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SYNTHESIS AND MODIFICATION OF PAMAM DENDRIMERS AS HISTONE REPLACEMENT
MOLECULES
By Alan Charles Jenkins

The primary objective of this work was to synthesise and structurally modify a series of
PAMAM dendrimers with a view to investigating and controlling their complexation
with, and compaction of, DNA. The Introduction gives an overview to the origins of
polymer and dendrimer science, and describes the synthetic approaches and resulting
properties of dendrimers together with their impact on biological systems.

The preparation of poly(amidoamine) (PAMAM) dendrimers utilising a number of
different core materials are reported and characterised in Chapter 2.  The
conformational motion of the dendritic branches has been studied using 'H spin-lattice
relaxation time experiments, and the results have been compared for the differently
cored materials.

Chapter 3 examines the modification of the dendrimer surfaces with acetyl,
poly(ethylene glycol) and fluorescent groups and reports the results of a study of how
the degree of DNA condensation affects gene expression by analysing dendrimer-DNA
compaction using linear dichroism, dynamic light scattering and competitive binding of
ethidium. Experiments designed to investigate modified dendrimer-lipid interactions
are also discussed and the results of these are compared to molecular dynamic
simulations.

The synthesis of novel small molecules based around L-histidine and photo-responsive
azobenzene, and the use of these to modify the surface of 4™ and 5" generation
PAMAM dendrimers is reported in Chapters 4 and 5 respectively.

There follows a final chapter containing detailed descriptions of the synthetic
procedures and characterisation for each of the compounds studied and the experimental

methods used for exploring their behaviour.
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Chapter 1 Introduction

1.1 Histones

1.1.1 Background

Deoxyribonucleic acid (DNA) is one of the most important building blocks of life. It
contains the genetic instructions needed to create proteins and ribonucleic acid (RNA),
and also acts as a long-term storage of information.'? Without it, we simply would not
exist. Discovered in 1869 by the Swiss biochemist Johann Friedrich Miescher, DNA
has since been shown to be a linear, unbranched polymer that is constructed from 4
simple molecules (nucleotides) and has a backbone made of phosphate and sugar groups
joined by ester bonds.'? In 1953, the ratios of each nucleotide (namely Adenine (A),
Cystosine (C), Guanine (G) and Thymine (T)) helped to lead James Watson and Francis
Crick (with the aid of X-ray diffraction patterns) to discover that in living cells two
DNA chains are intertwined to form a double helix.* The two polymer strands are held
together via hydrogen bonds formed between complimentary nucleotides (A with T, and
C with G) and, for this reason, the pairs of nucleotides are often referred to as Watson-

Crick base pairs.

The sequence in which these nucleotides are arranged along the backbone determines
the information that is stored. This information can then be read using the genetic code
by copying part of the DNA into the related nucleic acid RNA in a process known as
transcription.” This RNA can then go on to create proteins as specified by the DNA.

DNA is generally located in the cell nucleus and is usually stored as part of a
chromosome, a large structure where no transcription takes place. This latter is made up
of chromatin, and is where the double helix of DNA is coiled around a protein. A

. cq . . 1
collection of chromosomes within a cell makes its genome.



If the DNA contained within a human cell were laid out, it would stretch 4 metres in
length. With the aid of proteins (known collectively as histones) that bind to, and
become coiled around the DNA, this length is reduced to 180 mm within 30 nm
diameter fibres (chromatin). This is then further condensed to 120 um within the 700

nm diameter arms of mitotic chromosomes.®

Short region of
DNA double helix

‘Beads on a string”
form of chromatin

30-nm chromatin
fibre of packed
nucleosomes

Section of
chromosome in an
extended form

Condensed section
of chromosome g}g o "
g
¢ 1)) MCO nm

¥
'\| Centromere
e,

Entire mitotic ‘
1,400 nm

chromosome

Figure 1. The formation of a chromosome from DNA.



1.1.2 Structure of DNA — Histone Complexes

Histone proteins come in two classes, core histones and /inker histones. There are four
core histones, known as H2A, H2B, H3 and H4, and it is these that the DNA coils
around. Initially, dimers are formed between two of these proteins e.g. between H3 and
H4, or H2A and H2B (see Figure 2). Two of the same type of dimer then come
together to form a tetramer. The two tetramers finally complex with each other to give
rise to a histone octamer. Structural studies have shown that the core octamer forms a
barrel shape when bound to DNA (forming a nucleosome); the DNA wrapping twice

1
around the core.

(g :’ ‘i»»%QB Complete Histone With

/

Histone Octamer

Tetramer

Figure 2. Formation and structure of a histone core octamer, together with resulting

8
nucleosome.

There are 5 main types of interaction between the core octamer and the DNA:'~

* Electrostatic: dipoles generated by the protein form a net positive charge that is
attracted to the negatively charged phosphate groups located on the DNA

backbone. The basic nature of the histone also aids its solubility.
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* Hydrogen bonds: these form between amide groups located on the protein and
the DNA backbone.

e Salt links: these form between amino acids and the phosphate groups.

*  Nonpolar and Van der Waals: these form between the DNA deoxyribose sugar

groups and nonpolar components of the protein.

A linker histone, of which there are two classes (H1 and HS5), then attaches itself to a
nucleosome securing the DNA in place, though the exact position and nature of this
attachment is unknown. There are two schools of thought for how the linker histones
keep the DNA bound to the core octamer. In the first, the linker histone acts as a clamp,
preventing the coiled DNA from unravelling (this theory is backed by structural

. 910
studies™

). The second suggests that the linker histone is located between the DNA and
the core octamer, holding them together.'"'> Whichever theory is correct, the end result
is the same; DNA is securely bound to the histone core in what is known as a 10 nm
fibre or ‘beads-on-a-string’ structure. In comparison with an unbound histone octamer
(~110 A) the size of the nucleosome is much smaller (85 x 67 A), suggesting that there

is much free space within the histones’ structure."?

Figure 1 shows a representation of an unpacked form of chromatin, that is to say, a
collection of chromatosomes (a series of nucleosomes). These fibres have a diameter of
~ 10 nm and can become condensed into what is known as the ‘30 nm fibre’. The exact
structure of this condensed fibre is again not known, though it is believed that the
individual nucleosomes are held together either by linker-linker or core-core histone
interactions.” This would then give rise to the most widespread and accepted solenoid
representation of the structure (Figure 3), these 30 nm fibres can then ‘super coil’ to
make the densely packed chromosomes which, at the time of cell division, resemble the

characteristic X structure (Figure 1).



Nucleosomes
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Figure 3. Schematic representation of a 30 nm fibre.!

30nm

1.1.3 Nature of DNA — Histone Binding

As stated above, there are a number of factors that affect the binding of DNA to a
histone octamer. When the DNA is coiled up as part of the chromatin in a eukaryotic
cell (a cell that contains a nucleus) its accessibility is greatly reduced, meaning that
transcription is unlikely to occur. In order to make the DNA easier to reach, the
compressed chromatin structure must first be unravelled, a process that is achieved
through modification of the histones. These chemical modifications include acetylation,
methylation and phosphorylation, all of which change the strength of the histones’
interaction with the DNA.'*'* Tt is very important to note that a strand of DNA is never
completely unbound from the histone octamer; merely that part of the DNA helix

becomes exposed to the transcription agents.

The most studied of these modifications is that of histone acetylation i.e. the addition of
an acetyl group onto the amine groups of the amino acid lysine located in the N-terminal
regions of the core octamer.'* These N-terminal regions form tails that stick out from
the nucleosome and their acetylation decreases the histones affinity for the DNA. It is
also believed to disrupt the interactions holding the 30 nm fibres together.*'* The
process of histone acetylation is accomplished by histone acetyltransferases (HATS),
first identified by Pennisi in 1997'¢ and is believed to neutralize the charge on the
lysine. It is also possible that the acetylated group interacts with a binding site located

17,18

on the histone (such as the bromodomain) which could lead to chromatin



remodelling i.e. the structure of the histone is changed, weakening its contact with the
DNA. In order to silence the transfection process, the acetyl groups must be removed,
something that is achieved by histone deacetylases (HDACs), as first demonstrated by

Taunton et al. in 1996."

1.2 Polymers

It is known that a histone is approximately 110 A in diameter when not bound to DNA,
and that it uses a multitude of interactions, primarily electrostatic, to coil and compress
the DNA around it.""> If we are to synthesise a replacement for these histones it needs
to be of suitable size, have the capability to be compressed (i.e. contains free space), be
water soluble, and possess the ability to bind and unbind DNA through electrostatic
interactions. The fact that such a large molecule is required alludes to the possibility of

using a polymer, as these can be fine-tuned to achieve the desired properties.

1.2.1 Origins

The word polymer was first used by the Swedish chemist Jons Jakob Berzelius in
1833.2%%! It stems from the Greek words poly, meaning many, and mer, meaning part.
Berzelius originally used the term to describe compounds that had the same empirical
formula but differed in molecular weight e.g. hexene would be called a polymer of the

20,22
smaller ethene molecule.”™

Nowadays, the term polymer is used to describe
molecules of high molecular weight that are made from smaller units known as

monomers by a process known as polymerisation.

During the nineteenth century a number of polymers were discovered, but with no
understanding of their structures. Polymers such as polystyrene and nitrated cellulose
(also known as nitrocellulose) were reported as early as 1839,% whilst the synthesis of
poly(ethylene g,lycol)24 and poly(ethylene succinate)® were published in the 1860s.
Nitrated cellulose became a commercial success as ‘gun cotton’ after its preparation by
Christian Schonbein in 1846 because of its explosive properties.”® Its solubility and

ability to be moulded led to products with many applications such as Parkesine
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(Alexander Parkes, 1862) and Celluloid (John and Isaiah Hyatt, 1870).2"** With the
advent of the ‘viscose process’ (a way of forming fibres) in 1892 by Charles Cross,
Edward Bevan and Clayton Beadle, other uses such as rayon textile fibres and

cellophane film subsequently appeared.”®

During this period, the properties of natural rubber (1) were being probed and, with the
aid of distillation, Charles Williams discovered its monomer unit which he called
isoprene (Figure 4).” Natural rubber has subsequently been the source of much
investigation through the years, starting with Thomas Hancock in 1820 who discovered
that it becomes more fluid if subjected to high shear forces.® In 1839, Charles
Goodyear found that heating the rubber with sulphur gave improved elastic properties’'
(coined vulcanisation by Hancock™), while his brother, Nelson Goodyear, eventually
patented the vulcanisation of natural rubber with large amounts of sulphur in USA
(1851) to give a hard rubber also known as vulcanite (it should be noted that a similar
patent for vulcanite was awarded to Hancock in the UK in 1843 which led to many

disputes with Goodyear).
a) b) c) d)
— — %O\/\]\
; ; A “
1 2 3 4
e) f) g)
Cl Cl Q
D-O-l T e
5 6

7

O Jn

Figure 4. A selection of molecules discovered from the nineteenth and twentieth
centuries. a) Natural rubber, b) isoprene, c) polystyrene, d) poly(ethylene glycol), e)
neoprene, f) poly(vinyl chloride) and g) poly(ethylene succinate).

It was not until the early twentieth century that a synthetic polymer was synthesised;
Leo Baekeland reacted phenol with formaldehyde to create Bakelite in 1907.% Owing

to its nonconductive and heat-resistant properties it was subsequently commercialised in
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1909 and later used in a wide range of products. The first polymer to going into mass
manufacture was that of methyl rubber, developed as a replacement to natural rubber in

Germany during World War I using a 2,3-dimethylbutadiene monomer.>*

Even with the commercial success of some polymers, little was still known about their
structure, most scientists believed them to be aggregates of small molecules (similar to
colloids) held together by an unknown force, a theory that was first suggested by

Thomas Graham in 1861 (association theory).>>®

In 1922, Hermann Staudinger attributed the properties of polymers to many long chains
of atoms linked by covalent bonds (terming the chains makromolekiiles)’’, an idea that
took more than a decade to become widely accepted.™ Staudinger’s discovery had a
large impact on polymer science; he commented in 1936 that “it is not improbable that
sooner or later a way will be discovered to prepare artificial fibres from synthetic high-
molecular products, because the strength and elasticity of natural fibres depend
exclusively on their macro-molecular structure — i.e., on their long thread-shaped
molecules.” He later went on to found the first polymer journal (Die Makromolekulare
Chemie, 1940)* and receive the Nobel Prize in Chemistry (1953) for his contributions
to this field.* The theories of Staudinger were used to great effect by Wallace
Carothers who, in the 1930s, developed neoprene rubber' and polyamide fibres

(nylon)™® among others.**®

The time after World War II saw an explosion in polymerisation techniques and the
commercialisation of synthetic polymers such as polystyrene, nylon 6-6 and poly(vinyl
chloride) (as a side note, PVC has been discovered on two occasions, first in 1835 by
Henri Victor Regnault and then in 1872 by Eugen Baumann).”® Perhaps the most
significant discovery was by Karl Ziegler in Germany, 1955, of new coordination
catalysts that allowed the Italian chemist Giulio Natta to develop stereoregular
polymers.”*' Their work revolutionised the industry as their polymers with controlled
stereochemistry were found to possess superior mechanical properties over non-
stereoregular polymers. This led to them jointly being awarded the Nobel Prize in

Chemistry in 1963 for their development of the Ziegler-Natta catalyst.



Another important name is Paul Flory, whose work with polymers led to him
establishing the kinetics of step-growth polymerisation®® and the Flory-Huggins
Solution Theory (a mathematical model of the thermodynamics of polymer
solutions).”>** He also applied the concept of excluded volume, introduced by Werner
Kuhn in 1934, to polymers.55 Then, in 1974, he was awarded the Nobel Prize in
Chemistry "for his fundamental achievements, both theoretical and experimental, in the

physical chemistry of macromolecules."

Nowadays, polymers have made their way into most mainstream products, be it as
adhesives, lubricants, toys and vehicles. Their properties can be fine-tuned to allow for
high strength, degradability, fire-retardancy and, more recently, binding to riboflavin

(vitamin B2) to extend the shelf life of bottled beer.

1.2.2 Main Types of Polymers

Though polymers come in a great many compositions, shapes and sizes, the underlying
types of structures are not as varied. Most polymers have a polymeric chain, or
backbone, to which other groups are attached. Homochain polymers contain a
backbone made of only one type of atom, usually carbon, whilst heterochain polymers
are made with a backbone of more than one atom type e.g. a polyether. As has been
stated before, a polymer is made up of monomer units, but these can be of different

types and arranged in different ways (Figure 5).26’57'59



Graft copolymer

999999

Triblock copolymer

Figure 5. Representations of a polymer made of its monomer units.

If a polymer is prepared using only one type of monomer unit it is known as a
homopolymer, whereas if two or more monomers are involved it is termed a

58,60 - -
7 In a copolymer the monomer units can be arranged in a number of

copolymer.
different ways depending on the reactivity of the monomers and the polymerisation
technique employed. This can result in an alternating copolymer (where the type of
monomer unit alternates throughout the backbone), a random copolymer (usually occurs
when monomer units are of similar reactivity), a block copolymer (the chain propagates
in blocks of the same monomer) or a graft copolymer (where one polymer branches off
the backbone of another). It is useful to note that the blocks of the block copolymer can
be arranged in different ways i.e. when the backbone is made of only a single block of

each monomer it is known as a diblock polymer, while when a repeat unit of three

monomers is used it is termed a triblock.
Polymers can also be described through their overall structure, that is to say, whether

they are linear, branched or network polymers.”***® These polymeric structures can be

homopolymers or copolymers depending on their monomer.
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Figure 6. Structures of polymers, linear (top left), branched (top right) and network
(bottom).

Linear polymers are the simplest of all polymers as they are composed of many chains.
Examples include poly(vinyl chloride) (PVC).,*" which is one of the most valued
commercial products in the chemical industry and is used in wire insulation and
construction, and nylon that is used in ropes, parachutes and vehicle tyres.”’ Branched
polymers have the same basic structure as linear polymers, but in this case some of the
repeat units contain side chains. This means that, in the polymer, individual chains can
find it harder to move past each other, resulting in a more rigid structure. However,
these same branches could equally lead to a polymer that has weaker intermolecular
forces making for a flexible material, such as low-density polyethylene (LDPE).”’
Network polymers begin life as a linear or branched polymer, but the monomer unit
contains a reactive site that can give a covalent bond. The polymer can thus be cross-
linked to give covalent bonds between chains. Excessive cross-linking gives rise to
very strong network polymers. The synthesis of the different types of polymers stem

from only a handful of techniques, some of which are described below.
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1.2.3 Synthesis

Polymer synthesis, traditionally, falls into one of two categories, addition

o . L 26,5960
polymerisation or condensation polymerisation.

A polymer is put into one of
these classifications based on whether or not all the atoms from the monomer unit are
present in the polymer, a concept first proposed by Carothers.”> A repeating unit in an
addition polymer contains all the atoms from its monomer, whilst a condensation
polymer contains fewer (as a by-product is released during the polymerisation).
Nowadays, however, a polymerisation reaction is classified by its mechanism, namely
either step-growth (reaction proceeds in a stepwise fashion) or chain-growth (reaction

of a monomer with a reactive end-group on the growing chain). It should be noted that

ring-opening techniques could fall into either of these classifications.

Though the categories of polymerisation were changed in 1994, and others introduced
by the International Union of Pure and Applied Chemistry (IUPAC), they all stem from

the two classifications above:

* Polycondensation — as step-growth polymerisation with concurrent formation of
by-products of low molecular weight.

* Polyaddition — as step-growth polymerisation without formation of by-products.

* Condensative chain polymerisation — as chain-growth polymerisation with the
formation of by-products of low molecular weight.

*  Chain polymerisation — as chain-growth polymerisation without the formation of

by-products.
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Step-growth Polymerisation

There are two main ways to prepare linear step-growth polymers.”*>” The first requires
a monomer that has two different reactive groups in it whilst the other uses two

monomers that are each difunctional.

0 0
—_— H
HN_ NG +H,0

R OH R o]
n
8 9
o o 0 0
)]\ )k ~ R\ > ~ R\
cl R Cl H,N NH, R N i +2HCI
n
10 11 12

Figure 7. Examples of monomers used in step-growth polymerisation.

Most polymerisations by this method are of the condensation type i.e. a small by-
product is formed. The rate of reaction proceeds quickly at first, as there are many
reactive groups present; this leads to the formation of very small polymer chains

. . 57,62
(dimers, trimers etc).

As the monomers are consumed by this process, the rate
drops, but since the short chains still have reactive groups they start to create longer
chains. This continues until the number of end-groups becomes so low that the rate of
polymerisation falls (another rate determining factor is the viscosity of the formed
chains). A schematic representation of this process is shown below. Overall, the

average molecular weight increases slowly whilst the monomer is rapidly consumed.
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Figure 8. Schematic of step-growth polymerisation. Top to bottom, increased amount
of polymerisation and chain length. Pink and blue spheres represent complimentary

reaction groups.

Perhaps the most well-know polymers prepared by this route are polyamides, first
produced in 1935 by Carothers at DuPont.** By condensing monomer units of varying
lengths that contain both an amine and a carboxylic acid group, a flexible polymer can
be made. This type of polymer later became more commonly known as nylon. The
length of the monomer chain is indicated by a suffix (Figure 9), and can be used to

64-66

show where a copolymer is used e.g. nylon 6-6, patented by DuPont, is made from

1,6-diaminohexane and butane-1,4-dicarboxylic acid (adipic acid).
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Figure 9. Examples of step-growth polymers.

Chain-growth Polymerisation

Polymerisations of this type are generally of the addition type, that is to say, all the
atoms of the monomer unit are present in the polymer repeat unit.”**"*" This type of
polymer growth has three stages, initiation, propagation and termination. The type of
initiation depends on the monomer unit used, for example, a free-radical can be used as
the initiator for a monomer that contains a double bond, whilst an anion can be used to

open an epoxide group (Figure 10).2%"¢

O
0] .
N

o] % CN
A A
O/O s 2 O \i/ N\\N )< > 2 E N,
o) CN CN
Benzoyl peroxide Azobisisobutyronitrile (AIBN)

Figure 10. Examples of initiation (top) and radical initiator (bottom).”®
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Once a monomer unit is initiated, the free-radical (or anion/cation depending on

initiator)***’ is located on the terminal group of the chain and is then free to react with
another monomer (this is known as chain propagation) which leads to a fast increase in
molecular weight. The propagation of the chain will only end when a termination step

occurs e.g. by a combination of radicals, or when all the monomer has been consumed.
A O U T T e B s B s B
YT
o Y Y Y

Figure 11. Schematic representation of radical chain-growth. a) initiation, b) and c)
propagation, d) termination. Pink sphere represents a pendant group, blue sphere
represents an initiator/terminator radical group (could be another initiated polymer

chain).

Examples of this technique include vinyl polymers, perhaps the most well known of
which include poly(vinyl chloride) (PVC), polyethylene (polythene, PE) and
polystyrene.®!
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Figure 12. Structures of PVC, PE and polystyrene respectively.

5

Branched and Network Polymers

As the name suggests, branched polymers are polymeric chains that contain branches.
These branches can be introduced a number of ways, for example, they can be part of
the monomer or can be introduced as part of a graft copolymer. Another way of
introducing branches, though not in a controlled way, is by side reactions during the
polymerisation. A good example of this is polyethylene. Depending on the technique
used for its synthesis, be it by radical, anion addition, cation addition, or ion
coordination, a polymer with different amounts of branching (and thus density) can be

. 26,59,67
achieved.”™”

Network polymers are formed when a polymer chain becomes linked to another through
a covalent bond, which can be achieved in one of two ways. The first involves a
monomer unit that has more than one functionality such that it can form the polymer
chain and still have a reactive group that can form bonds with other chains (i.e. a
branched polymer). The second way involves a process known as cross-linking.57’62
The most popular commercial method of cross-linking is that of wvulcanisation,
developed by Charles Goodyear and first patented in 1844.*' Named after the Greek

god of fire, Vulcan, the process involves the heating of rubber in the presence of a

curing agent, the most popular being sulphur.
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Figure 13. The vulcanisation process.

The resulting network polymers become very rigid structures and lose their ability to
‘flow’, even at high temperature. For this reason they cannot be moulded, making
manufacture difficult, and are termed as being thermoset. Being so highly cross-linked,
thermoset polymers are insoluble, though they may swell as certain solvents can
penetrate the structure. Polymers that are not extensively cross-linked are generally

soluble and can ‘flow’ (and be melted); these are said to be thermoplastic.”’

1.2.4 Additional Polymer Types

Despite there being three main types of polymer, namely linear, branched and network,
other types exist that have a slightly more unusual structure (Figure 14). Comb
polymers are a type of graft polymer that has a large number of pendent chains.®6%6?
Ladder polymers have a backbone consisting of multiple rings.””" Polyrotaxanes are
an example of supramolecular assemblies, in that molecules are linked through non-
covalent means (in this case the polymer backbone is threaded through multiple
rillgs).72'74 Similarly, polycatenanes are synthesised through non-covalent bonding that

. . .. . . . 74-76
gives rise to a structure consisting of interlocking rings.

Perhaps the most unusual class of polymer is that of the hyperbranched polymer, which
is an extreme version of branched polymers and has led to the introduction a fourth

57,77

classification of polymer, that of the dendritic state. A sub-section of dendritic

polymers, known as dendrimers, has attracted much attention in recent years.”®' They
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are ‘grown’ from a central point in a step-wise fashion that allows for controlled growth
to a known molecular weight and size. This is unique in the world of polymer science

where most polymers are synthesised to a range of lengths and weights.

Mgy T

w’@@@&

e)

Figure 14. Representations of a) comb polymer, b) ladder polymer, c) polycatenane,

d) polyrotaxane and e) dendrimer.

1.2.5 A Note on the Properties and Uses of Polymers

The properties of polymers are varied, and depend on a great many things. These
include the type of polymer backbone, any branches or cross-links, or whether two or
more types of chain are incorporated into the polymer. The variation in length of the
chains within the polymeric material (polydispersity) also has an effect; polymers that
consist of very similar length chains are known as monodisperse. The properties of
polymers are too great in number to list here, but a broad selection is shown below,

together with more specific examples and their uses (Table 1).58’82’83
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* Good stability to both oxidation and temperature.

* High strength

* Fire retardancy

* Conductance

* Bio-degradability
* Elasticity

* Adhesive

Table 1. Examples of polymers and their uses.

57,59

Polymer type

Uses

Poly(vinyl chloride) (PVC)
Polystyrene (PS)

High-density polyethylene (HDPE)
Low-density polyethylene (LDPE)
Epoxy

Phenol-formaldehyde (PF)

Unsaturated polyester (UP)

Construction, piping, wire insulation
Packaging, foam insulation, toys
Bottles, piping, wire insulation
Toys, coatings, household wares
Protective  coatings, adhesives,
floorings
Automobile parts, utensil handles,
adhesives

hulls, corrosion-resistant

Boat

Construction

industrial

plywood

ducting,

The addition of additives into the polymer can greatly enhance its properties, as well as

making them easier to process and can range from small molecules and solvents, to

wood-flour (a by-product of saw mills).””*®” The most common type of additive is

.. 88,89
known as a plasticizer,

and is usually a small molecule that increases polymer

flexibility and reduces the overall melting temperature making it easier to mould. These

plasticizers can leach out of the polymer, thus reducing its overall effectiveness. In fact,

it is this slow release of plasticizer that gives rise to the ‘new car smell’. Examples of

additives and their function are shown below.
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Table 2. Polymer additives.”’

Type

Function

Plasticizer

Increase flexibility, reduces melt viscosity

Reinforcing fillers

Increase strength properties

Impact modifiers

Increase impact strength

Heat stabilizers

Prevent degradation at high temperatures

Blowing agents

Manufacture stable foams

Cross-linking agents

Cross-link polymer

Lubricants

Prevent sticking to machinery

Antistatic agents

Prevent static charge on surfaces

Antifogging agents

Disperse moisture droplets on films

Flame retardants

Reduce flammability

Biocides Prevent mildew

Antioxidants Prevent oxidative degradation
Dyes Add colour

Odorants Add fragrance

Deodorants Prevent development of odour

Polymers as Histone Replacements?

The vast majority of synthetic polymers are linear and have a random molecular weight.
Though the length of the chain can be controlled to a certain extent, this still results in a
random distribution. In terms of an artificial histone, a polymer could be designed to
bind to DNA but this would result in bound polymeric strands, not coils. In order to
accurately mimic the properties of a histone, a spherical polymer would be
advantageous as this would allow the DNA to coil and condense. For such an
application dendrimers are the most suitable option. This type of polymer is
synthesised in a step-wise fashion that allows for very good control over the molecular

weight and overall size (as described in detail in the following section).
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1.3 Dendrimers — The Fourth Polymeric Architecture

1.3.1 Discovery

Though the idea of macromolecules synthesised in a step-wise fashion is relatively new,
the first reported synthesis occurring a little over 30 years ago,90 the concept of three-

91,92 93
~~ and Stockmayer

dimensional branching structures can be traced back to Paul Flory
in the mid 1940s. In 1943, Paul Flory introduced the term network cell, which he
described as “the recurring branch juncture in a network system as well as the extended
volume associated with this branch structure”.”’ This concept was taken further using
statistical modelling to reduce these networks to branch cells, and further to graph
theory, which mimics the morphological branching of trees.”*” These models, together

with cascade theory mathematics,”® led to a reasonable understanding of network

- 99
forming events.

Figure 15. Two-dimensional projections of a branch cell (left) and a branch cell

assembly (right). 100

In 1978, Vogtle et al.’® demonstrated the synthesis of two types of molecule, which they
describe as cascade and non-skid-chain structures, both of which were made by the

repetitive addition of small molecules. Three years later, Denkewalter et al.'®' filed a
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patent describing the synthesis of a highly branched macromolecule based around
repeating units of L-lysine, which in the following year were shown to be

. 102
monodisperse.

Around the same time as these discoveries, the Dow Chemical Company was working
on their own version of highly branched molecules. In 1979, a group led by Donald
Tomalia discovered a methodology whereby acrylate and diamine monomers were
sequentially added to a central molecule in what they eventually termed a divergent
synthesis (Figure 16).”” This research continued until, in 1983, corporate approval was
given to publicly present their findings at the Winter Polymer Gorgon Conference
(Santa Barbara, CA). Having attended this conference, de Gennes published data
predicting the surface congestion properties of these molecules,'” something that is
now referred to as the de Gennes dense packing phenomenon. Such was the excitement
and controversy over this new type of polymeric architecture that Tomalia was invited
to speak at several conferences during 1984-1985, during which time the term
dendrimer (from the Greek word dendron, meaning tree, that can be traced back to A. J.

Vogel'™

ALAE’VXWLWXV i@;;@

Figure 16. Schematic representation of the divergent synthesis developed by Tomalia.

) was used to describe them.

Having filed many patents pertaining to these dendrimers,'™'"® Tomalia et al. finally
published their findings in 1985, showing a divergent method that produced a series of
dendrimers based on methyl acrylate and ethylene diamine.”” They coined this class of
dendrimers poly(amidoamine) (PAMAM) owing to the number of amide bonds and
amine surface (later registered to the Dow Company as Starburst® dendrimers because
of their starburst branching pattern). They ranged in molecular weight from a few
hundred to over a million Daltons and were synthesised with high purity, something that

Vogtles' cascades failed to achieve as a result of low yields and poor purity.'" The
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paper went on to describe detailed analysis and introduced the idea of defects in the
dendritic structure. At the same time as this publication, George Newkome et al.'">'!"
reported their own findings about a series of branched polymers based around a simple
mathematical progression (derived from an architectural model of trees, specifically the
Leeuwenberg model''®) to give a cascade structure that could act as a micelle,

something they termed arborols (from the Latin word arbor, meaning tree; this class of

polymer later became accepted as a sub-category of dendrimers).

In spite of great interest in this new form of polymeric architecture, many scientific
journals remained sceptical, making it hard to publish results. Some reasons cited by

critics of the period are shown below:”

* Dendrimers are no different from ‘microgels’ — they are probably highly cross-
linked particles akin to latexes.

* Dendrimers are not really discrete chemical structures — they are non-descript
materials.

* Back-folding of terminal chain ends into the interior of dendrimers will prohibit
any ‘guest-host’ properties — expectations for unimolecular micelle-like

properties are absurd!

The following decade saw an explosion in publications and a general acceptance of
dendritic polymers, stemming from several key events in the early 90s. A review by
Tomalia et al.'” published in Angew. Chem. in 1990 served to greatly increase
awareness by giving an overview to the basic concepts of dendrimers. Another key
point was the introduction, in 1989, of a new synthetic route for making dendrimers.
Work between Jean Fréchet and Craig Hawker found that instead of growing a
dendrimer from the inside out, it was possible to start from the outside and grow
inwards towards a core, in a process now widely known as the convergent synthesis
(Figure 17).""122 Also of note are the contributions between Tomalia and Nicholas
Turro in comparing the photo-physical properties of PAMAM dendrimers to those of
micelles and DNA.'?
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Figure 17. Schematic representation of the convergent synthesis developed by Fréchet.

Many groups have since been able to demonstrate the flexibility of the convergent
synthesis, though Fréchet and Hawker were definitely the early pioneers; they

demonstrated its use to create poly(benzyl ether) dendrimers with more than one type of

124,125

functionality on the surface. They also developed the first double stage

convergent synthesis, ©° and produced dendrimers to act as macromonomers along with

127,128 29

and created a range of dendritic architectures.'
30

their subsequent polymerisation,

Other work at this time also produced the first solid-phase synthesis of a dendrimer.'

In recent years a wide range of dendritic systems have been created, ranging from new
components to new architectures. Perhaps the most unusual architectures are those of
the dendrigraft and dendronized polymers. First made in 1991 by Tomalia et al.®" and
Gauthier er al.,'** dendrigraft (also known as arborescent) polymers are dendrimers
where the monomer units are themselves polymer chains, making for flexible polymers
with very high molecular weight.99’13 3134 Dendronized polymers are a sub-category of
comb-polymers and consist of a linear polymeric backbone from which are attached
dendritic arms.”*>'*® Also known as ‘rod-shaped polymers’, their cylindrical structure
can be modified for stiffness and surface decoration for uses such as catalytic supports

and electricity conducting materials."*’
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1.3.2 Dendrimer Forerunners

The first instance of a dendritic-type step-wise synthesis was reported in 1978 by Vogtle
et al.”® They demonstrated how two types of molecule could be made with increasing
size from either mono-amines or diaza monocyclic rings in an approach described as

‘non-skid-chain like’ synthesis.

To create their ‘cascade’ molecules, mono- or di-amines were reacted with acrylonitrile
to form two nitrile groups per amine. These were then reduced to amines using cobalt
(IT) chloride hexahydrate and sodium borohydride (Scheme 1). Further iterations of
these steps led to monodisperse materials that possessed increasing cavity size capable
of host-guest interactions. This ‘growth’ type process itself would later become the

forerunner to dendrimer synthesis.

NH2 NHZ NH2 NH2 N N.
19 20

Inln) CLEI

NC”NC CN "CN "CN "CN
‘ i

£
2y Y

T

NH, NH, NH, NH, NH, NH, NH, NH,

Scheme 1. Synthesis of the first ‘cascade’ molecules. i) CoCl,*6H,0, NaBH,, MeOH, 2
hr; ii) CH,=CH-CN, AcOH, 24 hr.

A problem that occurred was that the cobalt (IT) used in the reaction formed a complex
with the resulting amines, so the cobalt was removed as the amine complex and the
product was then extracted into chloroform. This, however, caused difficulties at larger

molecule sizes such that these could not be completely purified.'"
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The second molecule type reported by Vogtle et al.’® was a series of cyclic structures
grown using the ‘non-skid-chain’ methodology (Scheme 2). This work is similar to that
of the cascade molecules in that an amine is reacted with acrylonitrile, followed by a
reduction step. The two resulting amines, however, then react with a dicarboxylic acid
dichloride at high dilution to form a cyclic system (the amide then being reduced). This

process can then be repeated to introduce multiple rings into the system.
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Scheme 2. ‘Non-skid-chain’ synthesis of polymacrocycles. i) CH,=CH-CN, AcOH, 24
hr; ii) CoCly,*6H>0, NaBH,;, MeOH, 2 hr; iii) CIC(O)(CH>)o.,C(O)Cl, benzene, 7hr; iv)
LiAlH,, THF; v) CIC(O)(CH;),.2C(O)CI, benzene, 7hr.
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A patent in 1981 by Denkewalter er al.'® demonstrated the synthesis of a
macromolecule based on repeating units of lysine using a step-wise growth from a
‘source molecule’ to give well-defined molecular weight, something akin to Vogtle’s

cascade and non-skid-chain molecules.

This synthesis (Scheme 3) is based around the coupling and deprotection of the amino
acid L-lysine, the major repeating steps being the coupling of an activated ester of Boc-
protected lysine to the amino groups of a separate lysine group using
dicyclohexylcarbodiimide (DCC), and subsequent deprotection using trifluoroacetic

acid (TFA).

=

Scheme 3. Initial stages of Denkewalter’s highly branched macromolecules. i) p-
Nitrophenol, DCC, DCM; ii) benzhydrylamine, DCC, DCM; iii) TFA, DCM, iv) 33,
DCC, TEA, DMF.

The patent shows that these molecules can be synthesised to a very high molecular
weight, having a surface of up to 1024 lysine groups (and an interior of 1023 groups),
and suggests that a) further iterations may be possible and b) that other groups could be
attached to the surface via reactive groups such as anhydrides, acid halides and

isocyanates.

The solution properties of this structure were subsequently probed in 1982, revealing

the molecules to be both monodisperse and non-draining spheres.'” It was proposed
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that they “may be useful as molecular markers in chromatography and/or spectroscopy
of unknown low to moderate molecular weight polymers in certain organic solvents.
Their density and non-draining nature minimize size variability with changes in solvent

quality”.

Though not true ‘starburst’ type molecules owing to their asymmetric branching, they
clearly demonstrate the step-wise approach that helped kick start interest in dendrimer

science.

1.3.3 Synthesis

Dendrimers are made via a step-wise process that gives rise to a structure that contains
three distinct parts, namely the core, the interior and the surface. The dendrimer core is
the central point of the structure and acts as a focal point from where the initial

. . . .77
branching occurs and can consist of either a small or large molecule (e.g. ammonia’’,

140

calixarnes"**"*? or C¢'*’). The choice of core helps determine the properties of the

resulting dendrimer, primarily by the number of branching points it provides (the

greater this number the faster the density will increase), but also by its shape and

properties (i.e. the core could possess the ability to bind metal jons'*")

>¥¥ 4J/
TTITNACS
74 \|<\\\\\
LA RS

Figure 18. Schematic representations of dendrimers. Sphere represents the core, blue

lines represent the interior, red lines represent the surface.

The interior consists of a combination of branching points and lengthening groups,
which allow the dendrimer to ‘grow’, each successive inclusion of a branching point

being known as a generation (which can be denoted as Gn where n is the number of
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generations). For a macromolecule to be classed as a dendrimer this branching must be
symmetrical. The monomer units used in the interior also help to determine dendrimer
properties, helping increase/decrease solubility and viscosity as well as a wide range of
other properties. As with other classes of polymers, different types of dendrimers are
named based on their monomers, for example, poly(propylene imine) and

poly(arylethers).

Perhaps the most important part of a dendrimer is its surface, as this is where its
properties can most easily be changed, allowing for wide and varied applications. It has
been the surfaces of dendrimers that have captured the imagination of so many scientists
and has led to their applications in light harvesting and drug delivery to name but a few

(see Sections 1.3.7 — 1.3.9).

As previously mentioned, a dendrimer is synthesised in a step-wise fashion, but this can
be achieved in one of two ways, namely by the divergent or convergent approach.
Unlike any other type of polymer, dendrimers can only be synthesised up to a certain
generation as steric hindrance at the surface prevents further growth. This is known as
the starburst limit and is different for each dendrimer depending on the size of the core,

the length of monomer unit and the number of branches in each generation.

Divergent Synthesis

This type of synthesis was developed by Tomalia et al.”” in the early 1980s (though
Vogtle used a similar route in 1978%%), and for over a decade remained the only way to
synthesise dendrimers. The term divergent refers to the way that the dendrimer is
‘grown’ outwards from a central point. Starting from the core, two (or more) steps are
required to create a new generation but the type of steps depends on the type of
monomer units to be used. Below is shown the synthesis of two common dendrimer

77,106

types; poly(amidoamine) (PAMAM, developed by Tomalia ) and poly(propylene

imine) (PPL developed first by Vogtle,” then by Meijer'*?)
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Scheme 4. Poly(amidoamine) (PAMAM) synthesis. i) Methyl acrylate, MeOH; ii)
ethylene diamine, MeOH.

The first step in PAMAM synthesis involves the addition of a ‘lengthening’ unit to the
core, for which methyl acrylate is used. This is then reacted with an excess of ethylene
diamine (to avoid cross linkage of terminal groups) to give a surface that can act as a
branching point (i.e. R-NH;). These two steps, which together make a single

generation, are then repeated to give rise to a highly branched structure.
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Scheme 5. Poly(propylene imine) (PPI) synthesis. i) Acrylonitrile, H>O; ii) H,,
Raney/Cobalt, H>O.

Unlike with PAMAM synthesis, PPl dendrimers are made using only one type of
monomer unit, namely acrylonitrile (CH,=CH-CN), which acts as both the lengthening
and branching unit. This is achieved by reducing the nitrile group to an amine, which
will allow for the double Michael addition of acrylonitrile. So despite only one

monomer being used, two reaction steps are required to successfully add a generation.

This synthetic route creates large structures very quickly, which can lead to problems
with purification. Similarly, at high generations the number of surface groups is quite
high meaning that a large number of monomer equivalents are required to achieve
complete surface conversion; not to do so will create defects in the dendritic structure
making it unsymmetrical (thus harder to characterise) and lowering the polydispersity

(giving a wide range of molecular weights and sizes).'*
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Convergent Synthesis

As previously mentioned, the major drawback of the divergent synthesis is the
introduction of defects into the structure that are hard, if not impossible, to remove. In
response to this major issue, Fréchet and Hawker'?'"'* developed the convergent
approach in 1990, which was rapidly taken up by others such as Miller."**'*> This
approach starts at what will be the dendrimer surface and grows inwards creating a
wedge shape, or dendron. Several dendrons are then coupled to a core to create the final

dendrimer (examples of which are shown below).

' S
N i QVO i QVO iii @OQ/ 2
HO * Q_\OH Br @_JO Q_\OH
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Scheme 6. Poly(benzyl ethers) developed by Fréchet.'”” i) K,CO; 18-Crown-6,
acetone; ii) CBry, PPhs, THF, iii) 46, K;CO3, 18-C-6, acetone.
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Similar to the divergent synthesis, the branching motif requires two stages. The first, 47
to 48, is an activation of the dendron while the second, 48 to 49, is a coupling of two
dendrons to another monomer unit. These steps are then repeated to gain higher

generations. Finally, the dendrons are coupled to a central core (52).

OH
Oror
SiMe; HO\B.OH SiMe;
53 . O .. O
1 11 111
= N RS
SiMe; O
55 56 S
Br Br
54

Scheme 7. Polybenzene aromatic dendrimers developed by Miller.”” i) Pd(PPhs),
Na;CO;, EtOH; ii) a) BBr;, DCM, b) KOH, H,O; iii) 54, Pd(PPhs), Na>;COj3,
DCM/THF, iv) 1,3,5-tribromobenzene, Pd(PPh;3),, Na,COj3;, THF.

The major advantage of the convergent synthesis is that the dendrons are of relatively
low molecular weight compared to the final dendrimer, making reactions easier and
with fewer defects (which are easier to remove). However, this methodology suffers
from low yields as a result of steric problems that occur when the dendrons are coupled

146
to the core.
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1.3.4 Examples of Dendrimer Architectures

Branching Monomers

For a dendrimer to ‘grow’ it requires a multifunctional core as well as monomers that

can act as branching points. There are a great many branching architectures used to

make dendrimers, some examples of which are shown below (adapted from ref'*®).

Poly(propylene imine) (PPI) dendrimers were first
synthesised by Vogtle ef al. in 1978, but their method did
not allow for high generations. This methodology was
improved upon by Meijer ef al. in 1993'*? and has since been
synthesised to 10" generation. Synthesis is achieved by

double Michael-type addition of acrylonitrile to a primary

59
amine, followed by a reduction of the nitrile (Scheme 5).
Q Developed by Tomalia et al. in the early 1980s,”'* the
e poly(amidoamine) (PAMAM) dendrimers were the first to be
H n

synthesised and fully characterized. Synthesis is achieved
using the divergent approach by double Michael addition of
methyl acrylate to a primary amine, followed by reaction of
the ester with a diamine (Scheme 4). High generation

dendrimers (up to 10™) tend to have unavoidable defects.

61

The poly(benzyl ethers), synthesised by Fréchet and Hawker
in 1990,'** represent the first use of the convergent synthesis.
Increased dendrimer generation is achieved by bromination of
a benzylic alcohol, followed by reaction of the benzylic

bromide with a phenol (Scheme 6).
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Created by Miller and Neenan in 1990,"**'* these were the
first all hydrocarbon dendrimers. Synthesis is accomplished
by conversion of an aromatic trimethylsilane to an aromatic

boronic acid, followed by a Suzuki coupling (Scheme 7).

This poly(L-lysine) macromolecule was patented by
Denkewalter e al. in 1981.' Synthesised by Boc
protection/deprotection and peptide coupling using DCC.

Created by Fréchet and Uhrich in 1992 using Boc
deprotection and DCC couplings.147

The ‘phosphonium cascade molecules’, synthesised in 1991
by Rengan and Engel,'* are the first example of an ionic
dendrimer, and also of one containing phosphorous. Growth
is carried out by conversion of a benzyl methyl ether to a
benzyl iodide, followed by its displacement by a
triarylphosphine.

Synthesised first by Miller es al. in 1993'* in a one-pot
synthesis to give an unsymmetrical dendritic structure, then
by Feast et al. in 1994"° to give convergent dendrimers.
Prepared using acetyl deprotection and aryl acid chloride

coupling.
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Created by Moore et al. in 1995 using a ‘double
exponential growth’ approach. Branching is achieved by
palladium-catalysed cross-coupling of a terminal acetylene to
an aryl halide. Monomers are prepared by either TMS
deprotection of the acetylene, or removal of the focal triazene

to give an aryl iodide.

First prepared by Zhdanov et al. in 1990."* Synthesised by

o
Si<O silylation of sodium bisethoxy methylsiloxide with methyl
X trichlorosilane, followed by formation of chloro-silyl by

68 cleavage of the ethoxy groups using thionyl chloride.
Prepared by Seyferth et al. in 1994.'®  Synthesised by
S platinum-catalysed addition of trichlorosilane to an alkene,
1
followed by substitution with vinylmagnesium bromide.
n
69

Created by Majoral ef al. in 1995."* Formation achieved by
reaction of a phenoxide with a phosphorous -chloride,
followed by a condensation between an aldehyde and a

primary amine from a hydrazine.

TZ

71

Based upon repeating units of L-glutamic acid, these
dendrimers were created by Mitchell e al. in 1994'> and
were the first chiral dendrimers to be fully characterized.
Synthesis was performed using Cbz protections and a DCC

coupling reagent.

Developed by Newkome et al. in 1985''%!1° using DCC

couplings and base-promoted hydrolysis of an ester.
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These so called ‘crowned’ arborols were synthesised by
Shinkai er al. in 1992'°° using an amide bond formation
(using pivaloyl chloride) followed by ester hydrolysis and
Cbz deprotection.

Synthesised by Shi ef al. in 2007"7 by formation of an ester

bond between two azobenzene molecules, followed

deprotection of a carboxylic acid.

Created by Achar and Puddephatt in 1995"% by oxidative
addition of a benzylic bromide to a square planar
dimethylplatinum species followed by its coordination to a

2,2’-bipryidine.

An interesting architecture developed by Balzani et al. in

1995 to study electrochemical and luminescence

- 159,160
properties.

Synthesis is achieved by protection of a
pyridine by methylation, displacement of chloride ligands
from a metal centre, followed by removal of methyl

protection.
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Figure 19. Relative macromolecular sizes.

The information in Figure 19 gives an idea as to the relative size of dendrimers
compared to other polymers and biological systems. Similarly, Table 3 gives an idea as
to how a dendrimer’s size varies with its generation as well as its branching structure.
The first thing to notice is that the more branching sites the core has, the larger the
hydrodynamic radius, as demonstrated by the PAMAM examples, one of which has 3
core branches (NH3) and the other has 4 (EDA). It is also noticeable that the longer the
branching repeat unit the larger the radius, for example, a PAMAM branch consists of 7
atoms and has a larger diameter than the corresponding generation of a PPI dendrimer,
whose branches only have 4 atoms. It should be noted that some of these radii have
been found using different techniques so they cannot be directly compared with each

other, though the overall trends can be usefully explored.

-39 -



3ur10)0s UONNAN] , “Sul1eneds Ael-X [lews , ‘OdS ,

s » (Idd) (durur susjAdoid)Ajoq

- - - - - - 6€l 911 €6 69 vV

_ _ _ _ _ _ _ - oz TSI 6L oo1 v (TAd) (Surwr audAyIe)Ajog

- _ _ _ _ _ oSz 98] %6 _ 001 v PWRAIOL

- 898 - T6S $6£ — §ST 00T 091 — - toroor @ UISAIAI0d
00€T OVIT L6 088 0.9 0LS Sy 9¢ 6T TC Sl cortoroores 2100 Vad) . NVINVd
OvZT 0S0T 0T6 008 0L9 0¢€¢S 00Fr O0O1¢€ 07C7C 8SI 801 €91-191°001 (3109 FHN) , INVINVd

01 6 8 L 9 S %4 € [4 I 0 uoneIdUIN)

() sozis ouiripudp Jo uosivduio) € a|quJ

- 40 -



Arborols

As already mentioned in Section 1.3.1, a series of branched polymers based around the
geometric growth of trees was synthesised by Newkome et al. in 1985,'" a structure
that they termed arborols (it should be noted that this was at a time before the word
dendrimer had been attached to this type of structure). An arborol is, in effect, a one-
directional cascade macromolecule, which Newkome synthesised using what is now
recognised as the divergent approach (the number of surface groups an arborol

possesses is shown as [n]).

] . OCH,CO,CHj
i CH,OH ii
PN ZNNECH,0H OCH,CO,CH,
CH,OH
OCH,CO,CHj
77 78 79
1ii
CO,C,H
6,6 H, OH
CO,C,Hs (
O .
CO,C,Hs iv 0
A _A—COLCHs OH
0 0
CO,C,H
81 K/éC(%zézﬁs 80 K/OH
C0O,C,Hs
A\
CONHC(CH,0H),
CONHC(CH,0H);
CONHC(CH,OH);

0 CONHC(CH,0H);
O/\/QCONHC(CHZOH)3
CONHC(CH,OH),

0 CONHC(CH,0H);
82 CONHC(CH,0H);
CONHC(CH,0H);

Scheme 8. Formation of a [27]-Arborol.'"” i) EtOH, OH, H,CO; ii) a. Chloroacetic
acid, 'BuOK/BuOH; b. MeOH; iii) LiAlH,, ether; iv) NaC(CO,C>Hs)s, benzene/DMF;
v) H.NC(CH>OH);, DMSO, K>CO;3, 70°C.
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In the following years, Newkome developed two- and three-directional arborols based
on the same branching pattern as shown in Scheme 8. The three-directional arborols
([91>-Arborol)''® were synthesised by growing three cascades from a tri-functional
benzene core (to give water soluble products that aggregated to form an assembly with a
diameter of ca. 200 A by electron microscopy), whilst the two-directional arborols ([9]-
n-[9]-Arborol)''"'** were grown from varying lengths of dibromoalkanes. Of all the
carbon chain lengths used, it was found that only one formed a gel in water, that of [9]-
10-[9]-Arborol. This was studied under electron microscopy and was found to consist
of rods of uniform diameter, ca. 35 A. It was proposed that, owing to their ‘dumbbell’
shape, an interlocking structure occurs whereby one molecule sits on top of another but

at a 90° angle as shown in Figure 20.

Figure 20. Proposed aggregation of [9]-10-[9]-Arborol fibres."'

Interesting Architectures

With the number of branching monomers and different types of dendrimer constantly on
the increase, a number of interesting architectures have appeared over the years.

Majoros, Tomalia and Baker Jr'®

have synthesised a dendrimer that possesses a PPI
core up to generation 4, and then continues the branching using PAMAM units. The
advantage of this type of synthesis is that it becomes much faster to produce a

PAMAM-type surfaced dendrimer at high generation. Similarly, the use of a different
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branching monomer can take place in the interior of the dendrimer (similar to a
dendrigraft polymer), making for a more dense structure as demonstrated by Majoral et

166
al.

p~SP - -
— I | _/- = Il
NN NN
= §

Figure 21. Stepwise build up of an internal dendrimer.'®

Their formation of dendrimers under thermodynamic control has been demonstrated by

Stoddart et al. using a rotaxane assembly of Fréchet-type benzyl ether dendrons.'®’

Figure 22. Rotaxane-type dendrimers developed by Stoddart et al.'”

In 1999, Zimmerman et al. showed that an alkene surface of a poly(benzyl ether)
dendrimer could be cross-linked using a ring-closing metathesis and the core itself could
be removed (Figure 23)!1"  The core consisted of an aromatic ester that could be

removed under basic conditions once the surface had been cross-linked.
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Figure 23. Synthesis of a ‘cored’ dendrimer (X =H, H; Y=0o0rX=0;,Y=H, H).168

The Use of ‘Click’ Chemistry in Dendrimer Synthesis

In recent years a new type of reaction has emerged that has greatly changed small
molecule synthesis as well as the surface modification of larger macromolecules.
Known as an ‘azide-alkyne Huisgen cycloaddition’, this reaction uses an azide and an
alkyne to form a 1,2,3-triazole using a copper (I) catalyst. This reaction can occur in a
wide range of solvents and is generally very high yielding, giving no by-products; it’s
this effectiveness and simplicity that has led to it being known as a ‘Click’

reaction.'®17°
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Figure 24. The ‘Click’ reaction.

In 2004, Fréchet and Hawker combined click chemistry with the convergent synthesis to
make a series of dendrons containing multiple triazoles.'”’ These were then coupled to
a series of polyacetylene cores giving dendrimers of sizes up to 4" generation. The
following year Hawker synthesised poly(benzyl ether) dendrimers that contained

acetylene groups on its outer surface, allowing to various groups to be attached.'”

Perhaps the most interesting work on dendrimers using a Click chemistry approach has
been carried out by Jae Wook Lee ef al. In 2005 they demonstrated how two dendrons,
in this case poly(benzyl ethers), could be joined together173 and then in 2007 they
showed that PAMAM wedges could be joined using a similar strategy.'”* Not only does
this mean that dendrimers can be synthesised much faster, it also opens the door to
having inequivalent wedges. Lee’s work with PAMAM dendrimers showed that a 4"
generation wedge could be coupled to a 1** generation wedge, making size-differentiated
unsymmetrical dendrimers (86). This work was continued to incorporate different types
of branching such as half PAMAM half poly(benzyl ether) (87)'>'" and has inspired

others to make similarly complex dendrimers.'”’
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Figure 25. Diblock codendrimers of PAMAM-PAMAM'™ (left) and PAMAM-

175,176

poly(benzyl ether) (right) dendrimers.
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1.3.5 Internal Structure of a Dendrimer

Even though dendrimers are synthesised in a step-wise fashion, the arms (dendrons) are
polymers and as such can form a wide range of confirmations, making it very hard to
determine their relative location experimentally. For this reason, most studies utilize
computational simulations, and then compare them to any experimental results

available.

When displayed in two-dimensions, a dendrimer appears to be circular with an ever
increasing surface density. Computer simulations reveal that they adopt a three-
dimensional structure depending on the dendrimer generation. In 1989, Tomalia and
Goddard et al.'”® modelled the shape of PAMAM dendrimers based on the aspect ratio
of the largest to smallest principle moment (.//,, Figure 26). They showed that at low
generations (<4) the shape is that of an ellipsoid, whilst at high generations (> 5) they
appear as being spherical. This is perhaps to be expected, as the dendrimer surface must
reach a point whereby steric hindrance forces the surface to adopt a more three-
dimensional (and thus spherical) shape, something that is backed up by molecular

dynamics (MD) simulations (Figure 27).
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Figure 26. Comparison of change in PAMAM morphology (aspect ratios, I/I,) as a

. 178
function of generation.
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Figure 27. Snapshots of PAMAM dendrimers, generations 1 to 8, after long MD
simulations."”  Blue atoms are nitrogen, red atoms are oxygen and grey atoms are

carbon.

The idea that branched polymers possess internal cavities capable of encapsulation of
small molecules was reported in 1982,'™ but it was not until 1989 that experimental

investigations were performed to confirm this.'0%17®

Measurement of spin-lattice
relaxation times (T;), an NMR technique used to monitor the mobility of nuclei, for a
series of half-generation PAMAM dendrimers (ammonia core) when mixed with guest
molecules (2,4-dichlorophenoxyacetic acid and acetylsalicylic acid) support the
presence of channels and internal cavities predicted by modelling.'™ Tt should be noted
that not all dendrimer architectures possess these cavities; one case being polyethers that

have high branching (3 branches per repeat) and short repeat units.'®

In a joint publication in 1990, Tomalia, Naylor and Goddard described how a
quantitative comparison of the internal surface area and solvent-filled volume could be
made using the concept of solvent-accessible surface (SAS).""'®!' The SAS is

determined by ‘rolling’ a hypothetical sphere of radius p around the van de Waals
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surface of the molecule, where p represents the effective radius of the solvent (e.g. p =
1.4 A for H,O). This simulation data is then plotted as the square root of the SAS

versus p, which should result in a linear plot if the molecule is spherical.

e Gen 6
ap— T __o-— Genb
_—‘0—-"”_——0’—’0"—’_—_‘:_,_.-——- Gen 4

s 10 12 14 15

pA] —

Figure 28. Variation of the SAS as a function of probe radius for a series of PAMAM
dendrimer generations. Solid lines represent linear regression fits (p > 7.0 A), dashed

lines connect the calculated values.'”

The results (Figure 28) show a linear trend at values of p greater than 7 A, suggesting
that the molecules are essentially spherical.'” Deviations from the linear plot at low
probe radius can be explained by the probe ‘rolling’ into the internal cavities, something
that occurs more at higher generation suggesting an increase in internal void space. The
fraction of internal over the external surface was calculated at only 1.4% at generation
3. This rises to 29% for generation 4, 69% for generation 5, and 124% for generation 6,
suggesting that for the 6" generation PAMAM dendrimer (ammonia core) the internal
cavities have a higher surface area than its outer surface! As a point for comparison,

polyether dendrimers had fractions of 20% for both 3™ and 4™ generations.

A comparison by Tomalia between PAMAM dendrimers and Denkewalter’s polylysine
cascades demonstrates the importance of branch symmetry for the formation of internal
cavities.'"™ The Denkewalter cascades possess unsymmetrical branching owing to the
L-lysine units that give rise to a dense sphere, something that was not predicted by
Maciejewski’s calculations'™ when using monomers of the form X-R-Y,. The

hydrodynamic volumes of these cascade were found to have a linear relationship with
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their molecular weight suggesting a lack of hollowness, whereas the PAMAMs varied

. . 102,182
exponentially for both ester and amine surfaces.
0
0
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Figure 29. Dendrimer terminal branches used in Tomalia’s calculations; a) lysine,

b) PAMAM ester and c) PAMAM amine.

When looking at calculated densities for these two classes, it was found that that of the
cascades should be constant with increasing generation, whereas for the PAMAM series
it should decrease up to 5™ generation then increase rapidly thereafter.'® This would
suggest the formation of a dense-packed surface, at point where the dendritic arms are
unable to extend. Further calculations into the densities revealed that a PAMAM
dendrimer with an amine surface induces more internal cavities than for an ester
surface, a situation that arises due to the increased steric bulk of the larger amine surface
branch. Tomalia also showed that for both classes surface area increased linearly with
an increasing number of terminal groups, further suggesting a three-dimensional
structure. It therefore follows that since the maximum radial dimensions of the
PAMAM are increasing linearly with generation, and the number of surface groups is
increasing exponentially, a so called ‘starburst limit’ should be reached.'™ This is
indeed the case for most dendrimers, a limit is reached whereby no further growth can
occur owing to surface crowding;” for PAMAM dendrimers this limit occurs at

generation 10.%

The diameters of various dendrimers are shown in Table 3 and demonstrate how
monomer units and the nature of the core molecule affect the size. Table 4 shows how
the calculated hydrodynamic radius for a PAMAM dendrimer with an ammonia core (3
core branches) varies with solvent (published in 1985).”” It is not surprising to see that
dendrimers in methanol and water give very similar radii as they are both very polar
solvents that will disrupt any intramolecular H-bonding taking place causing the

dendritic structure to swell, but the fact that when HCI is present the radius is lower is
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strange. In this case we would expect the radius to be higher than with the other two
solvents as the terminal amines would become protonated and seek to move apart,
effectively stretching the branches out. Studies carried out since this publication
contradict these initial findings, showing that the radius of gyration does indeed increase

with lowered pH (Table 5).'

Table 4. Calculated hydrodynamic radii for PAMAM dendrimers with an NH; core.”’

Generation Solvent Hydrodynamic
radii (A)
1.0 H,O 5.7
1.0 HCl 5.1
1.0 MeOH 5.7
1.5 MeOH 6.6
2.0 H,O 8.6
2.0 MeOH 8.5
2.5 MeOH 9.8
3.0 MeOH 12.2
3.5 MeOH 12.9
4.0 H,O 16.7
4.0 HCl 14.3
4.0 MeOH 16.6
4.5 MeOH 16.8
5.0 MeOH 24.6

Table 5. Radius of gyration R, (A) for EDA cored PAMAM dendrimers at various

\ 183
solvent conditions.

experimental
SAXS SANS
generation no solvent high pH neutral pH low pH ref 8 ref '™ ref'*¢
4 1450+0.28 16.78+0.15 17.01+0.10 19.01 £0.08 17.1 18.60 -
5 1834+0.37 20.67+0.09 22.19+0.14 2476+0.14 241  23.07 22.1
6 2240+042 26.76+0.11 27.28+039 30.89+0.39 263 2750 -
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With the knowledge gained of the overall dendritic structure, perhaps the most
intriguing structural information lies with the position of the terminal end groups. This
is important as dendrimer modifications generally occur at the surface. Back-to-back
publications in 1992 by Tomalia'®” and Meltzer'®”'*® (and later by others'®"**) showed
how spin-lattice relaxation times could be used to describe a dendrimer’s structure.
They demonstrated that nuclei (‘"H and >C) have a lower mobility at the periphery of
the dendrimer when compared with those near the core. They also showed that the
terminal groups are not densely packed at the surface (for a 10" generation PAMAM),
rather they are folded back into the interior of the molecule. Similar conclusions have
also been drawn from neutron scattering experiments.'*>'*® This idea of back-folding is
supported by computational studies, such as those from Lescanec and Muthukumar,'®’
Naylor and Goddard,'*'">'*® and many others."””?%* These computational studies were

1'% who showed how the terminal group locations

best visualized by Goddard et a
varied with pH (Table 6). At low pH, when the dendrimer is at its highest radius, the
number of terminal groups located on the surface is at its largest, something we would
expect as electrostatic interactions push the terminal groups apart. Figure 30 shows that
the terminal nitrogen atoms (magenta spheres) penetrate the interior of the dendrimer,

reaching as far as the core.

Table 6. Number of primary nitrogen atoms located at the surface of the molecules

. \ 179
under various solvent conditions.

Generation High pH Neutral pH Low pH
4 37 (57%) 41 (64%) 45 (70%)
5 48 (37%) 75 (59%) 83 (65%)
6 115 (44%) 152 (59%) 143 (55%)
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Figure 30. Instantaneous snapshots showing spatial arrangements of the primary and
tertiary nitrogen atoms for 6" and 11" generation PAMAM dendrimers in a slice of
thickness 8 A passing through the centre of mass. White spheres represent the centre of
the molecule. For G6, the primary nitrogen atoms are magenta, the tertiary nitrogen
atoms of G5 are dark grey, and the tertiary nitrogen atoms of G4 are green. For G11,
primary nitrogen atoms are magenta, the tertiary nitrogen atoms of G10 are dark grey,
the tertiary nitrogen atoms of G9 are green, the tertiary nitrogen atoms of G8 are

yellow, and the tertiary nitrogen atoms of G7 are red.'”
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1.3.6 Further Subsections of the Dendritic State

With the acceptance of dendritic architectures as one of the main classes of polymer
(alongside linear, branched and cross-linked structures) a number of sub-categories have
emerged, namely random hyperbranched, dendrigrafts and dendrimers. It is also
possible to visualize dendronized polymers (linear polymers with attached dendrons) as

being a sub-category of both dendrigraft polymers and dendrimers.
Hyperbranched Polymers

As with most polymers, hyperbranched polymers are made in a one-pot synthesis, i.e.
all the reactants are put in together. However, unlike with normal polymers, the
monomer units consist of two functionalities and are of the type ABy, where A will react
with B and x is > 2, which means that branching will occur in a statistical fashion.

Though Flory first described the concept of this type of polymer in 1952,°% it wasn’t

203

until the late 1980s that interest picked up again, first by Odian and Tomalia,”” then by

Kim and Webster’***** (who coined the term hyperbranched polymer).”

Examples of this polymer type include the hyperbranched azo polymers of Wang et

al*® and Xie et al.,”” Kim and Websters hyperbranched polyphenylene,””> Mathias and

208

Carothers’ poly(siloxysilanes) (89) and Fréchet and Hawker’s hyperbranched

125,209-211
polyethers. “™
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Figure 31. Hyperbranched poly(siloxysilanes) prepared by Mathias and Carothers.””

Dendrigraft Polymers

Dendrigraft polymers, also known as arborescent polymers, combine features of

134 _
Similar to

dendrimers and hyperbranched polymers with linear polymers.
dendrimers, they are grown in a step-wise fashion to give generations, but the monomer
unit is of polymeric proportions, meaning that a high molecular weight can be achieved

very quickly.'*®
Though the concept of dendrigraft polymers can be traced back to 1991, with the

publications of Tomalia"*' and Gauthier,'* recent reviews by Gauthier (2004 and

2007"**) show just how far this branch of dendritic architectures has come.
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Figure 32. Schematic representation of the formation of a dendrigraft polymer.

Dendronized Polymers

Two years after publishing his divergent synthesis of the PAMAM dendrimers in 1985,
Tomalia and Kirchhoff filed a patent concerning rod-shaped dendrimers.?'**"*  This
type of structure consists of a linear backbone with dendritic side chains, making it a
sub-class of comb-polymers. Depending on the density and size of the dendrons, the
dendronized polymers can be viewed as being rod-like cylinders, which have some

. . - o 136,137
Interesting properties. ~

S
W
a) —————
Vi
b) ——
A4

c)

Figure 33. Synthetic routes to dendronized polymers. a) Grafi-to, b) graft-from, c)

macromonomer approach.

The synthesis of this class of structure can be achieved in one of three ways (Figure
33). The first two techniques require a functionalised linear polymer onto which

dendrons are then coupled using either a divergent (graft-from) or convergent (graft-to)
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synthesis.”'* The graft-on approach allows for limited dendron defects but can suffer
from low yields because of steric hindrance, whereas the graft-from approach has a
much easier purification (precipitation) and doesn’t suffer from steric problems as a
result of the small molecules involved.”’> The third synthetic route is known as the
macromonomer approach, whereby dendrons are synthesised bearing a polymerisable

136,214

focal point. This route has the advantage of giving a polymer that contains a

dendron of uniform size on each monomer unit, but suffers steric issues if the dendrons

are of too high a generation.'*®

Examples of these structures include Tomalia’s poly(ethylene imine) chain with
PAMAM dendrons (90),”"® Fréchet’s polymeric poly(benzyl ethers) using click

chemistry (92),*° Cuadrado’s polysiloxanes (91),%'® Schliiter’s polymeric poly(benzyl

217-219

ethers) using Sn2 substitution and Oikawa’s polymerisation of dendritic

phenylacetylene (93)* amongst a great many others.
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Figure 34. Dendronized polymers based on (clockwise from top left) PAMAM,
siloxane, poly(phenylacetylene) and poly(benzyl ether) dendrons.”"’
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Megamers

Since the mid-1990’s, the idea of using a dendrimer as a monomer unit has steadily led
to a growing number of publications. 127.128.221-224 These new polymer architectures,
known as megamers, are formed by the combination of two or more dendrimers, which
can be through either supramacromolecular or supermacromolecular topologies.99 For
example, a PAMAM dendrimer can be made with a carboxylic acid surface so, when

this is combined with a PAMAM dendrimer that has an amine surface, a megamer will

oo B

Figure 35. Schematic representation of the formation of a megamer by electrostatic

be formed.

interactions (balls represent charged dendrimers).

1.3.7 Surface Modifications

Dendrimers lend themselves to functionalisation very well thanks to their highly
branched monodisperse structures that are of the nanometre scale. It is easy to envisage
this functionalisation occurring at the dendrimer surface, but it is equally possible, if a
little rarer, to do so in the interior. Examples of interior modifications include

226
and

McGraths chiral branches that contain acetal groups,225 Fréchets porphyrin cores,
Majorals dendritic growth from inside the dendrimer (Figure 21).'° However, the most
common modifications take place at the dendrimer surface where a high number of
groups can be reacted. Owing to the equivalent nature of these end groups, only

reagents that react selectively and with high reactivity can be used. That said, most
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organic reactions can be used, depending on the nature of the surface and the solubility
of the dendrimer. Some examples of reactions that have been established for coupling

functional groups to polyamino dendrimers are shown in Figure 36.

wg 5%0

Figure 36. Reactions coupling functional groups with polyamino dendrimers.

227

By using reagents with low boiling points, the dendrimers can be easily purified through

distillation, an approach that is used in the synthesis of polyamines and

90,114,142,228
’ The

polynitriles. same strategy has also been used in the functionalisation

229 77,104

and construction of polyester”™ and PAMAM dendrimers using acrylic esters.

Other routes have been established, such as functionalisation with vinyl pyridine to give

polypyridines,”” and the conversion of activated carboxylic acid derivatives, such as

231-233 234

carboxylic acid chlorides and acid anhydrides,”" to their respective polyamides.
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The use of ‘click’” chemistry has also been applied to dendrimers in recent
years. S35 The types of groups that are attached depend entirely on the desired
dendrimer properties required; it is for this reason that much work has gone into

photoactive and drug-carrying dendrimers (discussed in Sections 1.3.8 and 1.3.9).

It is also possible to attach more than one type of group onto the dendrimer’s surface;
depending on the type of dendrimer used this coverage could be randomly distributed
(divergent approach) or densely packed (convergent approach) on the surface. Using

the right reagents it is even possible to get the different groups on the same terminal

branch (Figure 37), which leads to interesting properties such as enzyme
227,236,237

mimicry.

Figure 37. Bifunctionalised dendrimers. Coloured spheres represent different attached

groups.

Fréchet et al. has demonstrated the linkage of a benzylic ether dendron and a polynitrile
dendron to give macromolecules with large dipole moments,*® whereas the coupling of
lipophilic benzyl ether dendrons and hydrophilic carboxylate-functionalised dendrons

leads to globular amphiphilic dendrimers (Figure 38).7°
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Figure 38. Globular amphiphilic dendrimers developed by Fréchet et al. Sphere

represents a poly(benzyl ether) dendrimer. **°

1.3.8 Properties and Uses

Given the wide range of dendritic architectures available and the number of surface
modifications possible it is not surprising that a dendrimer’s properties can be fine-
tuned for a number of uses. This might be to harvest light or to encapsulate small
molecules for example. The potential applications of dendrimers are wide and varied.

Some of these are described below.
Photoactive Dendrimers

The convergent synthesis of dendrons based on aryl acetylene units was described by

240,241
L,

Moore et a who found that when a perylene unit is used as the focal point the

fluorescence intensity of the emitted light increases with the number of generations of
the dendron.”?’** This process whereby the dendrimer is able to ‘collect’ light energy
is referred to as light harvesting. The rate of this energy transfer can be increased by
further modification and fine-tuning of the dendron; in this case, additional aryl
acetylene units were added into the initial branch (Figure 39).** This aided the energy
gradient from the peripheral groups to the focal point, effectively acting as an energy

244245 5 . 1 246
“* Aida,”™ and

funnel. There is also interest from many groups, such as Vogtle,

247

Fréchet,”  in the fluorescence of metal centres used in the formation of dendrimers, be

138,226,246-248 f244,245,249,250

they bound in a porphyrin core, or as the focal point itsel i.e. the

dendrons are bound to the metal via dative bonds from a bipyridine unit.
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Figure 39. Fluorescent dendrimers developed by Moore et al ?#*%

There is also considerable current interest in the synthesis of photo-responsive

251,252

dendrimers, since the manipulation of dendritic size and shape promises a wide

range of potential functions®” such as drug delivery.””’ One of the most efficient and

25

reversible compounds that give photo-isomerisation is that of azobenzene, * and much

research has been performed looking into its uses in photo-switchable devices.*>

These photo-responsive units can be used as the dendrimer core,”'*? in the branching

framework,254 and on the surface.”’**’ When used within the dendritic structure, the

photo-responsive units can give large changes in hydrodynamic volume, though the

percentage change varies dramatically with dendrimer type, dendrimer size and its
253,255 .

location within the structure i.e. by placing the azobenzene unit in the core, a small

conformational change will result in a large change in the overall structure.
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Figure 40. Photo-responsive dendrimers prepared by McGrath et al.?

McGrath et al. have shown that benzyl ether dendrimers can be synthesised containing

azobenzene units attached to the core and on the surface, and that they are reversibly

photo-responsive (Figure 40).2°%2%

They also show that the change in
hydrodynamic volume decreases, upon irradiation with 350 nm light, as dendrimer
generation increases. More recent work carried out by Ghosh et al. has looked at
synthesising PAMAM dendrimers with an azobenzene core and demonstrated photo-

o - - 251,261,262
switching behaviour up to generation 2.5.7"

By attaching fluorescent groups, such as fluorescein and dansyl, onto the surfaces of

dendrimers it is possible to use them as sensors for small and large molecules, acids and

L 263-267
metal ions,

. 1268269
studied.””™

as well as allowing dendrimer uptake through membranes to be
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Guest Encapsulation

As described in Section 1.3.5, dendrimers contain internal cavities and voids, the sizes

of which depend on the branching architecture. For example, PAMAM dendrimers

00

have larger cavities than PPI dendrimers.'” Fréchet er al.”*® demonstrated that the

solubility of small molecules could be aided by the presence of a dendrimer; in this
case, a water soluble carboxylate-terminated poly(benzyl ether) dendrimer increased the
solubility of 2,3,6,7-tetranitrofluorenone (258 fold), pyrene (120 fold), anthrancene (58
fold) and 1,4-diaminoanthraquinone (56 fold) in water. PAMAM dendrimers have also
been shown to act as host molecules. Tomalia et al. has demonstrated their
encapsulation of charged radicals””® as well as acetylsalicylic acid and 2.4-
dichlorophenoxyacetic acid, the presence of the later being proved using spin-lattice

. . 178
relaxation times.

This ability to ‘capture’ molecules led Meijer and co-workers to develop a dendritic

271

box. The cavities of a 4™ generation PPI, whose 64 terminal amines had been

protected with Boc-L-phenylalanine groups, were filled with various guests of differing

231,272,273

sizes (Figure 41) to give dialysis stable complexes. Upon removal of the

terminal Boc groups, the small molecules were found to dissociate from the dendrimer
whereas the larger guests remained trapped. @~ When the amino acid groups were

removed the remainder of the guests dissociated. This has led to the development of

274,275

. 276
many slow release mechanisms for drugs and dyes, some based on pH""> and some

. . 256,277
using the photo-responsive azobenzene group.
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Figure 41. Guest molecules that have been bound inside Meijers dendritic

231,272,273
boxes.

Supramolecular Assemblies

The use of non-covalent bonds in dendrimer synthesis has already been touched on with
the use of metal centres by Balzani'*”'®" and Achar,'® and with the use of rotaxanes by
Stoddart (Figure 22).'%"  Aside from the encapsulation type interactions described
above, supramolecular interactions can lead to the formation of dendrimers, as well as

. : 278
some interesting surfaces.

Reinhoudt ef al. have demonstrated the formation of dendrimers by applying methods of
palladium coordination chemistry and hydrogen bonds.””** Similarly, Zimmerman et
al. have demonstrated the formation of a hexameric aggregate consisting of six
equivalent dendrons with focal hydrogen bonding sites (Figure 42).281-283 Depending
on the sterics of the dendron, linear or disk-like structures could be achieved. They also
found that by changing the position on the aromatic functional groups, the number of

281

dendrons per aggregate could be reduced to three.” Other assemblies based on gallic

284
d

acid have been prepare and have been shown to form cylindrical or spherical

aggregates which can then coordinate with each other to form even larger structures, the
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former forming hexagonal columnar phases whilst the latter forms cubic

superstructures. Other liquid-crystalline dendrimers have also been observed.*®2%

o=°H

106

Figure 42. Supramolecular aggregates by Zimmerman et al. The wedge represents a

poly(benzyl ether) dendron.

Other interesting assemblies include Gibson’s’***’ and Smith’s
pseudorotaxanes,278’288’289 both of which make use of crown ethers, and Fréchet’s ‘bow-
ties’ (Figure 43).** Similarly, groups can be non-covalently bound to the surface of the

. . I . 291,292
dendrimer, such as Kims’s cucurbiturils, to give swollen structures.
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Figure 43. Pseudorotaxane by Gibson et al. 72 (top) and ‘bow-tie’ by Fréchet et al.*®
(bottom).

Other Uses

Numerous other modifications and architectures are possible. Chirality can be
introduced anywhere in the structure to allow for the binding of specific guests, or to
give interesting chromatographic properties.””’****  Attachment of chiral units to the
surface can also lead to the dendrimer having catalytic effects as well as acting as an

S 146,227,295-297
enzyme mimics.

Units such as ferrocene can be attached to the surface in order to study electrochemical

233,298

sensing, or drugs can be used, turning the dendrimer into a drug delivery system
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(in this case the drug molecule is covalently bound to the surface unlike those of the

275,299-302

encapsulated type). Thermoresponsive gels can also be formed through

303-305

supramolecular interactions, and some examples of photo-responsive gels have

been reported such as those from Chen et al. shown below.**®

U5

HN (6]

111

Heat or UV

Cooling or 3 _’_.
Visible light

Figure 44. Structure and behaviour of photo-responsive gel made by Chen and co-

306
workers.

1.3.9 Dendrimers as Biological Mimics

With the ability to design dendrimers with specific properties, it is not surprising that
there is considerable interest in their use in biological systems. PAMAM dendrimers,
for example, possess sizes comparable with those of various proteins and bioassemblies,
such as those shown in Figure 45. With an ammonia core, PAMAM dendrimers of

generations 3, 4 and 5 closely resemble the size and shape of insulin (~30 A),

13,307

cytochrome C (~40 A) and haemoglobin (~55 A) respectively. Similarly, larger

generations share sizes with histone clusters, explaining why these large dendrimers

b

form such strong complexes with DNA making them ideal ‘histone mimics 308310 The

307,310-312

biomimetic properties of dendrimers (thanks to their step-wise synthesis and
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branching) have led to them being referred to as ‘artificial proteins’ and offer a variety
of uses, some of which are described below, while others have been commercialised e.g.
the wuse of PAMAM dendrimers as globular protein replacements for

. . . . . . . . 313-315
immunodiagnostics and for in vivo gene expression applications.

~—~40 A—> «~—55A—
Cytochrome ¢ Hemoglobin

~30 A

2|
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W Y
~—40A—> <—— 53 A—> 67 A B Cha g 24 A
G=40 G=5.0 G=6.0 4

DNA

Variable region 7T
surface area i

(~20 x 30 A)

Immunoglobulin

DNA-histone

|
Naked histone complex

cluster

~«—~55 A—>

Figure 45. A dimensionally scaled comparison of a series of PAMAM dendrimers with

a variety of proteins.”

Unimolecular Micelles

The idea that dendrimers could act as micelles came in 1985 when Newkome et al.
published work on arborols.'”” At the same time, Tomalia and co-workers reported that
electron microscopy could be used to show the ‘hollowness’ of PAMAM dendrimers,
and also demonstrated how the branching affects the size of the internal cavities.””'**'*?
Further work looking at the hydrodynamic dimensions of PAMAM dendrimers revealed
these to be similar to those of traditional micelles (nanometre scale),'™ supporting the

. . . . . 104,316
idea that dendrimers could act as “‘unimolecular micelles’ and liposomes. ™~ Turro et

al. have demonstrated that the properties of a dendrimer can be tuned to give behaviour
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similar to regular or inverse micelles depending on the nature of the interior and surface

123,317,318
groups.

These unimolecular micelles have been shown to be able to encapsulate small molecules

(Section 1.3.8) using Meijer’s dendritic box concept,””!

and work is ongoing with
regard to using this encapsulation effect as a drug delivery system.*?%?19320 The binding
of multiple metal ions by dendrimers also makes them a viable option in
radioimmunotherapy where the radioactive dose applied to a tumour can be increased

thanks to the dendrimer’s multiple branches.*'

Enzyme Mimics

Dendrimers have also been shown to mimic the function of enzymes; in this case the
enzyme cofactors have been placed at the core of the molecule. This has been

322 mimics for

demonstrated in a number of cases, such as Diederich and co-workers
pyruvate decarboxylate, and Breslow and co-workers’ use of PAMAM dendrimers with
a pyridoxamine core (which gave a 1000-fold rate increase in transamination reactions
when compared with pyridoxamine alone).**> This type of mimic behaviour has also
been shown in dendritic peptides where the catalytic properties depend on the sequence

. . 319,324
of amino acids used.

Binding and Transfer of Genetic Material

Arguably the most interesting use of dendrimers is that of the transfer of genetic
material into cells, something that PAMAM dendrimers are typically used for as a result
of their nonimmunogenic properties.*” This class of dendrimers has been shown to be
able to bind, condense (into structures similar to chromatin), and transport DNA as well
as oligonucleotides into a variety of cells, whilst having low cytotoxicity in vitro. 24737
329 Owing to their well-defined size and surface charge density, PAMAM dendrimers

(particularly of generations > 7)***3!°

are well suited as artificial histone-mimicking
agents. The biophysical characterisation of DNA-dendrimer complexes has been
studied by several groups and has been shown to be largely electrostatic, though few

studies have looked at DNA condensation at low charge ratios.”®® Smith et al. have
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demonstrated the release of DNA from a dendrimer using an optical trigger, but this

also results in the degradation of the dendron.*

The uptake of PAMAM dendrimer-DNA complexes into cells is largely due to

309 and is

endocytosis, a process whereby a molecule is engulfed by the cell membrane,
followed by the release of the genetic material. This technique lends itself to the

development of therapeutic proteins in the cells where they are most needed.

Complex —
(dendrimer— 7 \\
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plasmid DNA) 4 in Nucleus
p=gh mRNA
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Figure 46. The mechanism of dendrimer-mediated gene delivery into cells. The
complex composed of dendrimer and plasmid DNA attaches electrostatically with the
negatively charged phospholipids on the exterior surface of the cell membrane
stimulating complex uptake by energy-dependent endocytosis. The DNA (alone or
attached to the dendrimer) must escape the endosomal-lysososmal cavity before
enzymatic or acidic degradation and translocate to the nucleus where it is transcribed
into mRNA (messenger RNA). The mRNA template is transported into the cytosol where

it is translated to the therapeutic protein.”

Biological Sensing using Fluorescent Groups

Another biological application for dendrimers is in the field of biosensing.>*’***** The
surfaces of PAMAM and PPI dendrimers (whose biocompatibility make them ideal) can
be tailored to provide a sensing unit that has a high affinity for a particular analyte such

as enzymes and proteins, while the rest of the surface is functionalised with fluorescent
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units that change their fluorescent properties upon interaction with the biomolecules.*”’
A good example of this was demonstrated by Shinkai et al. who reported that a water
soluble PAMAM dendrimer functionalised  with boronic acids and naphthyl units

could be used for the sensing of saccharide sugars.**

As has been mentioned before, making use of fluorescent properties can give valuable
information regarding concentration of dendrimers and bound molecules. This is no
less important in biological systems where dendrimers have been shown to quench the

33

. . . . 8 .
fluorescence of tryptophan residues in bovine serum albumin,”" or to monitor glucose

9

. . . . 33 . .
in various biological assays. This fluorescence can even be used to monitor

340 as demonstrated by Baker ez al. who showed that a 5"

dendrimer uptake into cells,
generation PAMAM functionalised with 6-carboxytetramethylrhodamine fluorescent
units and folic acid targeting units could be used to label human epidermoid carcinoma

269
cell tumours in vivo.

1.4 Aims and Objectives

The primary goal of the Neonuclei project™”!

is to develop self-assembling particles
capable, like the nuclei of living cells, of sustaining gene transcription. Partners
involved in the project will aim to start with simple model systems and build up to
structures of increasing complexity. This will give an alternative to biotechnological

businesses that currently use live cells as protein production units.

Part of this project involves the synthesis of a molecule that can replicate the properties
of histones i.e. a molecule that can compact DNA reversibly in response to physical or
chemical stimuli. To that end, PAMAM dendrimers were chosen, as there is a wealth of
published data that support their biocompatibility, binding and coiling of DNA, but little

with respect to the reversibility of this process and behaviour at low charge ratios.

In order to study these DNA-dendrimer interactions, a series of PAMAM dendrimers up
to generation 4 will be synthesised, characterised and functionalised to allow for

different binding properties. Though higher generations have been reported to be more
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effective at binding DNA, their synthesis is lengthy and they are not required in order to
demonstrate the types of surface modifications to be carried out. Such surface

functionalisations include:

* Using molecules to give different amounts of dendrimer surface charge whilst
retaining the same approximate size as the unmodified surface.

* Using photoactive units that allow for cell uptake to be studied and that can be
used to reversibly bind DNA.

* The introduction of pH sensitive units.

The behaviour of dendrimers in biological membranes is a relevant topic in medicinal
chemistry, particularly when it comes to developing drug delivery systems. In order to
gain a greater understanding of how PAMAM dendrimers interact with lipid
membranes, initial computational and experimental studies will be performed and the

results of these will be compared.
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Chapter 2 PAMAM dendrimers

2.1 Nomenclature

The widely accepted naming of PAMAM dendrimers was developed by Tomalia'*""!%

and incorporates the dendrimer size (or generation), its core type, the number of surface

groups and the nature of these surface groups, i.e.
G-[C]-N-F

where G = generation, C = core type, N = number of terminal groups and F =

functionality

Each dendrimer generation consists of a branching unit and a lengthening unit; the
lengthening unit (methyl acrylate) being termed a half-generation (ester surface), whilst
the addition of a branching unit (ethylene diamine, EDA) gives a full-generation (amine

surface). So as a dendrimer ‘grows’, its generation advances in steps of 0.5 (Figure 47).

Before Tomalia’s naming scheme became commonplace, the numbering of the
generations began with the core molecule being termed generation 0. Whilst this
worked well with cores that contained amines (and could thus initiate dendritic growth)
it became problematic when using larger cores, such as 1,3,5-trihydroxybenzene. This
core type would first have to be reacted upon to give amine branching points. Tomalia
thus termed generation 0 to be the first instance of an amine surface that has been build
out from the core. This means that in the case of 1,3,5-trihydroxybenzene, this
molecule is the core, but not generation 0. It is for this reason that some dendrimers are

called generation -1.0 and -0.5 (Figure 47).
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Figure 47. Naming of dendrimer generations.

The next stage is to determine the number of end-groups, and their functionality. So a
4™ generation dendrimer having 64 terminal amine groups based on an EDA core would

be written as:

4.0-[EDA]-64-Amine

This approach is very useful when the surface of the dendrimer has been modified, but
for simplicity if the surface has not been changed we can use ‘G4’ to denote a 4™
generation dendrimer. If this notation is to be used as a specific example, then the core
must also be stated, i.e. for G4 (EDA) we assume the correct number of terminal groups
and an amine surface. Similarly, G0.5 (EDA) would denote 8 surface ester groups

based on an EDA core.
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2.2 Preparation

2.2.1 General Synthesis

A range of PAMAM dendrimers up to generation 4 have been prepared in this study
using the methodology described by Tomalia.””'*'*” Dendrimers with an EDA core
were the first to be synthesised owing to their ease of handling, others are described in
detail in Section 2.4. The synthesis of higher generations served little purpose as some
of the surface attachments to be trialled had not been performed before; thus avoiding a

lengthy synthesis if the attachments proved to be unsuccessful.

o
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Figure 48. PAMAM dendrimer growth of 1.5-[EDA]-16-Ester (40).

The first step in PAMAM dendrimer synthesis involves the creation of the core from an
initiator. This involves a Michael addition of an electrophilic reagent (e.g. methyl

acrylate) to a multifunctional initiator (e.g. EDA or ammonia) to give G-0.5. An amine
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surface (GO0) is then achieved by an amidation of the ester with EDA. A further
repetition of these two steps will give a G1 dendrimer with an amine surface. This

process is repeated to give progressively larger generations with greater numbers of

surface groups.

Table 7. Number of surface groups associated with different cores.

No. of surface groups
Generation | Core with 3 branching points | Core with 4 branching points
(NH3, phloroglucinol) (EDA)

0 3 4

1 6 8

2 12 16
3 24 32
4 48 64
5 96 128
6 192 256
7 384 512
8 768 1024
9 1536 2048
10 3072 4096

2.2.2 Remarks on PAMAM Synthesis

In preparing half-generation dendrimers a large excess of methyl acrylate is used, about
6 equivalents per amine terminated branch. The reason for this excess is that if any
unreacted amines were left, they could react with the ester units on the surface giving
rise to branch termination (Section 2.2.3). This is not a serious problem during this step

of the dendrimer synthesis as the kinetics of the Michael addition is fast enough to

. . . 77
prevent amidation occurring.

As described by Tomalia,””'*’ these reactions were typically carried out under an inert

atmosphere in dry methanol and allowed to stir for 2 days at room temperature. The
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solvent and excess reagent were then removed under reduced pressure to give a yellow
oil (it is important not to heat the samples to high temperature (>70°C) as retro-Michael
reactions can occur).” > All generations then underwent an azeotropic distillation;
the dendrimer is dissolved in methanol to open up the arms and disrupt the H-

179 (see Section 2.5.3), and toluene is then added to flush out any impurity.

bonding
At low generations (< G1.5) these oils are not very viscous and can be purified by
column chromatography (5 — 15% methanol in DCM) to give colourless oils. At higher
generations (> G1.5) the oils are quite viscous, column chromatography is not possible
due to the high molecular weight of the dendrimers (> 3000 g mol™) and because the
high percentage of methanol in the eluent would start to dissolve the silica so little

purification is possible (aside from azeotropic distillation).

For the preparation of full-generation dendrimers, the half-generation dendrimer (in dry
methanol) and EDA (containing 10% methanol) were first deoxygenated by passing
nitrogen through them. Whereas the number of equivalents of reagent used to make the
half-generation is constant, the amount of EDA required varied depending on the
generation involved; the higher the generation, the more EDA would be needed. This is
because of the possibility of a single molecule of EDA reacting across two esters on the
surface, either from the same dendrimer causing 2 branches to be terminated, or from
two dendrimers causing bridging (see Figure 50 and Section 2.2.3). Tomalia found that
50 equivalents by weight were required to go from GO0.5 to G1.0 with a > 95% purity,

but this increases to 2870 equivalents for G8.0.””'*

Table 8. Excess EDA used in PAMAM dendrimer synthesis.””'®’

Generation | Equiv. of EDA? | Generation | Equiv. of EDA?
1 50 6 730
2 60 7 1440
3 100 8 2870
4 200 9 5740
5 370
* By weight
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Once the two solutions were degassed, the dendrimer solution was transferred dropwise
into the EDA solution (over ice) via a cannula and the mixture was stirred at a
temperature less than 10°C (this slows the kinetics of the reaction, further inhibiting
defect formation). The initial EDA solution was made containing 10% methanol as neat
EDA melts at 9°C. The length of stirring also varies with generation, low generations
can be stirred for one week whilst larger generation preparations (> G3.0) need to be

stirred for 4 weeks.

The reactions were worked up by removing the solvent and reactant under reduced
pressure to give crude product as a viscous yellow oil; these oils were found to be more
viscous than the half-generation dendrimers used to synthesise them. The excess EDA
used was recovered and re-distilled from CaH,. Since a large number of amines are
now present on the surface the dendrimers cannot be purified by column
chromatography. Residual EDA was easily detected by NMR and its characteristic
odour, but it was found to be troublesome to remove solely under reduced pressure.
This is because the EDA becomes trapped within the dendritic structure; the larger the
dendrimer the greater the number of carbonyl groups that can form hydrogen bonds to
the amine groups of the EDA (Figure 49). At low molecular weights, the best way to

remove this EDA was found to be by azeotropic distillation.

Dendri N/—< N
endrimer \\/\ Y
JH
o
4 R

Figure 49. EDA captured by dendritic branches.

At high molecular weights (> 4000 gmol™) the dendrimers can be purified by dialysis.
Though this technique is typically used to purify peptides, it can be modified to be used

with dendrimers. An appropriate piece of cellulose dialysis membrane is first selected

-79 -



(the membrane is porous and has a molecular weight cut-off below which molecules can
freely pass through the membrane) and prepared by stirring in a large volume of 2%
sodium bicarbonate and 1 mMol EDTA at 80°C for 30 min followed by deionised water
for 1 hr. The bottom of the tubing is clipped closed and the dendrimer, dissolved in
water, added into the tubing. A glass marble is added to the tubing (for weight) and the
top clipped closed leaving a small amount of air inside (this allows the tube to remain
vertical when put into the bulk). The tubing is then placed in a large volume (5 L) of
slowly stirred deionised water where a diffusion gradient will become established. Any
impurity, such as EDA, inside the tubing will be forced into the bulk by this gradient
assuming that the impurity is of lower molecular weight than the membrane cut-off (the
bulk can be replaced after a day to help purify the product by setting up a new gradient).
Though deionised water is most commonly used with this technique, organic solvents
such as DCM and methanol can be used, but this can lead to pore deformation and
product loss. The purified dendrimer solution can then be azeotropically distilled to
remove water from the branches, though there may still be some solvent trapped leading

to products with artificially inflated yields (over 100%).

2.2.3 Defects

It is very important to ensure that the dendrimer is as pure as possible at all stages of its
synthesis as any impurity, be it a branch termination or left over reactant, could be
carried through further reactions leading to purification issues. The most common
branch termination defects occur when too small an excess of EDA is used (or the
reaction proceeds too fast) in reacting a half-generation to make a full-generation
dendrimer (Figure 50).”” Termination during the formation of the half-generation is
also possible, either by incomplete reaction, or by a retro-Michael addition when the

sample is heated to too high a temperature (Figure 51).
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Figure 50. Possible intermolecular (top) and intramolecular (bottom) defects resulting

from an incomplete EDA addition step.
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Figure 51. Possible defects resulting from an incomplete methyl acrylate step.”’

If methyl acrylate or EDA is taken through to the next step of the dendrimer synthesis it
will react with either EDA or methyl acrylate respectively to make small dendrimers,
which if allowed to remain, will themselves form larger dendrimer contaminants that

will greatly affect the monodispersity of the product.
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Though not a defect in the strictest sense, a problem that can also occur is the
precipitation of dendrimer clusters as a gel-type solid from solution. It is suspected that
this occurs when the dendrimer concentration is very high; under these conditions the
arms of separate dendrimer units can intercalate with each other and form large clusters
that become insoluble. It is therefore advantageous to store samples at low

concentrations as solutions in methanol (< 60 mgmL™).

2.3 Characterisation

Though this section will focus on PAMAM dendrimers with an EDA core (as this class
was used extensively in this report), the characterisation information is applicable to all

the dendrimers studied in Section 2.4.

2.3.1 "H and C NMR Spectroscopic Studies of Dendrimers

Given the highly symmetrical nature of dendrimers, perhaps the most useful analytical
technique is that of nuclear magnetic resonance (NMR). The equivalency of the various
proton and carbon environments can lead to well defined spectra, though peak overlap
and branch mobility can cause line broadening in '"H NMR. The introduction of defects
and surface modifications disrupts the symmetry and thus leads to a more complex

spectrum.

At low dendrimer generations (< G1) 'H NMR can give a very accurate idea of sample
purity. All the peaks are well defined and can be readily integrated, but at higher
generations the peaks begin to overlap and broaden, making analysis hard. Despite this
problem, '"H NMR at high generations can be used to determine the degree of surface

coverage of any modifications that have been made.
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Figure 52. "H NMR spectra of 0.5-[EDA]J-8-Ester (top, CDCl3) and 2.0-[EDA]-16-
Amine (bottom, D,0).

By studying the proton spectrum at each stage of dendrimer growth, and with the aid of
2D NMR techniques such as COSY, it is possible to make the assignments shown in
Figure 52. The half-generation example was run in deuterated chloroform, which helps
to prevent H-bonding between branches and thus gives well defined peaks. Peaks at 8
7.11 and 3.66 ppm were assigned as the amide (NH) and methyl ester protons (i)
respectively, the latter giving us useful information about the extent of surface coverage.
It can be seen that methanol is still present despite extensive drying which is most likely
the result of the solvent becoming trapped within the dendritic structure. As there are
no methylene protons that can give rise to the quartet at 6 3.27 ppm, it is most likely to
be an overlapping doublet of triplets, implying that this peak arises from the methylene

unit next to the amide nitrogen (d).
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The 4 remaining triplets are from the methylene units (a, b, e, f, g) of the inner and
outer branches. Peaks at § 2.76 and 2.43 ppm are primarily due to the outer branches
(integrals aid this interpretation) and were assigned as methylene units nearest the
nitrogen (f) and nearest the carbonyl group respectively (g). As these peaks should
integrate to 16H, an underlying peak of 8H (a) can explain the fact that the peak at §
2.76 ppm integrates to 24H. This is due to the repetitive nature of dendrimer growth,
where a methylene unit further inside the structure lies in a similar environment. It is
not surprising then to find that the internal methylene units which are next to the
carbonyl groups (b) appear upfield (6 2.35 ppm) when compared to similar units in the
outer-most shell, the latter being more deshielded by the ester group. The remaining
methylene groups located next to the tertiary nitrogen before the point of branching (e)

appear at 0 2.54 ppm and have a combined integral of 12H.

The observed proton spectrum for a full-generation dendrimer was found to be very
similar to that of the half-generation; only the signals arising from methylene units in
the outer generation change. There is no longer a peak at d 2.43 ppm as we have lost
the ester functionality. New peaks appearing at 0 3.21 and 2.69 ppm arises from the
newly introduced EDA units, and are assigned as being the methylene group nearest the
amide (i’) and that nearest the amine (j’) respectively. At higher generations the
number of protons dramatically increases (1248 at 4.0-[EDA]-64-amine) which causes

further peak broadening and makes it difficult to obtain accurate integrals.

As with '"H NMR data, *C NMR spectra rely heavily on the fact that each dendrimer
generation, except the outer-most, is identical with respect to its environment. Unlike
'H NMR data, in which the surface change can be hard to observe at high generations,

the change from half to full-generation is easily observed at all generations synthesised.
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Figure 53. 3C NMR spectra of 3.5-[EDA]J-64-Ester (top, CDCl3) and 3.0-[EDA]-32-
Amine (bottom, D,0).

The assignments of the half and full-generation *C NMR spectra (Figure 53) were
arrived at from studying dendrimer growth in combination with 2D NMR techniques
such as HMQC and HMBC. It was observed that there are two types of signal in each

case, those for the outer most generation and those due to the inner generations.

For half-generation dendrimers, peaks arising from inner generations are typically
smaller, slightly broader and located within a few ppm of their larger outer generation
counterparts. For example, peak g has been assigned as the outermost methylene unit
whilst the peak slightly downfield from it, b, relates to a similar unit further within the
structure. The reason for the slight line broadening is due to small changes in the
environment such as H-bonding of nearby functionality, chain motion and branch
folding (for more information about the folding of terminal groups, see Sections 1.3.5
and 2.5). The two unassigned peaks at 8 52.4 and 37.4 ppm relate to internal EDA units

similar in environment to e and d respectively.
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Though it is useful to be able to assign the carbon resonances of the inner generations, it
is the peaks relating to the outermost generation, and how they move when going from
an ester to an amine surface, that is of primary importance. As can be seen in the case
of the half-generation dendrimer, peaks f, g and i relating to the outer methyl ester
appeared at § 49.2, 32.6 and 51.6 ppm respectively. The outermost EDA unit, peaks d
and e, were assigned at 0 37.2 and 52.8 ppm respectively. As expected, it was observed
that peaks relating to the methyl acrylate units are approximately twice as large in

comparison with those of the EDA.

When replacing the ester functionality with an EDA unit, the signal at & 51.6 ppm (i)
disappears whilst two new peaks at 0 42.0 and 40.4 ppm are observed. These two new
signals relate to methylene groups of the outer EDA unit i’ and j’ respectively. Since
the methyl acrylate unit is no longer the terminal unit, peaks f and g both move
downfield to become part of the inner generation signals (a/a’ and b/b’ respectively).
This movement also occurs for peaks d and e. Whilst these two signals do not move
far, they completely overlap their inner generation counterparts suggesting that only the
outer most generation can be clearly observed. It is not known why i’ is broader than j’,

but this may be due to a combination of the adjacent amide bond and branch folding.

When going from an amine to an ester surface, peaks i’ and j° move considerably
upfield and downfield respectively to become part of signals d and e. The appearance
of i is also noted. By observing these 5 major peaks the sample purity and surface
coverage can be easily determined using inverse gated proton-decoupled experiments

which allow the *C NMR spectrum to be integrated.

L L L
17350 173.00 17250

Figure 54. Carbonyl peaks from 3¢ NMR spectrum of 3.5-[EDA]-64-Ester (CDCI3).
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Though the carbonyl signals show little movement between half and full-generation
dendrimers, it can be seen that the outermost carbonyl peak is located downfield
compared to those located for inner generations. This outer carbonyl resonance is often
isolated, whereas those for the inner carbonyl groups occur at a similar chemical shift

(often overlapping).
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Figure 55. HMQC coupling spectrum of 0.5-[EDA]-8-Ester (CDCl;3).

The use of 2D NMR techniques can reveal connectivity relationships between nuclei,
such as H-H (COSY) and H-C (HMBC, HMQC shown above) correlations. These
experiments allow for the final assignments to be confirmed, as well as giving

information about the local environment (Figure 55).

2.3.2 NMR Complexity

A number of factors can lead to increased spectrum complexity. In general as the
dendrimer size increases, the spectral resolution decreases. It is for this reason that
samples above G2 are typically run with extended scans (> 4000). The introduction of

defects, be they located on an inner or outer generation, and surface modifications,
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disrupts the dendrimer symmetry leading to extra peaks and extensive peak broadening
in both 'H and >C NMR spectra. The spectrum shown in F igure 56 contains a defect
that occurred during the preparation of 4.0-[EDA]-64-Amine. Three small peaks at 0
47.8, 45.1 and 36.0 ppm were observed and assigned to the surface capping of two
esters with one EDA unit, whilst the peak at 0 39.3 ppm may be due to bridging
between two dendrimers. It should be noted that unsymmetrical dendrimers require a

great many more scans in order to observe all the environments.

o2

o

50.0 450 40.0 350

Figure 56. 3¢ NMR spectrum showing a surface capping defect.

2.3.3 Mass Spectrometry

Mass spectrometry of PAMAM dendrimers has been reported using many techniques
such as fast atom bombardment (FAB)'"*!'” and matrix-assisted laser
desorption/ionisation (MALDI),***** but perhaps the most prevalent technique is that
of electrospray ionisation (ESI).*'***34¢3*® This is due to the fact that PAMAM:s can be
readily protonated (or deprotonated**®) and thus be analysed by positive electrospray

(ES") because their structures contain a high ratio of nitrogen.
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Despite the LRMS ES” system used throughout this study only having a measurable
range of 120 — 2000 Da so whilst the [M + H]" peak can be seen for low generation
dendrimers (Figure 57) it can not be detected for most dendrimer samples, it uses a soft
ionisation technique that has the advantage of not fragmenting the structure, allowing

for easier identification of defects.

Since there are many nitrogen atoms in the dendritic structure, this ionisation technique
can easily lead to multiple protonation of the sample giving rise to many peaks in the
spectrum such as [M + 2H]*" and [M + 2H + Na]*". This ability to pick up multiple

charges makes analysis of larger dendrimers possible.**®

100 = 4028 B03.7

oo
[}
1

o
=
1

.
=
1

Relative Intensity

I~
Lo}
1

1205.9
| oh3s Ly 1

[}

T T T T T
200 900 1000 1100 1200
m/z

1 T T T
400 500 600 700

Figure 57. A multiply charged MS spectrum of 0.5-[EDA]-8-Ester (MW 1205 Da).

Dendrimers larger than generation 3 become harder to analyse as they typically have a
molecular weight greater than 6500 Da. Even with multiple charging of the sample it is
hard to find the relevant peaks amongst the noise, and if defects have been introduced
the spectrum becomes very hard to interpret. Of the spectra that could be collected it
was found that the ester-surfaced dendrimers were much more ionisable and were thus
much easier to analyse. It is believed that some of the dendrimers with amine surfaces

had become overly protonated so that no multiple charge pattern could be deduced.
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2.4 Specific Dendrimers Prepared in this Study

2.4.1 EDA Cored Material

This series of dendrimers was synthesised up to generation 4.0 following the procedures

77349 and Amabilino,”™ and is based on an EDA core. These systems have

of Tomalia
four main branches making them the largest dendrimers synthesised in this study.
These dendrimers were primarily synthesised so that their surfaces can be modified with
the aim of studying DNA-dendrimer interactions and complex formation. The half-
generations, up to G2.5, were used to study spin-lattice relaxation times in the hope of

better understanding branch interactions.

The generation -0.5 material (38) was prepared by dropwise addition of a solution of
EDA in methanol to a stirred solution of methyl acrylate in methanol over 6 hours. This
was allowed to stir for 48 hours at room temperature before the solvent was removed
and the crude product was then purified by column chromatography to give the product
as a colourless oil (72%). A solution of -0.5-[EDA]-4-Ester in methanol was then added
via a cannula into a cold (< 5°C) stirred solution of EDA (50 fold excess) in methanol to
give 0-[EDA]-4-Amine (39). The excess EDA was removed under reduced pressure
and set aside to be re-distilled. These steps were repeated to give higher generation
dendrimers as described in Section 2.2. The 'H NMR spectrum (D,0O) of the GO
dendrimer shows the (equivalent) core methylene groups at 0 2.57 ppm, clearly
distinguishable from the other signals. Similarly in the *C NMR spectrum, the core
methylene groups are visible and appear at § 50.7 ppm. At higher generations these are

no longer visible as a result of overlying signals from the other branches.
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2.4.2 Phloroglucinol Core

This series of PAMAM dendrimer is based on a phloroglucinol (1,3,5-hydroxybenzene)
core and was synthesised up to generation 4.0 following the procedures of Tomalia’ =%
and Amabilino,”® with the aim of studying their spin-lattice relaxation times and
surface modifications. Since this core contains no amines, it first had to be built up to

zero generation as shown in Scheme 9.

o)\ 0
HO. OH
o SR

OH o

112 )O/QO 113

O 114

NH,
Scheme 9. i, KF, ethyl bromoacetate, MeCN, reflux; ii, EDA, diethyl ether.

Phloroglucinol was added to a mixture of potassium fluoride and ethyl bromoacetate in
acetonitrile and stirred at reflux for 72 hrs to give the crude product 113 as a white
precipitate, which was crystallised as white crystals (31%). Analysis of this ethyl ester,
-0.5-[Phloroglucinol]-3-Ester, by NMR, melting point (61 — 62°C) and elemental
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analysis (expected C 56.25%, H 6.29%; found C 56.16%, H 6.32%) showed it to be

consistent with published data.’*"*"'

The ethyl ester was then added to a large excess of EDA in diethyl ether to give O-
[phloroglucinol]-3-amine 114 as a white solid (65%). Analytical data was found to be
consistent with previous work carried out within the Grossel group.3 0 By introducing
hydrogen donors onto the surface we would expect the number of possible
intermolecular H-bonds to increase giving rise to a higher melting point; this is indeed
what was observed as this product required over twice the temperature to melt (146 —

148°C).

Subsequent generations were built up as described in Section 2.2 to give a series of
dendrimers as viscous pale yellow oils. It was found that the full-generation dendrimers
in this series gave unrealistic yields, typically over 100%, as well as poor MS data.
These observations were expected and are described in more detail in Sections 2.2.2

and 2.3.2 respectively.

'H and "*C NMR data obtained for this series gave similar spectra when compared to
those of the EDA series; the only difference being the appearance of peaks assigned to
the aromatic core. In the '"H NMR spectra (D,0O or CDCls), singlets at § 6.29 and 4.54
ppm were assigned to the aromatic proton (M) and the methylene unit closest to the ring
(a) respectively. What is perhaps surprising about these two peaks is that, unlike the
EDA core, they can be observed even at high generations. The presence of aromatic
peaks was also evident in '*C NMR spectra. Signals at & 159.3, 96.1 and 67.5 ppm were
assigned to the quaternary aromatic (), tertiary aromatic (M) and the methylene unit
closest to the ring (a) respectively. Unlike in the '"H NMR spectra, these peaks are only
observed up to G2.5, which may be a result of the spectra becoming dominated by the

exterior carbon resonances.
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2.4.3 Ammonia Core

A series of PAMAM dendrimers based on ammonia as the core up to generation 1.5
were synthesised using the standard route described in Section 2.2 with the aim to study
their spin-lattice relaxation times. The core itself was synthesised by passing ammonia
gas through deoxygenated methanol and recording the mass increase, before adding
methyl acrylate (4 equiv) via a cannula. After characterisation of the G-0.5 material, it
was reacted with EDA (50 equiv per end group) to give generation 0 material which
was then grown further. Similar to the phloroglucinol series, these dendrimers have one
fewer initial branch in comparison with the EDA dendrimers and as such possess about
% the molecular weight at each generation. The 'H spin-lattice relaxation times are
discussed in Section 2.5 but the generated spectra showed the series to be of high

purity.
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Figure 58. Branching structure of 0.5-[Ammonia]-6-Ester.

-03 -



2.4.4 Dendritic Wedges for Coupling to Cores using Convergent Approach

A series of PAMAM wedges (dendrons) were synthesised using the divergent method
with the aim of attaching them to a reactive core in a convergent-type reaction. Normal
PAMAM dendrimer growth was achieved using ethanolamine as a starting point to give
products as colourless oils in high yields. When these dendrons are coupled to a core,
any unreacted material needs to be easily removed by dialysis, so the dendrons were
only synthesised to G2.5 (MW 1435 Da) as they then have a MW lower than the cut-off
for the tubing (MW 3000 Da). It should be noted that the naming of this series takes
into account the addition of a core, so the amine of the ethanolamine would be the first

amine surface, i.e. generation 0 (Scheme 10).

0~ o N
116 117 117
GO GO0.5 G1.0

Scheme 10. i, Methyl acrylate, methanol; ii, EDA, methanol.

The reason that ethanolamine was selected as the starting material for these dendrons
was because of the lack of reactivity of the alcohol to any of the PAMAM growth
reagents. Once the dendrons reached the desired size (a half-generation is required due
to the reactivity of an amine surface) the alcohol could be used to couple them to a
reactive core (e.g. one which contains an acid chloride). Another possible starting
material is mono-protected EDA, the protection being removed before core coupling.
This approach however was discarded, as the deprotected amine would be free to react
with the ester surfaces of the wedges leading to large polymeric impurities that would

not be removed by dialysis.
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Analysis of this series by mass spectrometry showed predominantly multiply charged
species for all samples except for G2.5 where no spectrum could be obtained. NMR
studies revealed normal PAMAM spectra (Figure 52 and Figure 53) with the addition
of peaks relating to the alcohol methylene unit; a triplet at § 3.60 ppm in "H NMR (D,O
or CDCl3) and a singlet at 6 59.3 ppm in 3C NMR spectra. Since these signals lie
outside the normal range for PAMAM branching units, 8 3.25 — 2.30 ppm and 6 53.0 —
32.0 ppm respectively, they can be seen at all generations. This means they could be

used to assess the effectiveness of core couplings, as is described in Chapter 5.

2.5 Spin-Lattice Relaxation NMR

2.5.1 Background

NMR spectroscopy plays a key role in the determination of PAMAM structure and
purity, but it can go further than just giving chemical shift values since it can also give
information about the molecular dynamics. By analysing a samples’ spin-lattice and
spin-spin relaxation times (T; and T, respectively) it is possible to reveal detail about
the intra- and inter-molecular mobility. T, data is particularly useful to us as it can
show which parts of the a molecule are subject to steric hindrance, the extent to which
strong intra-molecular or intra-ionic interactions affect the flexibility of the molecule,

352 .
Since T

and which parts of the molecule are rided and which are flexible.
information can be acquired for both 'H and "C spectra, it can greatly aid peak
assignment even when signal crowding leads to peaks overlapping.188’187’3 53 Though
this report is primarily interested in 'H spin-lattice relaxation times for PAMAM
dendrimers, a short review of BC data has been included. The mechanisms that

contribute to spin-lattice relaxation are discussed in Appendix I.

There is little published literature looking at 'H spin-lattice relaxation times for
dendrimers owing to the fact that the signals start to overlap as the generation increases.
Meltzer et al. overcame this problem by building a series of PAMAM dendrimers (from

an ammonia core) that incorporated a deuterium label at varying locations within the
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188
structure.

By studying ’H relaxation times they were able to show a slowing of
molecular motion with increased molecular size, as well as the chain motion being most
rapid near the terminus and slower in the interior. These results are not altogether
surprising as we would expect steric hindrance to increase with higher generations, and
a higher degree of movement at the chain ends reflecting less steric crowding when
compared with the interior. Similar results were observed by Zhu et al. using modified

poly(propylene imine) dendrimers.""!

limiting denaity

generation

——O—— Whole moiecule density
—2— Surface layer density

Figure 59. Calculated molecular and surface densities for PAMAM dendrimers under
ideal (defect-free) branching. 187

Perhaps the most interesting results come from the analysis of 13C spin-lattice relaxation
times, as "C NMR spectra of PAMAM dendrimers give more structural information
than that from 'H NMR. Work by Meltzer and Tomalia et al. (in a consecutive
publication to his “H NMR study) showed that as the dendrimer size increased (GO —
10) there was a gradual slowing of molecular motions, suggesting that, as no limiting
state is reached, the terminal groups are not densely packed at the surface.'®”'®® This led
them to study the density of various generations and conclude that their data is
consistent with the folding back of terminal groups into the interior of the molecule as

suggested by dynamic modelling.'**"""**

Figure 59 illustrates calculated density
changes during dendrimer growth and shows that the surface would be extraordinarily

dense if compared with amorphous nylon (density cf. 1.1 g mL™).
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2.5.2 Methodology

In order to compare how molecular size, branching density and solvent system effect T,
measurements, three PAMAM dendrimer types were studied (cores of EDA,
phloroglucinol and ammonia). Since work by Meltzer and Tomalia et al 183187349 gives
a comprehensive view of amine-surfaced dendrimers, '"H T, data was obtained for half-
generations up to G1.5 (G2.5 for EDA core) in two different solvents (CDCl; and
MeOD), the dendrimers first being purified by column chromatography. C NMR T,
data could not be obtained because of the large amount of dendrimer required for these
experiments to give accurate results (I g mL™) whilst time constraints prevented the

synthesis of higher generations.
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Figure 60. An inversion-recovery NMR experiment from which the T; of 0.5-

[Ammonia]-6-Ester was calculated.

Dissolved oxygen is known to aid some spin-lattice relaxation mechanisms (Appendix
I). Though this mainly affects small molecules, samples were degassed for 10 minutes
with nitrogen prior to their spectra being obtained. An example of the inversion-

recovery spectrum from which T,’s are calculated is shown in Figure 60.
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As stated above, little data is available for direct comparison, indeed it has been shown

189

that T, values are sensitive to a number of factors, ~ though overall trends in the data

can be compared.

2.5.3 Discussion
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Figure 61. Dependence of T; on molecular size for half-generation dendrimers of
different cores (100 MHz, CDCl3, 25°C), EDA (top left), ammonia (top right), and
phloroglucinol (bottom left). Structure assignments are shown in the bottom right.

Error bars not included owing as no repeat experiments available.
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The first observation that can be made from the T; data for ester-terminated dendrimers
(Figure 61) is that the relaxation is much faster for nuclei closer to the core, which
would suggest an increase in steric hindrance at the interior of the dendrimer. The outer
methyl units relax much more slowly compared to all the others as we would expect, as
they have a greater degree of movement. In agreement with published data,'®71¥8191 we
observe a downward trend in T; values as the size of the dendrimer increases. This too
is the result of steric interactions; as the size of the dendrimer increases so the chains
become more closely packed and their interactions increase, giving faster relaxation
times. It should be noted that, in the case of generation 2.5 (EDA core), the relaxation

time for the innermost observable methylene unit increases with respect to the others,

possible due to the overlapping of interior signals.

In all cases it can be seen that the interior sites appear to plateau. This we would expect
as the environment (particularly at sites X and *) changes very little with respect to
generation and because of overlapping signals from other internal sites. The terminal

methyl groups ([!), however, do not show this behaviour at low generation as they

encounter much less hindrance on the surface. It was expected that, as with the amine
surface, the terminal groups will plateau at a much higher generation.'®® Tt is interesting
to see that in the case of the EDA core this plateau appears to have been reached, though
further measurements at higher generation would help to confirm this. It should be
noted that G-0.5 (Phloroglucinol) has a different branch structure and as such cannot be

used as a comparison in this case.
Next, the branching densities for these dendrimers were studied by comparing T; values

as a function of the location of each particular atom on the branch. Figure 62 shows the

relaxation times of the three dendrimers as a function of their position from the surface.
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Figure 62. Dependence of T; on location in branch for G-0.5 dendrimers (100 MHz,

CDCl;, 25°C). Error bars not included owing as no repeat experiments available.

At generation -0.5 it can be seen that the sites on the ammonia-cored dendrimer have a
slower relaxation time than the corresponding centres of the EDA-cored material. We
would expect this as the EDA-cored dendrimer has an extra branch and thus increased
steric interactions (and density). It can also be seen that a certain parallelism exists
between these two core types, suggesting similar types of interactions between
branches. In the case of the phloroglucinol core, these results cannot be directly
compared to the others at this generation as it has a different branch structure as well as
an ethyl instead of a methyl-terminated surface. Despite this, it is an interesting case in

which the internal methylene (site 2) has a slower relaxation time than the terminal site.

This could be due to a combination of factors; the conformation could be such that the
terminal group is folded closer to the core, or, more likely, the methylene unit has a
slow relaxation time because of its proximity to the ester group whilst the terminal
methyl site can freely move (and rotate). Both these possibilities are supported by the

fact that the T, value for site 2 (2.210 s) is very similar to those of the terminal groups in

the other two dendrimers (EDA: 2.072 s, ammonia: 2.384 s). Also of note is site 4

which, as an aromatic proton, has a natural slower relaxation time than the methylene

units.>?

- 100 -



2 1.4
1.8 1
1.2
1.6 EDA EDA
—— Phloroglucinol —E— Phloroglucinol
1.4 Ammonia 1] Ammonia
1.2 1
0] ]
3 g 0.8
~ 1 2
b ~
+ 0.8 | F 0.6 -
0.6 | 3 )
0.4 i,
0.4 | o - = i
0.2
0.2
0 T T T 0 T T r T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Position from Surface Position from Surface

Figure 63. Dependence of T; on location in branch for G0.5 (left) and G1.5 (right)
dendrimers (100 MHz, CDCl3, 25°C). Error bars not included owing as no repeat

experiments available.

In contrast to the generation -0.5 data described above, the trends shown for the
generations 0.5 and 1.5 materials are completely different. The first thing to note is that
all three dendrimers share similar T; values at similar sites for their respective
generation. In the case of generation 0.5, the EDA cored dendrimer has a slightly lower
relaxation time because of its extra branch, though this effect is negligible in the case of
generation 1.5. It is suspected that, since we are only looking at the branches and not
the cores, this is because the relative environment is the same. There is also a slight
upwards inflection in the plots at site 5, which suggests a greater freedom of movement
towards the interior. To help confirm this, the methylene unit closest to the core of the
phloroglucinol dendrimer (8 4.55 ppm) was studied and found to have a higher
relaxation time compared to the outer branches, further suggesting that density is lower
at the core (Table 9). The terminal sites retain their high relaxation times, which leads

to a theory that this is an area of maximum density as commented on by Meltzer et
] 187:188
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Table 9. Spin-lattice relaxation times of sites on phloroglucinol-cored dendrimers (100

MHz, CDCls, 25°C).

Generation Site 4 Site 5  Methylene unit

(8 4.55 ppm)
-0.5 - - 0.850
0.5 0.362 0.408 0.457
1.5 0.308 0.344 0.370

It is important to note an observation relating to the terminal methyl groups; as the
generation increases, their relaxation times become more similar. This is something we
would not expect to see at low generation, as the geometry of the cores should still
allow for different branch separations (Figure 64). If we look first at the cores that
have three branching points (i.e. ammonia and phloroglucinol) we can see that the
surface groups of the ammonia-cored dendrimers have a longer relaxation time
suggesting more movement at the surface. We can relate this information to the core
structures (Figure 65), where we can see that the phloroglucinol core restricts the
conformation so that at low generations it is mostly planar (or disc-like) whilst the

ammonia core has much greater freedom of movement.
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Figure 64. Spin-lattice relaxation times of methyl ester surfaces (100 MHz, CDCl;,
25°C).

This core structure information also shows us that the addition of a branch (in the case
of EDA) causes increased steric interactions and thus lowers the relaxation times.
However, it is the overall trends that are most interesting. It is known that all T; values
for the respective dendrimers decrease as the generation increases, but what is curious is
that by generation 1.5 the terminal groups all have very similar relaxation times. This
suggests that the core geometries no longer have any bearing on the overall structure as
the branches are now long enough to be able to move to reduce any steric hindrance.
The fact that the EDA-cored surface appears to plateau faster than that of the other two

is attributed to the increased branching of the core.
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Figure 65. Core geometries for EDA, ammonia and phloroglucinol dendrimers.
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Figure 66. Comparing T, values in different solvents for dendrimers with an EDA core
(left) or an ammonia core (right). Solid lines represent CDCl;, dashed MeOD (100

MHz, 25°C). Error bars not included owing as no repeat experiments available.

A major factor in dendrimer growth and surface modification is that of the solvent
system. The two graphs in Figure 66 show that relaxation time measurements taken in
deuterated methanol are generally higher when compared with those measured in

deuterated chloroform, suggesting that the dendritic structure swells in methanol, most
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likely due to the methanol breaking the internal H-bonds. The only exception to this
observation is the generation -0.5 EDA-cored dendrimer, whereas the sample in

chloroform gives higher T; values than in methanol for all sites.

2.6 Conclusions and Further Work

In order to study DNA-dendrimer interactions, a series of PAMAM dendrimers based
around either an EDA or a phloroglucinol core were synthesised up to generation 4.
These dendrimers were characterised by NMR and MS techniques, which gave valuable
information that could be related to surface modification experiments performed in later

chapters.

Spin-lattice relaxation times (T;) of low generation dendrimers with ester surfaces (up
to G1.5: having EDA, phloroglucinol and ammonia cores) were collected and used to
probe the dendritic structure, showing that nuclei nearest the branch terminus move
fastest. T; values for nuclei within the interior of dendrimers having an EDA core were
shown to reach a plateaux after generation 1.5, suggesting that the relative environments
for the interior sites remains constant at these generations (experiments on larger
generations could give more information as to the interior environment near to the core).
It was also demonstrated that, for similar generations, cores that contained three
branches generally had slower T, values than those that had four branches, though these
times became more similar with increasing generation. It was observed that the T,
values for the outer methyl groups became similar across all the cores used, suggesting
that even though some cores have different geometries or numbers of branches, a point
is reached whereby the environment at the surface becomes very similar. What is
surprising about this observation is that it occurs at such a low generation, showing that
the core geometry plays a diminishing role as generation increases. This could be
further studied by using a range of other cores and larger generations, giving a more

comprehensive picture as to the influence of each core.
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Chapter 3 Surface Attachments and Biological Studies

The binding of DNA to dendrimers can only be accomplished if the surface of the
dendrimer possesses a positive charge, i.e. electrostatic interactions between the positive
dendrimer and the negative DNA (backbone) cause them to become attracted to one
another. Similarly, if one of these charges were removed (for example, on the
dendrimer) they would unbind from each other. This gives rise to the idea that a pH
sensitive dendrimer can bind/unbind (compact) DNA; in fact, there is plenty of
published data to support this.'*'***** However, there is little data relating to the use
of modified dendrimers. The surface modification of 4™ and 5" generation PAMAM

dendrimers, and their interactions with DNA and lipid bilayers, are discussed herein.

3.1 Surface Modifications

3.1.1 Acetylated Surface

The acetylation of a PAMAM dendrimers surface is a technique used to reduce the
number of primary amines, and thus reduce the overall charge, that the dendrimer can
possess. 23436032 This is typically achieved using either acetic anhydride
(PAMAM)>**% or acetyl chloride (PPI)** depending on the dendrimer type and
relative solvent solubility. Herein we describe the synthesis and characterisation of
acetylated (Ac) PAMAM dendrimers using the method described by Baker ez al.** that

will then be used in either DNA or lipid bilayer binding experiments.

Acetic anhydride was added to solutions of dendrimer in dry methanol in the presence
of triethylamine and the mixture was allowed to stir overnight. The solutions were then
dialysed against deionised water and the surface coverages were determined through
NMR analysis. Phosphate buffer at pH 8.0 was originally used but was found to

promote intermolecular interactions that led to the formation of insolubles.
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Figure 67. Terminal branching structure of a partially acetylated dendrimer.

Table 10. Acetylation experiments involving I° generation dendrimers and resulting

coverages as determined by "H NMR spectroscopy.

Compound | Dendrimer used | Expected no. Integral of & Calculated no.
no. Ac groups | relative to 24H (X) Ac groups”
119 1-[EDA]-8-Amine 2 8.9 3
120 1-[EDA]-8-Amine 4 14.8 5
121 1-[EDA]-8-Amine 6 19.7 7
122 1-[EDA]-8-Amine 8 26.5 9

* Results higher than expected due to trapped solvent.

In order to gain a better understanding of this reaction and the related analysis, 1%
generation PAMAM dendrimers (8 amine surface groups) were acetylated to varying
degrees (Table 10). We would expect to see a new singlet around  2.00 ppm in the 'H
NMR (D;0) relating to the acetyl group (#) that increases in intensity with higher
coverages, along with a change in dendritic peak integrals as A (~ & 2.80 ppm) moves to
an environment similar to M (~ & 3.25 ppm). The first thing to note from the 'H NMR
of these products is the presence of the resulting acetic acid — triethylamine salt as,
although the samples were dried under vacuum prior to analysis, no further purification
was possible. The triethylamine triplet and quartet signals appear at 0 1.24 and 3.16
ppm respectively, together with the acetic acid singlet at § 1.87 ppm. New peaks are
observed at 8 3.41, 3.03 and 1.94 ppm, the first two of which were broad and remain

unassigned as they had been in work carried out by Baker et al>* The third peak was a
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sharp singlet and corresponds to the acetyl group on the dendrimer surface (#). If this
integral is compared with that of a peak relating to the dendrimer interior at § 2.40 ppm
(X and similar environ) it can be seen that it increases in intensity with higher surface
coverage, but is always slightly higher than expected. This is most likely due to solvent
being trapped within the dendrimer sample at the time of weighing, causing the relative
number of acetic anhydride equivalents used to increase. This is confirmed in the case
of 122, where a higher than possible coverage is seen. It was also observed that as the
coverage increases the dendritic signals shift downfield and, in some cases, have their

integrals reduced to zero (possibly due to poor relaxation).

Table 11. Acetylation experiments of 4" and 5" generation dendrimers and resulting

coverages as determined by "H or >C NMR spectroscopy.

Compound Dendrimer used Expected no. | Calculated no.
no. Ac groups Ac groups
123 4-[EDA]-64-Amine * 16 ~d
124 4-[EDA]-64-Amine * 32 34
125 4-[EDA]-64-Amine * 48 40
126 4-[EDA]-64-Amine * 64 46
127 4-[EDA]-64-Amine 16 16
128 4-[EDA]-64-Amine 48 47
129 4-[EDA]-64-Amine 64 54
130 4-[EDAJ-64-Amine " 48 50
131 5-[EDA]-127-Amine-1-FITC (132) 64 67

“ Dialysis in phosphate buffer. ° Acetic anhydride-ds used. ¢ Reaction performed
with the aid of a 4" year undergraduate, L. Carrington. 4 Product found to be

insoluble

This reaction was repeated using larger dendrimers (namely 4™ and 5 generation), the
results of which are shown in Table 11 and Figure 68. The first attempt at acetylating
4t generation dendrimers (123 — 126) involved dialysis in a phosphate buffer (pH 8.0)
and resulted in the formation of precipitates during workup, thus lowering the resulting

yields. It was believed that these are the result of the dendrimer arms inter-colating with

- 109 -



each other, which led to reduced solubility and thus lower than expected coverages. In
the case of the 25% coverage (123), the resulting product could not be dissolved at all.
The acetylation of 4" generation dendrimers was repeated without the use of the dialysis
in buffer step which gave much better results (127 — 129), suggesting that the buffer
promotes the formation of the previously observed insolubles. The highest coverage
was found not to give total coverage, possibly as a result of some amines remaining in
the interior of the dendrimer'”’ or because defects on the surface resulted in fewer than

expected amine groups being present (*C NMR data can help determine this).
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Figure 68. "H NMR (D,0) spectra of 4" generation dendrimers with differing acetyl
coverages, bottom to top: 127, 124, 128, 129.

The *C NMR spectra (D,0) of these acetylation experiments (127 — 129) show peaks
relating to unreacted amine branches at § 41.3 (M) and 40.3 ppm (4A), and acetylated
branches at 0 39.3 and 39.2 ppm. These are present in the spectrum of the 25%
coverage sample but resonances for the unreacted branches are absent in the 75% and
100% material. This would be expected in the case of the 100% coverage (if the

reaction had gone to completion), but not for the 75% case. This may suggest that the
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dendrimer used contains defects such that the 75% coverage covers all available amine
groups. It is unlikely, however, that 25% of the surface is covered with defects, since
the 100% coverage gives 54 acetyl groups instead of 64. The loss of the amine branch
signals may be explained by the more abundant acetyl branches distorting them,
possibly by forcing them to bend into the dendrimer interior or changing the symmetry

of the structure.

Using inverse gated decoupled 3C NMR it is possible to estimate the degree of defects
present in the acetylated dendrimers as the signals can be integrated. By standardising
the dendrimer carbonyl groups (other major peaks were masked by the solvent —
methanol-ds) with an integral of 124, as there should be that number of groups present,
it was found that both defect peaks (see Section 2.2.3) present at 0 46.6 and 37.0 ppm
have integrals of 8; though if integrated relative to other peaks, a lower defect integral is
obtained. This suggests that up to 8 surface groups are cross-linked with EDA, which is
supported by the observation that higher degree acetylation experiments were not giving

complete coverage.

The acetylation was also attempted using deuterated acetic anhydride (130) and found to
produce a surface coverage of 79% (the target was 75% coverage) as analysed using
inverse-gated C NMR. A sample of previously modified 5™ generation dendrimer
(with 1 fluorescein group, 132) had 50% of its surface acetylated (131) so that it could

be used in fluorescence studies with lipid bilayers (Section 3.3).

3.1.2 PEG Surface

There are many reported examples of the synthesis of PEGylated dendrimers, primarily
as a way to reduce cytotoxicity.*®® Generally the PEG chains are attached to the
dendrimer via an activated ester and their surface coverages are characterised by MS
and NMR.** % Whilst this is a very valid route, the use of NMR in this case to
determine the coverage is hindered by the broadness and overlapping of all peaks
involved. Elemental analysis gives an accurate idea of ratios between nuclei which is
very useful for small molecules but less so for a dendrimer, as these typically contain

solvent within their interiors. By introducing a non-common nucleus into the PEG
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chain it becomes possible to study its ratio with the nitrogen atoms of the dendrimer
(assuming that no nitrogen-containing solvent is present). To this end, a route was
devised that would allow for the incorporation of a sulphur atom as part of a thiourea
linker derived from an isothiocyanate. Aside from the linker group, the type and length
of the PEG chain to be attached is also important. In the present study, a monomethyl
PEG with an average molecular weight of 550 Da is used as chains of this length have
been shown to aid drug encapsulation and delivery.””?"%%% To use longer chains may
result in added surface bulk such that no DNA binding can take place (NOESY
experiments have shown there to be no penetration of PEG chains into the central

PAMAM domain®”®), whilst shorter chains may not give any increased benefit.
O
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Scheme 11. Synthesis of o—methyl-w-isothiocyanatopoly(ethylene glycol). i, PBrs;,
DCM 0°C; ii, potassium phthalimide, MeOH, reflux; iii, hydrazine, MeOH, reflux; iv,
CSCl,, Na,COs, chloroform, RT. (n=15—16)

In order to attach PEG chains to the surface of a dendrimer they must first be given the

functionality to do so (Scheme 11). Half an equivalent of phosphorus tribromide®”' was

added to a solution of monomethyl PEG (133) in DCM and cooled over ice. After 2
hours, ice was added to quench the reaction and the product was extracted into DCM to
give 134 as a colourless oil in an 82% yield. 'H NMR (CDCls) gave a singlet at § 3.36
ppm that relates to the methoxy group whilst 2 triplets at § 3.79 and 3.45 ppm have been
assigned as M and A respectively. A broad singlet at 8 3.62 ppm arises from the
methylene repeat unit. It should be noted that other signals were visible and are

assigned as methylene protons nearest the methoxy (CH3-O-CH>-) and M groups. The
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BC NMR spectrum showed 5 major signals, the strongest of which being for the
methylene repeat unit at & 70.5 ppm (Figure 69). Peaks at 6 71.9, 71.1 and 59.0 ppm
show no change from the starting material and are assigned as (CH3-O-CH,-), M and the
methoxy group respectively. The remaining peak at § 30.3 ppm is assigned as A and
shows a large upfield shift compared to the starting material. Mass spectrometry (MS,
ES") showed a large distribution of peaks with spacings of 44 Da (m/z 559.3 Da relates
to n = 9 at 100%) confirming that the PEG product had been formed. FTIR also
confirms the formation of 134, showing the loss of the O-H stretch from the starting

material whilst gaining a C-Br stretch at 653 cm™.
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Figure 69. 3C NMR spectra of PEG products 134 (CDCls), 135 (DMSO-ds), 136
(CDCI3) and 137 (CDCI3), together with starting material 133 (CDCl3).
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Potassium phthalimide was added to a solution of 134 in dry methanol and allowed to
reflux in the first step of the Gabriel Synthesis.”’**”® After 22 hours, the methanol was
removed and the product was isolated by partioning between ethyl acetate and water to
give 135 as a white oily solid in a 20% yield. The reason for this low yield is suspected
to be due to product being lost through repeated washings with other solvent systems (in
order to find a system that worked). 'H NMR studies (DMSO-dg) revealed new peaks
in the aromatic region relating to the phthalimide group. The triplet relating to M moved
upfield to & 3.62 ppm whilst the triplet of A moved downfield to & 3.75 ppm. *C NMR
data confirmed the presence of the phthalimide group (aromatic region not shown in
Figure 69) and showed a downfield shift of A to 8 37.3 ppm. MS (ES") again showed a
distribution, the most abundant being at m/z 679 Da (n = 9). FTIR indicated the
formation of 135 by peaks at 3059 cm™ ([Ar] C-H stretch) and 1709 cm™ (C=O stretch).

The second stage of the Gabriel Synthesis was accomplished by the addition of

. 372373
hydrazine™ '~

to the phthalimide derivative (135) in methanol which, after 72 hours at
reflux, resulted in a lime green solution. The crude material was dissolved in basic
water (pH 11, NaOH) and the product extracted into DCM to give the amine 136 as a
colourless oil in a 44% yield. 'H NMR (CDCls) showed that ® and A had moved
upfield to 6 3.49 and 2.85 ppm respectively; this is a large shift in the case of A a result
of the deshielding effect of the amine. There were no longer any signals in the aromatic
region, these having been replaced with a broad singlet at 6 1.50 ppm relating to the
amine. The signal assigned to A moved to & 41.8 ppm in the 3C NMR spectrum. MS

and FTIR confirmed the product as 136.

A solution of amine 136 in chloroform was added very slowly to a stirred solution of

thiophosgene and sodium carbonate in chloroform.’”

After stirring at room
temperature for 72 hours the remaining solids were removed by centrifugation to give
isothiocyanate 137 as a yellow oil in a 76 % yield. Analysis of this product by '"H NMR
(CDCl;) revealed that the majority of the peaks were overlaid with the methylene repeat
unit at § 3.67 ppm. “C NMR data failed to show evidence of the isothiocyanate group,
though a downfield shift of A was observed (0 45.2 ppm). MS confirmed the presence

of 137, whilst FTIR showed a characteristic N=C=S stretch at 2116 cm™".
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With the successful preparation of isothiocyanate 137, the PEG chains were then
attached to the amine surface of various dendrimers. A solution of isothiocyanate 137
in 1,4-dioxane was added dropwise to a stirred solution of dendrimer in water in the
presence of triethylamine. The resulting crude material was then purified by dialysis in
water, giving final product as a viscous orange oil. As expected, the resulting
PEGylated dendrimers were found to be soluble in DCM owing to the solubilising
effect of the PEG chains. NMR spectroscopy was not used to analyse these dendrimer
samples because of the large number of nuclei present; elemental analysis was used
instead. By looking at the ratio between the nitrogen (predominantly from the
dendrimer) and sulphur atoms (from the PEG units) we can get an accurate idea of the
degree of surface coverage (carbon and hydrogen nuclei are not used as these will be
affected by the inevitably trapped solvent). For the PEGylated dendrimers prepared,
fairly accurate coverages were obtained (Table 12). These were then used to study

dendrimer-DNA (Section 3.2) and dendrimer-lipid interactions (Section 3.3).

Table 12. PEGylated dendrimers synthesised and resulting coverages as determined by

elemental analysis.

Compound Dendrimer used Expected no. | Calculated no.
no. PEG groups PEG groups
138 4-[EDA]-64-Amine 16 23
139 4-[EDA]-64-Amine 16 18
140 5-[EDA]-128-Amine 32 26
141 5-[EDA]-128-Amine 32 25
142 5-[EDA]-127-Amine-1-FITC (132) * 64 57

® Reaction performed with the aid of a 4™ year undergraduate student,

L. Carrington.
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3.1.3 Fluorescent Surface

The incorporation of fluorescent groups onto/into a dendritic structure has been the
source of much investigation in the literature (Section 1.3.8). The principle use is to
make dendrimers visible by fluorescence microscopy during DNA binding studies.
Indeed, the attachment of groups such as dansyl chloride (142) and fluorescein

isothiocyanate (143) is easily accomplished (Figure 70).

Reported literature has shown that the surface of a PAMAM dendrimer can be wholly
dansylated by using an excess of dansyl chloride in basic aqueous conditions (Schotten-
Baumann procedure) to give high fluorescence.”®” This method was modified to give a
low surface coverage (4 groups) of a 4 generation dendrimer that would still allow the

remaining free amines to bind to DNA.
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Figure 70. Structures of dansyl chloride (142), fluorescein isothiocyanate isomer [
(FITC) (143) and 5-(dimethylamino)-N-propylnaphthalene-1-sulphonamide (144).

Analysis of this product by 'H NMR studies (CDCls) revealed the presence of aromatic
signals suggesting that the attachment was successful. Integral data suggests the
presence of 7 dansyl groups, but since only 4 equivalents were used this is unlikely
(such a large discrepancy is likely to be the result of integrating over such a large area, &
7.80 — 6.30 ppm). However, it is possible that a slightly higher than expected coverage
is possible as solvent may still have been present during the weighing of the dendrimer,

effectively decreasing the amount of dendrimer and thus increasing the effective
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number of dansyl equivalents used (the same problem was observed for the acetylation
of 1* generation dendrimers). UV/Vis experiments were performed (Figure 71), but in
order to get an accurate picture of the absorbances involved a small dansyl derivative

(144) was also synthesised.””

G4
2.5 — Dansylated G4
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2 .
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Figure 71. UV/Vis spectrum showing 4" generation dendrimer (9.95 x 1 0° M, Apax 280
nm, € 67,500), dansyl modified G4 dendrimer (9.58 x 10°° M, Apax 217 nm, € 262,500)
and small dansyl molecule 144 (9.33 x 10°° M, Apax 217 nm, € 45,500).

Figure 71 shows that the modified dendrimer sample has dansyl groups on its surface,
as demonstrated by the addition of a strong absorbance at 255 nm not present in the
spectrum of the unmodified PAMAM dendrimer. That this absorbance is attributed to
the dansyl group is demonstrated by molecule 144. Other absorbances of note are the
dendrimers’ absorbance at 280 nm (carbonyl n-t*) and the dansyl absorbances at 217
(naphthalene unit), 255 and 330 nm, further confirming the presence of dansyl groups
on the modified dendrimer.****”* By normalizing concentrations and absorbances it was
possible to calculate the number of dansyl groups present on the dendrimer using the
relative extinction coefficients; surface coverage was estimated at 6 groups, showing

that the UV/Vis data compares well to that determined by NMR.
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It was found that visualising dansylated dendrimers, when bound to DNA, proved
difficult so it was decided that use of a fluorescein group would be explored instead.
This group should be easier to locate within the cell nucleus as the microscopy
visualisation technique used can be more readily calibrated to its transmission
frequencies. To that end, fluorescein isothiocyanate (143) was added to a series of 4™
and 5" generation dendrimers in DMSO. These were then dialysed against water, and
their composition analysed using elemental analysis to give an estimate of the level of

surface coverage (shown below).

Table 13. FITC dendrimers synthesised and resulting coverages as determined by

elemental analysis.

Compound Dendrimer used Expected no. | Calculated no.
no. FITC groups | PEG groups
145 4-[EDA]-64-Amine 2 1
146 4-[EDA]-46-Amine-18-PEG (139) 2 2
147 5-[EDA]-128-Amine 2 23°
132 5-[EDA]-128-Amine * 2 1
148 5-[EDA]-103-Amine-25-PEG (141) 1 3

* Reaction performed with the aid of a 4™ year undergraduate student, L. Carrington.

® Sample contaminated with DMSO.
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Figure 72. UV/Vis spectrum showing FITC modified 5" generation dendrimer 147
9.12 x 10° M, Apar 503 nm, € 89,100), FITC modified 4" generation dendrimer 145
( g

9.67 x 10° M, Apax 503 nm, € 122,100) and FITC 143 (9.49 x 10° M, Apax 495 nm, €
(

25,600).

The UV/Vis spectra of 145 and 147 are shown in Figure 72 and compared with that of
FITC (143). It can be seen that the main absorbance of the fluorescein group appears at
~ 500 nm*”*~7® and thus this has been successfully attached to the dendrimers. These
FITC-modified dendrimers were then used in DNA and lipid binding studies (Sections
3.2 and 3.3).
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3.2 Dendrimer—DNA Interactions

The DNA condensation induced by a selection of PAMAM dendrimers synthesised in
previous sections was studied in collaboration with PhD student Kristina Fant
(Chalmers University, SE)****"7 and her results are included in this report to give better
idea for their applications (results reproduced with permission). Interactions between
DNA and dendrimers were investigated at various charge ratios (commonly defined as
the concentration of positive amines on the dendrimers over the concentration of the

negative phosphates on the DNA) to aid in the understanding of complex formation.

3.2.1 Comparing DNA Binding of Unmodified and PEGylated Dendrimers.

By varying the charge ratio between unmodified 5™ generation dendrimers and DNA it
is possible to use linear dichroism (LD) and ethidium bromide titrations to gain an idea

of the structure of the resulting complexes.

Figure 73. Representation of a flow Linear Dichroism setup.

Linear dichroism uses polarized light to give detailed information about the orientation
of a given sample. In this work, the sample was orientated by introducing a shear flow
gradient, i.e. the sample was placed in a narrow gap between two quartz cylinders; the
inner cylinder then being rotated to align long molecules in the sample (Figure 73). In
our case, the samples consist of complexes formed between the dendrimers and DNA,

the results of which are shown in Figure 74.
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Figure 74. Characteristics of dendrimer-DNA complexes as a function of charge ratio
(r). a) DNA compaction using unmodified G5 dendrimers shown by flow LD of the DNA
absorption band. b) Ethidium cation binding isotherms of unmodified G5 dendrimer
complexes as determined by emission measurements. c) DNA compaction comparing
unmodified G4 and PEGylated-G4 (25%, 139) dendrimers shown by LD of the DNA

absorption band. Data for ‘a’ and ‘b’ corresponds to uncondensed DNA (— or 4A); r
=02(--);r=05C"0or A);r=1(--or ®);,r=15(—);andr=2(0). Data for
‘c’, solid lines represent PEGylated G4, dashed lines represent unmodified G4, at
charge ratios r = 0.25, 0.5 and 1.

It was found that, as expected, the alignment of the DNA disappears as the amount of
dendrimer is increased, and when the DNA is sufficiently condensed the LD signal
vanishes (Figure 74a). This shows that the DNA is becoming condensed to such a
point that there is no/very little free DNA present in the sample. Figure 74b shows
results of an ethidium bromide titration which sought to discover the number of
remaining binding sites present on the DNA (its fluorescence increases considerably
once it intercalates with DNA®"®). This was modelled by estimating ethidium bromide
binding constants as well as determining the remaining fraction of available binding
sites using the ‘nearest neighbour model’.*” The data (Table 14) shows that a large
amount of binding sites remain available on the condensed DNA, which together with
the LD measurements, suggests the condensed complexes have a relatively loose

structure with a high degree of flexibility.
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Table 14. Apparent binding constants (K) and remaining binding sites after DNA

condensation for ethidium bromide bound to unmodified 5" generation dendrimer/DNA

complexes.
Ratio K (x 10°M™) | % Remaining binding sites *
Uncondensed DNA 0.33 100
r=0.5 0.17 97
r=1 0.13 91
r=2 0.05 82

* Binding site size was estimated to 2.5 base pairs and assumed not to

change upon dendrimer binding to DNA.

When the behaviour of unmodified 4™ generation dendrimers is compared with that for
PEGylated derivatives (25% surface coverage, 139) it can be seen that, from
preliminary results, the PEGylated samples do not condense DNA to the same extent,
thus giving ‘looser’ structures in which the DNA is better orientated (Figure 74¢). It
should be noted that these comparisons were made at the same charge ratio, not molar
ratio. This means that the observed difference in binding cannot be attributed to the fact
that the PEGylated dendrimer possess fewer positive charges. FEthidium bromide
binding titrations were carried out with DNA complexes (unmodified 5™ generation and
25% PEGylated 5™ generation dendrimers) formed under one of two sets of conditions:
in water or in cell growth medium (Ham’s F12).**" The binding isotherms (Figure 75)
indicate that complexes formed in water are much more dense when compared with
those in growth medium, as shown by the higher amount of intercalation of the latter.
They also show that, regardless of conditions, unmodified dendrimer samples give a
higher density complex with DNA. This interpretation of the binding results is
supported by dynamic light scattering experiments (DLS), which shows that complexes
formed in the growth medium are much larger than those formed in water (Figure 75).
The size of the complexes was also studied as a function of time; complexes formed in
water were found to be stable over a 2 hour period and remained at a size beneficial to
endocytosis®®' (G5 ~ 80 nm, G5-PEG ~ 110 nm), whilst those formed in growth

medium continued to grow into large aggregates.
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Figure 75. Effect of buffer conditions on morphology of unmodified and PEGylated
dendrimer (140)-DNA complexes as shown by ethidium cation binding isotherms (left)
and dynamic light scattering (vight). Binding isotherms for G5 (A and A ) and PEG-

G5 (O and ®) complexes as well as uncondensed DNA (0 and M), formed in water

(open symbols) or cell growth medium (filled symbols).

3.2.2 Uptake in Mammalian Cells

Confocal images were taken using fluorescence microscopy showing the uptake of
fluorescein labelled 4™ and 5™ generation dendrimers (145 and 147 respectively) in live
CHO-KI cells. These reveal that the fluorescent dendrimers (green) locate themselves
within the cells. It was observed that some of the fluorescent clusters are bigger and
brighter than others, suggesting that they have interacted with DNA and become

compacted. Similar observations were noted in the literature using HeLa cells.***
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Figure 76. Confocal images of the uptake of FITC-labelled G4 (145, top) and G5 (147,
bottom) PAMAM dendrimers in CHO-KI1 cells. All images were acquired after 1 hr

incubation at 37°C.

3.2.3 Cytotoxicity of Modified Dendrimers

Preliminary results for in vitro cytotoxicity in cultured mammalian cells of various
modified dendrimers and their corresponding DNA complexes are shown in Figure 77.
4™ Generation dendrimers with PEG or acetyl surfaces appear to significantly lower the
toxicity compared to the control, whilst others raised toxicity.”******* The results for
the complexes differ somewhat compared to the unbound dendrimers, which is not
surprising considering they have very different properties regarding size, morphology

and surface charge.
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Figure 77. Cytotoxicity of functionalised dendrimers in CHO-K1 cells following 48 hrs
incubation of dendrimers alone (top) or dendrimer/DNA complexes (bottom). The
amount of dendrimer corresponds to charge ratios 5, 10 and 50 when incubated with 1
ug DNA. The amount of dead cells was determined through measuring leakage of
cytoplasmic lactate dehydrogenase, an early indicator of cell death. Data has been

averaged over 3 experiments.
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3.3 Dendrimer—Lipid Bilayer Interactions Studied using Fluorescence

Microscopy

Fluorescence microscopy of phospholipids is a convenient tool for the study of model
biological membranes. Lipid systems can adopt a variety of liquid-crystalline phase
structures by varying the water content and/or temperature (shown in Figure 78), the
formation of which is driven by the hydrophobic effect.’ Lyotropic (can form a liquid
crystalline phase) lipids provide an accessible medium in which to monitor the
absorbance and uptake of fluorescently labelled dendrimers. The lamellar liquid crystal
phase is comprised of amphiphilic lipids arranged in bilayer sheers separated by layers
of water. This phase is useful for the study of dendrimer-lipid bilayer interactions as
each bilayer is a prototype of the arrangement of lipids in cell membranes. The
interaction of dendrimers with an inverse hexagonal phase can also be studied. In this
phase the amphiphile molecules are aggregated into cylindrical structures giving long-
range orientational order. Using fluorescence microscopy, it is possible to visually
observe the distribution and association of fluorescein-tagged dendrimers with such
lipid liquid crystals. This study was carried out in collaboration with Prof. G. Attard
(Southampton), Dr M. Dymond (Southampton) and a 4™ year undergraduate project

student, L. Carrington.

Figure 78. Schematic representations of a lamellar (left) and inverse hexagonal (right)

phase of liquid crystal lipid bilayers.
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3.3.1 Fluorescence Studies - Results

5™ Generation PAMAM dendrimers containing the fluorescent group fluorescein
isothiocyanate (FITC) (132) were synthesised and modified to possess either a 50%
acetyl (131) or 50% PEG (142) surface as described in previous sections, the FITC tag
allowing the dendrimer uptake to be monitored by fluorescence microscopy. These
dendrimer samples, either in neutral or acidic conditions (Table 15), were then added to
different lipid phases (Table 16). The dendrimer solution was kept as concentrated as
possible in order to give a greater chance of an interaction being visualised. For each
lipid sample (the anionic mixture of 1,2-dioleoylphosphaditylcholine (DOPC) and oleic
acid gave the best results), it was found that water and acidified water had minimal
effect on the lipid and thus ensured that results seen could be attributed to the

dendrimer-lipid interaction.

Table 15. 5" Generation PAMAM dendrimers used to study interactions with lipid

bilayers.
Dendrimer Surface * Concentration | Overall charge
sample Amine PEG Acetyl
A 127 — — 0.135 mM Neutral
B 66 57 — 0.185 mM Neutral
C 63 — 60 0.130 mM Neutral
D 127 — — 0.0675 mM Cationic °
E 66 57 — 0.0925 mM Cationic °
F 63 — 60 0.0650 mM Cationic °

* Dendrimer has a single FITC group. ® Made cationic by the addition of 0.5 M HCL.
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Table 16. Liquid crystal lipid composition and phase.

Liquid crystal | DOPC (%) | Oleic acid (%) | Water or saline Phase
A’ 60 40 Water Inverse hexagonal
B’ 60 40 Saline Inverse hexagonal
C 80 20 Water Lamellar

The images from the fluorescent microscopy studies are shown in Table 17 and Table

18. Where possible, a ‘before and after’ image was taken for comparison. The pale

grey areas represent the fluorescent dendrimer solution; dark grey areas are the lipid

samples. Whilst in most samples, the lipid edge remained fluorescent once it had been

in contact with the dendrimer solution, this was not counted as an interaction, it is

merely a reflection from the dendrimer solution left on the glass slide. Interactions were

perceived as absorption of fluorescent material into the inner parts of the lipid sample or

as evidence of a liquid crystal phase change.
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Table 17. Fluorescence microscopy images of neutral dendrimers with liquid crystal

lipid samples.

Lipid Sample A Sample B Sample C
Phase

A’

B’

C’
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Table 18. Fluorescence microscopy images of cationic dendrimers with liquid crystal

lipid samples.

Lipid Sample D Sample E Sample F
Phase

A’

B’

C,
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Figure 79. Myelin sheaths found in the lamellar phase when using acetylated

dendrimers.

3.3.2 Fluorescence Studies — Effect of Dendrimer Surface Functionality

From the images shown in Table 17 and Table 18 it can be seen that the type of surface
functionalisation has a significant effect on the dendrimer-lipid interaction. It was first
noticed that unmodified dendrimer samples showed little to no interaction with any of
the liquid crystalline lipids used, which is not wholly unexpected as previous studies
have shown that the size of the dendrimer plays a vital role in this type of interaction.**
It is not then unsurprising to see that PEGylated samples show the most interactions as
their molecular weight is over double that of the unmodified dendrimer (the size of
these dendrimers is unknown and merits further investigation). The most profound
effect was observed with an inverse hexagonal phase (EA’); the PEGylated dendrimer
solution was quickly taken up by the liquid crystal phase and absorbed through to its

centre.

Acetylation of the dendrimer surface has been reported to decrease the hydrodynamic
radius™* so we would expect to see no interactions as observed with the unmodified
samples. Interactions were not seen between acetylated dendrimers and the inverse
hexagonal phase for neutral or cationic samples, but the same could not be said for the
lamellar phase. In the lamellar phase (CC’, FC’), though no dendrimer absorption was
observed, phase expansion and the formation of myelin sheaths suggests an interaction

(Figure 79). This can be partly attributed to the effect of water on the lipid phase, as
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water content is essential to the type of liquid crystal phase formed. However, it can be
inferred that some of this effect is due to the interaction with the dendrimer solution as
when none is present the myelin sheath formation is slow. This data compares

favourably to that published by Orr and coworkers****%*

who showed that whilst larger
PAMAM dendrimers (7" generation) caused hole formation in lipid bilayers, smaller
dendrimers (3" generation) did not. Similarly they demonstrated that the acetylation of

5™ generation dendrimers reduced its hole-forming ability.

3.3.3 Fluorescence Studies — Effect of Dendrimer Surface Charge

There is no significant evidence to suggest that protonating the unmodified dendrimer
samples has any effect on their interactions with the lipid bilayers. It was believed that
the largest interaction would be observed between a cationic amine surface (D) and the
lipid (made anionic by DOPC/oleic acid) as this dendrimer possesses the highest charge
density, but as with the neutral dendrimer, no absorption was seen. This finding (i.e. no
difference in behaviour between charged and uncharged amine surface) could be
because the neutral dendrimers are becoming protonated when in contact with the lipid
(by oleic acid) and thus there would be little difference in the surface charge between
the assigned as ‘neutral’ and ‘cationic’ dendrimers. Futhermore, irregular effects such
as the absorption of dendrimers in some areas of the lipid sample, but not everywhere,

could reflect uneven mixing of the DOPC and oleic acid.

The cationic PEGylated dendrimer was seen to permeate strongly into the inverse
hexagonal phase hydrated with water but not into the phase hydrated with saline. It is
thought that this results from some screening of the electrostatic components of the lipid
molecules, thus not giving as strong an interaction. Whilst not as highly charged as the
amine-surfaced dendrimer (D), the PEGylated (E) and acetylated (F) dendrimers (with
only half the sites available for protonation) show the biggest evidence of disruption of
the lipid. This suggests that the interaction between dendrimers and lipids may be more
influenced by the dendrimer surface functionality than overall surface charge. This
could provide significant insights into the biological applications of dendrimers owing

to their cytotoxicity when they are polycationic.”™
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3.3.4 Fluorescence Studies — Effect of Liquid Crystal Phase

The absorption of modified dendrimers was primarily observed in the inverse hexagonal
phase, whilst lipid edge disruption and expansion was seen in the lamellar phase. The
use of saline instead of water as the hydrating agent appeared to aid absorption in the
case of neutral dendrimer samples, but was found to prevent the absorption of cationic
samples. This indicates that the mechanism by which the dendrimer is absorbed into the
lipid varies depending on its phase. Further studies would help clarify the mode of
these interactions, as well as confirm the permeation of the dendrimers through the lipid

bilayers.

3.4 Dendrimer—Lipid Bilayer Interactions Studied using Molecular
Dynamic Modelling

Dendrimers have been shown to be efficient at improving drug absorbance into cells but
the mechanism by which this occurs is difficult to study experimentally.**® Molecular
dynamics (MD) is a type of molecular modelling that enables the user to calculate the
time-dependent behaviour of a given system, making it a very useful tool for the study
of biological systems. Previously published computational studies have shown that
PAMAM dendrimers interact with lipid bilayers and can, at high generation, cause pore
formation.”®” "> However, there are few studies that directly compare simulation data
with experimental results. It is used herein to study the interaction between dendrimers
of varying surface charge and either neutral or anionic lipid bilayers in the hope that
their ability to pass through the layers (and hence be absorbed into the lipid) can be
determined. This work was performed by a 4™ year undergraduate project student, L.

Carrington in collaboration with Dr S. Khalid (Southampton).

3.4.1 Molecular Dynamic Studies — Simulations

The modelling of a solvated dendrimer-lipid bilayer system is difficult to simulate using

atomistic MD simulations because of the number of interactions that need to be
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calculated, so coarse-grained (CG) simulations were used. This technique reduces the
resolution of the system, smoothing out fine detail, as well as reducing the number of
interactions and thus allowing longer time-scale dynamics to be studied. This approach
is favoured by Lee e al.,”® who has shown that dendrimers are more efficient at
increasing membrane permeability than linear polymers, as they can span both lipid

leaflets to maximize the number of favourable electrostatic interactions.>®’

Six CG molecular dynamics simulations (using the GROMACS simulation package3 )
were run using different dendrimer-lipid systems as shown in Table 19. Two lipid
bilayer systems were simulated to investigate the effect of overall charge of the bilayer
on dendrimer permeation; a neutrally-charged membrane containing 1-palmitoyl-2-
oleoylphosphaditylcholine (POPC - zwitterionic), and an overall anionically-charged
membrane containing a 1:1 mix of 1-palmitoyl-2-oleoylphosphaditylethanolamine
(POPE) and 1-palmitoyl-2-oleoylphosphaditylglycerol (POPG). 3" Generation
PAMAM dendrimers have been modelled as an extended form by Lee ef al.®® and
functionalised by representing the terminal groups as either cationic, anionic or polar.
By visual inspection, the average simulated G3 dendrimer size agrees with the
experimental diameter of ~35 A. It should be noted that four dendrimers were used in
each simulation, which was run with a time step of 40 fs for an overall duration of 100

ns. Specific simulation details can be found in Appendix II.

Table 19. List of CG simulations run (simulation time: 100 ns).

Simulation | Lipid bilayer | No. cationic | No. anionic | No. polar
charge dendrimers | dendrimers | dendrimers

A Neutral * 4 0 0

B Neutral * 2 2 0

C Neutral * 0 0 4

D Anionic ° 4 0 0

E Anionic ° 2 2 0

F Anionic ° 0 0 4

 Composed of POPC. ° Composed of POPE/POPG.
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3.4.2 Molecular Dynamic Studies — Effect of Dendrimer Surface

Functionality

Interactions were observed in all the simulations modelled, primarily involving the lipid
head-group. In simulations using cationic dendrimers, the dendrimer was observed to
open its spherical structure and flatten along the lipid leaflet (Figure 80). This is a
result of electrostatic interactions being the main influence, the cationic terminal groups
of the dendrimer being drawn to the anionic component of the POPC head-group
(negative phosphate group). When the results of simulation A are compared with those
of D it is possible to see the strength of this interaction. When an anionic lipid was
used, the dendrimers became associated with it in about 8 ns (Figure 81), far faster than
with a neutral lipid (80 ns). Although this is a strong interaction, no lipid penetration

was observed.

Figure 80. Interaction between cationic 3 generation dendrimers and neutral lipid
(simulation A) after 80 ns. CG dendrimer is represented by blue beads, green beads

being the cationic terminal groups.
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Figure 81. Interaction between cationic 3" generation dendrimers and anionic lipid
(simulation D) after 0.16 ns (left), 1 ns (middle) and 8 ns (right). CG dendrimer is

represented by blue beads, green beads being the cationic terminal groups.

When a mixture of dendrimers with opposite charges was used (simulations B and E),
they were found to agglomerate. Initially, two oppositely charged dendrimers come
together, then two of these newly-formed neutral complexes associate (Figure 82).
This dendritic cluster then interacts with the lipid as described above to be dispersed on
the lipid leaflet. Though the size of this cluster is significantly larger than a single
dendrimer, it was not seen to insert or pass through the bilayer; a longer time-scale may
facilitate this, but this observation may be due to the charges being internalised or to the

. . 389,390
low dendrimer concentration used.”
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Figure 82. Interaction between cationic and anionic 3" generation dendrimers and
neutral lipid (simulation B) after (a) 0.4 ns, (b) 6.8 ns, (c) 15 ns and (d) 40 ns. CG

dendrimer is represented by red beads, green beads being the charged terminal groups.

Polar-terminated dendrimers were also observed to interact with both lipid systems
(simulations C and F); however, they do so in a different way from the other
simulations. Instead of the dendrimer terminal groups interacting primarily with the
charged lipid head-groups, they orientate themselves away from the lipid surface

allowing the dendrimer interior to interact as seen in Figure 83.
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Figure 83. Interaction between polar 3 generation dendrimers and neutral (left) or
anionic (right) lipid (simulations C and F respectively) after 100 ns. CG dendrimer is
represented by blue beads, gold beads being the polar terminal groups.

Though no pore formation was observed, in contrast with other studies using larger

. 388-390
dendrimers,

it is clear that the dendrimers modelled interact with the lipid bilayers.
This interaction was observed as an opening of the dendrimer structure followed by
their flattening on the lipid leaflet. Pore formation is seen in the work of Lee et al.*¥
using 7™ generation dendrimers, where they are large enough to span across the two
lipid leaflets in an effort to maximise charge balance. This infers that the 3" generation

dendrimers used in our simulations are not large enough to cross the lipid, thus the most

favourable interactions are found by their flattening on the surface.

No significant difference was seen between neutral and anionic lipids, except that
cationic dendrimers associate much faster with the latter. It was also observed that in
this case (simulation D) these electrostatic interactions are too strong to overcome the
hydrophobic effect of permeating through the hydrophobic interior of the layer
(insertion into the bilayer would increase the number of interactions of polar-nonpolar

interactions, which would increase the energy of the system).
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3.4.3 Molecular Dynamic Studies — Contacts

Using the results of the MD simulations it is possible to quantitatively compare them in
terms of the number of contact points formed between the dendrimer and lipid bilayer.
In the neutral lipid bilayer system (Figure 84), it is evident that the cationic dendrimers
form the highest number of contacts with the lipid, and in the shortest time. This shows
that the electrostatic force between the cationic dendrimer and anionic phosphate
component of the lipid head-group is significantly stronger than the van der Waals
forces and hydrogen bonds formed by the polar dendrimer. The mixture of cationic and
anionic dendrimers form the least number of contacts as a large proportion of the
dendrimer terminal groups become internalised into the resulting dendrimer cluster, and

are thus unable to interact with the lipid bilayer.
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Figure 84. Number of contacts between dendrimer terminal groups and the neutral

lipid bilayer.

When using an anionic lipid (Figure 85), the cationic dendrimers form considerably
more contacts (greater than 600) in a much shorter time compared with the neutral lipid.
This is not entirely unexpected as the number of electrostatic interactions have been
increased. The polar dendrimers form a similar number of interactions when compared
with the neutral lipid as their interaction is not driven by electrostatics; though it should

be noted that these contacts take longer to form when using an anionic lipid. Perhaps
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the most significant change is that of the cationic and anionic dendrimer mixture.
Though many of the terminal groups are internalised (giving the same number of total

contacts), the presence of the charged lipid makes the contacts form much faster.
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Figure 85. Number of contacts between dendrimer terminal groups and the anionic

lipid bilayer.

3.4.4 Molecular Dynamic Studies — Radial Distribution Function

A radial distribution function (RDF) gives the relative probability of finding a particle
within a certain distance of another.®® In this study, the RDF has been calculated for
the dendrimer terminal groups (cationic or polar) with-respect-to the lipid. For the
neutral lipid system (POPC), radial distribution functions were calculated against the
negative phosphate (PO4) and the positive choline (NC3) components of the head-
group. For the anionic lipid, radial distribution functions were calculated against the

neutral lipid component (POPE) and the anionic lipid component (POPG).
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Figure 86. Structure and assignments of POPC and POPG lipids.

As we would expect when using positively charged dendrimers, the highest radial
distribution functions were observed with the anionic components of the lipids (Figure
87). For the neutral lipid, the largest RDF for the charged dendrimer is seen at a
distance of 0.5 nm for both components, the negative component having a RDF of ~ 4
whilst the positive component has an RDF of ~ 3. The same relationships were
observed for the anionic lipid, the anionic component (POPE) giving a higher RDF (~
6) compared to that of the neutral component (POPG, ~ 1). It is not surprising that the
highest RDF using a cationic dendrimer is seen when interacting with the anionic lipid;
electrostatics plays a large role here. Since electrostatic interactions are largely
responsible for the high RDF values, it is perhaps surprising that the value for the
positive component of POPC is so high. However, this can be explained by the fact that
both components of the POPC head-group are close to each other, thus an increase in
the RDF for the anionic component will affect that for the positive component. The
large difference between components for the anionic lipid is the result of it being
composed of two lipids, the neutral one having little interaction with the cationic

dendrimer.
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Figure 87. Radial distribution function for cationic dendrimer terminal groups with
respect to the negative phosphate (POy4) and positive choline (NCs) components of the
neutral lipid bilayer, and with-respect-to the neutral POPE and negative POPG

components of the anionic lipid bilayer.

For polar-terminated dendrimers, the RDF peaks occur at similar distance to those for
the cationic dendrimers (Figure 88). It can be seen that the size of the peaks relating to
the phosphate/choline bilayer are similar, as too are those of the POPE/POPG lipid
bilayer. This shows that, in the case of polar dendrimers, electrostatic interactions with
the lipid are not present, and helps explain why their association rate with the bilayers is

slower when compared to that for the cationic dendrimers.
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Figure 88. Radial distribution function for polar dendrimer terminal groups with
respect to the negative phosphate (POy4) and positive choline (NCs) components of the
neutral lipid bilayer, and with-respect-to the neutral POPE and negative POPG

components of the anionic lipid bilayer.

3.5 Conclusions and Further Work

PAMAM dendrimers of 4™ and 5™ generation were successfully modified with acetyl,
PEG and fluorescent groups with various degrees of surface coverage. Acetyl groups
were attached to the amine surface of the dendrimers by the addition of a quantitative
amount of acetic anhydride to give well-defined coverages that were determined by 'H
NMR spectroscopy. A PEG chain was synthesised bearing a terminal isothiocyanate
group using the Gabriel Synthesis to convert a terminal alcohol into an amine (via the
corresponding bromide). The amine was then treated with thiophosgene, and the
resulting isothiocyanate used to attach the PEG chain to the dendrimer amine surface.
The extent of surface coverage was determined using elemental analysis, by comparing
the ratio between nitrogen and sulphur atoms. Fluorescent groups, namely dansyl and
fluorescein, were attached directly to the dendrimer amine surfaces at low degrees of

coverage so that the dendrimers could be visualized using microscopy techniques.
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These dendrimer samples were used by Kristina Fant (Chalmers University, SE) to
investigate their complexation and condensation with DNA samples. It was found that,
at similar dendrimer to DNA charge ratios, unmodified dendrimers formed more
condensed complexes than PEGylated dendrimers. The uptake of fluorescently labelled
dendrimers into CHO-K1 cells was demonstrated, and preliminary results pertaining to
the cytotoxicity of modified dendrimers where obtained which showed that PEG and
acetyl-G4 dendrimers have significantly reduced toxicity compared with unmodified

dendrimer samples.

Modified 5™ generation dendrimers (namely fluorescein labelled dendrimers with a 50%
acetyl, 50% PEG or unmodified surface) were used to study interactions with 3 different
lipid bilayer systems (made from DPOC and oleic acid). Protonated and unprotonated
dendrimer samples were found to show very few interactions with the lipids in the
inverse hexagonal phase, though PEGylated samples were seen to permeate into the
lipid interior. This is most likely because of the increase in size of the dendrimer arising
from the addition of PEG chains to it. When a lipid in the lamella phase was used,
acetylated samples demonstrated a disruption of the lipid surface, as shown by the
formation of myelin sheaths at a faster rate than with no dendrimer present. The lack of
effect of protonating the dendrimer samples seems to suggest that the lipid itself is
protonating them (from the oleic acid), implying that the differences in interaction

between dendrimers purely the result of the surface modifications.

A series of coarse-grained molecular dynamic simulations were run to study the
interaction of a range of 4™ generation dendrimers (cationic, cationic and anionic, and
polar surfaces) with either a neutral or anionic lipid bilayers. It was found that all the
simulations showed an interaction of the dendrimer with the lipid, principally by
electrostatic interactions and thus was viewed as an opening of the dendritic structure
and a flattening on the lipid surface. For cationic dendrimers this interaction was
strongest (and fastest, 8 ns) when the anionic lipid was used, and, it showed many more
contacts compared with those seen for a neutral lipid. When a mixture of cationic and
anionic dendrimers were used it was shown that the dendrimers are attracted to each
other to form a large dendritic cluster which then flattens on the lipid leaflet. It does
this relatively weakly with few contacts, suggesting that the majority of the charges

have been internalised. Polar dendrimers also show flattening on the lipid leaflet, but
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they do so using the interior of the dendrimer; the polar terminal groups point away
from the lipid. Radial distribution functions showed that the cationic dendrimers are
(unsurprisingly) most strongly attracted to the anionic components of the lipids, the
closest interaction occurring at 0.5 nm from the lipid surface, whilst the use of a neutral
lipid demonstrated that polar dendrimers are not attracted by electrostatic interactions.
It should be noted that no lipid permeation was observed, possibly because of the size of
the dendrimer; rather the dendrimer maximizes its number of interactions with the lipid
by spreading out along its surface. Further work should be carried out with these
modified dendrimers to help determine at what generation pore formation starts to

occur, possibly by increasing the dendrimer concentration and simulation time.

Since the simulations have shown that the dendrimers interact with the lipids, the
experimental interactions should be re-visited. It was noted that the edges of the lipids
remain fluorescent, but this was believed to be due to reflections of the dendrimer by the
glass slides. Further experiments should look to reduce this reflection to help determine
if a true interaction is occurring in these cases, as well as providing more quantitative

data.

- 145 -



Chapter 4 Histidine surface

The binding between DNA and dendrimers via a pH-controlled process has been much

d 161,330,337,356-359,395-397 398-405
2

studie so too has the protonation/deprotonation of histidine.

406 - .
in fact there is

However, little work has been done to combine these two components,
no reported evidence linking histidine and PAMAM dendrimers. Work carried out by
Kristina Fant (Chalmers University, Gothenburg, Sweden) in conjunction with this
project showed that polyhistidines have favourable binding to DNA, so it was decided
to incorporate histidine into a PAMAM dendrimer to give a pH reversible binding
system. To that end, a number of routes for attaching L-histidine (149) onto the surface
of a dendrimer were explored. Since the primary amine and the imidazole amine of the
histidine are required for binding to the DNA strands, protected histidine (Boc, Cbz or

Fmoc) must be used to avoid polymer formation when coupling to the dendrimer amine

surface.

ZT

H,N~ “OH

149

Figure 89. Structure of L-histidine (149).

4.1 Histidine Dendrimers via Peptide Couplings

Before the protected histidine was coupled to the dendrimers, small scale trial reactions
were carried out using Boc-protected EDA (150), as this was considered to be a fair
approximation to a dendrimer arm, in order to ascertain the most effective reaction

conditions.
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4.1.1 Small Scale Peptide Couplings

TI't\ ]JBOC‘”
N N.
: A
H O H O H
HzN/\/N\BOC' Boc \E ﬁ/\/N\BOC' Boc \E E/\/N\BOC'
150 151 152

0)
Boc = %)ko/k Trt = % O

Figure 90. Structures of synthesised molecules used for simple peptide couplings, Boc-
EDA (150), Boc-His(Trt)-EDA-Boc (151) and Boc-His(Boc)-EDA-Boc (152).

Mono-protected EDA 150 was synthesised by addition of di-zerz-butyl dicarbonate to an
excess of EDA in DCM. This allowed for the formation of the desired product, plus the
limited formation of the bis-protected form, and was isolated as a colourless oil (79%).
The presence of the single Boc group was confirmed by MS (ES"; m/z 160.2) and NMR
spectroscopy (CDCls, & 'H, 1.43 ppm; °C, 28.4 ppm). 150 was then coupled to either
Boc-His(Trt)-OH or Boc-His(Boc)-OH using different solvents (DCM or DMF) and
coupling agents (HBTU or EDC) in the presence of DIPEA and HOBt to form 151 and
152 respectively.

The peptide couplings were carried out by first synthesising the activated histidine ester
using HOBt at 0°C. This was followed by the addition of the amine whereupon the
reaction was allowed to warm to room temperature. After being allowed to stir (45 min
at 0°C, then 18 hrs at RT), any unreacted material and reaction by-products were
removed by repeated acidic and basic washes. The resulting crude material was then
further purified by column chromatography (typically 5% methanol in DCM; 151
R 0.33, 152 R¢: 0.28) to give a white solid or foam.
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The 'H NMR spectrum (CDCls) of 151 is seen to possess two Boc groups, one at & 1.43
ppm (Boc’) that relates to the addition of 150, the other at 8 1.35 ppm from the
protected histidine (Boc’”). There is downfield shift for the methylene units of the EDA
to 8 3.38 and 3.22 ppm. Interestingly, the integrals of these two peaks (relative
intensities of 1H and 3H respectively) suggest that the unit closest to the histidine is
near enough to the chiral centre to have inequivalent protons. Singlets in the aromatic
region at 0 7.39 and 6.66 ppm relate to the imidazole protons, whilst higher multiplicity
signals at & 7.32 and 7.10 ppm show the trityl (Trt) group. The CH and diastereotopic
CH, group of the histidine can be seen at 6 4.30 (as a broad quartet), 3.07 (as a double
doublet) and 2.91 ppm (as a double doublet) respectively, whilst the amide singlets can
be seen at & 6.89, 6.13, and 5.58 ppm. While °C NMR and 2D NMR (COSY and
HMQC) spectra confirm these assignments, it should be noted that the methyl
substituents of both Boc groups appear at the same chemical shift (°C & 28.4 ppm).

Elemental analysis and HRMS both support the formation of 151, which has a melting
point of 72 — 74°C.

The "H NMR spectrum (CDCl;) of 152 is a very similar to that of 151. The imidazole
Boc group appears at § 1.60 ppm, while the two remaining Boc groups both now appear
together at 0 1.44 ppm. This suggests that the different imidazole protecting groups,
even though they are not in close proximity, have an intramolecular effect on the
remaining histidine Boc’ group. The replacement of the Trt with a Boc group also
causes a downfield shift of the imidazole protons to & 8.02 and 7.18 ppm. In the "°C
NMR (CDCIs) spectrum, the new Boc group appears upfield compared with the others
at 8 27.9 ppm, while the imidazole carbons remain largely unchanged (though there is a
small upfield shift of the Boc-N-CH-C-CH;- compared to 151). Once again, elemental
analysis and HRMS indicate the formation of 152, the melting point of which is lower
than 151 at 60 — 62°C.
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Table 20. Percentage yields of coupling reactions.

Boc-His(Trt)-EDA-Boc (151) Boc-His(Boc)-EDA-Boc (152)

HBTU EDC HBTU EDC
DCM 69" 76 48° 75
DMF 84" 42 61 52

? These reactions contained a small amount of impurity (1,1,3,3-tetramethylurea) that was

hard to remove by column chromatography, thus slightly artificially inflating their yields.

For the formation of 151, the best combination of coupling agent and solvent was found
to be EDC in DCM, giving a yield of 76%. The use of HBTU as a coupling agent was
found, in this case, to give a by-product that had a very similar R to the desired product
and which proved hard to remove, artificially increasing the yield. Similar results were
obtained for 152; overall, EDC in DCM gave the highest yields but those using HBTU
gave a greater consistency. Unless the dendrimer has been PEG modified, and thus
soluble in DCM, it is most likely that the solvent of choice will be DMF, so for that
reason HBTU will be the reagent of choice for the couplings because of its higher yields

in this solvent.

4.1.2 Couplings using Boc Protected Histidine

As a point of interest, Boc-His(Boc)-OH was coupled to the surface of a 4™ generation
PAMAM dendrimer with the aim to achieve total surface coverage (153). The reaction
was performed in DCM/DMF, as it was believed that although the dendrimer was
insoluble in DCM the product would be soluble, using HBTU as the coupling agent.
When the dendrimer was added to the amino acid/coupling agent mixture the solution
changed to dark orange and then to brown. After 18 hrs a brown precipitate had
formed. Since it was known that all the starting materials and expected coupling by-
products are soluble in the solvent system used, it was reasonable to assume that the
formation of a solid was due to the formation of the desired product 153. Upon closer
inspection, the precipitate was found to be an insoluble highly viscous oil (suggesting a
dendritic structure) and this was collected by centrifugation (no acid/base washes were

performed owing to the likely formation of an emulsion). Normally the product would
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be subject to dialysis. However, this material was found to be insoluble in conventional
solvents, and only partially soluble in DMSO and so dialysis was not attempted due to
safety concerns. The decanted supernatant liquid was reduced to give a brown oil that
NMR revealed to contain no dendrimer peaks, but did show the presence of the

coupling by-product (1,1,3,3-tetramethylurea).

The poor solubility of the product meant that its surface coverage could not be
determined. Attempts were made to remove the Boc protection using TFA, but once
again this resulted in the formation of an insoluble product. Published data indicates
that the removal of Boc groups from a dendrimer surface is possible,”**"’ but the high
density of histidine might be hindering this deprotection. In order to increase the

solubility of these dendrimers, lower coverage reactions were investigated.

The initial trial reactions (using DMF as the solvent) were found to have an undissolved
component (dendrimer), so a small amount of water was added to aid solubility. Using
the same reagents as described above, the expected coverage would have been 10% and
25%, but by '"H NMR studies they were found to be 7.1%, (154) and 14.5% (155)
respectively (it should be noted that where coverage is low, the product dendrimer is
soluble in methanol). It was originally surmised that the low coverage was due to the
addition of water, which would interfere with the coupling intermediate regenerating the
starting material. To test this hypothesis the reaction was tried again using DMSO, but
this resulted in only a 16.4% coverage (156; 25% expected). These results suggest that
the solvent has only a minor effect, the major concern is therefore likely to be the bulk
of the intermediate group being added to the surface. Despite these problems, it can be
confirmed that protected histidine has been successfully coupled to the dendrimer

surface.

TFA was again employed to remove the Boc protecting groups of the histidine, starting
at a low concentration (5%) in methanol to avoid any damage to the PAMAM structure
(via an acid-catalyzed retro-Michael addition). Once the dendrimer had been added, the
solution was stirred for 60 minutes before being quenched with NaHCOs and dialysed
against deionised water. This however failed to remove the protecting groups (as
monitored by '"H NMR data), so higher concentrations of TFA were used (up to 50%;

larger ratios could degrade the dendrimer) together with longer reaction times but this

- 151 -



again showed no signs of deprotection. This may be due to the terminal histidine units
folding into the interior of the dendritic structure, a phenomenon often observed with

dendrimers, thus helping protect it from the TFA.

4.1.3 Couplings using Fmoc or Cbz Protected Histidine

Since the removal of Boc protecting groups has proved difficult, it was decided to try
other forms of protection. Upon trying to attach Fmoc-His-OH (157) to a 1** generation
dendrimer it was found that the Fmoc group was removed by the surface amines, so

Fmoc protection was not used in conjuncture with full generation dendrimers.

i\ R
0 0
\ N \ N
0] 0
Fmoc\N OH Cbz\N OH
H H
157 158

(0]
Fmoc = O?O OJ\;\ Cbz = ©/\O)OL£

Figure 91. Structure of Fmoc-His-OH (157) and Cbz-His-OH (158).

It was decided that, since the removal of Boc protecting groups had proved difficult to
achieve and Fmoc groups were removed by the dendrimer itself, carboxybenzyl (Cbz)
protection should be used as an alternative. Its removal is achieved by catalytic
hydrogenation, which was not expected to cause any damage to the dendrimer. Cbz-
His-OH was coupled to the surface of a 4™ generation PAMAM dendrimer (8 groups)
using HBTU/HOBt in DMF/water (25:3 mL). The resulting solution was dialysed in
deionised water for 2 days followed by deionised water/methanol (1:1) for 3 days (159).
Comparison between integrals of 'H NMR (MeOD) spectrum at & 2.37 ppm (internal

dendrimer signal) and the aromatic region & 8.12 — 7.24 ppm (Cbz and imidazole
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groups) suggested 7 Cbz-His groups to be present. '*C NMR data also showed the

presence of aromatic signals relating to the Cbz-His group.

The deprotection of 159 was performed in ethanol/methanol (3:1) in the presence of
palladium on carbon catalyst under a hydrogen atmosphere. After stirring overnight the
catalyst was removed by filtration and the dendrimer was dialysed in methanol. This
gave a pale green product (160) suggesting that some of the catalyst was trapped in the

interior of the dendrimer

so it was re-filtered and dialysed to give the final product as
a viscous pale yellow oil, the 'H NMR (D,0) spectrum of which showed the presence of
multiple aromatic signals suggesting that the protecting group had not been removed.
Analysis of the integrals, however, showed that fewer Cbz groups were present. The
ratio of the aromatic signal to internal dendrimer arm for Cbz-His-PAMAM was 5.00 to
24.06H, whereas for the attempted deprotection the ratio was 3.65 to 24.06H. For
complete removal of the protecting group we would expect an integral ratio of 0.71 to

24.06H, so the reaction was repeated under the same conditions but with no further

effect.

As previously mentioned, the major concerns with putting any group onto a dendrimer
surface are reactivity and bulk of the linker groups. If we assume the amine groups of
the dendrimer are all located at the surface (unlikely), then it is the steric bulk of the
group to be attached which is the major issue, thus leading to lower surface coverage.
However, it is more likely (as suggested by computational studies),'””'**** that the
terminal amines lie within the structure (i.e. not at the surface) in which case a bulky
linker group would be hard pressed to penetrate the dendrimer and react. The use of
peptide coupling agents, though shown to successfully couple histidine to the dendrimer
surface, react slowly and give a low surface coverage. Furthermore, because of the
nature of these couplings, protected histidine must be used. To overcome these
problems two further synthetic routes were considered, one using an isothiocyanate
linker as it is a small and reactive group, the other utilizing ‘Click’ chemistry that

exploits the triazole ring formation from an alkyne and an azide.
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4.2 Histidine Surface via an Isothiocyanate linker

The use of isothiocyanate linker units has already been discussed in Section 3.1.2 and
has been shown to give well-controlled coverage (i.e. when 25% PEG-NCS coverage
was aimed for, ~ 25% coverage was achieved). Thus, a protected histidine was
modified in such a way as to allow for the formation of a primary amine that could then
be turned into an isothiocyanate group as shown below (initial trials into this route were

carried out with the aid of a 4™ year undergraduate project student, S. Moore).
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Scheme 12. i, Boc;O, DCM; ii, Fmoc-OSu, NaOH, H,O/MeCN; iii, Conc. HCI, MeOH;
iv, Boc-His(Boc)-OH*DCHA, HBTU, HOBt, DIPEA, DCM; v, Piperidine, DMF’; vi,
CSCI2, NCIQCOj, CHClg.

It was decided that a unit containing an Fmoc-protected amine should be coupled to the
Boc-protected histidine as this will provide the extra amine group required to make the

isothiocyanate derivative (Scheme 12). To that end, the synthesis of 161 was first
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attempted by the addition of Fmoc-OSu to stirred EDA but it was found that the amines
of the EDA deprotected any of the formed product so a literature route was used.**®
Fmoc-OSu in acetonitrile was added to previously prepared 150 under basic conditions,
which caused 161 to precipitate as a white powder in a 71% yield. MS and NMR
spectra were consistent with the introduction of the Fmoc group (peaks being observed
in the aromatic region for both 'H and 3C NMR spectra) though the melting point (135
— 137°C) was lower than previously reported (155 — 156°C).**®® The literature procedure
removed the Boc group using a saturated solution of HCI in diethyl ether (prepared by
dropping conc. H,SO4 onto NaCl and bubbling the resulting gas through diethyl ether)
but this was found to be ineffective. Instead, 161 was added to a 50% solution of conc.
HCI in methanol and allowed to reflux.*”® Upon cooling, product 162 precipitated and
was crystallised from hot methanol and diethyl ether to give the HCI salt as white
needles (93%). Since the salt is formed, the primary amine cannot cause the
deprotection of the Fmoc group. MS and NMR spectra (no Boc group seen) was again

408

consistent with published data,”™” though no literature melting point (123 — 125°C)

could be found for comparison.

162 was then coupled with Boc-protected histidine using HBTU/HOBt to give 163,
after purification, as a white solid (89%). When EDC/HOBt was used for this coupling
only a 9% yield was achieved. Both 'H and ?C NMR (DMSO-ds) show a shift for the
methylene unit adjacent to the amine of 161 (from 8 2.84 to 3.30 ppm and 6 38.5 to 40.3
ppm respectively) suggesting coupling had occurred (interestingly these protons are
equivalent unlike in the case of 151 and 152 where they are diastereotopic); 2D NMR
(HMQC), MS and elemental analysis confirmed this. The melting point of 163 was
found to be 99 — 100°C which is higher than those for the previous histidine couplings
made (151 and 152).

Fmoc deprotection is well documented in the literature®*®#!%4!!

and proceeds via the
deprotonation at the tertiary CH position (usually by piperidine) to give a resonance-
stabilized anionic intermediate. This then forms dibenzofulvene and an amine whilst
releasing CO,. It should be noted that the dibenzofulvene reacts further with the
piperidine at the double bond to regenerate the tertiary CH. The deprotection of 163

was carried out at room temperature using a 20% solution of piperidine in DMF. The

reaction was followed by thin layer chromatography (TLC; 5% methanol in DCM) and
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showed that the reaction had gone to completion overnight. Two spots were observed,
Rg 0.96 and Ry 0.00, the dibenzofulvene-piperidine by-product and product/residual
piperidine respectively. No solvent system could be found that would allow for the
recovery of the product and separation by crystallization proved unsuccessful. Mass
spectrometry (ES") was performed on the aqueous phase from the work-up and was
found to contain dibenzofulvene-piperidine (m/z 264.3). The deprotection was also
carried out using piperazine in an effort to reduce any side reactions taking place (as
described by Wade et al.*'?), but once again whilst the deprotection by-product was

observed, 164 was not.

As a result, a new route to the amine (Scheme 13) was explored using the Gabriel
Synthesis.*”> Protected histidine was coupled to 3-chloropropylamine to give 167 as a
white foam (84%). Compared with other histidine derivatives made, the melting point
was relatively low (43 — 45°C) suggesting that those with extra Boc (152, 60 — 62°C) or
Fmoc (163, 99 — 100°C) groups have increased intermolecular interactions in the solid
state. NMR (CDCls) and HRMS spectra confirmed that formation of this product, a
chlorine isotope pattern being observed in the latter case.
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Scheme 13. i, 3-Chloropropylamine*HCI, HBTU, HOBt, DIPEA, DCM; ii, Potassium
phthalimide, MeOH, reflux; iii, Hydrazine, MeOH.
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The second step involves the addition of potassium phthalimide to 167 in methanol (at
reflux), which will displace the chloride to give 168 and KCI. An aqueous workup was
used to remove the salts and the organics were purified by column chromatography.
The major product was identified as Boc-His-propylchloride (i.e. starting material
minus a Boc group). The '"H NMR spectrum (MeOD) displayed only one Boc group
signal at 8 1.35 ppm as well as no new peaks in the aromatic region relating to the
phthalimide group (the Boc group that was lost was that attached to the imidazole ring).
MS (ES") data showed a peak at m/z 331.2 (100%) that was assigned as [Boc-His-
propylchloride + H]" (showing a chlorine isotope pattern), further confirming that the
desired product had not been formed. It seems evident that the conditions used here
promote the loss of the imidazole Boc group so the reaction was repeated using less
harsh conditions i.e. without reflux. This, however, resulted in the same deprotected
material being formed, further suggesting that the imidazole Boc group is not stable in
the presence of potassium phthalimide under even mild conditions. Given this
information, work on this route was halted, as even using a better leaving group (such as
bromide or in the presence of an iodide catalyst) would fail to give 168 in adequate

yield.

It should be noted that there are other options that could be explored, for instance the
primary amide could be formed and then reduced, but the reduction may effect other
functional groups within the structure.*® It may also be possible to form the isocyanate
from the acid via a Curtius Rearrangement, though this may prove to be too reactive for

. . 414-416
the dendrimer solvent medium.

4.3 Histidine Surface via Click Chemistry

The routes discussed above have been shown to have some major drawbacks, namely
poor attachment to a dendrimer surface and deprotection problems. Whilst using an
isothiocyanate linker alleviates one of these issues, the protection on the histidine still
needs to be removed which has been shown to be hard to do. A solution to both these
problems can be found by using an azide-alkyne Huisgen cycloaddition, also know as a

169,170

‘Click’ reaction. By partially attaching a small alkyne-containing group to the

- 157 -



surface of a dendrimer, and modifying a histidine unit to contain an azide group, we can
link them together to form a 1,2,3-triazole using a copper (I) catalyst. This avoids the
use of any bulky coupling agents as the alkyne-containing group can be attached using
an isothiocyanate group (that will also introduce a sulphur atom for elemental analysis)
whilst the ‘click’ step requires little surface space. The modified histidine unit also
gives an advantage over previous routes as it can be deprotected before it is put onto the

dendrimer surface.

4.3.1 Alkyne Surfaced Dendrimer

As with all surface modifications, the best ways to characterise these materials is by
'H/"*C NMR spectroscopy and elemental analysis. To that end, the alkyne-containing
unit was designed in such a way as to be attached to the dendrimer using an
isothiocyanate linker and also to contain an easily recognizable group by NMR, the

synthesis of which is shown below.
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Scheme 14. i, Boc;O, DCM; ii, Propargyl chloride, Nal, K;COj3, acetone; iii, TFA,
DCM; iv, CSCl,, NaHCO3;, DCM, 0°C; v, PEG-G4 (EDA), TFA, DCM.
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We decided to base this unit around 1,2-diaminopropane as it is a similar size to EDA
and has a methyl group that lies outside the dendritic region in both "H and *C NMR.
Since there are two amines present, a large excess of the diamine was used in the Boc
protection step together with a large amount of solvent to afford a high dilution. The
first attempts gave a high yield (>90%) but low purity, approximately 3 molecules of
171 for every regio-isomer fert-butyl l-aminopropan-2-ylcarbamate. With a higher
dilution a lower yield (44%) but higher purity (7:1) was achieved. Given the cheapness
of the starting materials involved, this lower yielding but more selective reaction was
deemed more suitable. Analysis by "H and *C NMR spectroscopy (CDCls) confirmed
that the methyl group lies outside the normal dendritic range, this group appearing at 0
1.05 (doublet) and 21.5 ppm respectively. 171 was then added to a solution of dry
acetone containing 2.2 equivalents of propargyl chloride in the presence of sodium
iodide and  potassium  carbonate to  give tert-butyl-2(N,N-di(prop-2-
ynyl))aminopropylcarbamate (172). Purification by column chromatography gave the
product as a colourless oil in reasonable yield (30%) and also showed that a small
quantity of the mono-substituted product was formed. This purification step also
removed any of the isomer formed during the previous reaction. '"H NMR data (CDCl3)
showed a downfield shift for the chiral CH proton from & 3.11 to 3.22 ppm as well as
the introduction of new signals at & 3.43 (singlet) and 2.22 ppm (triplet) relating to the

propargyl units.

The Boc deprotection was first carried out using refluxing conc. HCI in methanol. This
was found to remove some of the alkyne groups and give poor NMR resolution so TFA
in DCM at RT was then used which gave a quantitative yield of 173. Mass
spectrometry (ES") revealed two signals (m/z 134.1 (100%) and 151.1) suggesting that
one of the alkyne units had fallen off, but integrals in the '"H NMR spectrum (MeOD)
showed that pure product had been formed, so this observation is most probably because

of the electrospray ionization.

The formation of 1-isothiocyanato-2-(N,N-di(prop-2-ynyl))aminopropane (174) was
formed by addition of 173 to a stirred solution of thiophosgene in DCM in the presence
of sodium bicarbonate. When a slow addition rate was used it was found that two units

of 173 became joined by a thio-urea so the reaction was repeated with an even slower
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addition rate to yield the desired product as a pale brown oil (96%). 'H NMR data
(CDCl3) indicated the presence of the isothiocyanate through a downfield shift of the
adjacent methylene unit while >C NMR data showed a downfield shift from & 21.7 to
48.6 ppm for the same group. FTIR spectra revealed the presence of alkyne stretches
(3292 cm™) and isothiocyanate stretches (2100 cm™) whilst MS showed the presence of

both the product and the methanol derivative (sample run in methanol).

The attachment of 174 to an unmodified 4" generation dendrimer (in H>O/dioxane)
resulted in a yellow oil that, upon drying, became insoluble in all common laboratory
solvents. To aid the solubility of this product, the reaction was repeated using a
dendrimer that had been modified with PEG groups (this was achieved via a method
described in Section 3.1.2 and was found to possess 18 PEG groups by elemental
analysis; 139). The presence of the PEG groups allowed the reaction to be performed in
DCM, thus avoiding any water related by-products. 175 was purified by dialysis in
DCM/methanol and found to be readily re-solublised after drying. Elemental analysis
showed 28 sulphur atoms to be present; since 18 are known to come from the PEG
chains 10 must be due to the alkyne units, thus we have 20 alkynes on the surface of the
dendrimer. The presence of the alkyne groups was confirmed by NMR spectroscopy,
principally from signals at & 3.51 (CH=C-CH>-) and 1.38 ppm (-CH,-CH(CH5)-N-) in
the proton spectrum and 6 71.8 (CH=C-CH,-), 68.1 (CH=C-CH;-) and 13.9 ppm (-CH;-
CH(CH3)-N-) in the carbon spectrum, though not by FTIR as the spectrum was

dominated by the dendrimer stretches.
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4.3.2 Azide Modified Histidine
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Scheme 15. i, 3-ChloropropylaminesHCI, HBTU, HOBt, DIPEA, DCM; ii, 3-
BromopropylaminesHBr, HBTU, DIPEA, DCM, iii, NaN;, DMF, 60°C; iv, TFA, DCM.

The synthesis of the azide component of the ‘Click’ reaction is shown in Scheme 15.
The Boc-protected derivative of histidine was used in these reactions as this can be
easily removed prior to the ‘Click’ reaction; Trt protection was thought to be too easily
removed by repeated acidic workups. 167 was synthesised using standard peptide
coupling reagents (as described in Section 4.2.1) as a white foam (81%). No azide
could be formed from this product, the chlorine being a poor leaving group and no
reaction was observed even in the presence of sodium iodide. To check that the Boc
groups could be removed, 167 was added to TFA in DCM and gave the desired product
180 (NMR showed no Boc present) in a 98% yield as a white solid (mp: 38 — 40°C).

To aid the formation of the azide, 3-bromopropylamine was coupled to the protected
histidine as the bromine is a much better leaving group. Despite the formation of the

desired product 176, it also resulted in the formation of the by-product 177. This is due
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to HOBt being formed from the HBTU as it reacts (Figure 92), which can then displace
the bromine. It is for this reason that no extra HOBt was added to make the activated
ester intermediate. These products were then separated by column chromatography to
give white foams (176: 43%, 177: 12%), the desired product being confirmed by HRMS
and NMR data (mp: 40 — 42°C, similar to that of 167). This reaction was repeated using
EDCI as the coupling agent as this would eliminate the formation of 177, but it was

found to give a reduced yield of the desired product.

/\/\Br

+
]
TZ

OH PR
HOBt

HPF,

Figure 92. HOBt formation during a peptide coupling reaction using HBTU.

Sodium azide was then added to a solution of 176 in dry DMF and the mixture was
allowed to stir at 60°C.*"7 After purification, the product was found to be a colourless
glass (32%), NMR and HRMS data confirming formation of the product. The NMR
(CDCls) spectrum of 178 shows a change in the shift values of the aliphatic chain,
namely the two methylene units closest to the azide; they move upfield in the proton
spectrum (compared to 176) from 6 3.33 and 1.97 ppm to 8 3.22 and 1.73 ppm
respectively, whilst in the carbon spectrum the adjacent methylene carbon moves
downfield from & 30.5 to 32.3 ppm whereas the other moves upfield from 6 32.1 to 28.6
ppm. The final step was the Boc deprotection using TFA, which resulted in formation
of the white TFA salt 179 (85%). Though *C NMR spectra (DMSO-ds) did not show
the presence of TFA, yield calculations suggest that two TFA molecules are present in

the salt (which we would expect since two Boc groups are being removed). The 'H

- 162 -



NMR spectrum and MS (ES"; m/z 250.2) showed that the desired product had been

formed, the former indicating that no Boc groups were present.

4.3.3 Click Reaction

S 80,174,176
Following literature proceedure,

the alkyne surfaced dendrimer 175 and azide
modified histidine 179 were placed in THF/water in the presence of sodium ascorbate
and copper sulphate. The sodium ascorbate reduces the copper from Cu (II) to Cu (I)
which then initiates the ‘click’ formation of the triazole as shown in Figure 93 (it

should be noted that only the isomer with the least steric hindrance is shown).

N N
X~ TR
N
R — H
[CuL,J*
+H H
R CuL,
; ( R — CuL,
N N
X~ TR
N
-+
R'—N—N=N
R R — CuL,
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Lol ~— N—p
N N=N
\N/ \R

Figure 93. Formation of a 1,2,3-triazole during a ‘click’ reaction.

If the desired product (181) had formed we would expect to see aromatic peaks in the
'H NMR relating to the imidazole from the histidine and the triazole, together with a
downfield shift of the methylene units adjacent to the triazole. None of these were
observed (Figure 94). Instead, it can be seen that the peak relating to the methylene
adjacent to the alkyne remains unmoved (MeOD, 6 3.55 ppm), suggesting that some, if

not all the alkynes failed to react. It is hard to say whether any reaction took place as it
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is impossible to get accurate integral data because of the broad dendrimer and PEG
peaks that overlap most methylene signals, though the scarcity of signals in the aromatic
region would seem to confirm that no reaction had occurred. In the *C NMR spectrum
(MeOD) once again no aromatic signals were observed, though new peaks appeared at 0
51.2, 40.1 and 34.6 ppm. The peak at 8 51.2 ppm could be due to a methylene unit
located next to the triazole though other peaks suggest the alkyne is still present. It
remains unclear as to what the other two peaks are, but they could be due to the

histidine unit.

/c”N/ﬁ/N %
] A M JL

Figure 94. "H NMR spectra of 174 (top, CDCl3), 179 (middle, DMSO-ds) and product
after Click reaction 181 (bottom, MeOD) all run at 400 MHz.

If a “Click’ reaction had indeed taken place we would be introducing more nitrogen onto
the molecule that should lead to an increase in the N:S ratio observable by elemental
analysis. However, this was not seen; analysis showed that when 28 sulphur atoms
were present (known from previous experiments), the amount of nitrogen remained the

same as the starting material further suggesting that no reaction had occurred.
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It has become clear that the key to these reactions lies with the solubilising effect of the
PEG chains. Without them the alkyne modified dendrimer becomes insoluble, whilst
their presence can provide enough steric hindrance to prevent the reaction occurring.299
Further work in this area should look at limiting the number of solubilising groups
whilst increasing the number of alkynes present. This should lead to increased

reactivity as well as better NMR resolution making the reactions easier to follow.

4.4 Conclusions and Further Work

We aimed to attach histidine onto the surface of a PAMAM dendrimer in such a way as
to allow for binding to DNA i.e. leaving the primary and imidazole amines free of
protecting groups. To that end, trial couplings were made between Boc-His(Trt)-OH or
Boc-His(Boc)OH and the small molecule Boc-EDA (to simulate a dendrimer arm)
utilizing different reagents and solvents. It was found that HBTU/HOBt in DMF was
the system of choice giving consistent yields in a solvent that gave high solubility to

PAMAM dendrimers, though EDC in DCM gave higher yields in both cases.

Boc-His(Boc)-OH and Cbz-His-OH were successfully attached to the amine surface of
4™ generation dendrimers using the conditions stated previously. In the case of the Boc
protected species, high surface coverage resulted in an insoluble product, whilst using
less histidine gave higher solubility but lower than expected coverage (approx. 65% of
expected value). This was at first attributed to the use of a small amount of water in the
reaction, but when it was repeated in DMSO a similar observation was made. It is
believed that the bulky nature of the amino acid intermediate is to blame. Furthermore,
the terminal amine groups may lie within the interior of the dendrimer. It should be
noted however, that when Cbz-His-OH was used an accurate coupling of 8 groups was
made, suggesting that it this low coverage was affected by the imidazole protecting
group. Couplings made using Fmoc as the protecting group were found to fail as a
result of the amines of the dendrimer itself removing the Fmoc group before the
histidine could attach. A greater number of couplings would help increase our
understanding of how the bulky intermediate affects different surface coverage’s as well

as showing the highest coverage (whilst retaining solubility) possible.
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Reaction of Boc-protected histidine dendrimers with TFA resulted in little deprotection;
Cbz was found to be more reliably removed by hydrogenation using a palladium on

carbon catalyst.

The synthesis of a histidine unit that could be attached via an isothiocyanate linker was
attempted using two routes. The first involved the coupling of protected histidine to
Fmoc-EDA; the Fmoc group could then be removed to give a primary amine that could
be converted into the isothiocyanate. It was found that the removal of the Fmoc group
left a product that was hard to isolate, so a second route was tried. This involved using
the Gabriel Synthesis to convert a chloride into an amine via a phthalimide intermediate.
However, the synthesis of this intermediate resulted in the removal of the imidazole
protecting group, so work on this route was halted. Further work to explore the
introduction of a sulphur atom into the attachment of histidine onto a dendrimer is

required, possibly utilizing different protection strategies and linker groups.

The use of a ‘Click’ reaction between an alkyne and azide was explored. A small alkyne
containing molecule was synthesised that contained both an easily recognizable group
by NMR and a sulphur atom that would allow for surface coverage calculations via
elemental analysis. It was found that a dendrimer modified with PEG chains was
required as without them, the product was very difficult to solubilise. Boc-His(Boc)-
OH was modified to contain an azide group before being deprotected. These two
components were then reacted under ‘Click’ conditions using a Cu (I) catalyst but it was
found from NMR spectra and elemental analysis that none of the desired product had
formed. This is most likely because of the bulk of the aforementioned PEG chains. By
reducing the number and length of the PEG chains on the dendrimer it might be possible
to limit their interactions during the ‘Click’ process whilst retaining this solubilising

effect.
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Chapter S Incorporating Azobenzene into a PAMAM

Architecture

Dendrimers containing the photo-responsive group azobenzene have been studied for a
wide range of applications, though most work has looked at using these units either as
the core or on the surface (Section 1.3.8). By building a dendrimer around an
azobenzene core, a change in hydrodynamic radius can be observed, though this
typically requires stiff extension arms in each shell.”>***** PAMAM dendrimers with
an azobenzene core were studied by Ghosh et al. and were found to give limited

hydrodynamic changes after generation 2.5.'2¢!

It was decided at the onset of this project that a photo-responsive dendrimer would
possess advantageous properties for DNA binding, principally the potential ability to
compact/decompact the DNA as a response to illumination at a suitable wavelength.
Work with photo-responsive groups within this thesis has concentrated on introducing
azobenzene units into/onto a PAMAM dendrimer as there has been little reported
concerning their inclusion in the interior of the dendritic structure. Different methods of
azobenzene synthesis have been investigated here with the aim of incorporating these

units into the arms a dendritic structure.

5.1 Azobenzene as the Core

Published literature has shown that azobenzene can be attached to the surface of

27 as well as used as a core,251 but little data was found about

polyamine dendrimers
using it as part of the branching structure of PAMAM derivatives. In order to
synthesise an azobenzene unit that can do such a task, it must possess a free amine
group at one end, as well as a means of attachment to the developing dendrimer at the

other.
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Work by Ghosh et al. was repeated to help give a greater understanding of azobenzene
synthesis using aromatic compounds that possess no electron donating groups (which

261

are commonly used in azobenzene synthesis). To that end, a dicarboxylic acid

derivative of azobenzene was synthesised from p-nitrobenzoic acid in one of two ways

(Scheme 16).

Cl

—_—
or 111 ii @/

182

Scheme 16. Formation of azobenzene-4,4’-dicarboxylic acid. i, Glucose, NaOH, H,0,
50°C; ii, acetic acid, iii, Zn powder, MeOH/H,O0, reflux, iv, PCls, 1,2-dichloroethane; v,
SOCl, DCM, cat. DMF.

In the first instance, glucose in water at 50°C is added, via cannula, to a solution of p-
nitrobenzoic acid (182) and sodium hydroxide in water (also at 50°C), resulting in an
orange precipitate.*'®*"®  Upon acidification with glacial acetic acid, the solid turned
pink and, when dried in an oven, gave product 183 as a brown insoluble solid (60%).
Though this procedure was repeated multiple times, no analytical data concerning the
product could be acquired because of its insolubility. The second route involved
refluxing the starting material with zinc powder followed by an acidic workup, which
when dried gave the product (183) as a pink solid in a 69% yield.***! Unlike in the
previous route, it was found that this product was sparingly soluble in DMSO. 'H NMR
(DMSO-de) data showed a broad singlet (& 12.27 ppm) and two doublets (6 6.73 and
7.74 ppm) relating to the desired product, but also that some starting material remained.
In view of its poor solubility no further purification was attempted. These reactions
share a common mechanism, namely the reductive coupling of two nitro groups to an
azo linkage (it is important to note that the presence of a large excess of the reducing

agent will further reduce the azo unit to a hydrazine group).
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The di-acid (183) was then converted to the di-acid chloride (184) using either
phosphorus pentachloride (27%)*'® or thionyl chloride (70%). Both gave the product as
red crystals which showed a change in the aromatic signals in both 'H and 3C NMR
spectra (CDCls; 8 7.93 and 8.18 ppm, and 6 123.5 and 132.5 ppm respectively), though
further analysis by >C NMR revealed the presence of trace impurities in the higher
yielding reaction. These compounds were then introduced to previously prepared
dendritic wedges (dendrons), 1.5-[PAMAM dendron]-4-Ester, in dry DCM to see if
dendrimers with an azobenzene core could be made (Scheme 17). It was found that the
major product from this reaction was not 1.5-[Azobenzene]-8-Ester 186, but a mono-
substituted version. It was found that one end of the azobenzene core would react
readily with the dendritic wedge, whilst the other was found to react with methanol that
had become trapped in the dendritic structure during its’ synthesis (187). To check this
hypothesis a different core was used, that of terephthaloyl chloride, but similar results

were obtained.
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Scheme 17. Formation of 1.5-[Azobenzene]-8-Ester. i, Triethylamine, DCM.
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Figure 95. Molecules formed to study rigid core.

A further approach for introducing azobenzene as a dendrimer core is to extend it using
rigid groups (to allow for greater hydrodynamic volume change) and grow the
dendrimer using the divergent method. To that end, di-acid chloride 184 was added to
previously prepared ‘butyl-4-aminobenzylcarbamate (188, 93%) to give an extended
core with protected amines at either end (189) in high yield (95%). The product had to
be precipitated from DMSO and gave a melting point greater than 300°C. The complex
NMR spectrum suggested that the orange solid was pure (NMR assignments aided by
comparison with previously prepared 191, 48%). Attempts at deprotecting 189 with
TFA led to the formation of 188 and 190, suggesting that the amide bonds in this
molecule are not stable to such an acidic environment. The assignments of these
products were deduced primarily from 'H NMR, which, though giving a very weak
signal as a result of being sparingly soluble in DMSO, showed too few Boc groups for
the number of aromatic protons present. The synthesis of 192 was attempted from 184,
p-Xylylene diamine and triethylamine so as to avoid the deprotection step, but the

resulting orange solid proved to be insoluble in all common laboratory solvents.

5.2 Azobenzene at the Interior

Having learnt that methanol may always be present during reactions with dendrons, and
that synthesising a more rigid core leads to solubility problems, it was decided that a

better approach would be to attach the azobenzene unit to the surface of the dendrimer
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in such a way as to allow for continued growth. Initially, two routes were investigated,
the first was to use an isothiocyanate linker (Scheme 18), the second involved the use of

either an acid chloride or via peptide coupling with a carboxylic acid (Scheme 19).
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Scheme 18. Formation of azo dyes. i, MnO,, CHCI;, reflux; ii, conc. HCI, NaNO,, H>O,
<5°C; iii, aniline, RT; iv, sodium acetate, NaOH; v, Zn powder, MeOH/H>O, reflux; vi,
H' work up.

The use of isothiocyanate as a linker unit has been discussed before (Section 3.1.2), but
it should be mentioned again that its main advantage is to introduce a sulphur atom that
can be used to determine the level of surface coverage (using elemental analysis). In
order for this azobenzene unit to be of use, it requires two amine groups (one at either
end): one for conversion into the isothiocyanate and the other to act as the dendrimer

surface.
The formation of 4,4’-diaminoazobenzene (194) proceeded from p-phenylenediamine

and manganese (IV) oxide in negligible yield (3%), which is low compared to the

literature reports (30%).**%*** This reaction is believed to proceed via radical formation

-172 -



on the nitrogen (Figure 96) generated by the MnO,, so that two molecules can dimerise
to form a hydrazine. The MnO; then oxidizes this to the azo group. The low yield is
believed to be a result of the formation of a diradical that can isomerise to a quinone
diamine; this can then hydrolyze to give the corresponding quinone which can itself be

readily polymerised.**’
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Figure 96. Formation of azobenzene 194 and associated side products in the presence

of manganese (IV) oxide.

Preparation of a protected version of 194 was also explored via a triazene

. . 424425
intermediate,

though this gave none of the desired product. Protected aromatic
amines were then used, one of which possessed a nitro group and the other an amine.
The nitro-aromatic (198) was reduced to azo-compound 199 using zinc powder (as
described in Section 5.1) to give none of the desired product, whilst the amine-aromatic
195 underwent an oxidation using manganese oxide. All these azobenzene products
were achieved in very poor yield (or none of the desired product was isolated), low

enough that there would not be enough material to attach to the dendrimer, so the idea

of an isothiocyanate linker was temporarily put aside.
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The second of the preliminary routes looked at using a carboxylic acid group for the
attachment to the dendrimer surface. Since an amine group on the azobenzene unit
would interfere with this coupling, be it via acid chloride or using peptide coupling
agents, this would first need to be protected with either a Boc or an Fmoc groups
(Scheme 19). Compounds 188 and 202 were synthesised from 4-aminobenzylamine by
reacting with either di(‘butyl)dicarbonate (Boc,O) to give 188 a white solid (93%),"° or

N-(9H-fluorenylmethoxycarbonyloxy)succinimide (Fmoc-OSu)*?’  to give cream

crystals of 202 (35-80%) respectively.
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Scheme 19. Formation of protected amino-acid type azobenzenes. i, Zn powder,

NH,CI, 2-methoxy ethanol, ii, FeCl;, EtOH/H>O, 0°C; iii, acetic acid.

4-Nitrosophenylacetic acid (203) was prepared by first reducing 4-nitrobenzoic acid to
the corresponding hydroxylamine intermediate using zinc powder as the reducing agent
in the presence of ammonium chloride. This was then oxidized in situ to the nitroso
analogue using iron (III) chloride. The product was extracted into diethyl ether, reduced
and dried, to give 203 as a green oil in good yield (51%).***** Nitroso compounds are
reputed to be unstable and to readily decompose (even at low temperatures), so the

product was used immediately in the next step without further characterisation.
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The 4-nitrosophenylacetic acid 203 was added to 188 (or 202) in acetic acid and the
mixture was allowed to stir for 24 hours. The Boc-protected product (204) was
crystallised from DCM as an orange solid (8%). When compared to the starting
material, >C NMR data (DMSO-dy) for the product showed a shift in the quaternary
carbon attached to the amine (M), as well as that for the adjacent carbon in the ring (4),
from & 145.7 to 150.6 ppm and 0 115.1 to 122.4 ppm respectively. Further analysis of
204 by NMR spectroscopy, HRMS and elemental analysis shows good purity and a
strong correlation with published data, though the melting point was found to be lower
than expected, 189 — 190°C (lit**® mp: 196 — 198°C). 205 was purified by column
chromatography to give product as an orange solid in a 9% yield (mp: 174 — 176°C).
Analysis, again by NMR, HRMS and elemental analysis, showed a good level of purity
and the data compared well with that for 204, though no published data could be found
for direct comparison. From IR data both of these products were found to show that the

amine stretch (~3400 cm™) had been replaced with an azo stretch (~1600 cm™).
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Figure 97. UV/Vis absorption spectra of azobenzene 204 (a) switching from trans- to
cis-isomer via illumination at 365 nm, and (b) switching from cis- to trans-isomer via

illumination in daylight. Measurements taken at 4.77 x 10° M in methanol.
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In order to show reversible photo-isomerisation of the azo group, compounds 204 and
205 were used in a series of UV/Vis experiments, the results for 204 are shown in
Figure 97. Methanol solutions of the protected azobenzene molecules were first kept in
the dark for 1 week, then irradiated with UV light at a wavelength of 365 nm for up to
20 minutes to isomerise them from the £ to the Z configuration. This was primarily
observed as a decrease in absorbance of the respective m-t* bands of the N=N unit (330
nm).>>#18429430 1t was also seen that the absorbance at 440 nm (n-wt*) increased whilst
that of 235 nm (0-0*) decreased.*® Furthermore, isosbestic points were observed at
245 and 285 nm in both cases. It was noticed that after 6 minutes of illumination the
absorbance peak at 235 nm had equilibrated and there then followed the appearance of a
peak at 250 nm which seemed to slightly increase in absorbance with further
illumination. Quite why this should occur is unclear as no literature precedence could

be found for it relating to this class of molecules.

Published literature has shown that in order to isomerise these molecules from Z to E,
they need to be either placed in the dark for long periods of time (thermal relaxation) or
by irradiation at the wavelength of the n-m* transition (approximately 440
nm).>>#18429480 Work published by Freitag et al.®! also showed that daylight could be
used to facilitate the Z to £ change. With this in mind, samples of 204 and 205 were
exposed to daylight, whilst a duplicate of each was placed in the dark. It was found that
the samples that were placed in the dark showed negligible change in their absorbance
spectra after 8 hours (though each gave complete conversion after 1 week), so it was
decided to discontinue this experiment as this thermal back-isomerisation would be too
slow for practical isomerisation (in the Neonuclei project). Samples placed in daylight
were found to equilibrate in less than 5 hrs to about 95% conversion, though it was only
when they were placed in the dark overnight that complete conversion occurred. This
result can be explained by the fact that white light was used for this isomerisation, so
that while the sample is being exposed to 365 nm there is also present 440 nm radiation,
which is promoting formation of the £ isomer. This would explain why using daylight
gives faster transitions but does not lead to complete isomerisation i.e. while the thermal

process is slow, it does give high degrees of E-isomer formation.
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The samples exposed to daylight showed an increase in absorbance at 330 nm as well as
a decrease at 440 nm, and were equilibrated after 290 minutes. It was observed that the
equilibrium absorbance value at 330 nm did not reach that of the original E-isomer

sample, though it did return to its original absorbance intensity after 1 week in the dark.

It was proposed that these carboxylic acids could be attached to the dendrimer amine
surface via formation of the respective acid chloride (using thionyl chloride), but it was
found that when the acid chloride samples were coupled to a GO (EDA) dendrimer they
gave either the methyl ester azo product (as observed with the azobenzene core) or an

orange oil that gave an inconclusive NMR spectrum.

Since none of the routes tried up to this point gave high enough yields of suitable
material (or satisfactory results) it was decided that the formation of the azobenzene
moiety should be developed in such a way as to allow for various different linking
strategies. With this in mind, protected aminoazobenzenes were synthesised containing
a hydroxyl group (Figure 98). This could then be further reacted with an ‘extender’
unit that would allow for attachment to the dendrimer and for continued dendritic

growth.
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Figure 98. Azobenzene formation and proposed isothiocyanate attachment.
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Figure 99. Azobenzene molecules and extender units synthesised.

p-Phenylenediamine was mono-Boc protected in good yield (195, 81% mp: 104 —
105°C) and was then used for the preparation of 4-((4-((‘butylcarbonyl)-
amino)phenyl)diazenyl)phenol (206). 195 was added to cold (<5°C) conc. HCI in water
and sodium nitrite was then added to form the diazonium chloride salt as a pale yellow
solution. To this mixture was then added a solution of phenol in sodium hydroxide and
an orange precipitate immediately formed. This was purified by column
chromatography to separate the ortho- and para- isomers, and this gave the desired
product as a light orange solid in a high yield (93%, mp: 197 — 198°C). C NMR
(MeOD) analysis showed a change in the chemical shift for the quaternary carbon
attached to the amine (m) from & 142.4 to 149.4 ppm, whilst 'H NMR showed a
downfield shift of ~1 ppm for both aromatic proton signals of 195 upon azobenzene
formation. HRMS and elemental analysis gave very strong correlation with theoretical
values, and FTIR data indicated the presence of a N=N stretch at 1590 cm™. Similarly,
4-((4-acetamidophenyl)diazenyl)phenol (207, mp: 192 — 194°C) was formed with
equally high purity but lower yield (25%), and once again the sample showed good

comparisons with literature data.***
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In order that these molecules might be used for the isothiocyanate attachment approach,
an extender unit would be required that possessed the ability to allow for continued
dendritic growth. The protecting group on the aromatic amine could then be removed
and the isothiocyanate be formed. In order to stop any intra-molecular reactions
occurring between the linker and the extender group, any other amines should be Fmoc
protected (as this group is stable under acidic conditions). Though work carried out
looking at histidine attachment had shown that the amines on the dendrimer surface can
remove the Fmoc protecting group (see Section 4.1.3), it was believed that the amines

would react much faster with the isothiocyanate.

Molecule 209 was synthesised by the Fmoc protection of 3-chloropropylamine in good
yield (84%, mp: 106 — 107°C) and was characterised using NMR, HRMS and elemental
analysis. This was then added to a solution of dry acetone containing 207, sodium
iodide and potassium carbonate. When no desired product was found via Sn2
displacement, it was proposed that this was due to the iodo- intermediate not being
formed so molecule 210 was synthesised (68%, mp: 86 — 88°C) and used, but to no
further success. Stronger bases were then used to aid deprotonation; sodium hydride
gave no visible difference, but caesium carbonate gave a solution colour change from
yellow to red indicating a change in the electron density of the aromatic system.
Despite this, no product was formed when 210 and sodium iodide was added. To check
that the deprotonation had taken place, the reaction was repeated using a more activated
bromo- species, ethyl bromoacetate. Whilst the desired ester was not isolated, the
corresponding carboxylic acid (208, mp: 229 — 233°C) was obtained in 31% yield.
Since this reaction (partially) worked, 211 was prepared from (9H-fluoren-9-yl)methyl-
2-aminoethylcarbamate hydrochloride (162) and bromo acetylbromide (55%) but once
again none of the desired product was obtained when this was reacted with 207 under
similar conditions to those described above. It should be noted that where no product

could be isolated from these reactions, starting materials were recovered.
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5.3 Azobenzene Attachment to PAMAM Dendrimer

As a result of the isolation of 208 it was realised that this could be converted into its
acid chloride and thus linked to the dendrimer surface (though the protecting group of
the aromatic amine would need to be changed so that it could be removed in the
presence of the dendrimer, i.e. Boc, acetyl or Fmoc would not be suitable as these
require either strong acid conditions that could cause retro-Michael addition reactions,
or basic conditions since the amine surface can cause Fmoc deprotection). Cbz
protection was therefore chosen as this group can be removed under relatively mild

conditions. The synthetic route is outlined in Scheme 20.

Benzyl 4-aminobenzylcarbamate (213) was synthesised from benzyl chloroformate and
an excess of 4-aminobenzylamine (48%), the excess reagent being required to help
prevent the addition of the protecting group at both amines. This was then converted
into an azobenzene via the diazonium chloride salt intermediate to give 214 as a deep-
red solid (40%, mp: 131 — 132°C), the product being characterised fully by NMR,
HRMS and elemental analysis. To synthesise 215, the phenol group of azobenzene 214
was deprotonated using potassium carbonate, and then allowed to react at reflux with
ethyl bromoacetate in the presence of sodium iodide. This gave the ethyl ester product
as an orange solid in a 52% yield (mp: 114 — 116°C). This latter was then hydrolysed to
the corresponding acid 216, using sodium hydroxide. 216 was found to be only
sparingly soluble in organic solvents, so no purification other than an extraction was
attempted, though the final product was obtained in a very high yield (>99%) as a
yellow solid (mp: 202 — 203°C). FTIR data for 214 showed the presence of the alcohol
(3423 cm™) and an N=N bond (1595 cm™), the former disappearing upon formation of
215 (an extra C=0 stretch was observed at 1770 cm™). The C=0 stretch was replaced

with a stretch at 1706 cm™ suggesting complete conversion of the ester to the acid 216.
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NaOH, EtOH/H,0, then H;0"; vi, SOCL, reflux, vii, G4 PAMAM dendrimer, NEt;,
DMSO:; viii, acetic anhydride, DMSO; ix, Pd/C, H>, EtOH.
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Figure 100. UV/Vis absorption spectra of azobenzene 215 (Ayay = 344 nm, € = 45725
em mol'dm’; A = 280 nm, € = 8681 cm mol’ dm’). (a) Trans- to cis-isomer switching
via illumination at 365 nm. (b) Cis- to trans-isomer switching via illumination in

daylight. Measurements taken at 7.40 x 10” M in methanol.

The UV/Vis spectra for for azobenzene 215 (Figure 100) are almost identical to that
seen for 204, though the An.x was found to be a little higher (344 nm) in the former
case. When isomerising from E to Z by illumination at 365 nm, this peak decreased in
intensity whilst the peak at 440 nm increased, showing classic azobenzene photo-

. oo . 157,260,431
1somerisation behaviour. ~"”

However, equilibration to the Z isomer took 12
minutes, i.e. 5 minutes less than for 204, possibly because of the electron donating
effect of the ester group. In transforming from the Z to the E isomer the sample was
illuminated by daylight and this process was found to take 2 hours to equilibrate, as
shown by an increase in absorbance at 344 nm and a decrease in that at 440 nm. Once

again, as for 204, it was observed that the absorbance failed to reach the level of the

sample pre-exposed to 365 nm light under these conditions.
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Figure 101. UV/Vis absorption spectra of azobenzene 215 to show the reliability of
repeated switching from (a) Z to E-isomer and (b) E to Z-isomer. Dashed lines; sample
after illumination at 365 nm, straight lines; sample after illumination in daylight. Light
blue; initial trans reading, red; I’ cycle, green, o cycle, blue; 3 cycle, orange; 4"
cycle, brown; 5 cycle, dark blue; kept in dark for 16 hrs after ond cycle, dark green,
kept in dark for 16 hrs after 5" cycle.

In order to explore the reversibility of this photo-isomerisation, a sample of 215 was
repeatedly exposed to 365 nm and daylight conditions. Prior to these experiments the
sample was exposed to daylight for 8 hours. It was then illuminated at 365 nm for 20
minutes followed by daylight for 2 hours, a UV/Vis spectrum being obtained after each
illumination. The data (Figure 101) shows that after 5 such cycles no sample
degradation was detectable. All illuminations at 365 nm and in daylight resulted in a
reproducible change. It is interesting to note that, after the 2" and 5™ cycle, the samples
were left in the dark overnight (to promote the slower thermal Z to E isomerisation)
which, for both samples resulted in an identical absorbance value which was larger than
that recorder at the start of the experiment. After 1 cycle, this returned to the
absorbance values of the other cycles. This suggests that use of daylight, which by its
very nature consists of all wavelengths, can only promote formation of the frans isomer
up to a certain limit. However, the thermal isomerisation (dark) to the trans isomer,

though far slower and less useful, once again results in complete conversion.
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The acid chloride 217 was prepared by refluxing the carboxylic acid 216 in neat thionyl
chloride for 18 hours. After drying under high vacuum the product 217 was obtained as
a dark red solid and used immediately without further purification. Thirteen equivalents
of 217 in DMSO were then added dropwise to a solution of 4.0-[EDA]-64-Amine in
DMSO, in the presence of triethylamine. This resulted in a solution colour change from
dark red to orange. After the addition of approximately half of the acid chloride
solution, a precipitate started to form which coalesced into a polymer-like ball. The
supernatant was removed (218b) and the solid (218a) was added to excess acetic
anhydride in DMSO in an attempt to dissolve it. After stirring for 64 hours, some
dissolution was observed, but the bulk of the solid remained. 2M HCI was then added
and the mixture was stirred for 4 days, resulting in complete dissolution of the solid.
The solution was then dialysed against 1M HCI and deionised water. To make sure that
all of the surface amines had reacted, ethyl isothiocyanate was added and the sample

was re-dialysed against deionised water.

The previously decanted solution (218b) also had excess acetic anhydride added to it as
it was thought that any product which formed would not be able to be resolubilised. To
make sure all the surface amines had been reacted, ethyl isothiocyanate was once again
added. It should be noted that during all of the above dialysis steps, the bulk had a
slight yellow colour to it suggesting that not all of the azobenzene moiety had reacted
with the dendrimer; it is believed that it instead reacted with methanol that was present

in the interior of the dendrimer.

Analysis of the "H NMR spectrum (D,0) for 218a (Figure 102) revealed none of the
observable aromatic signals that would be expected from the addition of the azobenzene
group to the dendrimer. However, it was calculated that 19 acetyl (6 2.00 ppm) and 11
ethyl urea (methyl group 0 1.31 ppm) groups were present on the surface, which left 34

sites unaccounted for.
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Figure 102. "H NMR spectrum of 218a (D-O; trace DMSO).

Since the dendrimer is in no way symmetrical anymore, it is possible that the most
upfield peak at 8 1.17 ppm (broad) could be arising from either an acetyl or ethyl urea
group in a different environment. By integrating the area under this peak we can
conclude that it is either the result of 24 acetyl groups, or 24 ethyl urea groups, which
would make a total of either 43 acetyl and 11 urea units, or 19 acetyl and 35 urea units
respectively. To confirm which one of these two cases has occurred, the sample was
analysed by elemental analysis, which revealed that 36 sulphur atoms were present.
This then supports the idea that the unsymmetrical nature of the modified dendrimer
allows for multiple peaks in the NMR relating to different environments of the same
group (i.e. 2 environments for the methyl component of the ethyl urea group), one

giving a well defined triplet whilst the other is broad.
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Figure 103. UV/Vis absorption spectra of Cbz-azobenzene modified G4 dendrimers
(218a and 218b), unmodified G4 dendrimer and azobenzene unit 215. Measurements
taken at (—) 9.95 x 10° M, Ayax = 280 nm, € = 67500 cm™ mol dm’; (—) 7.40x 10° M,
Anax = 344 nm, € = 45725 em™ mol'dm’: A = 280 nm, € = 8681 cm™ mol’ dm’; (—)

approx 1.21 x 10° M; () unknown concentration.

In order to see if the remaining sites were covered by azobenzene groups (though it was
suspected that only a few were, in view of the lack of signals in the "H NMR spectrum),
UV/Vis experiments were carried out (Figure 103). Though photo-isomerisation of this
‘azobenzene-dendrimer’ was not observed, its spectrum showed a difference when
compared with that for the unmodified G4 dendrimer. The absorption peak relating to
the dendrimer at 280 nm was not well defined in the case of 218a because of its low
concentration, though weak peaks relating to the azobenzene units at 350 and 240 nm
were observed. This lack of surface coverage is confusing, particularly as all the sites

should be covered with either the azobenzene, the acetyl groups or the ethyl urea units.

By comparison, NMR data (Figure 104) obtained for the sample resulting from the
initial solution (218b) showed that a higher level of the azobenzene moiety was present,

as well as a greater number of acetyl groups (34) but fewer ethyl urea units (13).
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Signals in the aromatic region of the '"H NMR suggested the presence of approximately
3 azobenzene groups, and this can be confirmed from the relative extinction coefficients

obtained through UV/Visible experiments.

The calculations shown below (assuming that the extinction coefficient is the same for
the azobenzene unit once it is attached to the dendrimer) first determine the
concentration of the azobenzene unit on the surface of dendrimer 218b by comparing its
absorbance at 344 nm with the extinction coefficient found for 215 at the same
wavelength. With this concentration known, we can find its contribution to the
absorbance at 280 nm (Am.x for G4) and thus calculate the contribution (and
concentration of) the G4 dendrimer. By comparing the relative concentrations of the
azobenzene on the surface and that of the dendrimer we find that there are
approximately 2 azobenzene groups present, a result that relates well to the value

obtained from the 'H NMR data (3 groups).

At 344 nm, £215= 45725 cm 'mol'dm®, Ajgp, = 0.4785

no =y 047 10 moldm™ Equation 1

azo
&5

At 280 nm, £215= 8681 cm'mol'dm’

SAL, =65xC,, =0.0908 Equation 2
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At 280 nm, Axs, = 04781, Apen = Auss — Aww = 0.3876.

ec4= 67500 cm 'mol'dm’

o Cp,, = Aver _ 5743210 mol dm”™ Equation 3

G4

Cp., :C,, at 280nm
1:1.822 = 1:2

where azo, Den and G4 are data relating to the azobenzene component of 218b, the
dendrimer component of 218b, and 4™ generation unmodified PAMAM dendrimer

respectively. Subscript numbers correspond to structures.

) MAJ L

L A A A B BN B B LA A
6.0 5.0 4.0 3.0 20 1.0

ppm (‘1)

Figure 104. "H NMR spectra of 218b (top, MeOD; trace MeOH and DMSO) and
resulting deprotection 219 (bottom, MeOD; trace MeOH).
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The total number of surface groups for 218a and 218b, including known azobenzene
groups, is 54 (19 acetyl, 35 ethyl urea) and 49 (34 acetyl, 13 ethyl urea, 2 azobenzene)
respectively out of a possible 64. The fact that complete coverage was not achieved was
to be expected in view of the potential folding of dendrimer arms making reaction with
them difficult. What is interesting is that 218b has a higher azobenzene coverage
compared with that for 218a, but a lower total coverage. This may be because the
azobenzene groups require more physical space thus preventing further reaction on
nearby amines. The fact that 218b has a higher azobenzene coverage is interesting in
itself as we would expect that during the reaction, as the coverage increases on the
dendrimer surface, the latter precipitates; but the opposite effect was observed. The
precipitate that formed 218a might be explained by the azobenzene molecules H-
bonding to the exterior and interior of the dendrimer causing a decrease in solubility,

though further experiments would need to be carried out to confirm this.

N

Zm

220

Figure 105. Azobenzene coverage of 4-[EDAJ-64-Amine (220).

The UV/Vis data for 218b (Figure 103) can be compared with that for a G4 dendrimer
that has a partial surface of azobenzene (220). Though a coverage of 32 groups was
attempted, only 10 azobenzene groups were attached to the amine surface (as
determined by '"H NMR experiments), the remaining unreacted azobenzene reactants
forming methyl esters that were removed through dialysis. Dendrimer 218b was found
to have a switching time of 8 minutes for £ to Z-isomer and 210 minutes from Z to E-
isomer, whereas 220 (Figure 106) had a longer Z-isomer formation time (14 minutes)
but a similar E-isomer formation time (195 minutes). These values seem to be typical

157,433

of the azobenzene units studied (and with published literature ) suggesting that, at
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low levels of surface coverage, the dendrimer has little impact upon the photo-
isomerisation. It could be said that the faster isomerisation time for Z-isomer formation
is the result of lower surface coverage of 220b, though this is not observed for
formation of the E-isomer because of the longer equilibration times. The difference in
line-shape of the UV/Vis spectrum of 220 compared to 218b can be attributed to the
fact that 218b contains other groups appended to the azobenzene unit, though this line-

shape has been observed in other dendrimer types.*®****
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Figure 106. UV/Vis absorption spectra of 220. (a) Trans- to cis-isomer switching via
illumination at 365 nm. (b) Cis- to trans-isomer switching via illumination in daylight.

Measurements taken at 9.47 x 10° M in methanol.

For the final preparative step from Scheme 20, Cbz-azobenzene-G4 (218b) was
deprotected using a palladium on carbon catalyst under a hydrogen atmosphere. The 'H
NMR spectrum (MeOD) of the product (219) showed fewer (and less intense) peaks
from & 7.00 to 8.00 ppm suggesting that, despite the poor resolution, the deprotection
had worked to a certain extent (Figure 104). Further work would be required in order
to increase the surface coverage of the dendrimers, partly for improved NMR resolution,

and in addition to allow for a greater chance of continued growth.
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5.4 Conclusions and Further Work

The work carried out in this chapter was aimed at incorporating the photo-responsive
group azobenzene into a dendritic structure. In the first instance, a dicarboxylic acid
derivative of azobenzene was synthesised and coupled to samples of dendritic wedges
(dendrons) in an attempt to create a dendrimer with a photo-responsive core (convergent
method). From this study it was found that, whilst one dendritic wedge would react
with the core, methanol contained within the dendrons also reacted, leading to
incomplete dendrimer formation. To alleviate this problem, longer cores containing
aromatic groups were synthesised (to increase any change in hydrodynamic radius) with
the aim of continuing dendrimer growth using the divergent method. Though the
synthesis of this core proved problematic as a result of poor solubility, it confirmed our
suspicions that introducing the azobenzene unit onto the dendrimer surface would be
more achievable and could give a greater level of control of DNA binding. To that end,
two types of azobenzene moiety were synthesised; the first aimed at using the
isothiocyanate attachment approach that ultimately proved unfruitful because of low
yields, whilst the other more successful approach involved an attachment via the
corresponding carboxylic acid. An aromatic amine and nitroso group underwent a
condensation reaction to give a protected amino-acid type azobenzene unit, the photo-
isomerisation of which was observed using UV/Visible spectroscopy. This was further
reacted to give the acid chloride and was then coupled onto the surface of a GO
PAMAM dendrimer, but this once again gave a product contaminated with methyl

esters.

A series of azobenzene units were synthesised that contained a protected amino group
as well as a phenolic moiety. The hydroxy group was reacted with ‘extender’ units with
the aim of allowing for dendrimer attachment via an isothiocyanate but it was
discovered that an acid chloride linkage could also be made. A Cbz-protected
azobenzene moiety was synthesised and fully characterised, and was then reacted to
give the corresponding acid chloride. This was then successfully attached to the surface
of a G4 PAMAM dendrimer. This azo-dendrimer was fully characterised through
NMR, elemental analysis and UV/Vis experiments, and its behaviour was then

compared with that of the native azobenzene molecule and of a separately prepared
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dendrimer that contained an azobenzene group on its surface. NMR data showed that
the Cbz protection was successfully removed though further work is required to fully
characterise the resulting dendrimer. More experiments are required to ascertain the
highest surface coverages possible, which may perhaps require a change in the
attachment route in order to make use of ‘Click’ chemistry. It should then be possible

to further react the new azo-amine surface with a view to continuing dendrimer growth.
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Chapter 6 Conclusions

Two series of PAMAM dendrimers based around either an EDA or phloroglucinol core
have been synthesised up to the 4™ generation and characterised by NMR and MS
techniques. Spin-lattice relaxation time NMR experiments were used to investigate the
branch mobility of dendrimers (< generation 1.5) with varying sized cores, revealing
that nuclei nearest the branch terminus are the most mobile. It was shown that cores
containing three branches generally had greater mobility than those that had four
branches, though it was observed that the behaviour of the outer methyl groups became
similar across all the cores used as the generation increased suggesting that, whilst the
cores have different geometries and numbers of branches, a point is reached whereby

the environment at the surface becomes very similar.

Dendrimers based on an EDA core have had their surfaces modified with acetyl, PEG
and fluorescent groups with various degrees of surface coverage. They were then used
to study DNA complexation and compaction. It was observed that whilst PEGylated
dendrimers have a higher surface area, unmodified dendrimer samples condensed DNA
to a higher degree as a result of higher surface charge density. These modified
dendrimers were also used to study interactions with lipid bilayers, showing that when

charged, they can pass through the bilayer.

Coarse-grained molecular dynamic simulations have been run to study the interaction of
a range of charged 4™ generation dendrimers with either a neutral or anionic lipid
bilayers. No lipid penetration was observed, all the dendrimers flattening on the lipid

surface via electrostatic interactions.

Various routes to attaching L-histidine to the surface of a dendrimer were attempted, the
most successful involving the use of ‘Click’ chemistry. A small alkyne-containing unit
was synthesised and attached to a dendrimer surface (containing 18 PEG groups) using
an isothiocyanate group, whilst a histidine unit was modified to contain an azide group.
These two components were brought together in the presence of a copper (I) catalyst but

were found not to react, possibly as a result of the bulky PEG groups.
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The incorporation of azobenzene units into a dendritic structure was attempted in order
to introduce a photo-responsive component for DNA binding. Several attempts were
made to include an azobenzene group at the core of a dendrimer, but yielded no desired
material either because of side-reactions or through solubility issues. Work to attach
azobenzene units onto the surface of the dendrimer have resulted in the formation of a
Cbz-protected moiety that was successfully coupled to a PAMAM dendrimer and
ultimately deprotected, and has been shown to possess photo-responsive properties by

UV/Visible spectroscopy.
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Chapter 7 Experimental

Procedures and Equipment Summery

Commercially available compounds were purchased from either Sigma Aldrich or
Fisher and were used as supplied without further purification. Dry solvents were
prepared by distilling them over a drying agent; DCM, EDA and toluene were dried
over calcium hydride, methanol was dried over calcium sulphate. Acetone and DMF

were dried by passing them through a silica plug.

'H and C NMR spectra were collected using either a Bruker AV300 or Bruker
DPX400 spectrometer as solutions in a deuterated solvent. 'H NMR experiments were
reported at 300 MHz or 400 MHz respectively whilst °C NMR experiments were
reported at 75 MHz or 100 MHz respectively. °C NMR spectra were collected fully 'H
decoupled. The Bruker DPX400 spectrometer was used to collect 'H spin-lattice
relaxation NMR spectra and inverse-gated decoupled °C NMR data. Chemical shift
data are given in ppm with multiplicities abbreviated as follows; s (singlet), d (doublet),
t (triplet), q (quartet), qu (quintet) br (broad) and m (multiplet). Coupling constants (J)
are quoted in Hz. T, values are recorded in seconds. Analysis was carried out using

either ACD Labs or Mestrec software.

Electrospray mass spectra were obtained using a Micromass Platform II single
quadrapole mass spectrometer. High resolution spectra were obtained using a Bruker
Apex II FT-ICR mass spectrometer fitted with an Apollo electrospray ionisation

source.

IR Spectra were obtained using a Thermo Nicolet 380 FT-IR spectrometer with a
SmartOrbit Golden Gate Attenuated Total Reflection (ATR) attachement.

Melting points were measured using a Gallenkamp melting point apparatus and are

uncorrected.
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Elemental analysis was performed by Medac Ltd. Results are accurate to + 0.30%.

UV/Vis spectra were recorded from 1000 to 200 nm using Shimadzu UV-1601 UV/Vis
spectrometer. Data collection was managed using the UVPC Personal Spectroscopy

Software v3.5.

General Procedure for the Synthesis of PAMAM Dendrimers

All PAMAM dendrimer preparations were based on the work of Tomalia et al. and
found to give material consistent with published data.””**'**" Only dendrimers directly

referred to in this thesis are given numbers.

Half generation dendrimer synthesis

Methyl acrylate (2.8 mol equiv per dendrimer end group) was added dropwise to a
stirred solution of whole generation dendrimer in methanol (20 mL). The reaction
vessel was covered with foil and allowed to stir for approximately 6 days at room
temperature, before being concentrated in vacuo. For generations up to 1.5, the crude
product was purified by column chromatography to give a viscous yellow oil. All
generations underwent an azeotropic distillation as follows: toluene (120 mL) was
added to the product dissolved in methanol (10 mL). The solvents were then removed
in vacuo. This was repeated a further two times. The product was then dissolved in

methanol (10 mL), which was then removed in vacuo to give product.

Whole generation dendrimer synthesis

A 10% solution of half generation dendrimer in methanol and a solution of distilled
EDA were deoxygenated by bubbling nitrogen through it for 30 minutes. The EDA was
cooled over ice and the dendrimer solution was added slowly via canula before being
allowed to stir at 5°C. The solvent and excess EDA were then removed in vacuo. An
azeotropic distillation (as above) was then performed. The product was then dissolved

in methanol (10 mL), which was then removed under reduced pressure to give a pale
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yellow oil. Dendrimers of 3" generation or greater were dialysed in deionised water for
5 days (changing water after 2 days), followed by a repetition of the azeotropic

distillation to give product as a viscous oil.

-0.5-[EDA]-4-Ester (38)

(0)

OMe
2 4
N %Me
MeO)J\/\ N S \/\{( 7
1 3 5
O

MeO O
CisH3oN»05
RMM = 404.47

Methyl acrylate (16 mL; 177.5 mmol)
EDA (2.5 mL; 33.3 mmol)
Duration of stirring: 48 hrs at room temperature

Purification: Azeotropic distillation

Product: Colourless oil (9.64 g; 72%)
MS/ES" (mi): 405.3 (60% [M + H]").

"H NMR: 3.50 (12H, s, H-7), 2.60 (8H, t, J = 7.1, H-3), 2.33 (4H, s, H-1), 2.27
(300 MHz, cpcl)  (8H, t, J=7.0, H-4).

BCNMR:  172.4 (C-5), 51.9 (C-1), 51.0 (C-7), 49.4 (C-3), 32.3 (C-4).

(75 MHz, CDCl)

'HT, NMR: 3.50 (1.918), 2.60 (0.584), 2.33 (0.484), 2.27 (0.891).

(MeOD)

'HT, NMR: 3.50 (2.072), 2.60 (0.651), 2.33 (0.543), 2.27 (0.977).

(CDCly)
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0-[EDA]-4-Amine (39)

NH,

C22HagN10O4
RMM =516.69

-0.5[EDA]-4-Ester (1.00 g; 2.47 mmol)

EDA (50-fold by weight, 56 mL; 830.7 mmol)
Duration of stirring: 4 days at 5°C
Purification: Azeotropic distillation

Product: Orange oil (1.60 g; 125%, product contaminated with solvent)

"H NMR: 3.31 (MeOH), 3.21 (7H, t, J = 6.1, H-7), 2.77 (7TH, t, J] = 7.0, H-3),
(400 MHz,D,0)  2.69 (8H, t, J =6, H-8), 2.57 (4H, s, H-1), 2.40 (8H, t, ] = 6.9, H-4).

BC-NMR: 174.6 (C-5), 50.7 (C-1), 49.8 (C-3), 49.5 (MeOH), 42.2 (C-7), 40.4
(100 MHz, D,0)  (C-8), 33.4 (C-4).

'HT, NMR: 3.21 (0.801), 2.77 (0.309), 2.69 (0.901), 2.57 (0.262), 2.40 (0.393).

(MeOD)

'HT, NMR: 3.21 (0.937), 2.77 (0.291), 2.69 (1.059), 2.57 (0.256), 2.40 (0.390).

(D0O)
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0.5-|[EDA]-8-Ester

OMe OMe

OMe OMe

Cs4HosN10O20
RMM = 1205.40

0-[EDA]-4-Amine (3.83 g; 7.42 mmol)

Methyl acrylate (7.5 mL; 83.1 mmol)

Duration of stirring: 7 days at room temperature

Purification: Column chromatography (Ry: 0.33, 12% MeOH in DCM, silica 60)
Product: Viscous yellow oil (4.264 g; 48%)

MS/ES" (m: 402.8 (100% [M + 3H]'"), 603.7 (95% [M + 2H]*), 614.7 (30% [M + H
+ Na]*"), 625.7 (10% [M + 2Na]*").

"H NMR: 7.11 (3H, s (br), H-6), 3.66 (24H, s, H-14), 3.48 (MeOH), 3.26 (4H, q,
@ooMHz, cpcl)  J=15.9, H-7), 2.76 (24H, t, ] = 6.8, H-3/10), 2.54 (12H, t, ] = 6.1, H-1/8),

243 (17H,t,J=6.7, H-11), 2.36 (8H, t (br), H-4).

BCNMR:  173.0 (C-12), 172.3 (C-5), 53.4 (C-1), 53.0 (C-8), 51.6 (C-14), 51.4
(100 MHz oty (C-3), 50.2 (MeOH), 49.3 (C-10), 37.2 (C-7), 33.9, (C-4), 32.7 (C-11).
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'HT,NMR: 3.66 (1.677), 3.26 (0.433), 2.82 (0.274), 2.76 (0.459), 2.62 (0.240),
(MeOH) 2.54 (0.377), 2.43 (0.694), 2.36 (0.341).

'HT, NMR: 3.66 (1.449), 3.26 (0.354), 2.76 (0.377), 2.54 (0.297), 2.43 (0.579),
(cDCl) 2.36 (0.295).

1.0-[EDA]-8-Amine

N N. N NHy
HN >~ Y\/ \/\N)K/\ \/\N/\)I\ /\/ 2
2 o /E 5\ 1 H” 15
O~ 'NH
N NH,
O. O
J/NH HN\L
H,N NH,

Ce2H128N26012
RMM = 1429.86

0.5-[EDA]-8-Ester (1.13 g; 0.937 mmol)
EDA (62.6 mL; 937 mmol)

Duration of stirring: 5 days at 5°C
Purification: Azeotropic distillation

Product: Viscous orange oil (1.56g; 102%, product contaminated with solvent)
"H NMR: 3.31 (MeOH), 3.21 (2H, t, J = 6.3, H-7/14), 2.79 (2H, t, J = 7.0,

GoomizD0)  H-3/10), 2.69 (2H, t, J = 6.3, H-8/15), 2.59 (1H, t,J = 7.1, H-1/8), 2.39
(2H, t, J = 7.2, H-4/11).
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BCNMR:  175.7 (C-12), 175.2 (C-5), 51.9 (C-8), 50.7 (C-1), 49.7 (C-3/10), 49.5
sMHZD0)  (MeOH), 42.1 (C-14), 40.4 (C-15), 37.4 (C-7), 33.5 (C-11), 33.1 (C-4).

1.5-[EDA]J-16-Ester (40)

MeO MeO\?: :;/ OMe
N Y

OMe OMe O
NH HN

N

: )
HN.__O O«_NH
O H < O ;/ 4 Hf) 8 10 O] 2 14 16 18 20
Me O)I\/\N/\/NY\/N\/\NMN/\/N—WN\/\N/\)I\N/\/N\/YOMe

/i 0 H /C 1 3 OS 7 5\11 H® = 17 019 21
I;\I O O 1\§

N.
Og O o o

NH HN.
(0] J/ I (0] OMe OMe
Moo N N oMe

G e

Ci26H224N26044
RMM = 2807.29

Oy _OMe

MeO

1.0-[EDA]-8-Amine (1.56 g; 1.09 mmol)
Methyl acrylate (2.04 mL; 22.7 mmol)
Duration of stirring: 8 days at room temperature

Purification: Column chromatography (Ry: 0.13, 25% MeOH in DCM, Silica 60)
Product: Viscous yellow oil (1.97 g; 64%)

MS/ES” (m: 937.0 (100% [M + 3H]*"), 944.4 (90% [M + 2H + Na]’"), 951.7 (40%
[M + H + 2Na]*"), 1405.2 (30% [M + 2H]*), 1416.2 (20% [M + H +

Na]*h.
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'"HNMR:  3.66 (10H, s, H-21), 3.43 (MeOH), 3.24 (5H, q (br), H-7/14), 2.78 (t,
Goomtz cocy  H-3/10), 2.73 (t (br), H-17), 2.54 (t (br), H-8), 2.52 (t (br), H-15), 2.40
(8H, t (br), H-18), 2.33 (6H, t (br), H-4/11).

BCNMR:  173.0 (C19), 172.4 (C-5/12), 52.9 (C-15), 52.4 (C-8), 51.6 (C-21),
(smizcpcty  50.5 (MeOH), 50.0 (C-3/10), 49.2 (C-17), 37.8 (C-7), 37.2 (C-14),

33.7 (C-4/11), 32.3 (C-18).

'HT, NMR: 3.67 (1.584), 3.26 (0.402), 2.77 (0.412), 2.56 (0.352), 2.47 (0.615),
(MeOH) 2.39 (0.350).

'HT, NMR: 3.66 (1.297), 3.24 (0.340), 2.78 (0.362), 2.54 (0.315), 2.40 (0.513),
(Dl 2.33 (0.323).

2.0-|[EDA]-16-Amine

Y
2 H() O H

8 10 12 14

N N\/\ /\/Nl() 18 ZUN\/\
’ O L o P
L - -0
Ci42H288N53028
RMM = 3256.22

1.5-[EDA]-16-Ester (1.43 g; 0.509 mmol)
EDA (95 mL; 1430 mmol)

Duration of stirring: 14 days at 5°C
Purification: Azeotropic distillation

Product: Viscous orange oil (1.64 g; 99%)

'"HNMR:  3.31 (MeOH), 3.26 (t, ] = 6.8, H-7/14), 3.21 (t, J = 6.4, H-21), 2.78
oMz p,0)  (2H, t, J = 6.4, H-10/17), 2.69 (1H, t, ] = 6.0, H-22), 2.59 (1H, t (br),
H-8/15), 2.38 (2H, t (br), H-11/18).
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BCNMR: 1757 (C-19), 1752 (C-12), 175.0 (C-5), 51.9 (C-8/15), 49.7
GoomiLD0)  (C-10/17),  49.5 (MeOH), 42.2 (C-21), 40.4 (C-22), 37.4 (C-7/14),
33.5 (C-18), 33.4 (C-11), 33.3 (C-4).

2.5-|[EDA]-32-Ester

2 4 Hﬁ 8 10 6 18 20 26
N N N.
; \3/\5‘/5 - N{\/\\H - %\“/9 - 2; - 2(7)1\2183

[ —2

C270H480N530092
RMM =6011.08

2.0-[EDA]-16-Amine (1.06 g; 0.33 mmol)
Methyl acrylate (1.87 mL; 20.8 mmol)
Duration of stirring: 6 days at room temperature
Purification: Azeotropic distillation

Product: Viscous yellow oil (1.96 g; 101%, product contaminated with solvent)

MS/ES" mz:  1002.7 (40% [M + 6H]*"), 1203.4 (30% [M + 5H]’"), gives mass of
6011.3 +2.8

'"HNMR:  3.63 (13H, s, H-28), 3.43 (MeOH), 3.23 (q (br), H-7/14/21), 2.77 (t
oMtz cpcty  (br), H-10/17), 2.73 (t (br), H-24), 2.55 (t (br), H-8/15), 2.51 (t (br),
H-22), 2.40 (10H, t (br), H-25), 2.32 (t (br), H-11/18).

BCNMR:  173.0 (C-26), 172.4 (C-12), 172.4(C-19), 52.9 (C-22), 52.5 (C-15),
(100 MHz cDCly 52.4 (C-8), 51.6 (C-28), 50.5 (MecOH), 50.0 (C-3/10), 49.8 (C-17),

49.2 (C-24), 37.5 (C-7/14), 37.2 (C-21), 33.8 (C-11/18), 32.6 (C-25).

'HT, NMR: 3.66 (1.578), 2.77 (0.434), 2.46 (0.632).

(MeOD)
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'HT, NMR: 3.63 (1.358), 3.23 (0.524), 2.73 (0.405), 2.55 (0.355), 2.40 (0.543),
2.32 (0.378).

(CDCly)

3.0-|[EDA]-32-Amine

H 0 H Q “
2 4 6 8 10 12 14 6 18 2()N 2 24 26 28 NH
~Y N N N N
1 3 05 7 9 11 HB 5 17 019 21 23 25 H>s 29
2
L ey
L P
C302He08N122060
RMM = 6908.92

2.5-[EDA]-16-Ester (1.41 g; 0.231 mmol)

EDA (155 mL; 2314 mmol)

Duration of stirring: 14 days at 5°C

Purification: Azeotropic distillation and dialysis in deionised water

Product: Viscous orange oil (1.71 g; 107%, product contaminated with solvent)

'"H NMR:

(400 MHz, D,0)

BC NMR:

(100 MHz, D,0)

3.31 (MeOH), 3.25 (t (br), H-7/14/21), 3.21 (t (br), H-28), 2.78 (t (br),
H-10/17/24), 2.70 (t (br), H-29), 2.59 (t (br), H-8/15/22), 2.39 (t (br),
H-11/18/25).

175.6 (C-26), 1752 (C-19), 175.1 (C-12), 175.0 (C-5), 51.9

(C8/15/22),49.7 (C10/17/24), 49.5 (MeOH), 42.1 (C28), 40.4 (C29),
37.4 (C7/14/21), 33.5 (C25), 33.4 (C11/18/25).
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3.5-|[EDA]-64-Ester

2 4 CEEST 20 2 A
N N\/\N Nl N/\/N OM€35
| 19 21 2; 25 Hr » 3 33
o
2 |,

CssgHo0aN12201388
RMM = 12418.64

3.0-[EDA]-32-Amine (1.08 g; 0.156 mmol)
Methyl acrylate (1.80 mL; 20.0 mmol)
Duration of stirring: 7 days at room temperature
Purification: Azeotropic distillation

Product: Viscous orange oil (1.89 g; 97%)

'HNMR:  3.63 (13H, s, H-35), 3.42 (MeOH), 3.23 (9.2H, q (br), H-14/21/28),
@ooMHz cpcty  2.77 (t (br), H-10/17/24), 2.72 (t (br), H-31), 2.54 (t (br), H-15/22), 2.51
(t (br), H-29), 2.40 (10H, t (br), H-32), 2.32 (13H, t (br), H-11/18/25).

BC.NMR:  173.0 (C-33), 172.5 (C-12/19), 172.4 (C-26), 52.8 (C-29), 52.4

(00MHz ccty  (C-8/15/22), 51.6 (C-35), 50.5 (MeOH), 49.9 (C-3/10), 49.8 (C-17/24),
49.2 (C-31), 37.5 (C-7/14/21), 37.2 (C-28), 33.7 (C-11/18/25), 32.6
(C-32).
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4.0-|[EDA]-64-Amine

Ce22H1248N2500124
RMM = 14214.33

3.5-[EDA]-32-Ester (0.94 g; 0.0757 mmol)
EDA (222 mL; 3319 mmol)

Duration of stirring: 23 days at 5°C

Purification: Azeotropic distillation and dialysis in deionised water

Product: Viscous orange oil (0.812g; 75%)

"H-NMR:

(400 MHz, D,0)

BC-NMR:

(100 MHz, D,0)

FTIR Vimax (cm™)?

(thin film)

Combustion:

analysis

3.31 (MeOH), 3.26 (t (br), H-14/21/28), 3.21 (t, (br), H-35), 2.78 (t
(br), H-17/24/31), 2.70 (t (br), H-36), 2.59 (t (br), H-15/22/29), 2.39 (t
(br), H-18/25/32).

175.6 (C-33), 175.1 (C-26), 52.0 (C-15/22/29), 49.7 (C-17/24/31),
49.5 (MeOH), 42.1 (C-35), 40.4 (C-36), 37.4 (C-14/21/28), 33.5 (C-32),
33.4 (C-11/18/25).

3271 (s (br), N-H stretch), 3079 (m, N-H amide stretch), 2937 (m, C-H
aliphatic stretch), 2871 (m, C-H aliphatic stretch), 1633 (s (br), C=0

amide stretch), 1541 (s (br), C-C stretch).

Theoretical  C 52.56%, H 8.85%, N 24.64%
Found C 47.16%, H 8.04%, N 21.06%
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-0.5-[Phloroglucinol]-3-Ester (113)
o (0]
3 5
/\O)bo ] . OQJ\O/7\
4 6 8

A
X

Ci8H2409
RMM = 384.38

Anhydrous potassium fluoride (5.90 g; 101.5 mmol), acetonitrile (20 mL) and ethyl
bromoacetate (2.75 mL; 24.8 mmol) were mixed and degassed with nitrogen for 30
minutes at reflux with stirring. After slight cooling, 1,3,5-trihydroxybenzene (1.00 g;
7.93 mmol) was added portionwise. The reaction was then allowed to stir at reflux
under nitrogen for 72 hours to give a white precipitate.

The cool mixture was filtered and the residue was washed with ethyl acetate (2 x 10
mL). The combined filtrates were reduced in vacuo and the resulting oil was taken up
in DCM (20 mL). After washing with aqueous sodium hydroxide (2M, 2 x 20 mL), the
organic phases were combined and dried over sodium sulphate. The solution was
reduced and ethanol (10 mL) added. The oil was then scratched repeatedly to yield
white crystals (0.950 g; 31%).

MP: 61 — 62°C (lit. 65 — 66°C)
MS/ES" miz: 407.2 (100% [M + Na]"), 791.4 (40% [2M + Na]™").

"H NMR: 6.14 (1H, s, H-1), 4.55 (2H, s, H-4), 4.27 (2H, q, J = 7.1, H-7), 1.49 (s
30oMmHz, cpcl)  (br)), 1.30 (3H, t, J =7.1, H-8).

-207 -



BCNMR:  168.5 (C-5), 159.7 (C-2), 95.3 (C-1), 65.4 (C-4), 61.4 (C-7), 14.1 (C-8).

(75MHz, CDCl)

'HT, NMR:  6.14 (2.327), 4.55 (1.091), 4.27 (2.639), 1.30 (2.611).

(MeOD)

'HT, NMR: 6.14 (1.882), 4.55 (0.850), 4.27 (2.210), 1.30 (2.118).

(CDCly)

FTIR v, (em™: 2936 (m, C-H stretch), 1746 (s, C=0O ester stretch), 1603 (s, C-O

(solid state) stretch).

Combustion: Theoretical C 56.25%, H 6.29%,

analysis Found C 56.16%, H 6.32%
Procedure followed from, and is consistent with, literature.****"!
0-[Phloroglucinol]-3-Amine (114)
0 0
H,N )}\/O ! 03\)& Y NH
2 \/\N N PP
H 2 4 H6 8
0
O;\I\!
NH,
C1sH30NgOs
RMM = 426.47

A solution of -0.5-[phloroglucinol]-3-Ester (0.5 g, 1.3 mmol) in diethyl ether (40 mL)
was added to EDA (14.6 mL; 217.9 mmol) in diethyl ether (10 mL) and stirred for 5

days under dry conditions to give a white solid.
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After removal of solvent and excess reagent in vacuo, a white powder remained (0.360

g; 65%).

MP:

'"H NMR:

(300 MHz, D,0)
BC NMR:
(75 MHz, D,0)

'"H T; NMR:

(MeOD)

'"H T; NMR:

(D;0)

FTIR Vimax (cm™)?

(solid state)

Combustion:

analysis

Data is consistent with literature.

146 - 148°C (lit. 142 — 144°C)

6.24 (1H, s, H-1), 4.54 (2H, s, H-4), 3.31 QH, t, J = 6.2, H-7), 2.72
(2H, t, ] = 6.2, H-8).

171.2 (C-5), 159.2 (C-2), 95.5 (C-1), 66.8 (C-4), 41.3 (C-7), 39.8 (C- 8).

6.24 (1.491), 4.54 (0.594), 3.31 (0.842), 2.72 (1.027).

6.24 (1.261), 4.54 (0.466), 3.31 (0.740), 2.72 (0.862).

3294 (m, N-H stretch), 2943 (m, C-H stretch), 1682 (s, C=0O amide
stretch).

Theoretical  C 50.69%, H 7.09%, N 19.70%
Found C 48.80%, H 6.85%, N 18.76%

350,351
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0.5-[Phloroglucinol]-6-Ester

/O (0] (@) 0.
O O
)k/ ] z\)‘t O
0 N~y o o NN -
H 2 4 H6 3 10 12 14

(6]

NH

p

C42HgsN6O1g
RMM =943.01

0-[Phloroglucinol]-3-Amine (0.200 g; 0.469 mmol)

Methyl acrylate (0.35 mL; 3.94 mmol)

Duration of stirring: 6 days at room temperature

Purification: Column chromatography (Ry: 0.69, 15% MeOH in DCM, silica 60)
Product: Viscous yellow oil (0.36 g; 81%)

MS/ES" (m: 472.6 (40% [M + 2HT*"), 483.5 (80% [M + H + NaJ*"), 494.5 (90% [M +
INa]*"), 943.8 (40% [M + H]"), 965.9 (100% [M + Na]").

"H NMR: 6.31 (1H, s, H-1), 4.46 (2H, s, H-4), 3.69 (s), 3.64 (6H, s, H-14), 3.43
(300 MHz, cpcl)  (2H, s (br), H-7), 2.77 (4H, s (br), H-10), 2.60 (2H, s (br), H-8), 2.45

(4H, s (br), H-11).

BC NMR: 159.5 (C-2), 95.6 (C-1), 67.5 (C-4), 52.9 (C-8), 51.7 (C-14), 49.2
(75MHz,cpcl)  (C-10).
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'HT,NMR: 638 (1.154), 4.51 (0.475), 3.63 (1.660), 3.37 (0.466), 2.75 (0.487),
(MeOD) 2.58 (0.407), 2.44 (0.723).

'HT, NMR: 7.10 (0.688), 6.31 (1.093), 4.45 (0.457), 3.64 (1.603), 3.43 (0.408),
(Dl 2.76 (0.441), 2.60 (0.362), 2.42 (0.653).

1.0-[Phloroglucinol]-6-Amine

H H
N (0] 0. N
HZN/\/ \? ;/ \/\NHZ
(0]
H 1 Hn 15

H2N /\/N\’(\/ N\/\ g)J\/O\Q/O\)kN/\/ N\/W %\ Nll"éz

(6] (6]

0.

Ao
p

H,N NH,

CasHooN 15012
RMM=1111.35

0.5-[Phloroglucinol]-6-Ester (0.365 g: 0.382 mmol)
EDA (19.1 mL; 286.5 mmol)

Duration of stirring: 5 days at 5°C

Purification: Azeotropic distillation

Product: Viscous orange oil (0.541 g; 127%, product contaminated with solvent)
"H NMR: 6.25 (1H, s, H-1), 4.55 (2H, s, H-4), 3.31 (MeOH), 3.18 (4H, t, ] = 6.3,

ooMHz,D,0)  H-7/14),2.75 (4H, t, J =7.1, H-10), 2.68 (4H, t, ] = 6.3, H-15), 2.59
(3H, t (br), H-8), 2.33 (4H, t, ] = 7.2, H-4/11).
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BCNMR:  175.7 (C-12), 171.2 (C-5), 159.9 (C-2), 96.1 (C-1), 67.4 (C-4), 51.9
smiz Do) (C-8),49.7 (C-10), 49.5 (MeOH), 42.3 (C-14), 40.4 (C-15), 37.2 (C-7),
33.6 (C-11).

1.5-[Phloroglucinol]-12-Ester

\)J\ 11 H13
20
2
2

CocH162N13036
RMM =2144.43

1.0-[Phloroglucinol]-6-Amine (0.541 g; 0.486 mmol)

Methyl acrylate (0.68 mL; 7.58 mmol)

Duration of stirring: 12 days at room temperature

Purification: Column chromatography (Ry: 0.68, 19% MeOH in DCM, silica 60)
Product: Viscous yellow oil (0.423 g; 40%)

MS/ES” (wz: 537.0 (60% [M + 4H]*), 715.7 (100% [M + 3H]'"), 723.1 (30% [M +
2H + Na]’), 1073.3 (30% [M + 2H]*").

"H NMR: 6.25 (1H, s, H-1), 4.45 (2H, s, H-4), 3.66 (14H, s, H-21), 3.47
(300 MHz, cDcl)  (MeOH), 3.26 (4H, q (br), H-7/14), 2.79 (s (br)), 2.74 (11H, t, ] = 6.6,
H-10/17), 2.52 (5H, t, ] = 5.8, H-8/15), 2.42 (14H, t, J = 6.4, H-11/18).

BCNMR:  173.0 (C-12/19), 159.3 (C-2), 67.5 (C-4), 52.9 (C-15), 52.8 (C-8),
@smizepcly 516 (C-21), 50.7 (MeOH), 49.9 (C-10), 49.2 (C-17), 38.4 (C-7), 37.2

(C-14), 33.4 (C-11), 32.7 (C-18).

'HT,NMR: 637 (0.813), 4.55 (0.382), 3.67 (1.446), 3.27 (0.417), 2.79 (0.408),
(MeOD) 2.53 (0.441), 2.48 (0.569).
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'HT,NMR: 4.47 (0.370), 3.66 (1.197), 3.29 (0.0.344), 2.75 (0.364), 2.56 (0.308),
(CDCIy) 2.44 (0.488).

2.0-[Phloroglucinol]-12-Amine

o

135 0
| 3 5 ; 9 11 HB 15 17 19 21 23
o\)k N N NH,
. - N6/\8/ ; \{\N N/\/
H 10 16 18 H»po 22
(6] 2

Ci08H210N42024
RMM =2481.12

1.5-[Phloroglucinol]-12-Ester (0.300 g, 0.140 mmol)
EDA (16.8 mL; 251.8 mmol)

Duration of stirring: 5 days at 5°C

Purification: Azeotropic distillation

Product: Viscous orange oil (0.510 g; 140%, product contaminated with solvent)

'HNMR: 624 (1H, s, H-1), 452 (2H, s, H-4), 3.31 (MeOH), 3.23 (t (br),

om0y H-7/14),3.19 (11H, t, J = 6.3, H-21), 2.75 (17H, t, ] = 6.9, H-10/17),
2.67 (11H, t, J = 6.1, H-22), 2.64 (3H, t (br)), 2.56 (SH, t, J = 6.8,
H-8/15), 2.36 (15H, t, ] = 7.0, H-11/18).

BCNMR:  175.4 (C-19), 175.1 (C-12), 96.0 (C-1), 67.2 (C-4), 51.9 (C-15), 51.8

(00MHLD,0)  (C-8),49.7 (C-10/17), 49.5 (MecOH), 42.7 (EDA), 42.3 (C-21), 40.4
(C-22), 37.4 (C-7/14), 33.5 (C-11), 33.5 (C-18).
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2.5-[Phloroglucinol]-24-Ester

C204H354N42072
RMM =4547.26

2.0-[Phloroglucinol]-12-Amine (0.510 g; 0.206 mmol)
Methyl acrylate (0.9 mL; 9.87 mmol)

Duration of stirring: 6 days at room temperature
Purification: Azeotropic distillation

Product: Viscous orange oil (0.720 g; 77%).

"H NMR: 7.11 (4H, s (br)), 6.23 (1H, s, H-1), 4.44 (3H, s, H-4), 3.65 (38H, s,

400 MHz, cDcl)  H-28), 3.46 (MeOH), 3.25 (19H, q, H-7/14/21), 2.81 (s (br), H-10/17),
2.74 (t,J=6.7, H-24), 2.53 (t, ] = 6.7, H-8/15/22), 2.41 (t, ] = 6.6,H-25),
2.36 (s (br), H-11/18).

BCNMR:  173.0 (C-26), 172.9 (C-5), 172.4 (C-12), 172.3 (C-19), 67.4 (C-4),

(100MHz cDCL)  52.9 (C-22), 52.5 (C-8), 52.5 (C-15), 52.2 (C-28), 50.7 (MeOH), 49.8
(C-10), 49.8 (C-17), 49.3 (C-24), 37.2 (C-7/14/21), 33.6 (C-11/18), 32.6
(C-25).
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3.0-[Phloroglucinol]-24-Amine

135

1 N 1 H13 23 H27 29
@ N/\/
2 4

C228H450N99O4g
RMM = 5220.65

2.5-[Phloroglucinol]-12-Ester (0.500 g: 0.11 mmol)
EDA (31 mL; 462 mmol)
Duration of stirring: 7 days at 5°C

Purification: Azeotropic distillation and dialysis in deionised water

.l

Product: Viscous orange oil (0.646 g; 111%, product contaminated with solvent)

'HNMR: 629 (1H, s, H-1), 454 (2H, s, H-4), 3.31 (MeOH), 3.24 (t (br),
@omiz o) H-7/14/21), 3.21 (t (br), H-28), 2.77 (t (br), H-10/17/24), 2.70 (t (br),
H-29), 2.57 (12H, t (br), H-8/15/22), 2.38 (26H, t (br), H-11/18/25).

BCNMR: 1752 (C-26), 174.7 (C-12/19), 51.5 (C-8/15/22), 49.7 (C-10/17/24),
(00MHz D0y 49.5 (MeOH), 42.1 ((br) C-28), 40.4 (C-29), 37.4 (C-7/14/21), 33.5

(C-25), 33.4 (C-11/18).
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3.5-[Phloroglucinol]-48-Ester

135
! 1 le 15 zz 25 H27 29 31
12 14 16 18 26 30 32 34 35
2

Ca20H738N99O144
RMM = 9352.94

3.0-[Phloroglucinol]-24-Amine (0.647 g; 0.123 mmol)
Methyl acrylate (1.1 mL; 11.8 mmol)

Duration of stirring: 7 days at room temperature
Purification: Azeotropic distillation

Product: Viscous orange oil (0.773 g; 70%)

'THNMR:  7.13 (s (b)), 6.22 (1H, s, H-1), 4.43 (2H, s, H-4), 3.65 (26H, s, H-35),

(400MHz cpCl)  3.46 (MeOH), 3.25 (q (br), H-14/21/28), 2.80 (s (br), H-10/17/24), 2.74
(t, J= 6.5, H-31), 2.59 (s (br), H-8/15/22), 2.53 (t, J = 5.8, H-29), 2.42 (t,
J=6.7, H-32), 2.36 (s (br), H-11/18/25).

BCNMR:  173.0 (C-33), 172.5 (C-26), 172.4 (C-12/19), 52.9 (C-29), 52.5

(00MHz cpcty  (C-8/15/22), 51.6 (C-35), 50.7 (MeOH), 50.0 (C-10), 49.9 (C-17/24),
49.3 (C-31), 37.5 (C-7/14/21), 37.3 (C-28), 33.7 (C-11/18/25), 32.7
(C-32).
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4.0-[Phloroglucinol]-48-Amine

Ca68Ho30N 1860096
RMM = 10699.70

3.5-[Phloroglucinol]-24-Ester (0.631 g; 0.067 mmol)

EDA (140 mL; 2082 mmol)

Duration of stirring: 14 days at 5°C

Purification: Azeotropic distillation and dialysis in deionised water

Product: Viscous orange oil (0.498 g; 69%)

'THNMR:  6.29 (1H, s, H-1), 4.54 (2H, s, H-4), 3.31 (MeOH), 3.21 (43H, m (br),
@omiz Do)  H-21/28/35), 2.78 (t (br), H-17/24/31), 2.70 (t (br), H-36), 2.59 (t (br),
H-15/22/29), 2.39 (d (br), H-18/25/32).

BCNMR:  175.6 (C-33), 175.2 (C-26), 175.1 (C-19), 51.9 (C-15/22/29), 49.7

(00MiLD,0)  (C-17/24/31), 49.5 (MeOH), 47.8, 45.1, 42.1 (C-35), 40.4 (C-36), 39.2,
37.9,37.4 (C-14/21/28), 36.1, 33.5 (C-25/32), 33.4 (C-11/18).
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-0.5-|Ammonia]-3-Ester

A

~

) O

Ci2H21NOg
RMM =275.30

Sample prepared by Dr P. Walker and used with permission.

'HT, NMR: 3.66(3.219), 2.75 (1.311), 2.45 (1.813).

(MeOD)

'HT, NMR: 3.64 (2.384), 2.74 (0.970, 2.42 (1.354).

(CDCly)

0-|Ammonal-3-Amine
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Ci5H33N703
RMM = 349 .47

-0.5-[Ammonia]-3-Amine (1.42 g; 5.16 mmol)

EDA (51.8 mL; 775 mmol)

Duration of stirring: 5 days at room temperature

Purification: Azeotropic distillation

Product: Viscous yellow oil (2.67 g; 144%, product contaminated with solvent)

'H NMR: 3.35 (MeOH), 3.32 (6H, t, J = 6.3, H-6), 2.76 (t, ] = 6.8, H-2), 2.72 (t,
00 MHz, McoD) J = 6.3, H-7), 2.36 (6H, t, ] = 6.8, H-3).

BCNMR: 1753 (C-4), 50.6 (C-2), 49.9 (MeOH), 43.0 (C-6), 42.0 (C-7), 34.6

(100 MHz, McOD)  (C-3).

'HT, NMR: 3.24 (0.979), 2.75 (0.398), 2.72 (1.071), 2.36 (0.513).

(MeOD)

'H T, NMR: 3.16 (0.895), 2.68 (0.348), 2.64 (0.992), 2.34 (0.441).

(D:0)

0.5-|[Ammonia]-6-Ester (115)

0
N/ 4 N/\/ h \
3 H 7 9 13
5 o)
L 42
- -3
C39HgoN70O15
RMM = 876.01
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0-[Ammonia]-3-Amine (1.418 g; 3.952 mmol)

Methyl acrylate (6.0 mL; 66.4 mmol)

Duration of stirring: 3 days at room temperature

Purification: Column chromatography (Rs: 0.37, 10% MeOH in DCM, silica 60)
Product: Viscous yellow oil (1.148 g; 33%)

MS/ES” (m: 439.0 (75% [M + 2H]*"), 450.0 (75% [M + H + Na]*"), 461.0 (20% [M +
2Na]*"), 876.7 (80% [M + H]"), 898.7 (100% [M + Na]").

"H NMR: 6.97 (3H, t (br), H-5), 5.29 (DCM), 3.66 (18H, s, H-13), 3.27

300 MHz, cpcl)  (6H, q, J = 5.8, H-6), 2.79 (t (br), H-2), 2.74 (t, ] = 6.6, H-9), 2.52 (6H,
t,J =5.9, H-7), 2.41 (t, ] = 6.6, H-10), 2.37 (t (br), H-3).

BC NMR: 173.0 (C-11), 172.0 (C-4), 53.4 (DCM), 53.0 (C-7), 51.6 (C-13), 49.2

(75MHz,cpcl)  (C-2/9), 37.1 (C-6), 33.5 (C-3), 32.7 (C-10).

'HT, NMR: 3.67 (1.938), 3.26 (0.501), 2.81 (0.327), 2.77 (0.526), 2.56 (0.437),
(MeOD) 2.48 (0.800), 2.39 (0.402).

'HT, NMR: 6.97 (0.550), 3.67 (1.893), 3.26 (0.388), 2.80 (0.291), 2.74 (0.432),
(Dl 2.52 (0.348), 2.41 (0.634), 2.37 (0.343).

1.0-[Ammona]-6-Amine

1/2\)k ° N 10 11 IP‘IIIZ 14
. f N/\/ \/\NH

3 H 7 0 13 15

\

| [\S]

C45Ho3N190g
RMM =1044.35

0.5-[Ammonia]-3-Amine (1.012 g; 1.15 mmol)
EDA (28 mL; 416 mmol)
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Duration of stirring: 5 days at room temperature
Purification: Azeotropic distillation

Product: Viscous yellow oil (1.285 g; 107%, product contaminated with solvent)
"H NMR: 3.35 (MeOH), 3.35 (3H, t, ] = 6.3, H-6/13), 2.79 (3H, t, J = 6.6, H-2/9),
400 MHz, McOD)  2.73 (2H, t,J = 6.4, H-14), 2.58 (1H, t, ] = 6.5, H-7), 2.36 (3H, t, ] = 6.8,

H-3).

BCNMR: 1752 (C-11), 174.8 (C-4), 53.5 (C-7), 51.2 (C-9), 50.6 (C-2), 49.9
(100 MHz MeoD)  (MeOH), 43.1 (C-13), 42.1 (C-14), 38.7 (C-6), 34.9 (C-10), 34.6 (C-3).

1.5-[Ammonia]-12-Ester

0 B 0 1
/Z\)J\ 6 N8 10 E 12 14 16 20
1 N 11
N f N/\/ 5 \/\N 18 O/
3 H 7 13 15 17 19
5 0
2
L -2
L -3
Co3H165N 19033
RMM =2077.43

0-[Ammonia]-3-Amine (0.859 g; 0.823 mmol)
Methyl acrylate (2.7 mL; 29.6 mmol)

Duration of stirring: 3 days at room temperature
Purification: Azeotropic distillation

Product: Viscous yellow oil (0.827 g; 48%)

MS/ES” (m»: 1061.9 (100% [M + 2Na]*").

'THNMR:  7.61 (3H, t (br), H-5), 7.01 (5H, t (br), H-12), 3.65 (36H, s, H-20),
(00 MHz cpCly 3.26 (18H, q, J = 5.5, H-6/13), 2.79 (t (br), H-2/9), 2.74 (t, ] = 6.7,
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H-16), 2.56 (t (br), H-7), 2.53 (t, J = 5.9, H-14) 2.41 (25H, t, J = 6.8,
H-17), 2.34 (t (br), H-3/10).

BCNMR:  173.0 (C-18), 172.3 (C-4/11), 52.9 (C-14), 52.5 (C-7), 51.6 (C-20),
(400 MHz cpcly 506 (MeOH), 49.9 (C-2/9), 49.2 (C-16), 37.5 (C-6), 37.2 (C-13), 33.8
(C-10), 33.4 (C-3), 32.7 (C-17).

'HT,NMR: 3.67 (1.585), 3.26 (0.410), 2.83 (0.292), 2.77 (0.426), 2.61 (0.294),
(MeOD) 2.56 (0.359),2.47 (0.640), 2.39 (0.343).

'HT, NMR: 7.08 (0.424), 3.64 (1.292), 3.25 (0.318), 2.77 (0.303), 2.73 (0.340),
(cDCl) 2.53 (0.295), 2.50 (0.293), 2.41 (0.487), 2.35 (0.299).

0.5-|[PAMAM]-2-Ester Dendron (117)

(6] OMe
2 4 6 8
N OMe
HO/\/ 9
1 3 5 7
0
Ci0H19NOs
RMM =233.26

Ethanolamine (2 mL; 32.7 mmol)

Methyl acrylate (12 mL; 131 mmol)

Duration of stirring: 4 days at room temperature
Purification: Azeotropic distillation

Product: Colourless oil (8.62 g; 109%, product contaminated with solvent)

MS/ES” miz): 234.2 (100% [M + H]"), 256.3 (20% [M + Na]").
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"H NMR: 3.67 (6H, s, H-9), 3.58 (2H, t(br), H-2), 2.80 (4H, t, J = 6.7, H-5), 2.60
3ooMHz, cpc)  (2H, t, J=5.1, H-3), 2.47 (4H, t, ] = 6.7, H-6).

BCNMR:  172.9 (C-7), 59.0 (C-2), 56.1 (C-3), 51.6 (C-9), 49.2 (C-5), 32.5 (C-6).

(75 MHz, CDCl)

'HT, NMR: 3.66 (3.037), 3.56 (1.313), 2.77 (1.270), 2.57 (1.177), 2.44 (1.614).

(CDCly)

Data is consistent with literature.>>!

1.0-[PAMAM]-2-Amine Dendron (118)

H

0 N

\/\NH2
2 4 6 8H 10

N N

HO/\/ V\NHZ
1 3 5 7 9 11
o
Ci2H27N503
RMM = 289.38

0.5-[PAMAM]-2-Ester (2.34 g; 10.0 mmol)
EDA (57 mL; 857 mmol)

Duration of stirirng: 5 days at 5°C
Purification: Azeotropic distillation

Product: Yellow oil (3.43 g; 118%, product contaminated with solvent)
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MS/ES" (m): 312.4 (30% [M + Na]").
"H NMR: 3.63 (2H, t, J = 6.1, H-2), 3.31 (MeOH), 3.20 (4H, t, J = 6.2, H-9),
(300MHz,D,0)  2.79 (4H,t,J=7.1, H-5), 2.67 (4H, t, ] = 6.3, H-10), 2.62 (3H, t, J = 6.1,

H-3),2.40 (4H, t, J = 7.1, H-6).

BCNMR: 1759 (C-7), 59.3 (C-2), 54.9 (C-3), 49.9 (C-5), 49.5 (MecOH), 42.3
Gsmiz Do) (C-9), 40.4 (C-10), 33.4 (C-6).

Data is consistent with literature.>>!

1.5-[PAMAM]-4-Ester Dendron

_ o —
2 4 6 8H 10 12 14
/\/N\ N\/\
HO N OMe
1 3 5 7 9 11 13 15 16
0 5
L —2
C23H51N501;
RMM = 633.73

1.0-[PAMAM]-2-Amine (3.43 g; 11.87 mmol)

Methyl acrylate (5.6 mL; 61.7 mmol)

Duration of stirring: 5 days at room temperature

Purification: Column chromatography (Rs: 0.41, 10% MeOH in DCM, silica 60)
Product: Pale yellow oil (4.60 g; 61%)

MS/ES” (wz: 318.0 (60% [M + 2H]*"), 634.4 (100% [M + H])).

224 -



'HNMR:  3.66 (18H, s, H-16), 3.60 (2H, t (br), H-2), 3.46 (MeOH), 3.28 (6H, q,

(00 MHz cpcly T = 5.8, H-9), 2.82 (6H, t (br), H-5), 2.74 (12H, t, ] = 6.7, H-12), 2.62
(3H, s (br), H-3), 2.53 (6H, t, J = 5.6, H-10), 2.42 (17H, t, J = 6.6,
H-6/13).

BCNMR:  173.0 (C-14), 172.2 (C-7), 59.3 (C-2), 55.7 (C-3), 52.9 (C-10), 51.6
@smizcpcty  (C-16), 50.0 (C-5), 49.2 (C-12), 37.1 (C-9), 33.7 (C-6), 32.6 (C-13).

Data is consistent with literature™>>!

2.0-|[PAMAM]-4-Amine Dendron

_ o _
2 4 6 8 1 10 . M 16 18
/\/N\ N\/\ /\/NH2

HO N N
. 3 5 7 9 1 13 Hys 17
0
- -2
C3Hg7N 1307
RMM = 745.97

1.5-[PAMAM]-2-Ester (2.0 g, 3.16 mmol)
EDA (51 mL, 758 mmol)

Duration of stirring: 5 days at 5°C
Purification: Azeotropic distillation

Product: Yellow oil (3.33 g; 133%, product contaminated with solvent)

MS/ES” (wz: 249.2 (60% [M + 3H]*"), 374.1 (100% [M + 2H]*).
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'THNMR:  3.63 (IH, t, J = 6.0, H-2), 3.31 (MeOH), 3.24 (8H, t, J = 6.2, H-9/16),
GooMHLD0)  2.79 (t (br), H-5/12), 2.74 (t, J = 6.2, H-10/17), 2.60 (5H, q (br), H-3/6),
2.42 (8H, t (br), H-13).

BCNMR:  175.7 (C-14), 175.4 (C-7), 59.4 (C-2), 54.9 (C-3), 51.9 (C-10), 49.9
GsMiz Do) (C-5), 49.7 (C-12), 49.5 (MeOH), 41.7 (C-16), 40.4 (C-17), 37.4 (C-9),

33.5 (C-13), 33.3 (C-6).

Data is consistent with literature.>>!

2.5-|[PAMAM]-4-Ester Dendron

0

10 12 ” 16 I?\I 20 28

\/\ /\/ (S
9 ?11 13 E15 17 19 2
0
2 5 5
CesH115N 13023
RMM = 1434.68

Methyl acrylate (6.4 mL, 71.4 mmol)

2-[PAMAM]-4-Amine (3.33 g, 4.46 mmol)

Duration of stirring: 5 days at room temperature

Purification: Column chromatography failed; reclaimed from silica phase

Product: Pale yellow oil (2.52 g; 39%)
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"H NMR: 7.00 (1H, t, J=5.1, H-15), 3.64 (2H, s, H-23), 3.25 (1H, q (br), H-9/16),

(400 MHz,cDCly) - 2.77 (t, J =6.7, H-5/12),2.72 (t, ] = 6.6, H-19), 2.56 (t (br), H-10), 2.51
(t, J = 5.9 Hz, H-17), 2.40 (6H, t, J = 6.6, H-20), 2.34 (t, J] = 6.8,
H-6/13).

BCNMR:  172.9 (C-21), 172.4 (C-7), 172.3 (C-14), 59.4 (C-2), 55.7 (C-3), 53.4
(100 MHz cpcly  (DCM), 52.9 (C-17), 52.5 (C-10), 51.6 (C-23), 50.1 (C-5), 49.9 (C-12),
49.2 (C-19), 37.3 (C-9), 37.2 (C-16), 33.8 (C-6/13), 32.6 (C-20).

Data is consistent with literature.>>!

General Procedure for the Acetylation of 1.0-[EDAJ-8-Amine

16
2 4 ?Q
11

\/N Eﬁ 8 10 2 14 NH
\/Y \7/\ /\AN/\/ 2

1 3 05 1 H13 15
18 23
19 21 E 24

N/\/ 25

O 22
H O

20 —2

Acetic anhydride was added dropwise to a stirred solution of 1.0-[EDA]-8-amine and
triethylamine in dry methanol (4 mL). After 24 hours the solvent was removed in vacuo

to give an orange oil.

Procedure adapted from literature.****"®

-227 -



25% Acetylated (119)

1.0-[EDA]-8-Amine (0.100 mg; 0.070 mmol)
Acetic anhydride (0.013 mL; 0.140 mmol)
Triethylamine (0.021 mL; 0.154 mmol)

Product: Viscous orange oil (0.083 g)

Calculated surface coverage: 3 groups by 'H NMR

'H-NMR:  3.38 (9H, t (br)), 3.31 (MeOH), 3.26 (22H, s (br), H-14/21/22), 2.96
GoomizD:0)  (9H, t (br)), 2.77 (23H, t (br), H-10/15/17), 2.58 (12H, s (br), H-1/8),
2.40 (24H, m (br), H-4/11), 1.94 (8H, s, H-25), 1.87 (5H, TEA).

50% Acetylated (120)

1.0-[EDA]-8-Amine (0.100 mg; 0.070 mmol)
Acetic anhydride (0.026 mL; 0.280 mmol)
Triethylamine (0.043 mL; 0.308 mmol)

Product: Viscous orange oil (0.090 g)

Calculated surface coverage: 5 groups by 'H NMR

'H-NMR:  3.47 (5H, t (br)), 3.31 (MeOH), 3.26 (23H, s (br), H-14/21/22), 3.11

Goomiz Do) (SH, t (br)), 2.98 (6H, t (br)), 2.89 (21H, (br), H-10/15/17), 2.73 (10H,
(br), H-1/8), 2.44 (24H, m (br), H-4/11), 1.94 (13H, s, H-25), 1.87 (6H,
TEA).

75% Acetylated (121)

1.0-[EDA]-8-Amine (0.100 mg; 0.070 mmol)
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Acetic anhydride (0.040 mL; 0.420 mmol)
Triethylamine (0.064 mL; 0.462 mmol)

Product: Viscous orange oil (0.095 g)

Calculated surface coverage: 7 groups by 'H NMR

'H-NMR: 347 (2H, t (br)), 3.35 (br), 3.31 (MeOH), 3.26 (29H, s (br),

Goomiz Do) H-14/21/22), 3.11 (2H, t (br)), 3.01 (7H, q (br)), 2.94 (20H, t (br),
H-10/15/17), 2.78 (8H, (br), H-1/8), 2.40 (24H, m (br), H-4/11), 1.94
(18H, s, H-25), 1.87 (4H, TEA).

100% Acetylated (122)

1.0-[EDA]-8-Amine (0.050 mg; 0.035 mmol)
Acetic anhydride (0.032 mL; 0.336 mmol)
Triethylamine (0.052 mL; 0.370 mmol)

Product: Viscous orange oil (0.029 g)

Calculated surface coverage: 9 groups by 'H NMR

'H-NMR:  3.45 (9H, t (br)), 3.31 (MeOH), 3.26 (32H, s (br)), 3.14 (26H, m (br)),
GoomizD:0)  2.99 (12H, t (br)), 2.56 (24H, t (br)), 1.94 (19H, s, H-25), 1.87 (7H,
TEA).

General Procedure for the Acetylation of 4.0-[EDAJ-64-Amine
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2 4 ?
11

Dendrimer: \/NWE(J\/S\ U&/{/Nl"b
7

1 3 05 1 H13 15
18 23
19 21 E 24

N/\/ 25

O 22
H o)

20 =2,

Acetic anhydride was added dropwise to a stirred solution of 4.0-[EDA]-64-amine and
triethylamine in dry methanol (4 mL). After 72 hours the solvent was removed in vacuo
to give an orange oil. The oil was then dialysed in deionised water for 7 days. The
resulting oil was then azeotropically distilled in MeOH/toluene to give product as a
viscous orange oil. >C NMR showed incomplete dialysis, so this step was repeated.

Procedure adapted from published data to give consistent results.**

25% Acetylation (127)

4.0-[EDA]-64-Amine (0.100 g; 0.00704 mmol)

Acetic anhydride (0.011 mL; 0.113 mmol)

Triethylamine (0.017 mL; 0.124 mmol)

Product: Viscous orange oil (0.087 g)

Calculated surface coverage: 16 groups (25%) by '"H NMR

'"H-.NMR:  3.31 (MeOH), 3.26 (21H, s, H-14/21/22), 2.77 (d, H-10/15/17), 2.66

@00MHz D,0) (), 2.58 (10H, s (br), H-1/8), 2.38 (20H, s (br), H-4/11), 1.94 (4H, s,
H-25).

BC-NMR:  175.7 (C-12), 175.6 (C-5), 175.2 (internal carbonyl), 174.7 (C-24),

(0oMHZD:0)  51.9 (C-8), 49.7 (C-3/10/17), 49.5 (MeOH), 47.8 (G4 defect), 45.1 (G4
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defect), 41.3 (C-14), 40.3 (C-15), 39.3 (C-21), 39.2 (C-22), 37.9, 37.4
(C-7), 36.0 (G4 defect), 33.4 (C-4/11/18), 22.6 (C-25).

50% Acetylation (124)

4.0-[EDA]-64-Amine (0.100 g; 0.00704 mmol)
Acetic anhydride (0.021 mL; 0.225 mmol)
Triethylamine (0.047 mL; 0.338 mmol)

Product: Viscous orange oil (0.076 g)

Calculated surface coverage: 34 groups (53%) by 'H NMR

"H-.NMR:

(400MHz, D,0O)

BC-NMR:

(100MHz, D,0O)

3.40 (2H, s (br)), 3.31 (MeOH), 3.25 (22H, s, H-14/21/22), 2.99 (2H, s
(br)), 2.77 (19H, s (br), H-10/15/17), 2.58 (10H, s (br), H-1/8), 2.37
(20, s (br), H-4/11), 1.93 (8H, s, H-25).

175.5 (C-12), 175.1 (C-5), 174.7 (C-24), 51.9 (C-8), 49.7 (C-3/10/17),
49.5 (MeOH), 40.0, 39.3 (C-21), 39.2 (C-22), 37.9, 37.4 (C-7), 33.3
(C-4/11/18), 22.6 (C-25).

75% Acetylation (125)

4.0-[EDA]-64-Amine (0.100 g; 0.070 mmol)
Acetic anhydride (0.032 mL; 0.333 mmol)
Triethylamine (0.071 mL; 0.507 mmol)

Product: Viscous orange oil (0.095 g)
Calculated surface coverage: 40 groups (63%) by 'H NMR

"H-.NMR:

(300MHz, D,0)

BC-NMR:

(75MHz, D,0)

3.40 (2H, s (br)), 3.31 (MeOH), 3.25 (21H, s, H-14/21/22), 3.00 (2H, s
(br)), 2.77 (18H, s (br), H-10/15/17), 2.58 (10H, s (br), H-1/8), 2.37
(19H, s (br), H-4/11), 2.07 (1H, d (br)), 1.93 (9H, s, H-25).

175.5 (C-12), 175.1 (C-5), 174.7 (C-24), 51.9 (C-8), 49.7 (C-3/10/17),
49.5 (MeOH), 39.9, 39.3 (C-21), 39.2 (C-22), 37.8, 37.4 (C-7), 33.3
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(C-4/11/18), 22.6 (C-25).

75% Acetylation (128)

4.0-[EDA]-64-Amine (0.250 g; 0.0176 mmol)

Acetic anhydride (0.080 mL; 0.844 mmol)

Triethylamine (0.129 mL; 0.929 mmol)

Product: Viscous orange oil (0.242 g)

Calculated surface coverage: 47 groups (74%) by 'H NMR

'H-NMR: 331 (MeOH), 3.25 (24H, s, H-14/21/22), 2.77 (18H, s (br),
doomizp.0)  H-10/15/17), 2.58 (10H, s (br), H-1/8), 2.37 (19H, s (br), H-4/11), 2.07
(d), 1.93 (11H, s, H-25).

BCNMR:  175.6 (C-12), 175.1 (C-5), 174.7 (C-24), 51.9 (C-8), 49.7 (C-3/10/17),

(oM Do) 49.5 (MeOH), 44.9 (G4 defect), 39.3 (C-21), 39.2 (C-22), 38.7, 37.9,
37.4 (C-7), 33.3 (C-4/11/18), 22.6 (C-25).

75% Acetylation-d; (130)
4.0-[EDA]-64-Amine (0.150 mg; 0.0106 mmol)
Acetic anhydride-de (0.048 mL; 0.509 mmol)
Triethylamine (0.077 mL; 0.557 mmol)
Product: Viscous orange oil (0.136 g)

Calculated surface coverage: 50 groups (78%) by inverse-gated decoupled *C NMR

BC NMR (inverse-gated decoupled, MeOD): Dendrimer carbonyl 174.7 (124C), acetyl
carbonyl 173.5 (50C).

100% Acetylation (126)

4.0-[EDA]-64-Amine (0.050 mg; 0.0035 mmol)
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Acetic anhydride (0.028 mL; 0.293 mmol)

Triethylamine (0.061 mL; 0.439 mmol)

Product: Viscous orange oil (0.029 g)

Calculated surface coverage: 46 groups (72%) by 'H NMR

'H-NMR:  3.31 (MeOH), 3.25 (23H, s (br), H-14/21/22), 2.77 (17H, t (br),
Goomizp:0)  H-10/15/17), 2.58 (10H, t (br), H-1/8), 2.37 (19H, t (br), H-4/11), 2.07
(1H, d (br)), 1.93 (10H, s, H-25).

BCNMR:  175.5 (C-12), 175.1 (C-5), 174.7 (C-24), 51.9 (C-8), 49.7 (C-3/10/17),
sMELD.0)  49.5 (MeOH), 39.3 (C-21), 39.2 (C-22), 37.9, 37.4 (C-7), 33.3 (C-
4/11/18), 22.6 (C-25).

100% Acetylation (129)

4.0-[EDA]-64-Amine (0.090 mg; 0.00633 mmol)

Acetic anhydride (0.058 mL; 0.608 mmol)

Triethylamine (0.104 mL; 0.743 mmol)

Product: Viscous orange oil (0.082 g)

Calculated surface coverage: 54 groups (84%) by 'H NMR

'H-NMR:  3.31 (MeOH), 3.25 (27H, s (br), H-14/21/22), 2.77 (20H, t (br),
@omizp0)  H-10/15/17), 2.58 (10H, t (br), H-1/8), 2.37 (21H, t (br), H-4/11), 2.07

(2H, d), 1.93 (14H, s, H-25), 1.40 (2 H, s).

BC-NMR:  175.5 (C-12), 175.1 (C-5), 175.0 (internal carbonyl), 174.7 (C-24),
(100MHz D,0)  51.9 (C-8), 49.7 (C-3/10/17), 49.5 (MeOH), 45.1 (G4 defect), 39.3
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(C-21), 39.2 (C-22), 37.9, 37.4 (C-7), 35.3, 34.6, 33.3 (C-4/11/18), 28.2,
22.6 (C-25).

5-|[EDA]-60-Amine-1-FITC-67-acetylated (131)

Dendrimer<_N

Acetic anhydride (0.00964 mL; 0.0102 mmol) was added dropwise to a stirred solution
of 5-[EDA]-127-Amine-1-FITC (0.046 g; 0.0016 mmol) and triethylamine (4 drops) in
dry methanol (4 mL). After 18 hours the solvent was removed in vacuo to give an
orange oil. The oil was then dialysed against deionised water for 3 days. The resulting
oil was then azeotropically distilled in MeOH/toluene to give product as a viscous
orange oil (0.0342 g).

'H-NMR: 3.35 (MeOH), 3.28 (s (br), H-14/21/22), 2.79 (147H, t (br),
@“ooMmHz, McoD)  H-10/15/17), 2.58 (100H, s (br), H-1/8), 2.36 (171H, s (br), H-4/11),

2.12 (40H, d (br)), 1.95 (68H, s, H-25).

BCNMR: 1752 (C-12), 174.7 (C-5), 173.5 (C-24), 53.5, 51.1 (C-8), 49.9
(100MHz Meop)  (MeOH), 40.2 (C-14), 40.1 (C-15), 38.6 (C-21/22) 34.7 (C-4/11/18),
22.9 (C-25).

Calculated surface coverage: 67 groups (52%) by 'H NMR

No literature reference was found.
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Preparation of Poly(ethylene glycol) Derivatives

a-Methyl-w-bromopoly(ethylene glycol) (134)
O2 4 6 Br8
o/\/
1 3 5 7
n
av. RMM =613 (n=5to 16)
Monomethyl PEG (550) (10.0 g; 18.2 mmol) was dissolved in DCM (40 mL) and
cooled over ice. Phosphorus tribromide (0.85 mL; 9.08 mmol) was added dropwise and

the reaction mixture was allowed to stir for 1 hr at 0°C before being warmed to RT and

then stirred for a further 2 hrs giving a brown solution.
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Ice was added to the reaction (with external cooling) to quench unreacted PBr; and the
product extracted into DCM (3 x 40 mL). The organics were combined, dried over
NaSO4 and the solvent removed in vacuo to give product as a colourless oil (9.19 g;

82%).

MS/ES" miz:  559.3 (100%, n =9, [M + Na]"), n =5 to 16. Bromine splitting observed.

'THNMR:  3.79 (6H, t, J = 6.3, H-6), 3.63 (s), 3.62 (s, H-3/4), 3.53 (d, J = 3.5),
(00 MHz cpcly 3.52 (d, J = 3.5), 3.45 (4H, t, ] = 6.4, H-7), 3.36 (7H, s, H-1).

BCNMR: 719 (Me-O-CH,-), 71.1 (C-6), 70.5 (C-3/4), 64.7, 59.0 (C-1), 30.3

(75MHz,cpck)  (C-T7).

FTIR v,. (em": 2966 (s, C-H aliphatic stretch), 1456 (m, C-C stretch), 1093 (s, C-O
(thin film) stretch), 653 (w, C-Br stretch).

Procedure adapted from literature.

a-Methyl-w-phthalimidopoly(ethylene glycol) (135)

av. RMM = 679 (n = 5 to 16)

Potassium phthalimide (6.23 g; 33.6 mmol) was added portionwise to a solution of a-
methyl-w-bromopoly(ethylene glycol) (10.31 g; 16.82 mmol) in dry methanol (80 mL)

and the mixture was stirred at 85°C for 22 hrs to give a pale yellow solution with white

solid.
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The methanol was removed in vacuo and the resulting oil partitioned between water (40
mL) and DCM (40 mL). The organic phase was collected and the aqueous layer was
washed a further two times with DCM (2 x 40 mL). The organics were combined and
the DCM removed in vacuo. The resulting white oil was partitioned between water (40
mL) and ethyl acetate (40 mL). The organic phase was collected and the aqueous layer
was washed a further two times with ethyl acetate (2 x 40 mL). The organics were
combined, dried over Na,SO4 and the solvent removed in vacuo to give product as a

white oily solid (2.32 g; 20%).
MS/ES" (m): 624.3 (100%,n =9, [M + Na]"), n=5 to 16.

"H NMR: 11.33 (phthalimide), 7.86 (d, J = 3.3, H-11/12), 7.83 (phthalimide),

300 MHz, DMSO)  4.04 (trace ethyl acetate), 3.75 (4H, t, ] = 5.5, H-7), 3.62 (4H, t, J = 6.3,
H-6), 3.50 (s, H-3/4), 3.46 (s), 3.41 (s), 3.23 (5H, s, H-1), 3.03 (MeOH),
1.98 (trace ethyl acetate), 1.17 (trace ethyl acetate).

BCNMR:  169.1 (phthalimide), 167.7 (C-9), 134.3 (C-12), 134.2 (phthalimide),
(7sMiz,DMs0)  132.5 (phthalimide), 131.4 (C-10), 122.9 (C-11), 122.8 (phthalimide),
71.2 (Me-O-CH,-), 69.5 (C-3/4), 66.8 (C-6), 57.9 (C-1), 37.0 (C-7).

FTIR v, (em": 3287 (m, N-H amide stretch), 3059 (m, [Ar] C-H stretch), 2869

(solid state) (s, C-H aliphatic stretch), 1709 (s, C=O amide stretch), 1465 (m, C-C
stretch), 1088 (s, C-O stretch),.

372

Preparation adapted from literature.”~ No literature reference was found.

a-Methyl-w-aminopoly(ethylene glycol) (136)
ol A\ 8w
2
o/\/
1 3 5 7
n
av. RMM =549 (n=5to 16)
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Hydrazine monohydrate (0.31 mL; 6.4 mmol) was added to a stirred solution of a-
methyl-w-phthalimidopoly(ethylene glycol) (2.20 g; 3.20 mmol) in methanol (50 mL)
and the mixture was allowed to reflux for 72 hrs giving a lime green solution.

The reaction mixture was allowed to cool before the solvent was removed in vacuo to
give a pale oil. This was dissolved in basic water (40 mL, pH 11, NaOH) and product
was extracted with DCM (3 x 50 mL). The organics were combined, dried over Na;SO4

and the solvent removed in vacuo to give product as a colourless oil (0.78 g; 44%).

MS/ES" (mn: 472.3 (100%, n =9, [M + H]"), n= 5 to 16.

'HNMR:  3.64 (s), 3.63 (s, H-3/4), 3.54 (d, J = 5.1), 3.52 (d, J = 4.7), 3.49 (1,
@oomiz cpcly T = 5.2, H-6), 3.36 (3H, s, H-1), 2.85 (2H, t, ] = 5.1, H-7), 1.50 (2H, s
(br), H-8).

BC NMR: 73.4 (C-6), 71.9 (Me-O-CH;-), 70.5 (C-3/4), 70.3 (Me-O-CH,-CH,-),
(100 MHz, cDCl) ~ 59.0 (C-1), 41.8 (C-7).

FTIR v,. (cm": 2864 (s (br), C-H aliphatic and N-H amine stretch), 1465 (w, C-C
(thin film) stretch), 1095 (s, C-O stretch).

Preparation adapted from literature.’”

a-Methyl-w-isothiocyanatopoly(ethylene glycol) (137)

av. RMM =591 (n=5to 16)

Thiophosgene (0.093 mL; 1.2 mmol) and sodium carbonate (0.25 g; 2.4 mmol) were
suspended in stirred chloroform (30 mL) under nitrogen over an ice bath. A solution of
a-methyl-w-aminopoly(ethylene glycol) (0.23 g; 0.42 mmol) in chloroform (10 mL)
was added dropwise over lhr before being warmed to RT and stirred for a further 72

hrs.
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The chloroform was removed in vacuo and the crude product re-dissolved in fresh
chloroform (20 mL). The Na,CO; was removed by centrifugation, the chloroform was
decanted and solvent was removed in vacuo to give product as a yellow oil (0.27 g;
76%).

MS/ES" (m): 536.2 (100%,n =9, [M + Na]"), n=5 to 16.

"H NMR: 3.37 (m), 3.64 (s, H-3/4), 3.55 (d, J = 4.7), 3.54 (d, ] = 4.4), 3.37 (s,
400 MHz, cpcl) - H-1), 1.78 ().

BC NMR: 71.9 (Me-O-CH-), 70.8 (C-6), 70.6 (C-3/4), 69.3 (Me-O-CH,-CH,-),
(100 MHz, cDCL)  59.0 (C-1), 45.2 (C-7), 33.0. No C=S signal observed.

FTIR v,. (cm": 2867 (s (br), C-H aliphatic stretch), 2116 (m, N=C=S stretch), 1453
(thin film) (w, C-Cstretch), 1094 (s, C-O stretch).

No literature reference was found.

4-|EDA]-41-Amine-23-PEG (138)

A solution of a-methyl-m-isothiocyanatopoly(ethylene glycol) (0.0856 g; 0.143 mmol)
in 1,4-dioxane (0.5 mL) was added dropwise to a stirred solution of triethylamine (4
drops) and 4-[EDA]-64-Amine (0.1268 g, 0.00892 mmol) in water (5 mL). The
resulting mixture was stirred for 18 hrs.

This solution was purified by dialysis against water for 5 days. The oil obtained was
then azeotropically distilled in MeOH/toluene to give product as a viscous orange oil

(0.1540 g).

Combustion analysis: C 48.70%, H 7.88%, N 13.69%, S 3.01. N:S ratio
suggests 23 PEG groups present.
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No literature reference was found.

4-|EDA]-46-Amine-18-PEG (139)

A solution of a-methyl-w-isothiocyanatopoly(ethylene glycol) (0.1016 g; 0.169 mmol)
in 1,4-dioxane (I mL) was added dropwise to a stirred solution of triethylamine (4
drops) and 4-[EDA]J-64-Amine (0.1504 g, 0.0106 mmol) in water (5 mL). The resulting
mixture was stirred for 18 hrs.

This solution was purified by dialysis against water for 5 days. The oil obtained was
then azeotropically distilled in MeOH/toluene to give product as a viscous orange oil

(0.1648 g).

Combustion analysis: C 50.37%, H 8.45%, N 15.07%, S 2.37. N:S ratio
suggests 18 PEG groups present.

No literature reference was found.

5-[EDA]-102-Amine-26-PEG (140)

Sample prepared by Dr P. Walker and used with permission.

Combustion analysis: C 51.00%, H 8.47%, N 14.82%, S 1.72. N:S ratio
suggests 26 PEG groups present.

No literature reference was found.

5-[EDA]-103-Amine-25-PEG (141)

A solution of a-methyl-m-isothiocyanatopoly(ethylene glycol) (0.0425 g; 0.071 mmol)

in 1,4-dioxane (1 mL) was added dropwise to a stirred solution of triethylamine (4
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drops) and 5-[EDA]-128-Amine (0.064 g, 0.002 mmol) in water (5 mL). The resulting

mixture was stirred for 18 hrs.

This solution was purified by dialysis against water for 5 days. The oil obtained was

then azeotropically distilled in MeOH/toluene to give product as a viscous orange oil

(0.030 g).

Combustion analysis: C 49.42%, H 8.13%, N 16.38%, S 1.88. N:S ratio
suggests 25 PEG groups present.

No literature reference was found.

5-[EDA]-70-Amine-1-FITC-1-57-PEG (142)

A solution of a-methyl-m-isothiocyanatopoly(ethylene glycol) (0.062 g; 0.105 mmol) in
DMSO (5 mL) was added dropwise to a stirred solution of triethylamine (4 drops) and
5-[EDA]-127-Amine-1-FITC (0.0473 g; 0.00164 mmol) in DMSO (15 mL). The
resulting mixture was then stirred for 18 hrs.

The solution obtained was purified by dialysis against water for 3 days. The resulting oil
was then azeotropically distilled in MeOH/toluene to give product as a viscous orange

0il (0.075 g).

FTIR v,. (em": 3271 (s (br), O-H stretch), 2870 (s (br), C-H aliphatic and N-H amine
(thin film) stretch), 1641 (s, C=0 amide stretch), 1099 (s, C-O and C=S stretch).

Combustion analysis: C 49.76%, H 8.49%, N 12.81%, S 3.38. N:S ratio
suggests 58 sulphur atoms present, therefore 1 FITC and

57 PEG chains.

No literature reference was found.

_241 -



Preparation of Fluorescent Samples

5-(Dimethylamino)-N-propylnaphthalene-1-sulphonamide (144)

\ /
N
2
11
12 3
10 4
9 7 5
8 6
Q—S—0
13| 16
HN
14 N
15 17
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Ci5Ha0N20,S
RMM = 292.40

1-Propylamine (0.035 mL; 0.41 mmol) was added dropwise to a stirred solution of
dansyl chloride (0.100 g; 0.37 mmol) and triethylamine (0.057 mL; 0.41 mmol) in dry
DCM (15 mL). The reaction was allowed to reflux under nitrogen for 1 hour, giving a
solution colour change from yellow to green.

The solvent was removed and fresh DCM (10 mL) was added. The solution was then
washed with sodium bicarbonate (2M, 20 mL) and water (20 mL). The organic phase
was dried (MgSO,) and the solvent removed in vacuo. The crude material was purified
by column chromatography (Rg 0.19, DCM, silica 60) to give product as a green oil
(0.070 g, 65%).

MS/ES" mz): 293.2 (30% [M + H]"), 315.2 (50% [M + Na]"), 607.4 (100% [2M +
Na]").

MS/ES" mi): 291.2 (100% [M-H]).

"H-NMR: 8.54 (1H, d, J = 8.5, H-11), 8.29 (1H, d, J = 8.6, H-6), 8.25 (1H, dd,

@ooMHz, cpcl)y  J=7.3, 1.2, H-9), 7.54 (2H, m, H-5/10), 7.19 (1H, d, J = 7.5, H-4), 4.58
(1H, t (br), H-14), 2.89 (6H, s, H-1), 2.86 (2H, q, J = 6.8, H-15), 1.57
(1H, s), 1.41 (2H, sx, J = 7.2, H-16), 0.78 (3H, t, ] = 7.4, H-17).

BCNMR:  152.0 (C-3), 134.8 (C-8), 130.4 (C-6,10 or 11), 130.0 (C-7/12), 129.6
(10oMHz cpcly  (C-6,10 or 11), 128.3 (C-6,10 or 11), 123.2 (C-9), 118.7 (C-5), 115.1
(C-4), 45.4 (C-1), 45.1 (C-15), 23.0 (C-16), 11.0 (C-17).

Procedure adapted from literature.”®” Product consistent with literature.'

4-[EDA]-60-Amine-4-Dansyl
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H, 2.
Dendrimer\n/Nz\/gNMN/w\/N—S
30 32 H 2

26 38 40
O 28 .
32
3 35 37

H 36

34

(numbering started at 26 to allow for easy comparison to 4.0-[EDA]-64-Amine)

An aqueous solution (20 mL) of dansyl chloride (0.0076 g; 0.028 mmol) was added
dropwise to a stirred solution of 4.0-[EDA]-64-amine (0.100 g; 0.007 mmol) in
methanol/water (10/10 mL) over 40 minutes. The pH value of the reaction was kept
between 10 and 12 by the addition of NaOH (20 wt%). The reaction was then heated to
35°C and stirred for 2.5 hrs, before removing the solvents in vacuo.

The resulting orange oil/orange solid was dialysed in methanol for 3 days, followed by

water for 4 days. The product was the azeotroped (MeOH/toluene) to give a viscous

orange oil (0.0715 g, 68%).

'H-NMR:  8.41-7.25 (4H, dansyl), 4.72 (H,0), 3.31 (MeOH), 3.26 (s (br),
doomizp.0)  H-28/35), 2.77 (36H, s (br), H-31/36), 2.57 (10H, s (br), H-29), 2.37
(23H, s (br), H-32), 1.88 (s (br)), 1.28(1H, d).

BC-NMR: 175.8 (C-33), 175.5 (C-26), 175.2 (C-12/19), 165.1, 151.7 (C-48),

(100MHz, D,0) 135.2 (C-43), [130.7, 129.7, 129.3 (dansyl)], 126.5 (dansyl quarternary),
[124.6, 119.8, 116.4 (dansyl)], 69.1, 51.9 (C-29), 49.6 (C-31), 49.5
(MeOH), 47.8 (G4 defect), 45.7 (C-54), 45.0 (G4 defect), 42.4 (C-40),
41.0 (C-35), 40.6, 40.3 (C-36), 39.3, 39.1, 37.4 (C-28), 35.9 (G4 defect),
35.1 (C-39), 33.4 (C-32).

Procedure adapted from literature.**’

4-|[EDA]-63-Amine-1-FITC (145)
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O H H

) H
Dendnmerv\er\/\N/\)J\N/\/NYN O O OH
9] H

Fluorescein isothiocyanate (0.061 g; 0.0157 mmol) was added portionwise to a stirred
solution of 4-[EDA]-64-Amine (0.1113 g; 0.00783 mmol) in DMSO (10 mL). After 18
hrs the reaction was dialysed against water for 24 hrs then MeOH for 48 hrs. The

product was then concentrated in vacuo to give a viscous orange oil (0.0726 g).

FTIR v,..(em™: 3273 (s (br), N-H stretch), 3077 (m, N-H amide stretch), 2943 (m, C-H
(thin film) aliphatic stretch), 2849 (m, C-H aliphatic stretch), 1647 (s (br), C=O
amide stretch), 1556 (s (br), C-C stretch).

Combustion analysis: C 48.07%, H 7.64%, N 19.92%, S 0.10. N:S ratio
suggests only 1 FITC group present.

Procedure adapted from literature.*”

4-|EDA]-44-Amine-18-PEG-2-FITC (146)

Fluoroscein isothiocyanate (0.0033 g; 0.0084 mmol) was added portionwise to a stirred
solution of 4-[EDA]-46-Amine-18-PEG (0.100 g; 0.00420 mmol) in DMSO (7 mL).
After 18 hrs the reaction was dialysed against water for 3 days then MeOH for 2 days.

The product was concentrated in vacuo to give a viscous orange oil (0.0924 g).
FTIR v, (em™: 3290 (s (br), N-H stretch), 3078 (m, N-H amide stretch), 2872 (m, C-H

(thin film) aliphatic stretch), 1652 (s (br), C=0 amide stretch), 1557 (s (br), C-C
stretch), 1103 (s, C-O ether stretch).
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Combustion analysis: C 50.14%, H 8.34%, N 14.18%, S 2.48. N:S ratio
suggests 20 sulphur atoms present, therefore 2 FITC
and 18 PEG chains.

No literature reference was found.

5-[EDA]-126-Amine-2-FITC (147)

Fluorescein isothiocyanate (0.0028 g; 0.00584 mmol) was added portionwise to a stirred
solution of 5-[EDA]-128-Amine (0.0421 g; 0.00146 mmol) in DMSO. After 18 hrs the
reaction was dialysed against water for 24 hrs then MeOH for 48 hrs. The product was

concentrated in vacuo to give an orange oil (0.0376 g).

Combustion analysis: C 46.78%, H 7.19%, N 19.07%, S 2.30. N:S ratio
suggests 23 FITC groups.

Procedure adapted from literature.*”

5-[EDA]-127-Amine-1-FITC (132)

Fluorescein isothiocyanate (0.0045g; 0.0116 mmol) was dissolved in DMSO (15 mL)
and added dropwise to a solution of 5-[EDA]-128-amine (0.167 g; 0.00578 mmol) in
DMSO (15 mL), and the reaction mixture was stirred overnight at room temperature.
The resulting solution was purified by dialysis against water for 3 days. The product

was azeotropically distilled (MeOH/toluene) to give a bright orange viscous oil (0.1528
g)-

Combustion analysis: C 48.95%, H 8.19%, N 20.41%, S 0.1. N:S ratio
suggests 1 FITC group present.
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Procedure adapted from literature.*”

5-|[EDA]-100-Amine-25-PEG-3-FITC (148)

Fluoroscein isothiocyanate (0.009 g; 0.002 mmol) was added portionwise to a stirred
solution of 5-[EDA]-103-Amine-25-PEG (0.032 g; 0.001 mmol) in DMSO (3 mL).
After 18 hrs the reaction was dialysed against water for 3 days then MeOH for 2 days.

The product was concentrated in vacuo to give a viscous orange oil (0.034 g).

Combustion analysis: C 49.50%, H 7.47%, N 16.25%, S 2.08. N:S ratio
suggests 25 PEG groups present.

No literature reference was found.
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Preparation of Histidine Molecules for Surface Attachment

tert-Butyl 2-aminoethylcarbamate (Boc-EDA, 150)

2 6
/\/ NG 0
H,N 8
1 3 7
(0]
C7Hi6N20O2
RMM = 160.22

A solution of di-tert-butyl dicarbonate (3.27 g; 15 mmol) in DCM (5 mL) was added
dropwise over 20 minutes to a stirred solution of ethylenediamine (2 mL; 30 mmol) in
DCM (40 mL).

After 2 hrs the resulting solid was removed by filtration and was then washed with
DCM. The solvent was removed from the filtrate in vacuo to give a colourless oil.
Water (20 mL) was added which resulted in the precipitation of a white solid which was
removed by filtration. The filtrate was saturated with K,CO3 and extracted with diethyl
ether (3 x 20 mL), dried over MgSO4 and reduced in vacuo to give product as a

colourless oil (1.902 g; 79%)).

MS/ES" mz:  161.2 (60% [M + H]").

"H-NMR: 4.90 (1H, s (br), H-4), 3.52 (2H, q, J = 5.6, H-3), 2.78 (2H, t, ] = 6.0,
@@ooMHz, cpc)  H-2), 1.43 (9H, s, H-8).

BCNMR: 1562 (C-5), 79.2 (C-7), 43.4 (C-3), 41.9 (C-2), 31.2, 28.4 (C-8).

(100MHz, CDCl)

Procedure adapted from, and is consistent with, literature.*?%43¢
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(8)-Trityl 4-(2-(tert-butoxycarbonylamino)-3-(2-(zert-
butoxycarbonylamino)ethylamino)-3-oxopropyl)-1H-imidazole-1-

carboxylate (Boc-His(Trt)-EDA-Boc, 151)

C37H45N505
RMM = 639.79

A solution containing Boc-Hist(Trt)-OH (0.100 g; 0.201 mmol), EDC (0.042 g; 0.221
mmol), HOBt*H,O (0.034 g; 0.221 mmol) and DIPEA (0.077 mL; 0.442 mmol) in
DMF/water (5/1 mL) was made at 0°C and stirred for 20 minutes. To this was added
dropwise a solution of tert-butyl 2-aminoethylcarbamate (0.030 g; 0.190 mmol) in DMF
(1 mL) and the reaction mixture was stirred for 45 minutes at 0°C, then at RT for 64
hours.

The solvent was removed in vacuo to give a white solid which was dissolved in DCM
(15 mL). This solution was then washed with water (2 x 15 mL), HCI (5%, 2 x 15 mL),
water (15 mL), sat. NaHCOs (2 x 15 mL), water (15 mL) and brine (20 mL). The
organic phase was dried over Na,SOs, and reduced under vacuum to yield product as a
pale cream solid. This was further purified by column chromatography (R¢: 0.15, 4%
methanol in DCM, silica 60) to give product as a white solid (0.051 g; 42%).

MP: 72 -74°C

MS/ES" (mi): 243 (100%), 640 (10% [M + H]).
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'H-NMR: 7.39 (1H, s, H-20), 7.32 (9H, dd, J = 3.1, 3.1, H-24/26), 7.10 (6H, m,

@“ooMHz, cpcl)  H-25), 6.89 (1H, s (br), H-8), 6.66 (1H, s, H-18), 6.13 (1H, s (br), H-5),
5.58 (1H, s (br), H-11), 4.30 (1H, s (br), H-6), 3.38 (1H, s (br), H-9),
3.22 (3H, s (br), H-9/10), 3.07 (1H, dd, J = 14.8, 4.3, H-16), 2.95 (s,
DMF), 2.91 (1H, dd, J = 14.8, 6.4, H-16), 1.76 (1H, s (br)), 1.43 (9H, s,
H-15), 1.35 (9H, s, H-1).

BC.NMR:  172.0 (C-7), 156.2 (C-4), 155.7 (C-12), 142.3 (C-23), 138.6 (C-20),

(oomiz cpcly  136.7 (C-17), 129.7 (C-25), 128.1 (C-24/26), 119.8 (C-18), 79.8 (C-2),
79.1 (C-14), 75.3 (C-22), 54.8 (C-6), 40.0 (C-9/10), 30.5 (C-16), 28.4
(C-1/15).

No literature reference was found.

Boc-His(Trt)-EDA-Boc (151) 2" attempt

Procedure: as Boc-His(Trt)-EDA-Boc

Boc-Hist(Trt)-OH (0.100 g; 0.201 mmol)

EDC (0.042 g; 0.221 mmol)

HOBt*H,0 (0.034 g; 0.221 mmol)

DIPEA (0.077 mL; 0.442 mmol)

Boc-EDA (0.030 g; 0.190 mmol)

DCM (6 mL)

Purification: Column chromatography (R¢: 0.22, 5% methanol in DCM, silica 60)
Product: White solid (0.093 g; 76%)

MP: 78 - 82°C
MS/ES" ;130 (100%), 640 (10% [M + HT").

HRMS @Es):  C37HasNsNaOs Expected (m/z): 662.3313, Found: 662.3324.
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"H-NMR: 7.39 (1H, d, J = 1.2, H-20), 7.33 (9H, dd, J = 3.1, 3.1, H-24/26), 7.10

(300MHz, cpcl)  (6H, m, H-25), 6.90 (1H, s (br), H-8), 6.65 (1H, s, H-18), 6.13 (1H, s
(br), H-5), 5.59 (1H, s (br), H-11), 5.30 (DCM), 4.30 (1H, q (br), H-6),
3.38 (1H, s (br), H-9), 3.22 (3H, s (br), H-9/10), 3.08 (1H, dd, J = 14.8,
4.4, H-16), 2.91 (1H, dd, J = 14.8, 6.4, H-16), 1.76 (1H, s (br)), 1.43
(9H, s, H-15), 1.35 (9H, s, H-1).

FTIR v, (cm™: 3312 (m (br), N-H amide stretch), 2975 (m, C-H aliphatic stretch),
(solid state) 1683 (s (br), C=0 carbamate stretch).

Combustion: Theoretical C 69.46%, H 7.09%, N 10.94%
analysis Found C 69.18%, H 6.96%, N 11.10%

No literature reference was found.

Boc-His(Trt)-EDA-Boc (151) 3" attempt

Procedure: as Boc-His(Trt)-EDA-Boc

Boc-Hist(Trt)-OH (0.100 g; 0.201 mmol)

HBTU (0.084 g; 0.221 mmol)

HOBt*H,0 (0.034 g; 0.221 mmol)

DIPEA (0.077 mL; 0.442 mmol)

Boc-EDA (0.030 g; 0.190 mmol)

DMF (6 mL)

Purification: Column chromatography (R¢: 0.65, 10% methanol in DCM, silica 60)
Product: White solid (0.101 g; 84%)

MP: 71-75°C

MS/ES" miz: 130 (80%), 157 (80%), 314 (80%), 640 (100% [M + H]"), 662 (30% [M
+Na]").
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'H-NMR: 7.39 (1H, s, H-20), 7.33 (9H, dd, J = 3.1, 3.1, H-24/26), 7.10 (6H, m,

@“ooMHz, cpcl)  H-25), 6.89 (1H, s (br), H-8), 6.65 (1H, s, H-18), 6.13 (1H, s (br), H-5),
5.59 (1H, s (br), H-11), 4.30 (1H, s (br), H-6), 3.38 (1H, s (br), H-9),
3.22 (3H, s (br), H-9/10), 3.07 (1H, dd, J = 14.8, 4.3, H-16), 2.95 (s,
DMF), 291 (dd, J = 14.8, 6.4, H-16), 2.88 (s, DMF), 2.80 (1H, s,
C(O)(N(CH3)2)2), 1.82 (1H, s (br)), 1.43 (9H, s, H-15), 1.35 (9H, s, H-
1).

No literature reference was found.

Boc-His(Trt)-EDA-Boc (151) 4™ attempt

Procedure: as Boc-His(Trt)-EDA-Boc

Boc-Hist(Trt)-OH (0.100 g; 0.201 mmol)

HBTU (0.084 g; 0.221 mmol)

HOBt*H,0 (0.034 g; 0.221 mmol)

DIPEA (0.077 mL; 0.442 mmol)

Boc-EDA (0.035 g; 0.221 mmol)

DCM (6 mL)

Purification: Column chromatography (R¢: 0.33, 5% methanol in DCM, silica 60)
Product: White solid (0.089 g; 69%)

MP: 75 =T77°C

MS/ES" (mz): 640 (100% [M + H]"), 662 (10% [M + Na]").
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'H-NMR: 7.39 (1H, s, H-20), 7.33 (9H, dd, J = 3.1, 3.1, H-24/26), 7.10 (6H, m,

@ooMHz, cpcl)  H-25), 6.89 (01H, s (br), H-8), 6.65 (1H, s, H-18), 6.12 (1H, s (br), H-5),
5.59 (1H, s (br), H-11), 4.30 (1H, s (br), H-6), 3.38 (1H, s (br), H-9),
3.22 (3H, s (br), H-9/10), 3.07 (1H, dd, J = 14.8, 4.2, H-16), 2.95 (s,
DMF), 2.91 (dd, J = 14.9, 6.4, H-16), 2.88 (s, DMF), 1.74 (1H, s (br)),
1.43 (9H, s, H-15), 1.35 (9H, s, H-1).

No literature reference was found.

(S)-tert-Butyl 4-(2-(tert-butoxycarbonylamino)-3-(2-(tert-
butoxycarbonylamino)ethylamino)-3-oxopropyl)-1H-imidazole-1-

carboxylate (Boc-His(Boc)-EDA-Boc, 152)

C23H39N507
RMM =497.59

A solution containing Boc-Hist(Boc)-OH (0.100 g; 0.186 mmol), EDC (0.039 g; 0.205
mmol), HOBt*H,O (0.031 g; 0.205 mmol) and DIPEA (0.11 mL; 0.615 mmol) in DMF
(5 mL) was prepared at 0°C and stirred for 20 minutes. To this was added dropwise a
solution of fert-butyl 2-aminoethylcarbamate (0.028 g; 0.176 mmol) in DMF (1 mL)
and the reaction mixture stirred for 45 minutes at 0°C, then at RT for 18 hours to give a
colourless solution and white solid.

The solvents were removed and the resulting material was dissolved in DCM (6 mL),

any residual solid being collected by filtration. The filtrate was then washed with water
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(2 x 15 mL), HCI (5%, 2 x 15 mL), sat. NaHCOs (2 x 15 mL), and water (15 mL). The
organic phase was dried over Na,SOs, and reduced under vacuum to yield product as a
white solid. This was further purified by column chromatography (Rg 0.28, 5%
methanol in DCM, silica 60) to give product as a white solid (0.045 g; 52%)).

MP: 60 - 62°C
MS/ES" (mi): 498 (20% [M + H]"), 520 (100% [M + Na]"), 1018 (30% [2M + Na]").

'H-NMR:  8.02 (1H, s, H-20), 7.18 (1H, s, H-18), 6.87 (1H, s (br), H-8), 5.91

oMz cocy  (1H, s (br), H-5), 5.46 (1H, s (br), H-11), 5.29 (DCM), 4.35 (1H, q (br),
H-6), 3.35 (1H, s (br), H-9), 3.24 (3H, s (br), H-9/10), 3.09 (1 H, dd,
J=14.9, 4.9, H-16), 2.95 (DMF), 2.95 (1H, dd, J = 14.8, 5.9, H-16), 2.88
(DMF), 1.83 (1H, s), 1.60 (9H, s, H-25), 1.44 (s, H-15), 1.44 (s, H-1).

BC.NMR: 1717 (C-7), 156.2 (C-4), 155.6 (C-12), 146.8 (C-22), 138.9 (C-17),

(looMHz cpcl) 1369 (C-20), 114.9 (C-18), 85.7 (C-24), 80.1 (C-2), 79.3 (C-14), 77.2,
54.3 (C-6), 40.0 (C-9/10), 30.3 (C-16), 28.4 (C-15), 28.3 (C-1), 27.9
(C-25).

No literature reference was found.

Boc-His(Boc)-EDA-Boc (152) 2" attempt

Procedure: as Boc-His(Boc)-EDA-Boc

Boc-Hist(Boc)-OH (0.100 g; 0.186 mmol)

EDC (0.039 g; 0.205 mmol)

HOBt*H,0 (0.031 g; 0.205 mmol)

DIPEA (0.11 mL; 0.615 mmol)

Boc-EDA (0.028 g; 0.176 mmol)

DCM (6 mL)

Purification: Column chromatography (R¢: 0.28, 5% methanol in DCM, silica 60)
Product: White solid (0.066 g; 75%)

-253 -



MP: 61 - 62°C
MS/ES" (miz): 498 (10% [M + H]"), 520 (100% [M + Na]"), 1018 (50% [2M + Na]").
HRMS @EsH:  Cp3H39NsNaO;7 Expected (m/z): 520.2742, Found: 520.2736.

"H-NMR: 8.02 (1H, s, H-20), 7.18 (1H, s, H-18), 6.89 (1H, s (br), H-8), 591

@oomHz, cpct)  (1H, s (br), H-5), 5.47 (1H, s (br), H-11), 5.29 (DCM), 4.35 (1H, q (br),
H-6), 3.35 (1H, s (br), H-9), 3.24 (3H, s (br), H-9/10), 3.08 (1H, dd,
J =149, 49, H-16), 2.94 (1H, dd, J = 14.9, 5.9, H-16), 1.59 (9H, s,
H-25), 1.44 (s, H-15), 1.43 (s, H-1).

FTIR v, (cm™: 3292 (m (br), N-H amide stretch), 2977 (m, C-H aliphatic stretch),
(solid state) 1755 (s, C=0 amide stretch), 1693 (s, C=0 carbamate stretch), 1659
(s, C=0 carbamate stretch).

Combustion: Theoretical C 55.52%, H 7.90%, N 14.07%
analysis Found C 55.76%, H 7.66%, N 13.40%

No literature reference was found.

Boc-His(Boc)-EDA-Boc (152) 3" attempt

Procedure: as Boc-His(Boc)-EDA-Boc

Boc-Hist(Boc)-OH (0.100 g; 0.186 mmol)

HBTU (0.078 g; 0.205 mmol)

HOBt*H,0 (0.031 g; 0.205 mmol)

DIPEA (0.11 mL; 0.615 mmol)

Boc-EDA (0.028 g; 0.176 mmol)

DMF (6 mL)

Purification: Column chromatography (R¢: 0.21, 5% methanol in DCM, silica 60)
Product: Yellow solid (impure) (0.053 g; 61%)
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MP: 45 - 47°C
MS/ES" (miz): 498 (10% [M + H]"), 520 (100% [M + Na]"), 1018 (20% [2M + Na]").

"H-NMR: 8.02 (1H, s, H-20), 7.69 (dd, J = 5.7, 3.3, trace HOBt), 7.51 (dd,
300MHz, cpcl)  J=15.7, 3.3, trace HOBt), 7.18 (1H, s, H-18), 6.89 (1H, s (br), H-8),
5.91 (1H, s (br), H-5), 5.48 (1H, s(br), H-11), 5.29 (DCM), 4.34 (1H, q
(br), H-6), 4.21 (1H, t, J = 5.7), 3.35 (1H, s (br), H-9), 3.24 (3H, s (br),
H-9/10), 3.08 (1H, dd, J = 14.7, 4.9, H-16), 2.95 (1H, dd, J = 14.5, 5.9,
H-16), 2.94 (DMF), 2.87 (DMF), 2.79 (1H, s, C(O)(N(CHj3)2),), 1.59
(9H, s, H-25), 1.44 (s, H-15), 1.43 (s, H-1).

No literature reference was found.

Boc-His(Boc)-EDA-Boc (152) 4™ attempt

Procedure: as Boc-His(Boc)-EDA-Boc

Boc-Hist(Boc)-OH (0.100 g; 0.186 mmol)

HBTU (0.078 g; 0.205 mmol)

HOBt*H,0 (0.031 g; 0.205 mmol)

DIPEA (0.11 mL; 0.615 mmol)

Boc-EDA (0.028 g; 0.176 mmol)

DCM (6 mL)

Purification: Column chromatography (R¢: 0.24, 5% methanol in DCM, silica 60)
Product: White solid (0.041 g; 48%)

MP: 60 - 62°C

MS/ES" (miz): 498 (10%, [M + H]"), 520 (100% [M + Na]"), 1018 (50% [2M + Na]").
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'H-NMR:  8.02 (1H, s, H-20), 7.18 (1H, s, H-18), 6.87 (1H, s (br), H-8), 5.91
Goomz cpcy  (1H, s (br), H-5), 5.48 (1H, s (br), H-11), 5.29 (DCM), 4.35 (1H, q
(br), H-6), 3.35 (1H, s (br), H-9), 3.24 (3H, s (br), H-9/10), 3.09 (1H, dd,
J =149, 4.9, H-16), 2.95 (1H, dd, J = 14.9, 5.9, H-16), 2.79 (14, s,
C(O)(N(CHs),)2), 1.87 (1H, ), 1.59 (9H, s, H-25), 1.44 (s, H-15), 1.43
(s, H-1).

No literature reference was found.

Preparation of Dendrimers with a Histidine Surface

4.0-[EDA]-64-(Boc-His(Boc)) (153)

A solution containing Boc-His(Boc)-OH (0.302 g; 0.562 mmol), HBTU (0.298 g; 0.786
mmol), HOBt*H,O (0.120 g; 0.786 mmol) and DIPEA (0.32 mL; 1.887 mmol) in
DMEF/DCM (10/2 mL) was made at 0°C and stirred for 20 minutes. To this was added
dropwise a solution of 4.0-[EDA]-64-Amine (0.083 g; 0.0058 mmol) in DMF (2 mL)
and the reaction stirred for 40 minutes at 0°C, and then at RT for 64 hours. The solution
turned from yellow to brown over the first 5 hours, and a precipitate formed after a
further 13 hours. The solvent was removed in vacuo to give a brown oil/solid.
Chloroform was added to partially dissolve the mixture and this was dialysed against
chloroform for 1 day, which resulted in no change. Ethanol was added which gave a
brown solution and a brown oil/solid. These were separated by centrifugation. The
solution was reduced in vacuo to give a brown oil, NMR data shows that no dendrimer
is present but that the coupling by-product (1,1,3,3-tetramethylurea) is. The NMR
spectrum of the solid material is inconclusive as this is only partially soluble in DMSO-

de.
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4.0-|[EDA]-59-Amine-5-(Boc-His(Boc)) (154)

56 OO
3

N2
5 \ W 53
so»—Ns54
0 ) H41 492 0O
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(numbering started at 26 to allow for easy comparison to 4.0-[EDA]-64-Amine)

A solution containing Boc-His(Boc)-OH dicyclohexylamine salt (0.0132 g; 0.247
mmol), HBTU (0.0131 g; 0.0345 mmol), HOBt*H,O (0.0053 g; 0.0345 mmol) and
DIPEA (0.014 mL; 0.0828 mmol) in DMF (5 mL) was made at 0°C and stirred for 20
minutes. To this was added dropwise a solution of 4-[EDA]J-64-Amine (0.0438 g;
0.0031 mmol) in DMF/water (5/2 mL) and the reaction mixture stirred for 40 minutes at
0°C, then at RT for 18 hours.

The solvents were removed and the resulting yellow oil was dissolved in methanol and
the solution dialysed for 1 day against water followed by 3 days against methanol. The
product was then reduced to give an orange oil (0.0478 g). Calculated surface coverage:

5 groups by '"H NMR.

'H-NMR:  8.10 (1H, s(br), H-53), 7.68 (s (br)), 7.62 (s (br)), 7.27 (1H, s (br)),
(4oomtz McoD)  6.88 (1H, s (br), H-51), 3.35 (MeOH), 3.26 (s (br), H-14/21/28/35),
2.97 (2H, s (br), H-36), 2.89 (s (br)), 2.78 (s (br), H-17/24/31), 2.57
(10H, s (br), H-15/22/29), 2.37 (21H, s (br), H-18/25/32), 1.60 (1H, s
(br)), 1.38 (7H, s (br), H-48/58).

- 257 -



BC.NMR: 1755 (C=0), 175.1 (C=0), 174.6 (C=0), 164.2, 157.6 (C-45), 136.4

(loomtz MeoD)  (C-50), 125.2, 125.0, 118.9 (C-51), 112.6, 80.7 (C-57), 56.4 (C-43),
53.5 (C-15/22/29), 51.1 (C-17/24/31), 41.7, 41.2, 40.2 (C-39/40), 38.7
(C-14/21/28), 34.9 (C-18/25/32), 31.0 (C-49), 28.8 (C-48/49), 28.2.

No literature reference was found.

4.0-[EDA]-55-Amine-9-(Boc-His(Boc)) (155)

Procedure: as 4.0-[EDA]-56-Amine-8-(Boc-His(Boc))
Boc-His(Boc)-OH dicyclohexylamine salt (0.0299 g; 0.0558 mmol)
HBTU (0.0296 g; 0.0782 mmol)

HOBt*H,0 (0.0120 g; 0.0782 mmol)

DIPEA (0.033 mL; 0.188 mmol)

4-[EDA]-64-Amine (0.0496 g; 0.00349 mmol)

DMF/water (10/2 mL)

Product: viscous orange oil (0.0586 g)

Calculated surface coverage: 9 groups by 'H NMR

"H-NMR: 8.10 (1H, s (br), H-53), 7.68 (s (br)), 7.63 (s (br)), 7.27 (1H, s (br)),

40oMHz, MeOD)  6.88 (1H, s (br), H-51), 3.42 (4H, s (br)), 3.35 (MeOH), 3.26 (s (br),
H-14/21/28/35), 2.98 (7H, s (br), H-36), 2.78 (18H, s (br), H-17/24/31),
2.57 (10H, s (br), H-15/22/29), 2.37 (18H, s (br), H-18/25/32), 1.60 (1H,
s (br)), 1.38 (12H, s (br), H-48/58).

BC NMR (inverse-gated decoupled, MeOD): 175.8 (C=0), 175.1 (C=0), 174.8
(C=0), 164.3, 163.3, 158.5 (4C, C-45), 157.7, 144.6 (C-55), 136.4 (C-
50), 134.8 (C-53), 128.9, 125.3, 118.9 (10C, C-51), 112.6, 80.7 (C-57),
80.2 (C-47), 56.5 (C-43), 53.4 (C-15/22/29), 51.1 (C-17/24/31), 46.0,
41.4, 40.1 (C-39/40), 38.6 (C-14/21/28), 34.7 (100C, C-18/25/32), 31.0
(7C, C-49), 28.8 (41C, C-48/49).

No literature reference was found.
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4.0-[EDA]-53-Amine-11-(Boc-His(Boc)) (156)

Procedure: as 4.0-[EDA]-56-Amine-8-(Boc-His(Boc))
Boc-His(Boc)-OH dicyclohexylamine salt (0.0301 g; 0.0561 mmol),
HBTU (0.0298 g; 0.0785 mmol),

HOBt*H,0 (0.0120 g; 0.0782 mmol)

DIPEA (0.033 mL; 0.188 mmol)

4-[EDA]-64-Amine (0.0498 g; 0.00350 mmol)

DMSO (10 mL)

Product: viscous orange oil (0.0332 g)

Calculated surface coverage: 11 groups by '"H NMR

'H-NMR:  8.11 (1H, s (br), H-53), 7.62 (1H, s (br)), 7.30 (1H, s (br)), 6.88 (1H, s

(oomiz Meop)  (br), H-51), 4.26 (2H, s (br)), 3.35 (MeOH), 3.27 (s (br), H-14/21/28/35),
3.00 (s (br), H-36), 2.89 (s (br)), 2.79 (s (br), H-17/24/31), 2.59 (10H, s
(br), H-15/22/29), 2.37 (21H, s (br), H-18/25/32), 1.61 (3H, s (br)), 1.38
(16H, s (br), H-48/58).

BC-NMR: 1754 (C=0), 175.1 (C=0), 174.6 (C=0), 164.1, 157.5 (C-45), 148.1,

(doomiz MeoD)  138.2, 136.4 (C-50), 118.4 (C-51), 116.2,87.2, 80.7 (C-57), 56.4 (C-43),
53.5 (C-15/22/29), 51.1 (C-17/24/31), 49.9, 41.7, 41.0, 40.2 (C-39/40),
40.0, 38.7 (C-14/21/28), 34.8 (C-18/25/32), 31.0 (C-49), 28.8 (C-48/49),
28.2.

FTIR v,..(em™: 3291 (s (br), N-H stretch), 3080 (m, N-H amide stretch), 2942 (m, C-H
(thin film) aliphatic stretch), 2842 (m, C-H aliphatic stretch), 1646 (s (br), C=O

amide stretch), 1541 (s (br), C-C stretch).

No literature reference was found.
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4.0-[EDA]-56-Amine-8-(Cbz-His) (159)
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O O
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(numbering started at 26 to allow for easy comparison to 4.0-[EDA]-64-Amine)

Procedure: as 4.0-[EDA]-56-Amine-8-(Boc-His(Boc))
Cbz-His-OH (0.0179 g; 0.0619 mmol),

HBTU (0.0329 g; 0.0867 mmol),

HOBt*H,0 (0.0133 g; 0.0867 mmol)

DIPEA (0.022 mL; 0.124 mmol)

4-[EDA]-64-Amine (0.110 g; 7.70 umol)

DMF/water (25/3 mL)

Product: viscous orange oil (0.0849 g)

Calculated surface coverage: 7 groups by 'H NMR

'H-NMR:  8.10 (s), 7.68 (m), 7.32 (m), 7.27 (m), 4.82 (McOH), 3.35 (McOH),
(00MHz MeoD)  3.23 (s (br)), 2.99 (SH, s (br)), 2.79 (22H, s (br)), 2.58 (10H, s (br)), 2.37
(24H, s (br)), 1.32 (3H, m).

BC-NMR: 175.2 (C=0), 174.7 (C=0), 164.2, 164.0, 128.9 (Cbz), 128.8(Cbz),
400MHz, MeOD)  125.1(Cbz), 124.9(Cbz), 118.8 (C-54), 112.6, 53.5 (C-15/22/29), 51.2
(C-17/24/31), 49.9, 46.4, 41.9, 40.3 (C-39/40), 40.0, 38.7 (C-14/21/28),

34.8 (C-18/25/32), 21.8.

No literature reference was found.
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4.0-[EDA]-56-Amine-8-Histidine (160)

Palladium on carbon (0.015 g) was added to a stirred solution of 4.0-[EDA]-56-Amine-
8-(CBZ-His) (0.0849 g) in dry ethanol (20 mL). The reaction flask was repeatedly (x 3)
flushed with nitrogen and then purged under vacuum. Once under vacuum, a balloon
containing hydrogen was connected to the flask and the reaction mixture was stirred
under hydrogen for 2 days.

The palladium on carbon was removed by filtration and the filtrate dialysed against

methanol for 5 days. The product was reduced to give a viscous orange oil (0.0465 g).

'H-NMR:  8.10 (6H, s), 7.97 (2H, s), 7.79 (3H, s), 7.68 (4H, s), 7.40 (s (br)), 7.32
@M D:0) (s, br)), 6.95 (2H, 5), 3.37, 3.32, 2.97, 2.82, 2.63, 2.43, 1.35 (10H, d,
J=6.9).

PC-NMR: 174.9 (C=0), 51.6 (C-17/24/31), 49.4, 40.0, 37.1, 33.1. All broad.

(400MHz, D,0)

FTIR v, (em™: 3272 (s (br), N-H stretch), 3078 (m, N-H amide stretch), 2942 (m, C-H
(thin film) aliphatic stretch), 2844 (m, C-H aliphatic stretch), 1633 (s (br), C=0O
amide stretch), 1548 (s (br), C-C stretch).

No literature reference was found.
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tert-Butyl 2-(((9H-fluoren-9-yl)methoxy)carbonylamino)ethylcarbamate
(Boc-EDA-Fmoc, 161)

(0]
)<)k N
N4 g/é\/g\ﬂ/m
1 3 5 7
O

CoHa6N2Oy4
RMM = 382.46

tert-Butyl 2-aminoethylcarbamate (1.891 g; 11.8 mol) was dissolved in water (15 mL)
and the pH of the solution adjusted to 9 — 9.5 using 1M NaOH. A solution of Fmoc-O-
succinamide (3.982 g; 11.8 mol) in acetonitrile (25 mL) was added to the stirred
solution in one portion and this was then left for 1 hr.

The resulting precipitate was collected by filtration, washing with water the acetonitrile.
The product was then dissolved in chloroform (8 mL) and azeotropically distilled with
methanol/toluene. Product was obtained as a white powder was dried in a desicator for

48 hrs (3.206 g; 71%).

MP: 135 — 137 °C (lit. 155 — 156°C)

MS/ES" (mz): 405 (100% [M + Na]"), 787 (70% [2M + Na]").

"H-NMR: 7.76 (2H, d, T = 7.5, H-17), 7.59 (2H, d, ] = 7.4, H-14), 7.40 (2H, t,

@ooMHz cpcly T = 7.4, H-16), 7.31 (2H, t, T = 7.3, H-15), 5.20 (1H, s (br), H-8), 4.80
(1H, s (br), H-5), 4.41 (2H, d, T =9.7, H-11), 421 (1H, t, ] = 6.7, H-12),
3.28 (4H, s (br), H-6/7), 1.45 (9H, s, H-1).

BC-NMR:  156.7 (C-9), 156.4 (C-4), 143.9 (C-13), 141.3 (C-18), 127.7 (C-16),

(75MHz,cpcl)  127.0 (C-15), 125.0 (C-14), 119.9 (C-17), 79.7 (C-2), 66.7 (C-11), 47.3
(C-12), 41.6 (C-6), 40.5 (C-7), 28.4 (C-1).

Procedure adapted from, and is mostly consistent with, literature.**®
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(9H-Fluoren-9-yl)methyl 2-aminoethylcarbamate hydrochloride (Fmoc-
EDA-HCI, 162)

Ci7H19CIN,O,
RMM = 318.89

tert-Butyl 2-(((9H-fluoren-9-yl)methoxy)carbonylamino)ethylcarbamate (1.305 g; 3.42
mmol) was added to methanol/conc HCI (1:1, 40 mL). The mixture was stirred at reflux
for 18 hrs under nitrogen. The reaction was allowed to cool, upon which a white solid
formed.

The solvents were removed in vacuo and the solid was collected by filtration, and
washed with water. The product was the crystallised from hot methanol and diethyl
ether to give white needles (1.0142 g; 93%).

MP: 123 — 125°C (no lit. mp found)

MS/ES" (mz): 283 (100% [M —HCI + H]").

"H-NMR: 8.10 (3H, s, H-1), 7.89 (2H, d, J = 7.4, H-13), 7.70 (2H, d, J = 7.4,

3oomHz, DMs0)  H-10), 7.50 (1H, t, J = 5.3, H-4), 7.41 2H, t, ] =7.1, H-12), 7.33 (2H, t,
J=28.1, H-11),4.33 (2H, d, ] = 6.8, H-7), 4.22 (1H, t, ] = 6.4, H-8), 3.26
(2H, dt, ] = 6.4, 6.0, H-3), 2.84 (2H, t, ] = 6.3, H-2).

BC-NMR: 156.2 (C-5), 143.7 (C-9), 140.6 (C-14), 127.5 (C-12), 127.0 (C-11),

(7sMHzDMs0)  125.1 (C-10), 120.0 (C-13), 65.5 (C-7), 46.6 (C-8), 38.5 (C-2), 38.0
(C-3).
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FTIR v,. (em™: 3379 (s (br), N-H amide stretch), 2927 (m, (br) C-H aliphatic stretch),
(solid state) 1690 (s, C=0O carbamate stretch).

Combustion: Theoretical C 64.05%, H 6.01%, N 8.78%
analysis Found C 60.31%, H 6.38%, N 8.40%

Procedure adapted from, and is consistent with, literature.***4%

(S)-tert-Butyl 4-(3-(2-(((9H-fluoren-9-
y)methoxy)carbonylamino)ethylamino)-2-(fert-butoxycarbonylamino)-3-

oxopropyl)-1H-imidazole-1-carboxylate (Boc-His(Boc)-EDA-Fmoc, 163)

24 \ >25
23 N/27
9 22 o) 1"
1)<)J\ - g
2 o~ 4 N 6 7 N/\/ 12
3 H H 10
5 8 i
Cs33H41Ns504
RMM = 619.71

A solution containing Boc-Hist(Boc)-OH dicyclohexylamine salt (0.250 g; 0.503
mmol), HBTU (0.210 g; 0.708 mmol), HOBt*H,O (0.854 g; 0.708 mmol) and DIPEA
(0.288 mL; 1.658 mmol) in DCM (12 mL) was prepared at 0°C and stirred for 45
minutes. To this was added dropwise a solution of (9H-fluoren-9-yl)methyl 2-
aminoethylcarbamate hydrochloride (0.156 g; 0.490 mmol) in DCM (3 mL) and the
reaction stirred for 20 minutes at 0°C, then at RT for 18 hours.

The solvent was removed in vacuo to give a white solid. DCM (15 mL) was added and
the resulting solution was then washed with water (2 x 15 mL), HCI (5%, 2 x 15 mL),
water (15 mL), sat. NaHCOs (2 x 15 mL), water (15 mL) and brine (20 mL). The
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organic phase was reduced in vacuo and the resulting colourless oil was dissolved in

methanol (4 mL). A white precipitate formed upon addition of water that was collected

by filtration and then partitioned between DCM (15 mL) and water (15 mL). The

organic phase was washed with water (15 mL) and brine (15 mL), dried over Na,SOs,

and reduced under vacuum to give crude product as an off-white solid. The product was

further purified by column chromatography (R¢: 0.27, 5% methanol in DCM, silica 60)

to give product as a white solid (0.257 g; 89%).

MP:

MS/ES" (m/2):

"H-NMR:

(300MHz, CDCl)

BC-NMR:

(75MHz, CDCl)

FTIR Vimax (cm™)?

(solid state)

Combustion:

analysis

99 —100°C

620 (20% [M + H]"), 642 (100% [M + Na]").

7.92 (1H, s, H-25), 7.77 2H, d, ] = 7.5, H-20), 7.58 (2H, d (br),
J=7.4,H-17),7.37 (2H, t, ] = 5.9, H-19), 7.29 (t, ] = 7.3, H-18), 7.17
(1H, s, H-24), 6.67 (1H, s, H-8), 6.05 (1H, s, H-11), 5.90 (1H, s, H-5),
5.30 (DCM), 4.39 (3H, q (br), H-6/14), 4.21 (1H, t, ] = 6.8, H-15), 3.30
(4H, s (br), H-9/10), 3.08 (1H, dd, J = 14.9, 4.7, H-22), 2.99 (1H, dd,
J = 149, 6.1, H-22), 2.80 (3H, s, C(O)(N(CHs),)), 1.72 (1H, s), 1.55
(9H, s, H-31), 1.46 (9H, s, H-1).

171.8 (C-7), 156.6 (C-4), 155.6 (C-12), 143.9 (C-16), 141.3 (C-21),
138.6 (C-25), 136.9 (C-23), 127.6 (C-19), 127.0 (C-18), 125.2 (C-17),
119.9 (C-20), 115.0 (C-24), 85.8 (C-30), 66.5 (C-14), 54.1 (C-6), 53.4
(DCM), 52.4, 47.4, 40.3 (C-9), 39.7 (C-10), 38.6 (C(O)(N(CHs),)), 30.4
(C-22), 28.3 (C-31), 27.8 (C-1).

3304 (m (br), N-H amide stretch), 2976 (m, C-H aliphatic stretch), 2930
(m, C-H aliphatic stretch) 1754 (s, C=0 amide stretch), 1694 (s, C=0
carbamate stretch), 1659 (s, C=0 carbamate stretch).

Theoretical C 63.96%, H 6.67%, N 11.30%
Found C 63.20%, H 6.78%, N 11.28%

No literature reference was found.
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Boc-His(Boc)-EDA-Fmoc (163) 2" attempt

Procedure: as Boc-His(Boc)-EDA-Fmoc

Boc-Hist(Boc)-OH (0.108 g; 0.201 mmol)

EDCI (0.042 g; 0.221 mmol)

HOBt*H,0O (0.034 g; 0.221 mmol)

DIPEA (0.12 mL; 0.663 mmol)

Fmoc-EDA<HCI (0.0637 g; 0.200 mmol)

DCM (6 mL)

Purification: Column chromatography (R¢: 0.33, 5% methanol in DCM, silica 60)
Product: White solid (0.0117 g; 9%)

MS/ES" (miz): 642.1 (100% [M + Na]").

'"H and "C-NMR show product heavily contaminated with HOB.

Preparation of Click-Histidine related Dendrimer Attachments

tert-Butyl 2-aminopropylcarbamate (171)

O
6
1 ) 7 _NH,
O N
4 H
3

9

5
8

CsHisN2O»
RMM = 174.24

A solution of di-tert-butyl dicarbonate (3.84 g; 17.6 mmol) in dry DCM (30 mL) was

added dropwise over 40 minutes to a stirred solution of 1,2-diaminopropane (2.25 mL;

26.4 mmol) in dry DCM (170 mL).
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After 4 hrs the resulting solid was removed by filtration and washed with DCM. The
solvent was removed from the filtrate in vacuo to give a colourless oil. Water (20 mL)
was added which resulted in the precipitation of a white solid which was removed by
filtration. The filtrate was saturated with K,COs3 and extracted with diethyl ehter (3 x 20
mL). The combined extracts were dried over MgSQOy4 and reduced in vacuo to give

product as a colourless oil (1.35 g; 44%).
MS/ES" miz: 175.3 (100% [M + H]"), 197.3 (20% [M + Na)").

"H-NMR: 4.92 (1H, s (br), H-5), 3.11 (1H, m, H-7), 2.99 (1H, m, H-6), 2.86 (1H,
(400MHz, cpc)  m, H-6), 2.72 (trace regio-isomer), 2.60 (trace regio-isomer), 1.43 (9H,

s, H-1), 1.10 (trace regio-isomer), 1.05 (3H, d, J = 6.3, H-8).

BCNMR:  156.2 (C-4), 79.1 (C-2), 48.5 (C-6), 46.9 (C-7), 28.4 (C-1), 21.5 (C-8).

(100MHz, CDCl)

Procedure adapted from, and is consistent with, literature.*"’

tert-Butyl 2-(N,N-di(prop-2-ynyl))aminopropylcarbamate (172)

K\

Ci14H2oN> 0,
RMM =250.34

Propargyl chloride (0.64 mL; 8.90 mmol) was added to a stirred solution of sodium
iodide (1.459 g; 7.727 mmol) in dry acetone (10 mL) and the mixture was allowed to
stir for 1 hr. K,COs (0.672 g; 4.870 mmol) was added to the mixture, followed by tert-
butyl 2-aminopropylcarbamate (0.705 g; 4.052 mmol) in dry acetone (10 mL).

After stirring for 72 hrs the solvent was removed and the resulting solid partitioned

between DCM and water (20 mL each). The organic phase was then washed with water
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(20 mL), sat. NaHCO; (2 x 20 mL) and brine (20 mL). The DCM was dried over
MgSO;, and reduced to give a brown oil. The crude product was purified by column
chromatography (R¢: 0.18, 15% ethyl acetate in petrol (40/60), silica 60) to give product
as a colourless oil (0.308 g, 30%)

MS/ES" miz: 251.2 (40% [M + H]"), 273.2 (100% [M + Na]").

HRMS Esy:  Ci14H23N,0, Expected (m/z): 251.1754, Found: 251.1754.

'H-NMR: 4.96 (1H, s (br), H-5), 3.43 (4H, s, H-10), 3.22 (1H, s (br), H-7), 3.07
@ooMHz, cpcl)  1H, dd, J =7.5, 4.2, H-6), 3.03 (1H, m, H-6), 2.22 (2H, t, ] = 2.4, H-12),

1.44 (9H, s, H-1), 1.11 (3H, d, J = 6.4, H-8).

BC.NMR:  156.0 (C-4), 80.0 (C-11), 79.1 (C-2), 72.8 (C-12), 55.9 (C-7), 43.5
(100 MHz cpcty (C-6), 38.9 (C-10), 28.4 (C-1), 13.9 (C-8).

FTIR v,. (cm): 3422, 3294 (s, C=C-H stretch), 2975 (m, C-H aliphatic stretch), 2931,
(thin film) 2100 (m, C-H aliphatic stretch), 1699 (s, C=O stretch).

No literature reference was found.

N’,N’-di(prop-2-ynyl)propane-1,2-diamine salt with trifluoroacetic acid
173)

6 8 HO CF;

Ci1H15sF3N>O,
RMM = 264.25
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A solution of fert-butyl 2-(diprop-2-ynylamino)propylcarbamate (0.105 g; 0.420 mmol)
in dry DCM (2 mL) was added dropwise to a stirred solution of TFA (4 mL) and dry
DCM (2 mL).

After 2 hrs the solvents were removed to give a brown oil. MeOH (10 mL) was added
and then removed to help remove any residual TFA, and the residue was then dried

under high vacuum to give a colourless oil/white solid (0.150 g, quantitative).

MS/ES" mz: 134.1 (100% [M - CH,CCH — TFA + Na]"), 151.1 (80% [M — TFA +
H].

"H-NMR: 3.57 (4H, s H-6), 3.27 (m, H-3), 3.02 (1H, dd, J = 13.1, 10.1, H-2),
300MHz, MeoD)  2.89 (1H, dd, J =13.1, 4.6, H-2), 2.67 (2H, s, H-8), 1.35 (1H, m (br)),

1.21 (3H, d, J = 6.6, H-4), 0.94 (1H, m)

BCNMR:  80.5 (C-7), 74.9 (C-8), 56.2 (C-3), 43.1 (C-2), 39.8 (C-6), 12.7 (C-4).

(75MHz, MeOD)

No literature reference was found.

1-Isothiocyanato-2-(N,N-di(prop-2-ynyl))aminopropane (174)

S

5 N
2 4N/\( 7\/\
C 8 10
S/ 3
1 6
CioH12N,2S
RMM = 192.28

N’,N’-di(prop-2-ynyl)propane-1,2-diamine hydrochloride (0.083 g; 0.314 mmol) in
chloroform (4 mL) was added dropwise to a stirred solution of thiophosgene (0.09 mL;
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1.136 mmol) and sodium carbonate (0.241 g; 2.272 mmol) in chloroform (11 mL) at
0°C. The mixture was allowed to warm to RT and stirred for 64 hrs.

The solvent was removed under reduced pressure and the resulting solid/oil resuspended
in fresh chloroform. The solid was then removed by filtration and the solvent removed

in vacuo to give product as a pale brown oil (0.058 g; 96%).

MS/ES" mz): 130.1 (80%), 193.1 (40% [M + H]"), 247.1 (40% [N + Na]"), 269.1
(100%). (N is the methanol derivative which occurs due to the MS being
run in MeOH)

'H-NMR:  3.67 (1H, dd, J = 14.5, 5.2, H-4), 3.56 (d, J = 2.4, H-8), 3.55 (dd, H-4),
GoomHz cpcly  3.47 (m), 3.19 (2H, m, H-5), 2.26 (2H, t, ] = 2.4, H-10), 1.27 (3H, d,
J=6.7,H-6), 1.16 (1H, d, ] = 6.4), 0.92 (1H, t, J = 7.5).

BCNMR:  79.4 (C-9), 73.3 (C-10), 56.3 (S/M), 54.7 (C-5), 48.6 (C-4), 42.4

(sMHzCDCl)  (S/M), 39.5 (C-8), 39.2 (S/M), 15.4 (C-), 13.1 (S/M). No C=S signal

was observed.

FTIR v,. (em": 3292 (s, C=C-H stretch), 2934 (m, C-H aliphatic stretch), 2100 (s (br)
(thin film) N=C=S stretch), 1720 (s, C=0 stretch), 640 (s, C-H (sp) bend stretch).

No literature reference was found.

4-|EDA]-36-Amine-18-PEG-20-alkyne (175)

J T

1-Isothiocyanato-2-(N,N-di(prop-2-ynyl))aminopropane (0.0115 g; 0.0601 mmol) in dry
DCM (5 mL) was added dropwise to a stirred solution of 4-[EDA]-46-Amine-18-PEG
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(0.0939¢; 3.75 umol) in dry DCM (15 mL) at 0°C over 30 min and the reaction mixture

allowed to stir for 16 hrs.

The reaction mixture was then dialysed against methanol/DCM (4 L, 1:1) for 2 days.

The solvent was removed and the resulting oil was then azeotropically distilled in

MeOH/toluene to give product as a viscous orange oil (0.1232 g).

"H-NMR:

(400MHz, CDCl)

BC.NMR:

(100MHz, CDCl)

FTIR Vimax (cm™)?

7.67 (1H, m, trace toluene), 7.49 (1H, m, trace toluene), 5.27 (DCM),
4.18 (1H, t), 3.61 (s (br), PEG-CH>), 3.51 (d (br), CH=C-CHz-), 3.34

(s, PEG-CH3), 2.70 (s (br), PAMAM), 2.49 (s (br), PAMAM), 2.32 (s
(br), PAMAM), 1.65 (q), 1.38 (m, -CH,-CH(CH3)-N-), 1.29 (s (br)), 1.11
(m), 0.86 (t), 0.03 (1H, s).

172.9, 167.6, 132.4 (trace toluene), 130.8 (trace toluene), 128.7 (trace
toluene), 125.9 (trace toluene), 71.8 (CH=C-CH,-), 70.4 (PEG-CH,-),
68.1 (CH=C-CH-), 58.9 (PEG-CH3), 53.4, 38.7, 30.3, 28.8, 23.7, 22.9,
13.9 (-CH,-CH(CHs;)-N-), 10.9, 0.9. Unassigned peaks are due to
PAMAM dendrimer.

3272 (s (br), N-H stretch), 3078 (m, N-H amide stretch), 2871 (m, C-H

(thin film) aliphatic stretch), 1638 (s (br), C=0 amide stretch), 1540 (s (br), C-C
stretch), 1093 (s, C-O stretch).
Combustion analysis: C 50.21%, H 8.60%, N 12.51%, S, 2.80%. N:S ratio

shows 28 sulphur atoms, 18 of which are known to come
from the PEG, therefore 10 are due to the alkyne group

coupling.

No literature reference was found.
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(S)-tert-Butyl 4-(2-(tert-butoxycarbonylamino)-3-(3-chloropropylamino)-3-
oxopropyl)-1H-imidazole-1-carboxylate (Boc-His(Boc)-propylchloride, 167)

T

N18

o 13
0 11
9
1 )L /\/\12
2 No74 ST 6 T Ny al
3 H H 10
5 8

Ci19H3;CIN4Os
RMM =431.02

A solution containing Boc-Hist(Boc)-OH (0.250 g; 0.503 mmol), HBTU (0.210 g;
0.708 mmol), HOBt*H,O (0.085 g; 0.708 mmol) and DIPEA (0.29 mL; 1.658 mmol) in
DCM (15 mL) was prepared at 0°C and stirred for 20 minutes. To this was added
dropwise a solution of 3-chloropropylaminesHCI (0.064 g; 0.490 mmol) in DCM (1
mL) and the reaction mixture stirred for 45 minutes at 0°C, then at RT for 64 hours to
give a very pale yellow solution.

The reaction mixture was then washed with water (2 x 15 mL), 1M HCI (5%, 2 x 15
mL), sat. NaHCOs (2 x 15 mL), and water (15 mL). The organic phase was dried over
NaySOy4, and reduced under vacuum to yield crude product as a colourless oil. The
product was further purified by column chromatography (R¢ 0.26, 5% methanol in
DCM, silica 60) to give a white solid foam (0.178 g, 84%).

MP: 43 - 45°C

MS/ES" miz): 431.3 (30% [M + H]), 453.2 (100% [M + Na]"), 455.2 (40%), 883.7
(70% [2M + Na]"). Chlorine splitting observed.

HRMS @Esy:  Ci9H32CIN4Os Expected (m/z): 431.2056, Found: 431.2065.
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"H-NMR: 7.96 (1H, s, H-17), 7.13 (1H, s, H-15), 6.90 (1H, s (br), H-8), 6.13

@oomHz, coc)  (1H, d, J=7.2, H-5), 5.27 (DCM), 4.36 (1H, q (br), H-6), 3.39 (2H, m
(br), H-11), 3.31 (2H, q, J = 6.1, H-9), 3.04 (1H, dd (br), H-13), 2.89
(1H, dd, J = 14.7, 5.7, H-13), 1.85 (2H, qn, J = 6.6, H-10), 1.56 (9H, s,
H-22), 1.40 (9H, s, H-1).

BCNMR:  171.7 (C-7), 155.5 (C-4), 146.7 (C-19), 139.1 (C-14), 136.6 (C-17),
(0oMHz cpcly  114.7 (C-15), 85.6 (C-21), 79.9 (C-2), 54.2 (C-6), 53.3 (DCM), 42.0
(C-11), 36.6 (C-9), 31.9 (C-10), 30.1 (C-13), 28.2 (C-22), 27.7 (C-11).

No literature reference was found.

(8)-tert-Butyl 4-(2-(tert-butoxycarbonylamino)-3-(3-bromopropylamino)-3-
oxopropyl)-1H-imidazole-1-carboxylate (Boc-His(Boc)-propylbromide, 176)

(6]
T
N16
15 >17
WA/

N18

o 13
0 11
9
1 )J\ /\/\12
2 N4 SNT 6 T Sy Br
5 H H 10
5 8

Ci9oH31BrN4Os
RMM =475.38

Procedure: as (Boc-His(Boc)-propylchloride)
Boc-Hist(Trt)-OH (0.250 g; 0.503 mmol)
HBTU (0.229 g; 0.603 mmol)

DIPEA (0.32 mL; 1.809 mmol)
Bromopropylamine*HBr (0.105 g; 0.479 mmol)
DCM (18 mL)
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Purification: Column chromatography (R¢: 0.51, 5% methanol in diethyl ether, silica
60)
Product: Colourless glass (0.102 g; 43%)

MP: 40 —42°C

MS/ES" ma: 475.1 (10% [M + HJ), 497.1 (40% [M + NaJ’). 9733 (100%
[2M + Na]"). Bromine splitting observed.

HRMS @Esy:  Ci9H3:BrN4Os Expected (m/z): 475.1551, Found: 475.1540.

"H-NMR: 8.01 (1H, s, H-17), 7.17 (1H, s, H-15), 6.88 (1H, s (br), H-8), 6.14

@oomHz, cpc)  (1H, d, J=7.2, H-5), 4.38 (1H, q (br), H-6), 3.48 (MeOH), 3.33 (m (br),
H-11), 3.28 (q (br), H-9), 3.10 (1H, dd (br), H-13), 2.90 (1H, dd,
J =148, 5.9, H-13), 1.97 (2H, gn (br), H-10), 1.60 (9 H, s, H-22), 1.44
(9H, s, H-1).

BC-NMR: 171.6 (C-7), 155.7 (C-4), 146.8 (C-19), 139.2 (C-14), 136.7 (C-17),

(100MHz, cpcl)  114.8 (C-15), 85.8 (C-21), 80.2 (C-2), 54.3 (C-6), 37.7 (C-9), 32.1
(C-10), 30.5 (C-11), 30.1 (C-13), 28.3 (C-22), 27.9 (C-1).

FTIR v,. (cm™: 3276 (m (br), N-H amide stretch), 2977 (m, C-H aliphatic stretch),

(solid state) 1753 (s, C=0 amide stretch), 1706 (s, C=0 carbamate stretch), 1658

(s, C=0 carbamate stretch).

No literature reference was found.
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(S)-tert-Butyl 4-(2-(tert-butoxycarbonylamino)-3-(3-azidopropylamino)-3-
oxopropyl)-1H-imidazole-1-carboxylate (Boc-His(Boc)-propylazide, 178)

(0)
T
N 16
15 >
\ 17
14 /1

N8
@ P O 11
)<)J\ -
! 2 o~ 4 N 6 7 N/\/\I{h2
it i 10 :
3 5 8
Ci9H31N70O5
RMM = 437.50

A solution containing  (S)-tert-Butyl  4-(2-(fert-butoxycarbonylamino)-3-(3-
bromopropylamino)-3-oxopropyl)-1H-imidazole-1-carboxylate (0.072 g; 0.151 mmol)
in dry DMF (8 mL) had a solution of sodium azide (0.030 g; 0.454 mmol) in dry DMF
(2 mL) added to it dropwise. The reaction mixture was stirred at 60°C under nitrogen.
After 40 hr the pale cream solution was partitioned between DCM/water (20 mL each),
the water being washed with DCM (2 x 20 mL). The organic phases were combined,
dried over Na,SOs, and reduced in vacuo to yield crude product as a colourless oil. The
product was further purified by column chromatography (R¢ 0.58, 5% methanol in
diethyl ether, silica 60) to give a colourless glass (0.0213 g; 32%).

MS/ES" min: 4382 (30% [M + H]"), 460.1 (100% [M + Na]"), 897.5 (80%
[2M + Na]").

HRMS @EsH:  Ci9H31N7NaOs Expected (m/z): 460.2279, Found: 460.2279.

"H-NMR: 8.00 (1H, s, H-17), 7.17 (1H, s, H-15), 6.90 (1H, s (br), H-8), 6.13
@oomHz, cpck)  (1H, d, J=7.2, H-5), 5.29 (DCM), 4.38 (1H, q (br), H-6), 3.28 (2H, dt,
J =6.6, H-9), 3.22 (2H, t, J = 5.9, H-11), 3.09 (1H, dd, J = 14.7, 5.3,
H-13), 2.91 (1H, dd, J = 14.7, 5.3, H-13), 1.73 (2H, qn, J = 6.7, H-10),
1.59 (9H, s, H-22), 1.43 (9H, s, H-1).
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BCNMR:  171.5 (C-7), 155.7 (C-4), 146.8 (C-19), 139.2 (C-14), 136.6 (C-17),
(7sMHzcpCly  114.8 (C-15), 85.7 (C-21), 80.0 (C-2), 54.3 (C-6), 48.9, 36.7 (C-9), 32.3
(C-11), 30.1 (C-13), 28.6 (C-10), 28.3 (C-22), 27.8 (C-1).

No literature reference was found.

(S)-2-Amino-N-(3-azidopropyl)-3-(1H-imidazol-5-yl)propanamide di-

trifluoroacetic acid (179)

N
1 \ \> s
D o
’ 4 > )k
7
2
HNT 2 3 g/\/\N3 HO CF,
1 4 6 8
Ci3H17F¢N7Os
RMM =465.31

TFA (2 mL) was added dropwise to a solution of (S)-tert-Butyl 4-(2-(tert-
butoxycarbonylamino)-3-(3-azidopropylamino)-3-oxopropyl)-1H-imidazole-1-

carboxylate (0.0395 g; 0.0904 mmol) in DCM (2 mL) at 0°C. The reaction was stirred
for 18 hrs at RT before the solvent was removed in vacuo. The resulting oil was

azeotroped with methanol/ether to give a white solid (0.0359 g, 85%).

MS/ES" (mz): 238.2 (60% [M -2TFA + H]"), 250.2 (100% [M -2TFA + Na]").
"H-NMR: 8.81 (1H, s, H-13), 8.59 (1H, t (br), H-4), 7.36 (1H, s, H-11), 4.07
@oomHz, pDMs0)  (1H, t, J=6.7, H-2), 3.31 (2H, t, J = 6.7, H-7), 3.12 (5H, m, H-5/9), 1.62

(2H, m, H-6).

BCNMR:  167.1 (C-2), 134.4 (C-13), 127.8 (C-10), 117.4 (C-11), 51.7 (C-2),
(100MHz DMs0) 48.1 (C-7), 36.0 (C-5), 28.0 (C-6), 26.7 (C-9).

No literature reference was found.
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(S)-2-Amino-N-(3-chloropropyl)-3-(1H-imidazol-5-yl)propanamide di-

trifluoroacetic acid (180)

12
11 N
\ \> 13
10 NH " 0
) 1.
5 7 )
HNT 2 3 H/\/\C] HO CF;
1 4 6 8
Ci3H7CIFsN4Os
RMM = 458.83

TFA (0.35 mL) was added dropwise to a solution of (S)-tert-butyl 4-(2-(tert-
butoxycarbonylamino)-3-(3-chloropropylamino)-3-oxopropyl)-1 H-imidazole-1-

carboxylate (0.100 g; 0.232 mmol) in DCM (2 mL). The reaction mixture was stirred
for 2 hrs at RT before the solvent was removed in vacuo. The resulting oil was
azeotroped with methanol/ether to give a white solid (0.1047 g, 98%). This reaction
was performed to trial the removal of the Boc groups, so complete analysis was not

obtained.

MP: 38 —40°C

MS/ES" (mizy: 233.1 (100% [M] ).

"H-NMR: 8.82 (1H, s, H-13), 7.42 (1H, s, H-11), 4.17 (1H, t, J = 7.0, H-2), 3.54
(400MHz, D,0) (2H, t, J=6.4, H-7), 3.37 (t, ] = 5.8, H-5), 3.31 (m), 1.94 (2H, m, H-6).

BC.NMR:  168.7 (C-2), 136.0 (C-13), 128.8 (C-10), 119.4 (C-11), 53.6 (C-2),
(oM D.0)  42.9 (C-7), 38.2 (C-5), 33.1 (C-6), 27.9 (C-9).

No literature reference was found.
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4-|EDA]-36-Amine-18-PEG-20-(triazole-Histidine) (181)

4-[EDA]-38-Amine-18-PEG-16-alkyne (0.1005 g; 3.58 wmol), (S)-2-Amino-N-(3-
azidopropyl)-3-(1H-imidazol-5-yl)propanamide (0.0487 g; 0.105 mmol), sodium
ascorbate (10 mol%) and copper sulphate pentahydrate (5 mol%) were combined in
THF/water (10 mL, 4:1) and allowed to stir for 18 hrs.

The reaction mixture was then dialysed against water for 2 days and methanol for 3
days. The solvent was removed and the resulting oil was then azeotropically distilled in

MeOH/toluene to give product as a viscous orange oil (0.0795 g).

"H-NMR: 8.12 (s), 4.83 (MeOH), 3.64 (s, PEG-CH,-), 3.55 (d, J = 5.0, CH=C-
@“oomHz, MeOD)  CHj-), 3.36 (s, PEG-CH3), 3.35 (s), 2.84 (s (br), PAMAM), 2.65 (s (br),
PAMAM), 2.41 (s (br), PAMAM), 1.16 (s).

BC-NMR:  174.6, 73.0 (CH=C-CH,-), 71.6 (PEG-CH,-), 59.2 (PEG-CH3), 53.6,
(100MHz, MeOD)  51.2,40.1, 38.5, 34.6. Unassigned peaks are due to PAMAM dendrimer.

Combustion analysis: C 48.69%, H 7.39%, N 14.38%, S, 3.26%. N:S ratio
shows 28 sulphur atoms, 18 of which are known to come
from the PEG, therefore 10 are due to the alkyne group

coupling, so no ‘click’ reaction observed.

No literature reference was found.
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Preparation of Azobenzene Molecules to act as a Dendrimer Core

Azobenzene-4,4’-dicarboxylic acid (183)

N——N
T,

HO OH
0 o
Ci4Hi0N2O4
RMM =270.24

p-Nitrobenzoic acid (5.00 g; 30 mmol) and sodium hydroxide (13.3 g; 330 mmol) were
stirred in water (100 mL) at 50°C. Glucose (33.0 g; 180 mmol) in water (50 mL) at
50°C was then added slowly via cannula to give a yellow precipitate followed by the
solution turning brown. Air was passed through the reaction mixture to aid the
precipitation of an orange solid.

The solid was collected by filtration, dissolved in water (50 mL) and acidified with
glacial acetic acid to give a pink precipitate. This was collected by filtration and
washed with copious amounts of water (150 mL). The residue was oven dried at 105°C
to give product as a pale brown solid (2.44 g; 60%).

(It was found that the product was insoluble in most organic solvents.)

MP: >250°C

Preparation followed from literature (no analytical data found).>"#!841%428
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Azobenzene-4,4’-dicarboxylic acid (183)

1 3
N——N, 2 4
7
HO d ¢ _OH
o o
Ci4Hi0N2O4
RMM =270.24

p-Nitrobenzoic acid (4.00 g; 23.9 mmol) in methanol (40 mL) and sodium hydroxide
(9.57 g; 239 mmol) in water (6 mL) were mixed at 70°C until homogeneous. The
mixture was cooled to 40°C then zinc powder (6.22 g; 95.7 mmol) was added to give a
green mixture. This was refluxed for 18 hours to give an orange mixture.

The solids were removed by filtration and the residue was washed with water. The
orange filtrate was then acidified to pH 2 with conc. HCI to give pink solid which was
collected by filtration. The solid was washed with copious amounts of water before

being dried in an oven at 120°C overnight (2.165 g; 69%).

MP: >250°C

"H-NMR: 12.27 (4H, s (br), H-7), 8.47 (4H, s), 8.18 (1H, d, J = 8.8, S/M), 8.02
3oomHz, DMs0)  (1H, d, J=8.8, S/M), 7.74 (4H, d, ] = 8.8, H-4) 6.73 (4H, d, J = 8.8,
H-3).

BC-NMR: 167.2 (C-6), 166.5, 154.1, 153.1 (C-2), 133.3, 131.1 (C-4), 130.6,
(300MHz, DMSO)  122.7,119.6 (C-5), 110.4 (C-3). Unassigned peaks are due to trace

starting material.

FTIR v,. em": 3338 (s, O-H carboxylic acid stretch), 3100-2600 (m (br), C-H
(solid state) aromatic and aliphatic stretch), 1652 (s, C=0 acid stretch), 1597 (s, N=N
stretch).

Preparation followed from literature (no analytical data found).*'®#*%#*!
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4,4’-bis(Chlorocarbonyl)azobenzene (184)

1 3
N:va‘qz 4
26
ClOoC COCl
CisHg CbN,O,
RMM = 307.32

Phosphorus pentachloride (0.230 g; 1.10 mmol) in 1,2-dichloroethane (5 mL) was added
dropwise to a stirred solution of azobenzene-4,4’-dicarboxylic acid (0.12 g; 0.44 mmol)
at 0°C under nitrogen. The mixture was then refluxed for 2 hours to give a red solution.
Red crystals formed on cooling which were collected by filtration. The solid was

crystallised from toluene to give red crystals (0.0364 g; 27%).

MP: >250°C

'H-NMR:  8.18 (1H, dt, J=8.8, 2.0, H-4), 7.93 (1H, dt, ]=8.8, 2.0, H-3).

(300MHz, CDCl)

BCNMR:  167.7 (C-6), 155.8 (C-2), 135.4 (C-5), 132.5 (C-4), 123.5 (C-3).

(75MHz, CDCl)

Procedure followed from, and is consistent with, literature.*'®4?*

4,4’-bis(Chlorocarbonyl)azobenzene (184)

Thionyl chloride (0.54 mL; 7.40 mmol) was added dropwise to a solution of
azobenzene-4,4’-dicarboxylic acid (0.400 g, 1.48 mmol) in dry DCM (40 mL) and DMF
(3 drops). The mixture was then allowed to reflux under nitrogen (the output was
bubbled through NaOH solution) for 17 hrs to give a red solution and pale brown

precipitate.
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The mixture was filtered and the filtrate was reduced in vacuo to give a brown/orange

solid. This was dissolved in chloroform to give a red solution and orange residue. The

mixture was filtered and the filtrate was reduced in vacuo to give a red solid. This was

dried under high vacuum for 4 hours (0.320 g, 70%).

MP:
"H-NMR:

(300MHz, CDCl)

BC-NMR:

(75MHz, CDCl)

Product is consistent with literature.

>250°C
8.31 (1H, dt, J=8.8, 1.9, H-4), 8.06 (1H, dt, J=8.8, 1.9, H-3), 7.69
(0.02H, dd), 7.54 (0.02H, dd), 1.60 (0.1H, br), 1.31 (0.1H, br), 0.91

(0.1H, q).

167.7 (C-6), 155.8 (C-2), 135.4 (C-5), 132.5 (C-4), 123.5 (C-3).

418,428

tert-Butyl-4-aminobenzylcarbamate (188)

: 3 T
11
8 10 NH,
9
Ci2HisN2 O,
RMM = 222.29

A solution of di(‘butyl)dicarbonate (2.36 g; 10.80 mmol) in THF (8 mL) was added

dropwise to a stirred solution of 4-aminobenzylamine (1.11 mL; 9.82 mol) in THF (16

mL). The reaction mixture was stirred for 2 hrs before the solvent was removed under

reduced pressure to give an orange oil. The crude product was triturated from a 1:1 mix

of diethyl ether/petroleum ether (40/60) to give a pale yellow solid (2.039 g; 93%)

MP:

73 — 74°C (lit. 73 — 74°C)
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MS/ES" (mi): 223.2 (100%, [M + H]"), 245.2 (40%, [M + Na]").

"H-NMR: 7.06 (1H, d, J = 8.3, H-8), 6.63 (1H, dt, J = 8.4, 2., H-9), 4.72 (s (br),
@oomHz, cpc)  H-5), 4.18 (1H, d, J = 5.4, H-6), 3.64 (1H, s, H-11), 1.46 (9H, s, H-1).

BC-NMR: 155.8 (C-4), 145.7 (C-10), 128.8 (C-8), 115.1 (C-9), 79.2 (C-2), 44.4
(100MHz, cDCL)  (C-6), 28.4 (C-1).

Procedure followed from, and is consistent with, literature.**°

4,4'-bis(4-(('‘Butoxycarbonyl)aminomethyl)phenyl)azobenzamide (189)

C3sH4oN6Os
RMM = 678.79

Crude 4,4’-bis(chlorocarbonyl)azobenzene (0.073 g; 0.240 mmol) in dry DCM (5 mL)
was added dropwise to a stirred solution of tert-butyl 4-aminobenzylcarbamate (0.117
g; 0.528 mmol) in dry DCM (10 mL).

After 30 minutes an orange precipitate had formed which was collected by filtration.
The solid was dissolved in the minimum amount of DMSO and added dropwise to
rapidly stirring diethyl ether (200 mL). The orange precipitate was collected by
filtration (0.154 g; 95%).
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MP:

MS/ES" (m/2):

"H-NMR:

(400MHz, DMSO)

BC-NMR:

(100MHz, DMSO)

No literature

NMR data showed that product still contains DMSO so MP not recorded.

Product not soluble

10.44 (1H, s (br), H-7), 8.21(2H, d, J = 8.5, H-3), 8.07 (2H, d, ] = 8.5,
H-4), 7.73 (2H, d, ] = 8.4, H-9), 7.41 (1H, t (br), H-13), 7.36 (1H, t (br)),
7.32 (2H, d, J = 8.2, H-10), 7.25 (3H, m), 4.12 (4H, d, J = 5.6, H-12),
2.54 (DMSO), 1.34 (18H, s, H-17).

155.7 (C-14), 129.0 (C-11), 128.0 (C-4), 127.2 (C-10), 122.5 (C-3),
122.3 (C-8), 120.3 (C-9), 77.8 (C-16), 40.3 (C-12), 28.1 (C-17).

reference was found.

4,4'-bis(4-Aminomethylphenyl)azobenzamide (190)

4,4'-Bis(tert

CasH26N6O2
RMM =478.55

4-amidobenzylcarbamate)azobenzene (0.050 g; 0.074 mmol) was added

portionwise to a stirred solution of TFA (5 mL) in dry DCM (5 mL). This resulted in an

orange solution. After 3 hr the solvents were removed to give an orange solid. This

solid was found to be very insoluble, it is only partially soluble in hot DMSO. A 'H

NMR spectrum gave a very weak signal but did not show the presence of the Boc

group.

No literature

reference was found.
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tert-Butyl 4-(4-nitrobenzamido)benzylcarbamate (191)

Ci9H21N305
RMM =371.39

4-Nitrobenzoyl chloride (0.325 g; 1.64 mmol) in dry DCM (10 mL) was added
dropwise to a stirred solution of fert-butyl 4-aminobenzylcarbamate (0.430 g; 1.80
mmol) in dry DCM (15 mL) under nitrogen.

After 2 hr an orange precipitate had formed which was collected by filtration. The solid
was dissolved in DCM (20 mL) and the solution washed with 2M HCI (2 x 20 mL), sat.
NaHCO; (2 x 20 mL) and water (2 x 20 mL). The organic phase was dried over MgSO,
and reduced to give a yellow solid. This was further purified by column
chromatography (Ry: 0.65, 50% petrol 40-60 in ethyl acetate, silica 60) to give product
as a yellow solid (0.293 g; 48%).

MP: 186 — 187°C

MS/ES (m:  370.3 (100% [M — HI), 741.6 (30% [2M — H]).

HRMS @Esy:  Ci9HasN4Os Expected (m/z): 389.1819, Found: 389.1822.
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"H-NMR: 10.53 (1H, s (br), H-7), 8.38 (2H, d, J = 8.9, H-3), 8.19 (2H, d, ] = 8.9,
@“oomHz, DMso)  H-4), 7.71 (2H, d, ] = 8.4, H-9), 7.35 (1H, t (br), H-13), 7.24 (2H, d,

J=8.5,H-10), 4.11 (2H, d, ] = 6.1, H-12), 1.40 (9H, s, H-17).

BC.NMR:  163.6 (C-6), 155.6 (C-14), 149.0 (C-2), 140.5 (C-5), 137.1 (C-11),
(100MHz DMs0)  135.9 (C-8), 129.1 (C-4), 127.2 (C-10), 123.4 (C-3), 120.3 (C-9), 77.6

FTIR v..

(solid state)

(C-16), 42.9 (C-12), 28.2 (C-17).

(em™M: 3393 (m, N-H amide stretch), 3354 (w, N-H carbamate stretch), 2958

(m, C-H aliphatic stretch), 1681 (s, C=0 carbamate stretch), 1651 (s,
C=0 amide stretch).

No literature reference was found.

4,4'-Bis(4-aminomethylbenzyl)azobenzamide (192)

C30H30N602
RMM = 506.61

4,4’-Bis(chlorocarbonyl)azobenzene (0.152 g; 0.496 mmol) in chloroform (10 mL) was

added dropwise to a stirred solution of p-xylylene diamine (0.270 g; 1.98 mmol) and

triethylamine (0.28 mL; 1.98 mmol) in CHCl; (40 mL) to give an orange solid. After 2

hours, the solvents were removed to give an orange and white solid. The solids were

collected but found to be insoluble in all solvents tried.
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MP: >300°C

No literature reference was found.

Preparation of Azobenzene Molecules to Attach to the Dendrimer
Surface

4,4’-Diaminoazobenzene (194)

N——=N
5 6
1
4
N 2 : NH,
Ci2HioNy
RMM =212.25

Manganese (IV) oxide (2.57 g; 29.59 mmol) was added to a stirred solution of 1,4-
phenylene diamine (0.5 g; 4.62 mmol) in chloroform (40 mL) and allowed to stir. After
18 hours the resulting black mixture was filtered through celite to give a red filtrate,
which was reduced in volume in vacuo. Ether was added and the mixture filtered again.
The filtrate was purified by column chromatography (R 0.53, 2% MeOH in Ether,
silica 60) to give product as a yellow solid (0.0129 g, 2.6%).

MS/ES™ mi: 213 (100% [M + H]"), 233 (20% [M + H]").
"H-NMR: 7.74 (1H, dt, J = 8.7, H-4), 6.98 (s), 6.73 (1.1H, dt, J = 8.7, H-3), 5.00,

(ooMiz cpcly 4.22 (1), 3.94 (s(br), H-1), 3.49 (1), 1.56 (s), 1.44 (s), 1.23 (s), 0.92 (1),
0.07 (s).
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BC-NMR: 148.5 (C-2), 145.8 (C-5), 128.8, 125.5, 124.3 (C-4), 114.8 (C-3), 38.8,
(100MHz, cDCL) ~ 34.2,30.3, 29.7.

tert-Butyl 4-aminophenylcarbamate (195)

10
NH,
O 9
P N 6
7
3 5

Ci11Hi6N20O2
RMM = 208.26

A solution of di(‘butyl)dicarbonate (0.917 g; 4.20 mmol) in DCM (7 mL) was added to a
solution of 1,4-phenylene diamine (1.00 g; 9.25 mmol) in DCM (23 mL) and the
mixture stirred for 48 hours at RT.

IM HCI (40 mL) was added and the reaction mixture was partitioned. The aqueous
layer was basified with 2M NaOH and washed with DCM (3 x 20 mL). The organic
phases were combined, dried over MgSQ,, and reduced in vacuo. The product was
purified by column chromatography (Rs: 0.37, 5% MeOH in DCM, silica 60) and then

crystallised from hot toluene to give a white crystalline solid (0.781 g; 81%).
MP: 104 — 105°C (lit. 111 — 113°C)

"H-NMR: 7.12 (2H, d, J = 8.4, H-7), 6.63 (2H, dt, J = 8.7, 2.1, H-8), 6.25 (1H,
300MHz, cpct) — s(br), H-5), 3.52 (2H, s(br), H-10), 1.50 (9H, s, H-1).
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BC-NMR: 153.3 (C-4), 142.4 (C-9), 129.7 (C-6), 120.9 (C-7), 115.6 (C-8), 80.0
(75MHz,cDCly)  (C-2), 28.4 (C-1).

FTIR v, (em™: 3373 (m, N-H amine stretch), 3299 (w, N-H carbamate stretch), 2988
(solid state) (m, C-H aliphatic stretch), 1689 (s, C=0O carbamate stretch).

Combustion: Theoretical C 63.44%, H 7.74%, N 13.45%
analysis Found C 63.47%, H 7.97%, N 13.69%

Product is consistent with literature.*’

(9H-Fluoren-9-yl) methyl 4-aminobenzylcarbamate (202)

13

C2Ha0N2 02
RMM = 344.41

A solution of Fmoc-OSu (2.00 g; 5.93 mmol) in acetonitrile (15 mL) was added
dropwise over 30 minutes to a stirred solution of (4-amino)benzylamine (0.72 g; 5.93
mmol) and triethylamine (0.83 mL; 5.93 mmol) in acetonitrile/DMF (8/0.8 mL). After
stirring this mixture for 1 hour, the product was precipitated with water, filtered and
washed with a solution of ‘butyl methylether/trifluoroethanol (1:1). Residue was

crystallised from hot ethanol to give product as a white solid (0.698 g; 34%).

MP: 145 - 146°C (no lit. mp found)

MS/ES" (mi): 345 (100%, [M + H]").
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'H-NMR: 7.77 (2H, d, J = 7.8, H-2), 7.60 (2H, d, J = 7.6, H-5), 7.41 (2H, t,

@“ooMHz, cpcl)y  J=7.4, H-3), 7.32 2H, t, ] =7.3, H-4), 7.06 (1H, d, ] = 7.1, H-14), 6.64
(2H, d, J = 6.7, H-15), 5.29 (1H, s(br), H-11), 4.45 (3H, d, ] = 6.8, H-8),
4.25 (3H, d (br), H-7), 3.70 (EtOH), 2.48 (s), 1.24 (t, EtOH).

BC-NMR:  156.4 (C-10), 145.7 (C-16), 143.8 (C-6), 141.2 (C-1), 128.8 (C-14),
(looMHz cpcly 128.2 (C-13), 127.5 (C-3), 126.9 (C-4), 124.9 (C-5), 119.8 (C-2),
115.2 (C-15), 66.4 (C-8), 58.0 (EtOH), 47.2 (C-7), 44.6 (C-12), 18.1
(EtOH).

FTIR v,..(em™": 3423 (s, N-H amine stretch), 3300 (s, N-H amide stretch), 1689 (s, C=0
(solid state) formate stretch), 1622 (s, N-H amine bend), 1516 (s, C=C [Ar] stretch),
1255 (s, C-O stretch),

Procedure followed from, and is consistent with, literature.*®

4-Nitrosophenylacetic acid (203)

(0)
\N

OH
CsH7NO;
RMM = 165.15

Ammonium chloride (0.370 g; 6.96 mmol) and zinc powder (0.680 g; 10.43 mmol)
were added portionwise to a stirred solution of 4-nitrobenzoic acid (0.700 g; 3.86 mmol)
in 2-methoxy ethanol (20 mL) at RT. After 45 minutes, the mixture was cooled to 0°C
and a solution of iron (III) chloride (2.230 g; 13.76 mmol) in ethanol/water (5:1, 25 mL)
was added dropwise. The reaction was stirred at 0°C for 1 hour, then warmed to RT and

stirred for a further 30 minutes.
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The mixture was extracted with diethyl ether (3 x 30 mL), dried over MgSO, and it’s

volume was reduced in vacuo to give a yellow/green solid (0.325 g; 51%)).

No analytical data was collected as nitroso compounds can rapidly decompose.

Procedure followed from literature.*”***

4-((4-(‘Butoxycarbonyl)aminomethyl)phenylazo)benzoic acid (204)
y y

Yo ouY

Cr0H23N304
RMM = 369.42

‘Boc-4-aminobenzylcarbamate (0.230 g; 1.39 mmol) was added portionwise to a
solution of 4-nitrosophenylacetic acid (0.22 g; 1.0 mmol) in acetic acid (20 mL) and the
mixture allowed to stir for 24 hrs at RT.

The solvent was removed in vacuo to give orange solid which was dissolved in DCM
(20 mL) and washed with water (5 x 20 mL). The organic phase was the dried over
MgSO, and reduced under vacuum. DCM (10 mL) was added to precipitate the product
as an orange solid which was collected by filtration (0.030 g; 8%).

MP: 189 — 190°C (lit. 196 — 198°C)
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MS/ES" (m/2):

MS/ES™ m/2):

HRMS EsY:
"H-NMR:

(400MHz, DMSO)

BC-NMR:

(100MHz, DMSO)

FTIR Vimax (cm™)?

(solid state)

Combustion:

analysis

Procedure followed from, and is consistent with, literature.

370.2 (100%, [M + HI"), 3922 (20%, [M + Nal), 739.5 (20%,
[2M + H]"), 761.2 (10%, [2M + Na]").

324.3 (100%, [M — CO, — HJ), 368.2 (5%, [M — HJ), 737.5 (20%,
[2M — H]).

C20H24N304 Expected (m/z): 370.1761, Found: 370.1764.

7.84 (3H, dd, J = 7.4, 6.0, H-9/14), 7.48 (d, J = 8.1, H-15), 7.44 (d,
J=8.3, H-8),4.22 (2H, d, ] = 4.5, H-6), 3.68 (2H, s, H-17), 1.41 (9H, s,
H-1).

155.7 (C-4), 150.8 (C-13), 150.6 (C-10), 143.7 (C-7), 138.8 (C-16),
130.4 (C-15), 127.7 (C-8), 122.4 (C-9), 122.2 (C-14), 77.8 (C-2), 43.1
(C-6), 40.6 (C-17), 28.1 (C-1).

3323 (s, N-H amide stretch), 2974 & 2925 (s, C-H aliphatic stretch),
1695 (s, C=0 carboxylic acid stretch), 1677 (C=O formate stretch),1600
(N=N stretch), 1511 (C=C [Ar]), 1245 (C-O carboxylic acid stretch),
1166 (C-O ester stretch).

Theoretical  C 65.03%, H 6.28%, N 11.37%
Found C 64.72%, H 6.01%, N 11.18%

426-428

4-((4-((9H-fluoren-9-yl)methoxycarbonyl)aminomethyl)phenylazo)benzoic

acid (205)
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C30H25N304
RMM =491.54

Fmoc-(4-aminomethyl)benylamine (0.452 g; 1.31 mmol) was added portionwise to a
mixture of 4-nitrosophenylacetic acid (0.325 g; 1.97 mmol) in acetic acid (20 mL) and
the mixture allowed to stir for 12 hrs at RT.

The solvent was removed in vacuo to give crude product as an orange solid. The solid
was crystallised twice from hot ethanol then purified by column chromatography (Rg:

0.53, 9% EtOH in DCM, silica 60) to give product as orange solid (0.056 g; 9%).

M.P.: 174 - 176°C

MS/ES" mn: 492.3 (100%, [M + HI"), 5143 (30%, [M + Nal), 530.2 (10%,
M + K]%), 983.6 (20%, [2M + H]"), 1005.6 (10%, [2M + Na]").

MS/ES™ mz):  446.3 (100%, [M — CO, — HJ), 490.2 (10%, [M —H]J).

HRMS @Esy:  C30Ha6N304 Expected (m/z): 492.1918, Found: 492.1918.

"H-NMR: 7.93 (t, ] = 6.0), 7.89 (d, J = 7.6, H-15/20), 7.84 (d, ] = 8.4, H-2), 7.71

@“ooMHz, DMSO)  (2H, d, J = 7.6, H-5), 7.48 (d, J = 8.0, H-14/21), 7.43 (t (br), ] = 4.8,
H-3), 7.34 (t, ] = 7.6, H-4), 4.39 (2H, d, J = 6.8, H-8), 4.28 (d, ] = 6.0,

H-12), 4.25 (t, ] = 6.8, H-7), 3.70 (2H, s, H-23).

BCNMR  172.1 (C-24), 156.2 (C-10), 150.8 (C-19), 150.6 (C-16), 143.7 (C-6),
(100MHz DMsO)  143.3 (C-13), 140.6 (C-1), 138.7 (C-22), 130.4 (C-21), 127.8 (C-14),
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127.5 (C-3), 126.9 (C-4), 125.0 (C-5), 122.4 (C-15), 122.3 (C-20), 120.0
(C-2), 65.2 (C-8), 46.8 (C-7), 43.3 (C-12), 40.5 (C-23).

FTIR v,. (em™: 3300 (s, N-H amide stretch), 1690 (C=O carboxylic acid stretch), 1604
(solid state) (N=N stretch), 1541 (N-H amide bend), 1450 (C=C [Ar] stretch), 1419 &
1294 (C-O carboxylic acid stretch), 1257 (C-O ester stretch).

Combustion: Theoretical C 73.31%, H 5.13%, N 8.54%
analysis Found C 72.60%, H 5.18%, N 8.10%

427,428

Procedure adapted from literature. No literature reference was found.

4-((4-((tert-Butoxycarbonyl)amino)phenyl)diazenyl)phenol (206)

(6]
3 < 7 8
O
2 4 6 9 10 13 14
HN N
1 5 N\ 12 15 16
N OH
1

Ci17H19N303
RMM =313.36

‘Butyl 4-aminophenylcarbamate (0.272 g; 1.31 mmol) was added portionwise to a

solution of conc. HCI (0.12 mL; 3.93 mmol) in water (10 mL) and the mixture was

stirred at <5°C for 20 min. Sodium nitrite (0.095 g; 1.38 mmol) in water (3 mL) was
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added dropwise. After 30 minutes phenol (0.188 g; 2.00 mmol) in IM NaOH (3 mL)
was added resulting in the formation of an orange precipitate.

Diethyl ether (30 mL) was added and the layers were separated, the water being washed
with more diethyl ether (2 x 30 mL). The organics were combined, dried over Na,SO4
and reduced in vacuo. The crude material was purified by column chromatography (Rg:
0.32, 50% petrol 40-60 in diethyl ether) to give product as a light orange solid (0.381 g,
93%).

MP: 197 —198°C

MS/ES" mz): 314.2 (10% [M + HJ]"), 3362 (20% [M + Na]), 3682 (50%
[M + Na + MeOHJ").

MS/ES” miz:  312.2 (100% [M — H).

HRMS @Esy:  Ci17H20N303 Expected (m/z): 314.1499, Found: 314.1500.

"H-NMR: 7.78 (d, J =9.1, H-7), 7.77 (d, ] = 9.0, H-8), 7.55 (2H, dt, J = 9.0, 2.0,
3oomHz, MeoD)  H-13), 6.90 (2H, dt, ] = 8.9, 2.1, H-14), 1.54 (9H, s, H-1).

BCNMR:  161.7 (C-15), 155.0 (C-4), 149.4 (C-9), 147.6 (C-12), 143.0 (C-6),
(7sMHzMeoD)  125.6 (C-13), 124.3 (C-8), 119.6 (C-7), 116.7 (C-14), 81.2 (C-2), 28.7
(C-1).

FTIR v,..(em": 3368 (s, N-H carbamate stretch), 3300 — 2900 (O-H broad stretch),
(solid state) 2985 (m, C-H aliphatic stretch), 1697 (s, C=0 carbamate stretch), 1504
(m, N=N azo stretch).

Combustion: Theoretical C 65.16%, H 6.11%, N 13.40%
analysis Found C 65.36%, H 6.17%, N 13.37%

432

Procedure adapted from literature.””~ No literature reference was found.
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4-((4-Acetamidophenyl)diazenyl)phenol (207)

(0]
1 { 5 6
2 4 7 8 11 12
HN N
3 N\ 10 13 14
N OH
9
Ci14H13N30;
RMM = 255.28

4’-Aminoacetanilide (1.00 g; 6.66 mmol) was added portion-wise to a solution of conc.
HCI (0.6 mL) in water (10 mL) and stirred at <5°C for 20 min. Sodium nitrite (0.476 g;
6.90 mmol) in water (3 mL) was added dropwise. After 30 minutes phenol (0.59 mL;
6.66 mmol) in IM NaOH (2.5 mL) was added resulting in an orange precipitate which
was collected by filtration and dried in a desicator over night. The crude material was
purified by column chromatography (R¢: 0.32, 2% MeOH in diethyl ether, silica 60) to
give product as an orange solid (0.432 g, 25%)).

MP: 192 — 194°C (no lit. mp found)

MS/ES" mz): 256.2 (10% [M + H]), 278.2 (40% [M + Na]"), 310.1 (100%
[M + Na + MeOH]"), 533.2 (60% [2M + Na]").

MS/ES™ m/z):  254.1 (100% [M — H]).
HRMS @Esy:  Ci14H14N30, Expected (m/z): 256.1081, Found: 256.1082.

"H-NMR: 7.81 (d, J = 8.8, H-6), 7.79 (d, ] = 8.6, H-5), 7.71 (2H, d, J = 8.9, H-11),
(300MHz, MeOD)  6.91 (2H, dt, J = 8.9, 3.0, H-12), 2.16 (3H, s, H-1).

BCNMR:  171.8 (C-2), 161.9 (C-13), 150.3 (C-7), 147.5 (C-10), 142.0 (C-4),
(7sMiz MeoD) 1258 (C-11), 124.2 (C-6), 121.1 (C-5), 116.7 (C-12), 24.0 (C-1).
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FTIR v, (em™: 3388 (w, N-H carbamate stretch), 3300 — 2900 (O-H broad stretch),
(solid state) 1673 (m, C=0 carbamate stretch), 1501 (N=N azo stretch).

Combustion: Theoretical C 65.87%, H 5.13%, N 16.45%
analysis Found C 64.62%, H 5.52%, N 16.06%

Procedure followed from, and is consistent with, literature.***

2-(4-(4-(Acetamidophenyl)diazenyl)phenoxy)acetic acid (208)

(6]
1 5 6
(0]
2 HfN 4 7 8 11 12 15
3 N\ 10 13 16
N (6] OH
9 14 17
Ci6Hi5sN304
RMM =313.31

4-Hydroxyazobenzene-4’-acetamide (0.050 g; 0.196 mmol) was dissolved in dry DMF
(15 mL). To this solution was added Cs,CO; (0.319 g; 0.980 mmol) portionwise and

allowed to stir for 30 minutes resulting in a solution colour change from yellow to red.
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Ethyl bromoacetate (0.02 mL; 0.196 mmol) in dry DMF (5 mL) was then added
dropwise followed by portionwise addition of sodium iodide (0.029 g; 0.196 mmol).
The reaction was warmed to 100°C and allowed to stir for 18 hr.

The solvent was removed in vacuo and the resulting solid partitioned between ether and
water (30 mL each). It was observed that a solid formed at the organic/aqueous
interface, so this was collected by filtration before the mixture separated. The organic
phase was reduced and found to be the same product as the solid by TLC. The organics
and the solid were combined and recrystalised from MeOH/petrol 40-60 to give an

orange solid (0.019 g, 31%)).

MP: 229 —233°C

MS/ES" miz): 368.2 (100% [M + Na + MeOH]").

MS/ES™ mz):  254.2 (100%), 312.2 (40% [M — H]).

'H-NMR: 7.87 (dt, J = 9.2, 2.1, H-5), 7.84 (dt, J = 9.1, 2.1, H-6), 7.73 (2H, dt,
3oomMHz, MeoD)  J =9.0, 2.0, H-11), 7.08 (2H, dt, ] = 9.1, 2.1, H-12), 4.71 (2H, s, H), 3.35

(MeOH), 2.16 (2.9H, s, H-14).

FTIR v,. (em": 2921 (w, C-H aliphatic stretch), 1601 (w, C=0O carboxylic acid stretch),
(solid state) 1500 (W, N=N stretch).

No literature reference was found.

(9H-fluoren-9-yl)methyl-3-chloropropylcarbamate (209)




ClnggCINOz
RMM = 315.89

Triethylamine (0.54 mL; 3.85 mmol) was added to a stirred suspension of 3-
chloropropylamine hydrochloride (0.500 g; 3.85 mmol) in acetonitrile/water (10/2 mL).
Once dissolved, fmoc-O-succinamide (1.297 g; 3.85 mmol) in acetonitrile (15 mL) was
added drop-wise and the reaction mixture stirred for 18 hrs.

The solvent was removed in vacuo to give a yellow solid. This was dissolved in DCM
(20 mL) and washed with water (20 mL), 1M HCI (20 mL), sat. NaHCO; (20 mL) and
water (20 mL). The organic phase was dried and concentrated in vacuo to give crude
product as a yellow solid which was purified by column chromatography (R¢: 0.66, 3%
MeOH in DCM, silica 60) to give product as a white solid (1.024 g, 84%).

MP: 106 — 107°C

MS/ES" miz: 316.1 (10% [M + H]"), 338.1 (100% [M + Na]"). Chlorine isotope
splitting observed.

HRMS @EsH:  CigHsCINNaO;, Expected (m/z): 338.0918, Found: 338.0912.

'H-NMR:  7.77 (2H, d, J = 7.5, H-2), 7.59 (2H, d, J = 7.5, H-5), 7.41 (2H, t,

@oomiz Meop) T = 7.4, H-3), 7.32 (2H, t, J = 7.4, H-4), 4.89 (s (br), H-11), 4.44 (2H, d,
J=6.4,H-8), 4.22 (1H, t, ] = 6.5, H-7), 3.57 (2H, t, ] = 11.9, H-14), 3.36
(2H, d, = 6.1, H-12), 1.99 (2 H, t (br), ] = 5.8, H-13).

BC.NMR: 1564 (C-10), 143.9 (C-6), 141.3 (C-1), 127.7 (C-3), 127.0 (C-4),
(100MHz MeoD)  124.9 (C-5), 120.0 (C-2), 65.6 (C-8), 47.3 (C-7), 42.2 (C-14), 38.3
(C-12), 32.4 (C-13).

FTIR v,..(em™: 3339 (s, N-H carbamate stretch), 3065 (w, C-H [Ar] stretch), 2952 (m,
(solid state) C-H aliphatic stretch), 1692 (s, C=0 carbamate stretch).

Combustion: Theoretical C 68.46%, H 5.74%, N 4.43%
analysis Found C 68.53%, H 5.91%, N 4.48%
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No literature reference was found.

(9H-fluoren-9-yl)methyl-3-bromopropylcarbamate (210)

H 11 13 15
(6] 10 N\/\/Br
9
12 14
(0]

C]gH]gBI‘NOz
RMM = 360.25

Method: as for (9 H-fluoren-9-yl)methyl-3-chloropropylcarbamate
3-Bromopropylamine hydrobromide (0.500 g; 2.284 mmol)

Fmoc-O-succinamide (0.770 g; 2.284 mmol)

Triethylamine (0.35 mL; 2.500 mmol)

Purification: Column chromatography (Rg 0.74, 2% MeOH in DCM, silica 60),
recrystalised from DCM/petrol

Product: White crystals (0.561 g; 68%).

MP: 86 — 88°C (no lit. mp found)

MS/ES" miz: 382.1 (100% [M + Na]"), 384.1 (100% [M + Na]"). Br isotope splitting

observed.
HRMS Es9):  Ci1sHsBrNNaO, ("’Br) Expected (m/z): 382.0413, Found: 382.0406.

'H-NMR:  7.78 (2H, d, J = 7.5, H-2), 7.59 (2H, d, J = 7.5, H-5), 7.41 (2H, t,

@oomiz cpcly T =7.4, H-3), 7.32 (2H, t, J = 7.4, H-4), 4.89 (1H, s (br), H-11), 4.44
(2H, d (br), H-8), 4.22 (1H, d, ] = 6.5, H-7), 3.42 (2H, s (br), H-14), 3.35
(2H, s (br), H-12), 2.01 (2H, t (br), J = 5.8, H-13).
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BCNMR: 1564 (C-10), 143.9 (C-6), 141.3 (C-1), 127.7 (C-3), 127.0 (C-4),
(10oMHz cpCly  124.9 (C-5), 120.0 (C-2), 65.5 (C-8), 47.3 (C-7), 39.4 (C-12), 32.4
(C-13), 30.8 (C-14).

FTIR v,. (em": 3338 (s, N-H carbamate stretch), 3065 (w, C-H [Ar] stretch), 2952 (m,
(solid state) C-H aliphatic stretch), 1692 (s, C=0 carbamate stretch).

Combustion: Theoretical C 60.01%, H 5.04%, N 3.89%
analysis Found C 59.99%, H 5.23%, N 3.91%

Product is consistent with literature.*’

(9H-fluoren-9-yl)methyl 2-(2-bromoacetamido)ethylcarbamate (211)

(0]
oo §11 3 )&/g
T
9 \/\N
12 H 16
14
o

Ci9H19BrN,O3
RMM =403.27
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Fmoc-EDA<HCI (0.052 g; 0.164 mmol) was dissolved in MeOH (5 mL) and an excess
of NaHCO; was added. After stirring for 30 minutes, the solvent was removed and the
amine extracted into DCM (20 mL).

The free amine (0.030 g; 0.11 mmol) in dry DCM (10 mL) was added dropwise over 1
hr to a stirred solution of bromo acetylbromide (0.009 mL; 0.11 mmol) and
triethylamine (0.028 mL; 0.20 mmol) in dry DCM (10 mL).

After 18 hrs the solvent was removed. The resulting solid was then dissolved in DCM
(20 mL) and washed with water (2 x 20 mL), 2M HCI (2 x 20 mL), sat. NaHCO; (2 x
20 mL) and water (20 mL). The organic phase was dried over MgSO4 and reduced to
give white solid. This was purified by column chromatography (R¢: 0.46, 2% MeCN in
diethyl ether, silica 60) to give product as a white solid (0.024 g; 55%).

MP: 178 — 180°C

MS/ES" miz: 4252 (100% [M + Na]"), 427.2 (100% [M + Na]). Br splitting

observed.
"H-NMR: 7.89 (2H, d, J = 7.3, H-2), 7.68 (2H, d, J = 7.3, H-5), 7.41 (t, J = 7.4,
3oomHz, DMs0)  H-3), 7.32 (t, ] = 7.3, H-4), 5.74 (DCM), 4.31 (2H, d, J = 6.8, H-8), 4.21
(1H, t, J=6.7, H-7), 3.83 (3H, s, H-16), 3.12 (d (br), J = 5.6, H-13), 3.06
(d (br), J=6.7, H-12), 1.35 (1H, s).
BC-NMR: 144.0 (C-6), 140.6 (C-1), 127.5 (C-3), 127.0 (C-4), 125.1 (C-5), 120.0
(75MHz, DMs0)  (C-2), 65.3 (C-8), 54.8 (DCM), 46.6 (C-7), 39.2 (C-12), 38.9 (C-13),

29.4 (C-16).

No literature reference was found.

Benzyl 4-aminobenzylcarbamate (213)
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Ci5HisN20O2
RMM = 256.30

Benzyl chloroformate (0.84 mL; 5.86 mmol) in dry DCM (20 mL) was added drop-wise
over 30 min to a solution of 4-aminobenzylamine (0.93 mL; 8.20 mmol) and
triethylamine (5 drops) in dry DCM (40 mL) at 0 °C. The reaction was stirred at 0 °C
for 1 hr before being warmed to room temperature and stirred for a further 2 hrs.

The reaction mixture was washed with 2M HCI (3 x 30 mL). The acidic aqueous phase
was then neutralised with NaHCO; and extracted with DCM (3 x 40 mL). The
combined organic extracts were dried over Na,COs, filtered, and reduced in vacuo to
give an orange oil. The product was further purified by column chromatography (Rg:

0.62, 10% MeOH in DCM, silica 60) to give product as an orange oil (0.7173 g; 48%).

MS/ES" mi): 257.1 (75% [M + H]"), 279.1 (70% [M + Na]"), 303.2 (75%), 513.2
(100% [2M + H]"), 535.2 (95% [2M + Na]").

"H NMR: 7.36 (5H, m, H-1/2/3), 7.08 (2H, d, J = 8.0, H-11), 6.64 (2H, dt,
@“ooMHz,cpcl)  J=8.4,1.9, H-12), 5.13 (2H, s, H-5), 4.26 (2H, d, ] = 5.7, H-9), 3.62

(2H, s (br), H-14).

BCNMR: 1563 (C-7), 145.8 (C-13), 136.6 (C-10), 128.9 (C-2), 128.5 (C-11),
(100 MHz cpcly 128.0 (C-1/3), 115.1 (C-12), 66.7 (C-5), 44.8 (C-9).

Product is consistent with literature (and references therein).**

4-((4-((Benzyloxycarbonyl)aminomethyl)phenyl)diazenyl)phenol (214)
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RMM = 361.40

Conc. HCI (0.25 mL; 8.33 mmol) was added to a suspension of Benzyl 4-
aminobenzylcarbamate (0.7173 g; 2.80 mmol) in water (5 mL) and allowed to stir at 0
°C. After 10 min, sodium nitrite (0.200 g; 2.90 mmol) was added portionwise resulting
in an orange suspension. After 40 min, phenol (0.263 g; 2.80 mmol) in 1M NaOH (3
mL) was added dropwise and the resulting orange/red suspension was stirred for 30 min
at 0 °C followed by 1 hr at room temperature. Diethyl ether (20 mL) was added and the
phases were separated. The aqueous phase was washed a further 2 times with diethyl
ether (30 mL). The organics were combined, dried over Na,CO; and reduced in vacuo
to give crude product as a red solid. The product was further purified by column
chromatography (R¢: 0.37, 40% ethyl acetate in petrol 40-60, silica 60) to give product
as a red solid (0.4026 g; 40%).

MP: 131 - 132°C

MS/ES" mi): 133 (100%), 384.1 (60% [M + H]").

HRMS @Esy:  Cp1H0N303 Expected (m/z): 362.1499, Found: 362.1497.

"H NMR: 10.27 (1H, s), 7.91 (1H, t, ] = 6.0, H-8), 7.79 (d, J = 8.7, H-17), 7.78

400 MHz, cpcly)  (d, J=8.1,H-12), 7.43 (2H, d, ] = 8.2, H-11), 7.37 (5H, m, H-1/2/3),
6.94 (2H, d, ] = 8.9, H-18), 5.07 (2H, s, H-5), 4.30 (2H, d, J = 8.9, H-9).

BC NMR: 160.7 (C-19), 156.3 (C-7), 151.0 (C-13), 145.1 (C-16), 142.2 (C-10),

(100 MHz cDcly 137.0 (C-4), 128.3 (C-2), 127.7 (C-1/3), 127.7 (C-11), 124.7 (C-17),
122.0 (C-12), 115.8 (C-18), 65.4 (C-5), 43.5 (C-9).
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FTIR v,..(em™": 3423 (br, O-H stretch), 3312 (s, N-H amide stretch), 3033 (s, [Ar] C-H
(solid state) stretch), 2943 (m, C-H stretch), 1685 (s, C=0 formate stretch), 1595
(s, N=N stretch).

Combustion: Theoretical C 69.79%, H 5.30%, N 11.62%
analysis Found C 69.84%, H 5.33%, N 11.58%

No literature reference was found.

Ethyl 2-(4-((4-
((benzyloxycarbonyl)aminomethyl)phenyl)diazenyl)phenoxy)acetate (215)

0
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Cy5H25N305
RMM = 447.49

Potassium carbonate (0.479 g; 3.47 mmol) was added to a solution of 4-((4-
((Benzyloxycarbonyl)aminomethyl)phenyl)diazenyl)phenol (0.200 g; 0.554 mmol) in
dry acetone (30 mL) and stirred at 30°C to aid dissolution. Ethyl bromoacetate (0.12
mL; 1.09 mmol) was added dropwise followed by sodium iodide (0.083 g; 0.554 mmol)
in dry acetone (3 mL) and the reaction mixture was allowed to reflux for 16 hrs.

The solvent was removed and the resulting solid extracted into diethyl ether (3 x 40 mL)
from water (40 mL). The organics were combined, dried over Na,CO3 and reduced in

vacuo to give product as an orange solid (0.1288 g; 52%)).

MP: 114 -116°C
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MS/ES" (m/2):

HRMS EsY:

'"H NMR:

(400 MHz, DMSO)

BC NMR:

(100 MHz, DMSO)

FTIR Vimax (cm™)?

(solid state)

Combustion:

analysis

470.1 (100% [M + H]"), 694.1 (40% [3M + 2Na]’), 917.4 (40%
[2M + Na]").

CysHa6N305s Expected (m/z): 448.1867, Found: 448.1878.

7.92 (t (br), H-8), 7.88 (d, J = 8.9, H-17), 7.82 (2H, d, J = 8.3, H-12),
7.45 (2H, d, J = 8.3, H-11), 7.37 (SH, m, H-1/2/3), 7.13 (2H, d, J = 9.0,
H-18), 5.07 (2H, s, H-5), 4.92 (2H, s, H-21), 4.30 2H, d, J = 6.1, H-9),
418 (2H, q, J=7.1, H-24), 1.23 (3H, t, ] = 7.1, H-25).

168.3 (C-22), 160.1 (C-19), 156.3 (C-7), 150.9 (C-13), 146.5 (C-16),
142.7 (C-10), 137.0 (C-4), 128.3 (C-2), 127.8 (C-1/3), 127.7 (C-11),
124.3 (C-17), 122.2 (C-12), 115.1 (C-18), 65.4 (C-5), 64.8 (C-21), 60.7
(C-24), 43.5 (C-9), 13.9 (C-25).

3297 (s, N-H amide stretch), 3033 (s, [Ar] C-H stretch), 2914 (m, C-H
stretch), 1770 (s, C=0 ester stretch), 1686 (s, C=0 formate stretch),
1602 (m, N=N stretch).

Theoretical C 67.10%, H 5.63%, N 9.39%
Found C 66.34%, H 5.63%, N 9.25%

No literature reference was found.

2-(4-((4-((Benzyloxycarbonyl)aminomethyl)phenyl)diazenyl)phenoxy)acetic

acid (216)

- 306 -



o
z
S

C23H21N30:5
RMM =419.43

Ethyl 2-(4-((4-((benzyloxycarbonyl)aminomethyl)phenyl)diazenyl)phenoxy)acetate
(0.100 g; 0.224 mmol) was dissolved in ethanol (40 mL) and aqueous sodium hydroxide
(15 mL; 0.037 M) was added. The solution was then stirred at RT for 16 hrs. The
mixture was acidified (conc. HCI) before the solvents were removed in vacuo. The
solid was extracted into diethyl ether (3 x 300 mL) from water (50 mL). The organics
were combined, dried over Na,CO; and reduced in vacuo to give product as a yellow

solid (0.0909 g; > 99%).

MP: 202 -203°C

MS/ES™ mz): 418.1 (100% [M - HY).

HRMS @Esy:  Cp3H2oN305 Expected (m/z): 420.1554, Found: 420.1558.

'H NMR: 13.10 (1H, s, H-23), 7.93 (t, ] = 5.5, H-8), 7.88 (d, J = 8.9, H-17), 7.82
oo MHz, DMS0)  (2H, d, J =8.1, H-12), 7.45 (2H, d, J = 8.1, H-11), 7.37 (5H, m, H-1/2/3),

7.12 2H, d, J = 8.9, H-18), 5.07 (2H, s, H-5), 4.81 (2H, s, H-21), 4.30
(2H, d, ] = 6.0, H-9).

BCNMR:  169.7 (C-22), 160.3 (C-19), 156.3 (C-7), 150.9 (C-13), 146.3 (C-16),
(100 MHz DMs0)  142.7 (C-10), 137.0 (C-4), 128.3 (C-2), 127.8 (C-1/3), 127.7 (C-11),
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124.3 (C-17), 122.2 (C-12), 115.0 (C-18), 65.4 (C-5), 64.7 (C-21), 43.5
(C-9).

FTIR v, (em™: 3314 (s, N-H amide stretch), 3100-2600 (w (br), O-H stretch), 3034
(solid state) (w, [Ar] C-H stretch), 2924 (w, C-H stretch), 1706 (s, C=0 acid
stretch), 1685 (s, C=0 formate stretch), 1603 (m, N=N stretch).

No literature reference was found.

2-(4-((4-((Benzyloxycarbonyl)aminomethyl)phenyl)diazenyl)phenoxy)acetyl
chloride (217)

(0]
C23H20CIN3O4
RMM = 437.88
2-(4-((4-((Benzyloxycarbonyl)aminomethyl)phenyl)diazenyl)phenoxy)acetic acid

(0.043 g; 0.104 mmol) was added portion wise to stirred thionyl chloride (5 mL; 68.5
mmol) and allowed to reflux under nitrogen for 18 hrs.

The excess thionyl chloride was removed under reduced pressure and the resulting solid
dried under high vacuum to give a dark red solid (assumed quantitative conversion and

the product was used immediately without further purification (0.043 g).

MP: 79 — 83°C

No literature reference was found.

4-|EDA]-51-Amine-13-(Cbz-Azo)-x-Acetate-y-(Ethyl thiourea) (218)
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(6]
[6) H NH2>\\
N N
O3
& e
HN
N—

2-(4-((4-((Benzyloxycarbonyl)aminomethyl)phenyl)diazenyl)phenoxy)acetyl  chloride
(0.043 g; 98.2 umol) in DMSO (5 mL) was added dropwise to a stirred solution of 4.0-
[EDA]-64-Amine (0.100 g; 7.04 ummol) and triethylamine (15 drops) in DMSO (10
mL) resulting in a ‘polymer like’ precipitate.

The precipitate was removed by decanting away the solvent (the solid is henceforth
known as 218a whilst the supernatant is 218b). The solid was found to be insoluble in
bench solvents, so DMSO (10 mL) and an excess of acetic anhydride (1 mL) was added
and the mixture was allowed to stir for 64 hrs resulting in some dissolution. 2M HCl
(40 mL) was added which dissolved the remaining solid over 4 days and then the
mixture dialysed against IM HCL (4 L) for 2 days and then against water (4L) for 3
days to give product as an orange viscous oil. The product was dissolved in water (10
mL) and an excess ethyl isothiocyanate (0.1 mL) was added. The mixture was then
dialysed against water (4 L) for a further 3 days (0.0428 g).

The decanted solution (218b) had an excess of acetic anhydride (1 mL) added to it and
was stirred for 64 hrs. The mixture was dialysed against water (4 L) for 1 day and then
against methanol (4 L) for 4 days to give product as an orange viscous oil. The product
was dissolved in water (10 mL) and excess ethyl isothiocyanate (0.1 mL) was added.

The mixture was then dialysed against methanol (4 L) for a further 3 days (0.0268 g).
218a

'H-NMR: 3.63 (s (br)), 3.43 (s (br)), 3.32 (MeOH), 3.24 (q, J = 7.3), 3.07 (25H, s

@oomiz, 0,0)  (br), PAMAM), 2.75 (DMSO), 2.57 (44H, s (br), PAMAM), 2.13 (10H,
d (br)), 2.00 (10H, s, acetyl), 1.31 (6H, t, J = 7.4), 1.17 (13H, d (br)).
Calculated acetyl surface coverage: 19 groups (29%). Calculated ethyl

urea surface coverage: 35 groups (55%).
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Combustion analysis: C 45.92%, H 7.88%, N 14.86%, S 4.90% N:S ratio

suggests 36 sulphur groups present.
218b

"H-NMR: 7.51 (1H, m), 7.29 (1H, m), 3.35 (MeOH), 3.28 (s, PAMAM), 2.80

@oomHz, MeoD)  (11H, s (br), PAMAM), 2.66 (DMSO and PAMAM), 2.36 (13H, s (br),
PAMAM), 2.12 (4H, d (br)), 1.94 (6H, s, acetyl), 1.29 (2H, s).
Calculated acetyl surface coverage: 34 groups (53%). Calculated ethyl

urea surface coverage: 13 groups (20%).

FTIR v,..(em™": 3285 (s (br), N-H stretch), 3080 (m, N-H amide stretch), 2936 (m, C-H
(thin film) aliphatic stretch), 2849 (m, C-H aliphatic stretch), 1647 (s (br), C=O
amide stretch), 1556 (s (br), C-C stretch).

No literature reference was found.

4-|EDA]-51-Amine-13-Azo-x-Acetate-y-(Ethyl thiourea) (219)
NH2 )\\
/\Q\ \Q\o/\\( HN H

Palladium on carbon (0.005 g) was added to a stirred solution of 4-[EDA]-51-amine-13-
(CBZ-Azo)-x-Acetate-y-(Ethyl thiourea) (218a) (0.0268 g) in dry ethanol (20 mL). The
reaction flask was repeatedly (x 3) flushed with nitrogen then purged under vacuum.
Once under vacuum, a balloon containing hydrogen was connected to the flask and the
reaction mixture was stirred under hydrogen for 2 days.

The palladium on carbon was removed by filtration and the filtrate was dialysed against

methanol for 5 days. The product was reduced to give a viscous orange oil (0.0037 g).
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"H-NMR: 8.10 (1H, s), 3.35 (MeOH), 3.28 S (br), PAMAM), 2.79 (17H, s (br),
4o0oMHz, MeOD) PAMAM), 2.58 (10H, s (br), PAMAM), 2.36 (20H, s (br), PAMAM),
2.13 (7H, d (br)), 1.94 (10H, s, acetyl), 1.29 (4H, s). Calculated acetyl

surface coverage: 40 groups (63%).

No literature reference was found.

4.0-[EDA]-32-Amine-32-Azobenzene (220)

: N
NS
YQ/ Xy
H
N
0

A solution of 4-(phenylazo)benzoyl chloride (0.070 g; 0.286 mmol) in DMSO (2 mL)
was added dropwise to a stirred solution of 4.0-[EDA]-64-Amine (0.127 g; 8.90 umol)

n

and triethylamine (0.06 mL; 0.429 mmol) in DMSO (8 mL). The reaction was warmed
to 35°C and stirred for 64 hrs.

The reaction mixture was then purified by dialysis against water (1 day) followed by 5%
water in methanol (2 days). The solvents were removed and the product was further

purified by azeotropic distillation to give a viscous orange oil (0.101 g).

"H-NMR: 8.06 — 6.81 (7H, m, azobenzene), 3.34 (MeOH), 3.23 (s (br), PAMAM),
400MHz, MeOD)  2.75 (22H, s (br), PAMAM), 2.54 (10H, s (br), PAMAM), 2.34 (23H, s
(br), PAMAM). Calculated surface coverage: 10 groups (15%).

BC-NMR:  175.3, 174.7, 164.2, 132.6 (azo), 131.3 (azo), 130.4 (azo), 124.0 (azo),

(100MHz, McOD)  123.3 (azo), 120.8 (azo), 53.5, 51.2, 49.9 (MeOH), 41.9, 40.0, 38.7,
34.8, 33.7. Unassigned peaks are due to the PAMAM dendrimer.
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Procedure adapted from literature.>’
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Appendix I NMR Relaxation Mechanisms

The nuclear spin equilibrium, which is characterised by the equilibrium magnetisation
My, and transverse magnetisation (M, = 0), are regenerated by recovery processes after
a pulse of radio frequency. These relaxation processes of the nuclear spins are shown in

the rotating coordinate system x, y, z, and are outlined below.

a) M,
v
x
»”
l NMR
b) c) d) e)
e - —
M,
Spin-Spin Relaxation
f)
dM, M,
MZ dr T,
l Spin-Lattice
2 Relaxation
aM, M, -M,
dt T
h) M,

Figure 107. Relaxation processes in NMR.

A1l Spin-Spin Relaxation

This is a decay of the fransverse magnetisation induced by an NMR experiment as
shown in Figure 107 (b-e) and is assumed to occur continuously as a single
exponential. Regardless as to whether their Boltzmann distribution over the magnetic

energy levels has been re-established, the precessing magnetic vectors lose their phase
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coherence and adopt a regular distribution over the precession cone. This process is
observed as an exponential decay of the nuclear induction current (free induction decay,
FID) with time constant T,. The spin-spin relaxation time, T, is the time after which

the nuclear induction current has dropped to 1/e of its original value.

A2 Spin-Lattice Relaxation

During this relaxation the nuclear spins return from an excited to a stable state (Figure
107 (b-h)), i.e. the Boltzmann spin distribution returns to the equilibrium value My from
M., the magnetisation along the z axis. The spin-lattice relaxation is assumed to be a
continuous process, increasing in the /ongitudinal magnetisation M, to the equilibrium
value with a time constant T}, the spin-lattice relaxation time. T; is defined as the time
after which M, has risen to 1/e of the equilibrium value My. This relaxation involves

the release of energy from the excited nuclei to neighbouring molecules, the lattice.

Spin-spin and spin-lattice relaxations can occur at different rates for a given nucleus.
Macromolecules in solution or solid state, for example, have a slower spin-lattice
relaxation than spin-spin relaxation (so that T; > T,). In this case, redistribution of the
magnetic vectors over the precession cone and transverse magnetisation has dropped to
zero before the Boltzmann distribution of the spins is reached, thus restoring
equilibrium. For small and medium sized molecules in the liquid or dissolved state, the
relaxation processes often occur at a similar rate so that T; is approximately equal to T,.
Because the equilibrium magnetisation M, = M, cannot be reached by a certain number
of spins before the transverse magnetisation M, has fallen to zero (Mo = My + M,), spin-

lattice relaxation can proceed slowed but never faster than spin-spin relaxation.

A2.1 Mechanisms of Spin-Lattice Relaxation

The excited nuclei transfer their excitation energy to the environment via interactions of
their magnetic vectors with fluctuating local fields that have sufficient strength and a
fluctuation frequency of the order of the Larmor frequency of the nuclear spin type.
The atomic and electronic environment of a nucleus in a molecule and molecular
motion determine which of the four potential mechanisms (shown below) most

contribute to the spin-lattice relaxation, though all affect the T;.
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= 1 + ! + 1 + 1 + ... Equation 4

1
I Topy Tisey Tisey Tiesa

A2.1.1 Relaxation by Internuclear Dipole-Dipole Interaction (DD Mechanism)

A local magnetic field is generated by each nuclear spin. When two nuclei are linked
by a bond then each nucleus (e.g. 'H and 13C) will experience the local field as well as
the external field Hy. Rapid molecular motion in liquids means fast rotations of C-H
bonds for dissolved organic molecules, so the orientation of 'H and “C nuclei is
constantly changing relative to Hy. Fluctuating local fields are generated by this
constantly imposed magnetic reorientation of the nuclear spins, which contributes to the
relaxation of the nuclei. This mechanism is particularly important for hydrogen-

containing molecules owing to its high natural abundance.

Unpaired electrons generate much stronger fluctuating local fields than the nuclear spins
owing to their considerably greater magnetic moment. As a result of this, relaxation is
dominated by electron spin-nucleus dipole-dipole interactions in the presence of
unpaired electrons (these are analogous to internuclear dipole-dipole interactions).
Smaller T; values are therefore observed for parmagnetic compounds. The same is true
when paramagnetic contaminants, such as oxygen, are present so it is important to

remove them for accurate T; information to be obtained.

A2.1.2 Relaxation Resulting from Chemical Shift Anisotropy (CSA Mechanism)

Magnetic shielding of a nucleus arising from the surrounding electrons can be
anisotropic. The contribution of the CSA mechanism is observed by a correlation

between T; values and the square of the applied magnetic field strength Hy.

A2.1.3 Relaxation by Scalar Coupling (SC Mechanism)

The spins of two proximate nuclei in a molecule undergo coupling, i.e. their signals

become split, but only when the lifetime of these nuclei in their magnetic energy levels
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is sufficiently large (scalar coupling). If one nucleus relaxes faster than the other, no
signal splitting is observed. However, this relaxation generates fluctuating fields that
can contribute to the relaxation of nearby nuclei. It should be noted that quadrupole
nuclei having 7 > 1 relax so fast that they can accelerate the relaxation of neighbouring
nuclei. The contribution of the SC mechanism can be observed by a frequency and
temperature dependence of T;, which can be large if the coupling nuclei precess with

similar Larmor frequencies.

A2.1.4 Relaxation by Spin Rotation (SR Mechanism)

If a molecule rotates then the magnetic vectors of the bonding electron spin will also
rotate, giving rise to fluctuating local fields. These fields can contribute to spin-lattice
relaxation of the nuclei of the rotating molecule. The same is true for molecular
segments such as alkyl groups. This mechanism plays an important role in small

symmetrical molecules, or in large molecules that have small segments (e.g. methyl

groups).

Information on NMR relaxation mechanisms taken from published literature.”>?>44!
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Appendix II Molecular Dynamic Simulation Details

The coarse-grained (CG) model of the PAMAM dendrimer used is an extended form by
Lee et al.*®® of the CG lipid force field, MARTINI, developed by Marrink et al.*** This
represents different chemical moieties in the dendrimer molecule as separate beads
(Figure 108) which are distinguished by their charge type [polar (P), nonpolar (N),
apolar (C) and charged (Q)] and hydrogen bonding capability. This enables the nodes
and branches of the dendrimer architecture to be distinguished. A node is represented
by Np, as a nonpolar unit with no hydrogen bonding capabilities; a branch is represented
by N4, as a nonpolar unit with hydrogen bond donors and acceptors. In this study,
charged dendrimers were terminated with Qq beads, whilst dendrimers terminated with
polar beads (P) were simulated to represent other surface functionality. Harmonic
bonding and angle potentials were used to connect these beads to give the coarse-

grained dendrimer (Figure 108).

H,C CH, H H H
~y ./ H,C N H,C N

| HZC—N\—H CH, CH;

CH, H o] o]

NO Gd Nda Nda

/N da N da \
Na No No—Ng,
Nda Nda

Nda Nda
/ \
Ndd NO NO Nda
\ /
Nda Nda

Figure 108. Coarse-grained chemical components of PAMAM dendrimer.
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CG lipids are represented with four methylene groups encapsulated into each tail bead,
with the head groups represented by two beads, one for phosphate and one for choline.
Four real water molecules are represented by a single water bead. The MARTINI CG
force field was used for the dendrimers, lipids, water and jons.** All simulations were

performed using GROMACS simulation package.*”

Each simulation system comprised of four 4" generation dendrimers in a lipid patch
containing 1024 POPC or POPE/POPG molecules. The system was solvated with
~29000 CG water molecules in a periodic box of size 18.5 x 18.5 x 14.5 nm®. The

temperature was maintained at 323K by applying the Berendsen thermostat'®

in an
NPT ensemble. A time step of 40 fs and a total duration of 100 ns was used. A cut off
of 1.2 nm was used for van der Waals interactions, to which a standard shift function
was applied to smoothly shift the Lennard Jones potential to zero between 0.9 and 1.2
nm. Electrostatic interactions were modelled with a particle mesh Ewald summation

which enables long-ranged interactions to be taken into account.***
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