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Preamble

Funding for this work was provided by the CRC for MicroTechnology. For the
development of platform technologies, that would have applications in the
construction of functional molecular devices. As such, the work presented in this
thesis may initially seem diverse as it outlines foundation studies in three areas of
chemical nanoscience. However, these areas are closely interrelated and all three,
macromolecular assembly, surface modification and functional linker design are
required for the assembly of any molecular device. Chapter one describes the
synthesis and characterisation of a number of peripherally functionalized dendritic
molecules with the potential to be functionalized as biosensor substrates,
chemotherapeutic agents or drug transport vehicles. The range of functional groups
used, and the functional group conversions achieved in the preparation of the
dendritic molecules illustrates the potential scope for the use of the isocyanate-amine
coupling reaction in the synthesis of highly ordered macromolecular dendritic
systems. Chapter two describes preliminary studies in substrate design. It describes
the methodology behind the covalent attachment of fluorescent proteins to self-
assembled monolayers on gold surfaces. Once located on the surface these molecules
may act as potential signalling agents in array based fluorescent biosensor devices, or
high density molecular information storage arrays. Additionally chapter two
describes preliminary studies towards the development of a new compound that
could act as a novel heat activated SAM surface for the preparation of high density
biomolecule arrays. Finally, chapter three investigated the synthesis of a number of
heterobifunctional linking reagents and protein modification reagents to support both
the work in the previous two chapters of this thesis as well as other projects

occurring within the CRC for MicroTechnology.
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Abstract

Chapter 1 includes a review on dendrimers, their synthesis and applications, with a
particular focus on urea-linked dendritic species. The synthetic strategy utilised in
this body of work was based on the preparation of a number of branched synthetic
building blocks possessing differing terminal functionality. These branched
dendrons, bearing three terminal residues and based on the cheap starting material
tris(hydroxymethyl)aminomethane (TRIS) 23, involved the coupling of 3.3
equivalents of an appropriately para-substituted benzoic acid chloride with BOC
protected TRIS 24 in DCM in the presence of triethylamine. The p-nitro, p-methoxy
and p-methyl benzoyl chloride starting materials were obtained commercially, whilst
N-(4-carboxyphenyl)maleimide was synthesised according to literature procedures.
The BOC protected dendrons (25-27, 34) were synthesized in yields ranging from
50-92%. Deprotection of the BOC protected dendrons 25 and 26 in DCM with TFA,
followed by the addition of IM Na,CO; afforded the TFA salts 35 and 36,
respectively. The corresponding free base amines 37 and 38 were obtained on further
treatment of the TFA salts with sodium carbonate. Deprotection of the BOC
protected dendrons 27 and 34 afforded the free amines 39 and 48 directly after
treatment with sodium carbonate. Synthesis of functionalised branched molecules
containing 6- and 9-peripheral functionalities was achieved by refluxing 2 or 3
equivalents of the free amine dendrons with the bi- or tri- functional isocyanate
cores, 15 and 45, in refluxing DCM, in most cases the products precipitated from the
reaction mixture after 18 h and were isolated simply by filtration, otherwise the
removal of the solvent from the reaction mixture afforded the spectroscopically pure
product. Conversion of the peripheral nitro functionalised species 14 and 21 to the

corresponding amines occurred smoothly via hydrogenation using 5% Pd/C under

X1X



elevated temperature and pressure (DMF, 55 °C, 600 psi) and afforded the polyamine
6-mer 51 in 92% yield and the 9-mer 50 in 90% yield, respectively. Similarly,
conversion of the methoxy coated 9-mer 42, to the corresponding phenolic
compound (AlBrs3, dodecane thiol, DCM) afforded the 9-mer polyphenol 52 in an
87% yield. All compounds prepared were fully characterised and crystal structures
were obtained for 26 and 35.

Chapter 2 includes a review on self-assembled monolayers of organosulfur
compounds on gold, applications, patterning techniques and techniques for the
characterisation of these surfaces. A number of surface monomers were successfully
synthesized, to be used for various surface functionalisations, including the
formation of an amine reactive N-hydroxysuccinimide (NHS) disulfide 53, via the
DCC coupling of 11,11’-dithiobisundecanoic acid 54 with N-hydroxysuccinimide
with an isolated yield of 30%. A novel protein-resistant monomer 58 was also
synthesized from 11-undecanoic acid 55 via an acid chloride coupling with
triethylene glycol monomethyl ether 58, and isolated in a 72% yield. A number of
attempts were made to produce an acyl azide SAM monomer 59, with success finally
achieved via the acid chloride coupling of 11,11’-dithiobisundecanoic acid 54 with
5-amino-1,3-benzenedicarbonyl diazide 62 to produce 59 with an isolated yield of ~
30%. Gold surfaces were prepared on atomically flat silicon wafers using an argon-
ion sputterer. SAM films were formed on the gold surfaces via traditional solution
based self-assembly methodology. A UV patterning protocol was developed, and a
successful patterning trial using the NHS terminated monomer to backfill the UV
exposed areas of a dodecane thiol monolayer was achieved and visualized using
AFM and fluorescence microscopy after treating the surface with aminofluorescein.

The covalent attachment of green fluorescent protein to the monolayer surface via

XX



reaction with the NHS terminated monolayer was demonstrated. The fluorescence of
the biomolecule was preserved. The formation of a monolayer using the acyl azide
monomer 59, was characterised by contact angle and XPS analysis. However,
preliminary studies into the activation of the acyl azide surface into the reactive
isocyanate were unsuccessful. There is however, significant scope for further
investigations into this interesting surface technology.

Chapter 3 includes a review on heterobifunctional linker technology with a particular
focus on amine and thiol reactive moieties and literature examples of
heterobifunctional linkers of this type. Synthesis of heterobifunctional reagents such
as 71 and 74 via a two step synthetic methodology involving the coupling of maleic
anhydride with the parent amino-acids in acetic acid, followed by a one pot
cyclisation and NHS esterification using DCC in DMF were successful, with overall
yields of 9% and 32% respectively for the two reaction steps. The one pot extension
of 74 with 6-aminohexanoic acid, followed by DCC, facilitated NHS esterification
was achieved successfully in a yield of 30%. Attempts to extend 74 with the
synthesised amino acid 88 were unsuccessful due to the insolubility of 88 in organic
solvents. A different synthetic strategy was devised towards the synthesis of 85 with
the coupling of 74 and mono BOC protected ethylene diamine 91 in DCM to give 93
in an isolated yield of 60%. Deprotection of the terminal amine was achieved via
reaction with TFA in DCM however all attempts to prepare the free amine were
unsuccessful. Subsequent attempts to couple 94 with both succinic anhydride and 92
were unsuccessful. A maleimide functionalized crown ether was synthesised as a
molecule for protein modification via the reaction of 74 with 4’-aminobenzo-15-
crown-5 97 to produce 98 in an 80% yield. All compounds were fully characterised

with crystal structures obtained for 74, 79 and 89.
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CHAPTER ONE

MODULAR SYNTHESIS OF DENDRITIC MOLECULES



1.1 Introduction

Dendrimers'? and dendritic molecules are a unique class of macromolecules that
differ greatly from more traditional linear and branched polymeric systems in both
structure and observed properties. The term dendrimers (Gk dendron tree; meros
part) graphically describes the characteristic branching architecture observed in this
class of molecule.” Since the initial report by Végtle er al.* in 1978, many different
structural classes (families) and surface modifications of dendritic macromolecules
have been reported. A large variety of building blocks sourced from organic,
organometallic or inorganic chemistry have been employed for the construction of
these systems, including biologically important molecules such as peptides,’ sugars®
and nucleic acids.” An exponential growth of published material relating to
dendrimer synthesis, characterisation, properties and applications has been observed
over the past two decades, placing dendritic molecules at the forefront of research in
many fields including organic and inorganic chemistry, materials science,
nanotechnology and the biological sciences. A review article authored by Fréchet
and Tomalia,® provides a thorough historical account of the discovery and

development of dendrimers and dendritic systems.

1.1.1 Structure and Properties

Dendrimers have characteristic features and unique properties that differentiate them
from other polymers. They are highly ordered, regularly branched, globular ‘nano-
particles’ possessing diameters in the range ~1-10 nm’ and have a compact, precisely
defined structure with a multipodent exterior.'” Their structure is divided into three

distinct architectural components (Figure 1-1):



1) a central core or focal unit,
2) aregularly branched interior region emerging radially from the core and
3) terminal functional groups on the outer peripheral layer forming the surface

of the dendrimer.
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Figure 1-1. Schematic diagram of dendritic structure highlighting the three

architectural regions.

1.1.2  Construction - Synthetic Strategies

Most methods of dendrimer synthesis iterate growth reaction and activation reaction
cycles. This often makes for a difficult and tedious synthesis, however it can allow
for elegant tailoring of architectural features.'" Often these reactions have to be
performed at many sites on the same molecule simultaneously, thus these reactions
must be very ‘clean’ and high yielding if the construction of large ‘nano-molecules’
is to be a feasible goal. The choice of the growth reaction is also of fundamental
importance since it dictates the way in which branching is introduced into a

dendrimer. Synthetic strategies have been developed to vary the terminal groups, the



internal subunits and the core.” There are two basic strategies that may be employed,
either exclusively or in combination, in dendrimer synthesis: convergent and

divergent growth.

1.1.2.1 Divergent Synthesis

The divergent approach is possibly the most widely used method and involves the
reaction of a central core molecule with a branching molecule to produce Gy
(Generation 0), which is then reacted with other branching molecules to create
further generations of growth (Figure 1-2). One major problem associated with this
method is polydispersity, which arises from incomplete reaction and purification of
components, leading to inseparable mixtures of macromolecules that become almost
impossible to modify chemically in a controlled manner.'? While polydispersity does
not constitute a significant setback when used in ‘classical’ polymer-type
applications, in more exacting applications, such as drug development it poses a

severe limitation.
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Figure 1-2. Schematic representation of divergent and convergent synthetic
strategies.



1.1.2.2 Convergent Synthesis

B 14 was inspired by the classical

The convergent method, pioneered by Fréchet,
organic disconnection approach. Growth begins with the exterior surface of the
dendrimer, coupling of a terminal subunit to branching units pre-forms dendritic
‘wedges’, also termed dendrons, that are subsequently attached to a central poly-
functional core subunit (Figure 1-2). Unlike the divergent method, the number of
coupling reactions is constant per generation.” There is more control over the focal
point and the surface or terminal functional groups with the convergent approach
compared to the divergent approach. The surface groups do not have to be of the
same functionality using this method which can allow for the synthesis of non-
uniform functionalised surfaces. In addition, the need for large excesses of reagents
required for the divergent method is avoided which simplifies purification and lowers
the cost.” Convergent syntheses can, however, suffer from low yields that are often
attributed to steric hindrance as the functional group at the focal points of the large

wedges are masked by the growing macromolecule.”” This problem can be

somewhat lessened by utilising monomers possessing more flexible geometries.

1.1.2.3 Other Synthetic Approaches

Research into the acceleration of long and tedious growth methodologies has resulted
in the demonstration of hypercores,'® branched monomers,'” the two-step approach,'®
self-assembling synthetic approaches’ and double exponential growth.'” These
methods involve the pre-assembly of oligomeric species which can then be linked
together to give dendrimers in fewer steps or higher yields, taking advantage of the
best points of both the convergent and the divergent techniques.”’ The non-specific

solid-phase synthesis of dendrimers has also been investigated allowing for peptides



and small molecules to be “grown” directly onto the periphery of the dendrimer

while it was still attached to the resin bead.’

1.1.3 Characterisation

The elucidation of dendritic structures and properties can be approached either from
the perspective of a synthetic or a polymer chemist. The size of the molecules
involved means that methods familiar to synthetic chemists are stretched to their
limits, while the methods used by polymer chemists are insufficiently precise.?’
Concurrent with developments in the synthesis of dendrimers are novel analytical
techniques for their characterisation. The various analytical techniques that have
been used to characterise dendrimers have been reviewed.”’ These techniques
include multinuclear NMR spectroscopy, various mass spectrometry methods,
chromatographic =~ methods  especially gel permeation chromatography,
electrophoresis, X-ray scattering, neutron scattering, small-angle neutron scattering,
electron microscopy, ESR spectrometry and computational molecular dynamics.
However, the direct observation and assessment of dendritic topology is difficult. To
date, computer modelling studies have possibly provided the best insight into the

three-dimensionality of dendritic systems.'?

1.1.4 Applications

Previously, the focus of dendrimer research was to gain control over synthetic and
structural aspects of dendrimers. Recently the focus has changed towards a more
application-based approach. Flexibility in tailoring dendrimer structure and
functionality has led to a diversity of applications. Consequently, dendrimers have

become an important focus of interdisciplinary research. Their potential applications



rely, to a large extent, on their unique topologies and on properties attributable to

their highly branched structures.

The structural precision and multimeric nature of dendrimers has motivated
numerous studies aimed at biomedical applications” '° for example, as nucleic acid*
and drug delivery agents,™ ** drug carriers (by small molecule encapsulation),”>’
molecular labels or signal amplification systems for microarrays or other assays,”®
probe moieties and cell surface targets,” medical diagnostic reagents including

10, 22, 25

. . . . . ) .
magnetic resonance imaging agents, protein mimetics™ and for anti-cancer

and anti-viral therapeutic applications."

The highly compact and globular shape, as well as the uniform size, multi-
functionality and the modularity of their assembly make dendrimers ideal molecular

building blocks for materials science including self-assembled monolayers,'" *

32,33 .
> with

Langmuir films™ and multilayers® and other surface confined assemblies
applications in microelectronic materials research®® including components of
photochemical switches® or in chemical and biological sensing.’**® Monolayers of

4
3% 40 such as

dendrimers have been prepared on surfaces for various applications,
resists for scanning probe lithography,*' as a biomolecular interface for the binding

of proteins to surfaces” and for creating patterns on surfaces using dip-pen

nanolithography.*

Other uses for these well defined, unique macromolecules include nanoscale reaction

. 44 . .. . ..
vessels, molecular-scale catalysis,” micelle mimics possessing cavities capable of



accommodating guest molecules (‘dendritic box’),'" adhesives,* separation media,*

. . .1
and as a support in organic synthesis.'

1.1.5 Click Chemistry

Click chemistry as defined by Sharpless,’’ encompasses a set of powerful, highly
reliable and selective chemical reactions. A high thermodynamic driving force gives
these reactions highly desirable characteristics including, rapid completion of a
reaction that is highly selective for a single product; generating high yields and few,
if any by-products. Ideally reaction conditions are mild, insensitive to oxygen and
water and use simple product isolation and non-chromatographic purification
methods. Carbon-heteroatom bond forming reactions comprise the most common
examples, specifically cycloaddition reactions and carbonyl chemistry of the “non-
aldol” type, such as the formation of ureas, vide infra. This is more a revival of
classical chemistry than an emerging area of chemistry, however there are numerous

47-49 : 50
supramolecular chemistry,

potential applications in modern organic chemistry,
drug discovery,”' bioconjugation chemistry’”> and materials science.”® To date, the
literature describing click chemistry in relation to dendrimer synthesis is limited to
only a few papers that mainly focus on the Cu(l) catalysed coupling reaction of
azides with terminal acetylenes (Scheme 1-1).°>>**° Libraries of structurally diverse
dendritic components have been prepared in almost quantitative yields under very
mild conditions.>® Lee ef al. have also utilised this reaction in dendrimer synthesis,’
initially reacting a tripodal acetylene core with Fréchet-type azido-dendrons to form
1,4-disubstituted triazole dendrimers.’® Further work by the same group also reversed

the functionality and a tripodal azide core was coupled to Fréchet-type acetylenic-

dendrons.” Both strategies reported high yields and purity of dendrimers.
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Scheme 1-1. Copper(I)-catalysed synthesis of 1,4-disubstituted 1,2,3-triazoles.

Isocyanates are highly reactive molecules that when added to primary or secondary
amines produce ureas (Scheme 1-2) in a pure fusion process; that is, the combined
formulae of the reactants equals the formula of the product. Isocyanates also react

with alcohols to form carbamates.

H,N—R'

R—N=C=0 R” \H/ R

Scheme 1-2. Urea formation via reaction of isocyanate and amine.

The isocyanate group is easily masked as a carbonyl azide (acyl azide) group. The
advantage of this lies in the stability of the compounds at room temperature, ease of
purification and that only the application of heat is required for quantitative
conversion to the reactive isocyanate group via the Curtius Rearrangement (Scheme
1-3). This rearrangement releases gaseous N, as a side product, so there is no
contamination of the isocyanate product. Quantitative conversion is achieved when

no water is present to competitively hydrolyse the isocyanate to the amine.®

0
~
R 'r\T@ @_N° ’ R—N=C=0
U\D‘ N,

Scheme 1-3. Mechanism of the Curtius Rearrangement.



1.1.6 Urea-Linked Dendrimers

The first reported synthesis of a hyperbranched or dendritic polymer based on urea
linkages was published by Kumar and Meijer in 1998.°" Since then, much of the
literature on urea-containing dendrimers is attributed to the functionalisation of
amino terminated dendrimers with molecules displaying an isocyanate moiety.
Typically, this involves the functionalisation of commercially available
poly(propyleneimine) dendrimers 1, (Scheme 1-4) to form ferrocenyl-urea
dendrimers,** lipophilic dendrimers via hexyl, octyl and dodecyl ® and phenyl

64, 65

66 . 6 . . .
urea adamantane-urea®® and adamantane-thiourea®’ functionalised dendrimers

and liquid crystalline forming oligo(p-phenylene vinylene)-urea dendrimers.®®

-6*0

_\-—\" HN’%
A e
X o
/\/\/\/""’NHO - N HN PV
NS\~NH \g

Scheme 1-4. Poly(propylene imine) urea functionalised dendrimers.

Similarly, Newkome ez. al.®* ™ functionalised the periphery of fourth generation

poly(propylene imine) dendrimers with branched isocyanate building blocks 2-6.
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These urea terminated poly(propylene imine) dendrimers have been demonstrated to
be suitable motifs for host-guest interactions (Figure 1-3).”' Complexation on the
dendrimer periphery of either a carboxylic, phosphonic or methane sulfonic acid
guest is enabled by a combination of multivalent hydrogen bonding between the urea
parts of the guest and host and electrostatic interactions between the tertiary amines

of the host and the acidic part of the guest.”

Figure 1-3. Schematic representation of the host-guest systems, where X = COO",
PO(OH)O" or SO5'.

11



Reported guest molecule functionalities include:
1) phosphine ligands that act as a multi-ligand system for palladium-catalysed
allylic amination reactions,
2) oligo(p-phenylene vinylene)s as an improved system in the formation of light
emitting diodes,”
3) poly(ethyleneglycol) terminated guest molecules” that allows for the
noncovalent formation of supramolecular dendritic architectures in water,”®
4) N-BOC protected peptide sequences to form chloroform-soluble complexes
where the complete peptide sequences are released under mildly acidic
conditions,”’
5) an N-BOC protected L-phenylalanine spacer moiety to investigate chirality in
supramolecular dendrimer complexes.”®
Significantly less literature is available on the actual linking of dendritic units via a
urea linkage. Ambade and Kumar'® reported a convergent synthesis of dendritic
wedges and hyperbranched polymers using this methodology. Their stepwise
synthesis, involved the coupling of the terminal amine group, with a BOC protected
amino diisocyanate. Deprotection of the amine by removal of the BOC group and
reaction with another BOC protected amino diisocyanate afforded the wedge 7.
Other syntheses of urea-linked ‘classical’ hyperbranched polymeric systems have

61, 80
also been reported.””

Peerlings e al.®' report a fast and simple synthetic procedure for the synthesis of
polycarbamate/urea linked dendrimers. The divergent synthetic method is based on a
diisocyanate building block, cis-4-isocyanatomethyl-1-methylcyclohexylisocyanate

8, with diethanolamine 9 as the branching unit, and either an organic (1,1,1-

12



tris(hydroxymethyl)ethane 10), or organometallic (1,1’-ferrocenedimethanol 11),

based core reagent.

COOEt EtOOC
EtOOC COOEt
O O
HN—{ >—NH
O NH HN
HN% >—NH
HN NH
EtOOC COOEt
HN NH
COOEt EtOOC
NH,
7
OH 4
0 /\/OH N \" '////
/\m\ HN\/\ OH /J;\e\
L /,i\‘\\\\
OCN OH =\
OH
8 9 10 11

OH

Okaniwa et al.** ® have reported a divergent synthesis of poly(amide-urea) linked

dendrimers of up to four generations. Their cyclic one-pot synthetic procedure

proceeds in several steps (Scheme 1-5). Treatment of a terminal carboxylic acid with

diphenyl(2,3-dihydro-2-thioxo-3-benzoxazolyl)phosphonate (DBOP) 12, provides an

activated amide equivalent. Treatment of the activated species with an amine

terminated aminodicarbonyl azide provides a branch point precursor which is readily
rearranged to the active diisocyanate on warming. Further treatment with an amine

terminated dicarboxylic acid furnishes an extended, branched system with terminal

carboxylic acids that may be extended in turn.
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Scheme 1-5. One-pot synthesis by Okaniwa et al. where X=—-CsHcCH,CH,—.

Lebreton et al.* report the solid phase divergent synthesis of dendritic wedges on
amino terminated polystyrene beads (Figure 1-4). This procedure allows for
cleavable and non-cleavable products that have the potential for increasing single-
bead loading capacities. The synthetic procedure alternates between a growth step

and a deprotection step of the terminal amines.

: X R\XR\\\X KX J R R

IRV [ ﬂ
R\X \\x HN\H‘N( O%NH HN% x
F{\\x /Z \X <X x) JH/& J

o NH _ NH

Figure 1-4. Urea-linked dendritic wedges on amine terminated beads.
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1.1.7 Background to Present Work

A rising demand for well-defined, functional materials for nano-scale applications
has stimulated the development of synthetic procedures for the efficient assembly of
dendritic and polymeric species. This work investigates the design, synthesis and
characterisation of components for the construction of dendritic molecules with
differing peripheral functionality. The designed systems are highly symmetrical
dendritic molecules, that are based on an ABj3; branched wedge. The methodology
reported here could however, be extended for the synthesis of larger, dendritic
structures or dendrimers. The coupling strategy for linking the dendrons to the
central core is based on ‘click chemistry’ principles, utilising the quantitative
coupling of isocyanates with amines. The synthetic scheme is based on convergent
growth and the use of a coupling reaction that is both quantitative and eliminates the
need for chromatographic purification. An added advantage is the thermal activation
of the coupling reaction that releases only gaseous side products. This precludes the
use of any extra reagents or catalysts, consequently there is little contamination of
the final product. These novel dendritic molecules were synthesised as prototype
molecular scaffolds, possessing a range of chemically attractive peripheral
functionalities, for subsequent applications in materials science and biological

chemistry.
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1.2 Results and Discussion

1.2.1 Synthesis of the Core

Synthesis of 1,3,5-benzenetricarbonyl triazide 14, was carried out by the reaction of
1,3,5-benzenetricarbonyl trichloride 13 with sodium azide in THF according to a
literature procedure’ (Scheme 1-6). Extraction of the reaction mixture with diethyl
ether and subsequent removal of the solvent in vacuo at room temperature (<30°C)
afforded 14 as a white solid in a 76% yield (Lit.”” 71%). Characterisation of this
material by NMR ('H and "°C) and IR spectroscopy gave results consistent with
those published for 14.”* Given the volatility and potentially explosive nature of 14
in the solid state under heat or pressure,® the compound was stored in the freezer (at
~ =20°C) and due care was taken when in use. Only small quantities of this
compound were used at any one time and the compound was always dissolved in

solvent under an atmosphere of nitrogen before any heat was applied.

O Cl Ox N3 NcC”O
NaN3, THF . A, toluene - O. /@\
cl o N3 0 Cey N
O 43 C O 14 Ns 15 8
76% 100%

Scheme 1-6

Heating 14 in refluxing, dry toluene under an atmosphere of nitrogen resulted in the
quantitative formation of 1,3,5-benzene triisocyanate 15 (Scheme 1-6) via the
Curtius rearrangement (refer to Scheme 1-3 for mechanism). Characterisation of
compound 15 by 'H and C NMR spectroscopy were consistent with published
data.®® The diagnostic upfield change in the chemical shift of the aromatic proton

resonance, attributable to the conversion of 14 (8.6ppm) to 15 (5.7ppm), are

16



highlighted in the '"H NMR spectrum (Figure 1-5). This drastic change in chemical
shift, due to the electron donating nature of the isocyanate group, was used routinely

as a diagnostic tool to verify that the reaction had proceeded to completion.

a) O« N3

b)

NCO

OCN NCO
15

Figure 1-5. Comparison of "H NMR spectra (400 MHz, toluene-ds) of a) acyl azide

core 14 and b) after conversion to the isocyanate 15 via the Curtius Rearrangement.

The viability of the formation of dendritic molecules using this core was tested using
p-aminoacetophenone 16. Accordingly, 3 equivalents of 16 were added to a toluene
solution of the triisocyanate 15 (formed in situ). Initial attempts at the coupling were
hampered by the poor solubility of 16 in toluene at room temperature. However,
under gentle reflux a precipitate began to form within 12 minutes of the addition of
16 to the toluene solution of 15 and the reaction was left to stir for a further 18 hours
before collecting the precipitated material by filtration. NMR analysis of this
precipitate showed a mixture of the starting materials, however some product

formation was evident due to the appearance of the NH signals attributable to the

17



urea bond. Incomplete conversion to the product in this instance was attributed to the
insolubility of 16 in toluene. The reaction was therefore repeated with the removal of
toluene in vacuo after initial formation of the triisocyanate core 15. Three equivalents
of p-aminoacetophenone 16 dissolved in DCM were added to the isolated
triisocyanate core 15 and the mixture gently refluxed for 18 hours (Scheme 1-7)
whereupon a white precipitate was evident. The product was collected by filtration,
washed with ethyl acetate (to remove any unreacted starting materials) and dried
affording the stoichiometric product 17 in an 86% yield and very high purity, as

assessed by 'H NMR.

HN
PeM. 4 O NH 0
15 Y

Scheme 1-7

Spectral analysis of this compound by NMR gave results consistent with those
expected for 1,3,5-tris-((4-methoxyaniline)carbonylamino)benzene 17 and the ESMS
in the negative mode showed peaks consistent with the desired product, [M "] (605
amu). Signals corresponding to the lithium (613 amu) and sodium (629 amu) adducts
respectively in the positive mode were also evident. Microanalysis results however
attested to the hygroscopic nature of this material as, despite rigorous drying of the

product, the elemental analysis was consistent with the incorporation of one water



molecule i.e. C33H30NgOg.H,O. Further confirmation of the formation of the urea
linkages was evidenced by 2D NMR spectroscopy. Figure 1-6 shows an excerpt of
the gHMBC spectrum highlighting the correlation between the NH resonances of the
urea-linkage in the proton NMR with the C=0O peak of the urea in the carbon NMR,

confirming the structural analysis.
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Figure 1-6. "H NMR spectrum (400 MHz, DMSO-dy) with expanded excerpt of

'w/c gHMBC spectra of 17 showing the cross-peaks correlating to the NH protons

and the carbonyl carbon of the urea linkage.

1.2.2 Synthesis of the dendrons

The dendritic wedges are based on tris(hydroxymethyl)methylamine (TRIS) 23 as
this has been successfully used as a branch point in other dendrimer syntheses.® The
molecule is inherently suited to dendritic syntheses due to its symmetrical nature, the

three primary hydroxyl groups are available for further functionalisation and its
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single amine can act as the focal point of the branching unit. The functional groups
that were selected for attachment to TRIS 23, and consequently form the periphery of
the dendritic wedges, were para-substituted benzoic acids or benzoyl chlorides 18-
22. All these materials were commercially available or readily synthesised, each
possessing functionality enabling them to be useful in the construction of more
elaborate macromolecular systems. These included a maleimide group (21) to enable
the attachment of thiol-substituted bio- or bioactive- molecules; a nitro group (18)
that can be used as hydrogen bond acceptor and can also be reduced to amines,
which are particularly interesting as they can act as targets for the attachment of bio-
active molecules via heterobifunctional linking reagents. In addition, the methyl
ether group (19) can be cleaved to give a phenol and the isonicotinoyl group (22) can

act as an hydrogen bond acceptor species.

oo

NO, OCH, CH, N
N
| N
=
o~ >cl o™ >cl o”>cl 0” “OH 0% “OH
18 19 20 21 22

1.2.2.1 Protection of the branch point synthon

Synthesis of the dendritic wedges begins simply with the protection of the primary
amine of TRIS 23, by stirring in a THF solution of di-fer#-butyl dicarbonate at room
temperature (Scheme 1-8). The pure product precipitated from solution and was
collected by filtration and analysed using standard techniques (mp, MS, 'H and "*C
NMR) providing results consistent with reported literature values,* confirming the

formation of ~-BOC-TRIS 24 in a 73% yield.
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Scheme 1-8

1.2.2.2 Attachment of peripheral units to branch point synthon

Attachment of the functionalised benzoyl groups to the three primary hydroxyl
groups of ~-BOC-TRIS 24, via an acid chloride coupling reaction, to form AB;
branched ester-linked monomers, referred to from this point on as ‘3-mers’, was

straightforward in most cases.

R
O o "0

Q %
NN \—OH o™ ¢l
>4o H >\\N R
EtsN, CH,Cl,
24
25 R=NO, 87%

26 R=0OCH; 92%
27 R=CH; 92%

Scheme 1-9

Typical reaction conditions are illustrated in the synthesis of the --BOC protected p-
nitrobenzoyl 3-mer 25 (Scheme 1-9). A DCM solution of 3.3 equivalents of p-
nitrobenzoyl chloride 18 was added dropwise to a dry DCM solution of #-BOC-TRIS
24 with triethylamine present as a base. The mixture was gently refluxed for 20
hours, subjected to work up and the resultant crude product purified by column

chromatography, affording 25 in an 87% yield. Evidence for the formation of 25 was
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obtained in the mass spectrum with peaks observed at 675 amu (M+Li) and 691 amu
(M+Na). The IR spectrum also displayed bands consistent with ester linkages (1725
em™, C=0; 1276 cm’, C-0O-C). Microanalysis results for 25 and all following novel
compounds, unless otherwise specified, were consistent with calculated values. NMR

spectra attest to the symmetrical nature of the compound (Figure 1-7).
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Figure 1-7. '"H NMR spectrum (400 MHz, DMSO-d) of 25.

Synthesis of the p-anisoyl and p-toluoyl 3-mers followed a similar procedure
(Scheme 1-9) and afforded the pure #~-BOC protected 3-mers 26 and 27 in a high
yield (92% for both compounds) after purification by column chromatography. In
both cases, IR spectra confirmed the formation of the ester bonds and peaks
corresponding to the sodium and lithium adducts of 26 (647 and 630 amu) and 27
(598 and 582 amu) were present in their mass spectra. The 'H NMR of these
compounds were similar to that acquired for 25 with additional resonsances
attributable to the terminal CHj3 resonance of the anisoyl (3.82ppm) and toluoyl
(2.36ppm). Crystals of the p-anisoyl 3-mer 26, suitable for X-ray diffraction were

grown by the diffusion method from DCM/ether (Figure 1-8).
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Figure 1-8. ORTEP diagram for the molecular structure of 26.

Synthesis of the isonicotinoyl 3-mer (Scheme 1-10) began with the preparation of
isonicotinoyl chloride 28. Refluxing isonicotinic acid 22 in thionyl chloride for two
hours under an atmosphere of nitrogen, followed by removal of the excess thionyl
chloride provided the required synthon 28. 3.3 equivalents of this material was added
gradually, as a solid, to 24 in DCM/Et;N. After filtration to remove the precipitated
triethylamine hydrochloride and work up, the residue was recrystallised (DCM, Et,O
and petroleum spirits 40-60°C) and the pure product, 29 isolated as a low melting,
glassy, yellow solid in a 63% yield. Evidence for the formation of 29 was observed
in the ESMS in positive mode [537 amu (M+) and 543 amu (M+Li)]. The NMR data

was again consistent with previous examples.
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Scheme 1-10

The peripheral maleimide group 21, was synthesised following a literature
procedure®” (Scheme 1-11). The maleamic acid 32, was obtained from maleic
anhydride 30, and p-aminobenzoic acid 31, with subsequent intramolecular ring
closure to form the maleimide 21. Both compounds were characterised by standard

techniques providing results consistent with those published.®’

Ja O\
04&0 O OH (@) O

NH, o) NH N
30 NaOAc, Ac,O
DMF
O~ OH O~ OH O~ "OH
31 32 21
Scheme 1-11

The initial attempt to synthesise the p-maleimidobenzoyl 3-mer 34 (Scheme 1-12)
followed a similar procedure to that used for the isonicotinoyl 3-mer. 21 was heated
in refluxing thionyl chloride to form the corresponding acid chloride. The excess
thionyl chloride was removed in vacuo, and the resultant solid was added in portions

to the branch point synthon 24. During the work up of the reaction however, a
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gelatinous red substance was seen to separate from the reaction mixture during the
sodium bicarbonate and sodium chloride washes. Consequently, only a 13% yield of
34 was isolated after purification by column chromatography (10% EtOAc/DCM).
Maleimides are renowned as self-initiating monomers of free radical
polymerisation® and this was presumably occurring during the course of these
reactions causing the formation the red, polymeric gel. Therefore, in order to
suppress the polymerisation of the maleimide, a radical polymerization inhibitor, #-
butyl catechol, was added prior to the commencement of each reaction.®” On work
up, significantly less gelatinous by-product was observed in the mixture and a yield
of 50% of 34 was obtained after purification. Electrospray mass spectrometry in the
positive mode revealed the lithium and sodium adducts of 34 at 825 amu and 841

amu respectively.
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Scheme 1-12

1.2.2.3 Deprotection of dendrons
Deprotection of the p-nitrobenzoyl 3-mer 25 (Scheme 1-13) was performed by

adding trifluoroacetic acid (TFA) to a DCM solution of 25 and refrigerating the

25



solution overnight (5°C). The mixture was then poured into 1M Na,CO;3 and the
resultant precipitate collected by filtration and dried. Analysis (‘"H NMR) of the

isolated product confirmed the formation of the TFA salt of the p-nitrobenzoyl 3-mer

35 in a 90% yield.
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Scheme 1-13

The NH and BOC-CHj; resonances (6 7.5 and 6 1.3 ppm) present in the spectrum of
25 were absent in the spectrum of 34. Furthermore, a broad NH;" resonance at &
9.32ppm was observed. Single crystals suitable for X-ray crystallography, obtained
by slow evaporation from a concentrated solution of the compound in DMEF,

confirmed the structure of 35 as a DMF solvate (Figure 1-9).
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Figure 1-9. ORTEP diagram for the molecular structure of 35.

An initial attempt was made to couple 35 with the tri-isocyanate core 15 in DCM at
room temperature. However, analysis of the reaction by "H NMR showed incomplete
conversion to the product. Presumably, the limited solubility of the ammonium salt
35, in DCM was a limiting factor. Consequently the free base amine was generated
by washing a DMF/DCM solution of 35 with 1M Na,COs. The free amine 37 was

isolated in a 72% yield.

Deprotection of the p-anisoyl 3-mer 26 also resulted in the isolation of the TFA salt
36 in a 98% yield that was converted to the free base 38 via the same method, with a
recovery of 80%. The p-toluoyl and p-maleimidobenzoyl 3-mers 27 and 34 were
deprotected and immediately converted to the free base without isolation of the
intermediate salt, as on pouring the DCM/TFA deprotection solution into aqueous

sodium carbonate, no precipitate was observed to form. The amine products were
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isolated in 77% (39) and 90% (40) yields respectively. Figure 1-10 shows the

assigned "H NMR spectrum of 39, with the broad NH, peak observed at 2.14 ppm.

O e
R

NH H20
39 i DMSO
1L NH:

Figure 1-10. "H NMR spectrum (400 MHz, DMSO-dj) of 39.

Ar-CHs

Deprotection of the isonicotinoyl compound 29 was attempted a number of times
using the DCM/TFA mixture, with refrigeration and at room temperature, however
'H NMR analysis after the “deprotection” reaction showed that the BOC group
remained mostly intact although significant cleavage of the ester linkages was
observed. It is presumed that the pyridyl rings were preferentially promoting
cleavage of the ester groups, indeed the literature states that a number of bases
including pyridine have been shown to catalyse ester hydrolysis.*” Due to these
difficulties it was decided not to continue with this isonicotinoyl functionality at this
stage, however future investigations may trial the oxidation of the isonicotinoyl rings

with dimethyldioxirane to give the N-oxide before this deprotection step.
1.2.3 Coupling of the dendrons to the trifunctional core

The initial attempt at coupling the free amine of the p-nitrobenzoyl 3-mer 37 to the

core 15 did not proceed cleanly. The isocyanate core 15 was formed by heating the
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acyl azide precursor 14 in toluene for one hour, with subsequent removal of the
toluene, addition of 3 equivalents of 37 in DCM and stirring at room temperature
overnight. Analysis (‘"H NMR) of the reaction products (collected by filtration)
showed a mixture of partially and fully substituted dendritic molecules. Repeating
the reaction under conditions of gentle reflux for 16 hours however, resulted in
conversion to the fully substituted dendritic molecule, p-nitrobenzoyl 9-mer 41, in

excellent yield (92%) (Scheme 1-14).
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37.R=NO, OO O°
o n - oo 41.R=NO, 92%
S 3 42.R = OCH; 96%
.R=CH
39 CHj ! It 43.R=CH; 97%
40. R = maleimide 44. R = maleimide 99%
Scheme 1-14

Evidence for the formation of 41 included a MS peak at 1929 amu corresponding to
M+Na. The 2D gHMBC spectrum (Figure 1-11) shows cross peaks correlating the
resonances of the NH protons of the urea linkage with the central C=0 "C

resonance, thus confirming the formation of the urea linkage in the product.
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Figure 1-11. Expansion of the ‘v c gHMBC spectrum of the p-nitrobenzoyl 9-mer,
41 (400 MHz, acetone-ds). Basic 'H and 13C{1H} spectra are provided as axial
references with the cross-peaks correlating to the NH protons and the carbon of the

central carbonyl of the urea linkage highlighted in blue.

This synthetic methodology used for the preparation of 41 was successfully applied
to prepare analogues arising from our other functionalised dendrons (Scheme 1-14).
The p-anisoyl 9-mer 42 was isolated in a yield of 96% as a white solid. ESMS in the

positive mode showed peaks at 1778 amu and 1794 amu corresponding to the lithium
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and sodium adducts respectively and the formation of the urea linkage was also
confirmed by 2D NMR techniques. The p-toluoyl 9-mer 43 was isolated as a white
solid in a 97% yield, with the successful formation evidenced by ESMS results
(Figure 1-12) with peaks observed in the positive mode at [M+Li] 1633 amu and

[M+Na] 1649 amu. 2D NMR techniques confirmed the formation of the urea

linkage.
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Figure 1-12. ESMS spectra of 43 in a) the positive mode, and b) lithium doped.

The p-maleimidobenzoyl 9-mer 44 was isolated in a 99% yield with microanalysis
results revealing the incorporation of one water molecule (Cj20HsiN;5039.H,0)

despite thorough drying of the product. Further confirmation of the formation of 44
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was revealed by ESMS in the positive mode with a peak corresponding to the sodium

adduct observed at 2378 amu.

The overall success of our strategy for the formation of dendritic species bearing 9
peripheral functionalities can be seen on review of the yields obtained for each of the
reaction steps. The branch point synthon 23 is readily obtained in 73% yield and
unreacted starting material can be recovered and re-used. Formation of the 3-mer
dendrons resulted in highly pure compounds in yields ranging from 50 — 92%.
Deprotection of the amines also proceeded cleanly and afforded products in 72-90%
yields. In all cases except for the isonicotinic acid derived species, the deprotected 3-
mer dendrons could then be readily coupled to our core synthon under mild
conditions to afford the corresponding 9-mer dendritic molecules in near quantitative

yields and in very high purity.

1.2.4 Coupling of the dendrons to the bifunctional core

A second core synthon I,4-phenylenediisocyanate 45 was also used for the
preparation of dendritic-type species as it is commercially available and had
structural similarity to 15. Coupling of the 3-mers 37, 38, 39 and 40 to this core was
again straightforward. Following the addition of two equivalents of the 3-mer to one
equivalent of 45 in DCM, the solution was heated at reflux for 18 hours and the

product isolated by filtration or removing the solvent in vacuo (Scheme 1-15).

The p-nitrobenzoyl 6-mer 46 was isolated in a 97% yield as a pale yellow solid,

NMR analysis confirming the formation of the product. Isolation of the p-anisoyl 6-

mer 47 as a white solid, was achieved in a 99% yield with evidence for its formation
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observed by ESMS in the positive mode. Peaks were observed at 1213 amu [M+Li]
and 1229 amu [M+Na]. Additionally, NMR analysis (Figure 1-13) gave spectral data

consistent with the structure.
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Figure 1-13. "H NMR spectrum (400 MHz, DMSO-d;) of 47.
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The p-toluoyl 6-mer 48 was isolated in a 98% yield. ESMS in the positive mode
revealed peaks at 1117 amu  [M+Li] and 1133 amu [M+Na]. The p-
maleimidobenzoyl 6-mer 49 was isolated in a 98% yield, once again, NMR analysis

afforded spectra consistent with expected values.

1.2.5 Functional Group Interconversions on Dendritic Molecules

1.2.5.1 Hydrogenation - Nitro to Amino

Catalytic hydrogenation reactions using a heterogeneous catalyst (e.g. Pt or Pd/C)
result in the clean reduction of an aromatic nitro group to the corresponding amine
function. Attempts to reduce the p-nitrobenzoyl functionalised 9-mer 41 and 6-mer
46, at atmospheric and high pressure in ethanol solution were unsuccessful. The
reactions however, proceed cleanly using DMF as the solvent, at elevated
temperature and pressure. In a typical reaction 41 dissolved in DMF with a catalytic
amount of 5% Pd/C present was placed in a sealed reaction vessel, under pressure of
hydrogen gas (700psi) at a temperature of 55°C for 15 hours (Scheme 1-16). After
cooling, work up simply involved filtration of the solution to remove the catalyst.
Evaporation of the solvent under reduced pressure, afforded a brown oily residue that
solidified upon addition of DCM. Filtration afforded the completely reduced p-

aminobenzoyl 9-mer 50 in a 90% yield.
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Figure 1-14. 'H NMR spectra (400 MHz, acetone-ds) comparing a) the

hydrogenation product 50 [p-aminobenzoyl 9-mer] and b) the parent compound 41

[p-nitrobenzoyl 9-mer].
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The IR spectrum provided evidence for the formation of 50, NH stretching and
bending bands were observed at 3365 cm ™' and 1603 cm'. The appearance of a
broad NH; resonance in the proton NMR with a relative integral area of 18 protons
and the migration of the Ar-H resonances were also consistent with the reduced
product (Figure 1-14). The calculated mass for [M+H]" 1636.5804, matched the

observed signal of 1636.5692.

Hydrogenation of the p-nitrobenzoyl 6-mer 46 was carried out in a similar fashion by
suspending 46 with a catalytic amount of 5% Pd/C in DMF, under pressure of
hydrogen gas (700psi) and at a temperature of 55°C for 18 hours (Scheme 1-17).
After cooling, filtration to remove the catalyst and removal of the solvent in vacuo,
the residue was solidified by the addition of DCM. Supporting evidence for the
formation of 51 included a high resolution MS calculated for [M+Na]'" at
1139.3870, matching the observed mass of 1139.3829. The IR spectrum showed NH
bands at 3366 cm ™' and 1602 cm™' and the appearance of a broad NH resonance in
the proton NMR at & 5.99 ppm with a relative integral area of 12 protons also

supported the structure of 51.

HoN
H,, Pd/C, 700psi, 55°C %O O%

46 o e}

0 o ° 9
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Scheme 1-17
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1.2.5.2 Ether Cleavage

Polyphenolic compounds have numerous and varied applications in synthetic,
medicinal, supramolecular and industrial chemistry (for a recent review refer to
Handique er. al.”®). One route to such systems utilises the cleavage of the methyl
ether groups of the p-anisoyl 9-mer to form the corresponding polyphenolic product.
Aluminium halides in the presence of ethane thiol are known to effect the cleavage
of methyl ethers even in the presence of ester groups.’! For our particular reaction the
metal halide AlBr; was used, as it is more reactive than AlCl;, and nine methyl ethers
on the one molecule required simultaneous cleavage. Dodecane thiol was used in
place of the commonly used ethane thiol as literature precedent’ has shown it gives
comparable results without the associated stench, due to its reduced volatility. Thus
addition of 42 as a solid to a cooled suspension of AlBr; and dodecane thiol in DCM
(0°C) under an atmosphere of nitrogen. Gradual warming of the reaction to room
temperature with stirring for 16 hours (Scheme 1-18) followed by pouring the
reaction mixture into water with subsequent acidification to pH 1, afforded the crude
product as a highly pure, white solid 52 which was collected by filtration in an 87%
yield. The formation of 52 was supported by signals from the ESMS in the negative
mode at 1643 amu [M ] and in the positive mode at 1643 amu [M+Na]. The mass to
charge ratio (m/z) for the doubly charged species [M-2H]* was observed by HRMS
at 821.2094 matching the calculated value of 821.2073. The IR spectra contained the
expected broad band at 3383 cm™ indicative of the presence of —OH functions.
Figure 1-15 shows the assigned 'H NMR spectra of both the p-anisoyl 9-mer and its
phenolic derivative, highlighting the anisoyl ~OCH; resonance and the observed
phenolic resonance at 6 10.35 ppm. Interestingly a significant increase in the melting

point was observed from the parent compound 42 (114-5°C) to 168-9°C for 52,
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reflecting presumably the increased potential for intermolecular hydrogen bonding in

the species bearing terminal phenol units.

(0] I H H 0] OH
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Figure 1-15. '"H NMR spectra (400 MHz, DMSO-ds) comparing a) the parent
compound 42 [p-anisoyl 9-mer]| (green highlights —-OCH3) and b) 52 after the ether

cleavage reaction [p-phenoxy 9-mer] (blue highlights -OH).
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Attempts were made to crystallise each of the aforementioned functionalised
dendritic species (9-mers and 6-mers) trialling both diffusion and evaporation
techniques with various solvent combinations unfortunately however, all attempts

were unsuccessful.

1.2.6 Summary

The work presented within this chapter has demonstrated the facile, modular
synthesis of a number of highly monodisperse branched molecules possessing a
range of peripheral functionalities. The use of the quantitative reaction between the
amines on the branched dendrons and the isocyanates present on the bi- and tri-
functionalised core molecules as the linking reaction for the formation of the
dendritic molecules lead to the high yields and straightforward isolation of highly
pure dendritic species. Furthermore the ester and urea linkages of the dendritic
frameworks are relatively robust and thus functional group transformations are
achievable. At present, investigations are continuing into the application of these
molecules as a basis for the assembly of more complex macromolecular structures

for applications in biological and materials science.
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CHAPTER TWO

SELF ASSEMBLED MONOLAYERS ON GOLD
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2.1 Introduction

The work outlined in this chapter are preliminary studies in substrate design and
surface modification for future applications in the development of functioning
devices, such as biosensors and microarrays, by the CRC for microTechnology. It
describes the development of a methodology for the covalent attachment of
fluorescent proteins to self-assembled monolayers on gold surfaces and preliminary
studies towards the development of a new compound that could act as a novel heat

activated SAM surface for the preparation of high density biomolecular arrays.

2.1.1 Functioning Devices

Biosensors are analytical devices that utilise biological reactions or the molecular
recognition events of biomolecules. The devices produce a signal for the detection or
measurement of the event to which it responds.' Molecular recognition covers a set of
phenomena controlled by specific noncovalent interactions. Such phenomena are
crucial in biological systems, and a great deal of modern chemical research is
motivated by the prospect that molecular recognition by design could lead to new
technologies.” A biosensor is usually composed of a sensing (biological recognition)
element, tethered to a transducer or signalling element by a linker. The sensing
element recognises the target and the recognition event is subsequently converted by
the transducing element into a measurable macroscopic response.” There are two
types of biosensors, depending on the nature of the recognition event. Bioaffinity-
based devices rely on the selective binding of the target analyte to a ligand (eg. an
antibody or oligonucleotide) while biocatalytic devices use an immobilized enzyme to

recognise the target substrate.*
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The miniaturisation of conventional assays is also a general trend in biomedical
research as they minimise reaction volumes, increase the sample concentration and
reduce reagent consumption. Microarrays are formed via the immobilization or
covalent attachment of molecules, such as partial DNA sequences, to a surface, at
precise locations, in an ordered and highly defined arrangement.” An important
feature of these array systems is the site-specific and functional immobilisation of the
biomolecules which requires the surface to be biocompatible, homogeneous and
stable.”” Although current microarrays focus on nucleic acid hybridisation, emerging
microarray technology is developing techniques for the parallel analysis of proteins,

lipids, carbohydrates and small molecules.’

2.1.2 Substrate Choice — Why gold?

Research has centred on a number of substrates as platforms for the development of
the aforementioned functioning devices. Typically, surfaces used for such
applications are solid inorganic matter (such as glass, gold or silicon) and are not
directly suitable for the site specific immobilisation of proteins and other
biomolecules. However, some solid inorganic surfaces can be functionalised with
organic molecules that interface between the solid substrate and the attached ligands.
Gold is one of the easiest materials to use as a substrate, in experimental terms.
Unlike other metals, gold does not readily oxidize or irreversibly contaminate upon
exposure to the atmosphere. The most commonly employed method for the generation
of gold surfaces has been the evaporative deposition of gold onto a relatively flat
substrate, such as silicon wafers, glass microscope slides or mica, to produce a thin
film. Since the level of adhesion between the deposited gold film and these substrates

is weak, an intermediate film of chromium (titanium can also be used) is applied to
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enhance adhesion. Gold films do not require handling in specialised facilities such as
clean rooms. For example, high quality self-assembled monolayers can routinely be
obtained from gold films that have been exposed to the variety of airborne
contaminants found in a typical organic chemistry laboratory, as thiol and disulfide
adsorbates readily displace weakly adsorbed materials during the assembly of the self-
assembled monolayer. Silicon wafers and glass are also frequently used as they can be
functionalised with silanes that form self-assembled monolayers on the surface.
However, the silanisation process requires an inert atmosphere and as a consequence

its preparation is experimentally less robust than organic functionalisation of gold.

2.1.3 Self-Assembled Monolayers
Self assembled monolayers (SAMs) are a class of organic thin films that are a
versatile tool for the modification of surfaces.® They are ordered molecular

assemblies” '

that are formed spontaneously by the chemisorption of an adsorbate
(SAM monomer), which has a specific head group to a solid surface.!" Additional
non-covalent, typically hydrophobic, interactions (e.g. van der Waals) between the
adsorbate molecules produce a dense, uniformly packed, monolayer.'> SAM systems

are usually categorised in terms of the adsorbate/solid substrate used. A number of

combinations have been developed including organosilanes on silicon oxide and

13 14, 15

glass, * carboxylic acids on metal oxide substrates and sulphur containing

12, 16, 1
compounds on gold'> %!

to list a few. The feature common to each of these systems
is the strong affinity between the head group of the adsorbate and the substrate

surface.'” The emphasis of this chapter will be limited to alkane thiols and disulfides

on gold, for a recent review, the reader is directed to Gooding.'®

50



2.1.3.1 SAMs of Thiols on gold

An important advantage of using gold as a substrate is that a stable oxide is not
formed on the surface under ambient laboratory conditions.'” A gold-sulfur bond is
formed when the thiol groups (or disulfides and thioethers) are chemisorbed onto the
gold surface.”’ These SAMs are typically prepared using a very simple solution based
assembly methodology. A freshly cleaned gold surface is immersed in a dilute (~1
mM) solution of an appropriate thiol in an organic solvent, generally ethanol, in a
sealed vial. The thiols are rapidly chemisorbed onto the surface resulting in
approximately 90% of the final monolayer coverage being attained in the first few
minutes.'> On standing, the molecules undergo a slower ordering process and self-
assemble to form a dense packed, uniform monolayer (Figure 2-1). The substrate is
removed from the thiol solution, thoroughly rinsed, and dried with a stream of
nitrogen. Several factors affect the formation and packing density of monolayers such
as the roughness of the substrate, solvent effects, temperature, the nature of the
adsorbate and its concentration in solution.'” For most substrates, vigorous cleaning
procedures are necessary prior to monolayer formation' typically involving the use of
oxidising agents to remove any organic contaminants adsorbed onto the gold surface.
Other methods of SAM assembly in common use include microcontact printing** **

and vapour phase deposition®* (of volatile alkanethiols).

Terminal

functional group [ ]
Alkyl chain
-(CHz2)n-
Head group
-SH = -
Alkanethiol Initial Adsorption Equilibrium

Figure 2-1. Formation of a Self-Assembled Monolayer.

51



2.1.3.2 Applications of SAMs

SAMs tolerate tremendous flexibility and versatility with respect to their terminal
functionality (eg. hydrophilic, hydrophobic, chemically reactive or inert). Simple
substituent variations, such as varying X through CH;, OH, COOH, CONHj; etc. for
the thiol HS-R-X, and more sophisticated variations, such as the attachment of
ligands, antibodies, oligonucleotides and proteins for biosensor applications,”* have
been investigated by many groups worldwide. Several applications have been
identified, for example, long chain alkane thiols produce a highly packed and ordered
surface that can provide a membrane like micro-environment useful for immobilising
biological molecules.”” ***! Other applications of these materials include their use as
bio-active’” or inactive surfaces’ >* for gene chips® and biosensors.”” ** SAMs can

. . 35 . . . 36 . - 37
also function as substrates for cellular adhesion,” switching devices,” ionic sensors,

etc, for an overview see Gooding et. al.

2.1.4 Patterning Techniques for SAMs

Patterning of SAMs is widely used for the construction of multi-component
functioning materials and a variety of techniques for the fabrication of these patterned
SAMs are available. Photolithography and microcontact printing in particular have
been used extensively for patterning of alkanethiol monolayers.”® Other approaches
include micromachining, electron and ion beam lithography and probe lithography i.e.

AFM and STM. %

2.1.4.1 UV Lithography

UV-patterning is a well established and convenient technique that involves UV

irradiation of a SAM surface in air, through a mask (Figure 2-2). Thiols that are
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adsorbed on the surface and exposed to the UV light oxidise to the corresponding
sulfonate,*"” ** whereas the thiols masked from the UV light remain intact. When the
surface is then placed in a second thiol solution, the oxidised molecules are desorbed
from the surface and replaced by thiols from the solution to reform the monolayer.
Thus, photolithography represents a clean way of producing multifunctional surfaces
capable of having many spatially resolved components with typical resolution on the

micrometre scale.

[

SOOOEOEOOEOEOOEEE)

l Photo-oxidation of thiolate to sulfonate

COEOOCOEOCSOHEOOEHEE)E)

facilitates exchange of sulfonates with

Immersion in a second thiol solution
thiols from solution to reform monolayer

O)OEOEOEEEOEEEEEEE)E)

Figure 2-2. Schematic illustration of UV Lithography as a patterning technique for

thiol-SAMs on gold.
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2.1.4.2 Microcontact Printing

Microcontact printing (LCP)*** is a technique where an elastomeric stamp, moulded
from a master, is allowed to adsorb a thiol (neat or from ethanolic solution). When the
‘inked’ stamp is brought into contact with a clean gold substrate a monolayer is
formed on the gold surface in the areas of contact. This facile approach to patterning
not only enables uniform patterns over large areas to be produced, but also high
resolutions, in the order of nanometres, to be achieved.” ** At present, the technique
is suitable for producing two and possibly three component surfaces with applications
in microfabrication.”> The largest drawback of this technique is the tendency of the
elastomeric stamps that are used to sag, restricting the dimensions of the structures

which can be produced. However pCP remains an excellent technique for the

fabrication of SAMs on gold.

2.1.4.3 Other Patterning Techniques

The proximal probe and beam lithography methods are both high resolution
techniques that require either an SPM tip or an electron/ion beam to be sequentially
scanned across a surface.*’ In spite of the advantages of having a higher resolution,
the relatively slow speed of these serial techniques limits their usefulness. For a recent

review the reader is directed to Smith ez. al.*’
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2.1.5 Chemical Reactions and Transformations on Surface of SAMs

The newly emerging area of click chemistry, as described in the previous chapter,
involves the application of reproducible, mild and selective reaction conditions to the
formation of products that require minimal purification due to high yields and the low
occurrence of side reactions.*® At this stage, only a few documented articles pertain to
the attachment of molecules to a surface via a click-type reaction. Examples include
the Cu(l) catalysed alkyne-azide coupling reaction, that has been used to form a
triazole linkage between an azide and an acetylene, covalently attaching a molecule to
a particular surface. The preparation of carbohydrate microarrays on a microtitre
plate,*’ the surface derivatisation of a SAM on silicon® and the attachment of

ferrocene molecules to a SAM on gold (Figure 2-3)** have been achieved.

/i
N\
N3 ) N
ﬁfﬁj - ﬁj/j/
©:
SSS SSS

Figure 2-3. Attachment of ferrocene to a SAM surface on gold via ‘Click-type’

chemistry.”

Chemical transformations on SAMs can be studied in detail and may provide new
directions to tailor surface properties. ‘Switchable’ SAMs pertain to monolayers
where the properties of the SAM are changed by an external stimulus, such as light.
Examples of developments in ‘switchable’ SAMs have been recently reviewed® and

include the use of a photo-isomerisable monolayer (ie. trans-to-cis isomerisation of
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azobenzene moieties) to direct the motion of a liquid in contact with the SAM,”' and
the switching of SAMs from a hydrophilic to a hydrophobic surface by altering the
electrochemical po‘[ential.52 Protein/cell resistant surfaces such as SAMs terminated
with short oligomers of ethylene glycol have been ‘switched’ to promote cellular
adhesion by reacting with Br,, that is electro-generated from bromine ions in aqueous

solution by a microelectrode.”

2.1.6 Attachment of Proteins to Surfaces

The successful immobilization of biomolecules onto solid surfaces has been crucial
for the development of functioning devices such as biosensors, biomaterials, affinity
chromatography systems, micro-array systems and prospective biochips.’*>® The
ability to control the interaction of proteins with surfaces at the molecular level using
SAMs, is vital to realise the potential to design and fabricate functional nano-
materials.’> 7 A number of different physical and chemical procedures have been
developed to attach proteins, other biomolecules and unnatural chemical entities to
SAM surfaces.” ** The most common methods rely on the noncovalent association of
proteins with a surface. These techniques are experimentally simple, exploiting
hydrophobic and electrostatic interactions, however, they are not well controlled.
Methods in which the proteins are covalently bound to the surface are inherently more
controlled, however and of course produce surfaces where the protein cannot
dissociate from the surface and/or exchange with other proteins in solution.”® Thus the
terminal functionalisation of the alkyl chains of SAMs with reactive end groups is an
excellent option to support the immobilisation of biomolecules via covalent chemical
coupling.” > ® A variety of surface reactions have been utilised for the attachment of

proteins to surfaces, the most successful based on the formation of amide and
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disulfide bonds.”® ® Examples include the covalent attachment of glucose oxidase
(GOx) to a self-assembled monolayer on gold by utilising the chemical oxidation of
GOx carbohydrate residues. The resulting aldehydic enzyme was coupled with the
terminal amino group of the 11-aminoundecanethiol SAM forming the required
covalent bond.*® Furthermore, the covalent attachment of various proteins via their
amine-containing residues to an N-hydroxysuccinimide (NHS) terminated SAM have

also been reported.’"

2.1.7 Techniques for the Characterisation and Analysis of Surfaces

A number of analytical tools have been developed for the analysis and
characterisation of thin films on surfaces. These techniques allow the measurement of
film thickness, the elemental composition on the surface and information on
molecular packing, density, orientation, and hydrophobicity of the surface. Some of
the techniques used for the analysis of thin films on surfaces are briefly introduced
here, however, this is not intended as an exhaustive review. For further detailed
information on these techniques and others not discussed here, the reader is referred to

12 -
Ulman'? and others.®®

2.1.7.1 Contact Angle Measurements

Contact angle measurements have been used as a characterisation technique to
evaluate the hydrophilicity or hydrophobicity of the surfaces of monolayer films.*
These surface properties can be determined by observing the shape of droplets of
water (or other liquids, such as hexadecane) of a fixed volume, when applied to the
surface of the material. As the liquid droplet comes into contact with the surface, the

angle formed between the film and the droplet, the contact angle, 0, can be measured
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(Figure 2-4). For example, if the surface is hydrophobic, the contact angle of a water
droplet on the surface will be large, however, for more hydrophilic surfaces the water
droplet will form a smaller contact angle, as the hydrophilic surface will be more
effectively wet by the water. The contact angle measurement can also provide
information on the surface order of a monolayer film,"’ for example, the contact angle
of an exposed surface of close-packed methyl (-CHs) groups will differ from that of a
disordered film exposing interior methylene

(-CHy-) groups to the surface. Contact angle

measurements can  also  indicate  the Syringe
incorporation of functional groups as the contact
angle will change with variations in film N iauid

composition. Thus contact angle provides useful

information on surface order and Figure 2-4. Diagram of a
contact angle measurement.

hydrophobicity of the SAM surface.

2.1.7.2 IR Spectroscopy

The analysis of thin films on high refractive index substrates, such as silicon and gold,
by infrared spectroscopy has always been problematic. Reflective substrates such as
gold are frequently examined by external reflectance or ‘grazing angle’
spectroscopy.'? In this technique, light is reflected from a smooth, mirror-like sample
and a reflection/adsorption spectrum is recorded. Thin film coatings in the range of
nanometers to micrometers, such as SAMs on metal substrates, can be examined
using this technique, however data collection usually requires repetitive sampling,

over a long period of time, to obtain well defined spectra.
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Attenuated total reflectance (ATR) spectroscopy can be used for the analysis of
solids, liquids, powders and thin films. The sample is placed in close contact with a
more-dense or high refractive index crystal, typically a germanium or zinc selenide
crystal. The IR beam is directed onto the bevelled edge of the ATR crystal and
reflected internally through the crystal. The beam of radiation penetrates a short
distance beyond the interface (~1um) producing an evanescent wave at the reflecting
surface (Figure 2-5). From the interaction of the evanescent wave with the sample, a
spectrum similar to a transmission spectra can be recorded. The absorbance bands for
the monolayer are weak, however, generally in the order of the noise for the typical
FTIR spectrometer and again long acquisition times are required. Furthermore, as the
substrate is hard and inflexible, it is
evanescent wave

difficult to obtain the necessary R
AN tum

‘intimate  contact’ between the /

crystal and the sample.
Sample

Nevertheless, IR techniques may still V. : :
ATR crystal

provide valuable information, on the IR radiation

molecular  orientation and the  Figure 2-5. Schematic illustration of the
principle of ATR spectroscopy.
functional groups present, in the

analysis of thin films.

2.1.7.3 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to survey the chemical nature of
SAM surfaces. Briefly, a surface is irradiated with soft x-rays, causing the ejection of
electrons from the core shells of atoms within the SAM, in response to the irradiation.

The low kinetic energy (up to 1500eV) of these emitted electrons limit the depth from

59



which they can emerge. Consequently, XPS is a very surface-sensitive technique with
a sampling depth in only the nanometre range. The electrons are collected and
analysed by the instrument to produce a spectrum of emission intensity verses
electron binding energy. In general, the bands are characteristic of each element so
that the spectra provides information on the elemental composition, and elemental
oxidation states of the SAM surface. Thus, XPS is a widely used, highly useful

technique in the analysis of SAMs.

2.1.7.4 Atomic Force Microscopy
Scanning probe microscopy techniques have been used to study surface structures in
minute detail. The atomic force microscope®™ (AFM) can provide true atomic
resolution on surfaces, it can be operated under a variety of environments (in air or
liquids) and does not require the use of an ultra high vacuum or a conductive sample
for image generation.”” ® By measuring the distance dependent forces between the
surface being analysed and a molecular sized tip, the topography of samples can be
probed on an atomic scale. Located at the end of a flexible cantilever, the tip is placed
very close to the sample
surface. Short range attractive

Laser

and repulsive forces cause a Detector

vertical deflection of the

cantilever from its

equilibrium position (Figure 1} ! Sample
, ,

2-6). A laser beam is pointed ILX Seanner

at the end of the cantilever,

where the beam is reflected Figure 2-6. Diagram of AFM
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and focused on to a four quadrant, position-sensitive detector. As the tip moves across
the surface the deflection of the laser beam is detected, with the changes in signal
monitored by a feed-back system and displayed upon a connected computer. A variety
of operational modes can be used on the AFM including contact, non-contact,

69, 70

tapping, lateral force, chemical force and force distance. In general AFM is most

widely used, in the analysis of SAMs, as a way to map the surface topography.

2.1.7.5 Fluorescence Microscopy

Fluorescence microscopy provides a fast and highly sensitive means of visualising
fluorescent material in microscope specimens. Fluorescence is a phenomenon
whereby particular molecules or molecular fragments, termed fluorochromes or
fluorophores (usually organic compounds containing conjugated double bonds),
absorb light of a particular wavelength, exciting its electrons to higher energy levels.
The fluorochrome then releases this energy via vibrational relaxation, emitting light at
a lower energy and longer wavelength than the excitation light (Stokes Shift).”" A
fluorescence microscope provides excitation energy to a sample. Optical filters within
the microscope separate the brighter excitation light so that only the weaker, emitted
fluorescent light is detected, allowing for the generation of high contrast images. The
unique capabilities of fluorescence as a means of detection include its (1) sensitivity,
as the emission from only a small number of fluorescent molecules is detectable, and
(i) specificity, as the excitation and emission spectra for particular fluorescent
molecules are usually characteristic. This can be used to selectively analyse complex

mixtures of molecular species in one sample.
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Limitations of fluorescence detection include two photochemical phenomena, namely
photobleaching and quenching. Photobleaching, or fading, is a photochemical reaction
between the fluorophore, light and oxygen (a form of oxidation) that causes loss of
fluorescence signal.”* Fluorescent molecules have a photochemical lifetime and will
emit only a certain number of photons no matter how the excitation energy is
delivered, therefore at low excitation energy levels, photobleaching is not prevented
only the rate is reduced.”” Quenching is also a significant effect in fluorescence
microscopy that occurs when the excess energy of an excited fluorochrome is
absorbed by a neighbouring molecule causing the depletion or loss of fluorescence.
Despite these limitations, fluorescence microscopy is still a valuable technique for the

analysis of fluorescent markers on surfaces.

2.1.8 Fluorescent Markers

Fluorescence detection is used extensively for a wide range of applications in the
biosciences, such as DNA sequencing, antibody and DNA detection. The attachment
of fluorescent tags to non-fluorescent molecules enables very sensitive detection of

these otherwise visually undetectable molecules.

2.1.8.1 Fluorescein

Fluorescein is a molecule commonly used as a fluorophore in fluorescence
microscopy with an absorption maximum at 494 nm and emission at 525 nm.
Typically a fluorescein molecule will emit 30-40 thousand photons during its

photochemical lifetime.”

A number of modified fluoresceins are commercially
available, such as fluorescein isothiocyanate (FITC) and aminofluorescein, allowing

for the straightforward attachment of this molecule to non-fluorescent systems.
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2.1.8.2 Green Fluorescent Protein
Green fluorescent protein (GFP) is currently being explored as it has potential
applications in devices such as molecular information storage systems and

357475 The interest in this molecule stems from its

biophotonic-based sensing devices.
unique molecular properties. GFP was first isolated from the jelly fish Aequorea
victoria, it emits intense and stable fluorescence without any cofactors, shows
considerable stability towards changes in environmental conditions,”® eg. high salt
concentrations, a wide pH range and temperatures up to 78°C. It is also less
susceptible towards photo-bleaching than other fluorophores such as fluorescein.”’
The 27kDa protein possesses a tightly packed P-barrel tertiary structure with the
chromophore contained within a coaxial alpha helix (Figure 2-7). The chromophore
consists of a cyclic tripeptide derived from a Ser-Tyr-Gly sequence in the primary
protein sequence. Importantly, the fluorophore only fluoresces when embedded within
the complete GFP protein. A number of genetically modified fluorescent proteins are
available including EGFP (enhanced green fluorescent protein) that is 35 times
brighter than the wild type protein with an excitation maximum of 488 nm and

emission at 507 nm.

Chromophore

—barrel structure

Figure 2-7. Cartoon representation of Green Fluorescent Protein, illustrating the -

barrel structure and the location of the chromophore within.
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2.1.9 Background to Present Work

The aims of the work investigated in this chapter are twofold, 1) the preparation of N-
hydroxysuccinimide terminated self assembled monolayer surfaces for the attachment
of proteins (GFP) to a gold surface and 2) the preparation of a ‘heat activated” SAM
adsorbate monomer and formation of the corresponding SAM on gold and to conduct
preliminary investigations into the thermally induced conversion of the acyl azide to

the chemically reactive isocyanate on the surface.

Aim 1
Single molecules of GFP, immobilised in an aqueous polymer have previously been
shown to exhibit on/off blinking and switching behaviour, that can be controlled by

74, 78
lasers.”™

This property could potentially be adapted for the development of
biomolecular devices such as optical information storage devices and optical
switches. Towards this end, we aimed to determine if the attachment of GFP to a
SAM on gold would quench the fluorescence of the protein, as it has been reported
that gold (and other metals) in the absence of a SAM can quench the fluorescence of
GFP and other fluorophores.” If fluorescence could be maintained on covalent

binding of the protein to the SAM surface, this could potentially be developed as a

platform for the aforementioned applications.

Most of the literature relating to the attachment of GFP to a surface relies on the poly-
histidine or arginine ‘tags’ that contain nitrogen atoms known to bind strongly, but
reversibly, to cobalt and nickel. This property is used generally for the purification of
these proteins. The poly-histidine tag has been found to bind directly to nano-clusters

of gold pinned to a graphite surface.** Furthermore, a SAM terminated with
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carboxylic acids was functionalised with nitrilotriacetic acid groups that complexes
Ni(II), that subsequently binds the histidine tagged GFP to the surface.”' Monolayers
of a chimera of cytochrome b562-GFP have been prepared on gold surfaces via the
mutation of the cytochrome b562 to incorporate two exposed cysteine residues on the
surface of the protein, as such these thiol groups were adsorbed onto the gold surface
forming a monolayer with applications as a molecular photodiode.** The covalent
attachment of GFP via an N-hydroxysuccinimde terminated monolayer has, to the

author’s knowledge, only been reported on silicon.®

Aim 2

This investigation centres on the development of a non-reversible ‘switchable’ SAM,
that is the properties of the SAM are changed by an external stimulus such as, in our
proposed case, the application of heat. We aim to prepare a ‘pro-click” monolayer
precursor possessing relatively unreactive chemical entities (acyl azide) that can be
embedded within inert SAM films (Figure 2-8) and subsequently be selectively
activated using localized heat to generate click compatible functional groups
(isocyanate). Once activated these surfaces will have the potential to react with
functional groups such as amines and alcohols efc, enabling tethering of
macromolecular, dendritic or biomolecular entities to specific regions of the surface.
Heat could then be focused on a different section of the surface and the procedure

repeated.
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Figure 2-8. Potential for preparation of functionalised surfaces using heat activated

monolayer.

Minimal literature is available on the reactivity of isocyanate terminated SAMs on
gold, however there is literature precedent for the reaction of an hydroxyl terminated
monolayer with 1,4-phenylene diisocyanate 45 to produce a carbamate linkage
leaving one isocyanate group oriented towards the surface with the ability to react

with alcohols and amines under mild conditions.®*
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2.2 Results and Discussion

2.2.1 Preparation of Gold Surfaces

There are a number of well documented methods for the deposition of gold onto
surfaces, for example evaporation, sputtering, chemical vapour deposition and
electrodeposition.*> Of these methods, two were available for use in this project, an
evaporator and an argon ion sputterer. In the metal sputtering process (Figure 2-9), a
vacuum chamber is evacuated and refilled with low pressure argon gas. A high
voltage potential difference between the chamber and the target accelerates argon ions
to strike the target, physically dislodging metal atoms that fall throughout the

chamber, some depositing on the substrate to produce a high quality metal film.

Target
(——
/ | ® @
@& @ @
®—- P
9 ®
® @ ®
Substrate to @4.
be coated || ®
\ ¢
f%
Heated Stage

To High Vacuum

Figure 2-9. Schematic illustration of the sputtering process with photograph.

In an evaporator (Figure 2-10) the pressure inside the chamber is reduced to lower the
sublimation point of the metal. The material to be deposited is then heated electrically
in metal wires or containers. Metals such as tungsten(W) and molybdenum(Mo) are
generally used to make the evaporation container as they maintain a low vapour

pressure at the temperature required to evaporate gold. Alternatively some ceramics
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may also be used. Once the metal vaporises, it condenses on all surfaces within the

chamber including the substrate to form a thin metal coating.
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Figure 2-10. Schematic illustration of metal evaporation and photograph.

Both the evaporation and the sputtering methods were trialled, however, the argon ion
sputterer was simpler to operate, produced consistent surfaces and was therefore used
routinely for the preparation of our gold surfaces. Atomically flat silicon wafers, were
purchased from Addison Engineering (100mm prime silicon wafers 1-20Q2-cm,
P/Boron doped), were diced into 1 cm squares. Immediately prior to the metal
deposition, the silicon was cleaned by rinsing with high purity acetone to remove the
protective coating and drying with a stream of nitrogen. Initially a layer of chromium
was deposited as an adhesive layer™ to prevent the gold from flaking off the substrate.
A layer of gold (24 carat, 99.99% pure) was then deposited on the chromium surface.
A detailed description of the operation procedure used for the sputterer is included in

the experimental section of this thesis.

The sputterer stage could be heated to various temperatures and trials were carried out

with the stage at 100°C, 200°C and 250°C. AFM analysis (Figure 2-11), using the
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JEOL JSPM-4200, equipped with an 85x85 pm? tube scanner, of a sample from each
batch of gold surfaces were carried out to assess their flatness, with typical RMS
values of 7.1 nm, 5.1 nm and 5.2 nm respectively. As the difference in surface
roughness between the surfaces prepared at the two higher temperatures was minimal
and they were less rough than the surfaces prepared at the lowest temperature, 200°C

was selected for use in the standard procedure.

2.08 x 2.00 um

Figure 2-11. AFM image of gold surface sputtered at 200°C.

2.2.2 Chemical Synthesis of SAM monomers (adsorbates)

2.2.2.1 N-hydroxysuccinimide monomer

An amine reactive monomer (SAM adsorbate) was required to develop a method for
covalently immobilising GFP onto surfaces. Dithiobisundecanoic acid di-N-
hydroxysuccinate 53 was identified as a suitable target molecule, as the disulfide
linkage chemisorbs to gold surface while the NHS groups remain reactive toward the
primary amine groups of proteins or other molecules. Covalent attachment of other
proteins onto gold surfaces has been achieved previously using this approach.®¢%5

Accordingly, 11,11°-dithiobisundecanoic acid 54, was synthesised via a literature

procedure,®’” from the corresponding thiol 55 (Scheme 2-1). In the method, 55 was
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dissolved in methanol and stirred with potassium carbonate in an open vessel.
Acidification of the reaction mixture, extraction with ethyl acetate and subsequent
recrystallisation in hexane, afforded the disulfide product in a 72% yield. ESMS
analysis of the product revealed peaks at 433 amu in the negative mode and 457 amu
in the positive mode corresponding to the molecular ion and the sodium adduct

respectively. 'H and ?C NMR spectra were consistent with the structure.
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Scheme 2-1
The synthesis of the di-N-hydroxysuccinate analogue 53 involved the DCC coupling
of 54 with NHS in DCM.” The crude material was purified by column
chromatography (5:1 DCM/MeCN) with an isolated yield of 30%. The melting point
and NMR spectra were consistent with literature reported values® and ESMS analysis
revealed peaks corresponding to the lithium and sodium adducts at 635 amu and 651

amu respectively.

2.2.2.2 Tri(ethyleneglycol) monomer

Proteins adsorb onto many surfaces via noncovalent hydrophobic bonding or
electrostatic interactions. It has been shown however, that polyethylene glycol type
surfaces resist non-specific protein binding,* ® due to their hydrophilic nature, the

presence of hydrogen bond acceptors and overall neutral electrical charge.”® A novel
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protein-resistant monomer possessing a tri(ethyleneglycol) end group was therefore
synthesised (Scheme 2-2). 11-Mercaptoundecanoic acid 55, was heated with thionyl
chloride to form the corresponding acid chloride 56. Excess thionyl chloride was
removed and the crude material was dried under vacuum. Tri(ethyleneglycol)
monomethyl ether 57, was dissolved in DCM with triethylamine (2.4 eq.). The dried
acid chloride 56, was dissolved in DCM and the resultant solution added slowly to the
tri(ethyleneglycol) solution under an atmosphere of nitrogen. Workup involved
aqueous washes to remove triethylamine HCI salts. Removal of the solvent afforded a
brown oil that was subsequently purified by column chromatography (60% Et,O
/hexane) affording the product 58 as a pale yellow oil in 72% yield. ESMS analysis
gave peaks at 371 amu and 387 amu in the positive mode corresponding to the lithium

and sodium adducts of 58 and 'H and '*C NMR were consistent with the structure.
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Scheme 2-2
2.2.2.3 Acyl Azide monomer
An acyl azide functional group was selected as a feasible terminal group for the
development of an irreversible ‘switchable’ SAM that could be activated by heat.
Before the application of heat, this group is quite unreactive. However, on conversion

to the corresponding isocyanate, a function is installed into the SAM that would be
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exceptionally reactive towards amine groups. 59 was designed as a suitable target to

investigate this hypothesis.

Initial attempts to synthesise the target molecule (Scheme 2-3) included the synthesis
of di-isophthalic 11,11’-dithiobisundecanoic amide 61. 11,11’-dithiobisundecanoic
acid 54 was heated gently in SOCl, under an atmosphere of nitrogen for one hour.
Excess thionyl chloride was removed in vacuo and the residue was dissolved in N-
methylpyrrolidinone (NMP) and the solution added dropwise to a solution of 5-
aminoisophthalic acid 60 and Et;N in NMP cooled to 0°C. The reaction was stirred at
room temperature for 18 hours and poured into water. The precipitate that formed was
collected by filtration then recrystallised from chloroform/methanol affording the pure

product 61 as an off white coloured solid.
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ESMS analysis gave peaks at 759 amu corresponding to the molecular ion in the
negative mode and show a fragmentation peak at 379 amu corresponding to cleavage
of the disulfide bond during ionisation (Figure 2-12). NMR and microanalysis results

were consistent with the desired structure.
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Figure 2-12. ESMS spectrum of 61.

The di-isophthalic 11,11’-dithiobisundecanoic amide 61 was dissolved in THF under
an atmosphere of nitrogen. On addition of Et;N, a dense precipitate formed that
adhered to the bottom of the flask, whereupon NMP was added to help solubilise the
material. Diphenylphosphonylazide (DPPA) was subsequently added and the mixture
stirred at room temperature overnight. The reaction mixture was then poured into

water and the resultant precipitate collected by filtration and dried.

Analysis of this crude product by 'H NMR showed the presence of starting material as

no change was observed in the chemical shift of the proton resonances corresponding

to the aromatic hydrogens or the NH (as would be expected if the acid groups were
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converted to acyl azides) and the carboxylic acid proton resonance was still present at
13ppm. Furthermore, a large amount of DPPA (an expensive reagent) was required in
the reaction. Consequently, an alternate synthetic path was sought. We elected to
synthesise independently the acyl azide end group and attach this group to 54 via a
coupling reaction. The approach was intended to circumvent the problems

encountered with solubility and to reduce the total cost of the synthesis.

The requisite acyl azide end group, 5-amino-1,3-benzenedicarbonyl diazide 62, was
synthesised via a literature procedure.”’ DPPA and Et;N were added to a solution of
5-aminoisophthalic acid 60 in NMP and the mixture stirred at room temperature under
an atmosphere of nitrogen (Scheme 2-4). The reaction mixture was poured into
aqueous NaHCO; and the product collected by filtration and purified by

recrystallisation affording 62 in a 96% yield.

OH OH Ny Ns
o)\©/go DPPA, TEA, NMP o’\©/§o
NH, NH,
60 62
Scheme 2-4

'H and "C NMR spectra were consistent with reported values and FTIR analysis

showed the strong characteristic band of the CONj group at 2144 cm-1 (Figure 2-13).
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Figure 2-13. FTIR spectrum of 62.

Initially, a DCC coupling of compounds 54 and 62 was attempted (Scheme 2-5).
11,11°-dithiobisundecanoic acid 54 was activated with DCC in a solution of THF and
2.5 equivalents of the acyl azide end group 62 were added. The reaction mixture was
stirred for 18 hours and the precipitated DCU was removed by filtration. Evaporation
of the solvent (under reduced pressure at 25°C) revealed a sticky oil that on analysis
by 'H NMR, showed a mixture of compounds including DCU, however the NH

resonance of the amide was not observed suggesting an unsuccessful reaction.
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Scheme 2-5
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As the DCC coupling reaction was unsuccessful, we attempted a direct coupling of
the acyl azide end group 62 to 11,11’°-dithiobisundecanoic acid 54 via an acid chloride
coupling. 54 was heated gently in SOCl, under an atmosphere of nitrogen for one
hour. The excess thionyl chloride was removed in vacuo. The residue was dissolved
in THF and added dropwise to a solution of 5-amino-1,3-benzenedicarbonyl diazide
62 and Et;N in THF. The reaction was stirred at room temperature for 48 hours then
the precipitated triethylamine hydrochloride was removed by filtration. The filtrate
was evaporated (reduced pressure, 25°C) and the residue purified by column
chromatography (4% EtOAc/CH,Cl,) to give 59, in a 28% yield, as a yellow oil that

solidified into thin plates on freezing.
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Figure 2-14. "H NMR spectrum (400MHz, 298K, CDCI3) of the purified SAM

adsorbate monomer, 59. (proton resonance of the formed amide highlighted in blue)
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The '"H NMR spectrum of the acyl azide monomer (Figure 2-14) shows the NH
resonance of the formed amide bond. Only the solvent signal (CDCls, & 7.27 ppm)

was observed in the section removed from the spectrum for illustrative clarity.

2.2.3 Formation and Characterisation of Monolayers on Gold — GFP Studies

Our initial studies focussed on the preparation and analysis of one-component
monolayers of dodecanethiol, the synthesised NHS terminated disulfide 53 and the
protein resistant thiol 58 as precursors to the preparation of patterned surfaces of these
monolayers. In each case, a cleaned gold surface was placed in a ImM ethanolic
solution of the required disulfide or thiol, allowed to stand in the solution, in a closed
vial, at room temperature for 18-20 hours. After this time, the surfaces were removed
from the solution, rinsed with ethanol and dried under a stream of nitrogen. Analysis
of the surfaces were carried out immediately unless otherwise stated. Both grazing
angle IR and ATR spectroscopy were trialled on the gold surfaces. Unfortunately,
analysis of the surfaces using grazing angle IR did not reveal any signal and the
spectra achieved using ATR were inconclusive despite the acquisition of ~1000 scans.
Due to the poor quality of the data repeatedly obtained in these experiments we
focussed on alternative characterisation methods for the analysis of the SAMS.
Contact angles were measured for each of the monolayer surfaces and the results are
reported in Table 2-1. These values were compared against the contact angle
measured for a control surface (clean gold surface treated under the same conditions
with pure ethanol, ie no thiol/disulfide present). Most of the prepared surfaces exhibit
hydrophilic behaviour (low contact angle with water) with the exception of the

dodecane thiol monolayer. This result for the dodecanethiol monolayer corresponds to
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typical literature values'? and indicates that the formed dodecanethiol monolayer is

ordered.

Table 2-1. Water contact angles for self assembled monolayer surfaces on Au.

Standard deviations are given in parentheses.

SAM Surface 0°
Dodecane thiol 111 (2.3)
53 (NHS) 74 (2.0)
58 (Protein resistant) 64 (3.0)
Bare Gold (EtOH) 61 (2.2)

Ideally, XPS analysis of the SAM surfaces would have been carried out immediately
following their removal from the disulfide/thiol solution. However the practical
limitation of off-site XPS analysis resulted in delays between preparation and
analysis. The surfaces were unfortunately exposed to air in these intervals.
Nevertheless, XPS survey spectra (Figure 2-15) were obtained for monolayers of
samples 53 and 58 (synthesised in section 2.2.1.1 and 2.2.1.2). The spectra were
referenced to the Au 4f doublet at a binding energy of 84 eV as common in the
literature.”” The expected peaks arising from the ionisation of core electrons of C, N,
O and S were observed in the spectra (Appendix B). The C 1s peak appeared at 285
eV for both surfaces, corresponding to the carbon atoms of the methylene groups, and
a smaller peak was observed at ~289 eV on the 53 surface corresponding to the C=0

groups’”

of the N-hydroxysuccinimide coated surface. There was a N 1s peak
observed for the NHS surface at 400 eV. However, as expected, no nitrogen was

found to be present in the monolayer of 58. The O 1s peak was observed at ~531 eV

for both compounds. The S 2p ionization was treated as a single peak centred at BE of
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~163 eV, corresponding to the value reported for sulphur bound to gold as a

thiolate,”*** indicating successful formation of the monolayers.
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Figure 2-15. Survey scans of a) 53 and b) 59 monolayer surfaces.
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Unfortunately, the XPS spectra also evidenced peaks indicative of contaminants. A
peak at a BE of ~712 eV corresponding to Fe 2p and a peak at 619 eV corresponding
to I 3d were observed, however the latter did not appear in the spectrum of 53. At
present the sources of these contaminants are unknown. A more detailed analysis of

these results is beyond the scope of this work and will be an object of future studies.

In summary, we have demonstrated the successful formation of SAMs of
dodecanethiol, 53 and 58 on gold surfaces through well documented solution based
adsorption techniques. Contact angles and preliminary XPS data have been obtained

for the materials.

2.2.4 SAM Patterning Trials

A UV patterning protocol was required in order to obtain a patterned surface for the
attachment of GFP to a monolayer surface. Thus our test protocol was to form a
dodecane thiol monolayer on a gold surface, expose this surface to UV irradiation
through a mask, for varying lengths of time. The oxidised areas exposed to the UV
light would then be filled with an N-hydroxysuccinimide terminated monolayer. The
surface could then be treated with aminofluorescein. Successful patterning of the

surface would thus be evidenced by fluorescence microscopy.

Initially, lcm squares of silicon were used and a transmission electron microscope
(TEM) grid used for the UV irradiation of monolayers under the UV lamp. In an
attempt to simplify locating the irradiated regions on the lecm® surfaces, circles of
gold, the same size as a TEM grid, were sputtered onto the silica surface after a

chromium adhesion layer was deposited, through a metal mask (Figure 2-16).
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However, on cleaning of these

a. b.looO c.loo@ d 00O

o0 o0 oo gold surfaces in either piranha
Figure 2-16. a) silicon wafer square; b) metal solution (30% H>0O, in H,SO4)
mask with holes the size of TEM grids; c) the or ammonia cleaning solution
mask is placed on top of the silicon wafer (H20 : NH4OH : H,O5 (5 : 1
square and placed in the sputterer; d) on 1) at 75°C), the gold circles had
removal from the sputterer the silicon square a tendency to detach from the
has four gold circles sputtered onto the substrate. Much better adhesion
surface. was observed when the gold

coated the entire surface.
Further attempts thus focussed on complete surfaces. Accordingly, gold was sputtered
onto 0.5 cm’ squares that were then cleaned in a freshly prepared piranha solution,
rinsed thoroughly with milliQ water and dried under a stream of N, and placed in a
sealed vial, containing a ImM solution of dodecane thiol in ethanol (12ul
dodecanethiol in 50ml EtOH), for 18.5 hours. On removal from the solution, the

surfaces were rinsed with ethanol, then water and dried with a stream of N,.

One of the dodecanethiol coated surfaces was taken as a control and 20 uL of a 20
mM solution of 5-aminofluorescein in DMF (7.3 mg in 1 ml) was placed on to the
surface and the surface covered with a glass coverslip and placed in the refrigerator
for 17 hours. The surface was then rinsed with DMF and then acetone and viewed

under the fluorescence microscope. Virtually no fluorescence was observed.

Three dodecane thiol monolayer surfaces were exposed to the UV spot lamp, through

a TEM grid (20 um and 100 pm squares), for varying lengths of time, one for 10
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minutes, the second for 20 minutes and the third for 30 minutes (timed in one minute
bursts). The surfaces were then placed in a 1 mM solution of the N-
hydroxysuccinimide disulfide (31.4 mg in 50 ml of ethanol) and allowed to stand for a
further 18 hours, to replace the oxidised portions of the monolayer. The surfaces were

removed from the solution, then rinsed with ethanol, then water and dried as above.

Irradiated

Irradiated i - Un:_irradiat'ed“:' =

-~

Figure 2-17. Topographical image (400 line resolution) of NHS/dodecanethiol SAM.

Previously, AFM imaging of alkane thiol monolayers adsorbed on gold under an
alcohol solution of 2-methyl-2-propanol have achieved images with true molecular
resolution.”® We conducted our analyses of our surfaces using a TopoMetrix TMX
2000 Explorer, with a 130x130 pm? tripod liquid scanner, with a z-range of 9.7 pm.
Images were obtained in the contact imaging mode of operation in neat 2-butanol.
Figure 2-17 shows the AFM image obtained from an NHS/dodecane thiol patterned
monolayer. Running diagonally through the centre of the image is an unirradiated

section corresponding to the crossbar of a TEM grid used. The unirradiated sections
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correspond to the dodecane thiol sections of the monolayer and the irradiated sections

correspond to the N-hydroxysuccinimde monolayer filled squares.

Patterning was further examined using fluorescence labelling. A 20 mM solution of 5-
aminofluorescein in DMF (7.3 mg in 1 ml) was prepared and a 20 uL drop was placed
on each of the NHS patterned surfaces, covered with a glass coverslip then placed in
the refrigerator for 22 hours. The surfaces were rinsed with DMF then acetone and
viewed under a fluorescence microscope. The sharpest image was observed from the
dodecane thiol surface exposed to 30 minutes of irradiation followed by reaction with
aminofluorescein (Figure 2-18). Suggesting that the oxidation of the thiols when

exposed to UV irradiation, under our conditions, is a fairly slow process and that long

exposure times are required in order to obtain well defined patterns on the surface.

Figure 2-18. Fluorescence microscope images of (a) a 30 minute UV patterned
[through a 20um TEM grid] Dodecane/N-hydroxysuccinimide surface after reaction
with aminofluorescein, and (b) magnified image of the same type of surface patterned

through a 100pm TEM grid.
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Analysis of these surfaces were also carried out using a TopoMetrix TMX 2000
Explorer, with a 130x130 pm? tripod liquid scanner, with a z-range of 9.7 um. Images
were obtained, in the contact imaging mode of operation, in neat 2-butanol. In this
experiment, clearer images were obtained from these surfaces than those analysed
prior to functionalisation with aminofluorescein. These latter images (Figure 2-19)
show distinct squares separated by crossbars, in both the topographical and lateral
force modes. The unirradiated sections, corresponding to the dodecanethiol sections
of the monolayer, and the irradiated sections, corresponding to the backfilled NHS

monolayer after reaction with aminofluorescein are clearly in evidence.

Topographical image Lateral force map

Figure 2-19. AFM images obtained from the dodecanethiol/NHS + aminofluorescein

surfaces imaged under 2-butanol. a) Topographical image, b) lateral force.

A higher resolution image was also obtained from the same patterned surface (30

minutes exposure, aminofluorescein treated) and is included in Figure 2-20.
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Figure = 2-20. Higher resolution @~ AFM image obtained from the
dodecanethiol/ NHS+aminofluorescein surfaces imaged under 2-butanol (300 line

resolution).

We have thus developed a successful patterning protocol. Exposure of the monolayer
surface to 30 x 1 minute bursts of UV irradiation in air, through a TEM mask placed
on the SAM surface selectively alters the SAMs surface composition via oxidation of
the exposed areas. These oxidised areas can be successfully backfilled with an amine
reactive NHS terminated monolayer of 53. Finally, we have also shown the successful
reaction of the functionalised amine reactive NHS portion of a patterned monolayer
with aminofluorescein and the successful visualisation of the patterned surface by

fluorescence microscopy and AFM.

2.2.5 Attachment of GFP to SAM
With a suitable protocol for UV patterning of SAMs in hand, we turned our attention
to trialling the attachment of proteins to gold surfaces, specifically green fluorescent

protein (GFP). The successful functionalisation of a surface with proteins requires a

85



surface with a high specific affinity for the biomolecule, leading to a high amount
immobilised at the surface in the required locations, while avoiding non-specific
interactions that lead to poorly controlled adsorption. In addition, the immobilised
entity must retain its native conformation to ensure proper function at the surface,
such that once the protein is attached, no denaturing process due to the proximity of

the surface should occur.”’

Thus, our aim was to prepare tri(ethyleneglycol) coated surfaces that would resist the
non-specific adsorption of the protein. The resistant monolayer would be patterned via
UV irradiation and the exposed areas refilled with an amine reactive NHS terminated
monolayer. This could then be covalently coupled to the protein, as per figure 2-21.

The EGFP used in this body of work was sourced from within the research group.”
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Figure 2-21. Diagram of the covalent attachment of GFP to the SAM.
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Accordingly, as per our established protocol, gold surfaces (1cm?) were cleaned in a
freshly prepared piranha solution, rinsed thoroughly with water and dried under a

stream of N, and placed in a sealed vial, containing a 1mM solution of the
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tri(ethyleneglycol) terminated adsorbate monomer 58 in ethanol (6.3mg of 58 in 10ml
EtOH), for 18.5 hours to form the protein-resistant monolayer surface. The surfaces
were rinsed with ethanol on removal from the solution, then dried with a stream of N,.
One surface was again taken as a control and a 50 uL drop of a 2.7mg/ml solution of
EGFP in 0.1M sodium phosphate buffer was spotted onto the surface and placed in
the refrigerator overnight. The surface was rinsed with milliQ water and viewed under
a fluorescence microscope. As before, essentially no fluorescence was observed on

the surface of the control.

The remaining surfaces were exposed to the UV spot lamp, through a specially
prepared film mask (1cm® with 9 x 9, 200 um holes), for 30 minutes (timed in one
minute bursts). It is noteworthy however, that the film was noticed to warp and turn
opaque during the exposure to the UV light. The surfaces were then placed ina 1 mM
solution of the N-hydroxysuccinimide disulfide (6.3 mg in 10 ml of ethanol) and
allowed to stand for 18 hours. On removal from the solution, the surfaces were rinsed
with ethanol, then water, and dried as above. A 50 uL drop of a 2.7mg/ml solution of
EGFP in 0.1M sodium phosphate buffer was spotted onto each surface and the surface
placed in the refrigerator overnight. The surfaces were rinsed with milliQ water and
viewed under a fluorescence microscope. From the images obtained (Figure 2-22), it
was observed that the UV irradiation through the film mask did cause some distortion
to the patterning of the monolayer, as such, the fluorescent images show imperfect yet
discrete patterning. A central bright green circle corresponding to the principle
exposure region is observed with some additional, outlying attachment of the

fluorescent protein surrounding this region.
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Figure 2-22. Fluorescence microscope images focusing in on the regions of GFP

attached to the patterned surface.

AFM analysis of these surfaces in air, however, did not reveal any topographical
images of the GFP molecules bound to the surface. Unfortunately, time did not permit
the investigation of these surfaces by AFM in a liquid medium, however this will

need to be investigated in future studies.

In summary, we have shown the formation of a tri(ethyleneglycol) terminated
monolayer (58) that resisted the non-specific adsorption of GFP. We have also shown
that patterning of the surface was successful despite the degradation of the film mask
and most importantly, we have demonstrated that the fluorescence of the GFP was
preserved on binding to the NHS monolayer on the gold surface. The surfaces were

analysed using fluorescence microscopy and AFM.
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2.2.6 Heat Activated SAM

Extending from the work completed in chapter one, a surface adsorbate monomer
containing an acyl azide was prepared. The species is poised for activation, by heat,
into an amine reactive isocyanate group (Figure 2-23). Literature precedent suggested
that the monolayer surface could reasonably withstand the temperatures required to
effect this conversion.” To the author’s knowledge there has been no reported

documentation of the transformation of acyl azides to isocyanates occurring on gold

surfaces.
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Figure 2-23. Schematic representation of heat activated SAM.

Gold surfaces were cleaned in a freshly prepared piranha solution, rinsed thoroughly
with water and dried under a stream of N, and placed in a sealed vial, containing a
ImM solution of 59 (4.42mg in S5SmL of THF) for 18 hours. On removal from
solution, the surfaces were rinsed with THF and dried. Contact angles were measured
for the monolayer surface and the results are reported in Table 2-2. The results can be
compared with the contact angle measured for a control surface (clean gold surface
treated under the same conditions with pure THF, i.e. no thiol/disulfide present). The
increased contact angle of the acyl azide surface shows that it is more hydrophobic
than the untreated surface, presumably due to the aromatic groups present at the

surface.
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Table 2-2. Water contact angles for self assembled monolayer surfaces on Au.

Standard deviations are given in parentheses.

SAM Surface 0 (H,0)
Acyl Azide 59 77 (1.8)
59 (110°C, Ny, 1 hr) 69 (2.1)
59 (110°C, Toluene, 1 hr) 64 (1.5)
59 (hv, Ny, 1 hr) 75 (1.9)
Bare Gold (THF) 61 (2.5)

One surface was reserved as a control. A 10 uL drop of a 20 mM solution of 5-
aminofluorescein in DMF (7.6 mg in 1 ml) was placed on the surface and the surface
covered with a glass coverslip then placed in the refrigerator for 15 hours. After
rinsing the surface with DMF then acetone, no fluorescence was observed on the

surface under the fluorescence microscope, as expected.

Preliminary investigations into converting the acyl azide to the isocyanate on the
surface included heating the surface in refluxing dry toluene under an atmosphere of
N, for one hour and heating the surface in a glass vessel under an atmosphere of N,
heated in an oil bath at 110-120°C both for one hour. A further attempt was also made
to effect the transformation from the acyl azide to the isocyanate by the application of
UV light.'"”!'°! Surfaces were placed in a quartz round bottomed flask under an
atmosphere of N in the presence of a UV light for one hour. In all cases, a 10 uL drop
of a 20 mM solution of 5-aminofluorescein in DMF (7.6 mg in 1 ml) was placed on
the surface at the conclusion of the heating/irradiation step and the surface then
covered with a glass coverslip and placed in the refrigerator for 22 hours. The
surfaces were rinsed with DMF then acetone and viewed under a fluorescence
microscope. Unfortunately, no fluorescence was observed on any of the surfaces

examined.
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Contact angles were also measured for the heat treated surfaces and are reported in
Table 2-2. A decrease in contact angle was observed for each of the ‘activated’
surfaces, as the contact angle change was greatest for the heat in toluene for 1 hr, this

surface was selected for XPS analysis.”

XPS analysis (Figure 2-24) was carried out on the acyl azide surface 59 and one that
was heat treated (in refluxing toluene 1 hour). The spectra were referenced to the Au
4f doublet at a binding energy of 84 eV. The expected peaks were observed in the

spectra arising from the ionisation of core electrons of C, N, O and S (Appendix B).

The C 1s peak was observed at 285 eV for both surfaces, corresponding to the carbon
atoms of the methylene and phenyl groups, and a smaller peak was observed at ~289
eV on both surfaces, however it was smaller on the heat treated surface,
corresponding to the C=0O groups present. There was a N 1s peak observed for both
surfaces at ~400 eV, the O 1s peak was observed at ~531 eV for both compounds
however a much broader peak was observed for the 59 surface. Again the S 2p
ionization was treated as a single peak centred at BE of ~163 eV, corresponding to the
value reported for sulphur bound to gold as a thiolate, demonstrating successful
formation of the monolayer of 59, however the peak for the heated surface was very
small, barely resolved from the baseline noise, perhaps this may be attributed to
removal of some of the monolayer during the heating stage. Unfortunately, as
observed in the XPS spectra for 53 and 58 a couple of peaks were assigned to

contaminants, the peak at a BE of ~712 eV corresponding to Fe 2p and a peak at 619

* Due to limited funding not all surfaces were able to be analysed.
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eV corresponding to I 3d were observed. A more detailed interpretation of these

results is beyond the scope of this work and will be the object of future studies.
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Figure 2-24. Survey scans of a) acyl azide 59 monolayer surface and b) after heating

for one hour in a solution of toluene.
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In summary, we have demonstrated the successful formation of a SAM of 59 on gold
surfaces again using well documented solution based adsorption techniques. Our
preliminary attempts to convert the acyl azide groups on the surface to an isocyanate
via the application of heat were unsuccessful. XPS analysis of the surface heated in
solution showed evidence that the monolayer may have been removed when heated in
the toluene solution. Future work will further investigate the conditions required to

effect the conversion of the acyl azide to the isocyanate.

2.2.7 Summary

The work presented within this chapter has demonstrated the fabrication of suitable
gold surfaces for the preparation of SAMs on the surface. We have also successfully
synthesised a number of compounds that were used for the preparation of self-
assembled monolayers on gold. Investigations into a suitable protocol for the
patterning of SAMs on gold via UV irradiation was developed and the attachment of
green fluorescent protein to the monolayer surface with retention of the biomolecules’
fluorescence was demonstrated. A SAM that has the potential to be activated by heat
was successfully prepared however, preliminary investigations into the ‘switching on’
of this surface were not successful. Monolayers were characterised by the techniques

available to us, however further detailed investigations into this area are continuing.
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CHAPTER THREE

SYNTHESIS OF HETEROBIFUNCTIONAL LINKERS
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3.1 Introduction

Bioconjugation involves the coupling of a biomolecule with one or more synthetic or
natural molecules. The resultant bioconjugate, exhibits properties of both principal
components.' In general, the two components are connected via a third cross linking
molecule or spacer. Consideration of the spacer element is important in the selection
criteria for choosing a cross-linker as the length and type of cross-bridge can affect
the properties of the bioconjugate, including its flexibility and hydrophilicity. Site
specific bioconjugations are dependent on chemical reactions occurring between the
reactive groups present on the cross-linking reagent and the functional groups present
on the molecules to be coupled. The chemistry of bioconjugation reagents has been

. . 1-
extensively reviewed."

Heterobifunctional conjugation reagents contain two different reactive groups that
can covalently couple to specific functional groups located on each of the target
molecules. This allows the regiospecific cross-linking of two molecular systems,
hence affording better selectivity and control over the conjugation process.
Connecting the two reactive ends is the asymmetrically substituted cross-bridge,
linker or spacer. Some heterobifunctional cross-linker families differ solely in the
length of their spacer. Cross-linking agents currently used in the preparation of
bioconjugates exploit a wide variety of functionalities and reactivities, however the
scope of this review will focus on heterobifunctional linking agents possessing

irreversible thiol reactive and amine reactive ends.
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NH + HS = Biomolecule

l

NH S = Biomolecule

Figure 3-1. Cartoon representation of the bioconjugation process.

3.1.1 Amine Reactive Functionalities

An N-hydroxysuccinimide (NHS) ester is the most commonly used amine reactive
functionality and the majority of commercially available amine reactive cross-linking
or modification reagents utilise this group. NHS esters were first introduced as
reactive ends of homobifunctional cross-linkers* and react with nucleophiles such as
primary and secondary amines, releasing N-hydroxysuccinimide as a leaving group,
forming stable amide linkages.' The reaction of NHS esters with a thiol or a hydroxyl
group does not lead to the formation of stable conjugates, as the resulting thioesters
or ester linkages both hydrolyse in aqueous environments. Another group, the sulfo-
NHS esters (Table 3-1) are a hydrophilic analogue of NHS esters that react with
amines with the same specificity and reactivity, however, they are more water

soluble and hydrolyse more slowly in water.

p-Nitrophenyl esters are not typically used as a reactive group in heterobifunctional
cross-linking agents however, there are a few exceptions. This active ester is used in
an analogous fashion the NHS ester group, reacting with amines at slightly basic pH

values (7-9), releasing p-nitrophenol as the leaving group, to form an amide bond.
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Isocyanates can also react with amines forming chemically stable urea linkages and
with alcohols to form urethanes. They are formed by the reaction of an aromatic
amine with phosgene or created from acyl azides via the Curtius rearrangement.’ The
reactivity of isocyanates is high, but they are not extensively used in linker chemistry
as exposure to moisture causes rapid decomposition, releasing CO,, resulting in the
formation of a primary amine.' The structure and reaction product of each of these

functional groups are summarised in the following table.

Table 3-1. Summary of Amine Reactive Groups

Amine Reactive Group Structure After reaction with NH,-R
N-hydroxysuccinimide
ester ° Q
i t% P
J oy
R™ Yo~ H
0
Sulfo-
N-hydroxysuccinimide o_ SOsNa’ 2
ester i PN
A O
R™ ~o”
0
p-Nitrophenyl ester
o NO, o)
)k Q/ RXN/R
R (0] H
Isocyanate
0
H H

3.1.2 Irreversible Thiol Reactive Functionalities
The iodoacetyl group reacts with nucleophiles to form alkylated derivatives with
subsequent loss of HI. Although this active halogen compound is used extensively to

modify thiol groups in proteins and other molecules, the reaction can result in
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mixtures of product due to the lack of selectivity in the reaction. Iodoacetyl
derivatives can react with a number of functional groups within proteins including
the SH of cysteine, both imidazolyl side chain nitrogens of histidine, the thioether of
methionine, the primary amine group of lysine residues and N terminal amines.® The
relative reactivity of iodoacetates toward protein functionalities is thiol > imidazolyl
> thioether > amine. The reaction may be directed specifically towards cysteine (SH)
modification if the reaction is performed at a slightly alkaline pH and the
concentration of the iodoacetate is maintained in a limiting quantity relative to the

number of thiol groups present.'

The double bond of the maleimide functional group can undergo a specific alkylation
reaction with thiol groups to form stable thioether bonds.' Maleimide reactions are
specific for thiols in the pH range of 6.5-7.5. However, at higher pH values some
cross-reactivity with amine groups is observed.” The maleimide group can also
undergo hydrolysis to form an open maleamic acid that is unreactive toward thiols,
the rate being proportional to pH however, it may also occur after a thiol has coupled
to the maleimide. The higher specificity of maleimides over the iodoacetyl group
towards thiols has made this functional group one of the most extensively used in
linker chemistry.® The structure and reaction product of these two thiol reactive

functional groups are summarised in table 3-2.
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Table 3-2. Summary of Thiol Reactive Functionalities

Thiol Reactive Group Structure After reaction with SH-R’
Maleimide
o) R O
/ N
N\R N\R

(6]
Iodoacetyl
0
I\)K

R

3.1.3 Examples of Heterobifunctional Thiol/Amine Cross-Linkers:

There are four families of irreversible thiol reactive and amine reactive bifunctional
linkers utilizing the reactive functional groups outlined above. The family of
1odoacetate and NHS ester linkers have varied organic spacer elements between these
two reactive functional groups including the aromatic derivative succinimidyl (4-
iodoacetyl)aminobenzoate (63), the cycloalkyl derivative succinimidyl [(4-
iodoacetyl)aminomethyl]cyclohexanecarboxylate (64), the alkyl chain derivative
succinimidyl 6-[(iodoacetyl)amino]hexanoate (65) and its extended length analogue
succinimidyl 6-[6-(((iodoacetyl)amino)hexanoyl)amino]hexanoate (66). Typical
procedures for bioconjugations using these molecules involve initially reacting the
NHS ester with the amine containing molecule then the iodoacetamide group
subsequently reacts with the molecule containing the thiol. These linkers have been
widely reported in the literature with some recent papers describing their use to (i)
attach reduced antibody fragments containing thiols to amine functionalised
porphyrins for diagnostic and therapeutic applications,” (ii) to facilitate the

10,11

attachment of nucleic acids to silicon and glass surfaces and (iii) to immobilize

. . . 12
antibodies onto silver surfaces.
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There is only one reported member of the iodoacetyl and p-nitrophenyl ester family,
p-nitrophenyl iodoacetate (67) however, there are no recent articles relating to the

use of this molecule as a conjugation reagent for linking amine and thiol containing

O.
o} o
N7

|
67 0

molecules.

A number of earlier articles that outline its use to link subfragments of myosin
adenosinetriphophatase to investigate the amino acids involved in the active site of
the protein and also to link several amine functionalised fluorophores to proteins

containing a thiol."

The maleimide and NHS ester family are by far the most popularly used
heterobifunctional cross-linking agents.'” There are a number of groups within this
family that include linkers containing aromatic, aliphatic chain and cyclohexyl spacer
units. A two-step protocol is used for bioconjugation reactions using this family of

linkers involving the reaction of the NHS ester end of the linker with the amine
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containing molecule to form an amide bond, followed by the subsequent conjugation

to the thiol containing molecule via the maleimide group.

Succinimidyl (3-maleimido)benzoate (68), succinimidyl (4-maleimido)benzoate (69)
and succinimidyl 4-[p-maleimidophenyl]butyrate (70) are members of the aromatic
spacer group of this family of linkers, with 68 and 70 being reported extensively in
the literature. 69 however, is reported in significantly fewer publications. Current
literature examples of the use of these linker molecules include the attachment of
fluorophore-labelled, thiolated DNA to an amine coated silica shell of unicellular
algae, to be used as templates for nanoparticle assembly,'® and the linking of a TAT
peptide to a silicon oxide surface for the development of platforms capable of
supporting biochemical events.'” Studies have shown that the aromatic maleimides
are relatively unstable in terms of hydrolysis.'"® However, a number of alkyl and

cycloalkyl derivatives have demonstrated improved stability."
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The aliphatic chain spacer group of the maleimide and NHS ester family of linkers
are composed of a number of linkers of varying chain length. Most commonly the

three carbon succinimidyl 3-maleimidopropanoate (SMP, 71), the four carbon

succinimidyl 4-maleimidobutyrate (72) and the six carbon succinimidyl 6-
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maleimidohexanoate (73) linkers are used extensively in bioconjugation reactions.
Specific examples include the use of these linkers to functionalise amine terminated
self-assembled monolayers on gold with maleimide and NHS ester groups for
attaching biomolecules on surfaces.”’ They have also been used to attach the
adenovirus vector to thiol functionalised transport-peptides to facilitate their transfer

into cells for the regulation of gene expression events.”'
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The cyclohexyl spaced linkers are frequently selected over the aromatic bridged
linkers due to their increased stability towards maleimide hydrolysis. It is presumed
that the cyclohexane ring stabilises the maleimide ring as a consequence of steric
effects as well as its lack of aromatic character.' The two examples of this group
shown above are succinimidyl 4-(N-maleimidomethyl)cyclohexanecarboxylic acid
(SMCC, 74) and its extended Ilength analogue 4-(maleimidomethyl)-N-[6-
[(succinimidyl)oxy]-6-oxohexyl]cyclohexanecarboxamide (75). Both linkers being

extensively reported in the literature.
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Literature examples of their use include a recent article using the sulfo-NHS
derivative of 74 to link amine functionalised DNA to a thiol functionalised yellow
fluorescent protein, producing fluorescent conjugates with applications in the self-
assembly of photoactive supramolecular complexes such as artificial light harvesting

22
systems.

The only reported maleimide and isocyanate linker is p-maleimidophenyl
isocyanate'” (76). However, a patent exists encompassing all aromatic and cyclo-
alkyl functionalised maleimide/isocyanate linkers.”> This linker has been shown to
react with hydroxyl groups present on vitamin B12, digoxigenin, digitoxigenin,
estradiol, progesterone and serine containing peptides. Subsequently, these
maleimide functionalised molecules were conjugated to thiolated alkaline

phosphatase protein.

3.1.4 Background to Present Work

Heterobifunctional cross-linkers for conjugating amine and thiol containing
molecules have been extensively investigated and many linkers are commercially
available allowing the buyer to select linkers with characteristics that are specifically
tailored to their purpose. Challenges in the advancement of linker chemistry involve
the design of coupling reagents possessing several advantageous characteristics in
terms of length, flexibility, hydrophilicity and their ability to introduce selective

functionalities in site specific regions of biomolecules.
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The aim of this body of work was to optimise the synthesis of a number of
commercially available linkers, namely SMCC 74, the extended length analogue 75
and SMP 71. These materials are available commercially but their cost is prohibitive
for their use in large amounts [74 $3095/g; 71 $3255/g']. Furthermore, extending the
length of cross-linkers has been reported to improve the retention of the biological
and/or chemical activity of the individual components after bioconjugation has
occurred.® Therefore a second aim was to investigate the extension of 74 to form a
novel extended length heterobifunctional cross-linker compound similar to 75. The
third goal was to functionalise a crown ether with 74 with a view to producing a
novel protein modification reagent for attachment to cysteine/thiol functionalised
proteins. A more specific application of this work involved a collaboration with other
members of the research group to form a bioconjugate of peptide nucleic acid (PNA)
and green fluorescent protein using the linkers synthesised in this chapter. These
linkers may eventually serve to provide a means of further functionalising our

patterned SAM surfaces.

" Prices sourced from Sigma catalogue 2006-2007.
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3.2 Results and Discussion

3.2.1 Synthesis of Known Maleimide/NHS ester Linkers

Traditional methods for the synthesis of SMCC 74, involve a four step synthetic
pathway (Scheme 3-1) via coupling of maleic anhydride 77 to tranexamic acid 78 to
form the cisoidal maleamic acid 79, followed by sodium acetate facilitated ring
closure of the maleimide group to form 80. Subsequent formation of the acid
chloride 81 and coupling to the sodium salt of N-hydroxysuccinimide 82, produces

74 with an overall yield of ~18%>* for the four reaction steps.

HO 0=—"X
Ja 53
o

NH o) NH
77 CH3COyNa s0Cl, 82 =0
Q
Ac,0, 50°C / NP
=0 =0 =0 J=° ﬁ
HO HO HO Cl

78 79 80 81 74

Scheme 3-1

In order to develop a more efficient synthesis of 74 we elected to follow this path to
produce 79, then to use a one pot method to form the maleimide and the NHS ester
via DCC coupling. The coupling of maleic anhydride 77 and tranexamic acid 78 in
diglyme was carried out at an elevated temperature, to facilitate the solubility of the
reactants as the tranexamic acid appeared to be insoluble in the solution. "H NMR
analysis of the filtered product showed a mixture of products, determined to be the
trans and  cis  isomers of  trans-4-({[3-carboxyprop-2-enoyl]amino}-
methyl)cyclohexanecarboxylic acid in a ratio of 1:1.4 (Scheme 3-2). An attempt was
made to ring close the cis isomer from this product mixture directly, by heating the

mixture, in acetic anhydride in the presence of sodium acetate, for two hours at 50°C.
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Upon work up of the reaction, however, the isolated product was analysed by 'H
NMR and found to be the pure trans isomer of trans-4-({[3-carboxyprop-2-
enoyl]amino} methyl)cyclohexane-carboxylic acid, a material that to our knowledge
has not been reported in the literature. Unfortunately, repeated attempts to produce x-

ray quality crystals of 82 were unsuccessful.

o) 79 58% o)
H\ maleic anhydri “\
JQ OH ydride CH3CO2Na o " Noy
diglyme + Ac,O. 50°C H
H2N 02 ’
100°C, 3hrs o HO™
78 ] 0
s
HO)W
o)
82 42%

Scheme 3-2

Various solvents were trialled in attempts to increase the solubility of 78 in this
initial reaction step, including DMF and acetic acid. These reactions were carried out
at room temperature and both methods resulted in the exclusive formation of the
requisite cis product. The acetic acid procedure was preferred however, due to the
ease of product isolation (filtration), the higher yield (79% as opposed to 39% in
DMF), and the cleaner product (‘"H NMR). Expansions of the '"H NMR spectra of 79

and 82 are provided in figure 3-2.
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Figure 3-2. Expansion of 'H NMR spectra (400MHz, DMSO-d) showing the NH
and alkene proton resonances of a) the trans isomer 82 and b) the cis isomer 79 of
trans-4-({[3-carboxyprop-2-enoyl]-amino } -methyl)-cyclohexanecarboxylic acid.

Coupling constants calculated for the double bond were 3J(CHZCH)trans = 15.6Hz for 82

and *J(cr-ceis = 12.4Hz for 79.

The isolated cis product 79, was then subjected to a one pot method to effect both the
ring closure of the maleimide and NHS esterification of the acid (Scheme 3-3). Thus
79 was dissolved with NHS in cooled solution (0°C) of dry DMF under an
atmosphere of N,. DCC was added to this solution and the reaction stirred at room
temperature. Precipitated DCU was removed by filtration and the filtrate was

extracted, dried and the solvent removed by evaporation. The residue was
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recrystallised from DCM/hexane to form SMCC 74 in a 41% yield (an overall yield

of 32% for the two reaction steps).
o)
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78 o 19 79% 74 41%

HO 0

Scheme 3-3
This represented a 23% improvement in the overall yield reported for the four step
synthetic method (~18%). Subsequently, however, a further improved one pot
method for the synthesis of a number of maleimide/NHS ester linking reagents was
found for the synthesis of 74, which provided the species in a yield of 75%.% Thus,
this procedure was adopted as the method of choice for the synthesis of 74. The 'H

NMR of 74 with assignment is shown below in Figure 3-3.
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Figure 3-3. 'H NMR (400 MHz, DMSO-d6) of 74
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Crystals suitable for X-ray diffraction were obtained for 79 and 74 by

recrystallisation from a mixture of acetone and methanol (Figure 3-4).

Figure 3-4. ORTEP diagram for the molecular structure of a) 79 and b) 74.%°

A similar two step approach was employed for the synthesis of SMP 71. This
involved the reaction of maleic anhydride in acetic acid with B-alanine 83. Isolation
of the cis maleamic product 84 (94% yield) was followed by NHS esterification of
the acid and cyclisation of the maleimide. A yield of 37% was obtained for 71, an
overall yield of 35% for the two reaction steps (Scheme 3-4). This compares with the

literature reported yield of 33% for the synthesis of 71 via the one pot method
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reported by Nielsen ef. al.> Recrystallisation of 84 in acetone/methanol yielded

crystals suitable for X-ray diffraction (Figure 3-5).

HO

o)
H 0 O
HN OH maleic anhydride N OH NHS, DCC
Y Q¢ &kp
o] AcOH, 3hrs o o] o] DMF \ Y
0
83 84 94% 71 37%

Scheme 3-4

Figure 3-5. ORTEP diagram for the molecular structure of 84.

Extension of SMCC 74 with 6-aminocaproic acid to form the extended length
heterobifunctional linker 4-[(2,5-dihydro-2,5-dioxo-1H-pyrrol-1-yl)methyl]-N-[6-
[(2,5-dioxo-1-pyrrolidinyl)oxy]-6-oxohexyl]cyclohexanecarboxamide 75 (Scheme 3-
5), was carried out according to a procedure adapted from the literature.® 75 was

isolated after column chromatography (5% MeOH/CHCIs) in a 49% yield.
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3.2.2 Attempted Synthesis of Novel Maleimide/NHS linker
A novel extended length heterobifunctional linker was designed that had a similar

length spacer unit to 75, with an amide functional group present in the spacer 85.

The initial concept was to synthesise the linker arm (Scheme 3-6) via a literature
method”’ involving the reaction of one molar equivalent of succinic anhydride 86
with ethylene diamine 87 in ethanol. The amino acid product 88 precipitated from
the reaction mixture and was isolated by filtration in a yield of 91%. The melting

point, 'H and >C NMR data obtained for 88 were consistent with reported values.”’
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HZN/\/ 2 o ‘ H2N/\/NNOH
(o}

87 88 91%

Scheme 3-6
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Subsequent coupling of 88 with 74 followed by NHS esterification should achieved
the desired product (Scheme 3-7). However, this procedure proved unreliable as all
attempts to couple 74 with 88 were unsuccessful. This is presumably attribuatable to
the very poor solubility of the amino acid 88 even in polar organic solvents and

organic/aqueous mixtures.

0 O 1 88, DMF o g "
QT R
H
N (0]
0 74

2. NHS, DCC

Scheme 3-7

In our attempts to extend SMCC with the linker arm, in DMF, 74, DCC and NHS
were dissolved in DMF at room temperature, however, upon addition of the linker
arm 88 to the reaction mixture a suspension formed. Work up of this reaction by
filtration to remove the precipitated DCU also removed the insoluble amino acid 88
('"H NMR). After removal of the solvent by evaporation, column chromatography
(5% MeOH/CHCI;) of the residue isolated two compounds, 1) unreacted SMCC 74
and 2) a very small quantity of a clear crystalline solid that was determined by
spectroscopic and x-ray crystallographic methods to be N,N’-ethylenedisuccinimide

89 (Figure 3-6).

(@]
NN
(@]
° 89

Figure 3-6. ORTEP diagram of the molecular structure of 89.>*
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This was an interesting result. When the mass spectrometry data was obtained for 88
it was observed that there were peaks corresponding to the lithium and sodium
adducts of di-succinic acid substituted ethylenediamine 90. Presumably this was a
minimal by-product of the reaction between ethylene diamine 87 and succinic
anhydride 86 (Scheme 3-8) as evidence of this compound did not appear in either the
'H or >C NMR spectra of 88 (NMR analysis was carried out in D,0, the sample was

not filtered prior to analysis and no insoluble material was observed in solution).
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89

Scheme 3-8

It was postulated, and later observed, that 90 had a higher solubility in DMF than 88.
DCC and NHS facilitated the ring closure of this disuccinic acid substituted
ethylenediamine 90 to form N,N’-ethylenedisuccinimide 89. 90 was subsequently
synthesised via a literature procedure® (Scheme 3-9) and the ring closure was
achieved by heating in acetic anhydride in the presence of sodium acetate generating
N,N’-ethylenedisuccinimide 89 in a yield of 58%. Spectroscopic data was identical

to that obtained for the original isolated product.
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Scheme 3-9

A new strategy was devised for the synthesis of the extended linker 85. It was
postulated that coupling of 74 with mono-BOC protected ethylenediamine 91,
followed by deprotection of the terminal amine, subsequent coupling with succinic
anhydride 86, followed by NHS esterification should afford the desired product. The
reaction of 74 with mono BOC-ethylenediamine 91 (Scheme 3-10) was achieved by
combining one molar equivalent of each in DCM under an atmosphere of No.
Isolation of the product by column chromatography (5% MeOH/DCM) afforded

compound 93 in a 60% yield.

Scheme 3-10

Evidence for the formation of 93 was observed in the ESMS in the positive mode

with peaks observed at [M+] 379 amu, [M+Li] 386 amu and [M+Na] 402 amu and

microanalysis results were consistent with the calculated values. Assignment of the
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aliphatic '"H NMR resonances of 93 was facilitated by a 2D gCOSY experiment

(Figure 3-7) showing correlations between the proton resonances.

DMSO
Hip He

Figure 3-7. Expansion of the aliphatic region of the gCOSY spectrum (400MHz,

DMSO-ds) of 93.

Deprotection of 93 with TFA in DCM (Scheme 3-11) was straightforward, affording

94 in an isolated yield of 98%. This compound was a low melting solid and quite
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hygroscopic, as evidenced by the microanalysis results which are consistent with the
presence of one molecule of H,O for every two molecules of 94 i.e.
C16H2,F3N;305.%4H,0. 'H and *C NMR data were consistent with the loss of the

BOC protecting group and subsequent formation of the TFA salt of the terminal

amine.
L4 L
0 N_ _O TFA. DCM o) NH3* CF;CO0"
T =
N o} N
0 o}
93 94 98%

Scheme 3-11

A number of attempts were made to prepare the free amine of 94 as it would be more
reactive, in attempting to extend the linker arm, than the TFA salt. Organic solutions
of 94 (DCM) was washed with various strengths of aqueous Na,COs. However, in all
cases, degradation of the maleimide group was observed by 'H NMR. Thus all

subsequent attempts to produce the extended linker, 85, used the TFA salt 94.

A one pot method was attempted for the coupling of 94 and succinic anhydride 86,
with NHS esterification of the resultant terminal acid (Scheme 3-12). The TFA salt
94 was dissolved in DMF under an atmosphere of N,. One molar equivalent of 86
was added and, after stirring for one hour at room temperature, a slight excess of
NHS and DCC were added to the reaction mixture. After stirring for a further 24

hours, the solvent was removed. The crude "H NMR showed a mixture of products.
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Scheme 3-12
The residue was dissolved in a mixture of EtOAc/MeOH in preparation for
purification of the product by column chromatography however a solid precipitated
from the solution and was collected by filtration. Analysis of the "H and *C NMR
spectra obtained for this material was not inconsistent with the formation of trans-
4[(2,5-diox0-2,5-dihydro-1H-pyrrol-1-yl)methyl]-N-{2-trifluoroacetyl)amino]ethyl } -

cyclohexane carboxamide 95 with an isolated yield of 70%.

'H NMR of this isolated material compared with 94 showed the conversion of the
NH;" resonance of 94 (7.79ppm, broad singlet, relative integral area of 3 hydrogens)
into a second NH group in 95 (9.34ppm, broad triplet, relative integral area of 1
hydrogen). The C NMR showed "F coupling to the carbons of the CF; and
adjacent C=0, with the diagnostic downfield shift of this resonance 156.40 ppm for
95. Previous reports have demonstrated the activation of trifluoroacetate (as a
residual from BOC deprotection) towards trifluoracetylation of amines in peptide

coupling, particularly in the presence of DCC, see Merrifield®® and references
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contained within. As this was not the desired product, no further characterisation data

was obtained for this compound.

Another alternate route for the synthesis of 85 was devised whereby a
homobifunctional linker, the disuccinimidyl ester of succinic acid would be
synthesised and subsequently reacted with 74 to produce the desired product. The
synthesis of the di-NHS ester of succinic acid (Scheme 3-13) was achieved via a
literature procedure® whereby succinic acid 96 was reacted with ~2.2 equivalents of
NHS and DCC in 1,4-dioxane at 15°C under an atmosphere of N,. The precipitated
product and the formed DCU were collected by filtration, the product 92 extracted
from this mixture by dissolving in acetonitrile and removing the DCU by filtration.
Recrystallisation of the product (MeCN/EtOH) afforded 92 as a white solid in a yield
of 67%. ESMS showed peaks corresponding to the sodium and lithium adducts of 92

at 319 amu and 335 amu respectively and NMR data was consistent with reported

values.
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Scheme 3-13

Coupling of the TFA salt of the partially extended SMCC 94 with the di-NHS ester
93 was attempted (Scheme 3-14) using a number of reaction conditions including
cooling to 0°C in an ice bath on dropwise addition of 94 to a stirred solution of 92 in
dry DMF, addition of 94 at room temperature, however after work up of each

reaction, crude '"H NMR analysis did not show the formation of the second amide
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bond. The reason for the failure of these reaction attempts is at this stage unknown,

but may perhaps be due to the hygroscopic nature of 94.

R ey ot I

85

Scheme 3-14

Unfortunately, due to a number of unsuccessful attempts at this final coupling step,
the comparative number of reaction steps potentially required to prepare this
extended linker and the fact that multiple stages of chromatography would be
required renders this method a less feasible option in terms of manufacturing
extended length heterobifunctional linkers than previously published examples8

therefore at this stage, the synthesis of 85 was abandoned.

3.2.3 Synthesis of Crown-Ether for Protein Modification

In an ongoing collaboration with a fellow group member, to investigate the
bioconjugation of proteins with functional assemblies, a novel, maleimide
functionalised crown ether, 98, was synthesised. The coupling of 74 with 4’-
aminobenzo-15-crown-5 97 (Scheme 3-15) was achieved by stirring one molar

equivalent of each compound in a solution of DCM in the dark under an atmosphere
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of nitrogen. Isolation of the product by column -chromatography (10%

MeOH/EtOAc) afforded the maleimide crown-ether in a yield of 80%.
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Figure 3-8. ESMS spectra of 98 in a) the positive mode and b) lithium doped.
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Successful formation of 98 was evidenced by ESMS results (Figure 3-8) with peaks
observed in the positive mode at [M+Li] 509 and [M+Na] 525 amu. 2D NMR

techniques were used to assign both the 'H and >C NMR spectra.

Work undertaken within the group, was directed towards the site-specific mutation of
GFP’s to bear nucleophilic thiol groups, on the surface of the protein. As such, 98
was designed as a test compound for bioconjugation studies to this mutant system.
This compound could be used to ascertain whether the mutant proteins produced
could be modified via reaction of the exposed thiol(s) with the maleimide group of
98. The covalent attachment of 98 to a protein would produce a significant increase
in the molecular weight of the protein such that, an increase of ~502 amu would be
observed in the mass spectrum. This bioconjugate of GFP and the crown ether will
be used in ion binding studies as a proof of principle for a GFP based ion sensitive
detection system, however, these investigations are continuing®' and will be reported

in future publications.

3.2.4 Further applications

Working towards the preparation of a bioconjugate of peptide nucleic acid (PNA)
sequences and green fluorescent protein, a number of PNA sequences have been
successfully functionalised with the linking reagents prepared in this manuscript.*®
Work is continuing into the preparation of a suitably engineered GFP, to incorporate
an exposed cysteine residue, to achieve this goal and will be reported in future
publications. At the time of this projects inception, no such bioconjugate had been

prepared however during the course of this work, a similar system was successfully
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achieved by the attachment of an enhanced yellow fluorescent protein (EYFP) to a

DNA sequence via a heterobifunctional linking molecule (Figure 3-9).%

Figure 3-9. Representation of EYFP — DNA bioconjugate

The linkers synthesised in this body of work have also been used for the attachment
of peptide nucleic acids to glass surfaces,’> however the results are not reported here

as they are outside the scope of this body of work.

3.2.5 Summary

In summary, a number of heterobifunctional linkers were synthesised with yields
similar to reported literature values for 71 and 75. SMCC 74 was synthesised with a
yield (32%) greater than the original reported literature value (18%) however a later
article reported a one pot method for the synthesis of 74 with a greater yield than we
were able to achieve (75%). Numerous attempts to synthesise an extended length
heterobifunctional linker containing an amide function in the spacer were all
unsuccessful. It was found that the synthesis of such a molecule was not a suitable

alternative to 75, due to the number of reaction steps and chromatography required
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and most importantly our inability to achieve the successful synthesis of 85.
However, a novel protein modification reagent 98 was successfully synthesised for

reaction with the free thiol groups present on the surface of proteins or particles.
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CHAPTER FOUR

CONCLUDING COMMENTS
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With rising interest in the synthesis of well-defined, functional materials, we have
witnessed the use of an increasingly diverse range of building blocks and the
development of synthetic procedures for the efficient assembly of these species. In an
attempt to overcome the problems generally associated with the synthesis of large
dendritic molecules, such as the requirement for high monomer loading and
prolonged, repetitive, chromatographic separations that generate considerable waste,
we developed a synthetic strategy utilizing the well-documented reaction between an
isocyanate and an amine (Chapter 1). This proved to be a highly efficient, facile
approach for the modular synthesis of a diverse range of peripherally functionalized
dendritic structures. The peripheral functional groups were incorporated by preparing
a number of branched subunits, based on tris(hydroxymethyl)aminomethane (TRIS),

23, possessing three nitro, methoxy, methyl or maleimide terminal functionalities.

OH OH NCO
kx(i Jiij\ OCN—<::>—NCO
OH
HoN OCN NCO
23 15 45

Deprotection and attachment of these branched units to the core molecules 1,4-
pheylenediisocyanate 45 and 1,3,5-benzene triisocyanate 15 afforded the
corresponding dendritic molecules possessing 6 (46-49) or 9 (41-44) peripheral

functional groups.

R
o I

0 Yoy O R 46.R=NO, 97%
o N, i:jﬂwﬂ%;pwl:T 47.R = OCH; 99%

Ji:fkdi}Nﬂw O o 48.R = CH, 98%

R o~ H H -
o) 49. R = maleimide 98%
J::f$b 51. R = NH, 92%
R
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Q
4 0\7&0 p 41.R=NO, 92%

HN o 42. R = OCH; 96%
HN 43.R=CH; 97%

R (@)
\Q\?O @NH >\—QR 44. R = maleimide 99%
o~ Ay JN° 50. R = NH, 90%
(0] NH O -
) 0,13 o5 O@R 52. R =OH 87%

In most cases the products precipitated from the reaction mixture and were isolated
simply by filtration. Future optimisations could trial timed studies to determine the
minimum reaction times required to achieve full functionalisation of the dendritic
molecules. Functional group conversions on the dendritic molecules have been
successfully carried out, including hydrogenation of the terminal nitro to the
corresponding amine (50 & 51) and cleavage of the methoxy ether to give the
corresponding phenol (52). It would be interesting in the future to further extend the
synthetic strategy for the incorporation of other branching units within the dendritic
framework, such as 99 to create larger dendritic structures. Heat activation of such a
molecule would lead to the formation of two reactive isocyanate groups, that could

lead the convergent synthesis of more highly substituted dendritic macromolecules.

N3
)( (o] (o] o
OJ\N/\)J\N—< §
H H
, o
99 Ns

Future studies could also investigate other functional groups to be exposed to the
surface of the dendrimers, such as acetylenes (for click chemistry attachment of

azido species to the periphery).
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Future investigations will centre on the potential applications of these molecules as a
modular strategy provides ample opportunity for tailoring of the final molecules for
specific applications. These systems may also serve as scaffolds for the assembly of
more complex macromolecular structures for use in nanotechnology, biological and
materials sciences as well as functional cores for the delivery of therapeutic agents
and scaffolds for the attachment of biomolecules such as proteins. As such, the amine
terminated dendritic molecules could be functionalised with heterobifunctional
linking reagents (Chapter 3) to facilitate the attachment of biofunctional molecules
via the thiol/maleimide reaction. These dendritic molecules could also be attached to
SAM surfaces on gold (Chapter 2) for the development of surface arrays. Future
studies could investigate the potential of the phenolic terminated 9-mer as a metal
surface coating or metal ion binding agent. Further investigations could also be
carried out in the area of core units, with potential for the preparation of tetra- or

hexa-functionalised core molecules to build larger or more densely packed structures.

The large interest in the development of bio-sensing devices has driven research into
the immobilisation of biomolecules onto solid surfaces. The ability to control the
interaction and attachment of proteins with solid surfaces at the molecular level is
paramount. As such the use of SAMs on gold for the achievement of these
applications is increasing. In this body of work (Chapter 2), we have demonstrated
the development of a UV patterning protocol, and shown the successful covalent
attachment of GFP to a gold surface, by the reaction of the protein surface amine
groups with an N-hydroxysuccinimide terminated monolayer, via fluorescence
imaging. Future work will investigate AFM analysis of this surface, under liquid, to

hopefully image the topography of these proteins on the surface, as the analyses
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carried out in air did not. It would also be interesting to analyse these surfaces using

XPS and surface IR techniques.

A ‘heat activatable’ surface monomer 59 was successfully synthesized and the
formation of this monolayer on gold was successfully achieved (contact angle, XPS).
Further analysis of this surface by AFM and other surface analysis techniques will be
the object of future studies. Our preliminary investigations into the heat activation of
this surface proved unsuccessful. Future investigations could perhaps look at a
solution NMR study of 59 with and without the presence of an amine at elevated
temperatures to determine the reactivity of 59 in solution. Following this, an NMR
study of 59 adsorbed onto gold nano-particles could give some indication of the
exact heating requirements needed to effect the conversion of the acyl azide to the
isocyanate on the gold surface. Further to this, more in-depth XPS analysis of these

heat treated surfaces would be required.

O Ny
O
S/\/\/\/\/\)J\H h
(0]
\/\/\/\/\/\n/ N3
0
59
07 N,

Once the heating requirements were optimized, it would be interesting to investigate
the potential of 59 for the chemical attachment of bioactive molecules when

embedded within a monolayer resistant to the non-specific binding of proteins.
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The aim of Chapter 3 was to optimise the synthesis of some commercially available
linkers. The synthesis of 74 via the two step method did improve the yield compared
to the original literature procedure however a more recent publication of a one pot
method reported a yield greater than we were able to achieve. Synthesis of 75 via the
literature procedure obtained a similar yield to that reported. Another aim was to
investigate the extension of 74 to form a novel extended length heterobifunctional
cross-linker compound 85. Exhaustive attempts and multiple synthetic strategies
were applied however synthesis of 85 proved unsuccessful. Perhaps addition of TEA
may facilitate the reaction of the TFA salt 94 with either succinic anhydride or the

disuccinimidyl ester of succinic acid, that may be investigated at some stage.

PP
J ° \\\']\N/\/N\H/\)J\O/N
N o] o
° 85
The final goal within this section of work was to functionalise a crown-ether with 74
to produce a protein modification reagent 98 for its attachment to cysteine/thiol
functionalised proteins, this was successfully synthesised with an 80% yield.
4 joqp
O N
q ) H O\\/o\)
N
o
98
Future investigations in this area will centre on the finalisation of the collaborations
within the group towards the attachment of PNA sequences to the Cys-modified GFP

via the linking reagents, and subsequent attachment of these conjugates to gold

monolayer surfaces.
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CHAPTER FIVE

EXPERIMENTAL
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5.1 General Procedures

Reagents and Solvents

All reagents were purified when necessary by literature methods.' In particular,
anhydrous solvents were dried and distilled immediately before use; toluene and
THF were predried over sodium then distilled from sodium/benzophenone, CH,Cl,
was dried and distilled from CaH,, Ets;N and DMF were distilled from molecular
sieves (4A). Other anhydrous solvents used were obtained from commercial sources
and used as received. Commercially available starting materials were used as
obtained from the manufacturer. Air sensitive reactions were carried out under an

inert atmosphere of nitrogen in flame dried glassware.

Purification

Analytical thin-layer chromatography (TLC) was carried out on Merck precoated
aluminium TLC plates coated with silica gel 60 F,s4 (0.2mm). Developed TLC plates
were air dried, then visualised by means of ultra-violet light (A 254nm) or in an
iodine vapour tank. Chromatographic separations were carried out by column
chromatography with Merck silica gel 60A (230-400 Mesh) as the stationary phase.
Gel permeation chromatography (GPC) was carried out using a Phenomenex
Phenogel™ (500 A) analytical column (300 x 7.8 mm) attached to a Waters 486
tunable absorbance detector set at 254nm and a Waters 600 controller, with a flow
rate of the eluent (THF) at Iml/minute. Millenium HPLC software was used for data

acquisition and processing.
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Characterisation

Melting points were measured using the capillary method on a GallenKamp Variable
Temperature Apparatus and are uncorrected. Mass Spectra were recorded on a Fisons
VG-Platform II spectrometer, using electrospray in positive (ESMS+) and negative
(ESMS-) modes as the ionisation technique. Mass Lynx Version I (IBM) software
was used to acquire and process ESMS data. Lithium was added to ESMS scans as
LiBr. High Resolution Mass Spectrometry were carried out by the FTMS Facility,
Griffith University. Fourier transform infra-red (FTIR) spectra were recorded in the
range 4000-400 cm™ on a Thermo Nicolet-Nexus FTIR spectrometer. All spectra
were recorded as KBr disc or as specified. Signals were recorded with the following
abbreviations: s = strong, m = medium and w = weak. '"H NMR (200MHz or
400MHz) and °C NMR (50MHz or 100MHz) spectra were obtained using a Varian
Gemini 200 or a Varian Unity 400 spectrometer as indicated. All spectra were
obtained by dissolving the sample in CDCl;, DMSO-ds, Acetone-ds, Toluene-ds or
DMSO-ds /TFA-d as indicated. Signals are recorded in terms of chemical shifts (6
ppm) relative to the referenced residual solvent peak: CDCl; 7.27ppm (‘H) and
77.23ppm (°C), DMSO-d; 2.50ppm ('H) and 39.51ppm (*°C), Acetone-ds 2.05ppm
(‘"H) and 29.92ppm (°C), Toluene-ds 2.09ppm ('H) and 137.86ppm ("C);
multiplicity, coupling constants (in Hz), integration, and assignments are described in
that order. The following abbreviations for multiplicity are used, s: singlet; d:
doublet; t: triplet; dd: doublet of doublets; ddd: doublet of doublet of doublets; dddd:
doublet of doublet of doublet of doublets; dt: doublet of triplets; ddt: doublet of
doublet of triplets; q: quartet; m: multiplet. Ambiguous 'H NMR and “C NMR

assignments were further elucidated by the application of 2D gCOSY, gHSQC or
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gHMBC experiments where appropriate. Elemental analyses were carried out by the

Microanalytical Service, Department of Chemistry at the University of Queensland.

Nomenclature
The nomenclature and numbering used for novel compounds within the experimental

is in accordance with the IUPAC convention for naming organic compounds.”

Published Compounds

The characterisation data on compounds 24-27, 34-44, 50 and 52.>75,* and 90° have

been published elsewhere but are reported here for continuity of this body of work.
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5.2 Chapter One

Modular Synthesis of Dendritic Molecules

Synthesis of 1,3,5-Benzenetricarbonyl triazide (14)

1,3,5-Benzenetricarbonyl chloride (10.010g, 37.7mmol) was dissolved in dry THF
(50ml) and stirred at room temperature, under an atmosphere of N,, with sodium
azide (30.003g, 462mmol) for 48 hours. The reaction mixture was poured into water
(350ml) and extracted with diethyl ether (5 x 150ml). The combined organics were
washed with an aqueous 5% NaOH solution (200ml) and water (2 x 200ml), dried

(MgSO0y), filtered and evaporated at room temperature to yield a white solid (8.169g,

28.6mmol, 76%, Lit® 71%). IR(KBr) 2150.62 (s, CONj), 0w N,
1699.87cm™ (s, C=0). '"H NMR (400MHz, toluene-ds) & 8.61 (s,

N3 o)
3H, Ar-H). °C NMR (100MHz, toluene-ds) & 169.99 (CON3), X,

134.62 (ArC-H), 132.28 (ArCq).

NMR test of conversion to the isocyanate 15 — 82mg of 1,3,5-
benzenetricarbonyl triazide was dissolved in an ampoule of toluene-ds and 'H and
C NMR spectra were recorded as described above. The sample was then heated to
reflux under N, for one hour and the 'H and *C NMR spectra were re-recorded
showing complete conversion to 1,3,5-benzenetriisocyanate. 'H

NCO

NMR (400MHz, toluene-ds) & 5.73 (s, 3H, Ar-H). °C NMR
OCN NCO
(100MHz, toluene-ds) 8 135.09 (ArCq), 125.24 (N=C=0), 118.41

(ArC-H).
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Synthesis of 1,3,5-tris-(((4-acetobenzene)amino)-carbonylamino)benzene (17)

1,3,5-Benzenetricarbonyl triazide (0.538g, 1.9mmol) was heated in dry toluene
(20ml) at reflux for one hour under an atmosphere of nitrogen. The toluene was
removed on a rotary evaporator, then 4-aminoacetophenone (0.772g, 5.7mmol)
dissolved in CH,Cl, (15ml) was added, under an atmosphere of N, and gently
refluxed for 16 hours. The reaction mixture was then cooled to room temperature and
the formed precipitate was filtered dried and evaporated. The resulting solid was
sonicated in ethyl acetate, collected by filtration and dried (0.990g, 1.6mmol, 86%).
mp 293-294°C. (ESMS-) 605 (M", 70%). (ESMS+) 613 (MLi", 100%), 629 (MNa",
49%). IR(KBr) 3361 (m, NH), 1714 (s, C=0), 1655cm™ (s, C=0). 'H NMR
(400MHz, DMSO-ds) 6 8.96 (br. s, 3H, NH), 8.93 (br. s, 3H, NH), 7.91 (m (AA’),
6H, Ar-H), 7.59 (m (XX’), 6H, Ar-H), 7.39 (s, 3H, core-Ar-H), 2.52 (s, 9H, CH;).
C NMR (100MHz, DMSO-ds) & 196.29 (RC=0OCHj3), 152.01 (NHC=ONH), 144.29
(ArC-NHR), 140.10 (core-ArC-NHR), 130.46 (ArC-COCHj), 129.68 (ArC-H),
117.12 (ArC-H), 102.15 (core-ArC-H), 26.34 (CHs). Anal. caled for Cs3H30NgOg: C,

65.34; H, 4.98; N, 13.85. Found: C, 63.35; H, 5.15; N, 13.65.

(0)

HN 6}

NH N NH
H }\
\[K@ 0] NH
O
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Synthesis of 4-Maleimidobenzoic acid (21)

N-(4-carboxyphenyl)maleamic acid (18.271g, 77.7mmol) and sodium acetate
(6.373g, 77.7mmol) were stirred in acetic anhydride (60ml) between 55-60°C for two
hours. The reaction mixture was then poured into water (800ml) and allowed to stand
such that a solid formed. The yellow precipitate was collected by filtration and then
sonicated in 800ml of water for three hours. The resulting white solid was collected
by filtration and dried (13.884g, 63.9mmol, 82%). mp 233°C (Lit.” 244°C). (ESMS-)

216 (M, 98%). "H NMR (400MHz, DMSO-dq) & 13.06 (br. s, 1H, CO»H), 8.04 (m

AA’), 2H, Ar-H), 7.51 (m (XX’), 2H, Ar-H), 7.22 (s, 2H, =
(AA’) H) (m (XX’) H) ( OIN\A\O
RHC=CHR). “C NMR (100MHz, DMSO-ds) & 169.55 (CONR),

166.70 (CO,H), 135.50 (ArC-NR) 134.85 (RHC=CHR) 129.89 (ArC-

HO O

H) 129.57 (ArC-CO,H) 126.14 (ArC-H).

Synthesis of N-(tert-butyloxycarbonyl)-1,1,1-tris(hydroxymethyl)methyl-amine
(24)

Tris(hydroxymethyl)aminomethane (11.7g, 97mmol) was added as §H O OH
a solid to a solution of di-tert-butyl dicarbonate (21.0g, 96mmol) in #OTNH

THF (200ml) under an atmosphere of N,. The reaction mixture was stirer at room
temperature for 4 days. The resulting precipitate was collected by filtration, washed
thoroughly with cold THF and dried under high vacuum to yield a white powder
(15.115g, 70mmol, 73%). mp 144-146°C (Lit.° 147°C). (ESMS-) 220 (M, 20%);
(ESMS+) 222 (M", 15%), 228 (MLi", 95%). '"H NMR (400MHz, DMSO-ds) & 5.76
(br. s, 1H, NH), 4.49 (br. t, 3H, OH), 3.51 (d, 6H, CH>), 1.37 (s, 9H, CH;). *C NMR
(100MHz, DMSO-ds) 6 155.03 (C=0), 77.83 (Cq—CH3), 60.45 (CH,), 60.24 (Cq—

CH,), 28.22 (CHs).
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Synthesis of N-(tert-butyloxycarbonyl)-1,1,1-tris(4-nitrobenzoyloxymethyl)-
methylamine (25)

A solution of 4-nitrobenzoyl chloride (14.006g, 74.6mmol) dissolved in CH,Cl,
(30ml) was added dropwise, under an atmosphere of Ny, to a solution of N-(tert-
butyloxycarbonyl)-1,1,1-tris(hydroxymethyl)methylamine (5.015g, 22.6mmol) and
Et;N (11ml, 79mmol) in dry CH,Cl, (100ml). The reaction was gently refluxed for
20 hours, then cooled to room temperature and filtered to remove the precipitated
triethylamine hydrochloride. The organic solution was washed with saturated
aqueous NaHCO; (3 x 150ml) and saturated aqueous NaCl (5 x 150ml), dried
(MgSO0y), filtered and evaporated under reduced pressure. The crude product was
purified by column chromatography (4% ethyl acetate/CH,Cl,) to yield an ivory
coloured solid (13.170g, 19.7mmol, 87%). mp 147.5-149°C. (ESMS+) 691 (MNa',
65%), 675 (MLi", 30%). IR(KBr) 3391 (m, NH), 1725 (s, C=0), 1526 (s, C-NO,),
1349 (m, C-NO,), 1276 cm™ (s, C-O-C). '"H NMR (400MHz, DMSO-ds) & 8.29 (m
(AA’), 6H, Ar-H), 8.18 (m (BB’), 6H, Ar-H), 7.51 (br. s, 1H, NH), 4.81 (s, 6H,
CH>), 1.34 (s, 9H, CH3). °C NMR (100MHz, DMSO-dg) & 163.84 (CO,R), 154.74
(NH-C=0), 150.30 (ArC-NO,), 134.68 (ArC-COH), NO, NO, NO,
130.74 (ArC-H), 123.76 (ArC-H), 78.79 (Cq-CHj3), 63.78

(CHy), 56.57 (Cg-CH,), 28.01 (C-CHs). Anal. caled for 7>y oo o o
C;30Ho3N4O14: C, 53.89; H, 4.22; N, 8.38. Found: C, 54.12;

H, 4.35; N, 8.23.
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Synthesis of N-(tert-butyloxycarbonyl)-1,1,1-tris(4-methoxybenzoyloxy-
methyl)methylamine (26)

p-Anisoyl chloride (12.723g, 74.58mmol) was dissolved in CH,Cl, (30ml) and added
dropwise to a solution of N-(tert-butyloxycarbonyl)-1,1,1-
tris(hydroxymethyl)methylamine (5.00g, 22.6mmol) and Et;N (11ml, 79mmol) in
CH,ClI;, (100ml) under an atmosphere of N,. The reaction was left to stir at room
temperature for 17 hours and then refluxed for 4 hours. The reaction was cooled to
room temperature then filtered to remove the precipitated triethylamine
hydrochloride. The organic filtrate was washed with saturated aqueous NaHCOs (3 x
150ml), saturated aqueous NaCl (5 x 150ml), dried (MgSOQ,), filtered and evaporated
under reduced pressure. The resulting crude product was purified by column
chromatography (2% ethyl acetate/CH,Cl,) to yield a white solid (12.961g,
20.8mmol, 92%). Crystals suitable for X-ray diffraction were obtained by slow
evaporation from a solution of DMF. mp 136°C. (ESMS+) 630 (MLi", 100%), 647
(MNa", 100%). IR(KBr) 3364 (m, NH), 2976 (w, ArC), 1718 (s, C=0), 1697 (s,
C=0), 1606 (s, ArC-O-C), 1255cm™ (s, C-O-C). '"H NMR (400MHz, DMSO-d;) &
7.91 (m (AA’), 6H, Ar-H), 7.34 (br. s, 1H, NH) 7.00 (m (XX’), 6H, Ar-H), 4.65 (s,
6H, CH.), 3.82 (s, 9H, O-CH;), 1.34 (s, 9H, C-CH;). *C NMR (100MHz, DMSO-ds)
8 164.93 (COzR), 163.24 (ArC-OCHs), 154.69 (NH-C=0),

131.37 (ArC-H), 121.53 (ArC-CO,R), 113.93 (ArC-H), o ¢

78.47 (Cq-CHs3), 62.85 (CH»), 56.77 (Cq-CH»), 55.48 (O- g/? ég @

CHs), 28.04 (C-CH). Anal. caled for CyHyNOy: C, w °

63.55; H, 5.98; N, 2.25. Found: C, 63.64; H, 6.01; N, 2.21. #OW”“
(0]
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Synthesis of N-(tert-butyloxycarbonyl)-1,1,1-tris(4-methylbenzoyloxymethyl)-
methylamine (27)

p-Toluoyl chloride (11.69g, 10.0ml, 75.61mmol) was dissolved in dry CH,Cl, (30ml)
and added dropwise, under an atmosphere of Nj, to a solution of N-(tert-
butyloxycarbonyl)-1,1,1-tris(hydroxymethyl)methylamine (5.035g, 22.7mmol) and
Et;N (I11ml, 79mmol) in CH,Cl, (100ml). The reaction was heated gently for 18
hours, then cooled to room temperature. The solution was filtered, washed with
saturated aqueous NaHCO; (3 x 150ml) and saturated aqueous NaCl (5 x 150ml).
The organic layer was dried (MgSO,), filtered and evaporated under reduced
pressure. The crude product was purified by column chromatography (gradient
elution 50 — 65% CH,Cly/hexane) to yield a white solid (11.999g, 20.8mmol, 92%).
mp 129-131°C. (ESMS+) 582 (MLi", 100%), 598 (MNa", 100%). IR(KBr) 3378 (m,
NH), 2977 (w, ArC), 1726 (s, C=0), 1704 (s, C=0), 1271 (s, C-O-C). 'H NMR
(400MHz, DMSO-ds) 6 7.85 (m (AA’), 6H, Ar-H), 7.38 (br. s, 1H, NH), 7.28 (m
(XX), 6H, Ar-H), 4.67 (s, 6H, CH,), 2.36 (s, 9H, Ar-CHs), 1.33 (s, 9H, C-CH3). °C
NMR (100MHz, DMSO-ds) 6 165.25 (COzR), 154.69 (NH-

C=0), 143.78 (ArC- CHj3), 129.29 (ArC-H), 129.20 (ArC- é/? ég ég
H), 126.61 (ArC-COzR), 78.49 (Cq-CH;), 62.96 (CHa), Ay oo o No
56.73 (Cq-CH,), 28.03 (C-CHj3), 21.13 (ArC-CHj3). Anal. Y
calcd for C33H37NOg: C, 68.85; H, 6.48; N, 2.43. Found: C, q( TD(

69.12; H, 6.46; N, 2.42.
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Synthesis of  N-(tert-butyloxycarbonyl)-1,1,1-tris(isonicotinoyloxymethyl)-
methylamine (29)
Isonicotinic acid (9.186g, 74.6mmol) was gently refluxed in thionyl chloride (20ml)
for 2 hours under an atmosphere of N,. The solution was cooled to room temperature
and the excess thionyl chloride was removed in vacuo. Residual thionyl chloride was
further removed under high vacuum. The resulting solid was added gradually, under
an atmosphere of N,, to a stirred solution of N-(zert-butyloxycarbonyl)-1,1,1-
tris(hydroxymethyl)methylamine (5.022g, 22.6mmol) and Et;N (20ml, 144mmol) in
CH,ClI, (100ml). The reaction was heated gently for 18 hours then cooled to room
temperature, filtered and washed with saturated aqueous NaHCO; (3 x 150ml) and
saturated aqueous NaCl (5 x 150ml). The organic layer was dried (MgSOy,), filtered
and evaporated under reduced pressure. The crude product was recrystallised in a
mixture of CH,Cl,, diethyl ether and petroleum spirits, then dried under high vacuum
to yield a glassy yellow solid (7.647g, 14.3mmol, 63%). mp 51°C. (ESMS+) 537
(M", 100%), 543 MLi", 20%). IR(KBr) 3379 (m, NH), 3246 (m, C-N), 2976 (w,
ArC), 1733cm™ (s, C=0). '"H NMR (400MHz, DMSO-ds) & 8.78 (m(AA”), 6H, Ar-
H), 7.84 (m(XX’), 6H, Ar-H), 7.45 (br. s, 1H, NH), 4.78 (s, 6H, CH,), 1.31 (s, 9H,
CH;). C NMR (100MHz, DMSO-ds) 8164.19 (CO,R),

N, N _N
154.71 (NH-C=0), 150.70 (ArC-H), 136.49 (ArC-CO;R), 9 g %\j
122.58 (ArC-H), 78.71 (Cgq-CH3), 63.60 (CHy), 56.57 (Cgq- © © © 0 0o "0
CH;), 27.99 (C-CHj3). Anal. calecd for Cy7HsN4Os: C, \W
60.44; H, 5.26; N, 10.44. Found: C, 60.37; H, 5.42; N, °

10.18.
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Synthesis of N-(4-carboxyphenyl)maleamic acid (32)

p-Aminobenzoic acid (14.010g, 102.2mmol) and maleic anhydride (10.023g,
102.2mmol) were dissolved in DMF (40ml) and stirred at room temperature under an
atmosphere of N, for 16 hours. The reaction mixture was then poured into water
(300ml) and the resulting precipitate was collected by filtration. The solid was then
recrystallised from water to yield a yellow powder (23.776g, 101mmol, 99%). mp
222°C (Lit.” 225-226°C). (ESMS-) 234 (M, 100%). (ESMS+) 258 (MNa", 100%).
'H NMR (400MHz, DMSO-ds) & 12.82 (br. s, 2H, 2 x CO,H), 10.60 (br. s, 1H, NH),
791 (m (AA”), 2H, Ar-H), 7.73 (m (XX’), 2H, Ar-H), 6.49 (d, 1H, °J = 12Hz,
C=CH), 6.32 (d, 1H, °J = 12Hz, C=CH). >*C NMR (100MHz, DMSO-ds) & 166.96
(COzH), 166.92 (CO,H), 163.70 (CONH), 142.76 (ArC-

H
N
NH), 131.71 (HC=CH), 13046 (ArC-H), 130.24 p(
HO o (0] OH
(0]

(HC=CH), 125.60 (ArC-CO,H), 118.76 (ArC-H).

Synthesis of  N-(tert-butyloxycarbonyl)-1,1,1-tris(4-maleimidobenzoyloxy-
methyl)methylamine (34)

4-Maleimidobenzoic acid (12.021g, 55.35mmol) was gently refluxed in thionyl
chloride (45ml) with fert-butyl catechol (0.010g) and stirred for 2 hours under an
atmosphere of N,. The solution was cooled to room temperature, the excess thionyl
chloride removed in vacuo and the resulting solid dried under high vacuum. This
solid was gradually added, under an atmosphere of Nj, to a solution of N-(tert-
butyloxycarbonyl)-1,1,1-tris(hydroxymethyl)methylamine (3.711g, 16.77mmol) and
Et;N (20ml, 144mmol) in CH,Cl, (200ml) with fert-butyl catechol (0.010g). The

reaction was stirred at room temperature for 18 hours. The solution was filtered then
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washed with saturated aqueous NaHCOs (3 x 150ml) and saturated aqueous NaCl (5
x 150ml). The organic layer was dried (MgSQO,), filtered and evaporated under
reduced pressure. The crude product was purified by column chromatography (10%
ethyl acetate/CH,Cl,) and dried under high vacuum (6.871g, 8.39mmol, 50%). mp
113-116°C. (ESMS+) 825 (MLi", 100%), 841 (MNa", 45%). IR(KBr) 3376 (w, NH),
3102 (w, C-N), 2977 (w, ArC), 1716 (s, C=0), 1267cm™ (s, C-O-C). 'H NMR
(400MHz, DMSO-dg) ¢ 8.06 (m (AA’), 6H, Ar-H), 7.48 (m (XX’), 6H, Ar-H), 7.43
(br. s, 1H, NH), 7.22 (s, 6H, HC=CH), 4.76 (s, 6H, CH,), 1.36 (s, 9H, CH;). "°C
NMR (100MHz, DMSO-dg) 6 169.43 (C=ONC=0), ﬂ
164.66 (CO,R), 154.71 (NH-C=0), 135.95 (ArC- ) %:\A\OO é ‘; %\A\O
NR), 134.86 (RHC=CHR), 129.90 (ArC-H), 128.02
(ArC-COzR), 126.19 (ArC-H), 78.57 (Cq-CHs3), o~ o

O o O 6}
63.31 (CH,), 56.75 (Cg-CH,), 28.05 (C-CH3). Anal. A/
caled for C4H34N4O14: C, 61.61; H, 4.19; N, 6.84. #OWO(NH

Found: C, 61.76; H, 4.24; N, 6.87.

Synthesis of 1,1,1-tris(4-nitrobenzoyloxymethyl)methylamine trifluoroacetic
acid salt (35)
N-(tert-butyloxycarbonyl)-1,1,1-tris(4-nitrobenzoyloxy-methyl)methylamine

(3.540g, 5.3mmol) was dissolved in the minimum amount of CH,Cl, then
trifluoroacetic acid (3ml) was added and the solution was refrigerated for 18 hours.
The organic solution was poured into 1M aqueous Na,CO; and the resulting white
precipitate was collected by filtration and dried (3.598g, 5.2mmol, 99%). Crystals
suitable for X-ray diffraction were obtained by evaporation from a DMF solution. mp

158-159°C. (ESMS-) 113 (CF;COO’, 95%). (ESMS+) 569 (M*, 100%). IR(KBr)
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1742 (s, C=0), 1729 (s, C=0), 1267cm’* (s, C-O-C). 'H NMR (400MHz, DMSO-ds)
§9.32 (br. s, 3H, NH;") 8.36 (m (AA’BB’), 12H, Ar-H),
NO, NO, NO,

481 (s, 6H, CH,). 3C NMR (100MHz, DMSO-d¢) &
163.79 (COsR), 150.55 (ArC-NO,), 134.16 (ArC-CO,R),

O (6] (0] (6] O O
13125 (ArC-H), 123.68 (ArC-H), 63.66 (CH,), 56.38 V

NH3* CF3CO,

(Cq). Anal. calcd for Cy7H; F3N4Oy4: C, 47.52; H, 3.10;

N, 8.21. Found: C, 46.01; H, 2.95; N, 7.95.

Synthesis of 1,1,1-tris(4-methoxybenzoyloxymethyl)methylamine trifluoroacetic
acid salt (36)
N-(tert-butyloxycarbonyl)-1,1,1-tris(4-methoxybenzoyloxymethyl)methylamine
(5.910g, 9.5mmol) was dissolved in CH,Cl, (20ml) and trifluoroacetic acid (4ml)
was added. The solution was refrigerated overnight then poured into a 1M Na,CO;
solution. The resulting precipitate was collected by filtration and dried (5.918g,
9.3mmol, 98%). mp 150-151°C. (ESMS-) 113 (CF3COO’, 50%). (ESMS+) 524 (M",
100%). IR(KBr) 1731 (s, C=0), 1713 (s, C=0), 1259cm™ (s, C-O-C). '"H NMR
(400MHz, DMSO-ds) § 9.06 (br. s, 3H, NH;"), 8.09 (m (AA’), 6H, Ar-H), 7.03 (m
(XX"), 6H, Ar-H), 4.65 (s, 6H, CH>), 3.84 (s, 9H, O-CH;). >C NMR (100MHz,
DMSO-ds) & 164.88 (COzR), 163.55 (ArC-OCHj;), o~ o~ o~
131.96 (ArC-H), 120.92 (ArC-COzR), 113.93 (ArC-H), g/? @ ég
63.04 (CH,), 56.49 (Cq), 55.56 (O-CHj3). Anal. caled for ©© o o° "o 0o° "0
C30H30F3NOq: C, 56.52; H, 4.74; N, 2.20. Found: C, %coz-

54.06; H, 4.56; N, 2.15.
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Synthesis of 1,1,1-tris(4-nitrobenzoyloxymethyl)methylamine (37)

The TFA salt of 1,1,1-tris(4-nitrobenzoyloxymethyl)methylamine (9.505g,
13.9mmol) was dissolved in DMF (100ml) then CH,Cl, (200ml) was added. This
organic solution was washed with 1M Na,COs (2 x 150ml) and water (2 x 150ml),
then dried (MgSO,), filtered and evaporated to yield the free amine (5.700g,
10.0mmol, 72%). mp 152-153°C. (ESMS+) 569 (M', 100%). IR(KBr) 1725 (s,
C=0), 1266cm™ (s, C-O-C). 'H NMR (400MHz, DMSO-ds) & 8.22 (m (AA’BB”),
12H, Ar-H), 4.52 (s, 6H, CH>), 2.34 (br. s, 2H, NH>). °C NMR (100MHz, DMSO-
ds) O 164.04 (COzR), 150.22 (ArC-NO,), 134.74 (ArC- NO, NO, NO,
COzR), 130.82 (ArC-H), 123.65 (ArC-H), 67.31 (CH,), g/? @ ég
54.25 (Cq). Anal. caled for CypsHyoN4Opo: C, 52.82; H, °© w °

3.55; N, 9.86. Found: C, 52.65; H, 3.49; N, 9.81. NH,

Synthesis of 1,1,1-tris(4-methoxybenzoyloxymethyl)methylamine (38)
1,1,1-Tris(4-methoxybenzoyloxymethyl)methylamine trifluoroacetic acid  salt
(4.244¢g, 6.7mmol) was dissolved in DMF (50ml) and CH,Cl, (250ml). The organic
solution was washed with 1M Na,COs (2 x 150ml) and water (4 x 250ml) then dried
(MgSOQ,), filtered and evaporated to yield the product (2.803g, 5.4mmol, 80%). mp
93°C. (ESMS+) 524 (M", 90%). IR(KBr) 3389 (m, NH), 2964 (m, ArC), 1705 (s,
C=0), 1605 (s, C=0), 1256cm™ (s, C-O-C). '"H NMR (400MHz, CDCl3) & 7.98 (m
(AA’), 6H, Ar-H), 6.88 (m (XX’), 6H, Ar-H), 4.48 (s, 6H, o o o
CH,), 3.83 (s, 9H, CH;), 1.79 (br. s, 2H, NH>). >C NMR g; iAg Q
(100MHz, CDCl3) 6 165.94 (COzR), 163.79 (ArC-OCH3), 20 o No o No
131.91 (ArC-H), 121.99 (ArC-CO;R) 113.89 (ArC-H), V

NH,
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66.28 (CHa), 55.58 (CHs), 55.18 (Cg). Anal. caled for CosHaoNOw: C, 64.24; H, 5.58;

N, 2.68. Found: C, 64.12; H, 5.61; N, 2.65.

Synthesis of 1,1,1-tris(4-methylbenzoyloxymethyl)methylamine (39)
N-(tert-butyloxycarbonyl)-1,1,1-tris(4-methylbenzoyloxymethyl)methylamine
(5.424g, 9.4mmol) was dissolved in CH,Cl, (50ml) and trifluoroacetic acid (5ml)
was added. The solution was refrigerated overnight. This organic solution was
washed with 1M Na,CO; (2 x 150ml) and water (2 x 150ml), then dried (MgSQ,),
filtered and evaporated to yield the free amine (3.450g, 7.3mmol, 77%). mp 119°C.
(ESMS+) 476 (M, 100%), 483 (MLi", 35%). IR(KBr) 3387 (m, NH), 2949 (w,
ArC), 1727 (s, C=0), 1714 (s, C=0), 1261cm™ (s, C-O-C). '"H NMR (400MHz,
DMSO-ds) 6 7.86 (m (AA’), 6H, Ar-H), 7.26 (m (XX’), 6H, Ar-H), 4.39 (s, 6H,

CH,), 2.36 (s, 9H, ArC-CHs), 2.14 (br. s, 2H, NH>). *C NMR (100MHz, DMSO-ds)

£y

(Cg-CH,), 21.14 (ArC-CH3). Anal. calcd for C,sH20NOg: C, © V

§ 165.47 (COR), 143.67 (ArC-CH;), 129.33 (ArC-H),
129.18 (ArC-H), 126.66 (ArC- CO,R), 66.58 (CH»), 54.26 ?

70.72; H, 6.15; N, 2.95. Found: C, 70.76; H, 6.14; N, 2.98. NH,

Synthesis of 1,1,1-tris(4-maleimidobenzoyloxymethyl)methylamine (40)
N-(tert-butyloxycarbonyl)-1,1,1-tris(4-maleimidobenzoyloxymethyl)methylamine
(1.085g, 1.3mmol) was dissolved in CH,Cl, (20ml) and trifluoroacetic acid (1ml)
was added. The solution was refrigerated overnight. This organic solution was
washed with 1M Na,COs (2 x 150ml) and water (2 x 150ml), dried (MgSO,), filtered
and evaporated to yield the free amine (0.838g, 1.2mmol, 90%). mp 111°C.

(ESMS+) 719 (M", 100%), 725 (MLi", 30%). IR(KBr) 3475 (w, NH), 3102 (w,
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ArC), 1716 (s, C=0), 1265cm™ (s, C-O-C). '"H NMR (400MHz, Acetone-ds) & 8.13
(m (AA’), 6H, Ar-H), 7.49 (m (XX’), 6H, Ar-H), 7.06 (s, 6H, HC=CH), 4.63 (s, 6H,
CH,). >C NMR (100MHz, Acetone-ds) & 170.19 (C=ONC=0), 165.99 (CO,R),

137.30 (ArC-NR), 135.61 (RHC=CHR), 131.02
68.10 (CH,), 55.65 (Cg-CH;). Anal. calcd for

C37H26N40121 C, 61.84; H, 3.65; N, 7.80. Found: C, o w o)
61.62; H,3.74; N, 7.59. "

Synthesis  of  1,3,5-tris-((1,1,1-tris(4-nitrobenzoyloxymethyl)methylamino)-

e
(ArC-H), 129.59 (ArC-CO,R), 126.80 (ArC-H), OJ\:)%O i OIN)%O
(0] O

carbonylamino)benzene (41)

1,3,5-Benzenetricarbonyl triazide (0.088g, 0.3mmol) was dissolved in dry toluene
(5ml) and refluxed for one hour under N,. The reaction was allowed to cool, the
toluene was removed on a rotary evaporator and 1,1,1-tris(4-
nitrobenzoyloxymethyl)methylamine (0.526g, 0.9mmol) dissolved in CH,Cl, (10ml)
was added under an atmosphere of N,. The reaction mixture was gently refluxed for
16 hours and cooled to room temperature. The resulting precipitate was filtered off to
yield a yellow solid (0.527g, 0.27mmol, 92%). mp 143-145°C. (ESMS+) 1929
(MNa"). IR(KBr) 3397 (m, NH), 1733cm™ (s, C=0). 'H NMR (400MHz, acetone-ds)
8.23 (m (AA’BB’), 36H, p-NO,-Ar-H), 8.08 (bs, 3H, NH), 7.22 (s, 3H, core-Ar-H),
6.43 (bs, 3H, NH), 5.07 (s, 18H, CH,). >C NMR (100MHz, acetone-ds) & 165.03
(COzR), 155.67 (NHC=ONH), 151.70 (ArC-NO,), 141.47 (ArC-NHR), 135.96
(ArC-CO3R), 131.83 (p-NOz-ArC-H), 124.51 (p-NO,-ArC-H), 103.43 (core-ArC-H),
65.73 (CHy), 58.50 (Cq). Anal. calcd for Cg4sHe3N15O39: C, 52.92; H, 3.33; N, 11.02.

Found: C, 52.79; H, 3.41; N, 10.84.

156



@ﬁ{

S ﬁé@

No2

Synthesis of 1,3,5-tris-((1,1,1-tris(4-methoxybenzoyloxymethyl)methylamino)-
carbonylamino)benzene (42)

1,3,5-Benzenetricarbonyl triazide (0.149g, 0.526mmol) was dissolved in dry toluene
(7ml) and refluxed for one hour under an atmosphere of N,. The reaction was
allowed to cool, the toluene removed on a rotary evaporator followed by the addition
of 1,1,1-tris(4-methoxybenzoyloxymethyl)methylamine  (0.823g,  1.56mmol)
dissolved in CH,Cl, (15ml) under an atmosphere of N,. The reaction mixture was
gently refluxed for 16 hours and cooled to room temperature. The solvent was
removed by rotary evaporation to yield a white solid (0.894g, 0.50Immol, 96%). mp
114-115°C. (ESMS+) 1778 (MLi", 100%), 1794 (MNa', 100%). IR(KBr) 3384 (m,
NH), 2962 (w, ArC), 1717 (s, C=0), 1258cm™ (s, C-O-C). 'H NMR (400MHz,
Acetone-ds) 6 8.15 (s, 3H, NH), 7.97 (m (AA’), 18H, p-CH30-Ar-H), 7.30 (s, 3H,
core-Ar-H), 6.96 (m (XX’), 18H, p-CH3;0-Ar-H), 6.28 (s, 3H, NH), 4.90 (s, 18H,
CH,), 3.86 (s, 27H, CH3). *C NMR (100MHz, Acetone-ds) & 166.17 (CO,R), 164.73

(ArC-OCHj), 155.61 (NHC=ONH), 141.70 (ArC-NHR), 132.55 (p-CH;0-ArC-H),
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123.02 (ArC-CO,R), 114.73 (p-CH30-ArC-H), 102.56 (core-ArC-H), 64.87 (CH,),
58.57 (Cg), 56.01 (CH3). Anal. calcd for Co3HooNsO30: C, 63.05; H, 5.12; N, 4.74.

Found: C, 63.09; H, 5.29; N, 4.74.

HN
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Synthesis of 1,3,5-tris-((1,1,1-tris(4-methylbenzoyloxymethyl)methylamino)-
carbonylamino)benzene (43)

1,3,5-Benzenetricarbonyl triazide (0.088g, 0.3mmol) was dissolved in dry toluene
(5ml) and refluxed for one hour under an atmosphere of N,. The reaction was
allowed to cool and toluene was removed on a rotary evaporator. A solution of 1,1,1-
tris(4-methylbenzoyloxymethyl)methylamine (0.428g, 0.9mmol) dissolved in
CH,Cl, (10ml) was added under an atmosphere of N,. The reaction was gently
refluxed for 16 hours and cooled to room temperature. The solvent was removed in
vacuo to yield a white solid (0.473g, 0.29mmol, 97%). mp 111-112°C. (ESMS+)
1634 (MLi", 100%), 1650 (MNa", 100%). IR(KBr) 3392 (m, NH), 1718 (s, C=0),
1268cm™ (s, C-O-C). '"H NMR (400MHz, DMSO-ds) & 8.14 (s, 3H, NH), 7.91 (m

(AA’), 18H, p-CH;3-Ar-H), 7.28 (s, 3H, core-Ar-H), 7.25 (m (XX’), 18H, p-CH3-Ar-
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H), 6.30 (s, 3H, NH), 4.93 (s, 18H, CH,), 2.37 (s, 27H, CH;). °C NMR (100MHz,
DMSO-ds) 6 166.49 (CO,R), 155.58 (NHC=ONH), 144.90 (ArC- CHj3;), 141.64
(ArC-NHR), 130.52 (p-CH3-ArC-H), 130.10 (p-CH3-ArC-H), 128.08 (ArC-CO;R),
102.57 (core-ArC-H), 64.94 (CH,), 58.53 (Cg), 21.66 (CHj3). Anal. calcd for

Co3HggNgO5: C, 68.62; H, 5.57; N, 5.16. Found: C, 68.63; H, 5.78; N, 5.02.

090

HN

N
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Synthesis of 1,3,5-tris-((1,1,1-tris(4-maleimidobenzoyloxymethyl)methyl-

(0]

amino)carbonylamino)benzene (44)

1,3,5-Benzenetricarbonyl triazide (0.043g, 0.15mmol) was dissolved in dry toluene
(3ml) and refluxed for one hour under an atmosphere of N». The reaction was cooled
to room temperature and the toluene was removed on a rotary evaporator. A solution
of 1,1,1-tris(4-maleimidobenzoyloxymethyl)methylamine (0.323g, 0.45mmol)
dissolved in CH,Cl, (10ml) was added under N,. The reaction was gently refluxed
for 18 hours, cooled to room temperature and the solvent was removed in vacuo to
yield a yellow solid (0.352g, 0.149mmol, 99%). mp 200°C. (ESMS+) 2378 (MNa",
100%). IR(KBr) 3387 (m, NH), 1716 (s, C=0), 1608 (m, C=C), 1267cm™" (s, C-O-

C). '"H NMR (400MHz, DMSO-ds) & 8.80 (br. s, 3H, NH), 8.04 (m (AA’), 18H, Ar-
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H), 744 (m (XX’), 18H, Ar-H), 7.22 (s, 3H, core-Ar-H), 7.19 (s, 18H, HC=CH),
6.53 (br. s, 3H, NH), 4.87 (s, 18H, CH,). *C NMR (100MHz, DMSO-ds) & 169.4
(C=ONC=0), 164.69 (CO;R), 154.55 (NHC=ONH), 140.43 (core-ArC-NHR),
135.96 (ArC-NR;), 134.83 (RHC=CHR), 129.93 (p-maleimide-ArC-H), 127.85
(ArC-COzR), 126.15 (p-maleimide-ArC-H), 100.57 (core-ArC-H), 64.20 (CH,),
56.70 (Cq). Anal. calcd for Cip0HgiNsOs9: C, 61.15; H, 3.46; N, 8.91. Found: C,

60.43; H, 3.71; N, 8.71.

Synthesis of 1,4-di((1,1,1-tris(4-nitrobenzoyloxymethyl)methylamino)carbonyl-
amino)benzene (46)

1,4-phenylene diisocyanate (0.048g, 0.3mmol) and 1,1,1-tris(4-nitrobenzoyloxy-
methyl)methylamine (0.341g, 0.6mmol) were dissolved in CH,Cl, (10ml) under an
atmosphere of N,. The reaction mixture was gently refluxed for 18 hours and cooled
to room temperature. The solvent was removed by rotary evaporation to yield a

yellow solid. (0.377g, 0.29mmol, 97%). mp 249-250°C dec. IR(KBr) 3407 (m, NH),
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1725 (s, C=0), 1691 (s, C=0), 1527 (s, NO,), 1400 (m, NO,), 1267cm™ (s, C-O-C).
'H NMR (400MHz, DMSO-ds) & 8.45 (s, 2H, NH), 8.27 (m(AA’), 12H, p-NO,-
ArH), 8.17 (m(BB’), 12H, p- NO,-ArH), 7.21 (s, 4H, core-Ar-H), 6.73 (s, 2H, NH),
491 (s, 12H, CH,). “C NMR (100MHz, DMSO-ds) & 163.90 (CO,R), 154.75
(NHC=ONH), 150.30 (ArC-NO,), 134.56 (ArC-COzR), 133.94 (ArC-NHR) 130.78
(p-NO,-ArC-H), 123.75 (p-NO,-ArC-H), 118.76 (core-ArC-H), 64.58 (CH,), 56.64
(Cq). Anal. calcd for CsgHaaN19O26: C, 53.71; H, 3.42; N, 10.80. Found: C, 53.64; H,

3.52; N, 10.76.
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Synthesis of 1,4-di((1,1,1-tris(4-methoxybenzoyloxymethyl)methylamino)carb-
onylamino)benzene (47)

1,4-phenylene diisocyanate (0.048g, 0.3mmol) and 1,1,1-tris(4-methoxybenzoyloxy-
methyl)methylamine (0.314g, 0.6mmol) were dissolved in THF (10ml) under an
atmosphere of Nj. The reaction mixture was gently refluxed for 18 hours and cooled
to room temperature. The solvent was removed by rotary evaporation to yield a white
solid. (0.360g, 0.29mmol, 99%). mp 197-200°C dec. (ESMS+) 1213 (MLi", 100%),
1229 (MNa", 100%). IR(KBr) 3388 (m, NH), 3367 (M, NH), 1711 (s, C=0), 1675 (s,
C=0), 1605 (s, ArC-O-C), 1256cm™ (s, C-O-C). '"H NMR (400MHz, DMSO-d;) &
8.48 (s, 2H, NH), 7.91 (m(AA’), 12H, p-CH30-ArH), 7.22 (s, 4H, core-Ar-H), 6.98
(m(XX’), 12H, p-CH30-ArH), 6.60 (s, 2H, NH), 4.75 (s, 12H, CH>), 3.81 (s, 18H,

CH;). °C NMR (100MHz, DMSO-ds) & 164.97 (CO,R), 163.27 (ArC-OCHj),
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154.76 (NHC=ONH), 133.99 (ArC-NHR), 131.41 (p-CH;0-ArC-H), 121.40 (ArC-
COzR), 118.64 (core-ArC-H), 113.97 (p-CH30-ArC-H), 63.70 (CH,), 56.79 (Cq),
55.49 (CHs;). Anal. calcd for CgsHgrN4O20: C, 63.68; H, 5.18; N, 4.64. Found: C,

63.88; H, 5.39; N, 4.65.

¢ H HNONH ’ Q
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s < > QO NT<O O>f N o) <:> \

Synthesis of 1,4-di((1,1,1-tris(4-methylbenzoyloxymethyl)methylamino)carbon-
ylamino)benzene (48)

1,4-phenylene diisocyanate (0.048g, 0.3mmol) and 1,1,1-tris(4-nitrobenzoyloxy-
methyl)methylamine (0.285g, 0.6mmol) were dissolved in CH,Cl, (10ml) under an
atmosphere of N,. The reaction mixture was gently refluxed for 18 hours and cooled
to room temperature. The solvent was removed by rotary evaporation to yield a
yellow solid. (0.328g, 0.29mmol, 98%). mp 224°C dec. (ESMS+) 1117 (MLi",
100%), 1133 (MNa", 100%). IR(KBr) 3387 (m, NH), 1727 (s, C=0), 1715 (s, C=0),
1677 (s, NH), 1267cm™ (s, C-O-C). '"H NMR (400MHz, DMSO-ds) & 8.46 (s, 2H,
NH), 7.85 (m,(AA”), 12H, p-CHs-ArH), 7.27 (m,(XX’), 12H, p-CHs-ArH), 7.20 (s,
4H, core-Ar-H), 6.61 (s, 2H, NH), 4.77 (s, 12H, CH,), 2.36 (s, 18H, CH3). °C NMR
(100MHz, DMSO-dg) 6 165.31 (COzR), 154.76 (NHC=ONH), 143.85 (ArC-CHs),
133.97 (ArC-NHR), 129.32 (ArC-CO;R), 129.23 (p-CH;3-ArC-H), 126.49 (p-CHj;-
ArC-H), 118.64 (core-ArC-H), 63.79 (CH»), 56.76 (Cq), 21.15 (CHs). Anal. calcd for

CesHgaN4O14: C, 69.18; H, 5.62; N, 5.04. Found: C, 69.05; H, 5.70; N, 5.04.
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Synthesis of 1,4-di((1,1,1-tris(4-maleimidobenzoyloxymethyl)methylamino)carb-
onylamino)benzene (49)

1,4-phenylene diisocyanate (0.024g, 0.15mmol) and 1,1,1-tris(4-nitrobenzoyloxy-
methyl)methylamine (0.215g, 0.3mmol) were dissolved in THF (10ml) under an
atmosphere of N,. The reaction mixture was gently refluxed for 18 hours and cooled
to room temperature. The solvent was removed by rotary evaporation to yield a
yellow solid. (0.234g, 0.146mmol, 98%). mp 235°C. (ESMS) weak signal by MS.
IR(KBr) 3392 (m, NH), 1716 (s, C=0), 1607 (m, NH), 1264cm™ (s, C-O-C). 'H
NMR (400MHz, DMSO-dg) 6 8.50 (br. s, 2H, NH), 8.05 (m (AA”), 12H, Ar-H), 7.45
(m (XX’), 12H, Ar-H), 7.24 (s, 4H, core-Ar-H), 7.21 (s, 12H, HC=CH), 6.66 (br. s,
2H, NH), 4.87 (s, 12H, CH2). “C NMR (100MHz, DMSO-d¢) & 169.43
(C=ONC=0), 164.72 (COzR), 154.80 (NHC=ONH), 135.97 (ArC-NR;), 134.86
(RHC=CHR), 133.97 (ArC-NHR), 129.93 (p-maleimide-ArC-H), 127.90 (ArC-
COzR), 126.18 (p-maleimide-ArC-H), 118.76 (core-ArC-H), 64.21 (CH,), 56.75
(Cq). Anal. calcd for CgoHseN19O26: C, 61.66; H, 3.53; N, 8.77. Found: C, 61.15; H,

3.70; N, 8.36.
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Hydrogenation of 41 to produce 1,3,5-tris-((1,1,1-tris(4-aminobenzoyloxy-
methyl)methyl-amino)carbonylamino)benzene (50)
1,3,5-tris-((1,1,1-tris(4-nitrobenzoyloxymethyl)methylamino)carbonylamino)ben-
zene (0.749g, 0.393mmol) was dissolved in dry DMF (6ml) and 0.075g of 5% Pd/C
was added. The reaction mixture was pressurised with H, gas (700psi) and heated to
55°C for 48 hours. The solution was filtered and evaporated under reduced pressure
to give a brown oil that was solidified by sonication in ethyl acetate, collected by
filtration and dried wunder high vacuum to yield 1,3,5-tris-((1,1,1-tris(4-
aminobenzoyloxymethyl)methylamino)carbonylamino)benzene (0.569g, 0.353mmol,
90%). mp 258-260°C. HRMS [MJrH]H Found 1636.5692. Cg4HgN;50,,(+) requires
1636.5804. IR(KBr) 3365 (m, NH), 1699 (s, C=0), 1603 (s, NH), 1269cm™ (s, C-O-
C). '"H NMR (400MHz, DMSO-dq) & 8.72 (br. s, 3H, NH), 7.65 (m (AA’), 18H, Ar-
H), 7.15 (s, 3H, core-Ar-H), 6.53 (m (XX’), 18H, Ar-H), 6.37 (br. s, 3H, NH), 5.98
(s, 18H, NH>), 4.60 (s, 18H, CH,). *C NMR (100MHz, DMSO-ds) 8 165.44 (CO,R),
154.48 (NHC=ONH), 153.70 (ArC-NH,), 140.51 (core-ArC-NHR), 131.29 (pNH,-

ArC-H), 115.18 (pNH,-ArC-H), 112.62 (core-ArC-H), 62.89 (CH,), 56.87 (Cq).

164



Qﬁ{

o ﬁé@

NH2
Hydrogenation of 46 to produce 1,4-di((1,1,1-tris(4-aminobenzoyloxymethyl)-
methylamino)-carbonylamino)benzene (51)
1,4-di((1,1,1-tris(4-nitrobenzoyloxymethyl)methylamino)carbonylamino)benzene
(0.050g, 0.039mmol) was suspended in dry DMF (2ml) and 5% Pd/C (0.010g) was
added. The reaction was pressurised with H, gas (700psi) and heated to 55°C for 24
hours. The solution was filtered and evaporated under reduced pressure. Trituration
of the residue with DCM solidified the product that was collected by filtration and
dried under high vacuum to yield 1,4-di((1,1,1-tris(4-aminobenzoyloxymethyl)-
methylamino)carbonylamino)benzene (0.039g, 0.36mmol, 92%). mp 145°C. HRMS
[M+Na]"" Found 1139.3829. CsgHseN9014(+Na) requires 1139.3870. IR(KBr) 3366
(m, NH), 1700 (s, C=0), 1624 (s, C=0), 1602 (s, NH), 1269cm™ (s, C-O-C). 'H
NMR (400MHz, DMSO-ds) 6 8.49 (s, 2H, NH), 7.66 (m(AA’), 12H, p-NH,-ArH),
7.20 (s, 4H, core-Ar-H), 6.54 (m(XX’), 12H, p-NH,-ArH), 6.47 (s, 2H, NH), 5.99 (s,
12H, NH>), 4.61 (s, 12H, CH,). *C NMR (100MHz, DMSO-ds) & 165.49 (CO,R),

154.77 (NHC=ONH), 153.73 (ArC-NH,), 134.00 (ArC-NHR), 131.31 (p-NH,-ArC-
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H), 118.50 (core-ArC-H), 115.25 (ArC-CO5R), 112.61 (p-NH,-ArC-H), 62.96 (CH,),

56.95 (Cq).
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Ether cleavage of 42 to produce 1,3,5-tris-((1,1,1-tris(4-hydroxybenzoyloxy-
methyl)methyl-amino)carbonylamino)benzene (52)

A solution of aluminium bromide (1.011g, 3.8mmol) and dodecanethiol (2ml,) in dry
DCM (7ml) was cooled in an ice bath under an atmosphere of N,. 1,3,5-tris-((1,1,1-
tris(4-methoxybenzoyloxymethyl)methylamino)carbonylamino)benzene (0.250¢g,
0.141mmol) was added as a solid and the reaction warmed to room temperature and
stirred for 16 hours. The reaction mixture was poured into water (250ml) and
acidified with 1M HCI. The aqueous solution was extracted with DCM (200ml) that
was set aside then the aqueous layer was filtered to collect the precipitated white
solid (0.202g, 0.123mmol, 87%). mp 168-169°C. HRMS [M-2H]* Found 821.2094.
CsaH70NeO30(-2) requires 821.2073. (ESMS-) 1643 (M, 80%). (ESMS+) 1667
(MNa', 100%). IR(KBr) 3383 (br, OH), 1698 (s, C=0), 1608 (s, NH), 1270cm™ (s,
C-0-C). '"H NMR (400MHz, DMSO-ds) & 10.35 (s, 9H, OH), 8.74 (s, 3H, NH), 7.82
(m (AA’), 18H, p-OH-Ar-H), 7.17 (s, 3H, core-Ar-H), 6.80 (m (XX’), 18H, p-OH-
Ar-H), 6.46 (s, 3H, NH), 4.70 (s, 18H, CH,). >C NMR (100MHz, DMSO-ds) &
165.15 (COzR), 162.20 (ArC-OH), 154.51 (NHC=ONH), 140.50 (core-ArC-NHR),
131.66 (p-OH-ArC-H), 119.80 (ArC-CO3R), 115.35 (p-OH-ArC-H), 100.15 (core-

ArC-H), 63.51 (CH,), 56.76 (Cg).
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5.3 Chapter Two

Self-Assembled Monolayers on Gold

5.3.1 Preparation of Gold Surfaces

Silicon wafers were purchased from Addison Engineering (100mm prime silicon
wafers) and 24 carat gold (99.99%) was used for surface deposition. Silicon surfaces
were cut into 1 cm and 0.5 cm squares and rinsed with acetone to remove the
protective film prior to metal deposition. Gold substrates were prepared by sputtering
a chromium adhesion layer (~5 nm) followed by gold (~45 nm) onto the silicon
substrate at 200°C in an Emitech K575X Peltier Cooled Dual Head DC sputterer

with substrate heating system.

Sputterer Operation Instructions:

Turn the power on for the sputterer and check that there is sufficient argon in the gas
cylinder and that the valve is open. Place cleaned samples on the stage and close the
lid. Set the stage temperature on the heating system control panel. Press ‘Enter’ on
the front panel and cycle through the options to ‘“Twin Head Cycle’. Set the currents
for Target B: Chrome foil (Oxidising) at 20mA and for Target A: Gold foil (Noble)
at 60mA with a deposition time of 1 minute. (Note: higher currents give a faster rate
of deposition) When the parameters are set, return to the main menu and press start
to begin the sputtering process. When prompted, select the oxidising cycle (to
deposit the chromium layer). When this cycle is complete and the instrument
prompts to select a cycle, select the noble cycle. Finally when this cycle is complete
and the instrument displays ‘preparing for next coating’, press the stop button. The

turbo pump will spin down and air will gradually be allowed into the system. Wait
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until the system returns to the start menu before opening the lid of the chamber and

removing the samples.

Cleaning of Gold Substrates

Before use, the gold surfaces were cleaned by immersing in freshly prepared piranha
solution (30% H,O; in H,SO4) (Caution! Piranha Solution is a very strong oxidant
and can spontaneously detonate upon contact with organic material) or a solution of
H,O : NH4OH : HyO, (5 : 1 : 1) at 75°C. The surface was then washed under running
milliQ water for one minute, immersed in a milliQ water bath for 5 minutes and

dried under a stream of nitrogen gas immediately prior to use.

SAM Formation on Gold Substrates

Monolayers were prepared by immersing the cleaned gold surfaces in a ImM
solution of an appropriate thiol or disulfide in a sealed vial and left undisturbed for
18-20 hours. The surfaces were then removed from the solution and rinsed with

ethanol or THF and dried in a stream of nitrogen gas.

UV Patterning of SAMs

UV ablation of the SAM surface through a Tunnelling Electron Microscope (TEM)
grid (100 um squares) was performed using a LESCO Super Spot MK IIT UV lamp,
in air, at a height of 1.5cm from the substrate surface and subjected to 30 x 1 minute

cxposures.
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Characterisation of Surfaces

AFM images were acquired using a TopoMetrix TMX 2000 Explorer equipped with
a 130x130 pm? tripod air and liquid scanners, with a z-range of 9.7 pum; and a JEOL
JSPM-4200, with 25x25 and 85x85 pm?” tube scanners, with a z-range of ca. 3 pm.
The probe consists of a V-shaped cantilever integrated with a pyramidal Si3Ny tip on
the end. Probes were obtained from Veeco (Digital Instruments). The nominal
normal spring constant, ky, was 0.06 nNnm™'. Images were obtained in the contact
imaging mode of operation and recorded in topographic and frictional modes.
Topometrix software was used for image processing. Contact angles were
determined at ambient laboratory temperatures ~25-30°C using a CCD camera by
applying ultra-pure water droplets (4ul) via a Hamilton microsyringe to a freshly
prepared monolayer surface. The reported values are the average of six readings on
different locations of each surface. XPS measurements were conducted at the
Brisbane Surface Analysis Facility at the University of Queensland. IR on surfaces
were trialled on a Thermo Nicolet-Nexus FTIR spectrometer using grazing angle and
ATR modes. The reflection of the incidenct beam were carried out at an angle of
incidence at 81° and 60° respectively. Typically, 1000 scans at a resolution of 4.0
cm” were collected. Fluorescence microscopy photographs were acquired on an

Olympus BX50 incident light fluorescence microscope fitted with a SPOT camera.
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5.3.2 Synthesis of SAM Monomers

Synthesis of 11,11°-dithiobisundecanoic acid (54)

11-mercaptoundecanoic acid (2.001g, 9.0mmol) was dissolved in methanol (250ml)
and stirred, in a round bottomed flask exposed to air, with K,COs (5.010g) for 18
hours. Iced water (250ml) was added followed by the slow addition of concentrated
HCI (20ml). The mixture was extracted with ethyl acetate (3 x 200ml), washed with
saturated aqueous NaCl (2 x 150ml), dried (MgS0O4) and evaporated to give a yellow
oil that on cooling formed a white solid. Recrystallisation from hexane gave 11,11°-
Dithiobisundecanoic acid (1.425g, 3.3mmol, 72%). mp 79°C (Lit. 92°C). (ESMS-)
433 (M-, 100%). (ESMS+) 457 (MNa+, 100%). '"H NMR (400MHz, CDCl3) & 2.70
(t, *J = 7.4Hz, 4H, 2 x S—CH,), 2.36 (t, °J = 7.4Hz, 4H, 2 x C=OCH,), 1.72-1.26 (m,
32H, 16 x CH,). *C NMR (100MHz, CDCl3) & 179.96 (2 x CO,H), 39.55 (2 x S—
CH3), 34.20 (2 x CO,H-CH,), 29.50 (2 x CH,), 29.44 (2 x CH,), 29.51 (2 x CHy),

29.34 (2 x CH), 29.33 (2 x CHy), 29.13 (2 x CH,), 28.64 (2 x CHy), 24.87 (2 x CH,).

Synthesis of 1,1’-[dithiobis[(1-0x0-11,1-undecanediyl)oxy]]bis-2,5-pyrrolidinedi-
one or dithiobis(succinimide undecanoate) (53)

11,11°-dithiobisundecanoic acid (1.842g, 4.2mmol) was dissolved in CH,Cl, (38ml)
and DMF (5ml). N-hydroxysuccinimide (2.238g, 19.4mmol) was added as a solid
and the reaction mixture was stirred under an atmosphere of N, at 0°C. DCC (1.501g,

7.3mmol) dissolved in CH,Cl, (10ml) was added and the reaction stirred at room
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temperature overnight. The precipitated DCU was removed by filtration and the
solvent was removed in vacuo. The crude product was purified by column
chromatography (5:1 CH,Cl,/CH3CN) to yield a white solid (0.755g, 1.2mmol,
30%). mp 107-107.5°C (Lit."® 107°C). (ESMS+) 635 (MLi", 70%), 651 (MNa",
100%). '"H NMR (400MHz, CDCls) & 2.84 (s, 8H, NHS-CH>), 2.68 (t, 4H, CH.-S),
2.60 (t, 4H, CH,-CO3R), 1.67 (m, 8H, 4 x CH,), 1.29 (m, 24H, 12 x CH,). °C NMR
(100MHz, CDCl3) & 169.43 (NHS-C=0), 168.92 (CO;R), 39.39 (CH)-S), 31.15
(CH,COR), 29.58 (CH»), 29.47 (CH,), 29.42 (CHy), 29.39 (CH,), 29.25 (CH,),

28.96 (CHy), 28.71 (CH,), 25.81 (NHS-CH,) 24.77 (CH,).
(@]
(@]
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O
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Synthesis of 5,5’-[(11,11’-dithiobisundecanoyl)diamino]disiophthalic acid (61)

11,11°-dithiobisundecanoic acid (0.399g, 0.9mmol) was heated gently in SOCI,
(2ml) under an atmosphere of nitrogen for one hour. The excess thionyl chloride was
removed in vacuo. The residue was dissolved in NMP (5ml) and added dropwise to a
solution of 5-aminoisophthalic acid (0.338g, 1.8mmol) and Et;N (0.25ml, 1.8mmol)
in NMP (5ml) cooled to 0'C. The reaction was stirred at room temperature for 18
hours and poured into water (500ml). The precipitate that formed was collected by
filtration then recrystallised from CH3;OH/CHCI; to give an ivory solid (0.175g,
0.2mmol, 26%). mp 231-232°C. (ESMS-) 759 (M-, 100%). IR(KBr) 3350 (w, N-H),
3172 (w, Aryl C-H), 2925 (m, Alkyl C-H), 1734 (s, C=0), 1700 (s, C=0), 1272 cm'

(m, C-S). '"H NMR (400MHz, DMSO-d6) & 13.19 (br. s, 4H, 4 x CO,H), 10.22 (br. s,
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2H, 2 x NH), 8.43 (d, ‘J(H,"-H,") (H,"-Hs") and (H,"-H¢") (H,™-H¢™) = 1.2Hz,
4H, H4H, H4m, H6H and Hﬁm)’ 813 (t, 4J(H2H_H4II) (Hzm_H4m) and (HZH-H6") (Hzm_
He") = 1.2Hz, 2H, H," and H,™), 2.66 (t, °J = 7.2Hz 4H, 2 x S-CH,), 2.31 (t, *J =
7.6Hz, 4H, 2 x C=0CH,), 1.60-1.20 (m, 32H, 16 x CH,). °C NMR (100MHz,
DMSO-d6) & 171.76 (C, and C}), 166.51 (C;", C;", Cs" and Cg™), 139.88 (Cs" and
Cs™), 131.69 (C\", ", ;" and C3™), 124.31 (G, and G2™) 123.39 (C", ¢, C"
and Cg™), 37.86 (C11 and C11"), 36.40 (C, and C,'), 28.84 (2 x CH,), 28.81 (2 x CHy),
28.73 (2 x CH>), 28.58 (2 x CH,), 28.52 (2 x CH,), 28.49 (2 x CH>), 27.69 (2 x CH,),
24.95 (2 x CH3). Anal. calcd for CssHs,N,010S,: C, 59.98; H, 6.89; N, 3.68. Found:

C, 59.92; H, 7.03; N, 3.39.

Synthesis of 5-amino-1,3-benzenedicarbonyl diazide (62)

Diphenylphosphonylazide (DPPA) (2.2ml, 2.8g) and TEA (1g) were added to a
solution of 5-aminoisophthalic acid (0.999g, 5.5mmol) in NMP (25 ml) under an
atmosphere of N». The solution was stirred at room temperature for 12 h and poured
into a 5% aqueous NaHCOj; solution. The crude product was purified by dissolving
in NMP and re-precipitating with a 5% aqueous NaHCOj solution to give 62 as a
light yellow powder. The compound was dried in vacuo (1.279g, 99%) and stored in

the freezer. IR(KBr) 3473 (m, NH,), 3382 (m, NH,), 2144 (s, CON3), 1685 cm™ (s,
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C=0). '"H NMR (400MHz, CDCl;) & 7.62 (t, ‘J=1.6 Hz, ArC-H), 7.45 (d, *J=1.6 Hz,
2 x ArC-H), 5.95 (NH>). *C NMR (100MHz, CDCls) & 171.57 (C=0), 150.10 (ArC-

NH,), 131.41 (ArC-CON3), 118.64 (2 x ArC-H), 116.06 (ArC-H).

NH,
Synthesis of acyl azide surface monomer G,5-1a11r-
dithiobisundecanoyl)diamino]disiophthalic-acyl azide) (59)

11,11°-dithiobisundecanoic acid (0.499g, 1.15mmol) was heated gently in SOCI,
(2ml) under an atmosphere of nitrogen for one hour. The excess thionyl chloride was
removed in vacuo. The residue was dissolved in THF (5ml) and added dropwise to a
solution of 5-amino-1,3-benzenedicarbonyl diazide (0.542g, 2.34mmol) and Et;N
(0.5ml, 3.6mmol) in THF (10ml). The reaction was stirred at room temperature for
48 hours then the precipitated triethylamine hydrochloride was removed by filtration.
The filtrate was evaporated and the residue purified by column chromatography (4%
ethyl acetate/CH,Cl,) to give a yellow oil (0.280g, 0.33mmol, 28%). IR(KBr) 3390
(m, N-H), 3175 (w, Aryl C-H), 2917 (m, Alkyl C-H), 2144 (s, CON3), 1684 (s,
C=0), 1653 (s, C=0), 1193 cm™ (m, C-S) . '"H NMR (400MHz, CDCl3) & 8.43 (d,
4J(H2H-H4H) (HzIH-H4Hl) and (HZH-H6H) (HZIH-HGIH) — 1.6HZ, 4H, H4H, H4Hl, H6ll and
HM), 8.30 (t, *TH"H,Y) (H"-H,™) and (H-He") (H,"-Hs") = 1.6Hz, 2H, H"
and H,"™), 8.28 (br. s, 2H, NH), 2.67 (t, °J = 7.2Hz, 4H, 2 x CH,-S), 2.44 (t, °] =
7.6Hz, 4H, 2 x CH,-CO,R), 1.74 (m, 4H, 2 x CH>), 1.65 (m, 4H, 2 x CH,), 1.42-1.34
(m, 24H, 12 x CH,). *C NMR (100MHz, CDCl3) 8 172.33 (C; and C"), 171.45 (C;",
C", Cg" and Cs™), 139.45 (C5" and C5™), 132.20 (CF, )", G5 and G5, 125.64

(G, M et M, c6tand Co™), 39.46 (Cy and €1y, 37.78 (C; and CyY), 29.61 (2
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x CHp), 29.58 (2 x CH,), 29.55 (2 x CHy), 29.43 (2 x CHa), 29.35 (4 x CH,), 28.60 (2

X CHZ), 25.58 (2 X CHZ)

Synthesis of protein resistant ester (58)

11-mercaptoundecanoic acid (0.501g, 2.3mmol) was heated gently with SOCI,
(ImL) under a calcium chloride drying tube for one hour. The excess SOCI, was
removed and the crude acid chloride was dried under high vacuum. Triethylene
glycol monomethyl ether (0.38mL, 2.4mmol) was dissolved in DCM (2mL) with the
addition of Et;N (0.7mL). To this the acid chloride dissolved in DCM (22mL) was
added slowly under an atmosphere of nitrogen. After stirring the reaction was
washed, dried, filtered and evaporated to yield the crude product that was purified by
column chromatography (60% ether/hexane) to yield a pale yellow oil. (0.619g,
1.7mmol, 72%). (ESMS+) 387 (MNa®, 100%), 371 (MLi*, 100%). 'H NMR
(400MHz, DMSO-d6) 6 4.22 (t, 2H, CH,), 3.65 (t, 2H, CH,), 3.64 (s, 8H, 4 x CH»),
3.39 (s, 2H, O—-CH3), 2.69 (t, 2H, CH>), 2.32 (t, 2H, CH,), 1.99 (m, 2H, CH,), 1.68
(m, 3H, —SH and CH,), 1.27 (m, 12H, 6 x CH>). >C NMR (100MHz, DMSO-d6) &
174.03 (CO;R), 72.14 (O-CHp), 70.82 (O-CH»), 70.77 (2 x O-CH,), 69.41
(O—CHa), 63.57 (O—CH,), 59.25 (O—CHs;), 39.35 (CH,), 34.40 (CH>), 29.64 (CH»),

29.58 (CH,), 29.44 (2 x CHy), 29.41 (CHy), 29.32 (CH,), 28.71 (CH,), 25.09 (CH,).

(0]
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5.4 Chapter Three

Synthesis of Linkers for Bioconjugation

Formation of cis/trans isomers of 4-({[(2E)-3-carboxyprop-2-enoyljamino}-
methyl)cyclohexanecarboxylic acid

trans-4-(Aminomethyl)cyclohexanecarboxylic acid (3.920g, 0.025mol) and maleic
anhydride (2.501g, 0.025mol) were stirred in dyglyme (30ml) for one hour at room
temperature then heated to 100°C for 2 hours with stirring. The reaction mixture was
cooled and filtered. Analysis of the solid product by '"H NMR (200MHz, DMSO-ds)
showed a 1:1.4 ratio of the trans and cis isomers of 4-({[3-carboxyprop-2-
enoyl]amino } methyl)cyclohexanecarboxylic acid by comparison of the integrations

of the alkene protons.

Attempted  preparation of trans-4-[(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-
y)methyl]cyclohexanecarboxylic acid

The crude product mixture from the above reaction (1.670g) was mixed with sodium
acetate (0.156g) in acetic anhydride (5ml) and warmed to 50°C for two hours under
Ny. The reaction mixture was poured into water (350ml) then heated between 65-
70°C with stirring for a further 2 hours. Activated charcoal was added and the
mixture was filtered while hot. The filtrate was concentrated to half the volume and a
pale orange solid precipitated. The solid was collected by filtration and subsequent
analysis found to material to be trans-4-({[(2E)-3-carboxyprop-2-enoyl]amino}-
methyl)cyclohexanecarboxylic acid 82. (1.440g) mp 251°C. (ESMS-) 254 (M,
100%). (ESMS+) 256 (M", 100%), 278 (MNa', 20%), 262 (MLi", 30%). IR(KBr)

989 cm™ (s, trans C=C). 'H NMR (400MHz, DMSO-ds) & 12.40 (br. s, 2H, 2 x
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CO,H), 8.44 (br. t, IH, NH), 6.95 (d, 1H, *J(H,-Hs') = 15.6Hz, H3"), 6.50 (d, 1H,
SJ(H5'-Hy')= 15.6Hz, H,"), 3.01 (dd, 2H, *J(H,"-H4) = 6Hz, H;"), 2.11 (tt, 1H, *J(H;-
H,,) and (H;-Hg) = 12Hz, *J(H,-Hae) and (H,-Hee) = 3.2Hz, H)), 1.88 (m, 2H, Ha.
and Hg.), 1.72 (m, 2H, Hs. and Hse), 1.38 (m, 1H, Hy), 1.25 (dddd, 2H, *J(Hza-Hae)
and (Hea-Hee) = 16Hz, *J(Haa-Hs,) and (Hea-Hsa) = 13Hz, *J(Hao-H,) and (Hea-H)) =
12Hz, *J(Ha.-Hse) and (Hea-Hse) = 3.2Hz, Ha, and Hg,), 0.92 (dddd, 2H, J(Hsa-Hse)

and (HSa'HSe) = 16HZ= 3J(H3a'H2a) and (HSa'H6a) =

13Hz, *J(H3,-Hy) and (Hs,-Hs) = 12Hz, 3J(H3,-Hae) ) jCJ)\
o) H;OH‘W OH
2\
and (Hs,-He.) = 3.4Hz, Hi, and Hs)). °C NMR o )“WN , 3
3 m s
o)

(100MHz, DMSO-ds) & 176.71 (C), 166.53 (C4),
163.09 (C}Y), 137.16 (C)), 129.42 (G5, 44.91

(C1"M), 42.43 (C)), 36.89 (Cy), 29.41 (C; and Cs),

28.24 (C, and Cy).

Synthesis of trans-4-({[{(2Z)-3-carboxyprop-2-enoyl]amino}methyl)cyclohex-
anecarboxylic acid (79)

A solution of maleic anhydride (5.328g, 54.3mmol) in glacial acetic acid (25ml) was
added slowly to a stirred solution of trans-4-(aminomethyl)cyclohexanecarboxylic
acid (8.020g, SImmol) in acetic acid (55ml) at room temperature. After stirring for
three hours, the resulting white precipitate was collected by filtration. The product
was washed with cold methanol then dried to yield a white powder (10.327g,
40.5mmol, 79%). Crystallisation from acetone/methanol yielded crystals with a mp
of 190-192°C (Lit."" 188-190°C). (ESMS-) 254 (M, 100%). (ESMS+) 256 (M",
100%), 278 (MNa®, 82%), 262 (MLi*, 100%). IR(KBr) 849 cm™ (s, cis C=C). 'H

NMR (400MHz, DMSO-dg) § 12.5 (br. s, 2H, 2 x CO,H), 9.09 (br. t, 1H, NH), 6.43
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(d, 1H, *J(H,'-H3") = 12.4Hz, H5), 6.24 (d, 1H, *J(H;'-H,") = 12.4Hz, H,"), 3.04 (dd,
2H, *J(H,"-H,) = 6Hz, H,"), 2.12 (tt, 1H, *J(H,-H,,) and (H,-Hg,) = 12Hz, *J(H;-Ha.)
and (H,-He) = 3.6Hz, H)), 1.89 (m, 2H, H,. and Hy.), 1.74 (m, 2H, Hs. and Hs.),
1.43 (m, 1H, Hy), 1.26 (dddd, 2H, “J(Ha,-Hae) and (He,-Hee) = 16.5Hz, *J(Haa-Hs,)
and (Hea-Hs,) = 13Hz, *J(H2a-H)) and (He,-H,) = 12Hz, *J(H,4-Hse) and (Hea-Hse) =

3.2Hz, Hs, and Hg,), 0.95 (dddd, 2H, *J(H3,-Hse) and
(0]

2
(Hs,-Hse) = 16.5Hz, *J(H3,-Hy,) and (Hs,-He,) = 13Hz, . JOH‘““%OH
I 1'_N
J(Hs,oHy) and (HseHy) = 13Hz, Y(HaeHo) and (Hse [ [ 7475 °
HO ¢}

He) = 3.6Hz, Hs, and Hs,). “C NMR (100MHz,
DMSO-ds) & 176.72 (C;), 165.54, 165.46 (C;' and

Cy), 132.87 (G, 131.86 (C3Y), 45.22 (C,'), 42.38

(C1), 36.57 (Cy), 29.36 (Cs and Cs), 28.21 (C; and Cg).

Synthesis of 1-[(zrans-4-{[(2,5-dioxopyrrolidin-1-yl)oxy]carbonyl}cyclohexyl)-
methyl]-1H-pyrrole-2,5-dione (74)

trans-4-({[(2Z)-3-Carboxyprop-2-enoyl]amino } methyl)cyclohexanecarboxylic acid
(7.402g, 29mmol) and N-hydroxysuccinimide (3.696g, 32mmol) were dissolved in
dry DMF (50ml) and cooled to 0°C under an atmosphere of N,. DCC (10.542g,
51mmol) was added and the reaction stirred for a further hour at 0°C. After warming
to room temperature the reaction was stirred for two days. Precipitated DCU was
removed by filtration, water (200ml) was added to the filtrate and the solution was
extracted with CHCl; (4 x 250ml). The combined organics were dried (MgSQO,),
filtered and evaporated to yield a red oil. The residue was dissolved in CH,Cl,
(200ml) and precipitated with hexane. The resulting white solid was collected by

filtration yielding 1-[(trans-4-{[(2,5-di-oxopyrrolidin-1-yl)oxy]carbonyl}cyclohex-
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yl)methyl]-1H-pyrrole-2,5-dione (4.03g, 12mmol, 41%). This was crystallised from
acetone/methanol. mp 171-174°C (Lit."' 164-180°C). (ESMS+) 357 (MNa", 50%),
341 (MLi", 30%). '"H NMR (400MHz, DMSO-ds) & 7.01 (s, 2H, H3' and Hy"), 3.26
(d, 2H, *J(H¢'-H,)) = 6.8Hz, Hy'), 2.80 (s, 4H, Hs" and H4"), 2.68 (tt, *J(Hs-Hs,) and
(H4-Hs,) = 12Hz, *J(H4-Hse) and (Hs-Hse) = 3.6Hz, 1H, Hy), 1.99 (m, 2H, Hs. and
Hse), 1.67 (m, 2H, H,. and Hee), 1.59 (m, 1H, H;), 1.38 (dddd, *J(H3,-Hs.) and (Hs,-
Hs.) = 16.5Hz, *J(H3,-Hy) and (Hs,-Hy) = 13Hz, *J(H3,-Ha,) and (Hs,-Hg,) = 13Hz,
3J(H3,-Hae) and (Hs,-Hge) = 3.6Hz, 2H, H3, and Hs,), 1.04 (dddd, *J(Ha,-Hae) and He,-

He) = 16.5Hz, *J(Ho-H,) and (He-H)) = 12Hz,

(0] ol 3l
3J(Hae-Hzs) and (Hea-Hs,) = 13Hz, *J(Hae-Hie) and 5 3 f p‘l
5

3! 2! 2 \2\\;\0/% 1
(Hea-Hse) = 3.5Hz, 2H, Ha and He). C NMR 4'ng5 e
5! 1!

(100MHz, DMSO-ds) 8 171.24 (C,' and C5Y), 170.85
(Cy), 170.19 (C," and Cs"), 134.37 (C5' and Cj),

42.73 (Cq'), 39.39 (Cy), 35.65 (C)), 28.55 (C> and C),

27.78 (Cs and Cs), 25.41 (C5" and C4").

Synthesis of (2Z,)-4-[(2-carboxyethyl)amino]-4-oxobut-2-enoic acid (84)

A solution of maleic anhydride (4.907g, 5S0mmol) in glacial acetic acid (20ml) was
added slowly to a stirred solution of 3-aminopropionic acid (4.463g, S0mmol) in
acetic acid (55ml) at room temperature. After stirring for three hours, the resulting
white precipitate was collected by filtration. The product was washed with cold
methanol then dried to yield a white powder (8.796g, 47mmol, 94%). Crystallisation
from acetone/methanol yielded crystals with a mp of 158°C (Lit."* 159-160°C).
(ESMS-) 186 (M, 100%). (ESMS+) 188 (M, 25%), 210 (MNa", 100%), 194 (MLi",

100%). "H NMR (400MHz, DMSO-ds) § 13.49 (br. s, 2H, 2 x CO,H), 9.09 (t, 1H,
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SJ(NH-H,") = 5.6Hz, NH) 6.39 (d, 1H, *J(H,-H3) = 12.6Hz, H>), 6.23 (d, 1H, *J(H;-
H,) = 12.6Hz, H3), 3.36 (dt, 2H, *J(H,'-NH) = 5.6Hz, *J(H,-H,) = 6.8Hz, H;'), 2.47
(t, 2H, *J(H,-H,") = 6.8Hz, H,"). *C NMR (100MHz,

3'_OH
DMSO-ds) & 172.65 (CO.H, C5), 165.62, 165.43 (C, and N W

Cy), 132.74 (C>), 131.47 (C3), 35.34 (C1Y), 33.03 (C))).

Synthesis of 1-{3-[(2,5-dioxopyrrolidin-1-yl)oxy]-3-oxopropyl}-1H-pyrrole-2,5-
dione (71)

N-(2-carboxyethyl)maleamic acid (4.671g, 25mmol) and N-hydroxysuccinimide
(3.456g, 30mmol) were dissolved in dry DMF (50ml) and cooled to 0°C. DCC
(10.766g, 52mmol) was added to the stirred solution, stirred for a further hour at 0°C
then warmed to room temperature. After 3 days the precipitated DCU was removed
by filtration, water (200ml) was added to the filtrate and the solution was extracted
with CHCIl; (4 x 200ml). The combined organics were dried (MgSQ,), filtered and
evaporated under reduced pressure to yield an off-white solid. This solid was
redissolved in CH,Cl, and precipitated by addition of hexane. The resulting white
solid was collected by filtration (2.462g, 9.25mmol, 37%). Crystallisation from
acetone/methanol afforded crystals with a mp of 165-6°C (Lit."> 164-5°C). (ESMS+)
273 (MLi*, 100%), 289 (MNa", 20%). "H NMR (400MHz, CDCl3/DMSO-ds) & 6.69
(s, 2H, H3' and Hy"), 3.87 (t, 2H, *J(H,-H,) = 7.0Hz, H)), 2.96 (t, 2H, *J(H,-H,) =

7.0Hz, H,), 2.77 (br. s, 4H, H5" and H,"). >C NMR

Oy ol 3"

o I

(100.593MHz, CDCl3/DMSO-ds) 5 170.16 (C5' and C5), 2| ,1'&)3&0/% -
3N /5 2 S

168.90 (C," and Cs"), 166.08 (C3), 134.38 (C5' and Cs'), 4 ©

33.00 (C)), 29.75 (C»), 25.60 (C5" and C,4").
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Synthesis of 4-[(2,5-dihydro-2,5-dioxo-1H-pyrrol-1-yl)methyl]-N-[6-[(2,5-dioxo-
1-pyrrolidinyl)oxy]-6-oxohexyl]cyclohexanecarboxamide (75)

A 1ml dry DMF solution of 6-aminohexanoic acid (0.837g, 6.4mmol) was added to a
stirred dry solution of 1-[(frans-4-{[(2,5-dioxopyrrolidin-1-yl)oxy]carbonyl}-
cyclohexyl)-methyl]-1H-pyrrole-2,5-dione (1.11g, 3.33mmol) in DMF (1ml) and
stirred under an atmosphere of N, for 12 hours. A 1M solution of DCC in CH,Cl,
(3.33ml) was added via syringe followed by the addition of a dry solution of N-
hydroxysuccinimide (0.383g, 3.33mmol) in DMF (1ml). The reaction mixture was
stirred under N, for a further 48 hours. The precipitated DCU was removed by
filtration and the solvent removed by evaporation to give a sticky solid. This was
purified by column chromatography (5% methanol/CHCIl3) to give a white solid.
(0.730g, 1.63mmol, 49%). mp 160°C (Lit."* 147-149°C). (ESMS+) 448 (M, 85%),
454 (MLi", 100%), 470 (MNa', 98%). 'H NMR (400MHz, CDCl3) & 6.69 (s, 2H,
Hi'and H,", 5.70 (br. t, *JINH-H,") = 5.6Hz, 1H, NH), 3.35 (d, *J(H-H4') = 6.8Hz,
2H, H"), 3.23 (dt, *J(NH-H,") = 5.6Hz, *J(H,"-H,") = 6.4Hz, 2H, H,"), 2.85 (s, 4H,
H" and H™), 2.60 (t, *J(Hs"-H,") = 7.2Hz, 2H, Hs"), 2.01 (tt, *J(H,-Ha,) and (H;-
Hea) = 12Hz, *J(H;-Hae) and (H;-Hge) = 3.6Hz, 1H, H), 1.9-0.9 (m, 15H, H>, H, Ha,
Hs, He, H", H5", H,""). *C NMR (100.593MHz, CDCls) § 175.84 (C7), 171.21 (C,'
and Cs'), 169.42 (C,;" and Cs™), 168.68 (Cs"), 134.17 (C5' and C4), 45.40 (C)),
43.87 (C¢), 38.96 (Ci"), 36.52 o 2 &8 Ry
(Ca), 31.03 (C5"), 30.07 (C» and 4%&@! R ON5” )"
Cs), 29.01 (Cs and Cs), 25.79 (G ©
and C4™), 29.03, 25.87, 24.37(C,",

Cs" and C4Y).
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Synthesis of 4-[(2-aminoethyl)amino]-4-oxobutanoic acid (88)

1,2-Ethylene diamine (5.409g, 6ml, 90mmol) was dissolved in ethanol (15ml) and
added dropwise to a stirred solution of succinic anhydride (9.030g, 90mmol) in
ethanol (40ml). The reaction mixture was stirred for a further 45 minutes, allowed to
cool then the formed precipitate was collected by filtration, triturated with CHCl;
five times then dried under vacuum to yield a white solid (13.146g, 82mmol, 91%).
mp 160-162°C (Lit."> 159-162°C). (ESMS+) 161 (M", 10%), 167 (MLi", 40%), 183
(MNa", 30%). 'H NMR (400MHz, D,0O/DSS) & 3.21, 3.15 (2 x s, 4H, H;' and H,"),

2.31 (s, 4H, H, and H3). °C NMR (100MHz, D,0/DSS) " 0

2 H ., 3
HZN/\1{ 1 OH

§ 183.45, 178.76 (C; and Cy), 41.33, 39.25 (C' and ), o

35.36, 34.88 (C, and C3).

Attempt to extend SMCC with 4-[(2-aminoethyl)amino]-4-oxobutanoic acid

To a solution of 1-[(trans-4-{[(2,5-dioxopyrrolidin-1-yl)oxy]carbonyl}cyclohexyl)-
methyl]-1H-pyrrole-2,5-dione (0.668g, 2mmol) in DMF (0.4ml) was added a
suspension of 4-[(2-aminoethyl)amino]-4-oxobutanoic acid (0.320g, 2mmol) in DMF
(0.4ml) and the reaction stirred for 12 hours at room temperature under an
atmosphere of N,. Then a solution of DCC (0.433g, 2.1mmol) in DMF (0.2ml) was
added followed by the solid addition of N-hydroxysuccinimide (0.230g, 2mmol). The
reaction was allowed to stir for a further 18 hours. The precipitated DCU was
removed by filtration and the filtrate was evaporated to give a white solid.

Purification by column chromatography (5% methanol/CHCIs) isolated:

182



1. Rf (0.73) isolated unreacted 1-[(trans-4-{[(2,5-dioxopyrrolidin-1-
yl)oxy]carbonyl}cyclohexyl)-methyl]-1H-pyrrole-2,5-dione (0.495g). Spectroscopic

data was identical to that obtained previously.

1. Rf (0.65) a clear crystalline solid, 1,1’-ethane-1,2-diyldypyrrolidine-
2,5-dione 89 (0.027g). mp 252-253°C. (Lit.'° 249-250°C). (ESMS+) 225 (M", 80%),
231 (MLi", 100%). 247 (MNa', 100%). '"H NMR (400MHz, CDCl3) & 3.73 (s, 4H,
H," and H,"), 2.66 (s, 8H, Hs, Hy', Hy; and H,). °C NMR

O |
2H 3
(100MHz, CDCl3) & 177.89 (C,, C', Cs and Cs'), 37.30 (C;" 3 N
NI1 4
1 11 5!
4

and C,"), 28.34 (Cs, C3', Cy, C4).

Synthesis of 4,4’-(ethane-1,2-diyldiimino)bis(4-oxobutanoic acid) (90)
1,2-Ethylenediamine (2.7g, 45mmol, 3ml) was added to a solution of succinic
anhydride (9.063g, 90mmol) in ethanol (40ml). The solution was stirred at room
temperature for 12 hours, the formed precipitate collected by filtration and dried
(11.414g, 44mmol, 97%). mp 158-159°C. (Lit."” 159-161°C). (ESMS-) 259 (M.,
100%). (ESMS+) 267 (MLi", 100%), 283 (MNa®, 100%). 'H NMR (400MHz,
DMSO-ds) 8 12.05 (br. s, 2H, 2 x CO,H), 7.83 (br. s, 2H, 2 x NH), 3.06 (m, 4H, H,"
and H,"), 2.41-2.29 (m, 8H, H,, H,', Hs and Hs'). >C NMR (100MHz, DMSO-ds) &
173.85 (C, and C}"), 171.11 (C4 and Cj),

N_4'
38.327 (C\" and G,"), 30.05, 29.15 (C», G, Mw/\/ MOH

Cs and C3)).
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Synthesis of 1,1’-ethane-1,2-diyldypyrrolidine-2,5-dione (89)

A solution of 4,4’-(ethane-1,2-diyldiimino)bis(4-oxobutanoic acid) (1.532g,
5.9mmol) with sodium acetate (0.100g) in acetic anhydride (10ml) was heated to
50°C for two hours. The solvent was removed in vacuo and the product was
extracted from the residue with ethyl acetate (0.768g, 3.4mmol, 58%). The isolated
product was analysed and the physical and spectroscopic data collected was identical

to that obtained previously.

Synthesis of N-[tert-butyl[2-aminoethyl]carbamate]-4-(2,5-dioxo-2,5-dihydro-
1H-pyrrol-1-yl)methyl]cyclohexanecarboxamide (93)

2-(N-tert-Butoxycarbonylamino)ethylamine (1.116g, 7mmol) was added to a solution
of  1-[(trans-4-{[(2,5-dioxopyrrolidin-1-yl)oxy]carbonyl}cyclohexyl)-methyl]-1H-
pyrrole-2,5-dione (2.423g, 7.25mmol) in dry CH,Cl, (20ml). The reaction was stirred
in the dark under an atmosphere of N, for 48 hours. The solvent was removed in
vacuo and the resulting yellow residue was purified by column chromatography (5%
methanol/CH,Cl,) to yield a white solid (1.666g, 4.4mmol, 60%). mp 187°C.
(ESMS+) 380 (M+, 50%), 386 (MLi+, 100%), 402 (MNa+, 40%). IR(KBr) 3354 (m,
C=ONH), 2934 (m, alkyl CH), 1734 (s, C=0), 1684 cm™ (s, C=0). 'H NMR
(400MHz, DMSO-ds/CDCls) & 7.62 (br. t, *J(NHs-H,") = 5.6Hz, 1H, NHs), 6.97 (s,
2H, H;' and Hy"), 6.70 (br. t, *J(NH5"-H,") = 5.6Hz, 1H, NH;"), 3.23 (d, *J(He'-Hy) =
7.2Hz, 2H, Hy'), 3.03 (dt, *J(H,"-NHy) = 5.6Hz, *J(H,"-H,") = 6.4Hz, 2H, H,"), 2.94
(dt, *J(H,"-NH;3") = 5.6Hz, *J(H,"-H,") = 6.4Hz, 2H, H,"), 1.98 (tt, *J(H,-Ha,) and
(Hi-Hea) = 12.8Hz, *J(H,-Hye) and (H;-Hee) = 3.2Hz, 1H, H,), 1.71 (m, 2H, H. and
Hg.), 1.61 (m, 2H, Hs. and Hse), 1.52 (m, 1H, Hy), 1.37 (s, 9H, H,", H3" and H4"),

1.26 (dddd, 2J(H2a-ng) and (H6a'Hée) = 164HZ, 3J(H23-H3a) and (HGa'HSa) = 13HZ,
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3J(Hao-H)) and (He,-H)) = 12.8Hz, *J(Has-Hse) and (Hea-Hse) = 3.2Hz, 2H, H, and
Hg,), 0.88 (dddd, 2J(Hss-Hae) and (Hse-Hse) = 16.4Hz, *J(Hse-Haa) and (Hse-Hea) =
13Hz, *J(H3,-Hy) and (Hs,-Hy) = 12.8Hz, *J(H3,-Hae) and (Hsy-Hee) = 3.2Hz, 2H, Hi,
and Hs,). °C NMR (100.593MHz, DMSO-ds/CDCL3) & 174.99 (C5), 171.09 (C5' and
Cs)), 155.58 (C5" and C4), 134.25 (G5

and CJ), 77.51 (C\'"), 43.79 (C)), 43.01 ) é;(béﬁ#ﬁ/g/gf(o\k
(Cs), 39.63 (G2, 38.59 (C\"), 36.09 (Cs),  °) Ny oo
29.38 (C; and Cs), 28.42 (C, and Cg),
28.16 (sz, C3IH and C4HI). Anal. calcd for

RH,C

C19H29N30s: C, 60.14; H, 7.70; N, 11.07.

Found: C, 60.14; H, 7.84; N, 11.16.

Synthesis of N-(2-aminoethyl)-4-[(2,5-dioxo0-2,5-dihydro-1H-pyrrol-1-
y)methyl]cyclohexanecarboxamide trifluoroacetic acid salt (94)

N-[tert-butyl[2-aminoethyl]carbamate]-4-(2,5-diox0-2,5-dihydro-1H-pyrrol-1-yl)me-
thyl]cyclohexanecarboxamide (0.171g, 0.45mmol) was dissolved in CH,Cl, (50ml)
and trifluoroacetic acid (1ml) was added. The solution was refrigerated overnight and
the solvent was removed in vacuo affording a clear oil. This was solidified by
trituration with hexane and methanol to yield a white solid (0.174g, 0.44mmol, 98%).
mp 59-62°C. (ESMS-) 113 (CF3COy, 100%). (ESMS+) 280 (M", 97%). IR(KBr)
2932 (m, alkyl CH), 1698 cm™ (s, C=0). 'H NMR (400MHz, DMSO-dj) & 7.89 (br.
t, 1H, NH), 7.79 (br. s, 3H, NH;"), 7.00 (s, 2H, Hs' and Hy"), 3.24 (m, 4H, H," and
Hg), 2.83 (m, 2H, H,"), 2.01 (tt, , *J(H;-Hs,) and (H,-He,) = 12Hz, *J(H;-H,e) and
(Hi-He¢e) = 3.6Hz, 1H, H,), 1.75 (m, 2H, H,. and Hg), 1.62 (m, 2H, H3. and Hse),

1.52 (m, 1H, Hy), 1.25 (dddd, *J(Ha.-Hae) and (Hg,-Hee) = 16.4Hz, *J(H,,-Hs,) and
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(Hea-Hsa) = 13.2Hz, *J(Hs-H)) and (Heo-H,) = 12.4Hz, *J(Hya-Hse) and (Hea-Hse) =
3.2Hz, 2H, H», and Hg,), 0.89 (dddd, 2J(H3,-Hs) and (Hse-Hse) = 16Hz, *J(Hz,-Ha)
and (Hs,-Hg,) = 13.2Hz, *J(H3,-Hy) and (Hs,-Hy) = 12.4Hz, *J(H3,-Hye) and (Hs,-Hee)
= 3.2Hz, 2H, Hs, and Hs,). *C NMR (100MHz, DMSO-ds) & 175.79 (C7), 171.29

(C,' and C5'), 158.48 (q, CF3CO0-),

134.39 (C5' and C4Y), 115.53 (q, CF3), N
3 20, .“\\7kﬁ/\/NH3+ CF3C00
| 1 Il

43.78 (C)), 43.06, (Cs), 38.71 (C,M), 4§N(\/QG ol
JR 6' 5

36.40 (Cy), 36.17 (C\'"), 29.39 (C; °

and Cs), 28.41 (C; and (). Anal.

calcd for C16H22F3N3051 C, 48.85; H,

5.64; N, 10.68. Found: C, 47.84; H,

5.63; N, 10.17.

Isolation of  trans-4-[(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)methyl]-N-{2-
[(trifluoroacetyl)amino]ethyl}cyclohexane carboxamide (95)

N-(2-aminoethyl)-4-[(2,5-diox0-2,5-dihydro-1H-pyrrol-1-yl)methyl]cyclohexanecar-
boxamide trifluoroacetic acid salt (0.692g, 1.76mmol) was dissolved in DMF (1ml)
and succinic anhydride (0.177g, 1.76mmol) was added and left to stir for one hour
under an atmosphere of N,. 1M DCC in DCM (1.8 mL) was added along with NHS
(0.204g, 1.8mmol) and the reaction left to stir for a further 24 hours. The reaction
mixture was filtered and the solvent was removed in vacuo affording a clear oil. This
was dissolved in EtOAc/MeOH in preparation for purification by column
chromatography however a white solid precipitated from solution (0.462g,
1.23mmol, 70%). "H NMR (400MHz, DMSO-ds) & 9.34 (br. t, 1H, NH};), 7.81 (br. t,

1H, NHy), 7.01 (s, 2H, Hs' and Hy"), 3.20 (m, 6H, Ho, Hyo and Hy'), 1.98 (tt, , *J(H,-
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Hy.) and (H,-He) = 12Hz, *J(H;-Hae) and (H;-Hg.) = 3.6Hz, 1H, H)), 1.70 (m, 2H,
H and Hye), 1.62 (m, 2H, Hse and Hse), 1.51 (m, 1H, Hy), 1.25 (dddd, *J(Haa-Hae)
and (Hes-Hee) = 16.4Hz, *J(Hyq-Hs,) and (Hee-Hsa) = 13.2Hz, *J(Ha,-H;) and (He,-H))
= 12.4Hz, *J(Has-Hse) and (Heo-Hse) = 3.2Hz, 2H, H,, and Hg,), 0.88 (dddd, “J(Hs,-
Hs.) and (Hs,-Hse) = 16Hz, *J(Hsa-Ha,) and (Hs,-Hg,) = 13.2Hz, *J(H3,-Hy) and (Hs,-
H,) = 12.4Hz, °J(Hs;-Hae) and (Hsy-Hee) =
3.2Hz, 2H, Hs, and Hs,). °C NMR (100MHz,
DMSO-ds) & 175.30 (C7), 171.26 (C5' and C5),
156.40 (q, C12), 134.35 (C5' and C4Y), 115.90 (q,

Ci3), 43.78 (C)), 43.03, (Cs'), 38.88 (Cyo), 37.22

(Cy), 36.13 (Co), 29.38 (C; and Cs), 28.40 (C;

and Cp).

Synthesis of disuccinimidyl ester of succinic acid (92)

A solution of DCC (22.503g) in dioxane (100ml) was added dropwise to a stirred
solution of succinic acid (5.900g, 50mmol) and N-hydroxysuccinimide (12.611g,
110mmol) in dioxane (350ml) kept at 15°C under an atmosphere of nitrogen. The
reaction mixture was stirred at room temperature for 18 hours. The precipitated
product and DCU were collected by filtration. The product was extracted with
acetonitrile and the solvent removed in vacuo. The crude product was recrystallised
from acetonitrile and ethanol yielding a white solid (10.459g, 33.5mmol, 67%). mp
225°C (Lit."® 261°C). (ESMS+) 319 (MLi", 100%), 335 (MNa®, 75%). '"H NMR
(400MHz, DMSO-ds) & 3.07 (s, 2H, CH,), 2.81 (s, 4H, NHS-CH,). °C NMR

(100MHz, DMSO-ds) & 169.97 (NHS-C=0), 167.73

O
O (0]
N o.
(CO,R), 25.41 (NHS-CH,), 25.18 (CH,). é/;(o)w )Ni/>
(6]
(o)
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Synthesis of 4-[(2,5-dihydro-2,5-dioxo-1H-pyrrol-1-yl)methyl]-N-2,3,5,6,8,9,11,-
12-octahydro-1,4,7,10,13-benzopentaoxacyclopentadecine]cyclohexanecarbox-
amide (SMCC-CROWN) (98)

4’-aminobenzo-15-crown-5 (0.400g, 1.4mmol) dissolved in CH,Cl, (5ml) was added
dropwise to a solution of 1-[(trans-4-{[(2,5-dioxopyrrolidin-1-
yl)oxy]carbonyl}cyclohexyl)-methyl]-1H-pyrrole-2,5-dione (0.468g, 1.4mmol) in
CH,Cl, (5ml). The reaction mixture was stirred at room temperature in the dark
under an atmosphere of N, for 18 hours. The solvent was removed in vacuo and the
crude product was purified by column chromatography (10% methanol/ethyl acetate)
yeilding a yellow brown solid (0.567g, 1.1mmol, 80%). mp 85-91°C. (ESMS+) 509
(MLi", 100%), 525 (MNa", 100%). IR(KBr) 3448 (m, N-H), 2962 (m, alkyl C-H),
1718 (s, C=0), 1701 ecm™ (s, C=0). '"H NMR (400MHz, CDCl3) & 7.56 (br. s, 1H,
NH), 7.35 (d, “J(H¢"-H,") = 2Hz, 1H, Hs"), 6.88 (dd, *J(H;"-H,") = 8.8Hz, *J(H,"-
H¢") = 2Hz, 1H, H,"), 6.75 (d, *J(H,"-H3") = 8.8Hz, 1H, H3"), 6.71 (s, 2H, H3' and
H.'), 4.08, 3.87, 3.74 (3 x m, 16H, H,", H5"™, Hs"™", Ho"™, Hs™, Ho'™', H;,"™ and H;,™),
3.39 (d, *J(H4-He') = 6.8Hz, 2H, Hy"), 2.18 (tt, *J(H;-Ha,) and (H;-Hg,) = 12.4Hz,
3J(H1-H2e) and (H;-H¢e) = 3.2Hz, 1H, H;), 1.98 (m, 2H, H. and Hg.), 1.77 (m, 2H,
Hse and Hse), 1.72 (m, 1H, Hy), 1.52 (dddd, 2J(Has-Hae) and (Hea-Hee) = 16Hz, *J(Ha,-
Hs,) and (Hee-Hsa) = 13.2Hz, *J(Ha,-H,) and (Hee-H,) = 12.4Hz, *J(Ha,-Hse) and (He,-
Hs.) = 2.8Hz, 2H, Ha, and Hg,), 1.03 (dddd, *J(Hs,-Hse) and (Hs,-Hse) = 16Hz, *J(Hs,-
H».) and (Hse-Hea) = 13.2Hz, *J(H3,-Hy) and (Hse-Hy) = 12.4Hz, *J(H3,-Hae) and (Hs,-
Hee) = 2.8Hz, 2H, Hs, and Hs,). °C NMR (100MHz, CDCls) § 174.32 (C7), 171.26
(C,' and Cs'), 149.17 (Cs"), 145.49 (C,"), 132.52 (C4"), 134.21 (C5' and C4Y), 114.67

(C5"M), 112.52 (C,"M), 107.06 (Cg"), 70.87, 70.76, 70.40, 70.25, 69.64, 69.47 and 69.43
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(CZIII’ Gl o ol o ot ¢y 11 C1zHI), 46.20 (Cy), 43.84 (C6I), 36.52 (Cy),

29.96 (C;5 and Cs), 29.00 (C, and Ce).
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CRYSTAL STRUCTURES
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Data collection, structure solution and refinement

Data sets for compounds 26, 35, 74, 79, 84 and 89 were measured using a Rigaku
AFC-7R four circle diffractometer (w-20 scan mode, monochromated Mo-Ka
radiation A = 0.71069 A) at 295 K, yielding N independent reflections, N, with 7 >
20(l) being considered ‘observed’. Computation used the teXsan crystallographic

software package for Windows version 1.06 of the molecular structure corporation’,

ORTEP-3% and PLATON.?

! teXsan for Windows, Single Crystal Structure Analysis Software, 2001, Version 1.06, The
Woodlands, Molecular Structure Corporation.

* Farrugia, L. J. J. Appl. Cryst. 1997, 30, 565.

3 Spek AL, PLATON for Windows, Version 121201. Utrecht, University of Utrecht.
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N-(tert-butyloxycarbonyl)-1,1, 1-tris(4-methoxybenzoyloxy-methyl)methylamine 26

Prismatic, colourless crystals of 26 were formed by the slow diffusion of diethyl ether
into a solution of 26 in dichloromethane, mp 136°C. Cs;3H3;NO;; M = 623.6,
tetragonal, space group, 1 41/a, a = 33.07(5) , b = 33.07(5), ¢ = 12.33(2) A. V =
13484(36) A’, Z=16, Dy =123 gem™, 8= 5.0-6.3°, 1= 0.09 mm™, Crystal size:

0.30x 0.20 x 0.15 mm, N = 5963, N, = 1249, R = 0.069, Rw = 0.163.
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1,1,1-tris(4-nitrobenzoyloxymethyl)methylamine trifluoroacetic acid salt 35

014

Colourless plates of 35 were formed by slow evaporation of a saturated solution of 35
in dimethylformamide, mp 158-159°C. C;30H2sF3NsO5 M = 755.6, triclinic, space
group, P-1, a=15.125(2), b =18.431(3), ¢ = 6.292(8) A. V'=1730.2(4) A®, Z=2, D,
=1.450 gcm™, = 10.0-12.1°, = 0.13mm, Crystal size: 0.25 x 0.20 x 0.05 mm, N

=4531, N, =2062, R =0.142, Rw = 0.386.
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1-[(trans-4-{[(2,5-dioxopyrrolidin-1-yl)oxy]carbonyl} cyclohexyl)-methyl]-1H-

pyrrole-2,5-dione (SMCC) 74

Prismatic, colourless crystals of 74 were formed by recrystallisation of 74 in a mixture
of acetone and methanol, mp 171-174°C. C;¢HsN,Og M = 334.3, orthrombic, space
group, Pbca, a =20.203(5), b = 17.021(6), ¢ = 9.643(3) A. V=3316.0(18) A°, Z=3,
Dy =1.339 g em™, @=12.7-17.3°, £ = 0.10 mm™", Crystal size: 0.50 x 0.50 x 0.30

mm, N =3816, N, = 1926, R = 0.043, Rw = 0.132.
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trans-4-({[(2Z)-3-carboxyprop-2-enoyl]amino } methyl)cyclohexanecarboxylic acid 79

Prismatic, colourless crystals of 79 were formed by recrystallisation of 79 in a mixture
of acetone and methanol, mp 190-192°C. C;,H7NOs M = 255.3, monoclinic, space
group, P 21/a, a = 7.228(2), b = 31.110(15), ¢ = 5.746(3) A. V' =1287.4(10) A®, Z=
4, Dy =1317 gem™, @=10.4-13.0°, x=0.10 mm™, Crystal size: 0.50 x 0.25 x 0.15

mm, N = 2276, N, = 1012, R=0.092, Rw = 0.280.
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(27)-4-[(2-carboxyethyl)amino]-4-oxobut-2-enoic acid 84

Colourless needles of 84 were formed by recrystallisation of 84 in a mixture of
acetone and methanol, mp 158°C. C7HoNOs M = 187.2, orthorhombic, space group, P
212121, a=17.428(9), b = 18.728(8), ¢ = 10.177(5) A. V' =3322.03) A®, Z= 16,
Dy =1.497¢g cm'3, 0=8.6-12.1°, u=0.13 mm'l, Crystal size: 0.40 x 0.10 x 0.10 mm,

N =3286, N, = 1486, R =0.062, Rw = 0.143.
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N,N’-ethylenedisuccinimide 89

Prismatic, colourless crystals of 89 were formed by slow evaporation from a solution
of methanol/chloroform, mp 252-253°C. C;oH2N,O4 M = 224.2, monoclinic, space
group, P 21/c, a=12.565(13), b=8.361(10), ¢ = 9.929(15) A. V'=1043.0Q2) A®, Z=
4, D, =1.428 gem™, 0= 8.3-10.6°, £ =0.11 mm™, Crystal size: 0.50 x 0.40 x 0.30

mm, N = 2396, N, = 1825, R = 0.048, Rw = 0.124.
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APPENDIX B

XPS DATA AND SPECTRA
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XPS Data and Spectra for N-hydroxysuccinimide (53) monolayer

Peak Position FWHM Raw Area RSF Atomic Atomic Mass
BE (eV) (ev) (CPS) Mass Conc % Conc %
Au 4f 84.000 2.854 3090510.2 6.250 196.967 25.72 81.80
C 1s 284.000 3.067 286030.0 0.278 12031 53.47 10.37
0 1s 531.000 3.661 191400.0 0.780 15.999 12.94 3.34
S 2p 163.000 3.397 37124.1 0.668 32.065 2.89 1.50
N 1ls 400.000 4.454 20150.0 0,477 14,007 2.20 0.50
Fe 2p 711.000 4.548 146160.2 2.957 55.846 277 2.49
I 3d 619.000 0.779 0.0 10.343 126.904 0.00 0.00
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XPS Data and Spectra for Protein Resistant (58) monolayer

Peak

Au 4f
C 1s
0 1s
S 2p
N 1s
Fe 2p
I 3d

Intensity(CPS)

Intensity(CPS)

Intensity(CPS)

Position FWHM Raw Area RSF Atomic Atomic
BE (eV) (eV) (CPS) Mass
84.000 2.874 3941770.0 6.250 196.967 36.65
285.000 3.223 193940.0 0.278 12.011 40.50
532.000 4.369 214910.0 0.780 15.999 16.24
162.000 3.476 15846.1 0.668 32.065 1.38
401.000 1.201 5830.0 0.477 14.007 0.71
712.000 4.245 195950.3 2.957 55.846 4.14
619.000 2.836 65560.0 10.343 126.904 0.38
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XPS Data and Spectra for Acyl Azide (59) monolayer

Peak

Au 4f
C 1s
0 1s
S 2p
N ls
Fe 2p
T34

Position FWHM

BE (eV) (ev)
84.000 2.846 3
285.000 3.197
531.000 3.653
163.000 2.720
400.000 3.771
712.000 4.873
619.000 2.590
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XPS Data and Spectra for Heated Acyl Azide monolayer

Peak Position FWHM Raw Area RSF Atomic Atomic Mass
BE (eV) (ev) (Cps) Mass Conc % Conc %
Au 4f 84.000 2.839 1846060.0 6.250 196.967 17.26 74.38
C 1ls 285.000 2.7175 258395.0 0.278 12.011 54.27 14.26
0 1s 532.000 3.015 311010.0 0.780 15.999 23.63 8.27
S 2p 155.000 0.000 0.0 0.668 32.065 0.00 0.00
N 1s 400.000 2.363 25807.0 0,477 14.007 3.16 0.97
Fe 2p 712.000 5.739 75870.3 2.957 55.846 1.61 1.97
I 3d 619.000 2.350 9120.0 10.343 126.904 0.05 0.15
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