium salt iodide 2.128 

I+/ 

CN 
N 

2.128 

I-Methyl-IH-imidazole (2.91 ml, 36.5 mmol, 1.0 equiv. ) was dissolved in acetonitrile and 
iodomethane (2.73 ml, 43.8 mmol, 1.2 equiv. ) was added dropwise at room temperature. 
After heating the reaction mixture at 65T for 20 h the solvent was removed in vacuo and 
the solid residue was washed with diethyl ether to give 1,3-dimethyl-IH-imidazolium salt 
iodide 2.128 as a yellow semi-solid (7.6 g, 93 %); v.. (KBr)/cm-1 3149 (Ar-H), 3090 (C- 

H), 1575,1450,1173; 811 (DMSO) 3.84 (6H, s, CH3), 7.76 (2H, s, ArH), 9.12 (IH, s, 
NCHN+); t5c (DMSO) 34.3 (CHA 121.3 (CH), 135.0 (CH); nz1z (ESI) 97 ( [M-I]+, 100 %). 
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3-(2,2-D im ethyl pro pyl)-I -methyl-IH-im idazolium salt iodide 2.156 

+r N C, \> 
N 

2.156 

1-(2,2-Dimethylpropyl)-IH-imidazole (3.0 g, 21.7 mmol, 1.0 equiv. ) 2.155 was dissolved in 

acetonitrile (20 ml) and iodomethane (2.03 ml, 32.5 mmol, 1.5 equiv. ) was added at room 

temperature. After heating the mixture at reflux for 18 h the solvent was removed in vacuo 

and the residue washed with diethyl ether to give 3-(2,2-dimethylpropyl)-l-methyl-IH- 

imidazolium salt iodide 2.156 as an orange oil (5.7 g, 94 %); (Found: [M-I]+ 153.1387. 

C9HI7IN2 requires [M-]]+, 153.1386); vm. (KBr)/cm-1 3139 (Ar-H), 3078 (Ar-H), 2960 (C- 

H), 2871 (C-H), 1481 (C-H); 911 (CDC13) 0.89 [9H, s, C(CH3)], 5.11 (5H, s, NCH2 and 

NCH3), 7.42-7.43 (IH, m, ArH), 7.65-7.66 (IH, m, ArH), 9.86 (IH, s, NCBN+); nilz (ES+) 

153 ([M-I]+, 100 %), 83 (3). 

3-(2,2-Dimethylpropyl)-l-methyl-IH-imidazolium-2-carboxylic acid ethyl ester iodide 

2.157 

0 

OR 

2.157 

Sodium hydride (1.43 g, 35.69 mmol, 10.0 equiv. ) was washed with hexane (2 x 30 ml) 

and was subsequently dried with argon. 3-(2,2-dimethyl-propyl)-l-methyl-IH-imidazolium 

salt iodide 2.128 (1 g, 3.569 mmol, 1.0 equiv. ) was dried under vacuum at IOOT for 2h 

and was then dissolved in THF (30 ml, deoxygenated with argon for 30 min beforehand). 

The solution was transferred via cannula to the sodium hydride and the mixture was stiffed 

at room temperature for 4h under argon. After centrifugation the supernatant liquid was 

transferred to ethyl chloroformate (0.37 ml, 3.926 mmol, 1.1 equiv. ) while cooling to OT 

under argon. The reaction mixture was allowed to waffn to room temperature and was 

stirred overnight. The solvent was then removed under reduced pressure and the residue 

was purified by column chromatography on silica gel (20: 80 DOW acetonitrile) to afford 
3-(2,2-dimethylpropyl)-l-methyl-]H-imidazolium-2-carboxylic acid ethyl ester iodide 2.157 

as a yellow semi-solid (376.5 mg, 30 %); (Found: [M-11+ 225.1600. C12H21IN202 requires 
IM-II +, 225.1598); vm. (KBr)/cm7l 3089 (Ar-H), 2960 (C-H), 1733 (C=O), 1440 (C-H), 
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1186 (C-0); 41 (CDC13) 0.95 [9H, s, C(CH3)1,1.45 (3H, t, J 7.1, OCH2CH3), 4.33 (3H, s, 

NCH3), 4.55 (2H, q, J7.1, OCH2CH3), 4.61 (2H, s, NCH2), 8.04 (IH, d, J 1.8, ArH), 8.38 

(IH, d, J 1.8, AM); & (CDC13) 19.9 (CH3), 27.3 (CH3), 33.4 (C), 40.6 (CH3), 60.9 (CH2), 

64.9 (CH2), ) 126.9 (CH), 127.0 (CH), 132.4 (C), 153.9 (C); Wz (ES+) 225 ([M-1]'», 84 %), 

211 (100), 153 (9), 141 (6). 
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8.4 Experiments from chapter 4: Formation of aldehydes 

2-Iodobenzaldehyde 2.178 

0 

2.178 

A solution of oxalyl chloride (5.5 ml, 0.0854 mol, 2.0 equiv. ) in dichloromethane (40 ml) 

was cooled to -78"C and dimethylsulfoxide (9.1 ml, 0.128 mol, 3.0 equiv. ) was added 

dropwise under argon. This mixture was stirred for 10 min at -781C. A solution of 2- 

iodobenzyl alcohole in dichloromethane (40 ml) was then added dropwise. After stirring 

for 30 min at -78"C, triethylamine (35.62 ml, 0.235 mol, 5.5 equiv. ) was added dropwise 

and the reaction mixture was allowed to warm to room temperature, was stirred for 30 min 

at room temperature and then poured into diethyl ether (500 ml). The organic phase was 

washed with water (2 x 500 ml) and brine (300 ml), was then dried over sodium sulfate, 

filtered and concentrated under reduced pressure. The residue was purified by -column 

chromatography on silica gel (10: 90 ethyl acetate/ petroleum ether) to give 2- 

iodobenzaldehyde 2.178 201 as a yellow solid (8.5 g, 86 %); mp 32-34'C (lit. 201 34"C); Aft 

(CDC13) 7.27-7.32 (1 H, m, ArH), 7.44-7.50 (1 H, m, ArH), 7.89 (1 H, dd, J 7.7,1.8, ArH), 

7.97 (1 H, dd, J 7.9,1.0, ArH), 10.08 (1 H, s, OCH); consistent with the data quoted by D. 

Thomson. 203 

1-(2-lodophenyl)but-3-en-1-01 2.179203 
0 

-f OH 

2.179 

A solution of 2-iodobenzaldehyde 2.178 in tetrahydrofuan (60 ml) was cooled to OOC and a 

solution of allylinagnesiurn bromide (43.97 ml, 43.9 nimol, 1.2 equiv. ) was added 
dropwise under argon. After allowing to warm to room temperature the reaction mixture 
was stirred overnight and was then quenched with ammonium chloride solution (100 ml). 
Ethyl acetate (100 ml) was added and the organic layer was washed with water (100 ml) 

and brine (100 ml), was subsequently dried over sodium sulfate, filtered and evaporated. 
The residue was purified by column chromatography (20: 80 ethyl acetate/ petroleum ether) 
to give 1-(2-iodophenyl)but-3-en-l-ol 2.179202 as a white solid (12.5 g, 87 %); 38-390C 
(lit. 202 420C); Jj (CDC13) 2.13 (IH, s, OH), 2.28-2.30 (IH, in, CHH), 2.60-2.65 (IH, M, 
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CHH), 4.94 (1 H, dd, J 8.6,3.4, CH), 5.19-5.26 (2H, m, =CH2), 5.86-5.96 (1 H, m, =CH), 
6.96-7.00 (IH, m, ArH), 7.37-7.40 (IH, m, ArH), 7.53 (IH, dd, J 7.8,2.5, ArH), 7.81 (IH, 

dd, J 7.9,1.6, ArH); consistent with the data quoted by D. Thomson. 203 

1-lodo-2-11-(2-phenylpropyloxy)but-3-enylI benzene 2.160203 

2.160 

To a suspension of washed sodium hydride (1.633 g, 0.041 mol, 1.2 equiv. ) in DMF (20 

ml) was added a solution of 1-(2-iodophenyl)but-3-en-l-ol 2.179 in DMF (20 ml) under 

argon while cooling to O'C. The mixture was allowed to warm to room temperature and 

after stirring for I h, the mixture was cooled to OOC again. 1-bromo-3-phenylpropane (7.76 

ml, 0.051 mol, 1.5 equiv. ) was then added dropwise and the mixture was stiffed at room 

temperature overnight. Ethyl acetate (100 ml) and water (100 ml) were then added and the 

aqueous layer was extracted further with ethyl acetate (3 x 100 ml). The combined organic 

layer was subsequently washed with water (8 x 100 ml) and brine, was dried over sodium 

sulfate, filtered and removed in vacuo. The residue was purified by column 

chromatography on silica gel (2: 98 ethyl acetate, petroleum ether) to afford 1-iodo-2-[l-(2- 

phenylpropyloxy)but-3-enyl]benzene 2.160 204 as a colourless liquid (6.9 g, 52 %); 41 

(CDC13) 1.86-1-93 (2H, m, CH2CH2CHA2.36-2.50 (2H, m, CHCH2CH=), 2.65-2.78 (2H, 

m, CH2Ph), 3.29-3.41 (2H, m, OCH2), 4.57 (1 H, dd, J 8.1,4.4, OCH), 5.07-5.16 (214, m. 

=CH2), 5.90-6.01 (IH, m, =CH), 6.98 (IH, ddd, J 9.1,7.7,1.8, ArH), 7.17-7.21 (3H, m, 

ArH), 7.21-7.3 0 (2H, m, ArH), 7.3 8 (1 H, ddd, J 9.1,7.9,1.1, ArH), 7.45 (1 H, dd, J 7.7, 

1.1, ArH), 7.81 (IH, dd, J 7.9,1.8, ArH); consistent with the data quoted by D. 

Thomson. 203 

3. (2-lodophenyl)-3-(3-phenyl-propoxy)propionaldehyde 2.180 

9, To 

1 0, _�, -, 
2.180 

(i)205 I-lodo-2-[I-(2-phenylpropyloxy)but-3-enyl]benzene 2.160 (103 mg, 0.263 mmol, 
1.0 equiv. ), sodium periodate (225 mg, 1.052 rnmol, 4.0 equiv. ) and 2,6-lutidine (0-061 ml, 
0.526 mmol, 2.0 equiv. ) were dissolved in dioxane and water solution (3 ml, 3: 1). Osmium 
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tertroxide solution (in tert-butanol) (1.33 mg, 0.00526 mmol, 1150 equiv. ) was added at 

room temperature and the mixture was stiffed for 4h at that temperature. The mixture was 
then filtered through Kieselguhr. The filtrate was dissolved in diethyl ether (20 ml) and 

water (20 ml) and the organic layer was washed with water (2 x 20 ml) and brine (20 ml), 

was subsequently dried over sodium sulfate, filtered and evaporated. The residue was 

subjected to column chromatography on silica gel (20: 80 ethyl acetate/ petroleum ether) to 

give 3-(2-iodophenyl)-3-(3-phenylpropyloxy)proplonaldehyde 2.18o as a colourless oil (94 

mg, 91 %); v.. (NaCl)/cm" 3061 (Ar-H), 3026 (Ar-H), 2942 (C-H), 2864 (C-H), 2713 

(CO-H), 1727 (C=O), 1455 (C-H); 811 (CDC13) 1.95-2.01 (211, in, CH2CH2CO), 2.71-297 

(4H, m, CH2Ph and CHCH2COH), 3.43-3.53 (211, m, OCH2), 5.16 (1H, t, J 6.3, OCHCH2). 

7.09 (IH, ddd, J 7.6,7.6,1.8, ArH), 7.25-7.28 (3H, in, ArH), 7.34-7.38 (2H, in, ArH), 7.48 

(I H, ddd, J 7.7,7.7,1.0, ArH), 7.5 6 (1 H, dd, J 7.8,1.8, ArH), 7.91 (1 H, dd, J 7.9,1.1, 

ArH), 9.94 (1 H, t, J 2.1, COH); due to the instability of the compound further data were 

not collected. 

(H) I-lodo-2-[I-(2-phenylpropyloxy)but-3-enyl]benzene 2.160 (3.0 g, 7.65 mmol, 1.0 

equiv. ), was dissolved in dichloromethane and the solution was cooled to -781C. Ozone 

was bubbled through the solution at -78'C until a deep blue colour appeared (ca. 30 min). 
Then oxygen gas was bubbled through the reaction mixture until the blue colour had 

disappeared and dimethyl sulfide (5.6 ml, 76.5 mmol, 10.0 equiv. ) was added in one 

portion at -78*C. The reaction mixture was allowed to warm to room temperature and was 
stirred for 4d at that temperature. The solvent was then removed under reduced pressure 

and the residue was purified by column chromatography on silica gel (20: 80 ethyl acetate/ 

petroleum ether) to afford 3-(2-iodo-phenyl)-3-(2-phenylpropyloxy)propionaldehyde 2.180 

as a colourless oil (2.8 g, 93 %); for data see above. 

5-(2-lodophenyl)-5-(3-phenylpropyloxy)pcnt-2-enoic acid ethyl ester 2.181 

EtO 

I 

2.181 

3-(2-Iodophenyl)-3-(3-phenylpropyloxy)propionaldehyde 2.180 (78.5 mg, 0.199 mmol, 1.0 

equiv. ) and ethyl (triphenylphosphoranyliden)acetate (76.35 mg, 0.219 mmol, 1.1 equiv. ) 
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were dissolved in dichloromethane (5 ml) and the mixture was heated at reflux for 3 h. 

After removing the solvent under reduced pressure, the residue was purified by column 

chromatography (20: 80 ethyl acetate/ petroleum ether) to afford 5-(2-iodophenyI)-5-(3- 

phenylpropyloxy)pent-2-enoic acid ethyl ester 2.181 as a colourless liquid (78 mg, 85 %); 

(Found: [M+NH4]+ 482.1189. C22H25IO3 requires [M+NH4]+, 482.1187); v. a., (NaCl)lcnf 1 

3061 (Ar-H), 3026 (Ar-H), 2980 (C-H), 2940 (C-H), 1729 (C=O), 1655 (Ar), 1455 (C-H); 

81j (CDC13) 1.35 (3H, t, J7.1, CH3CH20). 1.92-1.99 (2H, m, CH2CH2CH2), 2.51-2.68 (2H, 

m, CHCH2C=C), 2.70-2.81 (2H, m, CH2Ph) 3.33-3.46 (2H, m, OCH2CH2), 4.27 (IH, q, J 

7.1, CH3CH2CO), 4.66 (IH, dd, J 8.5,3.8. ArCHOCH2). 5.99 (IH, dt, J 15.7,1.37, 

CH2CH=CH), 7.04 (1 H, ddd, J 7.5,7.5,1.8, ArH), 7.12-7.19 (1 H, m, CH2CH=CH), 7.23- 

7.25 (3H, m, ArH), 7.31-7.36 (2H, m, ArH), 7.41-7.45 (IH, m, ArH), 7.50 (111, dd, J 7.8, 

1.8, ArH), 7.87 (1 H, dd, J 7.9,1.1, ArH); 8c (CDC13) 14.7 (CHA 31.8 (CH2), 32.8 (CH2)t 

40.1 (CH2), 60.7 (CH2)1,68.9 (CH2)1,84.3 (CH), 98.7 (C), 126.2 (CH), 127.7 (CH), 128.8 

(CH), 128.9 (CH), 129.1 (CH), 129.9 (CH), 139.9 (CH), 142.3 (C), 144.1 (C), 145.4 (CH), 

166.8 (C); nzlz (CI) 482 ([M+NH4]+i, 100 %), 465 (6), 356 (88), 329 (10), 220 (86), 203 

(14), 152 (14). 

5-(2-lodophenyl)-5-(3-phenylpropyloxy)-pent-2-en-1-01 2.182 

OH 

0" 2.182 

A solution of 5-(2-iodophenyl)-5-(3-phenylpropyloxy)-pent-2-enoic acid ethyl ester 2.181 

(1.162 g, 2.504 mmol, 1.0 equiv. ) in hexane (15 ml) was cooled to -78'C and diisobutyl 

aluminium hydride (I M solution in hexane, 5.76 ml, 5.76 mmol, 2.3 equiv. ) was added 

dropwise. The reaction mixture was allowed to warm to room temperature and was stiffed 

for 2.5 h. After quenching with water, the mixture was poured into water (200 ml) and 

diethyl ether (200 ml). The aqueous layer was acidified with 2N hydrochloric acid and 

extraceted with diethyl ether (2 x 100 ml). The combined organic layer was washed with 

brine, dried over sodium sulfate and evaporated. Purification by column chromatography 

(20: 80 ethyl acetate/ petroleum ether) gave rise to 5-(2-iodophenyl)-5-(3-phenylpropyloxy)- 

pent-2-en-l-ol 2.182 as a colourless oil (0.888 g, 84 %); (Found: [M+NH4]+ 440.1077. 

C2oH23102 requires [M+NH4]+, 440.1081); v.. (NaCl)/crn" 3367 (0-H), 3060 (Ar-H), 
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3025 (Ar-H), 2938 (C-H), 1603 (Ar), 1496 (C-H); ýj (CDC13) 1.04-2.02 (2H, m, 

CH2CH2CH2). 2.45-2.53 (2H, m, CHCH2C=C), 2.71-2.85 (2H, m, CH2Ph), 3.38-3.48 (2H, 

m, OCH2CH2), 4.19 (2H, dd, J 5.6,0.8, CH=CHCH20), 4.63 (IH, dd, J 7.8,4.8, 

ArCHOCH2),, 5.76-5.83 (IH, m, CH=CHCH20H), 5.86-5.97 (IH, m, CH=CHCH20H), 

7.06 (IH, ddd, J 7.5,7.5,1.8, ArH), 7.23-7.28 (3H, m, ArH), 7.32-7.38 (2H, m, ArH), 

7.41-7.47 (1 H, m, ArH), 7.51 (1 H, dd, J 7.8,1.8, ArH), 7.89 (1 H, dd, J 7.9,1.1, ArH); i5c 
(CDC13) 31.9 (CH2), 32.9 (CH2), 40.4 (CH2), 64.1 (CH2), 68.9 (CH2), 85.1 (CH), 99.2 (C), 

126.3 (CH), 128.0 (CH), 128.8 (CH), 128.9 (CH), 129.0 (CH), 129.1 (CH), 129.7 (CH), 

132.2 (CH), 139.8 (CH), 142.5 (C), 144.7 (C); nilz (CI) 440 ([M+NH4]+, 100 %), 351 (12), 

314 (58), 296 (24), 269 (22), 178 (38), 143 (31). 

1-lodo-2-[5-methoxy-l-(3-phenylpropyloxy)pent-3-enylI benzene 2.173 

OMe 

2.173 

To a suspension of washed sodium hydride (92.5 mg, 2.313 mmol, 1.1 equiv. ) in DMF (5 

ml) was added a solution of 5-(2-iodophenyl)-5-(3-phenylpropyloxy)pent-2-en-1-01 2.182 

(888 mg, 2.103 mmol, 1.0 equiv. ) in DMF (15 ml) while cooling to O'C. The mixture was 

allowed to warm to room temperature and was stiffed for I h. After re-cooling to O'C, 

iodomethane (0.144 ml, 2.313 mmol, 1.1 equiv. ) was added dropwise and the reaction 

mixture was stirred at room temperature overnight. Water was then added and the aqueous 

phase was extracted with diethyl ether (3 x 70 ml). The combined organic layer was 

washed with water and brine, was then dried over sodium sulfate, filtered and removed 

under reduced pressure. The residue was subjected to column chromatography (10: 90 ethyl 

acetate/ petroleum ether) to give 1-iodo-2-[5-methoxy-l-(3-phenylpropyloxy)pent-3- 

enyl]benzene 2.173 as a colourless liquid (709 mg, 77 %); (Found: [M+NH4]+ 454.1238. 

C211125102 requires [M+NH4]+, 454.1237); v. a,, (NaCl)/crn" 3060 (Ar-H), 3025 (Ar-H), 

2926 (C-H), 1603 (Ar), 1455 (C-H); 8,1 (CDC13) 1.96-2.03 (2H, m, CH2CH2CH2), 2.47- 

2.61 (2H, m, CHCH2CH=C), 2.74-2.87 (21-1, m, CH2Ph), 3.38-3.51 (5H, m, OCH3 and 
OCH2CH2), 3.99 (21-1, d, J 6.1, CH=CHCH20), 4.67 (1 H, dd, J 8.0,4.5, ArCHOCH2), 

5.72-5.79 (1 H, m, CH=CHCH20Me), 5.92-5.99 (1 H, m, CH=CHCH20Me), 7.05 (1 H, ddd, 

J7.5,7.5,13, ArH), 7.27-7.29 (311, m, ArH), 7.35-7.41 (21-1, m, ArH), 7.43-7.47 (111, rn, 
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ArH), 7.54 (IH, dd, J7.7,1.7, ArIl), 7.89 (IH, d, J7.1, ArM; &C (CDC13) 32.0 (CH2), 32.9 

(CH2), 40.5 (CH2), 5 8.1 (CHA 68.8 (CH2), 73.5 (CH2)9 85.2 (CH), 99.2 (C), 126.3 (CH), 

127.9 (CH), 128.8 (CH), 128.9 (CH), 129.0 (CH), 129.5 (CH), 129.7 (CH), 130.7 (CH)" 

139.8 (CH)q 142.5 (C), 144.8 (C); n-Llz (CI) 454 ([M+NHXý 100 %), 438 (8), 351 (13), 328 

(28), 269 (11), 192 (15), 143 (12). 

Test reaction on 1-iodo-2-[5-methoxy-l-(3-phenyl-propoxy)-pent-3-enylI benzene 2.173 

(i) 
ome ome 

OMe 
N 

Nzý 
I &ý N 

DI 
1.5 equiv. Nzý loo 

2.22 
ýý 

NaH, DMF 
CI"a ( 

/" 

-- 
Ho,, 

ý a/ 

I 

IS h 26% 19% trace 

2.173 2.183 2.184 2.185 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (212 mg, 0.45 

mmol, 1.5 equiv. ), 1-iodo-2-[5-methoxy-l-(3-phenylpropoxy)pent-3-enyl]benzene 2.173 

(131 mg, 0.3 mmol, 1.0 equiv. ). Neutral work-up was carried out and the residue was 

purified by column chromatography on silica gel (100: 0, then 95: 5, then 80: 20 petroleum 

ether/ ethyl acetate) to afford ]-(2-methoxyethyl)-l-methyl-3-(3-phenylpropoxy)indane 

2.185 (trace), for data see (iii) below; and 2-[5-methoxy-l-(3-phenylpropoxy)pent-3- 

enyl]benzene 2.184 (18 mg, 19 %); (Found: [M+NH4]+ 328.2272 C21H2602 requires 

[M+NH4] + 328.2271; v.. (NaCl)/cnf 13022 (Ar-H), 2926 (C-H), 1605 (Ar), 1454 (C-H); 

i5h (CDC13) 1.56-1.91 (2H, m, CH2CH2CH2), 2.38-2.47 (IH, m, CHCH2CH=C), 2.56-2.77 

(3H, m, IH: CHCH2CH=C and 2H: CH2M), 3.26-3.54 (5H, m, OCH3 and OCH2CH2), 

3.86-3.40 (2H, m, CH=CHCH20), 4.24 (1 H, dd,, J 7.6,, 5.8, ArCHOCHA 5.56-5.63 (1 H, 

m, CH=CHCH20Me), 5.68-5.76 (IH, m, CH=CHCH20Me), 7.15-7.25 (3H, m, ArH), 

7.27-7.37 (M. m. ArH); 8c (CDC13) 31.7 (CH2), 32.6 (CH2), 41.5 (CH2), 57.8 (CHA 68.2 

(CHA 73.3 (CHA 82.3 (CH)q 125.9 (CH), 126.9 (CH), 127.7 (CH), 128.6 (CH), 130.9 

(CH), 142.3 (C), 142.6 (C); tWz (0) 328 ([M+NH4]+g 100 %), 225 (15)"192 (38), 175 (33), 

143 (76), 52 (54); and 3-phenylpropan-l-ol 2.183 206 (11 mg, 26 %); (Found: [M+NH4]+ 

154.1227. C9HI20 requires [M+NH4]+, 154.1226; vmu (NaQ/crn" 3350 (0-H)q 3027 (Ar- 

H), 2939 (C-H), 1603 (Ar),, 1454 (C-H); 8H (CDC13) 1.92-1.99 (2H. m. CH2CH2CH2), 

2.75-2.79 (2H,, m, CH2M), 3.74 (2H, t,, J 6.4, HOCH2CH2), 7.15-7.25 (3H, m, ArH),, 7.28- 
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7.35 (2H, m, ArH); &- (CDC13) 32.3 (CH2), 34.5 (CH2), 62.5 (CH2), 126.1 (CH), 128.6 

(CH), 142 (C); nilz (CI) 154 ([M+NH4]+, 100 %), 118 (14), 91 (5). 

(ii) 
ome 

2.173 

CCý N 
tNýO 

NN 
1.179 Me Me 

1.5 equiv., NaH, DMF 

110T, IS h 

OMe 

2.173 

: ý:;, I 

72% 8% 

2.183 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: I IO'C, 18 h, DMF (10 ml), salt 1.179 (170 mg, 0.303 mmol, 1.5 

equiv. ), 1-iodo-2-[5-methoxy-l-(3-phenylpropyloxy)pent-3-enyl]benzene 2.173 (88 mg, 

0.202 mmol, 1.0 equiv. ). Neutral work-up was carried out and the residue was purified by 

column chromatography on silica gel (95: 5 petroleum ether/ ethyl acetate) to afford 

starting material 2.173 (63 mg, 72 %) and 3-phenylpropan-l-ol 2.183 206 (2.3 mg, 8 %); for 

data see (i) above. 

F-i 
OMe 

v 
1.179 ýle me 
3.5 equiv., NaK DMF_ 

CC/ 

I IOOC, 18 h 

2.173 

ome ome 

H0 
11 

0 0,1, ýlo 1: 4 

2.183 2.184 2.185 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II O'C, 18 h, DMF (10 ml), salt 1.179 (171 mg, 0.305 mmol, 3.5 

equiv. ), 1-iodo-2-[5-methoxy-l-(3-phenyl-propoxy)-pent-3-enyl]benzene 2.173 (38 mg, 
0.087 mmol, 1.0 equiv. ). Neutral work-up was carried out and the residue was purified by 

column chromatography on silica gel (95: 5 petroleum ether/ ethyl acetate) to afford 3- 

phenylpropan-l-ol 2.183 as a colourless liquid (0.6 mg, 5 %) and 2-[5-methoxy-l-(3- 

phenylpropyloxy)pent-3-enyllbenzene 2.184 and 1-(2-methoxyethyl)-l-methyl-3-(3- 

phenylpropoxy)indane 2.185 as a colourless liquid in a 1: 4 mixture (28 mg, 61 %); for data 

of 2.183 and 2.184 see (i) above. The mixture was purified further by HPLC (5: 95 ethyl 

acetate/ petroleum ether) to give one diastereomer of 1-(2-methoxyethyl)-l-methyl-3-(3- 

phenylpropoxy)indane 2.185 pure as a colourless liquid; 81, (CDC13) 1.59-1.66 (2H, M, 
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CH2CH2CH2). 1.88-1.99 (3H, m, CH2CH20Me and OCHCH2CH), 2.14-2.20 (IH, m, 
OCHCHHCH), 2.31-2.38 (IH, m, OCHCHHCH), 2.70-2.74 (2H, m. CH2Ph), 3.39 (3H, s, 
OCH3)9 3.50-3.54 (4H, m. OCH2CH2CH2Ph and CH2OMe), 4.89 (IH, dd, J 6.4,3.2, 

ArCHOCH2),, 7.16-7.21 (3H, m, ArH),, 7.23-7.33 (5H,. m, ArH), 7.38 (IH, d, J 7.4, ArB); 

cý-, (CDC13) 31.7 (CH2), 31.9 (CH2)9 322.6 (CH2), 3 5.4 (CH2)9 3 9.3 (CH2), 5 8.9 (CHA 67.8 

(CH2), 71.5 (CH), 82.1 (CH), 124.2 (CH), 124.9 (CH), 125.2 (CH), 125.9 (CH), 128.7 

(CH), 128.9 (CH), 142.3 (CH), 142.8 (C), 143.5 (C), 146.6 (C). 

207 Cyclopropylmethyltriphenylphosphonium bromide 2.178 

T+ 

PPh3 ilr 

2.178 

Bromomethylcyclopropane (1.0 g, 7.41 mmol, 1.0 equiv. ) and triphenylphosphine (1.943 

g, 7.41 mmol, 1.0 equiv. ) were dissolved in toluene (10 ml) and the mixture was heated at 

reflux for 2 d. After allowing to cool to room temperature, the precipitate was filtered and 

the solid was repeatadly washed with toluene and diethyl ether and dried under vacuum to 

afford cyclopropylmethyltriphenylphosphonium bromide 2.178 208 as a white solid (1.65 g, 
70 %); rpp 181-1831C (lit. 208 190'Q; (Found: M+ 317.1454. C22H22P+ requires Ar, 

317.1454); vma,, (KBr)/cnf 1 3050 (Ar-H), 3006 (Ar-H), 2989 (C-H), 2862 (C-H), 1586 

(Ar), 1437 (C-H); clý (CDC13) 0.55-0.59 (2H, m, CH2CHCH2), 0.62-0.66 (2H, m, 
CH2CHCH2), 0.87-0.90 (IH, m, CH2CH(CH2)2), 3.98 (2H, dd, J 11.5,6.7, PCH2), 7.68- 

7.73 (6H, m, ArH), 7.79-7.89 (9H, m, ArH); c'ý- (CDC13) 4.7 (CH), 6.7 (CH2), 28.2 (d, IJP-C 

49.2, CH2),, 118.7 (d, 'Jp-c 85.3, C), 130.8 (d, 2Jp-c I1 . 0, CH), 134.3 (CH), 135.4 (CH); nilz 
(EI) 317 (M+, 100 %), 143 (4), 96 (27). 

Attempted syntheis of 1-[4-cyclopropyl-l-(3-phenylpropyloxy)but-3-enyll-2- 

iodobenzene 2.169 

+ 1) BuLi, toluene, I PPh3Br 
-300C I 

. 4: 
2) 1H 0 

CC 

2.187 2.169 

2.180 
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Cyclopropylmethyltriphenylphosphonium bromide 2.187 (160 mg, 0.371 mmol, 1.3 equiv. ) 

was dissolved in THF (5 ml) and cooled to -20'C. BuLi (0.15 ml, 0.37 mmol, 1.2 equiv., 

c=2.47 mol/1) was added dropwise and the mixture was stiffed at -20'C for I h. The 

mixture was then cooled to -30'C and a solution of aldehyde 2.180 (122 mg, 0.309 mmol, 
1.0 equiv. ) in THF (5 ml) was added dropwise. The reaction mixture was allowed to warm 
to room temperature and was stirred overnight and then poured into diethyl ether (100 ml) 

and washed with water (100 ml) and brine (100 ml), was dried over sodium sulfate, filtered 

and evaporated. The residue was subjected to column chromatography on silica gel (2: 98 

ethyl acetate/ petroleum ether) to give a complex mixture of compounds of identical 

polarity. 

5-lodopentylbenzene 2.190 

c1 2.190 

Triphenylphosphine (2.69 g, 0.01025 mol, 1.0 equiv. ) was dissolved in dichloromethane 

(60 ml) at OT under an argon atmosphere. To this was added imidazole (0.698 g, 0.1025 

mol, 1.0 equiv. ) followed by dropwise addition of 5-phenylpentanol (2.59 ml, 15.38 mmol, 
1.5 equiv. ). The resulting mixture was stirred at O'C for 30 min, after which iodine (3.9 g, 
0.01538 mol, 1.5 equiv. ) was added and reaction mixture was stirred at room temperature 

for 3 hours. Diethyl ether (150 ml) was then added and the organic layer was washed with 

sodium thiosulfate solution (2 x 150 ml), brine (150 ml), was then dried over sodium 

sulfate, filtered and concentrated in vacuo. The residue was filtered through silica gel 
(petroleum ether) to afford 5-iodopentylbenzene 2.190209 as a colourless liquid (3.66 g, 87 

%); (Found: M' 274.0211. C, jH151 requires At, 274.0213); v.. (NaCl)/ctdl 3061 (Ar-H), 

3025 (Ar-H), 2931 (C-H), 2855 (C-H), 1603 (Ar), 1453 (C-H), 1426 (C-H); 611 (CDC13) 

1.42-1.50 (2H, m, CH2), 1.66 (2H, quintet, J 7.7, CH2), 1.87 (2H, quintet, J 7.3, CH2), 2.64 

(2H, t, J 7.7, ArCH2), 3.20 (2H, t, J 7.0, CH21), 7.18-7.21 QH, m, ArH), 7.27-7.31 (2H, m, 
ArH); bc (CDC13) 7.1 (CH2), 30.4 (CH2), 30.6 (CH2), 33.7 (CHA 35.9 (CHA 126.0 (CH)q 

128.5 (CH), 128.6 (CH), 142.2 (C); nVz (EI) 274 (M+, 8 %), 183 (3), 147 (19), 105 (18), 91 

(100), 65 (21). 

212 



Chapter Eight - Experimental Section 

Test reactions with 5-iodopentylbenzene 2.190 

(i) 

" ý'2ý'. 

1 

ý9O 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (212 mg, 0.45 

mmol, 1.5 equiv. ), 5-iodopentylbenzene 2.190 (82 mg, 0.3 mmol, 1.0 equiv. ). Neutral work- 

up was carried out and 'H-NMR spectroscopic analysis of the crude mixture showed the 

characteristic aldehyde peak at 89.85 of 2.122 in trace amount; for data see below. 

NýýN) 1.5 equiv. 
2.22 NalL DMF 

r. t, neutral work-up 
H 

21.1191ý- 'D trace 

(ii) 

2.190 

-I +r-") +I- (N \> <N) 
1.5 equiv. 

2.22 NaH, DMF 

r. L, 18 h, acidic work-up 
H 

2.191 o 19% 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (204 mg, 0.432 

nimol, 1.5 equiv. ), 5-iodopentylbenzene (79 mg, 0.288 mmol, 1.0 equiv. ). The purification 

of the crude mixture after acidic work-up was carried out by column chromatography on 

silica gel (20: 80 ethyl acetate/ petroleum ether) to afford 6-phenylhexanal 2.19 12 10 as a 

colourless liquid (9.7 mg, 19 %); vmax (NaCl)/cnf 12944 (C-H), 2863 (C-H), 2726 (CO-H)q 

1723 (C=0), 1605 (Ar), 1482 (C-H); Ai (CDC13) 1.43-1.51 (2H, M, CH2CH2C1-121,1.70- 

1.79 (41-1, m, CH2CH2CH2), 2.51 (21-1, td, J 7.3,1.8, CH2C0H), 2.71 (21-1, t, J 7.7, CH2Ph), 

7.25-7.29 (31-1, m, ArB), 7.35-7.39 (21-1, m, ArH), 9.85 (IH, t, J 1.8, COH); & (CDC13) 

22.1 (CH2), 29.0 (CH2)i 31.4 (CH2), 35.9 (CH2), 44.0 (CH2), 125.9 (CH), 128.5 (CH), 

128.6 (CH), 142.6 (C), 202.9 (COH); Wz (EI) 176 (M+, 17 %), 158 (13), 143 (18), 130 

(31), 98 (40), 91 (100), 65 (22). 
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(iii) 
+ NN 

6.0 equiv. N 100 % in 'H-NMR spectrum of 
2.22 

U 
NaH, DMF 

, 7N 

H crude mixture; 50 % isolated 

r. t., 19 h. acidic work-up yield. 
0 

2.190 2.191 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (850 mg, 1.8 

mmol, 6.0 equiv. ), 5-iodopentylbenzene 2.190 (81.0 mg, 0.295 mmol, 1.0 equiv. ). 'H-NMR 

analysis of the crude mixture after acidic work-up showed 6-phenylhexanal 2.191 as the 

exclusive product. The purification of the crude mixture after acidic work-up was carried 

out by column chromatography on silica gel (20: 80 ethyl acetate/ petroleum ether) to 

afford 6-phenylhexanal 2.1 9121 0 as a colourless liquid (9.7 mg, 19 %); for data see (ii) 

above. 

OV) 

<, 
N DI 

NN3.0 equiv. 
2.22 

L--. 
-j NaH, DMA 

r. t., 18 h, acidic work-up 

2.190 

H 

o 32% 
2.191 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMA (15 ml), salt 2.22 (425 mg, 0.9 

mmol, 3.0 equiv. ), 5-iodopentylbenzene 2.190 (80.0 mg, 0.292 mmol, 1.0 equiv. ). The 

purification of the crude mixture after acidic work-up was carried out by column 

chromatography on silica gel (20: 80 ethyl acetate/ petroleum ether) to afford 6- 

phenylhexanal 2.1912 10 as a colourless liquid (16.5 mg, 32 %); for data see experiment (ii) 

above. 

6-Bromohexyloxybenzene 2.193 174 

1-k (> 

Br 

2.193 

6-Bromohexan-l-ol (0.38 ml, 2.93 mmol, 1.0 equiv. ), phenol (275 mg, 2.93 mmol, 1.0 

equiv. ) and triphenylphosphine (767 mg, 2.93 mmol, 1.0 equiv. ) were dissolved in 
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tetrahydrofuran (5 ml) under argon and cooled to O'C. DIAD (0.62 ml, 3.22 mmol, 1.1 

equiv. ) was then added dropwise and the reaction mixture was stirred at room temperature 

overnight. The mixture was then concentrated under reduced pressure, loaded onto silica 

and purified by column chromatography (2: 98, then 5: 95 ethyl acetate/ petroleum ether) to 

afford 6-bromohexyloxybenzene 2.193 211 as a colourless liquid (660 mg, 88 %); (Found: 

M+ 256.0455. C12HI7BrO requires At, 256.0457); vma,, (NaCl)/cm-1 3039 (Ar-H), 2938 (C- 

H), 2861 (C-H), 1600 (Ar), 1497 (C-H); 8H (CDC13) 1.51-1.54 (4H, m, CH2CH2CH2), 

1.80-1.83 (2H, m, CH2CH2CH2). 1.88-1.93 (2H, m, CH2CH2CH2), 3.44 (2H, t, J 6.8, 

CH2Br), 3.97 (2H, t, J 6.4, CH2OPh), 6.89-6.96 (3H, m, ArH), 7.28-7.31 (2H, m, ArH); &- 
(CDC13) 25.4 (CH2), 28.0 (CH2), 29.2 (CH2), 32.8 (CH2), 33.8 (CH2), 67.6 (CH2), 114.5 

(CH), 120.6 (CH), 129.5 (CH), 159.1 (C); Wz (EI) 258 (M+, 4% s'Br), 256 (M+, 4% 
7913r), 107 (5), 94 (100), 77 (18), 65 (22), 55 (24). 

Test reactions with 6-bromohexyloxybenzene 2.193 

(i) 
N)l 

2.2 equiv. 
<N 

54 % in ratio with reduced 2.22 tlý NaH, DMF 

--I? product in 'H-NMR spectrum 
Br r. t., IS h, acidic work-up 

01", -, ý H 
of crude mixture 

2.193 2.194 0 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (223 mg, 0.473 

nunol, 2.2 equiv. ), 6-bromohexyloxybenzene 2.193 (55.4 mg, 0.215 mmol, 1.0 equiv. ). 'H- 

NMR analysis of the crude mixture after acidic work-up was carried out and 7- 

phenoxyheptanal 2.194 was seen in 54 % ratio with presumably hexyloxybenzene; for data 

see below in (ii). 

(ii) 

q 

ON"-ýýBr 

2.193 

NN5.0 equiv. 
2.22 L-ý NaK DMF 9 

2.194 

90 % in ratio with reduced 
product in 'H-NMR of crude 
mixture; 61 % isolated yield 

r. t., 18 h, acidic work-up 
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The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (708 mg, 1.5 

rnmol, 5.0 equiv. ), 6-bromohexyloxybenzene 2.193 (74.3 mg, 0.289 mmol, 1.0 equiv. ). 'H- 

NMR analysis of the crude mixture after acidic work-up showed 7-phenoxyheptanal 2.194 

in 90% ratio. The purification of the crude mixture was carried out by column 

chromatography on silica gel (10: 90 ethyl acetate/ petroleum ether) to afford 7- 

phenoxyheptanal 2.194 as a colourless liquid (30.4 mg, 61 %); (Found: M+ 206.1299. 

C13HI802 requires AP", 224.1645); v.. (NaCl)/cm-1 2938 (C-H), 2861 (C-H), 2722 (CO- 

H), 1724 (C=O), 1601 (Ar), 1497 (C-H); 811 (CDC13) 1.39-1.44 (2H, m, CH2CH2CH2). 

1.46-1.55 (2H, m, CH2CH2CH2),, 1.65-1.72 (2H,, rn, CH2CH2CH2), 1.77-1.84 (2H,, m,, 
CH2CH2CH2), 2.46 (2H, td, J 7.3,, 1.8, CH2COH), 3.97 (2H, t, J 6.4, CH20)9 6.89-6.97 

(3H, m, ArH), 7.26-7.32 (2H, m, ArH), 9.79 (IH9 t,, J 1.8, COH); & (CDC13) 22.2 (CH2)') 

26.1 (CH2), 29.1 (CHA, 29.3 (CHA, 44.0 (CH2)9 67.9 (CHA, 114.7 (CH),, 120.8 (CH), 

129.6 (CH), 159.3 (C), 202.9 (CH); n'Llz (EI) 206 (M+, 8 %), 94 (100), 77 (13), 55 (22), 41 

(37). 

4-Chlorobutoxybenzene 2.194 174 

zý 0, -ý, cý ýýCI 

2.194 

4-Chlorobutan-l-ol (1.06 ml, 10.6 mmol, 1.0 equiv. ), phenol (I g, 10.6 mmol, 1.0 equiv. ) 

and triphenylphosphine (2.79 g, 10.6 mmol, 1.0 equiv. ) were dissolved in tetrahydrofuran 

(20 ml) under argon and cooled to O'C. DIAD (2.47 ml, 10.6 mmol, 1.2 equiv. ) was then 

added dropwise and the reaction mixture was stirred at room temperature overnight. The 

mixture was then concentrated under reduced pressure and loaded onto silica. Purification 

was carried out by column chromatography (1: 99 ethyl acetate/ petroleum ether) to give 4- 

chlorobutoxy-benzene as a colourless liquid 2.194 212 (1.79 g, 92 %); (Found: M+ 184.0650. 

CjoH13CIO requires At, 184.0649); vna,, (NaCl)/crn" 3063 (Ar-H), 3040 (Ar-H), 2956 (C- 

H), 2873 (C-H), 1600 (Ar), 1497 (C-H); Jjj (CDC13) 1.92-2.04 (4H, m, CH2CH2CH2), 3.64 

(2H, t, J 6.3, CH20), 4.02 (2H, t, J 5.8, CH2OPh), 6.87-6.97 (3H, m, ArH), 7.27-7.32 (2H, 

m, ArH); 6c (CDC13) 26.9 (CHA 29.6 (CH2), 45.0 (CH2); 67.1 (CH2), 114.7 (CH), 12 1.0 

(CH), 129.7 (CH), 159.1 (C); nz1z (EI) 186 (M+, 4 %, 37CI), 184 (m+, 12 %, 31CI), 94(100), 

77 (18), 65 (27), 55 (33). 
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Test reactions on 4-chlorobutoxybenzene 2.192 

(i) 

CN N 

NN2.2 equiv. 
2.22 '-ý NaH, DMF 

no reaction 
r. t, 18 h, acidic work-up 

2.192 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (312 mg, 0.66 

mmol, 2.2 equiv. ), 4-chlorobutoxybenzene 2.192 (55 mg, 0.3 mmol, 1.0 equiv. ). 

Observation: Upon addition of the yellow donor, the colour did not change; overnight the 

colour changed to red-orange. The purification of the crude mixture after acidic work-up 

was carried out by column chromatography on silica gel (20: 80 ethyl acetate/ petroleum 

ether) to afford starting material 2.192 only (54 mg, 98 %) . 

(ii) 

'N 
N Ný 2.2 equiv. 

2.22 
ýý NalL DMF 

II O'C, 18 h. acidic work up 

2.192 

+ several other 

9 

peaks in GC-MS OH 

2.9 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II OOC, 18 h, DMF (15 ml), salt 2.22 (283 mg, 0.66 mmol, 2.2 

equiv. ), 4-chlorobutoxy benzene 2.192 (55.4 mg, 0.3 mmol, 1.0 equiv. ). Observation: Upon 

addition of the yellow donor, no colour change took place; upon heating overnight colour 
changed to red-brown. Acidic work-up was carried out and the crude mixture was analysed 
by GC-MS analysis. Among several unidentified compounds, phenol 2.9176 was observed; 
nilz (EI) 94 (M, 100 %), 66 (29). 

Test reaction on 1-iodo-2-[l-(3-phenylpropoxy)but-3-enylI benzene 2.160 

-1 +r-I +I- 
'NH0 
N 1.5 equiv. N 

<" 

2.22 L-ý NaH, DMA 

r. t., 18 h, acidic work-up 

2.160 2.161 2.162 2.163 
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The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMA (15 ml), salt 2.22 (708 mg, 1.5 

mmol, 5.0 equiv. ), 1-iodo-2-[I-(3-phenylpropoxy)but-3-enyl]benzene 2.160 (74.3 mg, 

0.289 mmol, 1.0 equiv. ). 1H-NMR analysis of the crude mixture of after acidic work-up 

showed [3-(3-phenylpropyloxy)indan-1-yl]acetaldehyde 2.1611) 203 1-methyl-3-(3-phenyl- 

propyloxy)indane 2.163 161 and [1 -(3 -phenylpropyloxy)but-3 -enyl] benzene 2.162.203 The 

compounds were identified by comparison of the 1H-NMR spectrum of the crude mixture 

with the 1H-NMR of the isolated and within the group fully characterised compounds. 203 

1,3-Dimethyl-2-(3-phenyl-propyl)-lH-imidazolium salt iodide 2.206 

2.206 

Sodium hydride was washed with hexane (2 x 20 ml) and was subsequently dried under 

argon. To this was added a solution of 1,3-dimethyl-IH-imidazolium salt iodide 2.128 (0.5 

g, 2.23 mmol, 1.0 equiv. ) in THF (25 ml, degassed beforehand for 30 min) via cannula. 
After stirring for 4h at room temperature centrifugation of the mixture was carried out, and 

the supernatant liquid was transferred via cannula to (3-iodopropyl)benzene 2.207 (0.6 g, 
2.45 mmol, 1.1 equiv. ) while cooling to O'C. The resulting mixture was stirred at room 

temperature overnight. The solvent was removed in vacuo and the residue was washed 

with diethyl ether to give 1,3-dimethyl-2-(3-phenylpropyl)-IH-imidazolium salt iodide 

2.206 as a yellow solid (750 mg, 98 %); mp 136-139'C; (Found: [M-I]+ 215.1455. 

C14Hj9N2I requires [M-I]+, 215.1543); v., -, 
(KBr)/crn" 3073 (Ar-H), 2923 (C-H), 1633 

(Ar), 1445 (C-H); 811 (DMSO) 1.87-1.91 (2H, m, CH2CH2CH2), 2.69 (2H, t, J 7.7, CH2Ph), 

3.00 (2H, t, J 7.9, NCCH2), 3.75 (6H, s, 2x NCH3), 7.19-7.31 (5H, rn, ArH), 7.58 (2H, s, 
ArH); t5c (DMSO) 22.0 (CH2), 26.9 (CHA 34.2 (CH2), 34.6 (CHA 122.3 (CH), 126.1 

(CH), 128.2 (CH), 128.4 (CH), 140.7 (C), 146.6 (C); n-klz (ES+) 215 ([M-I]+, 100 %), 97 

(2). 
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Attempted aldehyde formation with 1,3-dimethyl-2-(3-phenyl-propyl)-lH- 

imidazolium salt iodide 2.206 

-I +r'l +I- NN 

+ 

CN> <N 
3.0 equiv. 

1 2.22 NaKDMF 

N 
1 

2.206 
r. t., 19 h. acidic work-up 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (428 mg, 0.9 

mmol, 3.0 equiv. ), 1,3-dimethyl-2-(3-phenyl-propyl)-IH-imidazolium salt iodide 2.206 

(102 mg, 0.3 mmol, 1.0 equiv. ). Acidic work-up was carried out and analysis of the crude 

mixture by 'H-NMR spectroscopy did not show an aldehyde. 

1-Bromo-4-(6-bromohexyloxy)benzene 2.213 174 

Br )ao--, 

ýý Br 

2.213 

6-Bromohexan-l-ol (0.76 ml, 5.78 mmol, 1.0 equiv. ), 4-bromophenol (1.0 g, 5.78 mmol, 
1.0 equiv. ) and triphenylphosphine (1.52 g, 5.78 mmol, 1.0 equiv. ) were dissolved in THF 

(25 ml) under argon and cooled to O'C. DIAD (1.24 ml, 6.35 mmol, 1.1 equiv. ) was then 

added dropwise and the reaction mixture was stirred at room temperature overnight. The 

mixture was then concentrated under reduced pressure, loaded onto silica and purified by 

column chromatography (2: 98 ethyl acetate/ petroleum ether) to afford 1-bromo-4-(6- 

bromohexyloxy)benzene 2.213213 as a white solid (1.14 g, 89 %); mp 37-381C (lit. 213 41- 

42"C); (Found: M+ 333.9557. C12HI6Br2O requires JV', 333.9562); v.. (KBr)/cm" 2943 

(C-H), 2868 (C-H), 1676 (Ar), 1489 (C-H); 8H (CDC13) 1.45-1.51 (4H, m, CH2), 1.80 (2H, 

quintet, J 6.8, CH2CH2CH2). 1-91 (2H, quintet, J 6.8, CH2CH2CH2), 3.43 (2H, t2 J 6.8, 

CH2Br), 3.93 (2H, t, J 6.4, CH20), 6.78 (2H, d, J 8.9, ArH), 7.37 (2H, d, J 8.9, ArH); &C 

(CDC13) 25.5 (CHA 28.1 (CHA 29.2 (CHA 32.9 (CHA 33.9 (CHA 68.2 (CHA) 112.9 

(C), 116.5 (CH), 132.5 (CH); 158.4 (C); nVz (EI) 338 (M+, 3% 8'Br 8'Br), 336 (M+, 6% 
8'Br 79Br), 334 (M+, 3% 79Br 79Br), 174 (32), 172 (38), 143 (18), 55 (45), 41 (100). 
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Selectivity test reactions on 1-bromo-4-(6-bromohexyloxy)benzene 2.213 

(i) 
+r--i +r 
clý, <, ý), N 1.5 equiv. 

2.22 
ýý 

Nalt DMF 

Br 
r. t., 18 h, acidic work-up 

2.213 
30% 

0 
2.214 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (212 mg, 0.45 

mmol, 1.5 equiv. ), 1-bromo-4-(6-bromohexyloxy)benzene 2.213 (101 mg, 0.3 mmol, 1.0 

equiv. ). The purification of the crude mixture after acidic work-up was carried out by 

column chromatography on silica gel (20: 80 ethyl acetate/ petroleum ether) to afford 7-(4- 

bromophenoxy)heptanal 2.214 as a colourless liquid (25 mg, 30 %); (Found: M+: 284.0411. 

C13HI7BrO2 requires At, 284.0406); v. a,, (NaCl)/cnf 12937 (C-H), 2863 (C-H), 2714 (CO- 

H), 1724 (C=O), 1489 (C-H); Jý (CDC13) 1.37 (4H, m, CH2CH2CH2). 1.47-1.53 (2H, M, 
CH2CH2CH2). 1.75-1.82 (2H, m, CH2CH2CH2). 2.46 (2H, dt, J 7.3,1.7, CH2COH), 3.92 

(2H, t, J 6.4, OCH2), 6.77 (2H, d, J 8.9, ArH), 7.37 (2H, d, J 8.9, ArM; Sc (CDC13) 22.2 

(CH2), 26.1 (CH2), 29.1 (CH2), 29.2 (CH2)9 44.0 (CH2), 68.3 (CH2)9 112.9 (C), 116.5 (CH), 

132.5 (CH), 158.4 (C), 202.8 (COH); Wz (EI) 286 (M+, 5% 8113r), 284 (M+, 5% 79Br), 174 

(100,8'Br), 172 (100,7913r), 95 (27), 69 (28), 55 (44), 41 (88). 

(ii) 

Br 
N N"D 

2.20 L----j 1-5 equiv. 

toluene, r. t.. acidic 
0"ýýBr work-up 

2.213 

Br 

2.215 

r 

50: 50 Br 

2.213 

The experiment was carried out according to the 'pure donor-method' procedure. 
Conditions and reagents: Room temperature, 18 h, toluene (15 ml), pure donor 2.20 (97 

mg, 0.45 mmol, 1.5 equiv. ), 1-bromo4-(6-bromohexyloxy)benzene 2.213 (101 mg, 0.3 

mmol, 1.0 equiv. ). Toluene was deoxygenated with argon prior to use. Observation: The 

colour changed from yellow to slightly orange overnight and a precipitate formed. 'H- 

NMR spectrum of the crude mixture after acidic work-up showed a 50: 50 mixture of I- 
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bromo4-hexyloxybenzene 2.215 and starting material 2.213 as judged by comparison of 'H- 

NMR spectrum with that of authentic compounds; for data see (iv) below. 

(iii) 

N 
2.20 

ý_ý 
6.0 equiv. 

toluene, r. t.. acidic 

Br work-up 0,. ýýMe 
85: 15 

Oý'-ýýBr 

2.213 2.215 2.213 

The experiment was carried out according to the 'pure donor-method' procedure. 
Conditions and reagents: Room temperature, 18 h, toluene (15 ml), donor 2.20 (389 mg, 
0.1.8 mmol, 6.0 equiv. ), 1-bromo-4-(6-bromohexyloxy)benzene 2.213 (102 mg, 0.303 

mmol, 1.0 equiv. ). Toluene was deoxygenated with argon prior to usage. Observation: The 

colour changed from yellow to slightly orange overnight and a precipitate formed. 'H- 

NMR spectrum of the crude mixture after acidic work-up showed a 85: 15 mixture of I- 

bromo-4-hexyloxybenzene 2.2215 and starting material 2.213 as judged by comparison of 
'H-NMR with that of authentic compounds; for data see (iv) below. 

(iv) 

N 
rN _< 

) 

2.20 
t, 

_J7.0 equiv. 

toluene, r. t.. acidic 
ýýBr work-up 

2.213 

Br 

1-1ý Me 67 % 

2.215 

The experiment was carried out according to the 'pure donor-method' procedure. 
Conditions and reagents: Room temperature, 18 h, toluene (15 ml), donor 2.20 (441 mg, 
2.04 mmol, 7.0 equiv. ), 1-bromo-4-(6-bromohexyloxy)benzene 2.213 (98 mg, 0.291 mmol, 
1.0 equiv. ). Toluene was deoxygenated with argon prior to usage. Observation: The colour 

changed from yellow to orange overnight and a precipitate formed. 'H-NMR spectrum of 
the crude mixture after acidic work-up showed 1-bromo-4-hexyloxybenzene 2.215 as the 

sole product. The purification of the crude mixture was carried out by column 
chromatography on silica gel (2: 98 ethyl acetate/ petroleum ether) to afford 1-bromo-4-(6- 
bromohexyloxy)benzene 2.21ý214 as a colourless liquid (50 mg, 67 %); (Found: M+ 

256.0456. C12HI7BrO requires At, 256.0457); vin. (NaCl)/cm" 2929 (C-H), 2858 (C-H), 

1591 (Ar), 1489 (C-H); gii (CDC13) 0.91-0.94 (3H, m, CH3), 1.33-1.37 (4H, M, 
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CH2CH2CH2CH3). 1.46-1.49 (2H, m, CH2CH2CH2CH3), 1.74-1.81 (2H, m, ArOCH2CH2), 

3.93 (2H, t, J 3.2, ArOCH2), 6.78 (2H, d, J 8.9, ArH), 7.37 (2H, d, J 8.9, ArH); i5c (CDC13) 

14.6 (CH3), 23.1 (CH2), 26.2 (CH2), 29.7 (CH2), 32.1 (CH2), 68.8 (CH2)� 113.1 (C), 116.9 

(CH), 132.7 (CH), 158.2 (C); Wz (EI) 258 (M+, 8% 8113r), 256 (M+, 8% 7913r), 172 (98), 

105 (18), 55 (70), 43 (100). 

(v) 
r--1 N c 

_9 
, 1> 

N3 
2.20 L--. J 7. Ocquiv. 

Etz0, r. t., acidic 
O"ýý 

Br 
work-up 70 

2.213 2.215 

The experiment was carried out according to the 'pure donor-method' procedure. 
Conditions and reagents: Room temperature, 18 h, toluene (15 ml), donor 2.20 (239 mg, 
1.1 mmol, 7.0 equiv. ), 1-bromo-4-(6-bromo-hexyloxy)-benzene 2.213 (53 mg, 0.158 mmol, 
1.0 equiv. ). Diethyl ether was deoxygenated with argon prior to usage. Observation: The 

colour changed from yellow to orange overnight and a precipitate formed. The purification 

of the crude mixture after acidic work-up was carried out by column chromatography on 

silica gel (2: 98 ethyl acetate/ petroleum ether) to afford 1-bromo-4-(6- 

bromohexyloxy)benzene 2.21 ý214 as a colourless liquid (28 mg, 70 %); for data see (iv) 

above. 

(vi) 
r-I 

r 
C, N 

>--< 
N 

N 
2.20 

ýý 
7.0 equiv. 

DMF, r. t., 

0"ýýBr acidic work-up 

2.213 

Br 

Oý--ýý H 25% 
0 

2.214 

The experiment was carried out according to the 'pure donor-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), donor 2.20 (445 mg, 2.06 

mmol, 7.0 equiv. ), 1-bromo-4-(6-bromohexyloxy)benzene 2.213 (99 mg, 0.295 mmol, 1.0 

equiv. ). Observation: An orange-red solution formed overnight. The purification of the 

crude mixture after acidic work-up was carried out by column chromatography on silica 
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gel (10: 90 ethyl acetate/ petroleum ether) to afford 7-(4-bromqphenoxy)heptanaI 2.214 as a 

colourless liquid (21.4 mg, 25 %); see (i) above for data. 

Test reaction with 1-(2-bromo-l-but-2-enyloxy-l-methyl-ethyl)-4-methoxybenzene 

2.216 
r--) N Br 

N 
2.20 

ýý 
7.0 equiv. 

Et2.0, r. t. 5 

49% 
meo MeO 

2.216 2.217 

The experiment was carried out according to the 'pure donor-method' procedure. 

Conditions and reagents: Room temperature, 18 h, diethyl ether (8 ml), donor 2.20 (253 

mg, 1.16 mmol, 7.0 equiv. ), 1-(2-bromo- I -but-2-enyloxy- I -methyl-ethyl)-4- 

mcthoxybenzene 2.216 (50 mg, 0.167 mmol, 1.0 equiv. ). Observation: Upon addition of 

yellow donor solution, colour changed to orange-red. The purification of the crude mixture 

after acidic work-up was carried out by column chromatography on silica gel (5: 95 ethyl 

acetate/ petroleum ether) to afford 4-ethyl-2-(4-methoxyphenyl)-2-methyltetrahydrofuran 

2.217 as a colourless liquid (14 mg, 38 %) as a mixture of diastereomers; (Found: [M+H]+ 

221.1534. C14H2002 reqUireS [M+H], 221.1536); v.. (NaCl)/cm" 2963 (C-H), 2926 (C- 

H), 2835 (C-H), 1509 (Ar), 1246 (C-H); 41 (CDC13) 0.76-0.82 (3H, m, CH2CH3), 1.21- 

1.27 and 1.30-1.36 (2H, 2xm, CH2CH3), 1.45 and 1.39 (3H, 2xs, CCH3), 1.51-1.55 and 
1.65-1.70 (IH, 2xm, CHCH2CH3). 1.91-1.99 and 2.18-2.50 (IH, 2xm, CCH2CH), 2.27- 

2.34 (1 H, m, CCH2CH), 3.38 and 3.49 (1 H, t, J 8.4 and 8.3, OCH2), 3.72 (3H, s, CH3OAr), 

3.97 and 4.07 (1 H, t, J 8.0 and 7.7, OCH2), 6.78 (2H, d, J 8.5, ArH), 7.23 (2H, m, ArH); 

i5c (CDC13) 13.3 (CHA, 13.3 (CH3), 26.3 (CH2), 26.7 (CH2)9 30.8 (CH), 30.9 (CH), 41.4 

(CHA 42.4 (CH3), 46.6 (CH2)9 46.8 (CH2)9 55.7 (CHA 73.2 (CH2), 73.6 (CHA 84.4 (C), 

84.6 (C), 113.8 (CH), 113.9 (CH), 126.1 (CH), 126.1 (CH), 140.5 (C), 141.9 (C), 158.3 
(C); Wz(EI) 220 (M+, 8 %), 205 (95), 135 (100), 91 (23), 77 (30), 55 (27). 
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8.5 Experiments from chapter 5: Sulfones andSuffionamides 

Trifluoromethanesulfonic acid 2-nitrophenyl ester 2.2 19215 

OTf 

2.219 

2-Nitrophenol (1.00g, 7.186 mrnol, 1.0 equiv. ) and triethylamine (4.04 ml, 28.744 mmol, 
4.0 equiv. ) were dissolved in DCM (15 ml) and cooled to O'C. Trifluoromethanesulfonic 

anhydride (2.418 ml, 14.372 mmol, 2.0 equiv. ) was then added dropwise and the reaction 

mixture was allowed to warm to room temperature. After stiffing for 18 h at room 

temperature the mixture was poured into DCM (50 ml) and water (50 ml). The water layer 

was acidified with 2N hydrochloric acid and extracted with DCM (3 x 50 ml). The 

combined organic phase was washed further with 2N hydrochloric acid and water (2 x 50 

ml) and brine (50 ml), was dried over sodium sulfate, evaporated and the residue purified 
by column chromatography (40: 60 DCNV petroleum ether) to afford 

trifluoromethanesulfonic acid 2-nitrophenyl ester 2.219ý16 as a yellow liquid (1.46 g, 75 %); 

(Found: [M+NH4]+ 289.0102. C7114F305NS requires [M+NH4], 289.0101); v, ". 
(NaCl)/cm" 3110 (Ar-H), 1602 (Ar), 1541 (NOA 1350 (SOA 1136 (S02); 44 (CDC13) 

7.48-7.50 (1H, m, ArH), 7.58-7.62 (IH, m, ArH), 7.75-7.79 (IH, m, ArH), 8.19 (IH, dd, J 

8.2,1.7, ArH); 8C (CDC13) 119.0 (qg 'Jc-F 320.49 Q, 124.5 (CH), 127.0 (CH)q 129.9 (CH), 

136.1 (CH), 141.8 (C), 142.1 (C); nzlz (El) 271 (M+, 5 0/6), 149 (10), 122 (12), 95 (26), 69 

(100). 

Attempted reduction of trifluoro-methanesulfonic acid 2-nitrophenyl ester 2.219 

-, + F-i +r CCý N IC) 

1.179 me me 
C OTf 
I 

.4 

X HMDS, DMF/toluene OH 

14; 

cc 

N02 N02 71% 
2.219 2.218 

Salt 1.179 (360 mg, 0.64 mmol, 1.2 equiv. ) was dissolved in toluene (10 ml) and DMF (5 

ml) and purged with argon for 30 min. KHMDS (2.57 ml, 1.28 mmol, 2.4 equiv., c=0.5 

mol/1) was added dropwise and the reaction mixture was stirred for lh at room 
temperature. A purged solution of 2.219 (146.3 mg, 0.54 mmol, 1.0 equiv. ) in toluene (5 
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ml) was then added and the reaction mixture was refluxed for 18 h. The mixture was 

poured into water (50 ml) and diethyl ether (50 ml). The aqueous phase was acidified and 

extracted with diethyl ether (2 x 50 ml). Then the organic phases were combined and 

washed with dilute hydrochloric acid (3 x 50 ml), dried over Na2S04,, filtered and 

evaporated. The residue was purified by column chromatography (10: 90 ethyl acetate/ 

petroleum ether) to afford 2-nitrophenol 2.218 as a yellow solid (53 mg, 71 %), mp 93-95"C 

(, it . 
218 102'C); va, (NaCl)/cm"l 3400 (0-H)q 1614 (Ar),, 1531 (N02)9 1374 (N02); 911 

(CDC13) 6.93-7.02 (IH, m, ArH), 7.17 (IH,, dd, J 8.59 1.6. ArH),, 7.57-7.61 (IH, m,, ArH),, 

8.11 (IH, dd, J 8.5,1.6, ArH); &c (CDC13) 120.2 (CH), 120.4 (CH), 125.3 (CH)" 137.6 

(CH)q 137.7 (C),, 155.4 (C). 

Methanesulfonic acid 2-nitrophenyl ester 2.221 217 

oms 
2.221 

2-Nitrophenol (1.50 g, 10.78 mmol, 1.0 equiv. ) and triethylamine (6.06 ml, 43.13 mmol, 4 

equiv. ) were dissolved in DCM (20 ml) and cooled to O"C. Methanesulfonyl chloride 
(1.669 ml, 21.566 mmol, 2.0 equiv. ) was then added dropwise and the reaction mixture 

was warmed to room temperature. After stirring for 2.5 h at room temperature, the mixture 

was poured into diethyl ether (50 ml) and water (50 ml). The water layer was acidified 

with 2N hydrochloric acid and extracted with diethyl ether (3 x 50 ml). The combined 

organic phase was washed further with 2N hydrochloric acid and water (2 x 50ml) and 
brine (50 ml), dried over sodium sulfate and evaporated. Further purification by column 

chromatography (30: 70 ethyl acetate/ petroleum ether) gave methanesuýfbnic acid 2- 

nitrophenyl ester 2.221 as a yellow solid (1.85 g, 79 %), mp 83-84"C; (Found: [M+NH4]+ 

235.0383. C7H705NS requires [M+NH4], 235.0383); vma" (NaCl)/cm"l 3104 (Ar-H), 3030 

(Ar-H), 2936 (C-H), 1522 (NOA 1365 (NOA 1350 (SOA 1142 (SO2); 1ý1 (CDC13) 3.36 

(3H, s, CH3), 7.47-7.51 (IH, in, ArH), 7.59 (IH, dd, J 8.3,1.3, ArH), 7.67-7.72 (IH, in, 
ArH), 8.06 (IH, dd, J 8.2,1.6, ArH); i5c (CDC13) 39.5 (CHA 125.8 (CH), 126.6 (CH), 

128.3 (CH), 135.2 (CH), 141.5 (C), 142.8 (C); nilz (EI) 217 (M+, 8 %), 139 (35), 79 (83), 

63(100). 
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Attempted reduction of methanesulfonic acid 2-nitrophenyl ester 2.221 

N us I 
vT 

1.179 me me 
-: k C OMS 

14 

C KHMDS, DMFAoluene 

NCý 

2.221 

I-CN --ýN: 
o 

O-NN 
Me me 

7% 
--)-Oms 

2.222 

Salt 1.179 (619 mg, 1.1 mmol, 1.2 equiv. ) was dissolved in toluene (12 ml) and DMF (7 ml) 

and purged with argon for 30 min. KHMDS (5.53 ml, 2.2 mmol, 2.4 equiv., c=0.40 mol/1) 

was added dropwise and the reaction mixture was stirred for Ih at room temperature. An 

argon-purged solution of 2.221 (200 mg, 0.92 mmol, 1.0 equiv. ) in toluene (10 ml) was then 

added and the reaction mixture was stirred at room temperature for 2h. The mixture was 

poured into water (50 ml) and diethyl ether (50 ml). The aqueous phase was extracted with 
diethyl ether (2 x 50 ml) and the combined organic phases were washed with water (3 x 50 

ml), dried over Na2S04,, filtered and removed in vacuo. The residue was purified by 

column chromatography (10: 90 ethyl acetate/ petroleum ether, then 50: 50 ethyl acetate/ 
petroleum ether) to afford adduct compound 2.222 as a yellow oil (31 mg, 7 %); (Found: 

[M+H]+ 506.1856. C26H27N504S requires [M+H], 506.1857); v.. (NaCl)/cm-1 2934 (C- 

H), 1590 (Ar), 2936 (C-H), 1445 (C-H), 1360 (S02)2 1151 (S02); 8ji (CDC13) 2.17 (2H9 

quintet, J 7.1, CH2CH2CH2), 3.13 (3H, s, S02CH3), 3.17 (3H, s, NCH3), 3.38 (3H, s, 
NCH3), 3.87-3.94 (4H, m, NCH2CH2), 6.85-6.97 (6H, m, ArH), 7.03-7.14 (5H, m, ArH), 

7.18 (1 H, dd, J 8.1,1.4, ArH); t5c (CDC13) 26.8 (CH2), 26.9 (CHA 29.7 (CHA 3 8.9 (CHA 

38.9 (CH2), 40.4 (CH2)i 107.0 (CH), 107.4 (CH), 107.5 (CH), 107.6 (CH), 121.1 (CH), 
121.2 (CH), 121.3 (CH), 123.7 (CH), 124.1 (CH), 127.5 (CH), 128.9 (C), 130.1 (C), 131.3 
(C), 132.6 (C), 142.0 (C), 142.3 (C), 146.4 (C), 154.3 (C); nvz (ESI) 506 ([M+H]+, 34 
427 (66), 319 (53), 189 (100), 161 (20). 

Methanesulfonic acid 4-chloro-3-fluorophenyl ester 2.232 217 

cl 
F 

oms 

2.232 

4-Chloro-3-fluorophenol (200.0 mg, 1.365 mmol, 1.0 equiv. ) and triethylamine (0.767 ml, 
5.460 mmol, 4.0 equiv. ) were dissolved in DCM (3 ml) and cooled to OT. 
Methanesulfonyl chloride (0.211 ml, 2.730 mmol, 2.0 equiv. ) was then added dropwise and 
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the reaction mixture was warmed to room temperature. After stirring for 2.5 h at room 

temperature the mixture was poured into diethyl ether (20 ml) and water (20 ml). The 

water layer was acidified with 2N hydrochloric acid and extracted with diethyl ether (3 x 
20 ml). The combined organic phase was washed further with 2N hydrochloric acid (2 x 
20 ml) and brine (20 ml), dried over sodium sulfate and evaporated. Further purification by 

column chromatography (10: 40 ethyl acetate/ petroleum ether) gave methanesuUo'nic acid 
4-chloro-3-fluorophenyl ester 2.232 as a yellow solid (293.0 mg, 96 %), mp 41-42 'C; 

(Found: [M]+ 223.9704. C7H6CIF03S requires [Afl+ 223.9705 ffor 35C, )); vmax (KBr)/cm" 

3116 (Ar-H), 3074 (Ar-H), 3032 (Ar-H), 2939 (C-H), 1594 (Ar), 1481 (C-H), 1370 (S02)q 

1121 (SO2); 81, (CDC13) 3.18 (3H, s, CH3), 7.05-7.08 (IH, m, ArH), 7.13-7.16 (IH, m, 
ArB), 7.42-7.46 (1 H, m, Affl); & (CDC13) 37.8 (CH3)9 111.5 (d, 2Jc-F 24.2, CH), 11 S. s (d, 

IJ 4.0, CH), 120.2 (d, 2 JC-F 17.6, C), 131.4 (CH), 147.9 (d, 3Jc-F 9.5, C), 158.1 (d, IJc-F 

252.2, Q; nilz (EI) 226 (M+, 3 %, 370), 224 (M+, 9 %, 35C1), 146 (53,35C1), 148 (17 37C1), 

117 (100,35C1), 119Q3 37C1), 79 (56). 

Attempted reduction of methanesulfonic acid 4-chloro-3-fluorophenyl ester 2.232 

r---i + 17 
CC"'> 

f, 30 
cl vvI 

F 1.179 me me F 
KHMDS, DMF IiI 

oms H 

2.232 2.233 

(i) Salt 1.179 (748 mg, 1.336 mmol, 1.2 equiv. ) was dissolved in DMF (15 ml) and 

purged with argon for 30 min. KHMDS (6.68 ml, 2.672 mmol, 2.4 equiv., C=0.40 mol/1) 

was added dropwise and the reaction mixture was stirred for Ih at room temperature. An 

argon-purged solution of 2.232 (259 mg, 1.113 mmol, 1.0 equiv. ) in DMF (5 ml) was then 

added and the reaction mixture was stirred at room temperature for 18 h. The mixture was 

poured into water (50 ml) and diethyl ether (50 ml). The aqueous phase was acidified (2 N 

hydrochloric acid) and extracted with diethyl ether (2 x 50 ml). The organic phases were 
combined and washed with dilute hydrochloric acid (3 x 50 ml). The organic phase was 
then washed with dilute sodium hydroxide solution (3 x), dried over sodium sulfate, 
filtered and evaporated. The residue was purified by column chromatography (10: 90 
diethyl ether/ petroleum ether) to afford starting material 2.232 (122.5 mg, 49 %). The 

remaining basic aqueous layer was neutralised with 2N hydrochloric acid and extracted 
with diethyl ether (3 x 50 ml). The organic phases were combined, dried over sodium 
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sulfate, filtered and evaporated. The residue was purified by column chromatography 
(10: 90 diethyl ether/ petroleum ether) to afford 4-chloro-3-fluorophenol 2.233 218 as a white 

solid (73 mg, 45 '/o); for data see below 

(H) Salt 1.179 (548 mg, 0.979 mmol, 2.2 equiv. ) was dissolved in DMF (10 ml) and 

purged with argon for 30 min. KHMDS (4.9 ml, 1.958 mmol, 4.4 equiv., c=0.40 mol/1) 

was added dropwise and the reaction mixture was stirred for Ih at room temperature. An 

argon-purged solution of mesylate 2.232 (100 mg, 0.445 mmol, 1.0 equiv. ) in DMF (5 ml) 

was then added and the reaction mixture was stirred at room temperature for 18 h. The 

mixture was poured into water (50 ml) and diethyl ether (50 ml). The aqueous phase was 
acidified (2 N hydrochloric acid) and extracted with diethyl ether (2 x 50 ml). The organic 

phases were combined and washed with dilute hydrochloric acid (3 x 50 ml). The organic 

phase was then washed with dilute sodium hydroxide solution (3 x), dried over sodium 

sulfate, filtered and evaporated. The residue was purified by column chromatography 
(10: 90 diethyl ether/ petroleum ether) to afford starting material 2.232 (25 mg, 25 %). The 

remaining basic aqueous layer was neutralised with 2N hydrochloric acid and extracted 

with diethyl ether (3 x 50 ml). The organic phases were combined, dried over sodium 
sulfate, filtered and evaporated. The residue was purified by column chromatography 
(10: 90 diethyl ether/ petroleum ether) to afford 4-chloro-3-fluorophenol 2.2332 18 as a white 

solid (39 mg, 60 %); for data see below. 

(iii) Salt 1.179 (269 mg, 0.481 mmol, 1.2 equiv. ) was dissolved in DMF (5 ml) and 
purged with argon for 30 min. KHMDS (2.4 ml, 0.96 mmol, 2.4 equiv., c=0.40 mol/1) 
was added dropwise and the reaction mixture was stiffed for Ih at room temperature. An 

argon-purged solution of mesylate 2.232 (90 mg, 0.40 mmol, 1.0 equiv. ) in DMF (2 ml) was 
then added and the reaction mixture was heated at II 8'C for 18 h. The mixture was poured 
into water (50 ml) and diethyl ether (50 ml). The aqueous phase was acidified (2 N 

hydrochloric acid) and extracted with diethyl ether (2 x 50 ml). The organic phases were 
combined and washed with dilute hydrochloric acid (3 x 50 ml). The organic phase was 
then washed with dilute sodium hydroxide solution (3 x), dried over sodium sulfate, 
filtered and evaporated. TLC analysis of this crude mixture did not show anything. The 
remaining basic aqueous layer was neutralised with 2N hydrochloric acid and extracted 
with diethyl ether (3 x 50 ml). The organic phases were combined, dried over sodium 
sulfate, filtered and evaporated. The residue was purified by column chromatography 
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(10: 90 diethyl ether/ petroleum ether) to afford 4-chloro-3-fluorophenol 2.233 21 8 as a white 

solid (105 mg, 75 %), 49-50T (lit. 218 54-56'C); vma. (KBr)/cm"l 3351 (OH), 1603 (Ar); 811 

(CDC13) 5.41 (1 H, s, OH), 6.61-6.74 (1 H, m, ArH), 6.72 (1 H, dd, J 10.2,2.8 ArB), 7.25- 

7.31 (IH, m, Affl); &- (CDC13) 104.8 (d, 2JC-F24.0 CH), 112.3 (d, 3Jc-F3.4, CH), 112.8 
eJc-F 22.4, C), 131.0 (d, 4Jc-F 1.1, CH), 155.5 (d, 3Jc-F 10.1 C), 158.6 (d, 'Jc-F248.2, Q; 

nLIz (EI) 146 (M+, 32 %), 145 (93). 

1-12-(Phenyisulfonyl)propan-2-ylsulfonylI benzene 2.240 

Ct, 
\ 

0 

. 

1ý1 -. 1ýS'No- o-IISN-- ý- ul-- ul-- 
2.239 

�p q, \z 

oo 
2.240 

To a suspension of washed sodium hydride (60 %, 742 mg, 18.55 mmol, 1.1 equiv. ) in 

DMF (5 ml) a solution of bis(phenylsulfonyl)methane in DMF (15 ml) was added 
dropwise under argon via cannula while cooling to O"C. The mixture was allowed to warm 
to room temperature and was stirred for I h, then cooled to O'C and iodomethane (1.37 ml, 
21.93 mg, 1.3 equiv. ) was added dropwise. The reaction mixture was stirred for 18 h at 

room temperature. Water was then added (100 ml) and the aqueous layer was extracted 

with diethyl ether (2 x 100 ml). The combined organic layer was washed with brine (100 

ml) and was then dried over sodium sulfate, filtered and removed under reduced pressure. 
The residue was purified by column chromatography (10: 10: 80 ethyl acetate/ petroleum 
ether/ toluene) to give 1-[I-(phenylsulfonyl)ethylsulfonyl]benzene 2.2392 19 as a white solid 
(4.6 g, 89 %); mp 94-95T (lit. 219 101 'Q; (KBr)/cm"l 3069 (Ar-H), 2994 (C-H), 2930 (C- 

H), 1447 (C-H), 1332 (SOA 1155 (S02); 41 (CDC13) 1.70 (3H, d, J 7.3, CH3), 4.53 (1 H, q, 
J 7.3, CHCHA 7.57-7.62 (4H, m, ArH), 7.69-7.74 (2H, m, ArH), 7.95-7.98 (4H, m, ArH); 
8c (CDC13) I1 -1 (CHA 79.1 (CH), 129.2 (CH), 129.7 (CH), 134.6 (CH), 137.3 (C); nVz 
(EI) 3 10 (M, 9 %), 169 (1), 153 (5), 141 (13), 125 (13 9), 121 (100). 

It was also isolated 1-(2-(phenylsulfonyl)propan-2-ylsulfonyl)benzene 2.240220 as a white 

solid (446 mg, 8 %); mp 189-190'C (lit. 220 187-188C); (Found: [M+NH4]' 342.0829. 
C151-11604S2 requires [M+NH4]+, 342.0829); (KBr)/cni" 3095 (Ar-H), 3073 (Ar-H), 2986 

1582 (Ar), 1448 (C-H), 1327 (SOA 1144 (S02); 41 (CDC13) 1.74 (6H, s, CH3),, 
7.59-7.63 (4H, m, ArH), 7.71-7.75 (2H, m, ArH), 8.02-8.04 (4H, m, ArH); 6c (CDC13) 
19.6 (CHA 84.0 (C), 129.1 (CH), 131.5 (CH), 134.8 (CH), 136.2 (C); Wz (CI) 342 
([M+NH4]+, 23 %), 219 (4), 202 (100), 151 (3), 94 (3), 78 (4), 52 (6). 
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1,11-Diphenyl-6,6-bis(phenylsulfonyl)undecane 2.241 

41 

I-Iodo-5-phenylpentane (495 mg, 1.81 mmol, 2.0 equiv. ), bis(phenylsulfonyl)methane 

(268 mg, 0.903 mmol, 1.0 equiv. ) and potassium carbonate (624 mg, 4.515 mmol, 5.0 

equiv. ) were dissolved in dimethyl sulfoxide (15 ml) under argon and stirred at room 
temperature for 5 d. The mixture was then poured into water (50 ml) and the aqueous layer 

was extracted with diethyl ether (3 x 50 ml). The combined organic layer was washed with 

water (3 x 50 ml), brine (50 ml), dried over sodium sulfate, filtered and evaporated. The 

residue was purified by column chromatography (10: 10: 80 ethyl acetate/ toluene/ 

petroleum ether) to give 1,11-diphenyl-6,6-bis(phenylsuýfonyl)undecane 2.241 as a 

colourless oil (324 mg, 61 O/o); (Found: [M+NH4]+ 606.2706. C35H4004S2 requires 

[M+NH4] + 606.2702); vm. (NaCl)/cm" 3060 (Ar-H), 3025 (Ar-H), 2928 (C-H), 1447 (C- 

H), 1327 (SOA 1144 (SO2); 6ý (CDC13) 1.34-1.43 (4H, m, CH2), 1.69-1.77 (8H, m, CH2), 

2.22-2.28 (4H, m, CH2), 2.68 (4H, t, J 7.5, CH2), 7.25-7.30 (6H, m, ArH), 7.36-7.40 (4H, 

m, ArH), 7.57-7.61 (4H, m, ArH), 7.72-7.75 (2H, m, ArH), 8.08-8.11 (4H, m, ArH); & 

(CDC13) 23.5 (CH2), 28.6 (CH2), 29.7 (CH2), 30.9 (CH2), 35.7 (CHA, 92.8 (C), 125.9 

(CH), 128.5 (CH), 131.1 (CH), 134.5 (CH), 137.3 (C), 142.3 (C); nilz (CI) 606 ([M+NH4]+o 

8 %), 465 (44), 325 (25), 160 (23), 126 (48), 108 (78), 94 (100), 78 (8 1). 

Reduction of 1- [2-(phenylsulfonyl)propan-2-ylsulfonylI benzene 2.240 

3.0 equiv. 0= =0 R, Y"p 
2.22 

U 
Nal-L DMF 

s 

I 10*C, 18 h 
97% 

2.240 2.242 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II OOC, 18 h, DMF (15 ml), salt 2.22 (425 mg, 0.9 mmol, 3 .0 
equiv. ), 1-[2-(phenylsulfonyl)propan-2-ylsulfonyl]benzene 2.240 (95 mg, 0.292 mmol). The 

purification of the residue after work-up was carried out by column chromatography on 
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silica gel (10: 90 ethyl acetate/ hexane) to give isopropylsulfonylbenzene 2.242 22 1 as a 

colourless oil (52 mg, 97 %); (Found: [M+NH4]+ 202.0896. C9HI202S requires [M+NH4]+, 

202.0896); v.. (NaCl)/cni7l 3066 (Ar-H), 2938 (C-H), 1447 (C-H), 1305 (S02)5,1144 

(S02); 41 (CDC13) 1.27 (6H, d, J6.9, CH3), 3.18 (IH, septet, J6.9, CH), 7.53-7.57 (2H, m. 

ArB), 7.62-7.67 (IH, m, ArB), 7.86-7.88 (2H, m, ArH); &- (CDC13) 15.9 (CH3), 55.7 

(CH), 129.2 (CH), 133.8 (CH), 137.2 (C); Wz (EI) 184 (Al», 4 %), 142 (49), 78 (100), 51 

(97). 

Reduction of 1911-diphenyl-696-bis(phenylsulfonyl)undecane 2.241 

N 
)5 -NN3.0 equiv. )5P 

c ý, <1 3 

2S+ 5 2.22 ýý Nali, DMF 
Cýs 

I IOT, 18 h 
IN 

2.241 2.243 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: 1101C, 18 h, DMF (15 ml), salt 2.22 (293 mg, 0.6 mmol, 3.0 

equiv. ), 1,1 1-diphenyl-6,6-bis(phenylsulfonyl)undecane 2.241 (122 mg, 0.207 mmol). The 

purification of the residue after work-up was carried out by column chromatography on 

silica gel (20: 80 ethyl acetate/ petroleum ether) to give 1,11-diphenyl-6- 

(pheny1sulfonyl)undecane 2.243 as a colourless oil (87 mg, 94 %); (Found: [M+NH4]+ 

466.2774. C29H3602S requires [M+NH4]+, 466.2774); vm. (NaCl)/cm" 3061 (Ar-H), 3026 

(Ar-H), 2931 (C-H), 2857 (C-H), 1603 (Ar), 1447 (C-H), 1303 (SOA 1144 (S02); 811 

(CDC13) 1.36-1.51 (6H, m, CH2), 1.51-1.60 (2H, m, CH2), 1.62-1.73 (6H, m, CH2), 1.90- 

1.98 (2H, m, CH2), 2.69 (4H, t, J 7.6, CH2Ph), 2.97-3.00 (IH, m, S02CH), 7.25-7.31 (6H, 

m, ArH), 7.36-7.41 (4H, m, ArH), 7.63-7.67 (2H, m, ArH), 7.27-7.76 (IH, m, ArH), 7.97- 

7.99 (2H, m, ArH); 5c (CDC13) 26.8 (CH2), 28.0 (CH2), 29.2 (CHA, 3 1.1 (CH205.9 

(CH2), 64.7 (CH), 125.9 (CH), 128.5 (CH), 129.0 (CH), 129.2 (CH), 133.6 (CH), 138.5 
(C), 142.6 (C); nzlz (CI) 466 ([M+NH4]+, 60 %), 326 (100), 160 (31), 126 (39), 108 (52)9 
94 (85), 78 (66). 
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Reaction of 4-methoxybenzyl (1-benzenesulfonyl)cyclopentane carboxylate 2.251 

OMe 

0 3.0 equiv. 
a., 

NNI? 
HO"-'a so; 

ýýo Nk 2.22 ýý NaIL DMF 0 

jcj"Jýo OMe 
110'C. Igh 

40% 29% 27% 
2.251 2.255 2.252 2.125 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and reagents: II WIC, 18 h, DMF (15 ml), salt 2.22 (425 mg, 0.9 mmol, 3.0 

equiv. ), 4-methoxybenzyl(l-benzenesulfonyl)cyclopentane carboxylate 2.254 (114 mg, 
0.304 mmol). The purification of the residue after work-up was carried out by column 

chromatography on silica gel (100: 0, then 80: 20 hexane/ ethyl acetate) to give 

cyclopentanecarboxylic acid 4-methoxybenzyl ester 2.255 as a colourless oil (29 mg, 41 %); 

(Found: [M+Na]+ 257.1147 C14H, 803 requires [M+Na]+, 257.1148); v.. (NaCl)/cm7l 

3064 (Ar-H), 3030 (Ar-H), 2956 (C-H), 2871 (C-H), 2837 (C-H), 1730 (C=O), 1453 (C- 

H), 1248 PO ether), 1171 (C-0 ester); iýj (CDC13) 1.55-1.70 (2H, m, CH2), 1.70-1.80 

(2H, m, CH2), 1.80-2.00 (4H, m, CH2), 2.80 (IH, quintet, J 7.9, CH), 3.85 (3H, s, CH3), 

5.10 (2H, s, OCH2), 6.93 (2H, d, J 8.6, ArH), 7.34 (2H, d, J 8.6, ArH); cc (CDC13) 26.3 

(CH2), 30.5 (CH2), 44.4 (CH), 55.8 (CH3)! p 66.3 (CH2)t 114.4 (CH), 129.0 (C), 130.4 (CH), 

160.0 (C), 177.1 (C); nVz (EI) 234 (M+, 12 %), 138 (8), 121 (100), 91 (15), 77 (20), 41 

(32); and cyclopentanesulfonylbenzene 222 2.252 as a white solid (23 mg, 29 %), mp 58- 

60'C (lit. 223 60.1-61.5'C); (Found: [M+NH4]+: 228.1053. CIIH1402S requires [M+NH4]', 

228.1053); vm. (KBr)/cm-1 3064 (Ar-H), 2960 (C-H), 2872 (C-H), 1446 (C-H), 1302 
(SOA 1146 (S02), 691 (Ar), 761 (Ar); 8ji (CDC13) 1.50-1.65 (2H, m, CH2), 1.65-1.80 (2H9 

m, CH2), 1.80-1.90 (2H, m, CH2), 1.95-2.05 (2H, m, CH2), 3.45 (IH, quintet, J7.9, CH), 

7.53 (2H, dd, J 7.9,7.3, ArH), 7.62 (IH, t, J 7.3, ArH), 7.88 (2H, d, J 7.9, ArH); i5c 
(CDC13) 26.3 (CH2), 27.7 (CH2), 64.7 (CH), 128.9 (CH), 129.6 (CH), 133.9 (CH), 139.5 

(C); nilz (EI) 211 (M+, 2 %), 143 (77), 125 (20), 77 (71), 51 (55), 41 (100); and (4- 

methoxyphenyl)methanol 2.125 224 as a white solid (I I mg, 27 %); mp 22-24T (lit. 224 25- 

26'C); (Found: M+ 138.0674. C8HI002 requires M, 138.0675); vmax (KBr)/crd' 3337 (0- 

H), 3060 (Ar-H), 3032 (Ar-H), 3000 (Ar-H), 2956 (C-H), 2934 (C-H), 2914 (C-H), 2862 

(C-H), 2838 (C-H)ý 1248 (C-0 ether); 811 (CDC13) 3.82 (3H, s, CH3), 4.62 (2H, s, CH2),, 

6.90 (2H, d, J 8.7, ArH), 7.30 (2H, d, J 8.7, ArH); &C (CDC13) 55.8 (CHA 65.5 (CHA 
114.5 (CH), 129.1 (CH), 133.7 (C), 159.7 (C); m1z (EI) 138 (M+, 28 %), 121 (20), 109 
(44), 77 (100), 63 (49). Another fraction was isolated, that upon further purification by 
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column chromatography on silica gel (60: 20: 1: 19 acetonitrile/ DCM/ methanol/ petroleum 

ether) gave 3-allyl-l-propyl-1,3-dihydro-[2,27biimidazolylidene 2.36 as a colourless oil; 

(Found: [M+H]+ 217.1449. C12H16N4 requires [M+H]+, 217.1448); v,,,. (NaCl)/cm"l 3109 

(Ar-H), 2961 (C-H), 2934 (C-H), 1422 (C-H); 6, j (CDC13) 0.89 (3H, t, J 7.4, CH3), 1.76- 

1.82 (2H, m, CH3CH2CH2), 4.42 (2H, t, J 7.2, CH3CH2CH2N), 5.06-5.19 (4H, 

CH2=CHCH2N), 5.94-6.02 (1 H, m, CH2=CHCH2), 7.01 (211, s, ArH), 7.13 (2H, d, J 7.4, 

Arfl); &- (CDC13) 11.0 (CHA 24.3 (CH2), 49.1 (CH2), 49.9 (CH2)ý) 117.4 (CHA, 129.9 

(CH), 121.4 (CH), 133.9 (CH), [2 x central C were not shown]; nilz (EI) 216 (16), 201 

(18), 173 (21), 159 (38), 147 (19), 94 (9), 57 (17), 43 (40), 41 (100); the structure is 

presented on page 169. 

Reaction of 4-methoxybenzyl (1-benzenesulfonyl)cyclopentane carboxylate 2.251 with 

iodide-free pure donor 2.20 
ome 

[Ný 
0NN 

Oso; 

ýýO", 
ao 2.20 týý 

No 
0-++ HO' 

Me 
3 equiv., DMF, 

-0 OMe 

110-C, 19 h 47 % 

S22% 

23% 

2.251 2.255 2.252 2.125 

The experiment was carried out according to the 'pure donor-method' procedure. 
Conditions and reagents: 110"C, 18 h, DMF (15 ml), donor2.20 (179mg, 0.833 mmol, 2.8 

equiv. ), (1-benzenesulfonyl)cyclopentane carboxylate 2.251 (103.6 mg, 0.277 mmol, 1.0 

equiv. ). Observation: Upon addition of yellow donor solution, colour change to orange- 

red. The purification of the crude mixture after neutral work-up was carried out by column 

chromatography on silica gel (5: 95 ethyl acetate/ petroleum ether) to afford 

cyclopentanecarboxylic acid 4-methoxybenzyl ester 2.255 as a colourless oil (33 mg, 47 %), 
(4-methoxyphenyl)methanol224 2.125 as a white solid (8 mg, 23 %) and cyclopentane- 

sulfonylbenzene 225 2.252 as a white solid (13.4 mg, 22 %); for data see above. 

Reaction of 1,1-dimethyl-3-phenylpropyl phenylsulfone 2.234 

ol 

0 
2.234 

-i +r-i +i- 
3.0 equiv. 

2.22 NaH, DMF 

no reaction 
110T, 18 h 
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The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II VC, 18 h, DMF (15 MI), Salt 2.22 (425 mg, 0.9 mmol, 3.0 

equiv. ), 1,1-dimethyl-3-phenylpropyl phenylsulfone 2.234 (86.4 mg, 0.3 mmol, 1.0 equiv. ). 

Observation: Upon addition of yellow donor solution, the colour change to orange-red. 
Neutral work-up was carried out and 1H-NMR of the crude mixture showed only starting 

material 2.234; the reaction did not proceed. 

Phenyl-(1,1-diphenylethyl)sulfane 2.26,4226 

leý crs 
2.264 

Thiophenol (1.71 ml, 16.6 mmol, 1.2 equiv. ) and perchloric acid (70 %, 0.1 ml) were 

added to a dry flask under argon and the mixture was cooled to O'C. To this, 

diphenylethylene (2.45 ml, 13.8 mmol, 1.0 equiv. ) was added dropwise at OC and the 

reaction mixture was stirred for 2h at room temperature. Benzene (100 ml) was then added 

to the reaction mixture, followed by sodium hydroxide solution (5 %). The organic layer 

was separated and dried over sodium sulfate. The solvent was subsequently removed and 

the residue was recrystallised from hexane. Phenyl-(1,1-diphenylethyl)sulfane226 2.264 was 

obtained as a white solid (3.44 g, 86 %); mp 145-148"C (lit. 226 148-1491C); (Found: [M- 

HI+ 289.1043. C2oHj8S requires [M-H]+, 289.1045); (KBr)/cm-1 3057 (Ar-H), 3019 (Ar-H), 

2965 (C-H), 2923 (C-H), 1590 (Ar), 1535 (Ar); Jjj (CDC13) 2.14 (3H, s, CH3), 7.26-7.28 

(4H, m, AM), 7.37-7.47 (7H, m, ArH), 7.60-7.62 (4H, m, ArH); &C (CDC13) 30.5 (CHA 

59.8 (C), 126.8 (CH), 128.0 (CH), 128.5 (CH), 128.5 (CH), 132.7 (C)2 136.7 (CH)2 146.5 

(C); Wz [CI (CI14)] 289 ([M-H] +, 2%),, 209 (9), 181 (100), 103 (3). 

1,1-Diphenyl-l-(phenylsulfonyl)ethane 2.262 

o, 
ý�, s 2.262 

Phenyl-(I, I-diphenylethyl)sulfane 2.264 (1.04 g, 3.58 mmol, 1.0 equiv. ) was dissolved in 
dichloromethane (10 ml) under argon. A solution of 3 -chloroperbenzoic acid (77 %, 3.7 g, 
21.49 mmol, 6.0 equiv. ) in dichloromethane (30 ml) was then added dropwise under argon 
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while cooling to O*C. The reaction mixture was allowed to warm to room temperature and 

was stirred overnight. The reaction mixture was filtered and the solution was washed with 

aqueous sodium hydroxide solution (3 x 30 ml) and brine (30 ml). The organic layer was 
dried over sodium sulfate, filtered and evaporated. The residue was purified by column 

chromatography (50: 50 petroleum ether/ dichloromethane, then 100: 0 dichloromethane) to 

give 1,1-diphenyl-l-(phenylsulfonyl)ethane 227 2.262 as a white solid (1.13 g, 98 %); mp 

171-1720C (lit. 227 174-175*C); (Found: [M+NI14]+ 340.1366. C20HI802S requires 

[M+NH4] + 340.1366); v.. (KBr)/cm" 3058 (Ar-H), 2999 (C-H), 1497 (Ar), 1445 (C-H)q 

1293 (SOA, 1128 (S02); Ai (CDC13) 2.12 (3H, s, CH3), 7.23-7.34 (10H, m, ArH), 7.45- 

7.48 (IH, m, ArH), 7.53-7.55 (4H, m, ArH); i5c (CDC13) 26.5 (CHA 75.6 (C), 128.5 (CH), 

130.0 (CH), 130.7 (CH), 133.6 (CH), 137.1 (C), 139.7 (C); inlz (CI) 340 ([M+N ]+, 7 114 

200 (4), 181 (100), 160 (6), 94 (5), 52 (7). 

Reduction of 1,1 -d iphenyl-1 -(ph enylsulfonyl) ethane 2.262 

(N N+I 

N 
ýN 3 

3.0 equiv. 
2.22 L-ý NaK DMF 

4s 01 IOT, 18 h 
0 97% 

2.262 2.266 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II OT, 18 h, DMF (15 ml), salt 2.22 (425 mg, 0.9 mmol, 3.0 

equiv. ), 1,1-diphenyl-l-(phenylsulfonyl)ethane 2.262 (96.7 mg, 0.3 mmol). The purification 

of the residue after work-up was carried out by column chromatography on silica gel (5: 95 

ethyl acetate/ hexane) to give 1,1-diphenylethane 2.266 228 as a colourless liquid (53 mg, 97 

O/o); (Found: M+ 182.1091. C14HI4 requires At, 182.1090); vm. (NaCl)/cm" 3061 (Ar-H), 

3026 (Ar-H), 2967 (C-H), 2930 (C-H), 1493 (C-C), 1450 (C-H); Jfl (CDC13) 1.74 (3H, d, J 
7.2, CH3), 4.25 (IH, q, J7.2, CH), 7.24-7.39(IOH, m, ArH); & (CDC13) 22.1 (CH3), 45.0 

(CH), 126.2 (CH), 127.8 (CH), 128.6 (CH), 146.6 (C); rWz (EI) 182 (M+, 89 %), 167 (100), 
152 (52), 77 (48), 51 (34). 
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Reduction of 1-12-methyl-4-phenylbut-3-en-2-ylsulfonylI benzene 2.265 

S%ph 
( 

3.0 equiv. N) N 
2.22 ý-ý NaK DMF 

110*C, 18 h 
79% 

2.261 2.265 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II O'C, 18 h, DMF (15 ml), salt 2.22 (425 mg, 0.9 mmol, 3.0 

equiv. ), 1-[2-methyl-4-phenylbut-3-en-2-ylsulfonyl]benzene 2.261 (84 mg, 0.293 mmol). 

The purification of the residue after work-up was carried out by column chromatography 

on silica gel (hexane) to give 1-(3-methylbut-2-enyl)benzene 229 2.265 as a colourless liquid 

(33.8 mg, 79 %); (Found: M+ 146.1088. C, jH14 requires M% 146.1090); vm. (NaCl)/cnf 1 

3063 (Ar-H), 3028 (Ar-H), 2925 (C-H), 1603 (Ar), 1494 (C-H), 1452 (C-H); Lij (CDC13) 

1.81 (3H, s, CH3), 1.83 (3H, s, CH3), 3.43 (2H, d, J 7.3, PhCH2), 5.40-5.44 (1 H, m, CH), 

7.23-7.27 (31-1, m, Affl), 7.32-7.42 (21-1, m, ArH); &- (CDC13) 25.9 (CH3), 34.5 (CH2)9 

123.4 (CH), 125.9 (CH), 128.5 (CH), 132.7 (C), 142.1 (C); nzlz (EI) 146 (M+, 8 %), 131 

(12), 91 (48), 57 (63), 41 (100). 

Reaction of 1-12-methyl4-phenylbut-3-en-2-ylsulfonyllbenzene 2.261 in DMF 
S02Ph 

no reaction 
DMF, 110*C, IS h 

1 

2.261 

1-[2-Methyl-4-phenylbut-3-en-2-ylsulfonyl]benzene 2.261 (85.8 mg, 0.3 mmol, 1.0 equiv. ) 

was dissolved in anhydrous DMF (15 ml) and the mixture was heated at II O'C for 18 h. 

After cooling to room temperature the mixture was poured into water (20 ml). The aqueous 
layer was extracted with diethyl ether (3 x 20 ml) and the combined organic layer was 

washed with water (3 x 20 ml) and brine (20 ml). The organic layer was then dried over 

sodium sulfate, filtered and evaporated. 'H-NMR of this crude mixture showed only 
starting material 2.261. 
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Reaction of 1,1-diphenyl-l-(phenylsulfonyl)ethane 2.262 with Nal in DMF 

NaI 
no reaction 

DMEF, 110'C, IS h 
0 
2.262 

Sodium iodide (269.6 mg, 1.8 mmol, 6.0 equiv. ) was dried under vacuum and 1301C for 6 

h and then cooled to room temperature. A solution of 1,1-diphenyl-l-(phenylsulfonyl)- 

ethane 2.262 (96.7 mg, 0.3 mmol, 1.0 equiv. ) in dry DMF (15 ml) was added under argon 

and the reaction mixture was heated at II O*C for 18 h. After cooling to room temperature 

the mixture was poured into water (20 ml). The aqueous layer was extracted with diethyl 

ether (3 x 20 ml) and the combined organic layer was washed with water (3 x 20 ml) and 

brine (20 ml). The organic layer was then dried over sodium sulfate, filtered and 

evaporated. 'H-NMR of this crude mixture showed only starting material 2.262. 

N-Benzyl4-methyl-N-phenylbenzenesulfonamide 2.271 

N-Phenylbenzyl mine (1.50 g, 8.18 mmol, 1.0 equiv. ) and p-toluenesulfonyl chloride (1.87 

g, 9.82 mmol, 1.2 equiv. ) were dissolved in pyridine (40 ml) under argon. The reaction 

mixture was heated at reflux overnight. After cooling to room temperature, the mixture 

was poured into diethyl ether (300 ml) and subsequently washed with 2N hydrochloric 

acid (3 x 150 ml), 2N aqueous sodium hydroxide solution (150 ml) and brine (100 ml). 
The organic layer was dried over sodium sulfate and removed under reduced pressure. The 

residue was purified by column chromatography on silica gel (20: 80 ethyl acetate/ 

petroleum ether) to give N-benzyl-4-methyl-N-phenylbenzenesulfonamide 2.27,230 as a 

white solid (2.67 g, 97 %); 138-140'C (lit. 230 139-1401C); found: [M+H]+ 338.1208. 

C20Hj9NO2S requires [M+H]+, 338.1209); vmax (KBr)/cm" 3064 (Ar-H), 3028 (Ar-H), 

2920 (C-H), 1596 (Ar), 1456 (C-H), 1345 (SOA 1166 (S02); 911 (CDC13) 2.51 (3H, S, 
CH3), 4.86 (2H, s, CH2), 7.10-7.12 (2H, m, ArH), 7.24-7.32 (6H, m, ArH), 7.35-7.37 (4H, 

m, ArH), 7.66 (2H, d, J 8.3, ArH); t3c (CDC13) 21.9 (CHA, 55.1 (CH2), 127.9 (CH), 128.1 

(CH), 128.7 (CH), 128.8 (CH), 129.2 (CH), 129.3 (CH), 129.9 (CH), 136.0 (C), 133.4 (C)q 

237 



Chapter Eight - Experimental Section 

139.4 (C), 143.9 (C); Wz (EI) 337 (M+, 7 %), 181 (29), 104 (16), 91 (100), 77 (43), 65 

(29), 51 (16). 

Reduction of N-benzyl-4-methyl-N-phenylbenzenesulfonamide 2.271 

N) 

NN6.0 equiv. 9 0,2.22 L----j NaIL DMF_ 
aN 

N9 I-(::: ' 
N9 

02S 1 IO'C, 18 h 02S 

H 60% 17 % I ýla 

2.271 2.270 2.271 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II OOC, 18 h, DMF (15 ml), salt 2.22 (850 mg, 1.8 mmol, 6.0 

equiv. ), N-benzyl4-methyl-N-phenylbenzenesulfonamide 2.271 (100 mg, 0.296 rnmol). 
The DMF was evaporated and the resulting residue dissolved in water (20 ml) and 

extracted with diethyl ether (3 x 20 ml). The combined organic layer was dried over 
Na2S04 and removed under reduced pressure. The residue was purified by colurnn 

chromatography on silica gel (5: 95 ethyl acetate/ hexane) to give N-benzyl-N-phenylamine 

2.270 219 as a white solid (40.6 mg, 74 %); mp 34-36"C (lit. 218 mp 35-38"C); (Found: 

[M+H]+ 184.1119. C13Hl3N requires [M+H]+, 184.1121); v,,,,,,, (KBr)/crn" 3417 (N-H), 

3022 (Ar-H), 2926 (C-H), 1603 (Ar), 1514 (Ar); gli (CDC13) 4.14 (1 H, s, NH), 4.42 (2H, 

CH2), 6.72-6.75 (2H, m, ArH), 6.79-6.83 (IH, m, ArH), 7.21-7.29 (2H, m, ArH), 7.33-7.42 

(IH, m, ArB), 7.44-7.48 ffl, m, ArH); i5c (CDC13) 48.6 (CH2)9 113.1 (CH), 117.8 (CH), 

127.5 (CH), 127.7 (CH), 128.9 (CH), 129.5 (CH), 139.6 (C), 148.4 (C); Wz (EI) 183 (Aý»s 

19 %), 106 (16), 91 (100), 77 (31), 65 (43), 51 (3 8). 

1-Tosyl-lH-indole 2.272 231 

03M 
S02 

2.272 

Crushed potassium hydroxide pellets (2-5 g, 0.045 mol, 3.5 equiv. ) were added to 

anhydrous DMSO (20 ml) under argon. To this a solution of indole (1.5 g, 0.013 mol, 1.0 

equiv. ) in diethyl ether (10 ml) was added dropwise via cannula at room temperature. The 

mixture was stirred for Ih and a solution ofp-toluenesulfonyl chloride (2.44 g, 0.013 mol, 
1.0 equiv. ) in diethyl ether (10 ml) was then added via cannula at room temperature. After 
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stirring for 30 min at room temperature under argon, water (50 ml) was added. The layers 

were separated and the aqueous layer was extracted with diethyl ether (2 x 50 ml). The 

organic phases were combined and washed with water (3 x 50 ml) and brine (50 ml), then 
dried over sodium sulfate, filtered and evaporated. The resulting solid was recrystallised 
from hexane/ dichloromethane to afford 1-tosyl-IH-indole 2.272 232 as a white solid (1.6 g, 

45 %); 82-841C (lit. 232 83-84*C); (Found: [M+NH4]+ 289.1007. C15H13N02S requires 

[M+NH4] +, 289.1005); v,,,. (KBr)/cm" 3068 (Ar-H), 2918 (C-H), 1596 (Ar), 1370 (S02)3, 

1260 (S02); Ail (CDC13) 2.38 (3H, s, CH3), 6.73 (IH, d, J 3.7, ArH), 7.25-7.33 (3H, m, 
ArH), 7.38-7.42 (IH, m, ArH), 7.59-7.61 (IH, m, ArH), 7.65-7.66 (IH, m, ArH), 7.84-7.86 

(2H, m, ArH), 8.09-8.10 (IH, d, J 8.3, ArH); &c (CDC13) 21.6 (CHA 109.2 (CH)q 113.7 

(CH), 121.5 (CH), 123.4 (CH), 124.7 (CH), 126.5 (CH), 126.9 (CH), 130.0 (CH), 130.9 

(C), 135.0 (C), 135.5 (C), 145.1 (C); Wz (EI) 271 (Aý», 50 %), 155 (66), 116 (89), 91 (100), 

65 (67), 51 (19). 

Reduction of 1-tosyl-lII-indole 2.272 

NN QQ6. 
Oequiv. 

2.22 ', ---J NaH, DMF 

S02 -0. 
'ýn 

1100C. 4h 14 

2.272 2.273 
h 

91% 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: 110'C, 4 h, DMF (15 MI), salt 2.22 (850 mg, 1.8 mmol, 6.0 

equiv. ), 1-tosyl-IH-indole 2.272 (81.39 mg, 0.3 mmol). The DMF was evaporated and the 

resulting residue dissolved in water (20 ml) and extracted with diethyl ether (3 x 20 ml). 
The combined organic layer was dried over Na2S04 and removed under reduced pressure. 
The residue was purified by column chromatography on silica gel (5: 95 ethyl acetate/ 
hexane) to give IH-indole 2.273 218 as a white solid (32 mg, 91 %); mp 52-53* C (lit. 218 Mp 
51-54*C); (Found: [M+H]+ 118.0651. C8H7N requires [M+H]+, 118.0651); vmax (KBr)I 

cm" 3397 (N-H), 3048 (Ar-H), 1455 (C=C); 811 (CDC13) 6.64-6.65 (IH, m, ArH), 7.19- 

7.32 (3H, m, ArH), 7.46-7.48 (IH, m, AM), 7.74-7.76 (IH, m, ArH), 8.17 (IH, s, NH); &-, 
(CDC13) 102.8 (CH), 111.2 (CH), 120.0 (CH), 120.9 (CH), 122.2 (CH), 124.4 (CH), 128.1 
(C), 136.0 (C); nilz (EI) 117 (M+, 100'/o), 89 (37), 63 (34), 49 (33). 
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4-Phenyl-l-p-tolyipiperidine 2.274 

11 N-S=O 

2.274 

4-Phenylpiperidine (800 mg, 4.96 mmol, 1.0 equiv. ) and triethylamine (1.67 ml, 12.0 

rnmol, 2.4 equiv. ) were dissolved in dichloromethane (10 ml) under argon and cooled to 

O'C. A solution of p-toluenesulfonyl chloride (1.134 g, 5.95 mmol, 1.2 equiv. ) in 

dichloromethane (10 ml) was then added dropwise at O'C. The reaction mixture was 

allowed to warm to room temperature and was stirred over night. The reaction mixture was 

then poured into 2N hydrochloric acid (30 ml) and the organic layer was washed further 

with 2N hydrochloric acid (2 x 30 ml) and aqueous sodium hydroxide solution (2 x 30 ml) 

and brine (30 ml). The organic layer was then dried over sodium sulfate, filtered and 

removed under reduced pressure. The residue was recrystallised (hexane/ dichloromethane) 

to give 4-phenyl-I-p-tolylpiperidine 2.274 as a white solid (954 mg, 61 %); mp 151-152"C; 

(Found: [M+H]+ 316.1365. CjsH21N02S requires [M+H]+, 316.1366); v., " (KBr)/cm" 

3026 (Ar-H), 2944 (C-H), 2840 (C-H), 1594 (Ar), 1493 (C-H), 1334 (SOA 1162 (S02); 41 

(CDC13) 1.79-1.89 (4H, m, CH2CHPh), 2.33-2.44 (3H, m, NCHI CH), 2.50 (3H, s, CH3), 

3.91-3.96 (2H, m, NCH2), 7.14-7.16 (2H, m, ArH), 7.20-7.23 (IH, m, ArH), 7.28-7.32 

(2H, m, ArH), 7.35-7.37 (2H, m, ArH), 7.69 (2H, d, J 8.3, ArH); 8C (CDC13) 21.7 (CHA 

32.8 (CH2), 42.1 (CH), 47.1 (CHA 126.8 (CH), 126.9 (CH), 128.0 (CH), 128.8 (CH), 

129.8 (CH), 143.7 (C), 145.1 (C); nilz (CI) 33 3 ([M+NH4]+, 4 %), 316 (10), 162 (100), 108 

(8), 52 (14). 

I-Methyl4-(methylsulfonyl)benzene 2.280 
1 

Uýbýu 

2.280 

Salt 2.22 (850 mg, 1.8 mmol, 6.0 equiv. ) was heated to II O*C for Ih under vacuum in a 

centrifuge tube, then cooled to room temperature and sodium hydride (60 % suspension 
with mineral oil, 576 mg, 14.4 mmol, 48 equiv. ) was added under argon atmosphere. This 

mixture was then washed with hexane (2 x 20 ml) and subsequently dried under argon. Dry 
DMF (15 ml) was deoxygenated with argon for 20 min and then added dropwise to the 
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salt/ sodium hydride residue. This mixture was stiffed for 4h at room temperature under 

argon and then exposed to centrifugation. The resulting supernatant liquid was transferred 

via cannula to (i) N-benzyl-4-methyl-N-phenylbenzenesulfonamide 2.271 (101 mg, 03 

mmol, 1.0 equiv. ) [(ii) 1-tosyl-IH-indole 2.272 (81 mg, 0.3 mmol, 1.0 equiv. )] that was 

dried beforehand under vacuum at room temperature for 3 h. The reaction mixture was 

heated to 110'C for 18 h under argon atmosphere, then allowed to cool to room 

temperature and then iodomethane (0.75 ml, 12 mmol, 40 equiv. ) was added. The mixture 

was stirred at room temperature for 2d and was then poured into water (20 ml). The 

aqueous layer was extracted with diethyl ether (3 x 20 ml) and the combined organic layer 

was then washed with water (4 x 20 ml) and brine (20 ml), dried over sodium sulfate and 

removed in vacuo. The residue was purified by column chromatography on silica gel 
(10: 90, then 50: 50 ethyl acetate/ hexane) to give 1-methyl-4-(methylsulfonyl)benzene 

2.286233 as a white solid [(i) 37 mg, 73 %] [(ii) 41 mg, 81 %]; mp 84-85"C (lit. 234 MP 

88*C); (Found: [M+NI141+ 188.0740. C8HI002S requires [M+NH4]+, 188.0740); (KBr)/cm- 

1 3018 (Ar-H), 2926 (C-H), 1300 (S02)! 
P 1148 (S02); 8H (CDC13) 2.45 (3H, s, CH3). 3.03 

(3H, s, CH3), 7.36 (2H, d, J 7.9,, ArH), 7.82 (2H, m, ArH); o5c (CDC13) 22.1 (CHA, 45.1 

(CHA 128.4 (CH), 130.5 (CH), 128.3 (C), 145.2 (C); Wz (El) 170 (M+,, 27%), 155 (40), 

107 (40), 91 (100), 77 (40), 65 (78), 51 (32). 

4-(3-Phenyl-propane-l-sulfonyl)benzoic acid ethyl ester 2.281 

0 
11 OR 
So - I 
00 

2.281 

Stag-eDi A solution of 4-mercaptobenzoic acid (2.0 g, 12.9 mmol, 1.0 equiv. ) in 

DMF (10 ml) was transferred via cannula to a suspension of washed sodium hydride (1.14 

g, 28.0 mmol, 2.2 equiv. ) in DMF while cooling to O'C. After stirring the mixture for 0.5 h 

a solution of (3-bromopropyl)benzene (2.07 ml, 13.6 mmol, 1.05 equiv. ) in DMF (20 ml) 
was added dropwise at O'C. The mixture was then stirred at room temperature for 2.5 h. 
Ethyl acetate (150 ml) and 2N hydrochloric acid (150 ml) were added. The aqueous layer 

was extracted with ethyl acetate (15 0 ml). The combined organic layer was washed with 2 
N hydrochloric acid (3 x 150 ml), then dried over sodium sulfate and evaporated. 
Stage (H) The residue (2.36 g) was dissolved in ethanol (40 ml) and thionyl chloride 
(1.26 ml, 17.2 mmol, 2.0 equiv. ) was added drowise at OIC. After heating the mixture at 
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rcflux for 5 h, the solvent was removed in vacuo and the residue purified by column 

chromatography (20: 80 ethyl acetate/ petroleum ether) to afford the desired crude 
intermediate (2.11 g) which was reacted fin-ther in the next stage. 
Stawe (M) The crude intermediate from stage (H) (2.11 g) was dissolved in DCM (10 

ml) and a solution of 3-chloroperoxybenzoic acid (6.08 g, 35.0 mmol, 5.0 equiv., 77 %) in 

DCM (30 ml) was added via cannula at O'C. The mixture was then stiffed at room 

temperature overnight. The precipitate was filtered and the solution diluted with DCM 

(200 ml). The organic layer was washed with aqueous NaOH solution (4 x 150 ml), dried 

over sodium sulfate and evaporated. The residue was recrystallised from hexane/ DCM to 

give 4-(3-phenylpropane-l-suy*onyl)benzoic acid ethyl ester 2.281 as a white solid (1.34 g, 
32 % over 3 steps); mp 90-91"C; (Found: [M+NH4]+ 350.1418. C18H2004S requires 

[M+NH4]+, 350.1421); v,,,,,., (KBr)/cm7l3085 (Ar-H), 3022 (Ar-H), 2988 (C-H), 2942 (C- 

H), 2869 (C-H), 1717 (C=O), 1279 (SO2), 1153 (S02); 41 (CDC13) 1.43 (3H, t, J 7.1, CH3), 

2.01-2.09 (2H, m, CH2CH2CH2), 2.71 ( 2H, t, J 7.4, ArCH2), 3.08-3.12 (2H, m, S02CH2), 

4.43 (2H, q, J 7.1, CH20), 7.09-7.11 (2H, m, ArH), 7.19-7.23 (IH, m, ArH), 7.26-7.30 

(2H, m, ArH), 7.94-7.97 (2H, m, ArH), 8.20-8.23 (2H, m, ArH); Jc (CDC13) 14.3 (CHA 

24.1 (CH2), 34.0 (CH2), 55.3 (CH2), 61.8 (CHA, 126.5 (CH), 128.2 (CH), 128.4 (CH)q 

128.7 (CH), 130.4 (CH), 135.2 (C), 139.6 (C), 142.7 (C), 165.0 (C); nilz (ESI) 350 

([M+NI141+, 100 %), 333 (78), 149 (18), 111 (37), 72 (58). 

Attempted reduction of 4-(3-phenylpropane-l-sulfonyl)benzoic acid ethyl ester 2.281 

OEt 

3 
s 10 
0 

2.281 

(N N 
1> 'I 

N 

(" ý 

N 3.0 equiv. 
2.22 

ý-ý 
NaILDMF 

IN 
I 10*C, 18 h 

Ph 0 OH 

300 

73% 
2.286 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II OIC, 18 h, DMF (15 ml), salt 2.22 (425 mg, 0.9 mmol, 3.0 

equiv. ), 4-(3-phenyl-propane-l-sulfonyl)-benzoic acid ethyl ester 2.281 (95.5 mg, 0.287 

mmol, 1.0 equiv. ). Acidic work-up was carried out and the solid residue washed with 
diethyl ether to give 4-(3-phenyl-propane-l-suýfonyl)-benzoic acid 2.286 as white solid (64 

mg, 73 %); mp 80-81OC; vmax (KBr)/cm-1 3409 (0-H), 1682 (C=O), 1284 (SO2)9 1141 

(S02); 8jj (DMSO) 1.77-1.85 (2H, m, CH2CH2CH2), 2.62 (2H, t, J 7.7, CH2Ar), 3.33 (2H, 

t, J 7.8, CH2S02), 4.43 (2H, q, J 7.1, CH20), 7.12-7.18 (3H, m, ArH), 7.23-7.27 (2H, m, 
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ArH), 7.99 (2H, d, J 8.5, ArH), 8.15 (2H, d, J 8.5, ArH); cý-, (DMSO) 24.2 (CH2), 33.1 

(CHA 53.9 (CH2), 126.1 (CH), 128.0 (CH), 128.3 (CH), 128.5 (CH), 130.2 (CH), 135.5 

(C), 140.5 (C), 142.3 (C), 160.1 (C); nVz (ESI) 303 ([M-H] + 100 %), 259 (7). 

4-(4-Phenylpiperidine-l-sulfonyl)benzoic acid ethyl ester 2.288 

0 

0 OEt 

2.288 

4-Phenylpiperidine (1.20 g, 7.45 mmol, 1.0 equiv. ) and triethylamine (4.19 ml, 29.8 mmol, 
4.0 equiv. ) were dissolved in DCM (20 ml) and cooled to O'C. A solution of 4- 

chlorosulfonylbenzoic acid (1.65 g, 7.45 mmol, 1.0 equiv. ) in DCM (20 ml) was then 

added dropwise at OIC. The reaction mixture was subsequently stirred for 3h at room 
temperature. The solvent was removed in vacuo and the residue dissolved in ethanol (40 

ml). Thionylchloride (1.09 ml, 14.9 mmol, 2.0 equiv. ) was added dropwise while cooling 
to O"C. After heating the mixture overnight at reflux, the solvent was removed under 

reduced pressure and the mixture loaded onto silica. Purification by column 

chromatography (20: 80 ethyl acetate/ petroleum ether) was then carried out to give 4-(4- 

phenylpiperidine-l-suy'onyl)benzoic acid ethyl ester 2.288 as a white solid (2.27 g, 82 %); 

mp 124-125"C; (Found: [M+H]+ 374.1414. C20H23NO4S requires [M+H]+, 374.1421); v.. 
(KBr)/cm"l 3027 (Ar-H), 2978 (C-H), 2942 (C-H), 1722 (C=O), 1340 (SOA 1164 (S02); 

8ji (CDC13) 1.43 (3H, t, J 7.2, CH3), 1.83-1.92 (4H, m, CH2CHCH2), 2.35-2.44 (3H, m, 
CHHNCHH and CHAr), 3.97-3.99 (2H, m, CHHNCHH), 4.44 (2H, q, J 7.2, CH20), 7.14- 

7.16 (2H, m, AM), 7.20-7.24 (IH, m, ArH), 7.29-7.33 (2H, m, 2x ArH), 7.87 (2H, d, J 

8.6,2 x ArH), 8.22 (2H, d, J 8.6,2 x ArH); 8c (CDC13) 14.3 (CHA 32.5 (CH2), 41.8 (CH), 

46.8 (CHA 61.7 (CHA 126.6 (CH), 126.6 (CH), 127.5 (CH), 128.6 (CH), 130.1 (CH), 
134.3 (C), 140.2 (C), 144.6 (C), 165.2 (C); nVz (ESI) 374 ([M+H]+, 100 %), 144 (4), 129 
(5), 111(8), 60 (22). 

Reduction of 4-(4-phenylpiperidine-l-sulfonyl)benzoic acid ethyl ester 2.288 

I, 

O-CN-OSI 0 

0,0 OEt 

u 

r---, 
ýN>==ýN 

ND 
2.20 

6 equiv., DMF, 
I 10*C, 19 h 

H 

61% 
2.288 
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The experiment was carried out according to the general 'pure donor-method' procedure. 
Conditions and reagents: II O*C, 18 h, DMF (15 ml), donor 2.20 (3 88 mg, 1.8 mmol, 6.0 

equiv. ), 4-(4-phenylpiperidine-l-sulfonyl)benzoic acid ethyl ester 2.288 (108 mg, 0.289 

mmol, 1.0 equiv. ). After heating for 18 h at 110'C, the DMF was evaporated and the 

resulting residue dissolved in water (20 ml) and extracted with ethyl acetate (3 x 20 ml). 
The combined organic layer was washed with water (20 ml) and brine (20 ml), dried over 
Na2S04 and removed under reduced pressure. The residue was purified by column 

chromatography on silica gel (6: 2: 92 MeOIV triethylarnine/ DCM) to give 4-phenyl- 

piperidine 2.287218 as a colourless liquid (28 mg, 61 %); Vmax (NaCl)/cM713305 (N-H), 3059 

(Ar-H), 3028 (Ar-H), 2930 (C-H), 2846 (C-H), 1493 (C-H); 41 (CDC13) 1.61-1.71 (2H, m, 
NCH2CH2), 1.82-1.86 (2H, m, NCH2CH2), 2.59-2.66 (IH, m, CH2CHCHA2.71-2.78 (2H, 

m, NCH2), 3.18-3.21 (2H, m, NCH2), 7.20-7.33 (3H, m, ArH), 7.407.53 (2H, m, ArH); C, ý 

(CDC13) 34.5 (CH2), 43.1 (CH), 47.1 (CHA 126.0 (CH), 126.8 (CH), 128.4 (CH), 146.8 

(C); nilz (ESI) 162 ([M+H]+, 100 %). 

1-Methoxy4-(3-phenylsulfonyl)benzene 2.290 

S 

Meoj(: 
r2.290 

A solution of 4-methoxythiophenol (0.50 ml, 4.06 mmol, 1.0 equiv. ) in DMF (5 ml) was 

added to a suspension of washed sodium hydride (178 mg, 4.46 mmol, 1.1 equiv. ) in DMF 

(10 ml) while cooling to O'C. After stirring for 30 min at room temperature the mixture 

was re-cooled to OIC and a solution of (3-iodopropyl)benzene (1.0 g, 4.06 mmol, 1.0 

equiv. ) in DMF (10 ml) was added dropwise via cannula. The mixture was allowed to 

warm to room temperature and was stirred for 4 h. Water (200 ml) and diethyl ether (200 

ml) were then added and the aqueous layer extracted further with diethyl ether (200 ml). 
The combined organic layer was washed with water (3 x 200 ml) and brine (200 ml), dried 

over sodium sulfate, filtered and evaporated. The residue was purified by column 

chromatography on silica gel (10: 90 ethyl acetate/ petroleum ether) to give I-ethoxy-4-(3- 

phenyIsutfbnyI)benzene 2.290 as a colourless liquid (932 mg, 89 %); (Found: M+ 258.1076. 

C16HI80S requires Nf, 358-1073); v,,,. (NaCl)/crn-1 3061 (Ar-H), 3026 (Ar-H), 2937 (C- 

H), 2834 (C-H), 1493 (C-H); 811 (CDC13) 1.92 (2H, quintet, J 7.4, CH2CH2CH2), 2.75 (2H, 

t, J 7.4, CH2Ar), 2.85 (2H, t, J 7.4, SCH2), 3.82 (3H, s, OCH3), 6-84-6.88 (2H, in, ArH), 

7.17-7.23 QH, in, ArH), 7.28-7.32 (2H, m, ArH), 7.34-7.38 (2H, in, ArH); &C (CDC13) 
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30.8 (CH2), 34.6 (CH2), 35.1 (CH2), 55.4 (CH3)9 114.5 (CH), 125.9 (CH), 126.5 (C), 128.3 

(CH), 128.5 (CH), 133.2 (CH), 141.5 (C), 158.8 (C); Wz (EI) 258 (M+, 13 %), 140 (100)9, 

139 (52), 91 (98), 65 (17). 

1-Methoxy-4-(3-phenyl-propane-l-sulfonyl)benzene 2.289 
R, 

% 

Ma, 
cr 

2.289 

I-Methoxy-4-(3-phenylsulfonyl)benzene 2.290 (0.804 g, 3.11 mmol, 1.0 equiv. ) was 
dissolved in DCM (5 ml) and a solution of 3-chloroperoxybenzoic acid (3.20 g, 18.6 mmol, 

6.0 equiv., 77 %) in DCM (35 ml) was added via cannula at O'C. The mixture was then 

stiffed at room temperature overnight. The precipitate was filtered and the solution diluted 

with DCM (150 ml). The organic layer was washed with aqueous NaOH solution (4 x 100 

ml), dried over sodium sulfate and concentrated in vacuo. The residue was loaded onto 

silica and purified by column chromatography on silica gel to give I-methoxy-4-(3-phenyl- 

propane-1-suYo'nyI)benzene 2.289 as a white solid (0.894 g, 99 %); mp 96-981C; (Found: 

[M+NH4]+ 308.1313. C16HI803S requires [M+NH4]+, 308.1315); vm. (KBr)/cm"l 3093 

(Ar-H), 3026 (Ar-H), 2921 (C-H), 2856 (C-H), 2869 (C-H), 1498 (C-H), 1263 (S02)ý 1145 

(S02), ) 1024 (C-0), 756 (Ar-H); & (CDC13) 2.04 (2H, M, CH2CH2CH2), 2.70 (2H, t, J 7.4, 

CH2Ar), 3.07 (2H, t, J 7.8, S02CH2), 3.88 (3H, s, OCH3), 7.01-7.03 (2H, m, ArH), 7.11- 

7.13 (2H, m, ArH), 7.19-7.23 (IH, m, ArH), 7.27-7.30 (2H, m, ArH), 7.80-7.83 (2H, m, 

ArH); c'ý- (CDC13) 24.3 (CH2), 34.0 (CH2), 55.6 (CH2), 55.6 (CHA 114.5 (CH), 126.4 

(CH), 128.3 (CH), 128.6 (CH), 130.1 (CH), 130.3 (C), 140.0 (C), 163.7 (C); ? Wz (CI) 308 

([M+Nflý]', 100 %), 118 (18), 108 (21), 91 (12). 

Test reaction of 1-methoxy-4-(3-phenyl-propane-l-sulfonyl)-benzene 2.289 

0x 
S", 
0 

MeOj(: 

ý 0 
2.289 

+r') 
CN) <Ný 

NN3.0 equiv. 
2.22 L---j NaH, DMF_ 

I 10T, 18 h 
no reaction 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II O'C, 18 h, DMF (15 MI), Salt 2.22 (425 mg, 0.9 mmol, 3.0 

equiv. ), 1-methoxy-4-(3-phenyl-propane-l-sulfonyl)-benzene 2.289 (87 mg, 0.3 mmol, 1.0 
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equiv. ). Observation: Upon addition of the yellow donor 'solution to 2.289, the colour 

changed to dark-red at room temperature. 'H-NMR of the crude mixture after neutral 

work-up showed only starting material 2.289; the reaction did not proceed. 

1-Methyl-2-(3-phenyl-propane-l-sulfonyl)-IH-imidazole 2.282 

0 
11 s c 

il-"-b 
2.282 

Stage fl) A solution of 2-mercapto-l-methylimidazole (3.0 g, 26.0 mmol, 1.0 equiv. ) 

in DMF (15 ml) was added to a suspension of washed sodium hydride (1.26 g, 3 1.0 mmol, 

1.2 equiv. ) in DMF (10 ml) while cooling to O"C. After stirring for 30 min at room 

temperature the mixture was re-cooled to O'C and a solution of (3-bromopropyl)benzene (4 

ml, 26.0 mmol, 1.0 equiv. ) in DMF (5 ml) was added dropwise. The mixture was allowed 

to warm to room temperature and was stirred for 3 h. Water (200 ml) and ethyl acetate 

(200 ml) were then added and the aqueous layer extracted further with ethyl acetate (200 

ml). The combined organic layer was washed with water (3 x 200 ml) and brine (200 ml), 
dried over sodium sulfate and evaporated. The residue was purified by column 

chromatography on silica gel to afford 1-methyl-2-(3-phenyl-propylsulfanyl)-]H-imidazole 

2.285 as a colourless liquid (5.1 g, 84 %); which was reacted further in the next step 

without further characterisation. 
Stage CH) I-Methyl-2-(3-phenyl-propylsulfanyl)-IH-imidazole 2.285 (3.8 g, 16.3 

mmol, 1.0 equiv. ) was dissolved in DCM (10 ml) and potassium carbonate (6.78 g, 49.0 

mmol, 3.0 equiv. ) was added. A solution of 3-chloroperoxybenzoic acid (14.1 g, 81.7 

mmol, 5.0 equiv., 77 %) in DCM (50 ml) was added via cannula at OOC. The mixture was 

then stirred at room temperature overnight. The precipitate was filtered and the solution 
diluted with DCM (250 ml). The organic layer was washed with aqueous NaOH solution 
(4 x 200 ml), dried over sodium sulfate and concentrated in vacuo. The residue was 

recrystallised (hexane/ DCM) to give 1-methyl-2-(3-phenyl-propane-l-sutfonyl)-]H- 

imidazole 2.282 as a white solid (3.1 g, 72 %); mp 139'C; (Found: [M+H]+ 265.1006. 

C13Hi6N202S requires [M+H]+, 265.1005); vmax (KBr)/cm-1 3114 (Ar-H), 3027 (Ar-H), 

2951 (C-H), 2867 (C-H), 1455 (C-H), 1324 (SOA 1121 (S02); i5h (CDC13) 2.15-2.22 (2H, 

m, CH2CH2CH2), 2.77 (2H, t, J 7.5, CH2Ar), 3.43-3.47 (2H, m, S02CH2),, 3.97 (3H, s, 
NCH3),, 7.14 (IH,, d9 J 1.0, ArH), 7.13-7.18 (3H, m. ArH), 7.19-7.24 (111, m, MR), 7-28- 
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7.32 (2H, m, ArH); &- (CDC13) 22.7 (CH2), 34.1 (CH2), 35.1 (CHA 54.2 (CHA 125.4 

(CH), 126.5 (CH), 128.4 (CH), 128.6 (CH), 129.1 (CH), 139.9 (C); nilz (CI) 265 ([M+H]+, 

37 %), 172 (6), 108 (4), 83 (100). 

Test reaction of 1-methyl-2-(3-phenyl-propane-l-sulfonyl)-lH-imidazole 2.282 

0>< 
N) NN 

3.0 equiv. 11 N \>-s 
NaH, DMF 

C 

11 

12.22 

N0 
no reaction 

2.282 1 IOIC, 18 h 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and reagents: II VC, 18 h, DMF (15 MI), Salt 2.22 (425 mg, 0.9 mmol, 3.0 

equiv. ), 1-methyl-2-(3-phenyl-propane-l-sulfonyl)-IH-imidazole 2.2282 (79 mg, 0.3 mmol, 

1.0 equiv. ). Observation: Upon addition of the yellow donor solution to 2.289, the colour 

changed to orange and upon heating to dark-red. 'H-NMR of the crude mixture after 

neutral work-up showed only starting material 2.282; the reaction did not proceed. 

2-(l-Methyl-IH-imidazole-2-sulfonyl)-1,4-diphenyl-butan-1-01 2.292 235 

cl ý-so, OH 
N 

2.292 

I-Methyl-2-(3-phenylpropane-l-sulfonyl)-IH-imidazole 2.282 (1.07 g, 4.059 mmol, 1.0 

equiv. ) was dissolved in THF (8 ml) and cooled to -78"C. Sodium hexamethyldisilazide 

[NaHMDS] (6.75 ml, 4.059 mmol, 1.0 equiv., c=0.6 mol/1) was added dropwise and the 

mixture was stirred for 30 min at -78"C. A solution of benzaldehyde (0.41 ml, 4.059 

mmol, 1.0 equiv. ) in THF (I ml) was then added dropwise via cannula at -780C. After 

stirring for 30 min at -78*C, sat. ammonium chloride solution was added, followed by 

water and ethyl acetate. The aqueous layer was extracted further with ethyl acetate (200 

ml). The combined organic layer was dried over sodium sulfate, filtered and evaporated. 
The residue was purified by column chromatography on silica gel (15: 85 acctonitrile/ 
toluene) to afford 2-(I-methyl-IH-imidazole-2-sulfonyl)-1,4-diphenyl-butan-I _01235 2.292 
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as a white solid (265 mg, 18 %) that was used in the next step without further 

characterisation. 

Acetic acid 2-(I-m ethyl- 1H-imidazole-2-sulfonyl)-1,4-diphenyl-butyI ester 2.291 236 

2-(I-Methyl-lH-imidazole-2-sulfonyl)-1,4-diphenyl-butan-1-01 2.292 (149 mg, 0.402 

mmol, 1.0 equiv. ), triethylamine (0.05 ml, 0.965 mmol, 2.4 equiv. ) and 4-DMAP (5 mg, 

0.04 mmol, 0.1 equiv. ) were dissolved in DCM (3 ml). Acetic anhydride (0.045 ml, 0.4826 

mmol, 1.2 equiv. ) was then added while cooling to O'C. The reaction mixture was allowed 

to warm to room temperature and was stirred overnight. DCM (100 ml) was then added 

and the organic layer was washed with water (100 ml) and was subsequently dried over 

sodium sulfate, filtered and evaporated. The residue was purified by column 

chromatography on silica gel (8: 92 acetonitrile/ toluene) to afford acetic acid 2-(1-methyl- 

IH-imidazole-2-sutfonyl)-1,4-diphenylbutyI ester 2.291 as a single diastereomer as a 

colourless oil (123 mg, 74 %); (Found: [M+H]+ 413.1535. C22H24N204S requires [M+H]+, 

413.1530); vn,, ý (NaCl)/crn"l 3055 (Ar-H), 3033 (Ar-H), 2923 (C-H), 1746 (C=O), 1451 

(C-H), 1311 (S02), 1124 (S02); 41 (CDC13) 1.77 (3 H, s, COCH3), 1.82-1.91 (IH, in, 

CHCBHCH2Ph), 2.13-2.20 (IH, in, CHCHHCH2Ph), 2.49-2.59 (2H, in, CH2Ph), 3.89 (3H, 

s, NCH3), 4.14-4.18 (1 H, m, ArS02CH), 6.21 (1 H, d, J 7.2, PhCHO), 6.87 (2H, d, J 5.6, 

ArH), 7.03 (IH, s, ArH), 7.13-7.22 (4H, in, ArH), 7.31-7.39 (5H, m, ArH); 8C (CDC13) 

20.9 (CHA 33.2 (CHA 28.0 (CH2), 35.5 (CHA 66.2 (CH), 73.8 (CH), 125.6 (CH), 126.3 

(CH), 127.8 (CH), 128.4 (CH), 128.5 (CH), 128.7 (CH), 129.1 (CH), 129.5 (CH), 136.4 

(C), 140.2 (C), 142.4 (C), 168.9 (C); nilz (CI) 413 ([M+H]+, 17 %), 286 (21), 226 (100), 

208 (59), 117 (38), 91 (52). 
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Reduction of acetic acid 2-(I-methyl-lH-imidazole-2-sulfonyl)-1,4-diphenylbutyI ester 
2.291 

A. Ayl 

+r--l +r CN N 
> 

3.0 equiv. N ND 

2.22 NaKDMF 

110'C. Igh 

2.293 2.294 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II O'C, 18 h, DMF (8 ml), salt 2.22 (141 mg, 0.297 mmol, 3.0), 

acetic acid 2-(I-methyl-IH-imidazole-2-sulfonyl)-1,4-diphenyl-butyI ester 2.291 (40.8 mg, 
0.099 mmol, 1.0 equiv. ). Observation: Upon heating of the mixture the colour changes 
from yellow to dark red. The purification of the residue after neutral work-up was carried 

out by column chromatography on silica gel (4: 96 ethyl acetate/ hexane) to give 1,4- 

diphenyl-l-butene 237 2.293 and 1,4-diphenyl-1,3-butadiene 238 2.294 as an inseparable 

mixture as a white semi-solid (15.0 mg, - 73 %); the 'H-NMR spectrum of the mixture can 

be found in the Appendix, Chapter 9. Further analysis of the fraction by GC-MS showed 5 

ma or peaks at different intensities, possibly corresponding to 3 isomers of 2.294 (E/E, Z/Z, j 

E/Z) and 2 isomers of 2.293 (E, Z): 1,4-diphenyl-l-butene237 2.293: Wz (EI) 208 (M+, 3 

117 (100), 115(55), 91 (13). 
1,4-diphenyl-1,3-butadiene238 2.294: nilz (EI) 206 (M+, 100 %), 205 (47), 191 (46), 128 

(29), 91 (44). 

Further attempts to purify the mixture by HPLC were unsuccessful (the 1HNMR spectrum 

can be found in the Appendix). 

2-(1,4-Diphenyl-but-l-ene-2-sulfonyl)-l-methyl-lII-imidazole 2.302 236 

CN 
-S > S02 

N 42.302 

Acetic acid 2-(I-methyl-IH-imidazole-2-sulfonyl)-1,4-diphenyl-butyI ester 2.291 (72 mg, 
0.174 mmol, 1.0 equiv. ) was dissolved in THF (10 ml) and DBU [1,8- 

diazabicyclo[5.4.0]undec-7-en] (0.16 ml, 1.047 mmol, 6.0 equiv. ) was added dropwise at 

room temperature. The mixture was stirred overnight at room temperature, then 

concentrated under reduced pressure and purified by column chromatography on silica gel 
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(18: 82 acetonitrile/ toluene) to afford 2-(1,4-diphenyl-but-l-ene-2-sutfonyl)-l-methyl-]H- 

imidazole 2-302 as a slightly yellow semi-solid (55 mg, 89 %); (Found: [M+H]+ 353.1317. 

C20H2ON204S requires [M+H]+, 353.1318); v. a,, (NaCI)/cm" 3104 (Ar-H), 3022 (Ar-H), 

2962 (C-H), 1454 (C-H), 1321 (S02)5,1123 (SO2); & (CDC13) 2.79 (2H, m,, CH2CH2Ar), 

2.97-3.01 (2H. m,, CH2CH2Ar), 3.97 (3H, s. NCH3). 7.05 (IH, d, J 0.6, ArM,, 7.12-7.14 

(2H, m, ArH), 7.18-7.20 (2H,, m, ArH), 7.26-7.30 (2H, m, ArH), 7.39-7.48 (5H,, m,, ArH), 

7.88 (IH, s, ArCH=C); i5c (CDC13) 29.2 (CH2), 34.1 (CH2),, 35.2 (CHA, 126.2 (CH)" 126.4 

(CH)q 128.4 (CH), 128.6 (CH), 129.0 (CH)q 129.6 (CH),, 129.9 (CH)q 130.0 (CH), 133.2 

(C). 140.0 (CH), 140.3 (C), 140.5 (C), 141.5 (C); nVz (CI) 353 ([M+H]+, 4 %)q 226 (8), 117 

(7), 83 (100), 44 (16). 

Reduction of 2-(1,4-diphenyl-but-l-ene-2-sulfonyl)-l-methyl-lH-imidazole 2.302 

NN (N\> (7N3 
3.0 equiv. 

2.22 
L---j 

NaK DMF_ 

II O*C, 18 k 78 % 

2.302 2.293 2.294 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: I 10'C, 18 h, DMF (8 ml), salt 2.22 (205 mg, 0.432 mmol, 3.0), 

acetic acid 2-(I-methyl-IH-imidazole-2-sulfonyl)-1,4-diphenyl-butyI ester 2.302 (40.8 mg, 
0.099 mmol, 1.0 equiv. ). Observation: Upon heating of the mixture the colour changed 
from yellow to dark red. The purification of the residue after neutral work-up was carried 

out by column chromatography on silica gel (4: 96 ethyl acetate/ hexane) to give 2.293 and 
2.294 as an inseparable mixture as a white semi-solid (22 mg, - 78 %). Further analyses of 
the mixture by 'H-NMR spectroscopy and GC-MS showed the identical composition as 
described above (in the reaction with 2.291). 

l-Ethanesulfonyl-4-methoxybenzene 2.307 

0 \-S'-&OMe 

0 

2.307 

Swe iA solution of 4-methoxythiophenol (4.0 ml, 0.03 mol, 1.0 equiv. ) in DMF 
(15 ml) was transferred via cannula to a suspension of washed sodium hydride (1.56 
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0.039 mol, 1.2 equiv. ) in DMF (5 ml) while cooling to O*C. After stirring the mixture for 

0.5 h at room temperature the mixture was re-cooled to O'C, and a solution of iodoethane 

(2.86 ml, 0.0357 mol, 1.1 equiv. ) in DMF (5 ml) was added dropwise. The mixture was 

then stiffed at room temperature for 2.5 h. Water (200 ml) and ethyl acetate (200 ml) were 

added and the organic layer was washed further with brine (200 ml), was then dried over 

sodium sulfate, filtered and evaporated. The residue (3.945 g) was not exposed to further 

purification and reacted in the next step directly. 

Stage fli) The crude intermediate from stage (i) (3.945 g) was dissolved in DCM (20 

ml) and a solution of 3-chloroperoxybenzoic acid (24.3 g, 0.1408 mol, 6.0 equiv., 77 %) in 

DCM (200 ml) was added via cannula at O'C. The mixture was then stiffed at room 

temperature overnight. The precipitate was filtered and the solution diluted with DCM 

(300 ml). The organic layer was washed with aqueous NaOH solution (4 x 200 ml), dried 

over sodium sulfate and evaporated. The residue was recrystallised from hexane/ DCM to 

give I-ethanesulronyl-4-methoxybenzene 2.307 as a white solid (2.42 g, 40 % over 2 steps); 

mp 56-58'C; (Found: [M+NH4]+ 218.0844. C9HI203S requires [M+NH4]+, 218.0845); vmax 

(KBr)/cm" 3069 (Ar-H), 3016 (Ar-H), 2972 (C-H), 2934 (C-H), 2848 (C-H), 1496 (C-H), 

1275 (S02)5 1139 (S02); 811 (CDC13) 1.24 (3H, t5 J 7.4, CH2CH3),, 3.07 (2H, q, J 7.4, 

CH2CHA 3.87 (3H, s, OCH3), 6.99-7.05 (2H, m, ArH), 7.81-7.86 (2H, m,, ArH); &C 

(CDC13) 7.5 (CHA 50.9 (CH2), 55.7 (CHA 114.5 (CH), 130.2 (C), 130.4 (CH), 163.7 (C); 

nilz (EI) 200 (M+, 77 %), 171 (100), 155 (24), 123 (26), 107 (37), 92 (32), 77 (39). 

Acetic acid 1-(4-tert-butyl-phenyl)-2-(4-methoxybenzenesulfonyl)propyI ester 2.308 

Z.. 5ub 

Stage Ll -Ethanesulfonyl-4-methoxybenzene 2.307 (1.13 g, 5.67 mmol, 1.0 equiv. ) 

was dissolved in THIF (12 ml) and cooled to -780C. Sodium hexamethyldisilazide 
[NaHMDS] (10.4 ml, 6.24 mmol, 1.1 equiv., c=0.6 mol/1) was added dropwise and the 

mixture was stirred for 30 min at -78'C. A solution of 4-tert-butyl-benzaldehyde (1.14 ml, 
6.807 mmol, 1.2 equiv. ) in THIF (2 ml) was then added dropwise via cannula at -78*C. 
After stirring for 30 min at -78'C, sat. ammonium chloride solution was added, followed 
by water and ethyl acetate. The aqueous layer was extracted further with ethyl acetate (200 
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ml). The combined organic layer was dried over sodium sulfate, filtered and evaporated. 
The residue was purified by column chromatography on silica gel (10: 90 diethyl ether/ 
toluene) to afford ]-(4-tert-butylphenyl)-2-(4-methoxybenzenesulfonyl)propan-l-oI in a 

mixture with starting material 2.307 (0.724 g) that was reacted in the next step without 
further purification. 
Stmze (10 The crude mixture from stage (1) (0.724 g), triethylamine (0.59 ml, 4.29 

mmol, 2.4 equiv. ) and 4-DMAP (22 mg, 0.17 mmol, 0.1 equiv. ) were dissolved in DCM 

(30 ml). Acetic anhydride (0.2 ml, 2.14 mmol, 1.2 equiv. ) was then added while cooling to 

O*C. The reaction mixture was allowed to warm. to room temperature and was stirred 

overnight. DCM (200 ml) was then added and the organic layer was washed with water 
(200 ml) and was subsequently dried over sodium sulfate, filtered and evaporated. The 

residue was purified by column chromatography on silica gel (3: 97 diethyl ether/ toluene) 

to afford acetic acid ]-(4-tert-butylphenyl)-2-(4-methoxybenzenesuýfonyl)propyI ester 2.308 

as a mixture of diastereoisomers as a colourless liquid (131 mg, 6% over 2 steps); %); 

(Found: [M+NH4]+ 422.1996. C22H2805S requires [M+NH4]+, 422.1996); v... (NaCl)/crh" 

3016 (Ar-H), 2965 (C-H), 2906 (C-H), 1749 (C=O), 1595 (Ar), 1498 (C-H), 1319 (S02)ý 

1143 (SOA) 1028 (C-0); 8H (CDC13) 1.03 and 1.27 (3H, d, J 7.2, CHCH3), 1.26 and 1.28 

(9H, s, C(CH3)), 1.79 and 1.97 (3H, s, COCH3), 3.24-3.30 and 3.61-3.69 (IH, in,, S02CH), 

3.87 (3H, s, OCH3), 5.96 and 6.44 (1 H, 2xd, J 9.2 and 1.2, CHAr), 7.01-7.05 (3H, rn, 

ArH), 7.18-7.22 (111, in, ArH), 7.03-7.33 (2H, in, ArH), 7.80-7.89 (211, m, ArH); 8C 

(CDC13) 7.5 (CHA 11.8 (CHA 20.8 (CH3),, 20.9 (CHA 31.2 (CHA 34.5 (C), 34.6 (C)9 

55.7 (CHA 63.4 (CH), 65.6 (CH), 70.8 (CH), 74.2 (CH), 114.4 (CH), 125.2 (CH), 125.6 

(CH), 127.2 (CH), 129.1 (C), 130.5 (C), 130.9 (CH), 131.3 (CH), 134.1 (C), 134.9 (C), 

151.1 (C), 151.8 (C), 163.7 (C), 163.8 (C), 169.2 (C); nilz (CI) 422 ([M+NH4]+, 100 

362 (20), 281 (13), 252 (12), 232 (10), 192 (19), 175 (34), 159 (20). 

Acetic acid 2-benzenesulfonyl-l-(4-tert-butyl-phenyl)-propyI ester 2.309 

2.309 

"ta e fl) Ethanesulfonylbenzene 2.310 (1.435 g, 8.43 mmol, 1.0 equiv. ) was dissolved 
in THF (12 ml) and cooled to -78'C. Sodium hexamethy1disilazide [NaHMDS] (15.4 ml, 
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9.27 mmol, 1.1 equiv., c=0.6 mol/1) was added dropwise and the mixture was stirred for 

30 min at -78'C. A solution of 4-tert-butylbenzaldehyde (1.7 ml, 10.12 mmol, 1.2 equiv. ) 

in THF (4 ml) was then added dropwise via cannula at -78*C. After stirring for 30 min at - 
78'C, sat. ammonium chloride solution was added, followed by water and ethyl acetate. 

The aqueous layer was extracted further with ethyl acetate (200 ml). The combined organic 
layer was dried over sodium sulfate, filtered and evaporated. The residue was purified by 

column chromatography on silica gel (10: 90 diethyl ether/ toluene) to afford 2- 

benzenesuy'onyl-]-(4-tert-butylphenyl)propan-l-oI 2.311 in a mixture with starting material 
(1.952 g) that was reacted in the next step without further purification. 
Stage (i: ij The crude mixture from stage (1) (1.952 g), triethylamine (1.96 ml, 14.09 

mmol, 2.4 equiv. ) and 4-DMAP (71 mg, 0.58 mmol, 0.1 equiv. ) were dissolved in DCM 

(40 ml). Acetic anhydride (0.66 ml, 7.04 mmol, 1.2 equiv. ) was then added while cooling 

to O'C. The reaction mixture was allowed to warm to room temperature and was stirred 

overnight. DCM (250 ml) was then added and the organic layer was washed with water 

(250 ml) and was subsequently dried over sodium sulfate, filtered and evaporated. The 

residue was purified by column chromatography on silica gel (3: 97 diethyl ether/ toluene) 

to afford acetic acid 2-benzenesutfonyl-l-(4-tert-butylphenyl)propyI ester 2.309 as a 

mixture of diastereoisomers as a white solid (1.58 g, 50 % over 2 steps); mp 139-142'C; 

(Found: [M+NH4]' 392.1888 C21H2604S requires [M+NH4]+, 392.1890); v.. (KBr)/crd' 

3055 (Ar-H), 2961 (C-H), 2863 (C-H), 1744 (C=O), 1447 (C-H), 1301 (S02)1,1141 (SOA 

1076 (C-0); 8ji (CDC13) 1.09 and 1.41 (3 H, d, J 7.3, CH3CH), 1.28 and 1.29 [9H, s, 

C(CH3)31) 1.67 and 1.94 (3H, s, CH3CO), 3.29-3.34 and 3.67-3.75 (IH, m, CH3CHS02), 
' 

5.97 and 6.46 (1 H, 2xd, J 9.2 and 1.3, ArCHO), 7.05-7.10 (1 H, m, ArH), 7.18-7.20 (1 H, 

m, ArH), 7.31-7.35 (2H, m, ArH), 7.57-7.62 (2H, in, ArH), 7.66-7.70 (IH, m, ArH), 7.90- 

7.95 (2H, m, ArH); c'ý- (CDC13) 7.5 (CHA 11.5 (CH3), 20.7 (CHA20.8 (CHA31.2 (CHA 

34.6 (C), 34.5 (C), 63.4 (CH), 65.5 (CH), 70.8 (CH), 74.3 (CH), 125.2 (CH), 125.6 (CH), 

127.1 (CH), 128.6 (CH), 129.1 (CH), 129.2 (CH), 133.5 (CH), 133.8 (CH), 133.9 (C), 

134.7 (C), 137.9 (C), 139.5 (C), 151.2 (C), 151.9 (C), 169.0 (C), 169.1 (C); mIz (CI) 392 

([M+NI141+, 100 %), 332 (50), 252 (52), 192 (35), 175 (60), 159 (36), 94 (17). 
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Reduction of acetic acid 2-benzenesulfonyl-l-(4-tert-butyl-phenyl)-propyI ester 2.309 

(i) 

NN 45% (N"> 
3. Oequiv. A 

-Sý 
2.22 NaILDMF 

- 'Bu 'Bu 02 

40 110T, 18 hc 

2.309 2.312 2.313 

Jl u 
Z", 

I F), -So, - 
'Bu 

trace 21% 

2.314 2.315 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II O'C, 18 h, DMF (15 ml), salt 2.22 (428 mg, 0.9 mmol, 3.0 

equiv. ), acetic acid 2-benzenesulfonyl-l-(4-tert-butylphenyl)propyI ester 2.309 (116 mg, 
0.309 mmol, 1.0 equiv. ). Purification of the residue after neutral work-up was carried out 
(1: 99, then 50: 50 diethyl ether/ hexane) to afford an inseparable mixture of 1-tert-butyl-4- 

propa-1,2-dienyl-benzene 239 2.312 and 1-tert-butyl-4-prop-1-ynyl-benzene 241 2.313 as a 

colourless liquid (23.7 mg, - 45 %); t5h (CDC13) 1.32 and 1.33 (17H, 2xs, C(CH3)3), 2.07 

(3.7H, s, CH3), 5.14 (IH, d, J 6.8, CH=CH), 6.2 (0.49H, t, J 6.6, CH=CH), 7.27-7.30 
(IAH, m, ArH), 7.32-7.39 (6H, m, ArH). Further analysis by GC-MS showed 3 peaks: 
2 major peaks possibly corresponding to 1-tert-butyl-4-propa-1,2-dienyl-benzene 239 2.312 

and 1-tert-butyl-4-prop-1-ynyl-benzene2412.313: Wz (EI) 172 (M+, 27 %), 157 (100), 129 

(40), 115 (22). 

Two small peaks were seen, possibly corresponding to the two isomers of 1-tert-butyl-4- 

propenyl-benzene 240 2.314 (E and Z): nVz (EI) 174 (M+, 20 %), 159 (100), 131 (49), 117 

(30), 91 (27). 
As the second fraction 1-(2-benzenesulfonylpropenyl)-4-isopropylbenzene 2.315 was 
isolated as a colourless liquid (21 mg, 21 %); for data see below. 

(ii) 

(N Ný 

N<5.0 equiv. 
2.22 

U 
NatL DMF_ 

C I 10*C, 18 h 
55% // trace trace 

2.309 2.313 2.312 2.314 

The experiment was carried out according to the 'general NaH-method, procedure. 
Conditions and reagents: I IOT, 18 h, DMF (15 ml), salt 2.22 (708 mg, 1.5 mmol, 5.0 
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equiv. ), acetic acid 2-benzenesulfonyl-l-(4-tert-butylphenyl)propyI ester 2.309 (104 mg, 

0.277 mmol, 1.0 equiv. ). Purification of the residue after neutral work-up was carried out 
(1: 99, then 50: 50 diethyl ether/ hexane) to afford 1-tert-butyl-4-prop-1-ynylbenzene 241 

2.313 as a colourless liquid (26.2 mg, 55 %); (Found: M+ 172.1247. C131-116 requires At, 

172.1246; v.. (NaCl)/cm" 3038 (Ar-H), 2963 (C-H), 2863 (C-H), 1504 (Ar), 1462 (C-H); 

811 (CDC13) 1.32 [9H, s, C(CH3)31,2.06 (3H, s, CH3), 7.30-7.35 (4H, m, ArH); 45c (CDC13) 

4.4 (CHA 3 1.1 (CH3), 34.6 (C), 79.7 (C), 84.9 (C), 12 1.0 (C), 125.3 (CH), 131.2 (CH), 

150.6 (C); nilz (EI) 172 (M+, 38 %), 157 (100), 142 (17), 129 (28), 114 (27). 
GC-MS analysis and comparison with the 1H-NMR spectrum showed trace amounts of I- 

tert-butyl-4-propa-1,2-dienyl-benzene239 2.312 being formed also. Further two peaks in GC- 

MS possibly correspond to the E- and Z-isomers of 1-tert-butyl-4-propenylbenzene 240 

2.314. 

Test reaction of acetic acid 1-(4-tert-butyl-phenyl)-2-(4-methoxy- 

benzenesulfonyl)propyl ester 2.308 

2.308 

NN CI > <N 1 
5.0 equiv. N 

2.22 
ýý 

NaKDMF 

'Bu 'Bu tBu 
I IOT, 18 h- Cr 

41% trace trace 
2.313 2.312 2.314 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II O'C, 18 h, DMF (15 ml), salt 2.22 (708 mg, 1.5 mmol, 5.0 

equiv. ), acetic acid 2-benzenesulfonyl-l-(4-tert-butyl-phenyl)propyI ester 2.308 (92 mg. 
0.227 mmol, 1.0 equiv. ). Purification of the residue after neutral work-up was carried out 
(1: 99, then 50: 50 diethyl ether/ hexane) to afford 1-tert-butyl-4-prop-1-ynylbenzene241 

2.313 as a colourless liquid (16 mg, 41 %); for data see above. GC-MS analysis and 

comparison with the 'H-NMR spectrum showed trace amounts of 1-tert-butyl-4-propa-1,2- 

dienylbenzen 6239 2.312 being formed also, as well as two peaks in GC-MS possibly 

corresponding to the E- and Z-isomers of I -tert-butyl-4-propenylbenzene 240 2.314. 

1-(2-Benzenesulfonyl-propenyl)-4-isopropylbenzene 2.3 15236 

&i-- . -- oe 
2.315 
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Acetic acid 2-benzenesulfonyl-l-(4-tert-butyl-phenyl)-propyI ester 2.309 (595 mg, 1.59 

mmol, 1.0 equiv. ) was dissolved in THF (40 ml) and diaza(1,3)bicyclo[5.4.0]undecane 

(1.42 ml, 9.53 mmol, 6.0 equiv. ) was added dropwise at room temperature. The mixture 

was stirred overnight at room temperature, then concentrated under reduced pressure and 

purified by column chromatography on silica gel (2: 98 diethyl ether/ toluene) to afford I- 

(2-benzenesuy'onyl-propenyl)-4-isopropylbenzene 2.315 as a white solid (449 mg, 90 %); mp 
100-103"C; (Found: [M+NH4]+ 322.1676. C19H2202S requires [M+NH4]+, 322.1679); v.. 
(KBr)/cm-1 3066 (Ar-H), 2963 (C-H), 2873 (C-H), 1633 (Ar), 1446 (C-H), 1303 (S02), j 
1153 (S02); 41 (CDC13) 1.34 (91-1, s, C(CH3», 2.14 (3H, s, CH3), 7.37-7.43 (21-1, m, ArB), 

7.43-7.46 (2H, m, ArB), 7.53-7.57 (2H, m, ArB), 7.60-7.66 (IH, m, ArH), 7.81-7.82 (IH, 

m, Affl), 7.91-7.95 (2H, m, ArH); & (CDC13) 13.3 (CH3), 3 1.1 (CH3), 34.8 (C), 125.7 

(CH), 128.1 (CH), 129.2 (CH), 129.6 (CH), 130.9 (C), 133.2 (CH), 136.2 (C), 137.5 (C), 

139.4 (C), 152.9 (C); nzlz (EI) 314 (M+, 31 %), 299 (37), 172 (66), 157 (96), 128 (3 8), 115 

(63), 77 (100), 57 (30). 

Test reaction of 1-(2-benzenesulfonylpropenyl)-4-isopropylbenzene 2.315 

-i +r-i +r (N ND 

N><N5.0 equiv. 
ýC 

2.22 
L-ý 

NaKDMF 

SP 3. 
110-C, 18 h 

'Bu Bu rBu 
69% trace trace 

2.315 2.313 2.312 2.314 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: II O'C, 18 h, DMF (15 ml), salt 2.22 (425 mg, 0.9 mmol, 3.0 

equiv. ), 1-(2-benzenesulfonylpropenyl)-4-isopropylbenzene 2.315 (92.5 mg, 0.294 mmol, 
1.0 equiv. ). Purification of the residue after neutral work-up was carried out (1: 99, then 
50: 50 diethyl ether/ hexane) to give 1-tert-butyl-4-prop-1-ynylbenzene 241 2.313 as a 

colourless liquid (35 mg, 69 %); for data see above. 'H-NMR analysis showed trace 

amounts most likely corresponding to 1-tert-butyl-4-propa-1,2-dienylbenzene 2.312 and 
further analysis by GC-MS showed very small peaks, possibly corresponding to 1-tert- 

butyl-4-propenylbenzene 240 2.314. 
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Acetic acid 2-benzenesulfonyl-l-ethyl-l-methyl-5-phenylpentyI ester 2.321 
r-ý-S02 

00 

2.321 

(4-Phenyl-butane-l-sulfonyl)benzene 242 2.323 (1.07 g, 3.9 mmol) was dissolved in THF (5 

ml) and cooled to -78'C. Sodium hexamethyldisilazide [NaHMDS] (6.5 ml, 3.9 mmol, 1.0 

equiv., c=0.6 mol/1) was added dropwise and the mixture was stirred for 30 min at -78'C. 
A solution of 2-butanone (0.35 ml, 3.9 mmol, 1.0 equiv. ) in THF (2 ml) was then added 
dropwise via cannula at -78"C. After stirring for 30 min at -78'C, acetic anhydride (0.44 

ml, 4.68 mmol, 1.2 equiv. ) were added dropwise and the mixture was allowed to warm to 

room temperature. After stirring at room temperature overnight, water (200 ml) and ethyl 

acetate (200 ml) were added. The aqueous layer was extracted further with ethyl acetate 

(200 ml). The combined organic layer was dried over sodium sulfate, filtered and 

evaporated. The residue was purified by column chromatography on silica gel (1.5: 25: 60 

diethyl ether/ toluene/ petroleum ether) to afford acetic acid 2-benzenesulfonyl-I -ethyl- I- 

methyl-5-phenylpentyl ester 2.321 as a mixture of diastereomers (210 mg, 14 %); (Found: 

[M+H]+ 406.2048. C22H2804S requires [M+H], 406.2047); vm. (NaCl)/cm" 3063 (Ar-H), 

2971 (C-H), 2941 (C-H), 1732 (C=O), 1447 (C-H), 1303 (S02)y 1140 (S02); 811 (CDC13) 

0.85 and 0.91 (3H, t, J 7.3, CH2CH3),, 1.05-1.08 and 1.17-1.23 (2H, m, CCH2CHA 1.43- 

1.56 (IH, m, CH2CHHCH2). 1.59 and 1.64 (3H, s, CH3), 1.66-1.72 (IH, m, CH2CHHCH2), 

1.81 and 1.89 (3H, s, CH3), 1.89-2.03 and 2.09-2.18 (2H, m, S02CHCH2), 2.35-2.42 (2H, 

in, CH2Ph), 4.23-4.26 (S02CH), 6.94-6.99 (2H, m, ArH), 7.15-7.18 (IH, m, ArH), 7.22- 

7.26 (2H, m, ArH),, 7.49-7.55 (2H, m, ArH), 7.59-7.64 (IH, m, ArH), 7.82-7.86 (2H, in, 

ArH); 8c (CDC13) 6.2 (CHA, 7.1 (CHA 21.4 (CHA 21.8 (CHA 22.3 (CHA 29.4 (CHA 

31.4 (CH2), 32.8 (CH2), 35.5 (CHA, 68.3 (CH), 84.9 (C), 85.5 (C), 121.6 (CH)" 127.7 

(CH), 128.1 (CH), 128.7 (CH), 128.9 (CH), 140.6 (C), 141.0 (C), 170.8 (C); nilz (CI) 406 

(M+, 100 %), 346 (3 8), 266 (44),, 204 (40), 187 (69),, 104 (27), 52 (24). 
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Reaction of acetic acid 2-benzencsulfonyl-l-cthyl-l-methyl-5-phenyl-pentyI ester 2.321 
rý-1 N>. 

(? 
N 

2.20 30 equiv.. 
_ 

2 

DNW. 1 IM 18 h 
-y /is 

ýb 

2321 2.322 

The experiment %N-as carried out according to the 'pure donor-method. ' Conditions and 

reagents: II O*C, 18 h, DNIF (IS ml), imidazole donor 2.20 (324 mg, 1.5 mmol, 5.0 equiv. ), 

acctic acid 2-benzenesulfonyl-I -ethyl- I -methyl-5-phenyl-pentyl ester 2.321 (128.6 mg, 
0.331 mmol, 1.0 equiv. ). Neutral work-up was carried out and the residue was purified by 

column chromatography on silica gel (30: 70 diethyl cther/ hexane) to give (7-Phenyl-3- 

meth)-iliept-2-ene4-suy'on), I)bemene 2-322 as a colourless liquid (93.7 mg, 86 %); (Found: 

[M+H]+ 346.1835. C20"2402S requires [Af+H], 346.1835); v. a,, (NaBr)/crn-1 3062 (Ar-H), 

2923 (C-11), 2856 (C-M, 1447 (C-H)t 1304 (S02),, 1144 (S02); A, (CDC13) 1.48 (314, dd, J 

6.8,1 . 0, C11301), 1.51-1.59 (211, rn, CH2CH2CH2Ph), 1.63 (3H, d, J 1.0, CCH3), 1.91-1.99 

(I H, m, S0201CHII), 2.08-2.18 (IH, m, S02CHCHH), 2.54-2.69 (211, m, CH2Ph), 3.48 

(I H, dd, J 11.6,3.7, S02CHCHA 5.10-5.15 (1 H, m, CH3CH=C), 7.12-7.14 (214, m, ArR), 

7.17-7.21 (1 H, m, ArH), 7.25-7.32 (3H, m, ArH), 7.49-7.52 (2H, m, ArH), 7.58-7.62 (114, 

rn, ArH), 7.77-7.99 (211, m, ArH); &- (CDC13) 13.1 (CHA, 13.7 (CH3), 24.5 (CH2), 28.6 

(CH2), 35.4 (CH2), 74.2 (CH), 125.8 (CH), 127.2 (C), 128.5 (CH), 128.9 (CH), 129.3 (CH), 

130.5 (CM, 133.4 (01), 137.9 (C), 141.5 (C); nVz (CI) 346 (M+, 100 I/o), 234 (18), 204 

(24), 187 (57), 159 (8), 52 (16). 
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8.6 Experiments from chapter 6: Selective reductions 

2,4-Diiodophenylamine 2.326 142 

NH2 
2.326 

4-lododoaniline (3.5 g, 15.98 mmol, 1.0 quiv. ), tetramethylammonium iodochlorate (5 g, 
18.38 mmol, 1.15 equiv. ) and calcium carbonate (2.24 g, 22.37 mmol, 1.4 equiv. ) were 
dissolved in dichloromethane (100 ml) and methanol (20 ml). This mixture was stirred at 

room temperature overnight, then filtered and concentrated in vacuo. The residue was 

dissolved in diethyl ether (200 ml) and washed with 10 % sodium hydrogensulfite solution 

(4 x 100 ml) and brine (100 ml). The organic layer was then dried over sodium sulfate, 

filtered and evaporated. The residue was purified by column chromatography (10: 20: 70 

ethyl acetate/ toluene/ petroleum ether) to give 2,4-diiodophenylamine 2.326243 as a pink 

solid (3.37 g, 61 %); mp 90-91'C (lit. 243 91-94 'C); (Found: [M+H]+ 345.8586. C614512N 

requires [Af+H]+, 345.8586); v.. (KBr)/cm" 3378 (N-H), 3284 (N-H), 3021 (Ar-H), 1621 

(Ar); 81, (CDC13) 4.13 (2H, s, NH2), 6.52 (IH, d, J 8.4, ArH), 7.38 (IH, dd, J 8.4,2.9, 

ArH), 7.90 (1 H, d, J 2.0, ArH); cý-, (CDC13) 79.1 (C), 85.1 (C), 116.5 (CH), 13 8.1 (CH), 

146.5 (CH), 146.7 (C); nilz (EI) 345 (M+, 100 %), 218 (31 %), 127 (51), 91 (84), 63 (47). 

N-(2,4-Diiodophenyl)methanesulfonamide 2.327 

cc 

NH 
o=s=o 

CH3 
2.227 

2,4-Diiodophenylamine 2.326 (1.54 g, 4.45 mmol, 1.0 equiv. ) and DMAP (54 mg, 0.445 

mmol, 0.1 equiv. ) were dissolved in pyridine (15 ml) and methane sulfonyl chloride (0.38 

ml, 4.89 mmol, 1.1 equiv. ) was added dropwise at room temperature. The reaction mixture 
was then heated at reflux for 18 h. The mixture was then poured into diethyl ether (200 ml) 
and water (200 ml). The organic layer was washed with 2N hydrochloric acid (3 x 100 ml) 
and brine (100 ml), was then dried over sodium sulfate and evaporated. The residue was 
recrystallised (petroleum ether, ethyl acetate) to afford N-(2,4-dHodqphenYI)- 

methanesuffionamide 2.327 as a yellow solid (1.115 g, 59 %); mp 1091C; (Found: M+ 
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422.8278. C7H712NO2S requires At, 422.8278); v.. (KBr)/cni" 3256 (N-H), 3008 (Ar-H), 

2925 (C-H), 1462 (C-H), 1328 (SO2)3,1154 (S02); tjj (CDC13) 3.02 (3H, s, CH3), 6.62 (IH, 

s, NH), 7.40 (111, d, J 8.6, ArH), 7.67 (1 H, dd, J 8.6,1.9, ArH), 8.15 (1 H, d, J 1.9, ArH); 

8c (CDC13) 40.5 (CHA 90.2 (C), 93.1 (C), 123.7 (CH), 137.8 (C), 139.1 (CH), 150.0 (CH); 

nVz (EI) 423 (M+, 46 %), 344 (76), 217 (53), 127 (24), 90 (48), 63 (100). 

N-but-2-cnyl-N-(2,4-diiodophenyl)methanesulfonamide 2.324 174 

N 
o=s=o 

CH3 

2.324 

N-(2,4-diiodophenyl)methanesulfonamide 2-327 (0.476 g, 1.123 mmol, 1.0 equiv. ), but-2- 

en-l-ol (78.3 mg, 1.123 mmol, 1.2 equiv. ) and triphenylphosphine (353.3 mg, 1.347 mmol, 
1.2 equiv. ) were dissolved in THF and the mixture was cooled to O"C. DIAD (0.26 ml, 
1.347 mmol, 1.2 equiv. ) was added dropwise and after stirring for 4h at room temperature 

the solvent was removed under reduced pressure. The residue was purified by column 

chromatography to give N-but-2-enyl-N-(2,4-diiodophenyl)methanesutfonamide 2.324 as 

colourless liquid (482 mg, 90 %); (Found: [M+NH4]+ 494.9096. CIIH13I2NO2S requires 
[M+NH4]+, 494.9095; v.,,,, (NaCl)/crn7l3006 (Ar-H), 2923 (C-H), 1469 (C-H), 1338 (SOA 

1154 (S02); JIj (CDC13) 1.65 (3H, d,, J 5.2, C=CHCH3),, 3.10 (3H, s. S02CHA, 3.91 (IH,, 

m, NMsCH2HC=),, 4.26 (IH,, m,, NMsCH2HC=), 5.44-5.59 (2H, m. CH=CH), 7.06 (IH, d, 

J 8.3, ArH), 7.69 (IH2 dd,, J 8.3,2.0, ArH), 8.26 (lH2 d, J 2.0, ArH); &C (CDC13) 17.8 

(CH3)2 41.5 (CH31,53.5 (CH2),, 95.1 (C),, 103.5 (C), 124.9 (CH), 132.1 (CH); 133.8 (CH)2 

138.3 (CH), 114.1 (C), 147.8 (CH); #z1z (El) 466 (M+, 6 %), 423 (46), 344 (49), 270 (22), 

143 (37), 79 (33), 55 (100). 

Test experiments on N-but-2-enyl-N-(2,4-diiodophenyl)methanesulfonamide 2.324 

r 

, 
Nb 

NI 
1.179 me ý'c 

IN(XN 'I 

N, N DMF, NaH equiv. N 
O=S=O O=S=O O=S=o o=s'=o 0=ý- II 10*C, 18 h 

C. C'13 I 
C, HI CH3 3 CH3 H3 

2.324 2.328 2.329 2.330 2.331 

260 



Chapter Eight - Experimental Section 

The experiment was carried out according to the 'general NaH-method' procedure. 

Conditions and rcagcnis: 110"C, 18 h, DMF (15 MI), Salt 1.179 (207 mg, 0.368 mmol, 1.1 

equiv. ), N-but-2-enyl-N-(2,4-diiodo-phenyl)-methanesulfonamide 2.330 (160 mg, 0.335 

mmol, 1.0 equiv. ). The purification of the residue after neutral work-up was carried by 

column chromatopgmphy on silica gel (30: 70 ethyl acetate/ petroleum ether) to afford a 

mixture of compounds (29 mg). The 'H-NMR spectrum of this mixture was rather 

complex; 3-ethyl-5-iodo-l-methanesulfonyl-Z3-diydro-]H-indole 2.328 [for data see 

below] was observed and possibly N-but-2-enyl-N-(4-iodophenyl)methanesutfonamide 

2-329. N-but-2-enyl-N-(2-iodophenyl)methanesulfonamide 2.331 could be excluded by IH- 

NMR spectrum comparison with the authentic sample. GC-MS analysis of the mixture was 

then carried out and three major peaks [and other minor unidentified] were observed: 

nilz (EI) 351 (M+, 24 %), 297 (100), 218 (78), 144 (26), 91 (18); presumably corresponds 

to 2.329. 

nVz (EI) 351 (M +, 52 %), 272 (49), 144 (100), 130 (83), 117 (20); corresponds to 2.328. 

3-Ethyl-l-methanesulfonyl-2,3-dihydro-IH-indole 2.330: nill (EI) 225 (M+, 41 %), 196 

(43), 130 (42), 118 (100), 91 (22); the data is consistent with the mass spectrum of the 

authentic compound. 94 

(ii) 
N 

N 
1.179 'Me Me 1.0 

DMF, KIIMDS equiv. 

0=1=0 I IVC, 18 h 0+0 ol=u 

CH3 CH3 CH3 

2.324 2.328 2.329 

Salt 1.179 (126 mg, 0.224 mmol, 1.0 equiv. ) was dissolved in DMF (7 ml) and purged with 

argon for 30 min. KHMDS (0.90 ml, 0.448 mmol, 2.0 equiv., c=0.495 mol/1) was added 
dropwise and the reaction mixture was stirred for Ih at room temperature. An argon- 

purged solution of substrate 2.324 (107 mg, 0.224 mmol, 1.0 equiv. ) in DMF (5 ml) was 
then added to the reaction mixture. Observation: Upon addition of the substrate-solution 
the yellow colour changed to orange. After heating at II O'C for 18 h the now deeply red- 

coloured mixture was exposed to neutral work-up. The residue was purified by column 
chromatography on silica gel (30: 70 ethyl acetate/ petroleum ether) to afford a rather 
complex mixture (24 mg) of which 3-ethyl-5-iodo-l-methanesuy'onyl-2,3-diydro-]H- 

261 



Chapter Eight - Experimental Section 

indole 2.328 and N-but-2-enyl-N-(4-iodo-phenyl)methanesutfonamide 2-329 were partially 

purified and identified; for data see below. 

(iii) 
I ---- 1'ý%C(N 'I 

N 
0+0 

Cill 

2.324 

Me2N NMe2 

Me2N NM02 

DMF, II O'C, 18 h 
no rcaction 

N-but-2-enyl-N-(2,4-diiodophcnyl)methanesulfonamide 2.324 (58 mg, 0.1215 mmol, 1.0 

equiv. ) was dried under vacuum at room temperature for 3 h. Anhydrous DMF (10 ml) was 

then added under argon atmosphere and the mixture was deoxygenated with argon for 20 

min. This mixture was then transferred into a glove-box. TDAE (24.3 mg, 0.1215 mmol, 

1.0 equiv. ) was weighed into a dry round-bottomed flask in a glove-box and the solution of 

the reactant in DMF was then added to it by pipette. The reaction mixture was heated at 
II O'C for 18 h. Neutral work-up was then carried out. 'H-NMR spectroscopic analysis of 
the crude mixture showed only starting material 2-324; the reaction did not proceed. 

(iv) 

N 

I 
ooo 

CýN) 

N)O INaN 

1.179 2.0 
DMF, NaH equiv, N N 

O=S=O 0=ý=o 0=ý=o 0=ý=u 
I r. t., IS h 
CHJ CH3 CH3 CHJ 

2.324 2.328 2.329 2.324 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 1.179 (336 mg, 0.6 

mmol, 2.0 equiv. ), N-but-2-enyl-N-(2,4-diiodophenyl)methanesulfonamide 2.324 (112 mg, 
0.293 mmol, 1.0 equiv. ). 'H-NMR analysis of-the crude mixture after neutral work-up 

showed that the reaction did not go to completion. Starting material 2.324 was identified 

along with 3-ethyl-5-iodo-l-methanesulfonyl-2,3-diydro-IH-indole 2.328 and N-but-2-enyl- 
N-(4-iodophenyl)methanesulfonamide 2.329; for data see below. 

262 



Chapter Eight - Experimental Section 

(v) 

'Z 

oN 

0=1=0 O=S=O 0=ý=o 
C113 18 h CH3 41% CH3 16 % 

1 

2.324 2.328 2.329 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: 50*C, 18 h, DMF (15 MI), salt 1.179 (263 mg, 0.469 mmol, 2.0 

equiv. ), N-but-2-enyl-N-(2,4-diiodophenyl)methanesulfonamide 2.324 (112 mg, 0.235 

rnmol, 1.0 equiv. ). The residue after acidic work-up was purified by column 

chromatography on silica gel (20: 80 ethyl acetate/ petroleum ether) to afford a mixture of 

2.328 and 2329 (47 mg, 57 %) of which 3-ethyl-5-iodo-l-methanesulfonyl-2,3-diydro-IH- 

indole 2.328 (41 % NMR spectrum. yield) was purified as a colourless liquid; (Found: 

[M+Nfl4]+ 369.0130. CIIII14IN02S requires [Af+NH4]+ 369.0128); v .. ý. (NaCl)/cm7l 2961 

(C-H), 2928 (C-11), 2873 (C-H), 1348 (SOA, 1161 (SOD; 811 (CDC13) 1.09 (31-1, t, J 7.4, 

CH3), 1.67-1.72 (IH, m, CHCH2CH3), 1.88-1.98 (111, in, CHCH2CH3), 2.96 (31-1, s, 
S02CH3), 3.38-3.42 (IH, m, NCH2CH), 3.72 (IH, dd,, J 10.3,6.5, NCH2CH), 4.12-4.18 

(IH, m, NCH2CH) 7.29 (IH, d, J 8.3, ArH), 7.58-7.61 (21-1, m, ArH); 8C (CDC13) 11.4 

(CHA 27.7 (CH2), 34.9 (CH)v 41.5 (CH3)9 56.1 (CHA 86.7 (C), 115.7 (CH), 133.9 (CH), 

137.3 (CH), 137.8 (C), 142.0 (C); nilz (EI) 351 (M+, 30 %), 272 (28), 144 (42), 130 (100), 

117 (37), 79 (38); and N-but-2-enyl-N-(4-iodophenyl)methanesuýfonamide 2.329 (16 % 

NMR spectrum yield) as a colourless liquid; (Found: [M+NH4]+ 369.0129. CIIH14IN02S 

requires [Af+NH4]+ 369.0128); v.. (NaCl)/cm" 2961 (C-11), 2923 (C-H), 1482 (C-H), 

1333 (S02)9 1155 (S02); A, (CDC13) 1.64 (3H, dd, J 5.1,1.3, C=CHCH3), 2.91 (3H, s, 
S02CH3), 4.20 (2H, d, J 6.6, NCH2), 5.44-5.49 (IH, m, CH=CH), 5.57-5.62 (11-1, m, 
CH=CH), 7.07 (21-1, dd, J 6.7,2.0, ArH), 7.72 (2H, dd, J 6.7,2.0, ArH); cý-, (CDC13) 17.9 

(CH), 36.6 (CH), 53.2 (CH2), 93.3 (C), 125.5 (CH), 130.5 (CH), 131.5 (CH), 128.7 (CH), 

139.5 (C); nVz (EI) 351 (M+, 10 %), 297 (52), 218 (60), 130 (16), 76 (26), 55 (100). 
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Reduction of N-but-2-c 

C 

01=0 
Cl 13 

nyl-N-(2-iodophcnyl)methanesulfonamide 2-324 with donor 2.20 

-I +r--l +r 
0 

NN 

NQ2.4equiv. 1 
14 

'212 

L, 
_ýJ NaKDMF 

C(N O-N 

O=S=O 
r. t.. IS h. acidic work-up I CH3 42 % ClH3 13% 

2.324 2.333 2.334 

The experiment was carried out according to the 'general NaH-method' procedure. 
Conditions and reagents: Room temperature, 18 h, DMF (15 ml), salt 2.22 (348 mg, 0.74 

rnmol, 2.4 equiv. ), N-but-2-enyl-N-(2-iodophenyl)methanesulfonamide 2.324 (108 mg, 
0.308 mmol, 1.0 equiv. ). The residue after acidic work-up was purified by column 

chromatopgraphy on silica gel (10: 90 ethyl acetate/ petroleum ether) to afford N-but-2- 

enyl-N-phenyl-methanesulfonamide 2.333 (29 mg, 42 %) as a colourless oil; (Found: 

[M+NI141+ 243.1161. C, jHj5NO2S requires [Af+NH4]+ 243.1162); t5H (CDC13) 1.56 (3H, d, 

J 6.9, CH3), 2.91 (3 H, s, S02CH3), 4.22 (2H, d, J 6.4, CH2), 5.45-5.53 (1 H, m, CH=CH), 

5.56-5.64 (IH, m, CH=CH), 7.23-7.33 (3H, m, ArH), 7.35-7.42 (2H, m, ArH); nilz (EI) 

225 (M+, 15 'Yo), 171 (80), 104 (60), 92 (100), 77 (80), 55 (75); data consistent with those 

reported by D. Thomson. 203 

It was also isolated 2-(I-methanesuy'onyl-2,3-dihydro-IH-indol-3-yl)propionaldehyde 2.334 

as a colourless oil (14 mg, 13 %); (Found: [M+NH4]+ 271.1107. C12Hj5NO3S requires 
[M+NH4]+ 271.1111); 6H (CDC13) 1.12 and 1.17 (3H, d, J 7.4, CH3CH), 2.79-2.98 (4H, m,, 
S02CH3 and CHCHA 3.74-3.84 (2H, m, NCH2), 4.054.07 (1 H, m, NCH2CH), 7.02-7.08 

(I H, m, ArH), 7.17 (1 H, d, J 7.4, ArH), 7.23 -7.27 (1 H, m, ArH), 7.42 (1 H, d, J 8.1, ArH), 

9.72 and 9.78 (1 H, s, COH); nilz (CI) 271 ([M +NH4]+, 100 %), 243 (12), 176 (10), 118 

(3). 
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Chapter Nine - Appendix 

Appendix 

9.1 Supplementary material for Chapter Two 

Cvcllc Voltammogram of 1-(cyclohex-2-enyloxy)-2-iodo-benzene' 

Potential (V) 2, OE-06 
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-1,2E-05 Ep= -2.48 V 
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-1.8E-05 

Structure (top left), LUMO (top right) and LUMO density (middle bottom) of I -allyloxy- 
2 ii I Liodo-benzene 
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046- --lk, 
gý 0,0 

--. 0 - -0 9 le 
0 ---4 

278 



Chapter Nine - Appendix 

Cyclic Voltammogram of N-allyl-N-(2-iodo-phenyl)-methanesulfonamide' 

Potential (V) 2, OOE-06 
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. 
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O=s=O -1, OOE-05 
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Ep= -2.30 V 
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-1,60E-05 

-1,80E-05 

Structure (top left), LUMO (top right) and LUMO density (middle bottom) of N-allyl-N- 

(2 -iodo-pheny 1) -methane sul fonam ide ii -ý I --- 
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CHI 

0- 000 
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0-0 
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Structure (top left), LUMO (top right) and LUMO density (middle bottom) of 144- 

Ethylsulfanyl-but-2-enyloxy)-2-iodo-benzene 
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9.2 Supplementary material for Chapter Three 

Cyclic Voltammogram of cyclopropyl-(4-methoxyphenyl)methanone 2.66' 

Potential (V) 

-3.5 -3 -2,5 
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Structure (left) and LUMO (right) of cyclopropyl-(4-methoxyphenyl)methanone 2.66 ii 

0,4 
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Structure (left) and LUMO density (riv,, ht) of 2-(2-lodor)henoxv)-2-methvlr)roi)ionic acid 

ethyl ester 2.67" 0 aoý 
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meo, 
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Structure (left) and LUMO density (right) of anthracene-9-carboxylic acid 

methyl ester 2.102" 

2.102 

. 

. 

6- 

40,1 

44 

Electrostatic charge on carbonyl-carbon: 1.227 

Structure (left) and LUMO density (right) of 

anthracene-9-carboxylic acid tert-butyl ester 2.104" 
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e00 -10 

Electrostatic charge on carbonyl-carbon 1.227 
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Structure (left) and LUMO densitv (right) o 

anthracene-9-carboxylic acid 4-methoxy-benzyl ester 2.123" 

meo" 
0 

2.123 

-0 

I 

Electrostatic charge on carbonyl-carbon: 1.250 

Structure (left) and LUMO density (right) of anthracene-9-carboxylic acid 
2,2,2-trifluoro-ethyl ester 2.124ii 
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S 

.I 

I 

S 

F3 c 

2.124 

S 

'S 

Electrostatic charge on carbonyl-carbon: 1.260 
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9.3 Supplementary material for Chapter Five 

LUMO of sulfone ester 2.251 " 

r0 
0-so 

ome 
2.251 

Comparison of the SOMOs in the radical anions derived from 2.272 and 2.271 

%W 

Radical anion of 
2.272 2.271 

LUMOs of sulfonamides 2.272,2.271 and 2.274 

2.272 
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Comparison of the mass spectra of the three peaks corresponding to a molecular mass 
of 206, matching diene 2.294 

b 
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Comparison of the mass spectra of the three peaks corresponding to a molecular mass 
of 208, matching alkene 2.293 
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9.4 Supplementary material for Chapter SLv 

Structure (left) and LUMO (right) of diiodide 2.324" 

I ? -- N 
I 

()=S=O 

2.324 

0 0-0 

' Ales ured b'vN. Findla. vftom our group: 
Conditions: substrate concentration = 20 mmol/I ; solvent = DMF ; Reference electrode : Ag/AgCl ; room 
temperature 
" Calculation: SPAMN, Single-Point Energy, 3-21 G*, Hartree-Fock 
... Calculated bY T Tuttlefrom our Department: Gaussian03 program, DFT, 133LYP 6-311 ++G(d, p) 
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