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Abstract

The dissertation describes the synthesis of sulifmnye ligands fromN-sulfonylpyrrole.
These ligands form metal complexes with varioussiteon metals and are to be tested
for activity against cancer cells. The introductohapter sets the scene by describing
transition metals in existing therapy and currenestigations on transition metals in
therapy. It also covers current methodology forrdegmation ofN-sulfonylpyrrole

leading to carbon-carbon bond formation.

The second chapter describes the experimental pexfkrmed in this project. A
synthetic route towards sulfonylimine ligands, 4tny&N-[phenyl(1H-pyrrol-
2yl)methylene]benzenesulfonamiti® andN-[phenyl(1H-pyrrol-
2yl)methylene]benzenesulfonamidg is described. The mechanism for the 1,4-
migration of the sulfonyl group was investigatediinrossover experiment and was

found to occur via amtra molecular shift.

The sulfonylimine ligands were complexed with laansition metals from the first row
(cobalt(ll), nickel(ll), copper (1), copper(ll) ardnc(ll)), second row (palladium(ll) and
silver(l))and third row (platinum(ll)), and weralsmitted for testing against cancer cells.
The first row transition metal complexes did nadwhactivity against HeLa cancer cells,
while in the second row, activity was observedthe silver complexes. The third row

metal complex also showed anti-cancer activity.

Previously reported methodology employing Grignaagent and catalytic amine base
to deprotonat&l-sulfonylpyrrole and quenching with electrophileasaextended to
indole, imidazole and benzimidazole ring systenesuRs obtained were comparable to
those reported using lithium bases. Addition dfilim chloride to the Grignard reagent
reduces the mole equivalent of the reagent reqéiredeprotonation.



A comparison between the arylsulfonyl and dimethi§gsnoyl protecting groups in
pyrrole and imidazole showed that arylsulfonyl be¢ter protecting groups for pyrrole,
while dimethylsulfamoyl is a better protecting gpder imidazole.

All synthesized organic structures were charaaterizy NMR spectral data, mass
spectrometry and melting points where applicable 3ynthesized metal complexes
were characterized by mass spectroscopy, infrgredti®scopy and X-ray

crystallography where applicable.
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Chapter 1

| ntroduction



Chapter 1. | ntroduction

1.1 Background on transition metalsin biological systems

Transition metals play essential roles in the fiomihg of physiological life. They
participate in important biological functions, eir@n (Fe) in hemoglobin, cobalt (Co) in
vitamin B12, molybdenum (Mo) in the molybdenum aiéa& (MocoY, just to mention a
few. Deficiency in these essential transition riseleads to serious illness and in some
cases death. Not all transition metals, howeveruaed biologically. This is due to their

bioavailability; nature appears to prefer metadd tire easily obtained from the soil.

Transition metals that are bioavailable include gaarese (Mn), iron (Fe), cobalt (Co),
copper (Cu), zinc (Zn) and the second row metalybw#num (Moj. Much research is
currently focused on making complexes which contiagse essential transition metals
and testing their activity against various disea$és research involves collaboration of

various disciplines in the field of science e.germiistry and biochemistry.

A brief overview containing current transition mistan therapy and current

investigations of transition metals in therapyiigeg below.
1.2 Background on transition metalsin therapy
1.2.1 Existing transition metal-based ther apy

Transition metals that are not bioavailable hage &ken investigated for activity against
various diseases. The most useful complex is witdoubt cisplatiri, discovered in the
19608, used in the treatment of cancer. The complexaiesi@a platinum metal bonded
to two nitrogen ligands and two chlorine ligandeeTmode of action of cisplatin is

believed to involve the binding of the complex itite two DNA strands, blocking



replication and transcription of nucleic acids iptoteins. It has also been shown to
trigger programmed cell death (apoptdsi€)ther findings in this research show that the
platinum complex binds to one DNA strand and cads&srtion that results in cell
deatt®.
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Figure 1. Cisplatin (1)

Cisplatin is currently being used for the treatma&fitancer, and has shown high activity
against various cancer cell lines. TheolZalue, the concentration of a drug required to
kill 50% of infected cells, is below 5 uM in modliclines. The drud has shown side
effects such as nephrotoxicity, neurotoxicity, vbng and nausea. Other cancer cell lines
are resistant to cisplafif. These limitations have led to research into figdirugs that

are as active as, or more active than, cisplatimiith fewer side effects.

Gold compounds have also been used in therapyu3def gold in medicine can be
dated back to 2500 B.C"° where it has been used to treat leprosy, epilapsyother

diseases.

In 1928 gold-thiolate drugs (Figure 2) found these in the treatment of rheumatoid
arthritis (RA) and even today they are still usdthese drugs contain gold in its +1
oxidation state and act as anti-inflammatory agettsvever, they have been shown to
have severe side effects and are only used aslamasf defense. Treatment of RA in
the early stages usually involves more conventiongdnic drugs known as non-steroid
anti-inflammatory agents (NSAIDs) and corticostdsoiThe NSAIDs drugs act by
blocking cyclooxygenase enzymes, COX-1 and COXad,ia turn block prostaglandins
generated by the COX enzymes. The prostaglandesgoortant mediators for both
pain and inflammatioh The corticosteroids act as anti-inflammatory and

immunoregulatory agents.
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Figure 2. Gold-thiolate drugs
1.2.1 Current investigationsinto transition metals astherapeutic agents

Much research is currently focused on making ttaorsimetal complexes that contain
both the bioavailable and non-bioavailable traositnetals and many publications have

shown some of these complexes to have some bialoagtivity.

Cobalt complexes have shown anti-malarial effécthere they target the plasmodium
parasite. The activity of the compounds was conipar® that of the currently used
drug, amodiaquine, at similar concentrations (Fegdia). These studies werevitro
studies and only show the toxicity to the parasdethe host. No further biological
testing information was reported. Other studiesshghown cobalt complexes to have
anti-bacterial activity which is also comparabldhe presently available drug,
imipenium'?. These results were also daneitro and there is no mention of further
biological testing on these compounds (Figure Lopalt is a redox active metal where

the +2 and +3 oxidation states are most common.
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Figure 3. An example of cobalt complexes used in anti-malaria (a) and anti-bacteria
(b) studies.

Molybdenum complexes (e.g. Figure 4) have showncamicer activity” against the cell
line, V79 Chinese hamster lung cells. These congslexere used to study the
relationship between cellular uptake and toxicitg avere only performeih vitro.

Unlike most transition metals in biological systedi® has a high oxidation state of +6

and a high coordination number.
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Figure 4. An example of a molebdenum complex used in an anti-cancer study.

A number of synthetic copper complexes have beewslho have anti-malarial

activity'’, anti-cancer activity ™, nuclease activity, anti-inflammatory activity in
rheumatoid arthrit’s, and they also catalyse several reactions, sunftrasion of

aromatic compounds, which are usually catalysetheyenzyme superoxide dismutdse
The mode of action of these complexes is uncledmbaith oxidation states of the metal,
i.e. +1 and +2, are used. Promising results haea bbserved from both oxidation states.
These reported results were performeditro and there appear to be no further mention

of other biological testing.



Zinc complexes have been shown to bind strongbntdilV receptor CXCR4, used for
membrane fusion, and hence inhibit the spreadefittus®. The complexes were shown
to be ten times more active than the metal-freanlij showing the importance of the
metal (Figure 5). Other zinc complexes have beewsto have anti-malarial activity

and also anti-bacterial activifyin similar studies to those of cobalt.
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Figure 5. An example of a Zn complex used in an anti-HIV study.

Many platinum-containing complexes (e.g. Figuré®&)e since been synthesized, after
cisplatin, and some have shown promising resutt&? The focus has been in trying to
incorporate ligands that are similar to those oidgical systems and also less toxic.
Other platinum complexes have been shown to hatidHévi activity?®. Complexes
containing metals that are isoelectronic to platifit), i.e. palladium(ll) and gold(lll)

have also been investigated for their activity agacancer.
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Figure 6. An example of a platinum complex used in an anti-cancer study.

Palladium complexes (e.g. Figure 7) have showncamicer activity similar to their
platinum counterpart$®and in some cases have been more active thaatigplPd(I1)
is a & ion which has square planar geometry around thalpgmilar to Pt(ll). In
catalysis the processes catalysed by platinum Isarba catalysed by palladium and in

some cases palladium is better



NH,

IN—{

H
N

N SH
/

/AN
d<
©/\/ c ©

Figure 7. An example of a palladium complex used in an anti-cancer study.

Gold complexes (e.g. Figure 8) have also shownaamtcer activity but, interestingly,
both oxidation states of gold, i.e. +1 and +3 hstvewn activity® *° The different
oxidation states of the gold metal have been shovdirect the metal to different target
areas, Au(l) complexes have been shown to intsteatgly with the mitochondria,
while Au(lll) has been shown to interact with th&l® with a mechanism suggested to

be related to that of cisplatin the platinum compg".
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Figure 8. An example of a gold complex used in an anti-cancer study.
The use of silver in medicine has been known fonestime. For example, silver nitrate
(AgNOs) has been used as an anti-microbial agent siec#800s. Silver complexes

F32and anti-malarial activity, and in other experiments

have also shown anti-cante
silver complexes were more active when compargkdeglatinum and palladium
complexes. Nickel complexes have also shown siamifi activity against certain cancer

cell lines®*
1.2.3 Toxicity
Although some transition metal complexes have shaetivity against several diseases,

most of the results obtained were framvitro studies. This type of study involves only

affected cells and no information about healthysoghn be obtained. Whenvivo or



clinical tests are performed, most of the metal glexxes have been shown to be toxic to
healthy cells and thus not effective for the treaiitrof a particular disease. In most cases,
the infected cells and the normal cells are vamylar i.e. they have similar DNA,

protein, RNA structure and other molecules esskiftighe functioning of the ceftsThe
difference between healthy cells and infected gelissually the disruption of one

pathway which leads to overproduction or underpetida of certain molecules which
result in disease. Cancer cells have been showa ore metabolically active than
normal cells and this result in cancer cells reqing faster than normal cells and

spreading over a large area in the Hody

It is important to have compounds that are seledtwv only the infected cells but not the
healthy ones. This helps in minimizing side effe@tse way of achieving this goal is to
identify the major difference between the normal arfected cell, then target those
specific areas in the cell. Cisplatin targets tidADof the cancer cells since they replicate
faster than normal cells and hence minimize theagpof the cancer celfs It should be
noted that the mode of action of most of these heetaplexes is not known and thus it

is difficult to make target-specific metal complexe

Transition metals in their free ion form are toamd not target-specific. They also have a
high risk of being excreted by the kidneys beftwieytcan be absorbed by the cells. Other
metal salts e.g. Au(Cl)are insoluble and have to be administered or@he way of

making soluble target-specific metal complexesyifigand design.

1.3 Background on ligand design

Designing a ligand is one of the challenging paftdrug design since many variables are
involved. These variables include polarity, sizegge and metal binding ability and
strength. The polarity of the ligand must be ablaltow the metal complex to be soluble
in the host medium, which is aqueous and also ketabnteract with the cell membrane
which is mainly hydrophobfc®. Once the drug is on the membrane it should be abl

pass through into the cell or it must interact viith membrane receptors and induce



other physiological pathways. This requires theailngamplex to have polar groups that
can interact with the agueous medium and also mder-groups to interact with the

hydrophobic portion of the cell membrahe

The balance between the polar and non-polar priegest the molecule is measured by
the log p value (equation 1), which measures time@atration of the molecule in the
organic phase versus the aqueous pfashkis is obtained by dissolving a known amount
of the compound in a solvent mixture of water aothool, shaking the mixture and

measuring the concentration in both phases.

logp = Concentration of compound in octanol Q)

Concentration of compound in aqueous solution

The higher the value of log p, the more non-pdiardcompound will be, and vice versa.

It has been shown that compounds with a high lgglpe are more biologically active
than those with lower valu&s This may be due to the compounds(low log p) béiog
polar and not being able to pass through the membrasulting in their excretion by the
kidneys' ¢ The range of log p value shown to be effectivieeisveen +1 and +5. Above
+5, the molecule is very non-polar and not solublhe aqueous medium but gets
absorbed by the fat tissues instead. This resultsel molecule not reaching its target and

subsequently getting excreted without performisgritended functiofi.

The size of the molecule must not be too largeesthis tends to increase the number of
polar groups attached on the molecule. The moleeggght of the molecule should be
less than 500 g/mol, but this value is difficultaiotain with metal complexes since
metals have high coordination number and requireertt@an one ligand. Transition
metals also have high molecular weights per atomiwtesults in the overall complex
being heavy. If the complex has a high moleculaghtethen it should also have a high

log p value to make the complex less pSlar



The shape of the ligand plays a very important imi@making the molecule target-

specific since a target area requires specific gagnof substrates. Drugs targeting the
DNA are planar and disrupt the DNA replication hiercalating with the double strand.
Proteins usually require a 3-D structure to bintheir active site and hence the
molecules need not to be planar but must haveeassizilar to those that naturally bind
the active site of the protéfh Metal complexes are usually too large to comfmténe
active site of proteins and they probably targeaaraway from or near the active site and
modify activity by an allosteric mechanism

The ability of the ligand to bind the metal andnfioa stable complex is extremely
important and will determine if the complex willrsive in biological solution, which
contains a large pool of molecules capable of ceripfj metals. The molecules include
the amino acids, nucleotides and carbohydrateshaddotain OH, NH and SH groups
that can coordinate with metal$* It is extremely important to design ligands tWat
form strong interactions with metals when compdeceihteractions with other biological
ligands. A strong metal-ligand interaction ensuheg the complex will have a high
binding constant. This is usually achieved by usipgropriate chelating ligands chosen
on the basis of hard-soft acid-base (HSAB) theory.

Chelating ligands have two or more donor atom$&émolecule, which can bind the
metal ion at the same tifhéThis is very useful since it reduces the numlienaecules
coordinating to the metal centre. Chelating ligahage been shown to form stable
complexes with metals when compared to non-chgjdigands. This is due to less
repulsion around the metal since the number of cubds around the metal centre is
reduced. Also of importance are the kinetics ofrfation of the metal-chelate complex,

which are usually fast compared with a non-chetagtal complex

The hard-soft acid-base (HSAB) theory states tbfitnsetals (Lewis acids) will form
strong interactions with soft ligand donors (Lew&ses), and likewise hard metals with
hard ligand donofs Soft metals and ligand donors are those withlarisable electron

density cloud around the nucleus, while hard metatsligand donors have an



unpolarised electron cloud. Hard metals are fourtthé top and left of the periodic table
and metals become softer when moving to the leftitom of the periodic table. High

oxidation states favour hard metals while softfau@ured by low oxidation states.

Hard donor ligands are often those with oxygen dgmoups and their strength increases
with the negative charge on the oxygen, and aiswifie and chlorine. Soft donor

ligands are those with phosphorus, bromine, iodimein rare cases carbon ligands.
Other donor atoms such as nitrogen and sulfur baee shown to be intermediate in

their bonding strength. They form stable complexitk both the hard and soft metals

Most of the transition metals being investigateddielogical activity are those found in
the right and bottom of the periodic table, hermgytare soft or slightly soft in nature.
Most of the ligands designed for complexing thestafs are chelating and contains
intermediate to soft donor ligands depending omttere of the metal. Most of these
ligands contain at least one nitrogen donor atochiamther cases all the donor atoms

are nitrogen atoms.

Very soft metals such as gold(l), silver(l) angbger(l) are usually complexed with soft
donor ligands containing nitrogen, sulfur or pHumpis atomb 2 24 27 28 and 29rpq

slightly soft metals such as Pt(Il), Pd(ll), Ni(IGu(ll), Zn(ll), Co(ll) and Au(lll) form
strong interactions with nitrogen and sulfur doatoms, but in some cases oxygen donor

atoms can be ustg?® 3132

Many synthetic transition metal complexes are baingstigated for their anti-cancer
activity, but synthesizing a particular molecule¢hnwspecific target areas is very difficult
since the causes of cancer are very diverse arathibare are many target areas

involved' 3738



1.4 Background on cancer

Cancer is a disease caused by cells with uncoalelicell growtf’. This uncontrollable
growth is caused mainly by two factors, i.e., cali$ responding to growth factors, and
overproduction or underproduction of various pnageiesponsible for growth regulation.
Growth factors (GFs) are molecules which send signeells to start or stop cell

division and also to undergo programmed cell déatbrocess known as apoptosis) when
the cells are damaged or bif *® These GFs ranges from small organic molecules to

small peptide molecules such as hormones.

When cells overproduce proteins responsible fdrdieision, e.g. DNA polymerase, the
DNA of the cell will continuously replicate and shwill lead to uncontrollable cell
division. Other proteins that can be overprodugedfzose that signal the start of cell
division. Underproduction of proteins that stop délision or induce apoptosis also

results in uncontrollable cell division or growth

More than 90% of all cancer is caused by the dan@agee cell DNA, which is
responsible for the production of all proteinstie telf®. Damage to the DNA is caused
by mutations and cleavage of DNA fragments. Mutegioan arise from a change of one
nucleotide to another, e.g. guanine (G) to thyn(ifeor cytosine (C ) to uracil (U).
They can also occur due to the translocation betvebeomosomes. The resulting
mutations result in a change in the genes resplerfsibprotein coding and synthesis,
resulting in modified proteins being produced. Ehewdified proteins may perform
different functions compared to the normal ones anthe worst cases, change the cell

from being normal to a cancer Géif°.

DNA damages occur naturally and can also be indbgesghvironmental factors known
as carcinogens, which are:

(1) Physical agents (radiation),

(i) Chemical agents (organic compounds), and

(i) Infectious agents (viruses).



Radiations, e.g. X-rays, have been shown to cl&dN&, and when DNA repair occurs,
mutations are likely to occur. In other cases tiNADs not repaired and as a result other
proteins are no longer produced. Chemical agenisecanutations by altering the DNA
sequence where one nucleotide is replaced by andthather cases, the nucleotide is
methylated and is no longer recognized by the captig enzymes, resulting in loss of
protein productioff. The role of viruses in the cause of cancer isfuibt known but it is
believed that the virus DNA gets incorporated ith® host DNA and in other cases the
virus produces proteins that inhibit apoptdsis

DNA from natural cells has been shown to undergtatians even when not exposed to
environmental factors causing cancer. The histboaacer has been known since
humans first learnt to record their activifiébut it used to be an old-age disease. As
humans grown old, the rate of DNA mutations incesasince their DNA has replicated
so many times. The rate of mutation for normalszdibwever, is very low compared to
cells exposed to carcinogéhsHigh occurrence of cancer in human is also oleskin
infants since their cells replicate faster thanltacklls thus high rate of mutations is

possible.

Since most metal-complexes are too large to minuteaules binding to the active site
of enzymes, their target area is mainly on the DNAese molecules need to be planar
for them to be effective since they should inteataalvith the DNA strands and stop
DNA replication. Planar metal complexes must hagquare planar geometry in the
metal centre, as well as planar ligands. Planantig are made from aromatic
compounds and since coordinating atoms are requiegdroaromatic compounds are

usually used.



1.5 Introduction to this project
1.5.1 Synthesis of N-phenylsulfonylimine ligands

TheN-phenylsulfonylimine ligands were synthesized im laboratory by Patil and
Mandy* in an effort to generate precursors for azinomsgginthesis. The most
demanding step in azinomycin synthesis is the geioerof a densely functionalized
pyrolidine-aziridine ring systeffi which has been previously synthesized from
carbohydrate precursors. An alternative disconaedaif the pyrolidine rin@ leads to

azafulvene syntho® or its tautomeric form of pyrrok (Scheme 1).
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Scheme 1.

Azafulvenes are intermediates in a number of reastbut they are highly reactive
molecule§®*. They undergo rapid dimerisatitrt*and also react with various
nucleophile®. Azafulvene species are formed from electron pigtrole molecules ™
Introducing an electron-withdrawing group (EWG)airat pyrrole ring, on the nitrogen
atom, suppresses the formation of azaful{en€his has led to exploration into using

electron deficient pyrrole systems as alternativazafulvenes.

The EWG chosen in our laboratory was the phenysylfgroup, which also has an
additional advantage of being a director¢gho metallation (DOM) group. Phenylsulfonyl
chloride, source of the phenylsulfonyl group, igstalline in nature, and this crystallinity
is usually transferred to molecules bearing théosyl group. The sulfonyl group can be
introduced into a pyrrole, in a presence of bashéBe 2), to gival-
phenylsulfonylpyrrolés. Itaharaet al.*® made use of sodium hydride in DMF, Gaetre

al.* made use of LDA, Ottorgt al.*® made use of potassium hydroxide and Andérson



Artico®® and Zelikin* all made use of sodium hydroxide under varyingditions. The
sulfonyl group can be easily removed under basitrdiytic conditions (Scheme 2) with

sodium hydroxid®, sodium methoxidf&, and potassium hydroxitfeor potassium

carbonat&"
Q
. Ph—S=0 H
H :?)?DiSSeOZCI l<l Basic solution N
i\ /; - i\ /; w
5
Scheme 2.

Dinsmoreet al.>® explored the functionalization of pyrrdfeusing magnesiation
conditions, where the pyrrole was deprotonateti@®tposition and various electrophiles
were introduced. Patil and Marfdynade use of lithium bases to deprotonate py&ole
and various electrophiles were introduced, butrgdartance were the nitrile electrophiles
as they give products that could be potential pisgs to azinomycin synthesis.
Unexpectedly, these workers found that nitrile etgghiles allows a 1,4-migration of the
sulfonyl group, believed to occur viatra-molecular process, from the pyrrole into the

imine (Scheme 3) and thus make products simildr to

Q 9 ?
Ph—S=0 i)Li-base Ph—8=0 Ph—S=0
U R-CN y H N
N - - H
W v a
Scheme 3.

The 1,4-migration was first observed from the regcof lithiatedN-
phenylsulfonylindole with benzonitrile, where 2-@gidole was isolated. The product is
believed to have occurred from the hydrolysis efithine (not isolated or characterized)

into a ketone, following the 1,4-migration (SchefeUnlike the indole reaction, Patil



and Mand§" found that the hydrolysis step does not occur pjttrole when subjected to

similar conditions as indole.

SO,Ph PhO,S H
N i) Li-base Ho N O
ii) PhCN N, -
Ph Ph

Scheme 4.

In an attempt to generate methodology for makinighiated pyrroles was reacted with
benzonitrile to give th&l-phenylsulfonylimines and an amidine produ@t(Scheme 5).
The formation of the amidine product involvesiater-molecular step whereby the
sulfonyl group is transferred from the sulfonylmter2. These results suggests that the
rates ofintra- andinter-molecular steps might be comparable, and also,thenigrartion
of the sulfonyl group might proceed via the suggesitra-molecular shift and also via
theinter-molecular shift.

i) LDA 0
; ii) PhCN N/g@ /SOPh
0=5=0 N_ |l O + P

L/ Pr,N" “Ph

5 6 7

Schemeb5.

1.5.2 Crossover experiment

To investigate the 1,4-migration of the sulfonyl,experiment which involved mixing a
lithiated sulfonyl pyrrolés and a lithiated substitutédttoluenesulfonylpyrrole, then
guenching with benzonitrile (Scheme 6), was attexhpin their attempt, Patil and
Mandy* tried to substitute the pyrrole hydrogen\sfoluenesulfonylpyrrol@®, with

deuterium. Their hypothesis was as follows: exekigiroduction of products designated



A andC will support the intramolecular shift while if irdéition toA andC, productsB
andD are detectedhen the intermolecular mechanism will be takiterp as well. Due
to the inability to label the pyrrole ring appragiely, the crossover experiment was not

performed. A successful completion of such a cressexperiment is described in this
thesis.

-
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Scheme6.
1.5.3 Metal Complexes

TheN-phenylsulfonylimines was investigated for its ability to complex matals via its
two nitrogen atoms, thus acting as a bidentatetig&€omplexes with copper(19
copper(1)10 and palladium(lIYL1 (Figure 9) were synthesized by Patil and Mdhdy
These complexes were tested for anti-cancer actwitl promising results were

observed, where Kgvalues were below 10 uM in vitro assays.
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Figure 9. Metal complexes previously synthesized in our laboratory.

The less soft metals, i.e. Cu (II) and Pd (I) welnelated with two ligands while the
more soft metal contains one chelate ligand andsofbphosphine ligands. Compl&@
was more active tha® indicating that the phosphine ligands may enhaneectivity of
the complex. The complexes are prepared by trepyyngle6 and a metal salt in a
presence of a base. The palladium complewas also tested for catalytic activity in the
Heck-type coupling reaction between iodobenzeneaanakctivated sulfonylpyrrole. No
activity was observed as only the starting matenatre recovered without any trace of

products.

1.5.4 Magnesium amide basesin C-C bond formation

N-Heterocyclic compounds, e.g. pyrrole, indole,darole, pyridine, are very important
in organic synthesis, where they serve as stantiagrials. These compounds are able to
form a carbon-carbon bond, which is one of the nrmopbrtant steps in organic
synthesi®®. A popular way of making a C-C bond is by nucleatiplelectrophilic

reaction. The N-heterocyclic compounds containia@dtons that can be extracted by a



base and generate a nucleophilic carbon that eanrdact with an electrophilic carbon

making a C-C bond.

Although N-heterocyclic compounds may have acidatgns, their pks are high such
that normal bases can not deprotonate them. Vesggbases are used to deprotonate
these compounds, and the most commonly used baes#sedithium bases R-Li (R=
alkyl or amide}®. Many lithiation reactions have been performegupmole®®® indole®
%0 and imidazol&® °1°2 with subsequent quenching with electrophilesltegpin a C-C
bond formation. The heterocyclic compounds are firstected at the nitrogen atom to
remove the more acidic N-H proton thus leavingabielic C-H proton available for

deprotonation (Scheme 7).

N R-CI E R'Li
L — Ly —
oo
O ¢y
Scheme 7. X=H, pyrrole; X=N, imidazole, R = proteuy group and R’= alkyl

Organolithium bases react irreversibly with margcaiophiles and as a result they are
very unstable. They react with moisture forming H@nd RH and at this stage the base
is no longer effective. Their storage requirestiagmosphere and low temperatures.
Their reactions also require very low temperatuees, —78 °C, since the reactions are
very exothermic. Low temperatures also help in caaythe number of side reactions
that can occur since these bases can also re&cothier functional groups present in the
molecule, leading to undesired products. An altisvado using lithium bases is the use

of magnesium bases.

Magnesium is mainly used as a constituent of Griyn@agents, RMgX (R= alkyl, aryl,

ect.; X = Cl, Br), and these reagents are widegdla C-C bond formation reactidtis



These reagents contain a carbon metal bond whizgly@d nucleophile for C-C bond
formation but, unlike lithium reagents, they are good bases for deprotonating
heterocyclic compounds. Grignard reagents are lyst@ahverted into amides or
bisamides (Scheme 8), which are good bases footteyating acidic protons on a
carbon. Various methods used are shown below

heat or current

) 2BNH + Mg > Mg(NRy), + H>

i) Hg(NR)2+ Mg Mg(NRy), + Hg>

i) 2RMgNR} >  Mg(NR%), + MgR®*®
iv)  Mg(NRy), + 2RNH Mg(NR%), + 2RNH®’
v)  2RNH + RMg Mg(NRy), + 2R’H®®
vi) RuNH + R'MgX RNMgX + 2R'H*

Y

Y

Y

Y

Scheme 8.

The bis(amides) have been shown to deprotonatecgmiotons from ketones and also
from benzene rings without reacting with the fuotl groups present (Scheme 5),
showing greater functional group tolerance thdmidin reagentd” ">

0 i) (R'2N),Mg o)
A gt DE .
R R
E
R O .
i) (R'2N),Mg "R__0O
i) E*
—_— E

Scheme 9.



Work by Kondoet al. showed that in addition to magnesium bis(amidsgba
magnesium amides (known as Hauser bases) can éhéoudeprotonate heterocyclic
protong®’’. N-protected indoles, which are reactive at tho8ition, were deprotonated
exclusively at the 2-position using diisopropylaotimagnesium chloridéRr,NMgCl)

12, and quenched with different electrophifeéScheme 10).

|) (RlzN)zMg or

PG R',NMgX PG
N ii) E* N
— >
/ Ve
R R

PG= SO,Ph or Boc

R =H, Me, CO,Me or CN

E =1, CO,Me, Ph or CH,CH=CH
R'=Pr

X=Br

Scheme 10.

Thiophenes and thiazoles, containing functionaligsy were also deprotonated at the 2-
position usindl2”’ (Scheme 11). These reactions, unlike lithium reasti were

performed at ambient temperature and the yieldsiiodd were comparable.

/
or ) iPizNMgCI
or
N N
() (e
X= CO,Et, H

Scheme 11.



By realizing that the active species in deprotarais the magnesium amide species,
Dinsmoreet al., successfully used diisopropylamine in catalgtitounts with respect to
the Grignard reagetit N-Phenylsulfonylpyrrolés was deprotonated at the 2-position
using this method, and different electrophiles weteduced in moderate to good yields
(Scheme 12).

a = 2.5eq. 'PrMgCl / 5 mol% (*Pr),NH
E= I, alkyl, aryl, SiMe; and heteroaryl

Scheme 12.

The downfall of using Hauser bases is the formatiodimers, where there is bridging in
the chlorides. This was determined from the crysitaicture, determined by Power, of
[(Me3sSi),NMgCI.(ELO)]. (Figure 10%°. A large excess of the base, as high®asi8used

as a result of this dimer formation.

Et Me,Si
Et— Cl 324
O TN N-gime
Me;Si~, .Mg Mg
N \CI/ O~gt
Me;Si Et’

Figure 10.

In an attempt to reduce the base equivalent am&maichelet al., very recently found
that adding lithium chloride (LiCl) to the Grignarelagent isopropylmagnesium chloride
(PrMgCl) 13, reduces the amount of the reagent required éaetiod® & The new
Grignard reagent isopropylmagnesium chloride-lithichloride {PrMgCI.LiCl) 14, has
been shown to be superiord in I/Mg exchange reactions (Scheme 13). The LsCl i



believed to prevent dimer formation and thus prmgdnonomers of the Grignard

specie¥.
iPrMgCI.LiClI E*
R—I ———>  R-MgClLiCl ——————> R-E
R= alkyl, aryl and heteroaryl
Scheme 13.

Hauser bases containing lithium chloride have bé&sn prepared with a general formula,
R,NMgCI.LiCI®?® These bases were shown to be superior to noresét bases and
lithium bases in that they required fewer equivideri base (1.1 eq.) and their yields
were generally higher. These bases were used ieihr@tonation of benzene substrates
bearing different functional groufS{Scheme 14), and also with several heterocyclic
compound®. These bases are used at ambient temperaturesianolerate a wide range

of functional groups.

X ))R,NMgCl.LiCl X

ii) E*
o L
R = 'Pr,NH or N

H
R'= CO,Et ; X = Cl, OH, CO,NMe,, CO,C(CHs)s, Boc

Y
Py m

Scheme 14.

The drawbacks in using these new Grignard reagehtt they are not atom economic.
Equivalent amount of LiCl, Mg and TMP are requitegrepare the base and thus the

cost of preparing these bases is high.



1. 6 Aims of this project.

The aims of the project are:

) To investigate the mechanism behind the 1,4-mignadf the
sulfonyl group,

i) To make more metal complexes ushigoluenesulfonylimine
ligand and to test the complexes for anti-canceviag

i)  To extend the scope of magnesiation, developedibyriore>, to
other N-heteraromatic compounds, and finally taerymprove the
magnesiation conditions reported by Kno&figl by making use of
catalytic amine.

These aims are described in detail below.
1.6.1 Investigating the 1,4-migartion of the sulfonyl group

The approach in determining the mechanism was deteto be very similar to the one
attempted by Patil and MartlyInstead of substituting the pyrrole protons with
deuterium, a different substituent was to be intozdl in the 2-position df-
toluenesulfonylpyrrold. The substituent introduced must not be reactiveeuhitiating
conditions, and a few that attracted our attentvene the trimethylsilyl group (SiMg
the methyl group (Me) and the phenyl group. Onee2tsubstituted pyrrol@ has been
made, it will be mixed with pyrrolB, lithiated, quenched with benzonitrile and the

resulting products characterized (Scheme 15).
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Scheme 15.

1.6.2 Metal complexes with N-toluenesulfonylimine ligands

We were interested in synthesizing metal complewesaining the chelats-
toluenesulfonylimine ligand5 in order to test their activity against canceficelVe were
mostly interested in the late second and third tranwsition metals, i.e. Pt(Il), Pd(lI),
Ag(l), and Au(lll) since they have previously shogmod activity against cancer cells.
The first row transition metals, i.e. Co(ll), NiliICu(l) and Cu(ll), and Zn(Il) were also
considered in the study. The ligail (Figure 11) is very similar to the
phenylsulfonylimine ligand with the only difference being the presence ofyblu
instead of phenyl group. The ligand contains aosamide portion which, for many

years, has been used as an anti-bacteriaftirug



Figure 11. The sulfonylimineligand to be used for complexation in this project.

The initial approach will be to repeat the compkereade with ligan®, using ligandls,
then after methodology has been established, mamsition metal complexes will be
synthesizedWe aim to expand the range of these complexes liyng&t(11) 16, Ag(l)
17, Co(ll) 18, Ni(ll) 19, Zn(I) 20 and Au(lll) 2L. We aim to chelate the soft Ag metal
with one ligand and two phosphine ligands, whike st we aim to chelate with two

ligands (Figure 12).
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Figure 12. Metal complexesintended to be synthesized in this project.

1.6.3 Comparing the magnesiation conditions reported by Dinsmore™ and

K nochel®8

Although these new generation Hauser bases (desdarisection 1.5.2) are very
effective, the cost of making them is high. Equiar@mounts of LiCl, TMP dPrLNH
and'PrMgCl are needed. We aim to investigate wheth€t &nhd/or the amine bases can
used in catalytic amounts, as described by Dinsmtae’®, and see if the same

efficiency can be obtained. Our investigation \wilrt usingN-phenylsulfonylpyrroles



as a substrate, comparing results to those frorarlamne, then moving to other N-

heterocyclic compounds, i.e., indole, imidazoleyZmidazole, quinoline and pyridine.



Chapter 2

Results and Discussion



Chapter 2: Results and Discussion

2.1.Ligand synthesis

We started by first preparing tiNeprotected pyrrole, using a variation of the metbbd
Zelikin et al®*. Adding pyrrole to a suspension of dichloromethane sodium hydroxide
then adding, dropwise, arylsulfonyl chloride to thexture, stirring overnight at room
temperature gavid-toluenesulfonylpyrrold in 81% yield andN-phenylsulfonyl pyrrole
5in 50% yield (Scheme 16). Spectroscopic data aeltimg points of our products were
all consistent with those reported previodSR. Later X-ray crystal structures of
compounds derived from pyrro8ealso confirmed the formation of the prod8dsee

later).
Ar\
i) NaOH O¢§¢O 5, Ar = Ph
N_ i) ArSO,CI N 8, Ar = 4-MePh
—_—
@ DCM w
Scheme 16.

With theN-toluenesulfonylpyrrol@ in hand, we then proceeded to the addition reactio
with benzonitrile. The starting material requirepobtonation by means of very strong
bases and our first choice was the lithium basesius work by Patil and Mandly
employed lithiumdiisopropylamide (LDA) and lithiutetramethylpiperidine (LITMP) to
deprotonate pyrrold with subsequent quenching with benzonitrile toegive
sulfonylimine6. Our attention was drawn to the mention of butyilim as a base to
deprotonatéN-phenylsulfonylimidazol@2 at —20 °C (Scheme 1°#) We were interested
in using butyllithium to deprotonate pyrrol®®nd8 and compare the results with those

from imidazole.
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Scheme 17.

Treating pyrrole8 with butyllithium and quenching with benzonitrgave the desired
product 4-methyN-[phenyl(1H-pyrrol-1yl)methylene]benzenesulfonamitiein 60%
yield. Treating pyrrolé with n-BuLi and quenching with benzonitrile gaie
[phenyl(1H-pyrrrol-1yl)methylene]benzenesulfonami@é& 30% yield (Scheme 18).
These results were similar to those reported biy &ad Mandy* and to our delight no
side products resulting from the reaction of beitzibgwith butyllithium were observed.
The amidiner (Chapter 1, section 1.5.%as observed as a side product, resulting from
the reaction of LDA and benzonitrile, by Patil dviedndy*.

SO,Ar
2 ) n-Bui oo NSO

N if) PhCN
@ ii) P N_ | 6, Ar = Ph

/ \ 15, Ar =4-MePh

Scheme 18.

Mass spectroscopy showed the correct moleculgiMar824 for6 and 310 forl5] and
the fragment ion [169 (M- SQ:Ar] was observed for both products. This was also
supported byH NMR spectrum, in which a peak at 10.16, corresjpumto an N-H peak
was, observed. A crystal structuretoivas obtained (Appendix 1), confirming the

formation of the desired products.

With the idea of extending the sulfonyl transfeetistry, we examined the possible
reaction between lithiated imidazd@2 and benzonitrile (Scheme 19) but, to our
disappointment, only the starting materials wergaioled. The lithiation 022 and



subsequent reaction with electrophiles, has bggorted to be in low yield and this
could be the reason as to why no products werereddeThe failure of imidazolg2 to

react with benzonitrile meant that it could notused in the study of the sulfonyl shift

mechanism.
D, AT
Q" Qo
Scheme 19.

2.2 Crossover experiment

Having made the desired ligan@sand15, we then investigated the mechanism by which
the sulfonyl group migrates. We were interestech@king 2-substituted pyrrole, where
the substituent placed must be able to toleratehh@wnditions, such as those of n-BulLi.
The functional groups investigated were the tringisityl (TMS), methyl (Me) and

phenyl (Ph).

The first substituent to be investigated was tmedthylsilyl (Me;Si) group, after it was
shown to be stable under lithiating conditi&n3reating pyrrole8 consecutively witm-
BuLi and trimethylsilyl chloride (TMS-CI) gave ttietrimethylsilytoluenesufonylpyrrole
23, but the product could not be separated from thigy/ldited and trisilylated product
(Scheme 20). This was shown from mass spectrométeye peaks [M294.12
corresponding t@3, 366.12 corresponding to disilylated product aB8.42
corresponding to trisilylated product] were obsedrea analysis of the crude product.
Attempts to purify the products by chromatographg distillation failed to giv3 in a

pure form.
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Scheme 20.

We then attempted to make 2-methyltoluenesulforytpg 24 by treatingd with n-BulLi
and methyl iodide (Mel). The product was obtainedeiasonable yield (75% frothi

NMR spectroscopy) but it could not be separatechfumreacted starting material
regardless of the purification techniques (Schefije Phe product and the starting
material have the same fAalue in all solvents examined, thus chromatogyaqauld not
separate them. Attempts to recrystallize the mectailed to separate the compounds as

crystals contained both compounds.

i) n-BuLi or
$02Tol  ipr,NMgCI SO, Tol
N ii)Mel N
w w/ + unreacted 8
8 24

Scheme 21.

Treating8 with 'PrMgCl/ 5%'Pr,NH and Mel reduced the yield (15%) 24 as shown by
'H NMR spectroscopy (Scheme 21). This suggest thiadéprotonation o8 is required
for the clean production @&4. We then turned our attention to phenyl group aseker
on the pyrrole ring.

Three routes to a 2-phenylated sulfonylpyrrole wevestigated and compared. These
were either (i) an investigation of recently pub&d novel, and very attractive methods
to allow the regiospecific Pd-catalysed arylatidelectron rich heterocycles and (ii) a



comparison of these with the Pd-catalysed phemylaif a magnesiated sulfonylpyrrole,

methodology that was previously developed in ohotatory®.

The first method was a modification of a methocoregd by Samé8, in which the
electron rich N-heterocyclic compounds i.e., pygrohdole and imidazole, were treated
with catalytic tetrakis(triphenylphosphine)palladiyPd(PhP)] and MgO with refluxing
in dioxane to afford 2-phenylated products in ggmids. This method does not require
an activated carbon, where in most cases a cardlogdn bond is required for C-C bond
coupling. When subjecting pyrro&to the same conditions, no product was obtained.
Our initial explanation was that free pyrrole ided for these conditions since it is
electron-rich. We then treated free pyrrole untierdame conditions but only managed
to get 3% vyield of the product, 2-phenylpyrr@e(Scheme 22 condition a). It later
emerged, following communications with the authtinat these reactions must be

performed in a glove box under strictly anhydroosditions for them to work.

SOzToI
conditions H i) NaOH
aorb o N ||) Ts-Cl
Q v
25

a = Ph-1, Pd(Ph3P),, MgO, Dioxane/DMF (1:2)
b= [Ph,l]BF,, PdCl,, AcOH

Scheme 22.

The second method is a two step reaction in whigh pyrrole is first converted into 2-
phenylpyrrole25, after which sulfonation would provide the desirgarple 26 (Scheme
22 condition b). This method also does not reqaiir@ctivated carbon site. The first
example was reported by Sanfdrd/ho employed ambient conditions. Pg6i
Pd(OAc), which are stable to air, are used instead of itheeasitive Pd(P##). These
Pd salts have an oxidation state of +2 and areestigd to undergo a +2/+4 oxidation
change, unlike the 0/+2 oxidation state changeishatvolved in the coupling
reaction&®®”. The phenyl source diphenyliodonium-tetrafluoraierfPhl|BF . is

different from the usual Ph-I or Ph-B(OHPh!" is described as an oxidative source of



phenyl and it is suggested that it this allowsRkleto cycle between oxidation state 2 and
4 during the course of the catalytic reaction. fdections are done at room temperature

as compared to the first method, where high tentpers (~150C) are required

We began by preparing the phenyl sourcel|BF 4, which is made by the method of
SkulskP® using a one pot synthesis (Scheme 23). lodoberizdirst oxidized by
chromium trioxide (Cr@) and sulfuric acid (kF50Oy) in a solvent mixture of acetic acid
(AcOH) and acetic anhydride (4©). Acidic coupling with benzene followed by
washing with aqueous potassium iodide (KI) gavedipbenyliodonium iodide ([PHI)
27 in 50% vyield. The melting point of the solid (1&83°C) and its mass spectrometry
data [M' 281 corresponding to (PI"] were in agreement with the literatffteTreating
pyrrole with27 and PdCl in AcOH vyielded no product and this was due to the
insolubility of 27 in AcOH. We then converte2l’ into a more soluble diphenyliodonium
tetrafluoroborate [PHiBF, 28, by adding HBE and HO. to 27 dissolved in methan®!
(Scheme 23). The more soluble prod2&tvas obtained in 94% yield and its melting
point (134°C) was in agreement with literatfite

i)CrO3, H2804 BF4
i) benzene S )HBF,, H,0, S
ph—1 "N | — Ph—I—Ph
ACOHI A0 PP MeoH 08
27
Scheme 23.

Treating pyrrole witl28 and PdCJ in AcOH gave26 in 40% vyield but it require a large
ratio of pyrrole ta28 (10: 1) due to pyrrole having two reactive siteisaCE amounts of
diphenylated pyrrole were also detected by masstspeetry. When subjecting indole to
the same conditions, the ratio of indole2&changes to (1: 2) since indole has only one
reactive site in this reactiéh The requirement of a large excess of pyrrole mdfaat
starting with one gram of pyrrole will yield 84 no§ product and this is certainly not

very economical.



The third method requires the activation of carbat) unlike most activation where a
carbon-halogen bond is required, the method usasb@n-magnesium bond. This was
first reported by Dinsmoret al *°, who showed that treatirigwith 'PrMgCl/ 5%'PrLNH

to deprotonate, followed by catalytic Pd¢Ph and iodobenzene permitted arylation to
occur (Scheme 24). When treati®¢p the same condition26 was obtained in 51%
yield. The melting point (123-12€) and molecular mass ion spectrum’[R98] were in
agreement with literature valti8sThe reactions are done at room temperature and ca
also be extended to othidrheterocyclic compounds, to be discussed laters iit@thod,
when compared to above mentioned methods, is supdtidoes not require a glove box
and high temperatures as in method 1. The phenytsas easily obtainable and it is not
required in large excess as in method 2. By tlathod we were able to prepare gram
guantities of pyrrole6.

SO,Tol i)'PrMgCl/ 'Pr,NH 5mol% SO, Tol
!

N ii)Pd(PhgP)4, Ph-I ('\l?/@
_—
U THF L/

Having made26, we then subjected it to the lithiating conditiarsed to maké and15,

Scheme 24.

and to our delight,K)-4-methylN-[phenyl(5-phenyl-1H-pyrrol-2-
yl)methylene]benzenesulfonamiéi® was obtained in 36% yield (Scheme 25). THe
NMR spectrum showed the presence of two pyrrole frdtions and also a peak at 10.81
belonging to NH. Mass spectrometry showed the coparent peak [M400] and the
fragmentation [245 (M SQsTol)].

Ph— N i) PhCN  pp_ _N_ ||
\U \ / Ph
29

Scheme 25.



A crystal structure was also obtained, confirmimgttthe correct product has been made
(Figure 13, appendix 2). The crystal structure shtvat29 was obtained as a solvate
solid with acetone. The results also show the gégnaeound the C=N bond to lie

<X Y
e %

Figure 13. Crystal structure of the sulfonylimine 29.

With the required starting materials for a cross+aaxperiment and with three of the four
expected products fully characterized, it was timperform the experiment (Scheme 15,
chapter 1). Treating and26, in 1:1 ratio, withn-BuLi at —20 °C and benzonitrile gave
two fractions after purification by chromatograpnd they were characterized by mass
spectrometry (Scheme 26). The first fraction cadlddhad a parent peak [I410 (60)
which correspond t6], no peak at 324 correspondinglfdwas observed. The second
fraction had a parent peak [M0O (65) corresponding 29]. No peak at 386 was
observed and this led to the conclusion that tifersyl shift occurs mainly via the 1,4-

intramolecular migration and the intermolecular ratgpn can be neglected (Scheme 27).
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With the ligands synthesized and the mechanisrorofdtion investigated, we then

Scheme 27.

proceeded to making metal complexes.

2.3 Metal complexes

The first row transition metals were the ideal tatgrpoint since they are cheaper
compared to the second and third row metals. Thparocomplexes were the first to be
made since preparations of structurally relatedpleres (complexed and10, Figure 9)
have been reported by Patil and MatdRpatil reported the synthesis of copper(ll)
complex @) and Mandy reported the synthesis of copper(@mex (0).

Copper(ll) complex30 was prepared by treating sulfonylimib®@with copper(ll)acetate
in the presence of the base DBU, and refluxing @hanol (Scheme 28). The product

was obtained as dark green crystals which wersuitdble for diffraction but were



characterized by mass spectrometry and infrarectsiseopy (IR). NMR spectroscopy
could not be used to characterize the complex sirmmmtains a spin active’ thetal.

Mass spectrometry showed a parent peaa?32 [M+ Na]  andm/z 710 [M + HJ and
fragmentations [347 and 324 corresponding to thenlil + N& and ligand + A,
respectively]. The IR spectrum showed the disagear of the N-H stretch but no other
obvious peak caused by the metal complexation doelobserved. Elemental analysis

data were also in agreement with the formatiorhefgdroduct.

Ph /\
Tol0,S”
\ N_ |l Cu(OAc),, DBU 22 G, -SOTdl
y/ Ph - N |
MeOH
Ph
15 L/ 0

Scheme 28.

Copper(l) complexd1 was prepared by treating sulfonylimih® with DBU and
CuBr(PPRh)3 in chloroform (Scheme 29). The product was obthae yellow crystals

suitable for X-ray diffraction (Figure 14, appendk

phyp. P PNs
_S0,Tol /C“\ _S0,Tol
H N
N | CU(Pth)3Br, DBU N |
\ / "Pnh CHCl, \ /  Ph
15 31

Scheme 29.

The complex has two triphenylphosphine ligandsdditzon to the chelating ligantb.
The geometry around the copper atom is tetrahedrakpected for’dmetal ions. The
disappearance of the N-H proton was confirmedtbMR and IR spectroscopy. The
mass spectrometry data were very interesting bediiesmolecular ion peak [Mjvas
not observed either by FAB or ESI MS analysis. Bahkt were observed wearéz 587
[M — ligand] i.e. Cu(PPk)," andm/z 325 [CuPPH", and these peaks were obtained in
both ESI and FAB. This can be explained by the H3tdry since Cu(l) is a soft



Lewis acid and phosphorus is a soft Lewis base enaabto nitrogen. The Cu-P
interactions will weaken the Cu-N bond causinglibed to break off easily. This was

also observed with the silver (I) complexes, talseussed later.

Figure 14. Crystal structure of the copper (1) complex.

Synthesis of the nickel(ll) compled® followed that for the preparation 80. Treating
sulfonylimine15 with DBU and nickel(Il) chloride did not give tlikesired product even
after increasing the reflux time. Replacing the Nigalt with the more reactive nickel(ll)
acetylacetonate gave the desired product as lrgleingcrystals (Scheme 30) which were
not suitable for X-ray diffractio’H NMR spectroscopy show that the complex is spin
active, indicating that the geometry around theamsttetrahedral instead of square
planar as experienced by mo&detal ioné. Other studies of Ni, coordinated to four
nitrogen atoms, have reported tetrahedral geonaetrynd the metal centfe Square
planar complexes of Ni are favored by soft dongatids, while tetrahedral is favored by
intermediate to hard donor ligaddtR spectroscopy showed the disappearance of the N
H stretch, while mass spectroscopy gave two pareaks atvz 727 [M + NaJ andm/z
705 [M + HJ'. A fragment peak atVz 381 [M — ligand] was also observed. From these
results we concluded that the desired compoundweate.
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Scheme 30.

An attempt to make the Co compl&& following the above procedure, and entailing
treatment of sulfonylimin&5 with DBU and cobalt(ll)chloride-hydrate (Co{8H,0)

gave an unexpected product, GBBU 31, which in addition to the two chelating ligands
around the metal, also include the base DBU coatitig the metal through nitrogen
(Scheme 31).
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Scheme 31.

A crystal structure of the compound was obtairlédure 15, appendix 4), showing the
two chelating ligands in an equatorial position &melDBU occupying the axial position.
Mass spectrometry also gave a parent peakz858 [M + HJ', confirming the

formation of complexd2. Attempts to make compleb8 by removing DBU gave no
products, indicating the importance of a base erdaction. The crystal structure shows
that complex32 was obtained as a solute with dichloromethane.



Figure 15. Crystal structure of cobalt(l1) complex.

Similarly to the cobalt(ll) complex, the intendedIl) complex20 was never obtained
after treating the ligand with DBU and zinc(ll) ohbde, ZnLL,DBU 33 (Figure 16) was
obtained instead. Mass spectrometry gave the ppeziktai/z 863 [M]" and the
fragments [711, 539 and 387 corresponding to,ZAbLDBU and ZnL, respectively]
were also observed. The isotopic distribution efplarent ion agreed with a simulated

distribution. The IR spectrum showed the disappesaf the N-H bond.
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Figure 16. Linedrawing structure of the zinc(l1) complex.



Having investigated the late first row transitioetals, we then investigated the ability of
the ligands to coordinate to late second and tlewdtransition metals i.e. Pd, Ag, Pt and
Au. The Pd comple84 was synthesized, using a variation of the mettddandy*’,
where the ligand5 is treated with sodium acetate and/RdCLBr,] in methanol to give
the product as a yellow solid. Attempts to recrjigi@the solid were not successful as
the compound was not soluble at room temperatua# solvents examined. Solubility
was only observed in hot solvents but the prodeetipitated as small crystalline
particles as soon as the solvent cooled down aadesult the crystal structure of the
complex was not obtained. Mass spectrometry shakegarent peak awvz 775 [M +
Na]" and the IR spectrum showed the disappearance M4H peak, leading us to
conclude the desired product had been formed (Sel3@n

Ph. / \
| N
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Scheme 32.

Attempts to make a silver complex containing ohlg thelate ligand were unsuccessful.
When ligandl5 was treated with silver nitrate in methanol acauydo the method of
Fentori? no product was obtained. We then reasoned thee #ig(l) is a soft metal an
addition of a soft ligand might enhance the bindifithe chelate ligand. We then treated
15 with DBU, silver nitrate and triphenylphosphinedaefluxed in methanol hoping to
makel7, the analogue of the copper compl&and31. A different compound AgLPRh
35 was formed instead of the desired product (Sch&he

PPh;
\-SO2Tol  Ag(NO), PhP, ﬁg\ _S0,Tol
No ) DBU N
35

Scheme 33.



The complex has the Ag metal with a coordinatiamher of three, as shown by the
crystal structure (Figure 17, appendix 5), wheeedhelate ligand is present with one
triphenylphosphine. Metal complexes containing Athva coordination number of three
have also been reported in the work of Fetftalass spectrometry showed similar
results to those obtained on the copper(l) complexhe molecular ion peak was not
observed but the fragmentratz 369 [AgPPh]* was observed. Another interesting peak
atm/z 633 [Ag(PPh),]" was also observed. ESI mass spectrometry studitiseo
complex, showed the presence of more additionaisp@resent in solution. In the
negative mode a peakrmatz 755 [AgL,]” was observed, while the positive mode gave
peaks atw'z 1062, 631 and 369 which correspond talX§Ph),", Ag(PPh)," and
AgPPh', respectively. Again the HSAB theory supportsdbservations

Figure 17. Crystal structure of the silver complex AgL (PPhs).

In an effort to increase the coordination numbethensilver atom, we then decided to
use similar conditions to those used in formatibritee copper complegl i.e., by
attaching phosphine ligands to the Ag metal betoraplexing the sulfonylimine ligand.
We first prepared Ag(PRRCI 36 using the method of Sangh&hin which AgCl is
treated with triphenylphosphine in dichloromethahtee product was obtained as white
crystalline solid and its melting point (185 °C)swepnsistent with the literature
Treating ligandl5 with DBU and silver comple86 in chloroform gave the desired
product AgL(PPBh), 17 as a yellow solid (Scheme 34). Recrystallizatiam
ethanol/DCM mixture gave crystals suitable for x-diffraction (Appendix 6). The

structure is similar to the one obtained for thppzy(l) complexX31 and the mass



spectrometry data has similar features to th&land35. The molecular ion peak was
not observed in the spectrum but fragment®/at631 and 369 corresponding to

[Ag(PPhy),]" and [AgPPH" respectively, were observed.

Phyp. PPN3
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Scheme 34.

Moving down to the third row transition metals, attempted to make Pill6 by
modifying the method of Bhyrappa The platinum source was Pi(@lyclooctadiene}?,
which has previously substituted its ligands faragen ligands depending on the
conditions. The comple&7 can substitute its cyclooctadiene (COD) ligandtyow
nitrogen ligands when refluxed with a ligand inuehé”, and can substitute all its
ligands for four nitrogen ligands when refluxeddMF®%. We then decided to try the
second method as it was expected to introducerfilnogen ligands, coming from two

chelating ligand45.

Treating ligandl5 with DBU and37 in refluxing DMF did not yield any product. This i
possibly due to the nature of our ligand whichds macrocyclic, as in previous studfes
We then decided to try out the first method toisdéferent results could be obtained
and to our delight, a product was obtained. Thelpcbobtained however, was not the
desired product6. What we found was a platinum complex PtL(CC3¥)containing

one chelate ligand5 and the COD ligand (Scheme 35). This was confirtmethe

crystal structure (Figure 18, appendix 7). Neutrabgen ligands were used to substitute
the COD ligand® and since our ligan@ carries a negative charge, the chloride ligands
are substituted first.
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Scheme 35.

Figure 18. Crystal structure of the platinum(l1) complex

The complex is neutral but since the ligdadcarries a -1 charge, the COD ligand should
also contribute a -1 charge. Crystal structure shihat the platinum has a sigma bond to
a carbon and one double bond from COD has migtatadother carbon. This suggests
that HCl is given off during the process in a megtia still unknown. Mass

spectrometry gave the parent peakt 625 [M] confirming the formation of complex
38. Other sources of platinum such as [Bf€]which is an analogue of [PdBF,]%,

were not available to us and we could not makénéurattempts to synthesize the desired

productl6.

Attempts to make the gold compl2k by treating ligand5 with DBU and [AuCl]

were unsuccessful. When treating the gold salt iigénd 15 following the above



mentioned conditions a yellow oil was obtained duild not be characterized. No other

gold salts we available to us thus no further expents were carried.

2.3.2 Comparison of the metal complexeswith literature precedent

We performed a Gmelin search to check for metalpteres with similar features to
those synthesized. 4732 hits were found for coppes(mplexes with two chelate
ligands, each having two nitrogen donor atomspoutesults were found for complexes
with a sulfonyl-containing ligand. For the coppgbdmplex, 527 hits were found for
complexes with a bidentate ligand containing twioogien atoms and two

triphenylphosphine units, but no hits were foundsiaifonyl-containing ligands.

Five-coordinate complexes were found for searclee®pned on both the cobalt(ll) and
zinc(ll), but few results were obtained when coneplaio six and four-coordinate
complex. 17 hits were found for complexes with trdentate ligands and an axial
ligand, all having nitrogen donor ligands, for clgp while 50 hits were found for
zinc(ll) complexes. 1403 hits were found for cofilcomplexes coordinated to six
nitrogen atoms, while 845 hits were found for ziha{omplexes. No hits were found for

complexes with a sulfonyl-containing ligand.

For the d metal ions, four-coordinate complexes with twodpithte nitrogen ligands
were very common. 3273 hits were found for nickeifihile 389 hits were found for

palladium(ll). No hits were found for complexes hwé sulfonyl containing ligand.

Silver(l) complexes with one bidentate nitrogeratig and triphenylphosphine (TPP)
unit(s) were found to be common. 33 hits were folondcomplexes having a bidentate
ligand and two TPP units, while 166 hits were fotmdcomplexes having a bidentate
ligand and one TPP unit. No hits were found for ptaxes with a sulfonyl containing

ligand.



Only three hits were found for a platinum complexing a bidentate nitrogen ligand and
a cyclooctadiene (COD) ligand. The loss of one bgdn atom and a shift of one double
bond in the COD ring are also observed in thessetbomplexes. No hits were found for

complexes with a sulfonyl containing ligand.

From the search results obtained, we observehlbatdmplexes synthesized all posses
similar features to those previously reported \ilid exception that the newly
synthesized complexes contain a sulfonyl portiother ligands.

2.4 In vitro studies of the metal complexes

The synthesized metal complexes were sent to Erdfledlin’s laboratory for screening
against cancer cells. Tlevitro cytotoxic properties of the metal complexes were
assessed by measuring the effect on proliferatidhnectumour cell line, human
adenocarcinoma of the cervix (HelLa). The HelLalosds are the most sensitive cancer
cells and are usually used as the start pointutirig active compounds. Active
compounds are those withgdXconcentration resulting in 50% inhibition of tuaro
growth) less than 10 pf The active compounds are then screened agagistanet
cancer cell lines and if they are still active ythmdergan vivo studies to test their
toxicity toward the host.

The metal complexes were incubated for seven daafseiHela cells and the results are
shown in table 1. The cell concentration was 5 %cHlls per well, and the experiments

were repeated three times for each compound.



Table 1. Invitro results for the metal complexes.

Drug 1Cs0 (UM) + SEM No exp done
CuL(PhP), 31 Was not done

CulL, 30 48.657 +1.343 3
ZnL,DBU 33 44.82 +2.539 3
CoL,DBU 32 17.855 +1.47 3
NiL>19 >50 3
PdL, 34 Was not done

PtL(COD)38 5.432 +1.96 3
AgL(PheP), 17 3.368 + 0.488 3
AgL(PheP) 35 4.363 + 0.475 3
Ag(PhP)CI 36 1.187 +0.023 3
cisplatin 0.852 +0.117 3

*** Compounds did not dissolve in ethanol and contd be used in the study.

None of the first row transition metal complexeswhd activity against the HelLa cell
line with 1Cso values all above 10 uM. The three silver compouwnel® all active with
ICs0 less than 5 uM witB6 being the most active with ¥g1.187 uM. It appears from
the results that the number of triphenylphosphingee molecule enhances the activity
of the compound. The compl&6 is the most active with three fFhgroups followed by
17 with two PhP groups and finall@5 with just one PP group.

The platinum comple88 was also active against the HeLa cell line bbhtad a high +
SEM value. The palladium complex was not solubletivanol as we experienced during
the synthesis of the compound. What was surprisig the insolubility of the copper(l)
complex which contains two triphenylphosphine unite expected the BB group to
enhance solubility of a compound, but this app&absave favoured solubility in non-
polar solvents e.g. chloroform and DCM. The silvemplexes containing the gh

groups were all soluble in ethanol, suggesting tii@imetal ion might also have an
influence on the solubility of a compound.



None of the active compounds were more active tiglatin which has an §g0.852

UM, but they will be investigated for activity agat resistant cancer cell lines.
2.5 Magnesium amide basesin the synthesis of substituted N-heter ocycles

Our initial investigation was to extend the scopéhe magnesiation protocol, using the
method of Dinsmoret al.>>, from pyrrole to indole. We first prepared the @idrd
reagent isopropylmagnesium chloriderfAgCl) 15 by combining isopropyl chloride and
magnesium in a 1.2: 1 ratio in tetrahydofuran (TldF)oom temperature. The
concentration of the base was determined by theaedaif Paquetf8 and found to be
0.9 M. We then repeated the magnesiatioN-phenylsulfonylpyrrolés by treating with
'PrMgCl/ 5%'PrLNH and quenching with iodinejlto afford 2-iodoN-
phenylsulfonylpyrroled9 in 70% yield (Scheme 36).

SO,Ph |
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Scheme 36.

N-Phenylsulfonylindole&l0 was subjected to the similar conditions and a##dra-iodo-
N-phenylsulfonylindoledl in 75% yield. Having made the iodoinddlg, we investigated
the one-pot coupling reaction, in whidf is treated withPrMgCl/ 5%'Pr,NH then
Pd(Ph), and arylhalide. Different 2-arylindoles were sygdized in this manner in a
MSc work reported by Lebofib(Scheme 37). These results concluded that theatiésh
compatible with indole.
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We then reasoned that since tetramethylpiperidiidR) is much better than
diisopropylamine in lithiation, using TMP in plaoédiisopropylamine (DA) may
optimize this method. The number of equivalentthefGrignard may be reduced, the
yields may increase and the reaction times maykdseduced. We began by repeating
the preparation of iodosulfonylpyrroB® by modifying the general method by adding
TMP in place of diisopropylamine. The product wasamed in less than 10%
conversion, as shown from tfid NMR spectrum. This could due to TMP being more
bulky compared to DA, and since the amine bassesl in catalytic amounts, the rate of
regenerating the magnesium amide base is slowiviix than in diisopropylamine.
Increasing the mol % of TMP and reducing the amaodiase did lead to improved
yields (Table 2). Results by Dinsmore, using equémamounts of DA antPrMgCl in
preparation oB9 gave a 55% yiefd, indicating that diisopropylamine is superior telf?

in magnesiation.



Table 2.

ZOZPh ) PrMgCI; RoNH zOzPh
U i) Iy UI
13 (mmol) 'PrMgCI (mmol) RNH (mmol) Yield (%)
2.42 6.05 (2.5 eq.) 0.121 (5% NH | 70
(18hrs)
2.49 6.08 (2.5 eq.) 0.123 (5%) TMP | 996
(18hrs)
2.49 2.904 (1.2 eq.) 2.904 (1.2 eq) TMR39%
(4hrs)
2.42 3.63 (1.5 eq) 0.242 (10%) TMP| 6%
(18hrs)

a= yields quoted frofH NMR

The work by Knochéf®* demonstrated a new generation of Hauser bases;
R,NMgCL.LiCl, and Grignard reagent®rMgCl.LiCl 14 to be superior to the previously
reported species. We were interested in modifyimegHauser bases and attempted to use
the amine in catalytic amounts, as reported by more’. The initial step was preparing
the Grignard reagerMgClI.LiCl, using the method of KnocH&f® by which

equimolar amounts of lithium chloride (LiCl) and gmesium (Mg) were mixed with
excess isopropyl chloride in THF under argon. Tévacentration of the base was found

to be 1.33 M, by the method of Paqu&tt&his is higher than the concentration of the
first generation Grignard reagents, supportinditindings of Knochel that LiCl increases

the solubility of the Grignard reagent in THE.

The initial investigation usinPrMgClI.LiCl 14 and catalytic amine, was the iodination of
N-phenylsulfonylpyrroles. Results were compared with those reported by Dimeth

We began by finding optimum conditions for magnisimg starting with catalytic TMP.
Using 1.5 equivalents d#4 and 10 mol% TMP gave the iodopyrr@@in 19% yield.
Replacing TMP with diisopropylamine ga8@ in 65% yield. Because these results



suggest that catalytic diisopropylamine is supeildofFMP, further optimizing conditions
were done using diisopropylamine. Reducing the mai%iisopropylamine to 5 mol%
gave39 in 48% yield. When reducing the amount of Grignagagent to 1.2 equivalents
and keeping the amine at 10 mol%, g&9en 40% yield. Increasing the Grignard
reagent to 1.8 equivalents and keeping the amith® atol% gave39 in 72% vyield,

which is comparable to results reported by Dinsitqfeable 3).

Table3.

Zozph i) IPrMgCILLICl; R,NH ~ $02Ph

i) I N

W = U

'PrMgCI.LiCl equivalent Amine mol% % yield

1.5 10 (TMP) 19
15 10 (Diisopropylamine) 65
1.2 5 (Diisopropylamine) 48
1.2 10 (Diisopropylamine) 40
1.8 10 (Diisopropylamine) 72

The downfall experienced with this method was thength of the Grignard reagent with
time. Repeating the above experiment WtMgClI.LiCl that was more than one week
old gave yields lower than those initially obtain&ields were reduced from 65% to
30% using conditions from entry 2 (Table 3) anafré8% to 18% from entry 3. When
looking at the state of the Grignard reagent, w&eoked precipitates at the bottom of the
flask. Initially it was assumed the base was deasimg but, when checking the
concentration, it had not changed. We then conduldat the LiCl was precipitating

from the solution, resulting in formation of magiasd dimers (Scheme 38), hence the

strength is reduced.

cl.
2>MgCI.LiCI e >Mg/ }49< + 2l
cl

Scheme 38.



Stirring the solution for two hours before using tiged base solution gave improved
results but could not reproduce the results obtkirem a freshly prepared reagent.
Yields improved from 30% to 53% (in entry 2) andrfr 18% to 40% (in entry 3) (Table
3). Although the previous studies showed the Grigimeagent and Hauser bases to be
stable for over a mont#® our results show the best results are obtainied) @sfreshly

prepared reagent and yields drop as the Grighagkrd ages.

Different N-heterocyclic compounds were subjected to the aptimonditions,
mentioned above, and then iodine and dimethylfoenfidkMF) were added as
electrophiles (Table 4). Treatifgwith 1.8 eq!PrMgCI.LiCl/ 10%'Pr,NH and quenching
with DMF, gave45 in 60% vyield (entry 1b) which is higher than threypously reported
using the method of Dinsmdre The spectroscopic data of the product were coatyer

to previously reported results.

The iodoimidazold7 was obtained from6 in 78% yield (entry 2). Mass spectrometry
gave the parent peak [M100] and the fragment [193 corresponding to tiss bf —
SO,NMe,]. *H NMR gave two imidazole protons, whifC NMR gave four carbon
peaks corresponding to the desired product, thusoreluded that the desired product

was formed.

The 2-formylpyrrole49 was obtained in 31% yield (entry 3). The compowad
obtained as oil, and this came as a surprise $ivecstarting material8 (its preparation
to be discussed later) was a solid. Sulfonyl grarmesknown promote crystallization of
many compounds. Mass spectrometry and NMR specipysconfirmed the formation
of the product, however. A parent peakrét 202 [M]", three pyrrole protons together
with an aldehyde proton, and six carbon peaksysetb conclude the right product was

made.



Table4.

entry substrate electrophile product Yield (%)
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The iodoindoledl, prepared from indol80, was obtained in 85% yield (entry 4) which is
higher than the yield of iodoindotd obtained using the method of DinsnTorg'5%).
Mass spectrometry gave the parent peaka#12 [M]" and the fragment at/'z 271 [M
—SOPHJ". *H NMR spectrum gave signals which integrated tocttreect compound and
lead us to conclude that the right molecule has lbegde. Treating indok0 with 1.8 eq.
'PrMgCI.LiCI/ 10%'Pr,NH and adding catalytic Pd(PRhtogether with iodobenzene,
gave the 2-phenylindokb in 60% vyield (figure 19). The product was obtaisdan oil
even though it contains a sulfonyl group and thetisiy materiabO is a solid. A parent
peak anvz 363 [M]" is obtained from mass spectrometiy.NMR spectrum gave a
singlet atd 6.48 ppm which correspond to the proton in the8impon. These results led
us to conclude that the desired product has beemefiband that the new method can be

used for one pot coupling reactions.

| SO,Ph

o N
—~0)

55

Figure 19.

Deprotonation oN-benzylbenzimidazolB2 has been report&t® where lithium bases
were employed. Treatirg2 with 1.8 eq'PrMgClI.LIiCl/ 10%'PrLNH and quenching with
I, gave the iodoprodu&3 in 85% yield, while quenching with DMF ga®d in 75%
yield. The spectroscopic data for both compound®wemparable with literature
results, and also the melting points were in agesgmith literaturé®**® leading to the

conclusion that the right products were formed.

Knochel reported the deprotonation of 3-chlorogliive56, at the 2 positidii. We did
not haves6 at our disposal so we used quinols¥einstead. Treatin§7 with
'PrMgCI.LiCI/ 10%'Pr,NH resulted in an immediate exothermic reaction twedflask
had to be cooled down. Quenching with iodine ditthe yield the 2-iodoquinoling8 as

expected. What was obtained was 2-isopropylquie@(Scheme 39). This was



confirmed by mass spectrometry which showed a p@eak ain/z 172 [M + HJ. The

'H NMR spectrum also showed the isopropyl protons.

X |) PngCI LiCl, AN
=
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Scheme 39.
This suggests th&rMgCl.LiCl acted as a nucleophile in a similar menobserved
from the Tschitschibabin reactitfy where NaNH acts as nucleophile toward quinoline

to give 2-aminoquinoliné0 (Figure 20). Similar results were obtained withigiye as

the substrate, where 2-isopropylpyridiewas formed.
L ®

N/ NH, (Nj\(
60 61

Employing our method with the substituted benzetigyl-3-chlorobenzoaté2, resulted

Figure 20.

in addition to the ester group, giving 3-(3-chldnepyl)-2,4-dimethylpentan-3-db3,

instead of deprotonation at the 2-position (Schdf)e This was confirmed by mass

spectrometry where the parent peakw225[M - H] was obtained when the instrument

was run in negative ion mode.
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Scheme 40.

These results suggest that the Grignard reagesadsive toward electrophiles but not
basic enough to deprotonate, and hence shouldriverted into the less reactive and

more basic magnesium amide base.
2.6 Sulfonyl protecting groups

Lastly we report differences between the two défgrsulfonyl protecting groups used in
pyrrole and imidazole. The two were arylsulfongl j.phenylsulfonyl and
toluenesulfonyl, an®l,N-dimethylsulfamoyl groups. The arylsulfonyl groupsve been
used extensively in pyrrole and indole protectidn®”®%%?and good yields were
obtained over a variety of reactions. These protggroups however, reduce the
reactivity of imidazole and thus are not used asguting groups for imidazole. We also
observed this in our experiment when trying to té@nzonitrile with lithiated

phenylsulfonylimidazol2 and found no products.

The use oN,N-dimethylsulfamoyl protecting groups in pyrrolesizeen reported in
substituted pyrrof°°. Chadwicket al. showed thé\,N-dimethylsulfamoy! to be better



protecting groups for imidazdte The protecting group can be removed under basic
conditions similar to those of removing arylsulfbpyotecting group®>*°* We were
interested in introducing thé,N-dimethylsulfamoyl protecting group into a freemmje
and perform similar reactions performed on thesatjonylpyrrole.

Preparation of the arylsulfonylpyrrole has alreadgn reported in this chapter. The

103 \who treated a

sulfamoylpyrrole48 was prepared using the method of Wenhgl.
disubstistuted pyrrole with sodium hydride followlegN,N-dimethylsulfamoyl chloride
in DMF. We managed to gd8 in 99% yield using the method of Wong (Scheme 41).
The'H NMR spectrum gave two signals in the aromati¢aregorresponding to the four
protons but since the molecule is symmetrical, twly peaks are observed. Mass
spectrometry gave the parent peaka174 [M]" and the fragment at/z 108 which
correspond to the\,N-dimethylsulfamoyl]. These led us to conclude the desired
compound was made. When trying methods used ftsudignyl protection, no products

were obtained.
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Scheme 41.

The sulfamoylimidazold6 was prepared using the methods of ChadWidknidazole is
treated with triethylamine and,N-dimethylsulfamoyl chloride in benzene at room
temperature (Scheme 42). The product was obtam&8% yield. Spectroscopic data

and melting point were similar to previously pubgs data.
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Scheme 42.

The first comparison of the different protectinggos was in the iodination reaction;
arylsulfonylpyrrole5 and8 iodination yield was in the range of 60-75% (Scbe3f),
while arylsulfonylimidazole€22 could not be iodated (Scheme 43). The second
comparison is the addition of benzonitrile to titleidted arylsulfonylheterocycle; the
yields for benzonitrile addition to arylsulfonylpgie ranged from 30-60% (Scheme 18)
while no products were found in the addition tdswifonylimidazole (Scheme 19).
Arylsulfonylpyrrole was methylated while its imidale analogue could not be. These
results led us to conclude that arylsulfonyl protecgroups are suitable for pyrrole and

not for imidazole.
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Scheme 43.

Moving on to theN,N-dimethylsulfamoyl protecting group; the sulfammyirole 48
iodination was found to be 65% Byl NMR analysis while the iodination of
sulfamoylimidazoled6 was 78%. Methylation of sulfamoylpyrrole was nbserved,
while that of sulfamoylimidazole occured in 71%lgieThe methods used for
methylation were reported by Chadwigtkal. and his resulf$ were comparable to those
obtained in our laboratory. These results sugdestiN-dimethylsulfamoyl protecting

group is suitable for both the imidazole and pyrolt, it favours imidazole over pyrrole.



From the above mentioned comparisons, both progegtioups are compatible with
pyrrole but the arylsulfonyl protecting group ibetter protecting group for pyrrole. The
last reaction performed to support these obsemsiticas the benzonitrile addition to
lithiated sulfamoylpyrrolel8. The reaction was performed under similar condgito
those for arylsulfonylpyrrole (Scheme 18), trea8gvith butyllithium followed by
benzonitrile gave the sulfamid@d in 25% yield (Scheme 44).

SO,NMe
ii) PhCN S
W o/

64
Scheme 44.

'H NMR spectrum showed three pyrrole protons andsrepsctrometry gave the parent
peak [M" 277] and the fragment [169 corresponding to tise wfN,N-

dimethylsulfamoyl]. These results led us to coneltitht the correct molecule was made.
We also concluded that arylsulfonyl chloride artdygorotecting groups for pyrrole

when compared thl,N-dimethylsulfamoyl chloride.

2.7 Conclusion and Recommendations

In this dissertation, we were successful in aciigwur aims. We started by investigating
the 1,4-migration of the sulfonyl group during ghathesis oN-sulfonylimine ligand$
and15. The investigation required the preparation ofsuBstituted\-
toluenesulfonylpyrrol@ which is mixed withiN-phenylsulfonylpyrrolés in the crossover
experiment. Attempts to make a silyl and methylssited pyrrole did not yield the
desired products in pure form. We were successfpteparing 2-phenyi-
toluenesulfonylpyrrol@6 in gram quantities using the method developed iogiore &

al. Other methods investigated for the preparatio26adither required the reaction to be
performed in a glove box or required a large exoéssarting material for the reaction to

occur. We then concluded that the method develbyddinsmoreset al. is superior over



the current existing methods. When performing tiessover experiment, we found that

the 1,4-migration of the sulfonyl group occurs araintramolecular shift.

The N-toluenesulfonylimine ligand5 was successfully complexed with various
transition metals and the metal complexes formee \went for testing against cancer
cells. Although we intended that the metal ionudtidnave a coordination number of
four either by complexing two chelate ligaridsor one chelate ligand with two
triphenylphosphine units, as in the case for coppand silver(l) metal ions, we
observed metal complexes with coordination numbéwe, as in cobalt(11)32 and
zinc(ll) 33, where in addition to the two chelate ligands d.Diit is coordinated to the
metal. When preparing the silver complex, we digted that depending on the source of
triphenylphosphine (TPP), we can produce metal ¢exeis with one TPP unB5 and
also with two TPP unit&7. The platinum comple®8 contains one chelate ligad8 and
a cyclooctadiene ligand as the second chelatedighime metal complexes that showed
anti-cancer activity were the silver complexes t@platinum complex, and these
complexes are currently undergoing further tests.

We extended the scope of magnesiation, developdtdaleprotonation of
sulfonylpyrrole by Dinsmoret al., into sulfonylindole and found the method to work.
lodination of sulfonylindole was achieved in madnart 70% yield, also the phenylation

of sulfonylindole was achieved in more than 70%dyie

Finally we investigated the magnesiation methodplegently developed by Knochetl
al. which used a combination of lithium chloride @dgnard reagent. We were
interested in using catalytic amine base as opptwsttk stochiometric amount required
in the published report. We found that catalytis@jpropylamine was superior over
tetramethylpiperidine, when using 10% mole equinglbut found that the reaction time
for deprotonation increases. The newly developethoa®logy was used to deprotonate
N-sulfonylpyrrole,N-sulfonylindole,N-sulfonylimidazole andN-benzylbenzimidazole in

moderate to good yields.



For future work we recommend the following;

Solution studies on the complexes made, using US-3id ESI mass
spectrometry in trying to understand the stabdityg binding constants of the
complexes in different media. This will be very ianfant for the metal
complexes which showed promising results as it tygre insight on the mode
of action of these compounds;

Further testing on the metal complexes against atiseases such as HIV and
malaria, and also investigating the mode of aabibthe compounds;

Further investigation on the magnesiation methagipkmploying lithium
chloride and catalytic amine and to try and ugeuin chloride in catalytic
amounts;

The total synthesis of the densely functionalizgaldine-aziridine ring system
2 starting fromN-sulfonylimine4. This will require changing the nitrile source
from benzonitrile to cyan®,N-dimethylformamide or its derivatives, when
reacting lithiatedN-sulfonylpyrrole with nitriles. If the synthesis Bfis
successful, the total synthesis of azinomycin caatbempted.



Chapter 3

Experimental



Chapter 3: Experimental

3.1 General

a) Purification of reagentsand solvents
- THF and diethyl ether were distilled from sodiberizophenone
- Dichloromethane and DMF were distilledrfr calcium hydride
- Benzene and toluene were distilled fradism

- Hexane and ethyl acetate were distill@tout addition of reagents

b) Spectroscopic and Physical data
- Melting points were obtained using a Reichert$tage microscope, and are
uncorrected
-H and**C NMR spectra were recorded at 300.139 MHz and3mBMHz,
respectively, on Bruker Avance-300 spectrometeec8p were recorded in
deuteriated chloroform (CDg)lunless otherwise specified. Chemical shifts are
reported in parts per million (ppm) relative taréebethylsilane as internal standard
at zero ppm. Th&H NMR chemical shifts are reported: value (numtfer o
hydrogens, description of signal, coupling cong&nh hertz (Hz) where
applicable, assignment) and tH€ NMR chemical shifts are reported: value
(assignment). Abbreviations used: s = singlet,dbgblet, t = triplet and m=
multiplet.
- Infrared spectra were obtained on Bruker Ten3agctrometer. Samples were
placed on a diamond tip. The absorptions are regar the wavenumber (€h
scale, in the range 400 — 4000tm
- High-resolution, low-resolution and fast atom bmardment (FAB) mass spectra
were recorded on a VG70-SEQ instrument, electrgsprazation (ESI) mass
spectra were recorded on a Thermo Fischer LXQunsgnt. Data are quotenivz
value (relative abundance). Samples ran on FAB dissolved in a 3-nba matrix,

while those in ESI were dissolved in a ethanol/watiture.



- The crystal structure data sets was obtainedBmker SMART 1K CCD area
detector diffractometer with graphite monochromasar K, radiation (50 kV, 30
mA).

¢) Nomenclature and numbering of compounds
The compounds prepared during the course of tigegirare named in the
following experimental section according to systemaomenclature. However, the
numbering system used to illustrate the diagranteefe compounds is one
adopted for convenience and is not meant to reflgstematic numbering of these

compounds.
3.2 Synthetic procedures
| sopropylmagnesium chloride (iPrMgCl) 13

A flame dried three neck round bottom flask contegrMg (4.89 g, 0.201 mol) pre-dried
under high vacuum at 90 °C for 50 minutes, wasditwith a dropping funnel containing
isopropyl chloride (30 ml, excess), reflux condenaad 250 ml flask containing dry
THF (200 ml) via a cannula. THF (50 ml) was transfd to the flask followed by
isopropyl chloride (~6 ml) and few crystals of iogiThe flask was heated to initiate the
reaction and placed in an ice-water bath oncedhetion started. The remaining
isopropyl chloride was added drop-wise at suchi@atamaintain a gentle reflux and the
resulting solution was stirred at room temperaturél all Mg has reacted. The final
solution was diluted with dry THF, allowed to setfind transferred into a dry Ar flushed
flask via a cannula. The concentration of the sohutvas determined using the method
of Paquett®. In a flame dried, one-neck round bottomed flas&nthol (0.312 g, 2
mmol) and 1,10-phenanthroline (4mg) were dissolnedty THF and stirred for 2
minutes under Ar. The Grignard solution was addeg-avise via syringe until a distinct
violet color persisted for longer than a minutee Woncentration was found to be 0.91
M.



| sopropylmagnesium chloride- lithium chloride (iPrMgCI.LiCl) 14

The base was prepared using the method of Kn&dfieMg (2.673 g, 110 mmol) and
anhydrous LiCl (4.25 g, 100 mmol) were dried unldigh vacuum at 90 °C for 30
minutes. Isopropyl chloride (9.14 ml, 100 mmol)sdived in dry THF (50 ml) was
added slowly added into the flask along with feystals of  and the mixture stirred
under Ar at room temperature. The reaction whiahtstwithin a few minutes was kept at
room temperature and left stirring for 16 hourse Toncentration was determined as

mentioned above, and found to be 1.33 M.

N-Toluenesulfonylpyrrole 8

In a flame dried flask, pyrrole (5 ml, 0.07 mol)daNaOH (8.4 g, 0.21 mol) were
suspended in dry DCM (50 ml) and stirred at roomperature for 5 minutes to give a
finely divided mixture p-Toluenesulfonyl chloride (19 g, 0.1 mol), dissavia DCM

(40 ml), was added to the mixture, the flask waspea with a drying tube and stirred at
room temperature for 48 hours. The reaction wasched with water, the resulting
solution extracted with DCM (3 x 50 ml), the comdxdl organic layers washed with
brine (15 ml), dried over MgSQfiltered and the solvent was removed under redluce
pressure to give a brown solid which was purifigccblumn chromatography, eluting
with hexane / EtOAc (80 :20IN-Toluenesulfonylpyrrole was isolated as a brown-tan
solid, (12.578 g, 81.3%); mp 93-95 °C {it98-100C); vmax (NaCl) /cm’* 3054 (m),
1596 (m, C=N), 1455 (m), 1371 (m),1265 (s) and 1B89-SQ-); 3y (300 MHz; CDC};
Me,Si) 7.98 (2H, dJ 7.8, Ar-H), 7.29 (2H, dJ 7.3, Ar-H), 7.15 (2H, m, Pyrrole-H), 6.28
(2H, m, pyrrole-H) and 2.40 (3H, s, -M@&}; (75 MHz; CDC}) 142.9, 134.1, 127.9,
124.8, 118.7, 111.5 and 19.6; LRBAz 221 (M’, 100), 155 (32), 91 (71) and 65 (18).



N-Phenylsulfonylpyrrole 5

The above method was repeated using phenylsultingtide as an electrophile. After
purification, N-phenylsulfonylpyrrole was isolatad a grey solid, (7.635 g, 50%); mp
82-84°C (Lit®. 87-88°C); vmax (NaCl / cmi') 3054 (m), 1596 (m, C=N), 1455 (m), 1371
(m),1265 (s) and 1189 (m, -SQ o4 (75 MHz; CDCk; MesSi) 7.85 (2H, tJ 2.3, pyrrole
-H), 7.57 (3H, m, Ar-H), 7.17 (2H, m, Ar-H), 6.3@H, t,J 2.3, pyrrole-H)d¢c (75 MHz;
CDCl) 139.5, 134.2,129.8 , 127.14, 121.2 and 14207 (M, 70), 141 (35), 115
(5), 77 (100) and 51 (16) (Found: 207.0343%HsNSO; requires 207.03540).

N,N-Dimethylsulfamoyl chloride

Using the variation to the methods of HendricKSoN,N-dimethylamine hydrochloride
(30 g, 0.369 mol) was added to a 250 ml r.b. fldsie flask was then placed in an ice-
bath then sulfuryl chloride (SQl,) (99.6 g, 0.729 mol) was added drop-wise over 5
minutes into the flask. The flask was then cappild avdrying tube and gently refluxed
for 24 hours. The excess 80, was removed under reduced pressure then dry THF (45
ml) was added to precipitate the unreacted N,N-thgieamine hydrochloride. The
solution was filtered through a plug of celite,itHEHF removed under reduced pressure
to give a clear oil which was purified by distiltat to give the title compound as a clear
oil (45.953 g, 89.6 %). b.p B€ at 2.8 mmHg (Lif° 67°C at 8 mmHg)H (300 MHz;
CDCls; MeySi) 2.693 (6H, s, Me)dc (75 MHz; CDC}) 39.5914; (LREI)MWz 143.6 (M,
50), 108.1 (100).



N,N-Dimethyl-1H-pyrrole-1-sulfonamide 48

NaH (1.22 g, 0.05 mol) was suspended in DMF (20anf) placed in an ice bath. Pyrrole
(2.63 ml, 0.0368 mol) was added drop-wise intosthi@tion where a thick creamy
solution formedN,N-Dimethylsulfamoyl chlorid¢4.36 ml, 0.041mol) was added drop-
wise at °C over 5 minutes, then the resulting mixture wémaatd to warm to room
temperature and left stirring for 4 hours. DMF wasioved under high vacuum. The
resulting dark oil was partitioned between EtOAdar41: 1) (50 ml), the organic layer
extracted, the aqueous layer washed twice moreBw@#Ac (20 ml). The combined
organic layers were washed with brine (10 ml), dloger MgSQ, and the solvent
removed to give a dark oil which crystallized ugdanding to give a black solid. The
solid was then dissolved in DCM and filtered thrbwglica plug to giveN,N-Dimethyl-
1H-pyrrole-1-sulfonamid€6.356 g, 99%) of a light brown solid. mp. 55 8{300

MHz; CDCk; Me,Si) 7.08 (2H, m, pyrrole H), 6.31 (2H, m, pyrrol¢,12.81 (6H, s, -
Me); 8¢ (75 MHz; CDC}) 124.1, 112.1, 38.6; LRENz 174 (M', 80), 108 (100), 68 (93).

N,N-Dimethylimidazole-1-sulfonamide 46

Using the method of Chadwitf imidazole (3.010 g, 0.0528 mol), triethylaminent6
0.043 mol) andN,N-dimethylsulfamoyl chlorid¢6 ml, 0.055 mol) were dissolved in
benzene (40 ml) and stirred at room temperatur@@drours. The mixture was filtered
and the precipitate washed with benzene (2 x 15ThB filtrate and the washings were
combined and the solvent removed under reducedyme$o give a clear oil which was

dried under vacuum to givi¢,N-dimethylimidazole-1-sulfonamid@.563 g, 78%) as a



white solid; mp 40-42°C (Iit® 42-44°C) vmax (NaCl / cm®) 3127 (w), 1625.4 (w), 1391
(m)1153 (m, -S@); 64 (300 MHz; CDC}; MeySi) 7.92 (1H, s, imidazole-2-H), 7.27 (1H,
S, imidazole-4-H), 7.16 (1H, s, imidazole-5-H) @86 (6H, s, -Me)oc (75 MHz;

CDCly) 137.1, 130.9, 118.1 and 38.5; LREk 175 (M', 30), 108 (100), 69.2 (20).

N,N-Dimethyl-2-methylimidazole-1-sulfonamide®

\N
\
0°%

-0

Following the method of Chadwitk the sulfonamidd6 (0.5 g, 2.9 mmol) was
dissolved in dry THF (10ml) and the solution cooled78°C in a N/ acetone bath, n-
BuLi (1.6 M, 2.19 ml, 3.5 mmol) was added and thsuiting solution stirred for 15
minutes at -78°C. The reaction was quenched withrizethane (0.3 ml, 4.8 mmol). The
stirring was continued at room temperature for @0rk and the mixture was extracted
with 2M HCI (5 x 12ml). The combined acidic solut®were washed once with,E€t(10
ml) and basified with 10% NaOH solution. The salativas saturated with NaCl,
extracted five times with chloroform (10 ml), thencbined organic phase dried over
MgSO, and the solvent removed to giMeN-dimethyl-2-methylimidazole-1-sulfonamide
as a brown mobile oil (0.39 g, 71%) (300 MHz; CDC}; Me,Si); 7.22 (1H, dJ 1.7

Hz, imidazole 4-H), 6.93 (1H, d,1.7 Hz, imidazole 5-H), 2.91( 6H, s, NMge2.63 (3H,
s, Me);d¢c (75 MHz; CDC}) 145.7, 130.5, 119.7, 38.2 and 15.3; LR#t 189.1 (M,

38), 108.1 (100), 83.2 (26) and 54.3 (9).

General Method for M agnesation

Method A%
To N-toluenesulfonyl pyrrol& was addedPrMgCl (0.86 M, 2.5 eq. with respect&pin
THF) and {Pr}NH (0.05 eq. with respect ®). The mixture was maintained at room



temperature under an argon atmosphere for 18 haarslectrophile (2 eq. with respect
to 8) was added and the mixture was stirred at roonpégature. The reaction was
guenched by addition of saturated aqueoug@KR0 ml), and a saturated O3
solution (20 ml) in the case of s an electrophile. The mixture was extractecethirees
with EtOAc, the organic layer was dried over MgSfitered and the solvent was
removed under reduced pressure. Further detailgiaea for each individual

preparation, described below.
Method B

To anN-heterocycle was added a solutionfMgCI.LIiCl (1.11M, 1.8 eq. with respect
to N-heterocycle, in THF) andRr),NH (0.1 with respect to N-heterocycle). The mixture
was stirred at room temperature under an argonsghave for 18 hours. An electrophile
was added and the mixture was stirred at room teatyoe for 20 minutes. The reaction
was quenched by addition of saturated aqueougCNE0 ml), and a saturated p&O;
solution (20 ml) in the case of &s an electrophile. The mixture was extractecethirees
with EtOAc, the organic layer was dried over MgSfitered and the solvent was

removed under reduced pressure.

2-1odo- N-Phenylsulfonylpyrrole 39

N-Phenylsulfonylpyrrolé (1.00 g, 4.82 mmol) was treated according to methodith
iPrMgCl (12.05 mmol, 14 ml, 2.5 eq.) an@1,NH (28 pl, 0.2 mmol, 5 mol %). After
standing at room temperature for 18 hours, theticeawas treated with, (3.00 g, 12.0
mmol) followed by aqueous work-up and recrystatii®em 96% EtOH to giv@-iodo
- N-phenylsulfonylpyrroled9 (1.12 g, 70% ) as brown crystals; mp. 96-98 {£87-98)



dn (300 MHz; CDC}; Me,Si) 7.91-7.94 (2H, m, Ar-H), 7.61-7.66 (1H, m, A)H.59
(1H, dd,J 3.4 and 1.8, pyrrole-H), 7.50-7.56 (2H, m, Ar-A)52 (1H, dd,) 3.4 and 1.8,
pyrrole-H), and 6.27 (1H, apparend3.4, pyrrole-H)dc (75 MHz; CDC}) 147.5,
138.2,134.2,129.2, 128.1, 127.9, 126.7 and 114REImz 333 (M, 85), 207 (7), 192
(9), 141 (46) and 77 (100) (Found: 332.9392HgNO,SI requires 332.9321).

The reaction was also performed using method Baiodio- N-phenylsulfonylpyrrole
was obtained in 68% yield. Spectroscopic and playgimperties obtained, were
identical to those reported above.

2-Phenyl- N-toluenesulfonylpyrrole 26

N-Toluenesulfonylpyrrold (0.884 g, 3.98 mmol) was treated according to neetho
with iPrMgCl (0.86 M, 9.95 mmol, 2.5 eq.) an@®(pNH (28 ul, 0.2 mmol, 5 mol %).
lodobenzene (0.89 ml, 7.96 mmol) and PdMBh(0.231 g, 0.2 mmol). After stirring at
room temperature for 48 hours, the reaction wastipaed between EtOAc (50 ml) and
sat. ag. NHCI (50 ml), the organic phase separated, the agueloase washed further
with EtOAc. The combined organic phase were driest d1gSQ and the solvent
removed under reduced pressure to give a browwlodh was further purified by
column chromatography on silica gel, eluting witbhtbromethane / hexane (1:4) to
yield the title compound as a brown solid (600 &it6) mp. 122 T (Lit. 123-124 °C¥’
o (300 MHz; CDCY; MeySi) 7.05-7.44 (10H, m, 9Ar-H and 1 pyrrole-H), 6 (3H,
apparent tJ 3.3, pyrrole-H), 6.15 (1H, apparent ddl.8 and 3.3, pyrrole-H) and 2.35
(3H, s, Me); dc (75 MHz; CDC}) 145.0, 136.4, 136.0, 131.7, 131.3, 129.7, 128, 7,
127.5, 124.5, 116.1, 112.4 and 21.9; HRE4297.08 (M, 100).



N-Phenylsulfonylpyrrole-2-car baldehyde 45

N-Phenylsulfonylpyrrole (2.42 mmol, 0.50 g) was tegbaccording to method B with
iPrMgCI.LiCl (4.356 mmol, 3.92 ml, 1.8 eq) an@;NH (0.242 mmol, 34 ul, 10

mol%). DMF (6 mmol, 0.31 ml) was added and the sofustirred for 30 min. The
agueous work-up gave a brown oil which was purifigth column chromatography on
silica gel using 20% EtOAc: hexane as eluent te biphenylsulfonylpyrrole2-
carbaldehyde (0.344 g, 60%) as an off-white solig;77-78 °C (LR%., mp. 78-79 °C)3y,
(300 MHz; CDC}; MeySi) 9.96 (1H, s, CHO), 7.94-7.91 (2H, m, Ar-H), 7-8.46 (4H,

m, pyrrole-H and Ar-C), 7.18 (1H, dd 3.4 and 1.7, pyrrole-H) and 6.43 (1H, apparent t,
J 3.4, pyrrole-H)dc (75 MHz; CDC}) 179.2 (CHO), 138.6, 134.9, 133.9, 129.8, 127.8,
125.2 and 112.9; HREWz 235.03 (M, 100).

1-Benzyl-2-iodo-1H-benzo[d]imidazole 53
N

-
3

N-Benzylbenzimidazole (2.42 mmol, 0.503 g) was @datccording to method B with
iPrMgCI.LiCl (4.356 mmol, 3.92 ml, 1.8eq) an&NH (0.242 mmol, 34 ul, 10 mol%).
I, (6 mmol, 1.50 g) was added and the solution stifoe 10 min. The aqueous work-up
gave a brown solid which was purified with coluntmamatography on silica gel using
20% EtOAc: hexane as eluent to giveenzyl2-iodo-1H-benzoflimidazole(0.686 g,
85%) as a white solid; mp 118-119 °C #4t118-120°C); & (300 MHz; CDC}; MesSi)



7.75 (1H, tJ 3.0, benzimidazole-H), 7.32-7.13 (8H, m, benzimala-H and Ar-H), 5.38
(2H, s, -CH-); LREI mVz 334.8 (M + H, 15), 333.8 (f100), 207 (25).

1-benzyl-1H-benzo[d]imidazole-2-car baldehyde 54

i,

N-Benzylbenzimidazole (2.42 mmol, 0.503 g) was #datccording to method B with
iPrMgCI.LiClI (4.356 mmol, 3.92 ml, 1.8 eq) andéNH (0.242 mmol, 34 ul, 10
mol%). DMF (6 mmol, 0.31 ml) was added and the sofustirred for 30 min. The
agueous work-up gave a brown oil which was purifigth column chromatography on
silica gel using 20% EtOAc in hexane as eluentve t-benzyl-H-benzof]imidazole2
-carbaldehyd€0.406 g, 70%) as a white-yellow solid; mp 104-205(it.%° 105-107°C);
oy (300 MHz; CDCH; MeysSi) 10.141 (1H, s, CHO), 7.95 (1H 3.0, benzimidazole-H),
7.44-7.15 (8H, m, benzimidazole-H and Ar-H), 5.85i( s, -CH-); d¢c (75 MHz; CDC})
184.9 (CHO), 145.9, 142.9, 136.6, 136.0, 128.9,0,2R27.1, 126.937, 124.2, 122.5,
111.4 and 48.0; HREWz 236.09 (M, 100).

2-1odo-N,N-dimethyl-1H-imidazole-1-sulfonamide 47

N

o:$:o
N,N-Dimethylimidazolei-sulfonamide (2.42 mmol, 0.420 g) was treated atingrto
method B withPrMgCI.LiCl (4.356 mmol, 3.92 ml, 1.8eq) ané& ,NH (0.242 mmol,
34 ul, 10 mol%) and left stirring at room temperattor 18 hrs.4 (6.0 mmol, 1.50 g)
was added and the solution stirred for 10 min. ddpgeous work-up gave a dark brown
oil which was purified with column chromatography silica gel using 20% EtOAc:

Hexane as eluent to gizeiodo-N,N-dimethyl-1H-imidazoled-sulfonamide (0.568 g,
78%) as brown oildy (300 MHz; CDC}; MesSi) 7.45 (1H, d,J 1.8, imidazole-H), 7.05



(1H, d,J 1.8, imidazole-H), 2.98 (6H, s, -M&): (75 MHz; CDC}) 131.2, 123.5, 83.2
and 37.8; LREn/z301.9 (M + H, 5), 300.9 (¥ 100), 193.9 (29).(Found 300.9376:
CsHgN3SGOul requires 300.9382).

2-Formyl-N,N-dimethylpyrrole-1-sulfonamide 49
\'}'/
0=S=0

Or

N,N-Dimethyl-1H-pyrrole-1-sulfonamide (2.42 mmol, 0.417 g) wasiteel according to
method B withiPrMgCI.LiClI (4.356 mmol, 3.92 ml, 1.8eq) an@(pNH (0.242 mmol,
34 ul, 10 mol%) and left stirring at room temperatfor 18 hrs. DMF (6 mmol, 0.31 ml)
was added and the solution stirred for 30 min. ddueeous work-up gave a brown oil
which was purified with column chromatography dicaigel using 40% EtOAc in
hexane as eluent to giveformyl-N,N-dimethylpyrrolei-sulfonamide (0.151 g, 31%) as
a brown oil. Vfux 1665 (CHO), 1421 (C=0), 1379, 1249 and 1153 50 (300 MHz;
CDCl3;; Me,Si) 10.06 (1H, s, CHO), 7.40 (1H, apparerk 1,7, pyrrole-H), 7.27-7.23
(1H, m, pyrrole-H), 6.39 (1H, apparentt3.3, pyrrole-H) and 2.87 (6H, s, -Me) (75
MHz; CDCk) 179.9 (CHO), 133.9, 129.9, 122.5, 111.4 and 3&/2HREI 202.0408
(M*, 100) (Found 202.0408:78,003N,S requires 202.0412).

2-1odo-5-methoxy-1phenylsulfonyl-1H-indole 51

5-Methoxy-1-phenylsulfonyl-H-indole (2.42 mmol, 0.695 g) was treated accordtiing
method B withPrMgCI.LiCl (4.356 mmol, 3.92 ml, 1.8eq) ané&®,NH (0.242 mmol,
34 ul, 10 mol%) and left stirring at room temperattor 18 hrs.4(6 mmol, 1.5 g) was
added and the solution stirred for 10 min. The agsevork-up gave a dark brown oil



which was purified with column chromatography dicaigel using 10% EtOAc in
hexane as eluent to giveodo-5-methoxy-1-phenylsulfonylH-indole (0.849 g, 85%)
as a brown solid; mp. 122-124°&; (300 MHz; CDC}; MesSi) 8.18 (1H, dJ 8.2, Ar-
H), 7.87 (2H, dJ 7.9, Ar-H), 7.55-7.53 (1H, m, indole-H), 7.46-7.2H, m, Ar-H),
6.93-6.85 (3H, m, indole-H) and 3.83 (3H, s, -OMR®)(75 MHz; CDC}) 156.9, 138.5,
134.4, 133.7, 133.1, 129.5, 127.5, 124.8, 116.8,201102.4 and 56.0; LREWz 414.8
(M + H, 12), 412.8 (M, 79), 271.8 (100) and 228.8 (10) (Found 412.9888:,NO;SI
requires 412.9582).

5-M ethoxy-2-phenyl-1-phenylsulfonyl-1H-indole 55

5-Methoxy-1-phenylsulfonyl-#i-indole (2.42 mmol, 0.695 g) was treated accordiing
method B withPrMgCI.LiCl (4.356 mmol, 3.92 ml, 1.8eq) ané&®,NH (0.242 mmol,
34 ul, 10 mol%) and left stirring at room temperatfor 18 hrs. The reaction was treated
with iodobenzene (0.49 ml, 4.356 mmol) and Pe2(231.16 mg, 0.2 mmol). After
stirring at room temperature for 48 hours, the tieacvas partitioned between EtOAc
(50 ml) and sat. ag. N¥&@I (50 ml), the organic phase separated, the agugoase
washed further with EtOAc (25 ml). The combinedaonig phase were dried over
MgSO, and the solvent removed under reduced pressyigea brown oil which was
further purified by column chromatography on silge, eluting with dichloromethane /
hexane (1:4) to yield the title compound as a brow(0.527 g, 60%)s4 (300 MHz;
CDCls;; Me,Si) 8.19 (1H, dJ 9, Ar-H), 7.51-7.24 (10H, m, Ar-H and indole-H§,96
(1H, dd,J 2.4 and 9, indole-H), 6.88 (1H, 2.4, indole-H), 6.48 (1H, s, indole-H) and
3.814 (3H, s, -OMe)c (75 MHz; CDC}) 157.1, 143.0, 137.2, 133.4, 132.8, 132.3,
131.7,130.2, 128.7, 128.5, 127.5, 126.7, 117.3,9.113.5, 103.2 and 55.6; HRiB&lz
363.09 (Found 363.0924:,(F;703NS requires 363.0929).



2-(4-Bromo-2,5-dimethoxyphenyl)-1-phenylsulfonyl-1H-indole 44

1-Phenylsulfonyl-H-indole (2.42 mmol, 0.622 g) was treated accordingethod A
with iPrMgCl (6.05 mmol, 2.5 eq.) antP¢pNH (28 ul, 0.2 mmol, 5 mol %). After
standing at room temperature for 18 hours, thetimawas treated with 1,4-dibromo
-2,5-dimethoxybenzene (4.356 mmol, 1.280g) and R#(l?(231.16 mg, 0.2 mmol).
After stirring at room temperature for 48 hours thaction was partitioned between
EtOAc (50 ml) and sat. ag. N8I (50 ml), the organic phase separated, the agueou
phase washed further with EtOAc. The combined dogaimase were dried over Mgs0O
and the solvent removed under reduced pressuiigag@dyrown oil which was further
purified by column chromatography on silica gelitielg with EtOAc / hexane (1:5) to
yield the title compound as a brown solid (0.7062£6) mp. 181-183°Gj, (300 MHz;
CDCl;; Me,Si) 8.24 (1H, dJ 8.4, Ar-H), 7.51 -7.25 (8H, m, Ar-H and indole-H)13
(1H, s, Ar-H), 6.78 (1H, s, Ar-H), 6.58 (1H, s, mid-H), 3.82 (3H, s, -OMe) and 3.68
(3H, s, -OMe)dc (75 MHz; CDC}) 153.1, 149.6, 139.0, 137.9, 137.0, 133.8, 130.4,
129.0, 127.1, 125.2, 124.3,121.5, 121.3, 116.8,5.116.1, 113.5, 113.3, 57.4 and 56.5
: HREImMYz471.01 (Found 471.01511,50,NBrS requires 471.0139).

4-Methyl-N-[phenyl (1H-pyrrol-2yl)methylene]benzenesulfonamide 15
0

S
(0}
H N @R
N I
\ / R=H:6
R = Me: 15

Using variation methods to Mandy and P3tiN-toluenesulfonylpyrrolé (1.004g,
0.0046 mol) was dissolved in dry THF (20 ml), thkesk was cooled to —20 °C inN



acetone bath. n-BuLi (1.6 M, 3.25 ml, 0.0052 ma?, 4q) was added and the solution
stirred at —20°C for 20 minutes. Benzonitrile (K 0.0055 mol) was added and the final
solution was allowed to warm to room temperatui stivred for 17 hours. The reaction
was quenched with saturated MH solution, and extracted with EtOAc (2 x 20 nilhe
combined organic layers were washed with brinesddover MgS®@and the solvent
removed under reduced pressure to give a browwhbith was further purified by
column chromatography, eluting with hexane / Et@8@ : 20) to give the title
compound0.894 g, 60%)mp 110-113°Cymax (NaCl / cm') 3358 (m, N-H), 3058 (m),
1595 (w, C=N), 1545 (s) and 1197 (s, 23@x (300 MHz; CDC}; MesSi) 10.16 (1H,
broad s, -NH), 7.75 (2H, 4,7.846, Ar-H), 7.52-7.36H, m, Ar-H), 7.26-7.21 (4H, m,
Ar-H), 6.48 (1H, m, pyrrole-H), 6.30 (1H, m, pyresH) and 2.43 (3H, s, -Me)c (75
MHz; CDCk) 142.0, 137.9, 131,1.29.6, 126.6, 126.1, 111.2 and 2GHREIn/z 324

(M*, 37), 259 (70), 169 (100), 157 (24), 91 (42) @Ad31) (Found 324.09237.
C18H1602N2S requires 324.09325).

N-[Phenyl(1H-Pyrrol-2yl)methylene]benzenesulfonamide 6

Repeating the above procedure viHphenylsulfonylpyrroleés gave the title compoungl
(0.423 g, 30%) ; mp 145-148°G;a (NaCl / cm) 3428 (m, N-H), 3055 (m), 1544 (s)
and 1156 (s)d4 (300 MHz; CDC}; Me,Si) 10.16 (1H, broad s, -NH), 7.99-7.82 (2H, m,
pyrrole-H), 7.70-7.38 (8H, m, Ar-H), 7.25 (2H, mt-A), 6.51 (1H, m, pyrrole-H), 6.33
(1H, m, pyrrole-H)¢ (75 MHz; CDC}) 141.8, 132, 130.7, 129.6, 129.3, 128.6, 128.0,
127.7 and 112.3; HREVz 31.01003 (M, 46), 249.1169 (10), 169.0698 (100) and
77.03945 (38) (Found 310.01003,78,4N,0,S requires 310.0776).



(E)-4-M ethyl-N-[phenyl(5-phenyl-1H-pyrrol-2-yl)methylene] benzenesulfonamide
29

2-Phenyl-N-tolueneulfonylpyrrolg6 (420 mg, 1.4 mmol) was dissolved in dry THF
(5ml), the flask was cooled to —20 °C, in/ldcetone bath, n-BuLi (1.1 ml, 1.69 mmol)
was added and the solution stirred at —20 °C famBtutes. Benzonitrile (1.69 mmol,
0.19 ml) was added and the final solution was atldwo warm to room temperature and
stirred for 2 hours. The reaction was quenched gatirated NI solution, and
extracted with EtOAc (2 x 20 ml). The combined migdayers were washed with brine,
dried over MgS@and the solvent removed under reduced pressugigdga brown oil,
which was further purified by column chromatograpéiyting with hexane / EtOAc (80 :
20) to give (200 mg, 36%) of the title compound..M4°Csy (300 MHz; CDC};

Me,Si) 10.80 (1H ,broad s, NH), 7.71 (4H,ddl7.31 and 7.32,p-Tol-H), 7.35-7.52 (8H,
m, Ar-H), 7.21-7.26 (2H, m, Ar-H), 6.61 (1H, apparé¢, J 3.3, pyrrole-H) 6.54 (1H, m,
pyrrole-H), 2.41 (3H,s,mepc (75 MHz; CDCH}) 143.4, 142.8, 139.3, 131.0, 130.6,
129.9, 128.0, 127.5, 125.9, 110.5, 21.9; HRE1400.13245 (M,80), 245.11597 (100),
218.98562 (62) and 115.02906 (58) (Found 400.132451,0N20,S requires 400.1245).

N,N-Dimethyl-N’-[phenyl(1H-pyrrol-2yl)methylene]sulfamide 64

N,N-Dimethyl-1H-pyrrole-1-sulfonamidd8 (2.9 mmol, 0.501 g) was lithiated as
mentioned above for the preparatioriléf using n-BuLi (3.45 mmol, 2.2 ml) at —20 °C
and stirred for 30 minutes before the addition@fizonitrile (3.45 mmol, 0.35 ml). The



final solution was allowed to warm to room temperatand left stirring for 2 hours. The
usual aqueous work-up gave a dark oil which wasgipdrby column chromatography
using 20% EtOAc: hexane as eluent to give thedl@mpound (0.202 g, 25%) as a brown
solid; mp. 106-108 °G3y (300 MHz; CDC}; Me,Si) 7.60-7.41 (5H, m, Ar-H), 7.20 (1H,
m, pyrrole-H), 6.50 (1H, m, pyrrole-H), 6.31 (1H, pyrrole-H) and 2.90 (6H, s, -Me);

dc (75 MHz; CDC}) 130.8, 129.1, 128.6, 128.3, 127.4, 111.7 and; 38| m/z
278.18047 (Mr H', 8), 277.177 (M, 40), 169.121 (100) and 77.053 (21) (Found
277.17715: GH15N30,S requires 277.0885).

Crossover experiment

In a flame dried flask, 2-phenii-tolueneulfonylpyrrole26 (210 mg;0.7 mmol) ani-
phenylsulfonyl pyrrolé (144.9 mg; 0.7 mmol) were dissolved in dry THF{B. The
flask was cooled to —20 °C, imNacetone bath, n-BuLi (1.1 ml, 1.69 mmol) was adde
and the solution stirred at —20 °C for 30 minuB=nzonitrile (1.69 mmol, 0.19 ml) was
added and the final solution was allowed to warmotam temperature and stirred for 2
hours. The reaction was quenched with saturategCNsblution, and extracted with
EtOAc (2 x 20 ml). The combined organic layers veaktwith brine, dried over MgSO
and the solvent removed under reduced pressutigg@drown oil which was purified
by chromatography using 10% EtOAc in hexane aswldavo fractions were collected
and characterized by high resolution MS which shibthe presence oEJ-4-methyl-N-
[phenyl(5-Phenyl-H-pyrrol-2-yl)methylene]benzenesulfonamiaied N-[phenyl(1H-
pyrrol-2yl)methylene]benzenesulfonamide as the petslof the addition reaction.

Metal Complexes

Ligand 1 =deprotonated 4-methyl-N-[phenyl(1H-pyrrol-
2yl)methylene]benzenesulfonamide



CuL (P(Ph)s), 31

Ligand 1 (0.100 g, 0.301 mmol) and CuBr(P@(0.263 g, 0.301 mmol) were
dissolved in chloroform (20 ml)and stirred for 2nuies. DBU (45 pl, 0.301 mmol) was
added to the solution by syringe and the resuliwigtion, which turned from light
brown to dark brown, was left stirring at room teargdure for 30 minutes. The reaction
was quenched with sat. NHGQvashed with DCM, the organic layer dried over N\IgS
The solvent was removed to give a dark brown oictvlivas dissolved in DCM: hexane
(1: 1, 10 ml) to precipitate yellow crystals (16@,m8%) suitable for X-Ray diffraction.
(See Appendix 3 for structure); mp.(dec.) 193-1950¢ax 3053 (w), 1522 (s), 1481 (s,
C=N), 1463 (s), 1433 (s), 1413(s), 1361 (s), 12971267 (vs), 1195 (w, -S6), 1143
(vs); 61 (300 MHz; CDCY; Me,Si) 7.39-7.16 (31H, m, P(Phand pyrrole-H), 7.04 (3H, t,
J 7.8, Ar-H), 6.87 (2H, d, 7.5, Ar-H), 6.50-6.40H4m, Ar-H), 6.23 (1H, apparent d, J
3.4, pyrrole-H), 5.29 (1H, m, pyrrole-H) and 2.BH( s, -Me); Anal. Calcd. for
Cs4H4sCUuN;O-P,S: C, 71.15; H, 4.98; N, 3.07; S, 3.52. Found6Z56; H, 5.14; N,
3.03; S 3.70. FABN/z587.4 (M minus L) (15), 325.2 (15), 262.2 (25); ESI 587.25 (100)

CuL, 30

Ligand 1(0.200 g, 0.617 mmol) and Cu(OA()6.11 mg, 0.3085 mmol) were dissolved
in methanol (10 ml) and stirred for 2 minutes, DE0 pl, 0.617 mmol) was added to the
solution which was then refluxed for 2 hours. Thiigon was then allowed to cool to
room temperature whereafter precipitation occuriéx precipitates were filtered,
washed with methanol (5ml) and allowed to dry tomf dark green crystals (75 mg,
34%). mp.(dec.) >250 °GQjmax 1596 (W), 1541 (vs), 1490 (s, -C=N), 1470 (w), 344),
1405 (s), 1369 (vs), 1317 (s), 1283 (vs), 12191@D1 (vs, -S@), 1182 (s), 1151 (vs),
1108 (s) 1044 (vs), 1005 (siyz ES1732.13 (M + N4, 10), 710.08 (M + H 12), 347.12

(L + Na', 100) and 325.03 (L +}



NiL, 19

Ligand 1 (0.400 g, 1.24 mmol) and Ni(acetylacetepd0.159 g, 0.62 mmol) were
dissolved in ethanol (10 ml), DBU (1.24 mmol, 18Dpwas added and the final solution
was refluxed for 24 hours. The solution was allowedool to room temperature. The
solvent was reduced to half its original volume #melsolution was left in the fridge
overnight whereafter precipitation occurred. Thecpitates were filtered, washed with
diethyl ether (10 ml), recrystallised from DCM: lagwe mixture to give light green
crystals (128 mg, 29%). mp.(dec) 149-151%G:x 1645 (s), 1580 (s), 1523 (m), 1487
(m, C=N), 1465 (m), 1443 (m), 1417 (s), 1366 (w281 (s), 1196 (s, -SO), 1148 (s),
1086 (s), 1034 (s); FABVz 727.2 (M + N4, 20), 705.2 (M + H), 381.1 (5), 325.1 (55).

CoL,DBU 32

Ligand 1 (0.200 g, 0.617 mmol) and Ce6H,O (73.76 mg, 0.31 mmol) were dissolved
in methanol (10 ml), DBU (90 ul, 0.617 mmol) waslad to the solution which was
refluxed for 24 hours and cooled to room tempegatlihe solvent was reduced to half
and the solution was left in the fridge for 24 l©owhereafter precipitation occurred. The
precipitates were filtered off, washed with methHgdaml), then petroleum ether (10 ml)
and left to dry in air to give a brown solid (160n6§%). The solid was recrystallised
from DCM: EtOH mixture to afford dark crystals sabte for X-Ray diffraction (See
appendix 4 for structure). mp.(dec) > 25096ax1599 (s), 1526 (s), 1489 (s, C=N), 1465
(s), 1429 (s), 1380 (s), 1312 (vs), 1273 (vs), 1&H), 1194 (s, -Sf, 1155 (vs), 1082 (s),
1042 (vs), 1003 (s); FABVz 858.2 (M + H, 5), 705.2 (8), 534.2 (36), 153.1 (100).

ZnL,DBU 33
Ligand 1 (0.200 g, 0.617 mmol) and Za2.16 mg, 0.31 mmol) were dissolved in

methanol (10 ml). DBU (90 ul, 0.617 mmol) was adtiethe solution which was

refluxed for 24 hours, then cooled to room tempegatThe solvent was reduced to half



and the solution was left in the fridge for 24 rowhereafter precipitation occurred. The
precipitates were filtered off, washed with methHgbaml), then petroleum ether (10 ml)
and left to dry in air to give a brown solid (160n6@%). mp.(dec) 228-230%;.x 1646
(w), 1599 (s), 1524 (s), 1490 (s, C=N), 1468 (dB2A(vs), 1379 (vs), 1310 (vs), 1276
(s), 1215 (vs), 1199 (s, -9, 1153 (vs), 1082 (s), 1042 (vs), 1003 (s); BEEA 733.48

(6), 711.17 (10), 603.22 (20), 347.10 (100); FAB&6(M + H', 5), 711.2 (5), 539.2

(30), 387.1 (5), 325.1 (7), 153.2 (100).

AgL P(Ph)s 35

Ligand 1 (0.227 g, 0.855 mmol), silver nitrate @b1g, 0.855 mmol) and P(Rl{p.244 g,
0.885 mmol) were dissolved in ethanol (10 ml) atmdesl for 2 minutes. DBU (0.855
mmol, 125 pl) was added to the solution, which vedisixed in the dark under Ar for 4
hours. The solution was allowed to cool to roomgerature whereafter precipitation
occurred. The precipitates were filtered, washetl @tOH (2 ml), diethyl ether (10 ml)
and allowed to dry in air to give a dark greend¢840 mg, 61%) which was
recrystallised in DMF-DCM mixture to give light gne crystals suitable for X-Ray
diffraction (See Appendix 5 for structure). mp.(Je&18-220 °Cymax 1738 (s), 1592 (w),
1435 (m), 1366 (s), 1229 (s), 1216 &)(300 MHz; CDC}; Me,sSi) 7.64-7.14 (23H, m,
PPhand Ar-H), 6.84 (2H, d) 7.8, Ar-H), 6.41-6.37 (2H, m, pyrrole-H) and 2.3, s,-
Me); 6c (75 MHz; CDC}) 168.4 , 145.6 , 142.1, 141.2, 140.3, 135.8, 13138.4, 131.9,
131.4,131.1, 129.5, 129.4, 129.4, 128.9, 128.3,5,226.9, 116.9 and 21.8; Anal. Calcd
for CgsH30AgN2O.PS: C, 62.34; H, 4.36; N, 4.04; S, 4.62. Foundb¥T93; H, 4.46; N,
4.05; S, 4.74.m/z FAB 631.4 (100), 369.2 (70), 325.2 (40).

AgCI[P(Ph)s]; 36

AgCl (1.49 g, 10 mmol) was suspended in DCM (14ptivén P(Phy)(10.97 g, 40 mmol)
dissolved in DCM (40 ml) was added drop-wise itite $olution. The final solution was
stirred at room temperature for 2 hours, filtefeelxane added to the filtrate until the

solution turned milky. The Ag complex precipitateg upon standing and was filtered,



washed with hexane and dried in air to give whitstals (7.52 g, 81%). m.p 186
(Lit. 185-187°C)%°

AgL[P(Ph)s], 17

Ligand 1 (0.277 g, 0.855 mmol) and AgCI[P(Rk)0.795 g, 0.855 mmol) were
dissolved in chloroform (20 ml), DBU (0.855 mmol1B5 ul) was added to the solution.
The final solution was stirred at room temperafore30 minutes, washed with sat.
NaHCG; (10 ml) extracted with DCM (10 ml x 2), the comhinerganic layers were
dried over NaSQ,, and the solvent removed to leave a dark browrToi oil was
dissolved in DCM: hexane (1:4) where unreacted fgEh}]s; was precipitated out as
white solid (300 mg). The filtrate was again dissol in DCM: Hexane mixture, at which
point yellow precipitates (340 mg, 42%) were obgainThe solid was recrystallised from
EtOH: DCM where crystals suitable for X-Ray difft@an were obtained (see appendix 6
for structure); mp. (dec) 226-230 °Grax 1739 (s,br), 1597 (w), 1521 (s), 1480 (w,
C=N), 1465 (s), 1433 (w), 1408 (s), 1371 (vs), 1823, 1291 (s), 1265 (s), 1197 (s, -
SO,-), 1155 (s), 1141 (s), 1081 (s), 1048 (m)103% ©s)300 MHz; CDC}; MesSi)
7.43-7.25 (33 H, m, PRland Ar-H), 7.13-6.91 (4H, m, Ar-H), 6.86 (2H,X17.8, Ar-H),
6.64 (2H, dJ 7.8, Ar-H), 6.40 (1H, apparent d3.9, pyrrole-H), 6.29- 6.28 (1H, m,
pyrrole-H) and 2.20 (3H, s, -Me); FAB/z 631.4 (M minus L) (69), 369.2 (80), 262.2
(100); (Anal. calcd. for H4sAgN2O.P,S: C, 67.86; H, 4.75; N, 2.93; S, 3.35: Found C,
65.67; H, 4.82; N, 2.58, S, 2.95.

PdL, 34

Ligand 1 (0.2 g, 0.617 mmol) was dissolved in MeQ@HB ml). NaOAc (24 mg, 0.31
mmol) was added to the solution which was stire@dbfminutes. In a separate flask,
PdC} (54.72 mg, 0.31 mmol) and LiBr (107.68 mg, 1.24 ei)wvere dissolved in MeOH
(2 ml) and stirred for 2 minutes before being tfaned to the other flask. The final
solution was stirred at 30°C for 24 hours. Yellawgipitates, which started forming in

the first hour, were collected by filtration, wadhgith methanol then petroleum ether to



give a yellow solid (140 mg); mp.(dec) >250 Gax 1595 (w), 1577 (w), 1547 (s), 1490
(w, C=N), 1444 (w), 1399 (s), 1365 (s), 1323 (D93 (s), 1219 (w), 1196 (m, -
1152 (s), 1084 (s), 1043 (s), 1010 (m); B%t 775.1 (M + N4, 34), 347.11 (L + Nj
100), 325.08 (L + A 5).

PtL (COD) 38

Ligand 1 (259.8 mg, 0.804 mmol) and R(CIOD) (150 mg, 0.402 mmol) were dissolved
Toluene (20 ml), DBU (117.6 ul, 0.804 mmol) was edidnd the resulting solution was
refluxed under Ar for 12 hours. The solution wdiefed, the solvent removed by
evaporation and the resulting yellow oil was pedfioy column chromatography using
20% EtOAc in hexane as eluent. A bright yellow @¢li56 mg) was obtained and
recrystallised from DCM: EtOH mixture to give crafst suitable for X-Ray diffraction
(see appendix 7 for structure); mp. (dec) 204-2D6/max 1597 (W), 1529 (s), 1491 (m,
C=N). 1468 (m), 1406 (m), 1373 (s), 1322 (s), 12921250 (w), 1218 (w), 1197 (w, -
SQ), 1155 (s), 1080 (m), 1048 (s), 1016 (m); FAE 625.4 (M, 62), 518.3 (5), 470.3
(25), 364.2 (12), 325.2 (25).
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