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Abstract.

Three series of polyamide dendrimers; zero, first and second generation with branched alkyl

and t-BOC protected primary amine peripheral groups have been synthesised using the

selective coupling reactions of acid imidazolides, with previously unreported control over the

placement of differing functionalities on the periphery. The dendrimers have been fully

characterised by 'H and °C NMR, GPC andeither electrospray or MALDI-TOF mass

spectrometry, depending upon generation and the nature of the end groups. Second generation

dendrimers have polydispersities between 1.03 and 1.06.

The t-BOC groups have been removed yielding aliphatic dendrimers with mixtures of

branched alkyl and primary amine peripheral groups, the solution properties of which were

tested using standard solubility tests and surface tensiometry. Dendrimers with completely

hydrophilic surfaces were found to be completely miscible with water, whereas those with

completely hydrophobic surfaces were immiscible with water. The solubility of zero

generation dendrimers was found to be dramatically affected by the alteration of just one

peripheral group, whereas first generation dendrimers were found to be miscible with water

even whenthe surface is only 33% hydrophilic. The solubility was found to vary only slightly

for second generation dendrimers with between 33% and 66% hydrophilic groups.

Surface tensiometry measurements were used to calculate the CAC and C29 of the amphiphilic

dendrimers, revealing that the most efficient surfactant of the dendrimers studied was G;

TYPE 2 33%, with a CAC of only 20mg/L, compared to that of common surfactant SDS at

2.39/L. However, Gy 50% could be considered as a more timeandcosteffective option as the

synthesis is inherently simpler and shorter and the CAC is only 47mg/mL,a value that is also

two orders of magnitude lowerthan that of SDS.
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Abbreviations.

AEAP - 1-[N, N-bis(2-aminoethyl)amino]-2-propanol

BAPA- Bis(3-aminopropyl)amine

BEHA Bis(2-ethylhexyl)amine

bis-MPA — 2,2-bis(hydroxymethyl)propionic acid

CAC - Critical aggregation concentration

CDI — 1,1’-Carbonyldiimidazole

CMC Critical micelle concentration

COSY — Correlation spectroscopy

DB — Degreeofbranching

DCM- Dichloromethane

DETA- Diethylenetriamine

DMF - Dimethylformamide

DMSO- Dimethylsulphoxide

EHA — 2-Ethylhexanoic acid

ES* — Positive ion mode electrospray ionisation (mass spectrometry)

GPC — Gel permeation chromatography

HEAP 1-[N,N-Bis(2-hydroxyethyl)amino]2-propanol

HPLC — High performance liquid chromatrography

IPA — Isopropyl alcohol

LCST — Lowercritical solution temperature



MALDI-TOF — Matrix assisted laser desorption ionisation timeofflight mass spectrometry

NMR - Nuclear magnetic resonance

PAMAM - Polyamidoamine

PPI — Poly(propylene imine)

SEM — Scanningelectron microscopy

SDS — Sodium dodecyl sulphate

TAKA- Tris(2-aminoethyl)amine

t-BOC - tert-Butoxycarbonyl

TEA — Triethanolamine

TEM — Transmission electron microscopy

TFA — Trifluoroacetic acid

Tg — Glasstransition

THF - Tetrahydrofuran

TLC - Thin layer chromatrography

UV— Ultra violet
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1.0 Introduction.

This chapter describes the general structure and synthetic strategies of dendrimer synthesis,

using examples to demonstrate each. It provides a general overview of the role of the

branched structure in influencing the properties of dendritic molecules, with particular

emphasis on the effect of altering peripheral functionality. It aims to provide a broad

backgroundto this thesis, but research involving dendritic materials encompasses a large and

varied area, therefore several comprehensive reviews on dendrimers are recommendedto the

reader)?

1.1 Dendritic polymers.

There are two main categories of dendritic polymers; dendrimers and hyperbranched

polymers. Dendrimers are perfectly branched, monodisperse, unimolecular polymeric

materials, whereas hyperbranched polymersare irregularly branched polymeric materials that

have a broad polydispersity and a range of degrees of branching. The synthesis of

hyperbranched polymers is generally achieved by the one pot polymerisation of an AB,

monomer, with the potential to introduce a branch point with each repeat unit, resulting in

highly branched materials. Hyperbranched polymers are described by both their molar mass

and their degree of branching or DB. The DB for a perfectly branched dendrimeris one (as

each monomeris successful in introducing a branch point) and conversely the DB ofa linear

polymeris zero (as there are no branch points). Hyperbranched polymers have varying DBs

with typical values ranging from 0.4-0.8.> DB is a measurement of the amountof branching

within the structure which in turn affects the polymers properties. Therefore, hyperbranched



polymers exhibit very different properties to their linear counterparts, and have been shown to

have, for example, a lower viscosity both in solution and in the bulk material.* Although they

are easier to synthesise, they have the disadvantage of being polydisperse and incompletely

branched. In contrast to the syntheses of hyperbranched polymers, the syntheses of

dendrimers characteristically involve lengthy stepwise coupling reactions, usually with

purification steps resulting in well defined monodisperse systems with few imperfections.

The first recognised example of such controlled branched macromolecular architectures was

the “cascade synthesis” reported by Véglte in 1978.° The first dendritic systems to be

comprehensively studied were Tomalia’s PAMAM dendrimers® and Newkome’s “arborol”

materials.’ Dendrimers are synthesised in a stepwise manner, usually by addition of a

monomer whichincreases the size of the dendritic segment by one generation, followed by

activation of the pendant monomerfunctionalities. This generates a layered structure with

defined sections; the core, the branched repeat units and the peripheral groups (Figure 1.1).

There are two main synthetic routes for the preparation of dendrimers, namely the divergent

and convergent growth methods.

Peripheral groups

/

ee
Internal cavity

Branchedrepeatunits

Core

Figure 1.1 - Schematic representation ofdendrimerstructure.



1.1.1 Divergent dendrimer synthesis.

Divergent dendrimer growthis instigated at what will becomethe core of the molecule, and is

continued outwards towards the periphery. In scheme1.1, a trifunctional core molecule reacts

with three monomerunits, each containing one reactive and two dormant groups giving the

first generation dendrimer. The periphery is then activated so that it is reactive towards further

addition ofmonomer, and the sequence of reactions can be repeated.

r r iv KEY

Y r A d d—Dormant

Monomer r — Reactive
roo

eneUg

RBCSNCSC SRiRC SS

——==———p ;

Core d d

Activation

 

Scheme 1.1 — Schematic representation ofdivergent dendrimersynthesis.

Problems can occur from side reactions and incomplete reactions of end groups leading to

structural defects in the final dendrimer.* The number of end groups increases exponentially

with generation, causing reaction at the peripheral groups to become intrinsically more

difficult as the generation increases due to steric hindrance.* A large excess of reagents is

often required in order to force reactions to completion.” Due to the similarity between



starting dendrimers, side products and complete dendrimers, purification is difficult.

However, this method can be applied to a ‘one-pot’ synthesis'® and is useful for the bulk

preparation of dendrimers whenthepurity ofthe final productis not the principal requirement.

The cascade synthesis, reported by Végtle’ was the first example of divergent dendrimer

synthesis (scheme 1.2). Firstly, the reaction of acrylonitrile with an amine resulted in a

tertiary amine branch point. The subsequent reduction of the nitrile groups to amines

preceded the repetition of the sequence of reactions, yielding the second generation structure

1.

Co(II)
=a, NaBH,

CN CH,OH

 

R
N

R—-NH, ———> Sf L

NC CN

i

JG
NH, NH,

| iN Co(II) N
NaBH,

CH,OH

SG
NC” NC CN CN

 

j
2

NH, NH, NH, NH,

S
V
S

Scheme 1.2 - First divergent synthesis ofa dendritic molecule.”



The divergent approach has also been used to synthesise aliphatic dendritic structures based on

the AB) monomer2,2-bis(hydroxymethyl)propionic acid (bis-MPA)(2).""

HO

OH
HO

2

Figure 1.2 — Structure ofAB, monomer2,2-bis(hydroxymethyl)propionic acid. =

Dendrimers based on this monomerwere first reported in the mid 1990’s by Ihre er al’? and

since this first report the divergent route has been used to synthesise aliphatic polyester

dendrimers based on benzylidene-protected 2,2-bis(hydroxylmethyl) propionic anhydride

using milder conditions.'* Malkoch etal'' were inspired by the efficiency of the anhydride

chemistry and use this in their quest to synthesise a large library of bis-MPA based dendritic

structures, as shown in the example overleaf (scheme 1.3). The acetonide protected bis-MPA

anhydride (4) is highly reactive towards the hydroxyl groups on the benzyl ester of bis-MPA

(3). The acetonide protecting group is easily removed underacidic conditions using DOWEX

50W-X2 resin in methanol and the repetition of the series of reaction conditions yields the

fourth generation dendron(5).



Sho DOWEX 50W-X2
fo Ue MeOH 50 deg C

Oo

Scheme 1.3 — Divergent synthesis ofacetonide protected 2,2-bis(hydroxymethyl)propionic

acid based dendrons."'

Onewell known and commercially available series of divergently produced dendrimers are the

polyamidoamine (PAMAM)dendrimers (figure 1.3), first reported by Tomalia et al® They

contain both amide linkages and primary amineperipheral groups, hence the name PAMAM.

Their synthesis up to the tenth generation has been reported, materials which contain 6141

monomerunits and 3072 peripheral amine groups."°



N 0 NH

O
HN H

9 Ny

H NAN H
oO N

N O
H.N~/~N 6 NH

HN® O° N
O

O
NH

Figure 1.3 - Structure ofG1 PAMAMdendrimer. 10

The divergent cascade synthesis of dendrimers introduced by Vogtle’ was hindered by

problems during the reduction steps. These problems have since been solved by other

researchers within the field and dendrimers based on this original synthetic method, termed

polypropyleneimine dendrimers (PPI dendrimers) are now commercially available.'* They are

synthesised by a repetitive sequence of Michael addition reactions of primary amines to

acrylonitrile (step A), followed by reduction of the nitrile groups to primary amine functions

(step B, scheme1.4)."*



NC

 

es ‘
fs
5 RD

Scheme 1.4 - Synthesis ofpoly(propylene imine) dendrimerby the divergentroute. “4



The mass spectrum of a sample of commercially available fourth generation poly(propylene

imine) (PPI) dendrimer (6) indicates that there are a measurable amount of defective

molecules as the sample could not be easily purified by chromatography. Meijer and

coworkers'* '® have performed detailed mass spectral studies on the synthesis of PPI

dendrimers and have identified recurring defects including cyclisations and incomplete

couplings. They approximated the structural purity of the fourth generation PPI dendrimer 6

to be only 41% by massspectral analysis.'°

Dendrimersynthesis - Growth Limits.

As the numberof repeat units within a dendrimer increases exponentially with generation, the

volume available to the dendrimer only increases proportionally to r (r — radius) and the

surface area increases proportionally to r. The volume of the dendrimer increases more

quickly than the surface area, therefore growth is sterically limited at higher generations. The

upper limit to the regular growth of dendrimers is known as ‘De Gennes Dense Packing’,

which was first reported in 1983 by Pierre-Gilles De Gennes.'’ Since this, ‘dendrimer

crowdingfactors’ and ‘starburst limits’ have been mathematically modelled with a good deal

of accuracy.'* Growth limits mainly affect divergent growth, whereas convergent growth

(section 1.1.2) is interrupted by steric crowding as increasingly bulky dendrons are coupled

around a core. Growth of dendrimers beyondthis limit is possible, but is likely to lead to

irregular dendrimers incorporating structural flaws a



1.1.2 Convergent dendrimer synthesis.

Convergent dendrimer growth is achieved via the formation of wedges, or dendrons from the

periphery inwards that are attached to a multifunctional core molecule (scheme 1.5).' The

peripheral functionalities must be either inactive under the coupling conditions, or be

protected in an extra step (e.g. #BOCprotection of a primary alcohol’’). After the protection

step the focal group of the peripheral monomer is coupled to a monomer containing two

reactive and one dormant group to producethe first generation dendron.’ This dormant group

is activated in the next step and coupled to a core molecule to yield the first generation

dendrimer or another monomerto give a second generation dendron. This method allows

muchgreater control to be exerted over the placement of groups within the final product, and

as the molecular weight of the materials is effectively doubled at each coupling step, the

purification is inherently simpler than for divergently produced dendrimers.”

 

Activation

 

Scheme 1.5 - Schematic representation ofconvergent dendrimer synthesis.
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The first example of a convergent dendrimer synthesis was that of poly(benzyl ether)

dendrimers, introduced by Hawker and Fréchet in 1990” (scheme 1.6). The phenolic groups

of the AB. monomer 3,5-dihydroxybenzyl alcohol 8 were coupled to the benzylic bromide 7

(this is the first generation dendron, the synthesis of which has been reported elsewhere”),

forming ether linkages in a Williamson coupling step. The OH focal point of the dendron was

then activated using carbon tetrabromide and triphenyl phosphine yielding the brominated

dendron 9. Repetition of these coupling steps afforded the third generation dendron 10 and

coupling to the core 11 yielded the third generation dendrimer 12. This method has been used

to synthesise dendrons and dendrimersup the sixth generation.”

Divergently prepared materials are generally low polydispersity mixtures of closely related

compounds”, whereas convergently prepared materials can be isolated as singular species

with precise molecular weight and structure™.

Although divergent syntheses have been used mainly in industrial dendrimer synthesis, the

formation of controlled structures is inherently more achievable via convergent growth as will

be seen in the followingsections.

11
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Scheme 1.6 — Synthesis ofa third generation poly(benzyl ether) dendrimer.»
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1.1.3 Dendritic copolymers.

There are 3 main types of dendritic copolymers (or ‘codendrimers’), namely; layered,

segmented™andtailored.”

Layered Segmented Tailored

Figure 1.4 - Schematic representation oflayered, segmented and tailored dendrimers.

1.1.3.1 Layered dendrimers.

Layered dendrimers can theoretically be achieved through divergent” or convergentsynthesis,

as both methods proceed by the stepwise addition of layers to a growing dendritic structure.

However, convergent methods are more widely used as they offer more control.” Layered

dendrimers (figure 1.4) result from the stepwise arrangement of two or more monomertypes

during the synthesis of the dendritic architecture. A principal requirement for their growth is

that the monomers used are chemically inert to the conditions needed for the growth of the

layer created by the other monomer. Thefirst synthesis of a layered dendritic copolymer was

reported by Hawker and Fréchet ** via the convergent attachment of poly(benzyl ether)

dendrons 9 (as shown previously in scheme 1.6) to the benzyl ester monomer 13. The

coupling of the second generation dendron 14 to a triphenolic core resulted in the layered

dendrimer 15 (scheme1.7).
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1.1.3.2 Segmented dendrimers.

Segmented dendrimers are materials in which the differing repeat units are segregated into

distinct wedge shapes around the core”’ (figure 1.4). These structures are produced by the

coupling of different wedges (dendrons) to a core molecule or branching molecule when
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forming asymmetric dendrons,andare therefore commonly produced by convergent methods.’

The first example of such structures was again by Hawker and Fréchet ™ (scheme 1.8) and

involved the coupling of poly(benzyl ether) 9 and poly(benzyl ester) 16 components to yield

the segmented dendron 17, which was subsequently coupled to a triphenolic core affording the

segmented dendrimer 18.
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°
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Scheme 1.8 - Synthesis ofsegmentedpoly(benzyl ether)/poly(benzyl ester) dendrimers. “4
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1.1.3.3 Tailored dendrimers.

Tailored dendrimers (figure 1.4) require an enormous amountof control and are only accessed

by convergent methods.’ In an extreme case, they can have a single alteration on the

periphery of the molecule, or can have a numberof differing peripheral groups. Although

they are difficult to produce and difficult to purify, their well defined structure makes them

excellent candidates for a number of pharmaceutical applications.” They have been used in

studies into the prevention of infection by interacting with viruses at multiple sites, a

phenomena known as ‘multivalence’.”” Scheme 1.9 shows an example in which single p-

cyano-benzyl group is situated on the periphery of a second generation polybenzyl ether

dendron is achieved by coupling one of the two phenolic groups of the monomer 19 with

benzyl bromide, using an excess of monomer 19. After purification, the remaining phenolic

group can be coupled with the p-cyanobenzyl bromide 20, yielding the hybrid second

generation dendron 21. After activation of the focal functionality, this can be coupled with the

monofunctionalised dendron 22 to afford the second generation dendron 23. Further coupling

of the second generation dendron to the monomeryields higher generation dendrons, or to a

trifunctional core yields higher generation dendrimers. These dendrons have been used to

synthesise fourth generation dendrimers with a single cyano group on the periphery (24).”°
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1.1.4 Unique properties of dendritic polymers.

The properties of dendritic polymers (dendrimers and hyperbranched polymers) differ greatly

from those of conventional linear polymers, primarily due to the conformational constraints

imparted by their branched architecture and the high proportion of end groupsthat are present

in the structure.’ Linear polymers generally exist as flexible coils, whereas dendrimers have a

tightly packed spherical globular structure and therefore have lower hydrodynamic volumes.”

In dendrimers, many of the properties have been found to be controlled by the groups on the

outer surface (figure 1.1), as it is these groups that interact with the surrounding

: 31,32,33
environment.” ”’ Highly branched polymers have been found to exhibit very different

solubility characteristics**, as well as having much lowersolution viscosity than their linear

counterparts at any given molecular weight and concentration'’. Much ofthe researchinto the

unique properties of dendrimers compared with linear polymers is based on the assumption

that the properties are due to the inherent differences between the dendrimer and linear

polymer structure. However, most studies have used linear polymers prepared from AB

monomers rather than AB, monomers which would be used to synthesise the branched

analogues.’ This meansthat the contributions from the numerous B functionalities present in

the dendritic polymers are not taken into account in the linear polymers. It is thought that

these extra groups would have significant effect on the properties and interactions of the

ri : 36
polymers with the solvent environment.
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Figure 1.5 - Comparative structures ofthe third generation dendritic alcohol 25 andits exact
linear analogue 26.*°

In a study carried out by Hawker et al*°, exact linear analogues of polyether dendrimers were

synthesised by a converging dual exponential growth strategy in which twoseries of linear

macromolecules were synthesised and coupled to give the exact linear analogues of polyether

dendrons. For example, the third generation dendron 25 along with its exact linear analogue

26 were synthesised, each of which contains seven repeat units, eight benzyl ether end groups

and a single hydroxymethyl chain end.

This strategy ensured that linear polymers with exactly the same numberof repeat units and

pseudo-chain ends as their dendritic equivalents were synthesised, and the two series of

19



materials can be thought of as “macromolecular isomers”. The comparison was continued up

to the sixth generation and the materials were characterised by 'H and ‘°C NMR, GPC and

MALDImassspectrometry. A discontinuousrelationship between the hydrodynamic volumes

of the dendrimers and their exact linear analogues was observed. For materials of generation

one to four, the hydrodynamic volumesofthe linear and dendritic materials were essentially

the same. However, for the fifth generation materials the linear analogue has a hydrodynamic

volume that is approximately 40% larger than the dendritic material. In solubility and

crystallinity studies, the linear analogues were found to be highly crystalline and insoluble in

solvents such as THF, acetone and chloroform, solvents in which the dendrimers are

extremely soluble. Theseresults, along with other studies of dendrimer systems”, suggest that

marked differences between dendritic and linear macromolecules may only manifest

themselvesin higher generations.*°

The following sections will describe someofthe studies into structure/property relationships

of dendritic polymers, focussing on peripheral functionality and solubility.

1.1.4.1 Rheology and thermalproperties of dendritic polymers.

Magnussonet al®’ have studied the effect of the degree of branching (DB)on the rheological

and thermal properties of hyperbranched aliphatic polyethers (28) based on 3-ethyl-3-

(hydroxymethyl)oxetane (27), and found that materials with a high DB (~0.4) were amorphous

and non-entangled, with a low Tg of 40°C. Polymers with a lower DB (~0.2) were

semicrystalline and had Tgs of between 100-130°C. The DB was found to affect the

rheological properties by controlling the ability of the polymerto crystallise.*’
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Scheme 1.10 —Idealised reaction schemefor the polymerisation of3-ethyl-3-
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1.1.4.2 Intrinsic viscosity of dendritic polymers.

Intrinsic viscosity is defined as the viscosity of a solution at infinite dilution.** For linear

polymersintrinsic viscosity has been shown to increase with increasing molecular weight’,

whereas some dendrimer systems exhibit a maximum intrinsic viscosity as a function of

generation, which then decreases with increasing molecular weight. A study by Moureyet al

reported the maximum intrinsic viscosity of a series of poly(benzyl ether) dendrons from

generation three to four.”” A series ofPAMAM tridendrons studied by Tomalia ef al exhibit a

10 : - oo: . ‘
As intrinsic viscosity of amaximum intrinsic viscosity between generations four andfive.

polymeris proportional to its volume divided by its mass, the incidence of a maximum in the

intrinsic viscosity of dendrimers can be explained by the spherical, globular conformation that

dendrimers assumein solution. The hydrodynamic radii of dendrimers increase linearly with

generation, whereas the mass increases exponentially.7 At high generations the mass term

, ‘ Pets ‘ ‘ 40
dominates and the intrinsic viscosity decreases.
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1.1.4.3 Solubility of dendritic polymers.

The solubility of a dendrimer is highly dependant upon the peripheral groups; as previously

described it is these groups that interact with the solvent environment.’ There have been a

number of reports describing the synthesis of dendrimers with hydrophobic cores that are

solubilised in water by their hydrophilic peripheral groups*” *” ** “. These structures can be

described as “layered” amphiphilic dendrimers, some examples of which are described in the

following sections.

Solubility ofphosphorus containing dendrimers.

The water solubility of phosphorus containing dendrimersis usually inferred by the peripheral

moieties of the dendrimer. For example, the second generation dendrimer 29 as wellas its Pd

complex 30 (scheme 1.11) are both soluble in water due to their phosponate end groups.”

CH, 2
(OEt), (OEt),P ||, P(OEt),

 
P(OEt), P(

N

pS ie P—pa=-P
|“tS Vt

  
Scheme 1.11 - Water soluble dendrimers with phosphonate end groups.”
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Solubility ofphenylacetylene dendrimers.

In a study of phenylacetylene dendrimers terminated with fert-butyl esters, the transformation

ofthe surfaceesters to carboxylic acids resulted in the materials becoming watersoluble.”

 

31 2nd Gen
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33

Figure 1.6 - Structure ofpolyphenylacetylene dendrimers.”
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The conversion ofthe f-butyl esters 31A, 32A and 33A to carboxylic acids 31B, 32B and 33B

was accomplished by a solid state thermolytic process. The solid dendrimer samples were

heated under an inert atmosphere to 230°C for 15 minutes, liberating isobutylene gas to leave

the carboxylic acid. This reaction was monitored quantitatively by thermal gravimetric

methods. The f-butyl ester terminated materials were soluble in hexane, the smaller material

(31A) had limited solubility while the higher generations (32A and 33A) exhibited high

solubility. Once converted to the carboxylic acid terminated species, the dendrimers 31B, 32B

and 33B weresoluble in aqueous media (pH>6) and polar aprotic solvents such as DMSO,

DMF and NMP. Solubility studies of the (2-[2-(2-methoxyethoxy)ethoxy]ethyl) terminated

dendrimers 31C, 32C and 33C revealed an inverse solubility relationship with temperature.

Lower temperatures favoured dissolution whilst at higher temperatures phase separation was

observed. This lowercritical solution temperature (LCST) behaviour has been reported for

other non-ionic surfactants and many linear polymers.”

Synthesis andproperties ofunimolecular micelles.

The term unimolecular micelle was first used by Kim and Webster*’ to describe a

hyperbranched polyphenylene polymer functionalized with carboxylate groups on the

periphery. This was found to solubilise p-toluidine in aqueous environments. Newkomeet

al® also used the term unimolecular micelle to describe a saturated hydrocarbon cascade

polymer with both ammonium and tetramethylammonium carboxylate end groups (34,figure

1.7). These end groups solubilise the hydrophobic hydrocarbon core in aqueous solution,

resulting in a structure analogous to that of a micellar solution of an amphiphilic linear

polymer.
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Figure 1.7 - Newkomes unimolecular micelle.*

Amphiphilic dendrimers have morestability in solution than conventional dynamic micelles as

they are covalently bonded® and do notrely on the self assembly of small molecules. The

structure of conventional micelles can be disrupted by changes in pH, concentration and

temperature, whereas covalently bonded amphiphilic dendrimers exhibit structural integrity in

changing solvent environments.” The structures can swell and shrink in responseto different
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solvents’, but the covalently bonded backboneis stable to many conditions that would destroy

a micellar solution of surfactant molecules. Conventional micelles are only formed in water

from low molar mass surfactants when their concentration exceeds the critical micelle

concentration (CMC) and this can be affected by temperature, pH and other factors. In

comparison, dendritic unimolecular micelles retain their structure in varying pH’s and

temperatures, making them anattractive target for applications involving encapsulation of

hydrophobic molecules such as nanoscopictransport’® and drug delivery.” Many examples of

the synthesis of amphiphilic dendrimers have been reported.** “*

Structures in which somesections of the surface are hydrophilic and some hydrophobic can be

described as “segmented” dendrimers. There are fewer examples of the study of the solution

properties of these than there are of layered type amphiphilic dendrimers, and two examples in

which the solubility is controlled by altering segments of the surface of the dendrimer are

described below.

Amphiphilic Dendrimers with Both Octyl and Triethyleneoxy Methyl Ether Chain Ends.

The synthesis of tertiary amine dendrimers with both hydrophilic and hydrophobic chains at

every chain end was reported in 2000 by Pan and Ford.” Poly(propyleneimine) dendrimers

(DAB-dendr-(NH2), (n=8, 32 and 64) modified with hydrophilic triethylenoxy methyl ether

(TEO) and hydrophobic octyl chains at each chain end were synthesised using the general

synthetic method shown in scheme 1.12. The commercially available poly(propyleneimine)

dendrimers 35 weretreated with octanoyl chloride, amidating the surface NH2 groupsto give

the polyamide terminated dendrimer 36. After purification this was reduced to the secondary

amine dendrimer 37 by LiAIHy, and the hydrophilic TEO arms were introduced by reaction
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with the corresponding acid chloride yielding the amide 38. Subsequent reduction by LiAIH,

yielded the amphiphilic polyamine dendrimer 39. 39 was quanternised by reaction with

excess methyl iodide (Mel) to give the corresponding polyammonium iodide dendrimer. Ion

exchangewasutilised to yield the polyammonium chloride dendrimer.
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Scheme 1.12 - Synthesis ofTEO and octyl chain endedpoly(propyleneimine) dendrimers. °

The materials generated were tested for solubility in various organic solvents and water. It

was found that the second generation dendrimer 39 (and the equivalent fourth generation

dendrimer) were soluble in organic solvents, but insoluble in water (even 0.1M aqueous HC]).

This indicates that the octyl end groups havea great influence on the solubility of the tertiary

amine dendrimers.
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Amphiphilic Dendrimers with Hemispherically Segregated Benzyl Ether and Carboxylate

Peripheral Groups.

The synthesis of dendrimers with segregated benzyl ether end groups in one hemisphere and

methyl esters in the other were reported by Hawkeref al in 1993.°! The saponification of the

surface esters of 40A produced the dendritic macromolecule 40B that was foundto align at the

air water interface due to its amphiphilic nature.

R=Me A

Figure 1.8 - Structure ofsegregated dendrimer with benzyl ether and methylester peripheral
groups.
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Dendrimer Construction and Property Modification via Combinatorial Methods.

One study of the effect of end groups upon solubility involved the use of combinatorial

chemistry to synthesise a library of asymmetric dendritic species possessing multiple

functionalities. In scheme 1.13 different ratios of tris(protected amine) (41) and tris(benzyl

ether) (42) with reactive focal isocyanate functionalities were coupled to a polyamine

terminated dendrimer (43) to prepare combinatorial amino-ether dendrimers (44). These were

then deprotected and some were found to exhibit amphiphilic behaviour. For example,

dendrimer 45 prepared via the reaction of a 50:50 mixture of amine:ether was found to be

highly soluble in MeOH,andonlypartially soluble in both H)O and CHC.”

So x)
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ans! 42

43
mixture of
isocyanates

lore

amine
deprotection

ice"
Scheme 1.13 - Combinatorial approach to amphiphilic dendrimer synthesis. pe
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Synthesis and Surface Functionalization ofAliphatic Polyether Dendrons.

Only one example in whichthe effect of altering a single functional group uponthe solubility

of dendritic materials has been reported was identified by the author. Grayson and Fréchet”

reported the synthesis and surface modification of a novel family of aliphatic polyether

dendrons, using peripheral ketal protected hydroxyl functionalities. The ketal protective

groups can be removed via acid catalysed hydrolysis, producing a dendron with hydroxyl

groups on the periphery and an alkene moiety at the focal point.

OR OR
A ketal protected a OR

= OR SJ
BH oo

OR O
C Otherfunctionality 46 ha

2nd gen

OG Te
OGOAS

ar ae
3rd gen 4th gen

Figure 1.9 - Aliphaticpolyether dendronswith differing end groupfunctionality.”
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It was found that the polyol dendrons are highly polar molecules and are water soluble above

the third generation (47B). At the second and third generations (46B and 47B), the dendrons

with nonpolar alkene functionality at the focal point are not water miscible, whereas those

with focal alcohol functionalities are water miscible. At the fourth generation the 16 hydroxy

end groups of the deprotected dendrons makes the (OH-);«[G-4]-ene 48B water miscible

(>100mg/mL) despite the nonpolar focal group.

The surface groups on the fourth generation dendron (48) with focal alkene functionalities

were modified and the solubility of the resulting dendron (48C) in a numberof solvents is

reported in table 1.1.

 

 

 

 

 

 

 

 

 

 

Miscibility of48C where R =
Solvent Nonanone BnO OH Tri(ethylene BzO Tetradecanoate

ketal glycol) ester
monomethyl

ether

Water imm imm misc misc imm imm

MeOH imm imm misc misc imm imm

DMAc misc misc misc misc misc misc

CHCl1; misc misc imm misc misc misc

CH.Cl, misc misc imm misc misc misc

EtOAc misc misc imm misc misc misc

THF misc misc imm misc misc misc

Hexane misc imm imm imm imm misc         
 

Table 1.1 - Miscibility ofSurface Functionalized Fourth Generation Dendrons.”

imm = immiscible; misc = miscible

BnO = Benzyl ether, BnZ = Benzylester.

31



The initial benzyl ether and ketal protected dendrons (48C R=nonanoneketal, BnO) appeared

to be miscible in most organic solvents, except polar protic solvents such as water and

methanol. After the deprotection of the dendrons to reveal hydroxyl surface groups, the

solubility trends were reversed and the dendron (48C R=OH)was found to only be soluble in

water, methanol, DMAc andpyridine. This trend can be reversed again by the acylation of the

hydroxyl groups to give tetradecanoate esters (48C R=tetradecanoate ester), which are

miscible in all solvents except the polar protic solvents, and poly(benzoyl ester) (48C R=BzO)

which had analogous solubility to the poly(benzyl ether). These solubility trends are further

evidence that the peripheral functionalities of dendrons and dendrimers dominate their

solubility properties.

1.1.5 Summary — control of solubility via dendritic polymer surface group

functionality.

The solubility properties of dendritic materials have been shown to be controlled primarily by

their peripheral groups. The synthesis of amphiphilic dendrimers with completely hydrophilic

surfaces, segmented hydrophilic and hydrophobic surfaces and materials in which the

alteration of just one functional group changes the solubility of the materials has been

described. The next section introduces the coupling chemistry of 1,1’-carbonyldiimidazole

and describes its use in the synthesis of hydrophobic dendrimers.
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1.2 The chemistry of 1,1’-carbonyldiimidazole.

Carbonylation of primary and secondary aminesand alcohols can be carried out by reaction

with phosgene, howeverthe fact that it is a gas with toxic and corrosive properties has limited

its widespread usein research laboratories.” 1,1’-Carbonyldiimidazole (CDI) (scheme 1.14)

can be used as an alternative reagent to produce analogous products, and as CDIis relatively

non-toxic crystalline solid, it is a more appealing reagent than phosgene. The chemistry of

CDI wasfirst reviewed by Staab in 1962™, and since has been used mainly as a coupling

reagent for the synthesis of peptides and small molecules.°’ The reactions of CDI and its

adducts are summarised in the scheme below.
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Scheme 1.14 - Reactions of1,1’-carbonlydiimidazole andits adducts.
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1.2.1 CDI in polymer synthesis.

Houlihan et al°° used CDI as a coupling reagent in the synthesis of thermally depolymerisable

linear polycarbonates using phase transfer catalysis. 49 was reacted in a 1:2 molarratio with

CDI forming the bis(carbonylimidazolide) 50, which was coupled in a 1:1 molar ration with

the diol 51 to give the linear polycarbonate 52 (scheme1.15).°°

 

K,CO, HO-R—OH

51

52

Scheme 1.15 - Synthesis oflinearpolycarbonate using CDI chemistry.*°

Other reports of linear polymer synthesis using CDI include the synthesis of

poly(vinylacetate)-based block copolymersurfactants for use in supercritical CO>.*”
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1.2.2 CDI in dendrimer synthesis.

Rannard and coworkers have investigated the reactions of carbonyl imidazole containing

molecules and their application to the synthesis of controlled structures in a series of

19,58,59,60
reports. A numberof rules governing the selectivity of carbonyl imidazole containing

molecules have been established and are depicted below (scheme1.16).

O
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R Carbonate

O
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Jk R"—OH aay Ff
4~N7 ~n~S 6 RN RN

R \ \_ R Jk Urethane

iN
R' OH R' O N N

R an,
Imidazole

er“ (2° or 3°
Alcohol or No Reaction

amine)

Scheme 1.16 - Schematic ofselective reactions ofimidazole carboxylic estersformedfrom
secondary ortertiary alcohols.

It was reported that the reaction of CDI with secondary ortertiary alcohols produces imidazole

carboxylic esters which are then selectively reactive towards primary amines, forming

urethanes.” The example, scheme 1.17 depicts the imidazole carboxylic ester 53 was reacting

with the diamine 54 in a 1:1 molar ratio, forming a urethane exclusively at the primary amine

functional group to form 55. This was confirmed by 'H and ‘°C NMR spectroscopy, as well

as by mass spectrometry.”
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Scheme1.17 - Selective reaction ofthe imidazole carboxylic esterformedfrom tertiary
alcoholwith a primary amine.”

Similar selectivity was noted when the imidazole carboxylic esters were reacted with polyols

containing mixtures of primary, secondary andtertiary alcohols. Imidazole carboxylic esters

formed from secondary ortertiary alcohols were selectively reactive towards primary alcohols

to form carbonates (scheme 1.18). When the imidazole carboxylic ester 53 was reacted in a

1:1 molar ration with the diol 56, carbonate formation only occurred at the primary alcohol to

give 57, and there was no evidence in the mass spectrum ofthe product of carbonate formation

at the secondary site. Also, '*C NMR and 'H NMR spectroscopic evidenceindicates that the

RoCH-OHgroup remains unchanged.™*

OH

HOAN °

Se EE57 OH

 

Scheme 1.18 — Selective reaction ofthe imidazole carboxylic esterformedfrom a tertiary
alcohol with a primary alcohol.**

The synthesis of polyamide dendrimers using the selective reactions of aliphatic acid

imidazolides and primary amineshas also been reported (scheme 1.19).
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Scheme 1.19 - Selectivity ofacid imidazolidesformedfrom aliphatic acids.”

This selectivity has been exploited for the synthesis of polyamide dendrimers from aliphatic

acids and amine containing branching groups and cores. The branched alkyl peripheral group

bis(2-ethylhexyl)amine (BEHA) was used as a peripheral group in the synthesis of

hydrophobic polyamide dendrimers up the third generation using the convergent method

(figure 1.10).*°

iad gM

3
“RY

Figure 1.10 — Polyamide dendrimers synthesisedfrom aliphatic acid imidazolides (G1 Mw =
763, G2 Mw = 1837, G3 Mw = 3984).”
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The production of dendrimers via either a convergent or divergent route usually involves a

deprotection or activation step in addition to the coupling steps.°’ This extra step increases

both the time and cost required for synthesis, therefore decreasing the overall productivity.

Selective reactions are therefore very useful to synthetic chemists as they decrease the number

of steps within a reaction scheme,thus decreasing the time andthe cost involved.

1.2.3 Summary — selective reactions of 1,1’-Carbonyldiimidazole.

The use of CDI as an effective coupling reagent for alcohols, amines and carboxylic acids to

produce a range of carbonyl containing functional materials has been described. Examples of

the use of CDI in both polymer and dendrimer synthesis have been given, and the selectivity

of the coupling reactions of CDI adducts introduced in the sections above have been proven to

be effective for the synthesis of dendrimers, avoiding the need for protecting group chemistry.

1.3 Research objectives.

In this thesis, the design and synthesis of novel, tailored, amphiphilic dendritic polymers will

be reported, with the aim of studying their solution properties to discover how these are

affected by the positioning and number of hydrophilic groups on the periphery. The

dendrimers will be synthesised using the selective reactions of the adducts of CDI described

above, yielding materials with the target structures shown overleaf (figure 1.11) Solution

properties will be studied by conventionalsolubility tests and surface tensiometry to evaluate

the impact of dendrimer generation (eg GoT1, GiT1, G:T1), relative percentage of

hydrophilic and hydrophobic groups (eg GoT4, GiT5, GTS) and the specific placement of

surface groups on the periphery of the materials (eg G:T3 and G,T4). Any trends will be

described in detail.
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Figure 1.11 — Schematic structures oftarget tailored dendrimers.
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2.0 Synthesis and Characterisation of Novel Dendritic

Urethane and Carbonate Materials.

2.1 Introduction.

The aim of this project was to study the effect of differing the number and position of

hydrophilic and hydrophobic peripheral groups on the solution properties of dendrimers,

focussed primarily on water solubility, as described in section 1.3. Dendrimers are

synthesised by two main synthetic routes; the divergent route and the convergent route.

Divergent synthesis’ involves starting the growth of the dendrimerfrom a core molecule, then

building outwards from this core by sequentially adding layers or generations (scheme2.1).
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Scheme 2.1 — Schematic representation ofdivergent dendrimer synthesis.
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Convergent dendrimer synthesis” on the other hand, involves starting from the periphery of the

target molecule and coupling groups together to form dendrons (or wedges). These can then

be further coupled together to form larger dendrons, or can be coupled to a core molecule to

form dendrimers (scheme2.2).

 

Peripheral group

Activation

 

Scheme 2.2 — Schematic representation ofconvergent dendrimer synthesis.

In order to control the placement of individual groups on the periphery of the dendrimer and

therefore be able to qualify and quantify the effect of changing the numberandpositions of

these groups, the convergent method of synthesis was required for this study. Convergent

syntheses offer greater control over the placement of individual peripheral groups on the

dendrimer’ (as described in chapter 1.1.2).
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2.2 Background and synthetic strategy.

Throughout this thesis the aim was to synthesise dendrimers with controlled surfaces,

introducing both hydrophilic and hydrophobic groups in a controlled manner to very similar

structures. The synthetic strategy is summarised below (schemes 2.3-2.5) and will be referred

to throughout the chapter as the synthesis of the intermediate structures (Go2 Lx) and target

molecules (Go. Tx) are attempted and described.

<= Hydrophobic Gy

@= Hydrophilic

G, I3 A*T3

Scheme 2.3 — Schematic strategyfor zero generation tailored dendrimer synthesis.
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Scheme 2.4 - Schematic strategyfor tailoredfirst generation dendrimer synthesis.
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Scheme 2.3 shows the strategic synthetic pathway to the four possible zero generation

structures containing systematically varying numbers of hydrophilic and hydrophobic

peripheral groups. GoT1 and GoT2 are synthesised by the reaction of three surface functional

groups with the core molecule. GoT3 and GoT4 require the controlled formation of

asymmetrically functionalised cores (GoI3 and GoI4) to control the placementof either one or

two hydrophobic groups around the core, followed by the reaction of the hydrophilic

peripheral groups with the unreacted core functionality. Scheme 2.4 shows the schematic

synthetic strategy for first generation dendrimers, this follows much of the pattern of scheme

2.3 however, G;T3, GiT4 and GiT5 require modifications of the previous approach, via the

formation of GiI3, GiI4 and G,I5 to accomplish a successful synthesis. The synthesis of

second generation dendrimers follows a similar strategy (scheme 2.5) building on the

structures formed during first generation dendrimersynthesis.

The synthesis of urethane dendritic materials has been previously reported**® forming both

dendrimers and hyperbranched polymers. Recently, CDI coupling chemistry has been used to

synthesise urethane dendrimers by the convergent method, utilising the selective reactions of

imidazole carboxylic esters.”* Imidazole carboxylic esters formed from secondary ortertiary

alcohols are selectively reactive towards primary amines, forming urethanes (scheme 2.6).

Whenthey were reacted with molecules containing both primary and secondary amines, they

were found to only react with the primary amines in the system. Rannard and Davisfirst

reported these selective reactions in a study detailing selective amide and carbamate

synthesis.”
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Scheme 2.6 — Selective synthesis ofurethanes using imidazole carboxylic esters.

The synthesis of dendrimers usually involves either protection and deprotection steps or the

activation of the periphery or focal point, which adds to the numberofsteps in the synthesis

and can result in low yields and high costs.'° Theselectivity of the bond formingreactions of

imidazole carboxylic esters can be exploited for use in dendrimer synthesis as it reduces the

numberofsteps needed in the synthesis, thus increasing the yield and productivity.

To synthesise hydrophilic and hydrophobic dendrimers, the correct choice of peripheral group

is essential. Whilst an obvious choice for the hydrophilic group would perhaps be an alcohol

or primary or secondary amine group,the nature of the coupling chemistry often requires such

groups to be protected.'’ As explained in section 2.1, protection and deprotection steps in

dendrimer synthesis generally reduce the efficacy of syntheses, by increasing the number of

steps and decreasing the overall yield as material is lost during the added purification steps.

With this reasoning in mind, a hydrophilic peripheral group which requires no protection

underthe reaction conditions used was sought.
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Tertiary amine groups are known to solubilise poly 2-(Diethylamino)ethyl methacrylate

polymers in slightly acidic media due to the protonation of the nitrogen.’ This allows the

solubility of the materials formed to be tuneable, depending upon the pH ofthe solution.”

Therefore, two tertiary amine containing peripheral groups were selected as potential surface

functionality; 1-DimethylAmino-2-propanol (A) and 1-(4-Morpholino-2-propanol) (M).

These materials have a similar structure to the hydrophobic peripheral alcohol P, and contain a

secondary alcoholto facilitate the CDI coupling reaction (figure 2.1).

Soo
Ls S

Figure 2.1 - Candidate peripheral groupsfor tailored dendrimer synthesis.

The peripheral groups in figure 2.1 will simply be described by the letters P (4-Methyl-2-

Pentanol), A (1-DimethylAmino-2-propanol) and M (1-(4-Morpholino-2-propanol)), and

dendrimers and dendrons synthesised will be annotated numerically throughout this chapter.
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2.3 Tailored polyurethane dendron synthesis and characterisation.

2.3.1 Synthesis of First Generation Urethane Dendrons.

The attempted synthesis ofa series of first generation dendrons (polyurethane GiI1, G,I2 and

GiI3) using CDI coupling chemistry to form urethane linkages will be demonstrated by the

description ofthe synthesis of polyurethane G,I1 (60).

2.3.1.1 Synthesis of polyurethane G,I1.

 

c
O NH

Ak Iko~N No KOH pee
N N toluene 9 NH, Oo” ~NH
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Scheme 2.7 — Selective synthesis ofpolyurethane G,I1 (60).
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The synthesis of 59 in 90% yield was achieved by a simple onepot reaction, beginning with

the reaction of the alcohol P with CDI to give the imidazole carboxylic ester 58, followed by

the selective coupling of this to the primary amines in diethylenetriamine (DETA). slight

stoichiometric excess (1.05X) of primary amine groups was necessary to ensure complete

reaction as the product was isolated by a simple dichloromethane/water wash and the

imidazole carboxylic ester 58 could not be removed using this method. The reaction was

monitored by Thin Layer Chromatography (TLC). Imidazole carboxylic esters are UV active,

whereasthestarting alcohols and carbonate products are not. This makesit simple to confirm

the consumption of 58 as the UV active peak disappears, negating the need for other staining

agents. During consumption of imidazole carboxylic esters imidazole is generated as a by

product. Free imidazole exists in two resonance forms, as shown in figure 2.2. The protons

HB are therefore equivalent, and the 'H NMR spectrum of free imidazole has two peaksat

7.01 and 7.61ppm, with integrations of 1:2 arising from Ha and HB respectively.

N*~ “NH <———> HN

y- y=
Ha HR& Ha HR

Figure 2.2 - Resonanceforms ofimidazole, showing equivalence ofringprotons.

The imidazole ring in the imidazole carboxylic ester 58 is held in a single form, so the protons

are all chemically different and appearas three distinct peaks in the 'H NMR spectrum at7.00,

7.43 and 8.16ppm. 'H NMR spectroscopy can therefore be used to confirm the complete

reaction of the imidazole carboxylic ester by the observation of the aromatic region (figure

2.3).

D2,
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 [-
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Leen Lund band
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Figure 2.3 — Expanded 'HNMRspectrum ofa typical aliphatic imidazole carboxylic ester
showing inequivalence ofimidazole ringprotons in CDC13.

The conversion of the secondary amine function in the dendron 59 to a secondary alcohol was

required to facilitate further coupling reactions. The ring opening of propylene oxide was

utilised as it is a facile reaction that can be carried out at low temperatures, usually giving a

good yield and simple purification by removal of the excess reagent under vacuum.“

Propylene oxide reacts with secondary aminesin a regiospecific ring opening reaction, to give

a tertiary amine and a pendant secondary alcohol group.* The amine adds selectively at the

least hindered point in the propylenering.

Thering opening of propylene oxide by the secondary amine functionality at the focal point of

the dendron was achievedin the case of 59, by the addition of a three fold excess of propylene

oxide to a stirred solution of the dendron in ethanol. After purification by column
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chromatography (eluting with methanol), the product 60 wasisolated as a colourless liquid.

This method was adapted from a similar procedure described by Alison Stoddart’* and has

been reported to be promoted by the presence of urethane groupsat the positions shown in 59

(scheme 2.7).’ As expected, this reaction proceeded quickly and in good yield (85%) as the

dendron contains urethane groupsin these positions.

2.3.1.2 Synthesis of polyurethane G,I2.
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Scheme 2.8 — Selective synthesis ofpolyurethane G12.

54



Thefirst step of the synthesis of the first generation dendron with the tertiary amine group A

required a slightly different work up procedure. Attempts to purify using a water wash

resulted in the product 62A being extracted into the water layer giving a recovered yield of

just 9%. The addition of base to this water layer to give a solution of approximately pH 10

forced the product to become deprotonated (figure 2.4) and therefore preferentially soluble in

the DCM layer, increasing the yield to 60%. Similar observations were noted for the dendron

containing the morpholine group (62M). These peripheral groups have been included in the

syntheses for their water solubility, so it is rational that they could not be purified using a

simple aqueous wash. There-extraction of the materials back from the water layer by simply

altering the pH ofthe solution clearly demonstrates the pH tuneable solubility characteristics

of materials containing tertiary amines, a phenomenon whichhas been previously reported in a

: 12
numberofstudies.

+ H
_O UR" +H LO | -R"

R N i R N
| —=—_____ |
R' -H* R'

Waterinsoluble Water soluble

Figure 2.4 — Protonation and de-protonation ofaliphatic tertiary amines.

The ring opening of propylene oxide was attempted from the secondary amines 62A and 62M

under the same conditions as previously described. However, this resulted in polypropylene

oxide being formed independently to the dendron. This may be explained by the abstraction

of a proton from the ethanol bythe basic tertiary amine andthe resulting ethoxy ion initiating

the polymerisation of propylene oxide (figure 2.9). The base initiated ring-opening

polymerisation of propylene oxide is a well known polymerisation reaction.’°

a



| _ O
R~~OH ——— R~~o —— RO iH

Scheme 2.9 - Tertiary amine catalysedpolymerisation ofpropylene oxideinitiated by aliphatic

alkoxides.

Changing the reaction conditions by altering concentration, temperature and reaction timestill

yielded only polypropylene oxide with little or no evidence of the target molecules 63A or

63B. In most solvents no reaction occurred, whilst in all alcohols used there was evidence of

polymerisation (table 2.1). This can be explained as the protic solvents can act in a similar

way to the ethanol — a proton can be abstracted and the resulting oxy-anion can initiate the

propylene oxide polymerisation.

 

 

 

 

 

 

 

 

 

   

Solvent used. Result.

IPA Polymerisation.

Toluene Reaction failed.

t-Butanol Polymerisation.

Acetone Reaction failed.

Diethyl ether Reaction failed.

DCM Reactionfailed.

THF Reaction failed.

Acetonitrile Reactionfailed.

No solvent Somepolymerisation.  
 

Table 2.1 - Results ofattemptedpropylene oxide ring opening reaction using tertiary amine
containing aliphatic dendrons.
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The attempted ring-openingofthe less reactive heterocyclic electrophile glutaric anhydride to

form a carboxylic acid was also unsuccessful, and the isolated material was mainly unreacted

dendron. Separation of any product from reactants to quantify the success of the reactions was

also very difficult due to the polar nature of the materials, causing them to bind strongly to

silica gel. Attempts to use butyrolactone also yielded poorresults and an alternative synthetic

route was required.

2.3.1.3 Synthesis of urethane G,I3.

  

NH,
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= 16h Y T
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Scheme 2.10 - Controlled synthesis ofamphiphilic tailored asymmetric dendron urethane
G13 (66).
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The synthesis of the asymmetric dendron (66) containing both the hydrophobic group P and

the hydrophilic group A was inherently more complex,as it first required the monosubstituted

dendron 64 to be synthesised and purified. 64 was formed when the molar ratio of imidazole

carboxylic ester 58 to DETA was 1:10, whereas the disubstituted polyurethane dendrons 59

and 62 were formed when the molarratio of imidazole carboxylic ester to DETA was 1:0.55.

Slow addition of the imidazole carboxylic ester 58 to a stirred solution of DETAresulted in

coupling onto only one of the primary amine groups, yielding the crude monosubstituted

product 64. After removalof the solvent, redissolving in dichloromethane and extracting three

times with water, 64 was yielded as a viscous liquid (67%). This was then coupled in a 1:1

ratio to the imidazole carboxylic ester 61A, to give the asymmetric dendron 65 in a 98% yield

(scheme 2.10).

Whenthe ring opening of propylene oxide was attempted from the asymmetrical dendron 65,

which contains both a branched alkyl and tertiary amine containing peripheral group, the

reaction again either failed or the main product was poly-propylene oxide.
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2.3.2 Characterisation of First Generation Urethane Dendrons.

The characterisation of the series of dendrons (59, 62A, 62M, 64, 65) (figure 2.5) will be

described and compared, followed by the comparison of the characterisation of the products

gained from the ring opening of propylene oxide (60, 63A, 63M, 66)

59 62A 62M

64 65

Figure 2.5 — Structures ofG, intermediate polyurethane dendrons with secondary aminefocal
groupfunctionality.

The °C NMR spectraof the first generation dendrons (59, 62A, 62M, 64, 65) contain the

expected numberof resonances for the number of carbon environments and each exhibits a

resonance at 70 ppm due to the CH2CHO(CHs) and one at 157 ppm whichis in the expected

region for urethane carbons(figure 2.6).
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Figure 2.6 -'°C NMR spectrum ofmonosubstituted urethane dendron 64 in CDCI.

The 'H NMR spectra of the dendrons (59, 62A, 62M, 64, 65) were relatively easy to assign,

with the integration of the peaks correspondingto the peripheral groups and branching groups

being in the expected ratios. For example, figure 2.7 shows the 1H NMR spectrum of the

dendron 62A, which has resonancesarising from the protons Hp (from the branching group)

and Hp (from the peripheral group) at 3.25 ppm and 1.23 ppm respectively, in a ratio of 4:6 as

expected. The spectrum is complicated by the presence of a chiral centre (C), which causes

the methylene protons on the neighbouring carbon (E) to be inequivalent and therefore

diastereotopic. As the protons are not chemically identical they can appear at different

chemical shifts and are able to couple to each other causing splitting patterns. The proton

resonances appear as two doublets of doublets (one set of which is obscured under the peak

due to the protons on F) as they couple to each other and also to the proton on the chiral
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centre. Similar splitting pattems can be observed in the 'H NMR spectra of a number of

dendrons synthesised in this study and further evidence ofthis is given in section 2.3.3.1 and

2.4.3.4. This phenomenon has been reported previously for both urethane and carbonate

systems.’

The 'H NMR spectrum of the dendron 64 (figure 2.8) also exhibits extra splitting patterns due

to the chiral centre. The resonance from the methyl protons Ga and GB is split into a doublet

as it couples to the proton on F, butis split again as they exhibit long range coupling to the

stereogenic centre C.

After further coupling of the hydrophilic peripheral group to 64, the structure of product 65

was again confirmed by 'H NMR spectroscopy, as the ratio of G:K:B is 6:6:4 as expected

(figure 2.9). Similar splitting patterns can also be observed, and the material was

characterised by mass spectrometry and microanalysis further confirming the structure and

purity.

The success of the ring-opening reaction of propylene oxide from 59 to form the dendron 60

was confirmed by 'H NMR spectroscopy, with a peak at 1.11ppm and 3.73ppm arising

respectively from the CH; and the CH groups adjacent to the OH. There is also a peak

appearing at 66.9ppm in the ‘°C NMR spectrum that can be assigned to the C-OH group. The

main peak at m/z = 440 in the electrospray mass spectrum arises from the [M+Na]’ ion,

confirming that the Mwis 417 as expected (figure 2.10).
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Figure 2.10 - Electrospray mass spectrum offirst generation polyurethane dendron G,I1 (60).
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The 'H NMR spectra of the products from the attempted ring-opening of propylene oxide by

the tertiary amine containing dendrons exhibit complex peaks between 3.2ppm and 3.6ppm

that can be assigned to the CH> groups in the backbone ofpolypropylene oxide(figure 2.11).

“oyOnna
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Figure 2.11 — Representative 'HNMR spectrum in CDCI,: crude productfrom propylene
oxide ring opening using amine containing dendrons. Resonances between 3-4ppm indicate

polypropylene oxideformation.

Mass spectrometry reveals a periodic series of peaks arising from CH3CH»2O(-

CH2(CH3)CH20-), repeat units of the polymer(figure 2.12) at 162, 220, 278, (n=2,3,4). The

repeat unit of propylene oxide has a molecular weight of 58 and the overall mass suggests that

the ethoxy ion has initiated the polymerisation.
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Figure 2.12 - Electrospray mass spectrum ofproduct ofattempted ring openingpropylene
oxide reactionfrom polyurethane dendron 62A.

2.3.3 Modified synthetic strategy to polyurethane dendrons.

As the conversion of the secondary amine to an alcohol using the ring-opening of propylene

oxide was unsuccessful using complex surface functionality, another synthetic route to the

polyurethane dendrons G,I2 and G,I3 was sought. Onealternative is to use a branching group

already containing two primary amines and a secondary alcohol 1-[N, JN-bis(2-

aminoethyl)amino]-2-propanol (AEAP). The synthesis of AEAP has been previously

reportedstarting from the triamine DETA.*
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2.3.3.1 Synthesis and characterisation of 1-[N, N-bis(2-aminoethyl)amino]-2-propanol

 

(AEAP).
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Scheme 2.11 — Selective synthesis of1-[N, N-bis(2-aminoethyl)amino]-2-propanol (AEAP).*

The primary amines werefirst protected using t-BOC groups to give 67 andafter purification

by removal of the solvent in vacuo, redissolving in dichloromethane and washing three times

with water, this was reacted with propylene oxide in a ring-opening step to give the secondary

alcohol 68. The ¢-BOC groups were removed byacid deprotection using hydrochloric acid,

and the salt was transformed to the free amine by ion exchange, using Amberlite® ion

exchange beads. This replaced the Cl ions with OHions, which could then be removed as

H,0,and after vacuum distillation AEAP wasisolated as a pale yellow oil (43%).
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The 'H NMR spectrum of the AEAP.3HCI salt shows similar splitting patterns to those

previously described (section 2.3.2), with the two protons Hc appearing at different chemical

shifts due to the chiral centre D. (figure 2.13) The peak at 162 in the CI mass spectrum of the

AEFAP is due to the [M+H]'ion. (figure 2.14).
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Figure 2.14 — Chemicalionisation mass spectrum ofAEAP.
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2.3.3.2 Synthesis and characterisation of polyurethane G,I2 using AEAP.

The coupling of the imidazole carboxylic ester 61A with the branching group AEAP was

attempted, in anticipation that the milder reaction conditions needed to couple with amines

rather than alcohols would ensure that reaction only occurs on the primary aminesites. The

imidazole carboxylic 61A was added to a stirred solution of AEAP in toluene in a 2:1 ratio.

Reaction conditions used wereas for the coupling of61A to DETA.
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63A

Scheme 2.12 Synthesis ofpolyurethane dendron 63A using AEAP.

The mass spectrum of the material obtained from reaction of 61A with AEAP confirms that

reaction occurs both at the primary amines and at the secondary alcohol. The [M+H]"ions for

the disubstituted target and trisubstituted impurity appear at 420Da and 549Darespectively

(figure 2.15).
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Figure 2.15 - Electrospray mass spectrum ofcrude productfrom reaction ofAEAP with 61A,
showing trisubstituted impurity.

Again, the reaction conditions were changed by lowering the temperature and concentration,

however no conditions were found under which the reaction proceeded and was selective.

This can be explained by the presenceoftertiary amines on the periphery of the dendrimer, as

tertiary amines are basic and can abstract a proton from the secondary alcohol. This forms the

alkoxide which is more readily reactive than the alcohol group, therefore adding to the

imidazole carboxylic ester in a competitive reaction with the primary amine. This theory is

supported by the lack of selectivity observed in the reported study of carbonyl imidazole

containing materials by Staab'° who foundthat reaction between alkoxides and primary and

secondary aminesreadily occur.

As the formation of the urethane dendrons with A or M asperipheral groups was unsuccessful,

an alternative route to hydrophobic dendrimers with controlled surfaces was sought.
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2.4 Synthesis and Characterisation of Tailored Polycarbonate

Dendritic Materials.

Polycarbonates are known to be hydrophobic and are generally insoluble in water’’ and the

carbonate linkage is easily formed using CDI coupling chemistry.'* They were therefore

deemeda suitable alternative choiceasthe interior of the dendrimersin this study.

The choice of reagents (peripheral groups, branching groups and core) was determined based

on previous work by Rannard and Davis whohave successfully used CDI coupling reactions

for the convergent synthesis of polycarbonate dendrimers.’* They found that imidazole

carboxylic esters formed from secondary ortertiary alcohols reacted exclusively with primary

alcohols in mixtures containing primary, secondary andtertiary alcohols (scheme 2.13). No

carbonate formation was observed from reaction of these imidazole carboxylic esters with

secondary ortertiary alcohols, even when in large excess (eg when usedasthe solvent). If the

parent alcoholis primary, noselectivity is observed and the imidazole carboxylic ester formed

will react with all alcohols, including the parent alcohol.

R,R' = alkyl
R" =H or alkyl

O

oe
I (1° alcohol) RO Oo

mw R"

4~N7~ ~N~S Re OH
N N O Carbonate

R Vly RIL
ROH R07 NSNR" R’ ly

Imidazole
carboxylic (2° or 3°

ester alcohol) No Reaction

 

Scheme 2.13 - Selective synthesis ofcarbonates using imidazole carboxylic esters.
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The peripheral groupsusedin thefirst section of this chapter (P, A and M) were again used as

they contain secondary alcohols so are expected to follow the selective reaction scheme above

(scheme 2.13). The branching group chosen; 1-[N,N-Bis(2-hydroxyethyl)amino]-2-propanol

(HEAP)contained both primary and secondary alcohols and the core group triethanolamine

(TEA) contained only primary alcohols (figure 2.16).

WhereR iseither:
Peripheral group Branching group Core group

a HO P

R OH N OH ee .

T oTOy A AN

OH

M o N—
\_

Figure 2.16 - Candidate peripheral, core and branching groupsfor tailoredpolycarbonate
dendrimersynthesis.

2.4.1 Zero generation carbonate dendrimer synthesis.

The peripheral groups can be directly coupled to the core resulting in a series of dendrimers,

which essentially contain no branching points, and therefore are referred to as the zero

generation dendrimers or modified TEA. There are four possible structures arising from the

combination of the two peripheral groups P and M andthe trifunctional core TEA (figure

2.17).
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Figure 2.17 — Target zero generation tailoredpolycarbonate dendrimers.

The synthesis of the series of 4 zero generation dendrimers using CDI coupling chemistry to

couple the peripheral groups P and M to the core TEA, will be demonstrated by the

description ofthe synthesis of polycarbonate GoT1 (69).

2.4.1.1 Synthesis of polycarbonate GoT1 dendrimer69.

The synthesis of polycarbonate GoT1 (69) was performed by reaction of the imidazole

carboxylic ester 58 with TEA in a 3:1 ratio at 80°C for 18 hrs (scheme 2.14). The material

was purified by column chromatography(eluting with ethyl acetate:cyclohexane 25:75) to

give GoT1 (69) as a viscousliquid (66%).
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Scheme 2.14 - Synthesis ofzero generation polycarbonate GoV1 dendrimer69.

2.4.1.2 Synthesis of polycarbonate GoT2 dendrimer 72.

Polycarbonate GoT2 (72) was synthesised in the same way as GoI1 (69), starting with the

imidazole carboxylic ester 61M. The product was again a viscous oil and wasisolated in an

83% yield before column chromatography (eluting with ethyl acetate:methanol, 8:2) and a

16% yield after. An explanation of the pooryield ofthis material is offered in section 2.5.3.

2.4.1.3 Synthesis of polycarbonate GoT3 dendrimer71.

By changing the ratio of the imidazole carboxylic ester 58 to TEA in the coupling reaction

from 3:1 to 1:10 the synthesis of the monosubstituted intermediate polycarbonate Gol3 73 was

achieved (49%). This material required a higher ratio of methanol to ethyl acetate in the

solvent mixture for column chromatography than the trisubstituted material 69, due to the

affinity of the pendant alcohols for the silica gel. The product was then coupled to the

imidazole carboxylic ester 61M to give the dendrimer polycarbonate GoT3 (71) as a viscous

liquid (43%) after purification by column chromatography (eluting with ethyl

acetate:methanol, 8:2 ).
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Scheme 2.15 - Synthesis ofzero generation polycarbonate Go¥3 dendrimer 71.

2.4.1.4 Synthesis of polycarbonate GoT4 dendrimer70.

The disubstituted zero generation intermediate GoI4 was synthesised by altering the ratio of

imidazole carboxylic ester 58 to TEA to 2:1. The crude product was purified by column

chromatography(eluting with ethyl acetate:cyclohexane 25:75) yielding polycarbonate Gol4
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(74) in a 37% yield. Further coupling of the pendant alcohol with the imidazole carboxylic

ester 61M, followed by purification by column chromatography (eluting with ethyl

acetate:cyclohexane, 4:6) gave the dendrimer GoT4 (70) in a 34% yield.
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Scheme 2.16 - Synthesis ofzero generation polycarbonate GoT4 dendrimer70.
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2.4.2 Characterisation of polycarbonate GoT1, GoT2, GoT3 and GoT4

dendrimers.

The comparison of the 'H NMR spectra of the four zero generation dendrimers clearly

confirms the numberof each peripheral group in the dendrimers. Theratios of the integrations

ofthe peaks arising from the peripheral groups (figure 2.18) are summarisedin table 2.2.

L
Ko

J ON

ie
Oo H

O Oo

Co
Figure 2.18 — General labelling schemefor 'HNMR spectra ofzero generation polycarbonate

 

 

 

 

 

 

dendrimers.

Dendrimer "H NMR Peakresonancesand integration

(actual; expected)

Ha He Hy

GoT1 (69) 6.0 (6) 17.8 (18) 0.0 (0)

GoT4 (70) 6.3 (6) 12.0 (12) 3.3 (4)

GoT3 (71) 6.0 (6) 6.1 (6) 8.0 (8)

GoT2 (72) 6.0 (6) 0.0 (0) 11.7 (12)      
 

Table 2.2 - Relative integrations of'HNMR resonancesforpolycarbonate dendrimers
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Figure 2.19 -'HNMRspectrum oftailored zero generation polycarbonate dendrimer GoT4
(70) in CDCI;, showing resonances arisingfrom differentproton environments H,-1.

The shift to higher molecular weight with increasing numbers of morpholine groups can be

clearly seen in the massspectra in figure 2.20-2.23.

GPC chromatogramsof the dendrimersall show a narrow polydispersity of 1.01-1.03, further

confirming the purity of the materials. The GPC chromatogram of polycarbonate GoT2 (72) is

given as an example (figure 2.24), the calculated molecular weight is 586 (actual 662) and the

polydispersity is 1.02.
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Figure 2.20 - Electrospray mass spectrum ofzero generation polycarbonate dendrimer GoT1
(69).
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Figure 2.2] - Electrospray mass spectrum ofzero generation polycarbonate dendrimer GoT2
(72).
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Figure 2.22 - Electrospray mass spectrum ofzero generation polycarbonate dendrimer GoT3
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Figure 2.23 - Electrospray mass spectrum ofzero generation polycarbonate dendrimer GoT4
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Figure 2.24 - GPC chromatogram ofzero generation polycarbonate dendrimer Go12 (72).

2.4.3 Synthesis of First Generation Carbonate Dendrons.

The synthesis of a series of first generation carbonate dendrons with hydrophilic and

hydrophobic terminal groups was carried out using a three step method and will be

demonstrated by the description of the synthesis of GilI1. The attempted synthesis of

dendrons with tertiary amine peripheral groups will be described, followed by the successful

synthesis ofthe first generation dendron with morpholine peripheral groups.

2.4.3.1 Synthesis of polycarbonate G,I1.

(a)Polycarbonate dendron synthesis using conventionalheating.

The synthesis ofthe first generation dendron polycarbonate G;I1 wascarried out in a two step

reaction using CDI coupling chemistry (scheme 2.17).

80



a

De
Oo

ieee
py

Scheme 2.17 — Representative synthesis offirst generation polycarbonate dendrons

The secondary alcohol 4-methyl-2-pentanol (P) was first reacted with CDI to form the

imidazole carboxylic ester (58). Imidazole carboxylic esters are highly reactive,'° so in order

to maximise the yield, this material was not isolated. 1(N,N-Bis(2-hydroxyethyl)-amino-2-

propanol) (HEAP) was then added to 58 in a ratio of 1:2 respectively. 58 reacts

predominantly with the primary alcohols, leaving the secondary alcohol available for further

reaction.

The reaction was attempted under a variety of conditions in order to determine the optimum

reaction conditions. Whilst the synthesis of some amide and carbonate dendrons and

dendrimers using CDI chemistry has been reported at temperatures of 60°C," for the

carbonate synthesis described here at 60°C the UV active spot in the TLC due to 58 wasnot

diminished even after reaction times of 72 hours.

The presence of KOHasa catalyst is necessary for the reaction to proceed within a viable time

period — without it the reactions would be extremely slow. KOH catalyses the reaction by

deprotonating the alcohol species to form the alkoxide, increasing the nucleophilicity of the
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oxygen by ensuring that the lone pairis available to attack the carbonyl bond in the imidazole

carboxylic ester in 58 (scheme2.18).

KOH ee
e ofNA oh

>
N O

—jo
75OH

Scheme 2.18 — Mechanism ofbase catalysedpolycarbonate dendron synthesisfrom imidazole
carboxylic esters.

The selectivity of the imidazole carboxylic ester 58 towards the primary alcohols over the

secondary alcohol in the branching unit HEAP is not completely maintained for this reaction,

and the trisubstituted material shown in figure 2.25 was isolated using column

chromatographyas 6% ofthe final product.
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Figure 2.25 - Trisubstituted impurity removedfrom reaction mixtureformingpolycarbonate
GiT1.

82



Previously, Rannard and Davis'® reported that the reaction between the imidazole carboxylic

esters 76 and 77 with the primary alcohols ofHEAP proceeds at 60°C and gave no indication

of reaction occurring at the secondary alcohol. However, subsequent research’ foundthat the

higher temperature of 80°C was required for carbonate formation using the same imidazole

carboxylic ester 76 and reported that approximately 10% of the product wastrisubstituted

material resulting from reaction at both the primary and secondary alcohols.

It was therefore apparent that the forcing conditions (ie base catalysis and high temperatures)

result in a decrease in the selectivity of the reaction.
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Scheme 2.19 - Reaction ofsecondary andtertiary imidazole carboxylic esters with HEAP.
Production ofdisubstituted andtrisubstituted adducts.
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(b) Polycarbonate dendron synthesis using microwave heating.

The use of microwave-assisted synthesis in the laboratory setting has increased since it was

first reported in 1986,'° mainly due to the improvements in technology that have made the

technique safer and more controlled. In the first instance, reactions were carried out in

conventional microwave ovens, and there was little control over the temperatures and

pressures that were obtained. This caused the results to often be irreproducible, making

progress in this area slow and unyielding. Since the development of microwave systems with

temperature and pressure sensors, as well as cooling systems and the ability to work under an

inert atmosphere, this area of research has becomevery popular. Chemists have foundthat the

rate of reactions can be increased by up to 1000 times by using microwave energy compared

to moretraditional thermalenergy.”°

The synthesis of the polycarbonate dendron G,I1 (75) was investigated using microwave

irradiation in place of conventional heating. A CEM Discover Explorer microwave reactor

system wasused, and although a smaller reaction volume was used, the concentrations were

kept the sameas in the conventional heating experiments. Therate of reaction was calculated

for both routes by taking samples from the reaction mixture at relevant time intervals during

the reaction and analysing them by 'H NMR spectroscopy. When the peaks due to the

imidazole carboxylic ester were no longervisible, the reaction was assumed to be complete.

Thereaction times for conventional heating and microwave heating were compared and a 36

fold rate increase was observed(table 2.3).
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Table 2.3 - Enhancementofrate ofreactionfor imidazole carboxylic ester andpolycarbonate

dendron synthesis by microwave heating.

The synthesis was found to proceed equally well both in the presence of the KOH catalyst and

without. The huge increase in reaction rate can be attributed to the unique way in which

microwavestransfer heat energy to the reactants. A microwave consists of an electric field

and a magnetic field. Ofthese, it is the electric field that transfers the energy to the reactants,

as polar or charged moleculestry to align themselves with the field as it is rapidly changing.

Theelectric field transfers energy by two methods; dipole rotation and ionic conduction.”

This causes the polar molecules (such as the alcohol and imidazolide) present in the reaction

mixture to be energised very rapidly, whilst non-polar molecules (such as the solvent, toluene

in this case) help to remove the excess heat energy from the reaction. This leads to

superheating at sites throughout the reaction mixture, causing the temperature to be much
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higher and heating to be much quicker than with conventional heating methods. It is this rapid

and localised input of energy that affords the greatly increased reaction rate observed for the

microwavesynthesis over the conventional heating method.

As the reaction conditions were optimised using conventional heating methods the use of

microwaveheating was not pursued for the purposeof this thesis. However, results obtained

so far via the microwave method demonstrate that the reactions are well controlled and may be

a useful method of low generation dendritic libraries in the future, using the automated sample

delivery system.

2.4.3.2 Synthesis of polycarbonate G;I2 with tertiary amine containing peripheral
groups.

The synthesis of first generation dendrons using tertiary amine (A) and morpholino (M)

peripheral groups was attempted using conventional thermal reaction conditions. The use of

KOH was not found to be essential for these reactions to occur, a likely reason being the

presence of basic groups within the reaction mixture (the tertiary amine and morpholine

group) which can catalyse the reaction without the need for extemal bases. Both A and M

contain a tertiary amine and a secondary alcohol, and their structures are analogousto that of

the alcoholused in the synthesis of the hydrophobic dendron(figure 2.1).

The same conventional thermal reaction conditions were employed for the attempted synthesis

ofthe tertiary amine terminated dendronsas the hydrophobic dendron G,I1 (75). The reaction

of the alcohol A with CDI gives the expected imidazole carboxylic ester 61A, as confirmed by

TLC and 'H NMR. This was again reacted in situ with the branching group HEAP in an

attempt to synthesise the dendron 78. The imidazole carboxylic ester 61A was found to react

with the secondary alcohol in HEAP asreadily as with the primary alcohols, resulting in a
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trisubstituted dendron (79) which contained no pendant alcohol groups (scheme 2.20).

Alteration of the reaction conditions by using no KOHcatalyst and reducing the temperature

still resulted in the trisubstituted product. This can again be explained bythe basicity of the

tertiary amine groups, removing protons from both the primary and secondary alcohol groups

forming the alkoxides which are extremely reactive towards the imidazole carboxylicesters.
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Scheme 2.20 - Non-selective coupling ofthe imidazole carboxylic ester 61A to HEAP.

Morpholines are anothertertiary amine containing hydrophilic group that have been shown to

exhibit pH dependantsolubility in water.'* However, the basicity of morpholine groups is

considerably less than that of the dimethyl tertiary amine group A. It was therefore predicted

that the reaction between the imidazole carboxylic ester 61M and HEAP would proceed

selectively on the primary alcohols as required.
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Scheme 2.21 — Synthesis ofpolycarbonate dendron G12from morpholine peripheral group.

The coupling of the imidazole carboxylic ester 61M to the branching group HEAP was first

studied, under conventional heating conditions similar to those employed in the synthesis of

the first generation dendron 75. As the morpholine groupis basic, there was again found to be

no enhancementofthe rate of reaction by using KOH asa basic catalyst, so this was not used.

The 'H NMR and massspectrum ofthe crude productindicated that there was some reaction

at the secondary alcohol, but the trisubstituted impurity was removed using column

chromatography to give 80 as a pale yellow viscous liquid (79%).

2.4.3.3 Synthesis of polycarbonate dendron G,I3.

The synthesis of the dendron polycarbonate G,I3 first required the synthesis and purification

of the monosubstituted dendron (81). The selective reaction onto one of the primary alcohols

in HEAP wasachieved again by altering the ratio of imidazole carboxylic ester to HEAP.

Disubstitution was achieved using a ratio of imidazole carboxylic ester:HEAP of 2:1, whereas
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the reaction onto only one ofthe alcohols was achieved using a ratio of 1:10. A solution of the

imidazole carboxylic ester 58 was added slowly dropwise to the large excess of the branching

group HEAP. After the solvent was removed and the crude product was purified by

redissolving in dichloromethane and washing three times with water, followed by drying with

anhydrous Na2SO,, the monosubstituted dendron 81 was coupled to the imidazole carboxylic

ester 61M to give the asymmetric disubstituted dendron 82.
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Scheme 2.22 — Synthesis ofasymmetric polycarbonate G,13 (82).
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2.4.3.4 Characterisation of polycarbonate dendrons.

Thefirst generation dendrons (75, 80 and 82) were analysed by NMR spectroscopy ('H and

'8C), mass spectrometry, microanalysis and gel permeation chromatography (GPC). The °C

NMR spectra were relatively straightforward, with the expected number of resonances for the

numberofdifferent carbon environments. For example, the *C NMR of75 contains 11 peaks

due to the 11 distinct carbon environments. The alkyl carbons G, H, I and J are all at low

ppm as expected for alkyl carbons, whereas the carbonyl carbon is at approximately 156ppm

which corresponds well to literature values for carbonate carbons. The 'H NMR spectrum of

75 (figure 2.26) exhibits the expected numberof resonances with the correct integration butis

complicated by the presenceof the chiral centre B. As seen in the previous sections 2.3.2 and

2.3.3.1 the two protons Hca and Hcg on the carbon adjacentto the chiral centre are in different

chemical environments. They therefore have different chemical shifts, so appear as two peaks,

which are split by the proton Hp to give a doublet of doublets. The protons on the

neighbouring carbonsare split by these protons individually, causing the splitting patterns to

be more complex than first imagined. In the electrospray mass spectrum of 75 (figure 2.27)

the protonated molecular ion [M+H]° and the [M+Na]° and [M+K]" are observed at m/z

values of 420, 442 and 458 Darespectively. Similarly, the electrospray mass spectrum of the

polycarbonate dendron 80 (figure 2.28) exhibits a protonated molecular ion [M+H]" and the

[M+Na]* at 506 and 528 Darespectively.
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Figure 2.27 - Electrospray mass spectrum ofthefirst generation polycarbonate dendron
GiI1(75).
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Figure 2.28 - Electrospray mass spectrum ofthefirst generation polycarbonate dendron

G,12(80).

2.4.4 Synthesis of first generation carbonate dendrimers.

The first generation dendrons synthesised in section 2.4.3 all contain a pendant secondary

alcohol which can be converted to the respective imidazole carboxylic esters by reaction with

CDI. The coupling reactions were all performed at 80°C in toluene, using a KOHcatalyst as

in the synthesis of the first generation dendron 75 described previously. The successful

synthesis and isolation of the first generation dendrimer polycarbonate G;T1 will be used to

demonstrate the synthesis of the series of first generation dendrimers. The attempted coupling

of the hydrophilic first generation dendron 80 to the TEA core using CDI will be described,

and the details ofthe purification methods attempted will be given.
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2.4.4.1 Synthesis of polycarbonate dendrimer G,T1.

Preliminary investigations into the reactivity of the imidazole carboxylic ester 83 towards

primary alcohols was investigated by reaction with benzyl alcohol and 1,5-pentanediol. The

1:1 coupling reaction with benzyl alcohol gave the expected carbonate product 84. Coupling

in a 2:1 ratio with 1,5-pentanediol gave the expected product 85 in 73% yield (figure 2.29).
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Figure 2.29 — Productofthe reaction ofimidazole carboxylic ester of83 with (a) benzyl
alcohol(84) (b) pentanediol(85).

However, the coupling to the TEA core molecule proved to be less facile. The problem of the

poor solubility of TEA in toluene was overcomeby adding the imidazole carboxylic ester to a

flask with the correct mass of TEA weighed into it, avoiding the loss of TEA bysticking to

the flask. However, the overall yield for this reaction was poor, even after reaction times of up

to three days. Thetrisubstituted first generation dendrimer 86 (scheme 2.23) was isolated in

33% yield after purification by washing and column chromatography. The low yield can be

attributed to the steric problems in trying to couple three bulky groups to a small core

molecule.
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Scheme 2.23 — Synthesis offirst generation polycarbonate dendrimer G,T1 (86).

2.4.4.2 Attempted synthesis of polycarbonate dendrimers G,T2 and G,T3 containing

morpholine peripheral groups.

The same reaction conditions were employed in an attempt to couple the morpholine

containing dendron 80 and 82 to a TEA core. Unfortunately, the isolation of a pure sample of

the dendrimer was not achieved even though several purification techniques were attempted,

including column chromatography and HPLC. Heavy streaking occurred on silica and

alumina TLC plates, which can be explained by the fact that the starting materials, impurities

and products all contain morpholine groups, as well as some containing OH groups. This
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means that they all have very similar affinities for the columns and are therefore do not

separate sufficiently. Using a HPLC column coupled to a mass spectrometeralso resulted in a

broad streak of materials and a molecular ion for the mass predicted was not observed. An

explanation of the observed lack of reaction is offered in section 2.5.3.

2.4.4.3 Characterisation of polycarbonate dendrimers G;T1 and G,T2.

The 'H NMR spectrum ofthe first generation dendrimer 86 contained the expected number of

resonances with the correct integrations. The ratio of the peak correspondingto the peripheral

methyl groups (L) to the CH» groupsin the core and branching group adjacent to the carbonyl

(A+F)is 36:18 as expected and is shown in figure 2.30. The spectrum also exhibits splitting

due to the chiral centre as seen previously in the first generation urethane and carbonate

dendrons. The carbon centres C and J are both stereogenic centres, but the protons Hg in the

interior of the dendrimer exhibit a greater difference in chemical shift than the protons Hx. A

likely explanation ofthis is the restricted freedom ofthe interior of the dendrimer, causing the

protonsto be held in more rigid environments making them more dissimilar.

The °C NMR spectrum contains the expected number of peaks for distinct carbon

environments, including a peak at 155ppm for which is within the reported range in the

literature for carbonyl carbons. Electrospray mass spectrometry isstill effective at masses up

to 10,000Da and showsa clear molecular ion for the [M+Na]’ species at 1508Da(figure 2.31).

GPCis a useful tool for the larger structures as it confirms the monodispersity of the products

and allows usto see that there are no residual starting materials in the product, which would

elute at a lower retention time due to their lower molecular weight. The calculated molecular

weight for the dendrimer86 is 1835 with a polydispersity of 1.02, using polystyrene standards

on light scattering detector.
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Figure 2.31 — Electrospray mass spectrum offirst generation polycarbonate dendrimer GyT1
(86).
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The analysis of the mixtures obtained from the attempted reaction of the morpholine

containing dendron 80 with the TEA core by 'H NMR and mass spectrometry was

complicated indicating that a mixture of products and impurities were present. The GPC also

indicated that the material has a range of molecular weights, giving a broad peak with a

polydispersity of over 1.15.

2.5 Solubility and hydrolytic stability of tertiary amine containing

polycarbonate dendrimers.

2.5.1 Background.

The solubility of a substance is an important factor that is essential in the process of new

materials discovery. It is defined as; “The saturation mass concentration of the substance in

water at a given temperature,” and is measured in units of mass per volume ofsolution,

usually g/L.’ Solubility can be quantified by 2 methods, the “shake-flask” method and the

“column elution” method,” which together cover the whole range ofsolubilities in water. The

column elution method will not be used in this project as it only covers the lowest range of

solubilities (<107 g/L).

2.5.1.1 Solubility testing: Shake-flask Method.

The shake-flask method is the standard method that is used for the solubility range >107g/L.

A preliminary test is carried out in order to determine the approximate amount of sample

required (table 2.4).

a7



 

 

 

 

0.1g of test sample soluble in ‘x’ml ofwater

x=0.1 x =0.5 x=1 x=2 x= 10 x = 100 x >100

Apparent >1000 1000- 200-100 100-50 50-10 10-1 <]
solubility 200

(g/L)         
 

Table 2.4 — Guideline apparentsolubilityfrom preliminary shake-flask test method

2.5.2 Preliminary Solubility Testing of Zero Generation Polycarbonate

Dendrimers.

2.5.2.1 Shake flask test method.

The preliminary solubility testing of the zero generation materials in water was carried out by

weighing a 0.1g sample of the material into a volumetric flask and adding increasing volumes

of distilled water (given in table 2.4) and shaking for 10 minutes to see if the material was

soluble (or miscible). This method is taken from the OECD guidelines described above.”

The preliminary solubility values for the zero generation dendrimers are given in table 2.5.

The material with 100% hydrophilic groups (72) on the periphery had a measuredsolubility of

200-1000g/L in water. The replacement of just one of the hydrophilic groups with a

hydrophobic alkyl group gives the product 71 (66% hydrophilic) which is not observably

soluble in water(has a solubility of <1g/L), as were the two remaining dendrimersin the series

with 33% (70) and 0% (69) hydrophilic groups respectively. Figure 2.32 illustrates the

difference in solubility between the zero generation polycarbonate dendrimers with three

hydrophilic morpholine peripheral groups and three hydrophobic branched alkyl peripheral

groups.
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Dendrimer. (% hydrophilic Preliminary solubility (g/L)

peripheral groups)

72 (100%) 200-1000g/L

71 (66%) <1g/L

70 (33%) <1g/L

69 (0%) <1g/L    
Table 2.5 — Preliminary watersolubilities ofzero generation tailoredpolycarbonate

dendrimers.

2.5.3 Hydrolytic stability study of zero generation polycarbonate

dendrimers.

Obtaining accurate solubility data for the materials involves equilibrating in water over long

periods of time (usually one week). Therefore, before accurate solubility data could be

obtained the hydrolytic stability of the zero generation polycarbonate materials was tested. A

sample of G;T2 (72) was added to distilled water and the solution was stirred at room

temperature for one week. Unfortunately, analysis of the material by 'H NMR spectroscopy
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showed that 72 had actually decomposed back to the starting materials TEA and M after

stirring in water for one week. The test was repeated, taking regular samples to determine

how quickly the material began to decompose. A sample of 72 was addedto distilled water

and samples were regularly taken at time periods from 20 minutes to 78 hours, and were

quickly dehydrated under vacuum and then analysed by 'H NMR spectroscopy(figure 2.34).

Theratios of the peak at 4.93ppm arising from Hy(figure 2.18, section 2.4.2) and the peaksat

2.75ppm and 3.65ppm arising from the TEA in the spectra were used to determine the

percentage of material that had decomposedat each time, and the results are given in table 2.6.

Theintegrations of the peaks due to TEA at 2.75ppm and 3.65ppmclearly increase over time

as more of the bonds are decomposed.

TEA increasing

mins

435 A
T T T

45 4.0

  
20
 

 

T T T T T
0 45 4.0

Figure 2.33 -'H NMRanalysis ofpolycarbonate dendrimer GoT2 (72) in CDCI;

during hydrolysis in water.
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Time(hours) % Carbonate bonds decomposed

0 0

0.33 5.2

Z 10.4

> 16.5

Va 28.1

24 56.5

96 100    
 

Table 2.6 — Amountofdecomposition ofmorpholine containing zero generation polycarbonate
dendrimer GoT2 (72) determined by 'HNMRspectroscopy.

The dendrimer 72 (100%) was found to decompose quickly in water, after just 20 minutes

5.2% of the carbonate bonds had decomposed,after 5 hours this had risen to 16.5% andafter 4

days 100% of the carbonate bonds had decomposed. Similar tests were carried out to

determine thestability of the other three dendrimers in the series. There was no evidence of

any decomposition of the dendrimers even after a week ofstirring in a water solution. A drop

of the basic alcohol M was addedto the waterto see if a basic solution would decomposethe

materials, yet still no decomposition was observed. This is likely to be dueto the fact that the

materials are almost completely insoluble in the water phase, therefore even the basic wateris

unable to access the carbonate bonds to cause them to break down.

The instability of the carbonate bonds of the morpholine containing materials offers an

explanation both for the poor yield of GoT2 and for the problemsin isolating a pure sample of

the higher generation structure polycarbonate GiT2. The purification steps attempted

involved protic solvents (MeOH) andthese could also cause decomposition of the carbonate

bonds, resulting in poor yields and a complex mixture of products that were difficult to

separate using the methods used.
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2.6 Summary andconclusions.

The synthesis of polyurethane dendrimers with mixtures of aliphatic and amine-containing

surface groups proved to be hampered by the inherent reactivity of the tertiary amine

functional group, leading to complications during propylene oxide ring opening. As a

consequence, the synthesis of polycarbonate dendrimers was attempted. A series of zero

generation dendrimers was successfully synthesised with controlled placement of hydrophilic

and hydrophobic peripheral groups. The introduction of just one aliphatic group had a

dramatic affect on the solubility of the dendrimers, indicating the need to more deeply

understandthe role of surface functionality and solubility.

Unfortunately the polycarbonate structures that were synthesised were not hydrolytically

stable and hence a morestable core structure was required. In the following two chapters the

synthesis and evaluation oftailored polyamide dendrimers will be described.
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3.0 Synthesis and Characterisation of Novel Polyamide
Dendrimers.

3.1 Introduction.

The water sensitivity of the carbonate materials tested in the previous chapter highlighted the

need for a different series of dendritic materials based on alternative chemistry to be

synthesised. Previous work by Rannard et al has demonstrated the synthesis of amide

containing dendritic materials, using hydrophobic branched alkyl peripheral groups.’ Whilst

amides can participate in hydrogen bonding with water and other protic solvents, sometimes

enhancing their water solubility relative to hydrocarbons,they arestill regarded as compounds

with relatively low water solubility. They are significantly less water soluble than acids or

alcohols for example. This is due to a numberoffactors; including their non-ionic character

and the inability of tertiary amides to donate hydrogen bonds to water. Therefore, their overall

water solubility is considered comparableto thatofesters.”

3.2 Background and synthetic strategy.

As described in chapter 1, the aim throughout this thesis was to synthesise dendrimers with

controlled surfaces, introducing both hydrophilic and hydrophobic groups into the same

molecule. The synthetic strategy is the same as that for chapter 2 and is summarised in

schemes 2.3-2.5. The strategy will again be referred to throughoutthe chapter as the synthesis

and characterisation of the intermediate structures (Go2 Ix) and target molecules (Go. Tx) are

described.
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CDI has been proven to be a versatile coupling reagent in the previous section, with the

specific placement of groups on the periphery of dendrons and dendrimers being controlled

and the removal of the by-product imidazole from the materials by an aqueous extraction

being relatively simple. The selectivity of the reactions of imidazole carboxylic esters and

imidazolide containing materials is summarised in chapter 1.2. It was observed that acid

imidazolides formed from aliphatic acids, reacted with mixtures containing primary and

secondary amines, formed amides exclusively at the primary amine functionalities, leaving the

secondary amine available for further reaction (scheme 3.1).

 

LL

O (1° amine)

NH anitLoto
R OH ‘es an

Wy

Ce No Reaction

Scheme 3.1 — Selective synthesis ofamides using acid imidazolides.

The selectivity observed can be exploited for the synthesis of polyamide dendrimers from

aliphatic acids and amine containing branching groups and cores. The choice of surface

groups to synthesise hydrophilic and hydrophobic dendrimers was therefore based on these

functional groups. The branched alkyl peripheral group bis(2-ethylhexyl)amine (BEHA) has

previously been used as a peripheral group in the synthesis of hydrophobic polyamide

dendrimersusing the convergent method (figure 3.1).
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4 G2 = 1837 m % G3 = 3984 m

Figure 3.1 - Dendrimers synthesised using the bis(2-ethylhexyl)amine peripheral group.

The synthesis strategy requires the generation of a carboxylic acid, therefore the secondary

amine group of the peripheral group BEHA wasconverted to an acid by the ring opening of

an anhydride. The reaction of this acid with CDIyielded the acid imidazolide which could be

reacted with either a) the primary aminesin the triamine bis(3-aminopropyl)amine (BAPA)to

form the dendron, leaving the secondary amineavailable for further reaction, or b) to the

primary amine groupsin the core molecule (1,6-Diaminohexane) to give the G1 dendrimer

(figure 3.1 above). A similar reaction scheme waschosenasthe basis for dendrimer synthesis

in this study, and is described schematically overleaf.
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HN

Scheme 3.2 — Synthesis ofdendritic materials startingfrom a secondary amine.

Based on the reaction scheme described above, it was decided that the peripheral groups

should either contain a carboxylic acid or a secondary amine. The branchedperipheral group

BEHA (88) was chosen as one of the hydrophobic peripheral groups to be used, so a

hydrophilic peripheral group with an analogous functional group (secondary amine) was

chosen.

A number of examples of amphiphilic dendrimers are given in chapter 1.1.4.3, and the

hydrophilic peripheral groups used include carboxylic acids and ammonium carboxylates,

primary alcohols and primary amines.° However, each of these groups would interfere with

107



the CDI coupling chemistry that will be used in the synthesis. There are a number of

protection strategies that can be utilised to protect primary amine groups, one of whichis the

use of fert-butoxycarbonyl (tBOC)as a protection agent. These groups can be removed when

required by reaction with trifluoroacetic acid followed by ion exchange oftheresulting salt.’

The propylamine containing group BAPA contains both two primary amines — potential

hydrophilic peripheral groups, and a secondary amine that can be used for further coupling,

analogous to that of BEHA. Therefore, the BOC protected diamine 87 was selected as a

potential peripheral monomer.

The use of a disubstituted amine introduces two peripheral groups in one step, however the

synthesis of an asymmetric dendron with just one hydrophobic and one hydrophilic peripheral

group is not possible using BEHA. Theintroduction of one comparable branched alkyl group

can be achieved by coupling the carboxylic acid 2-ethylhexanoic acid (EHA)to one primary

amine on the branched triamine BAPA. Theother primary aminecan then be protected using

t-BOC protecting chemistry, yielding the asymmetric dendron 90. The symmetric

disubstituted dendron 89 that has an analogous structure to that of BEHA can also be

synthesised using this method, and the solubility properties of the two hydrophobic peripheral

groups can be compared. As these peripheral groups are very similar, both introducing a

branched hydrophobic alkyl group (2-ethyl hexyl), their structures will be referred to as TYPE

1 EH and TYPE 2 EH.
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Figure 3.2 — Candidate peripheral groupsfor tailoredpolyamide dendrimersynthesis.

3.3 Nomenclature.

Many nomenclature methods for dendrimers have been reported in the past, but to date thereis

still no system that has been universally accepted. This is due to the high numberof branches

and end groupsin dendritic structures, which cause the namesto be long and complex. Simple

terminology for homodendritic systems (dendrimers who contain only one species of

monomer, branching unit and peripheral molecule) are inherently more useful than more

complicated codendritic systems. One example of a simple naming system is that used for

dendrimers synthesised by Tomalia et al. The dendrimers repeat unit is an amido amine,

therefore they are polyamidoamines, which is abbreviated to PAMAM. The core of the

dendrimer is also abbreviated, for example Ethylenediamine is EDA and the generation 1s

determined by counting the numberoftertiary amine branch points out from the core. The

dendrimer in figure 3.3 below is therefore first generation, and can be named Gl EDA

PAMAM.”
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Figure 3.3 — Tomalia’s PAMAMdendrimer G1 EDA?

Forthe purposeofthis thesis, a code has been developed to systematically name the materials

made in this chapter. The methodis described below, and some examples of named materials

are given. The nomenclature has been simplified to allow the reader to clearly distinguish the

different materials and is not meant to describe the dendrimers in a way comparable to the

IUPAC system. The commoncore structures are defined for first and second generation

materials and the peripheral groups are described using the names given in the table below

(table 3.1). The numbergiven in subscript after the functional group denotes the number of

each functional group around the core. Thereis no descriptor for the positioning of the groups

around the core as in each case there is only one way in which that number of groups can be

arranged aroundthecore.
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CORE1 TYPE 2 EH, CORE1 TYPE 2 EH,TFA,

CORE2 TYPE 2 EH,PA,

Figure 3.4 - Examples ofnamedpolyamide dendrimers synthesised during this study.
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3.3.2 Dendron nomenclature.

Oo O

i ek
—0° “N H,N NmL u H

N NH NH
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Ntoa ge

yO
TYPE 1 EH, TYPE 2 EH, t-BOC, mixed TYPE1EH, mixed TYPE 1 EH,t-BOC,

HOh eh
rr

 

4

NH

HN
OS

Figure 3.5 - Examples ofnamedfirst generation dendrons.

This naming system is also adopted to describe the dendrons, with the assumption thatfirst

generation dendrons (with one secondary amine branching point) contain two peripheral

groups, and second generation dendrons have a maximum of four peripheral groups. The

prefix “mixed” is used to define asymmetrically substituted dendrons, described by simply

denoting the type and numberof peripheral groups.

3.3.3 Nomenclature of modified TAEA materials.

The core molecule TAEAcontains three primary amine groups arounda tertiary amine core,

so can be thought of as a small molecule equivalent of a dendrimer. The modification of these

primary amine groups with the TYPE 1 hydrophobic branched alkyl group EHA results in a

series of materials that can be described as zero generation dendrimers, with architectures

comparable to the larger dendrimers synthesised, and the modification of TAEA with the

TYPE2 branched alkyl group BEHA yields asymmetrically modified materials shown below.

These structures are simply referred to as “modified TAEA”, with the number and type of

peripheral group annotated. Each material is shown belowforclarity (figure 3.6), as the code
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given for the dendrimers cannotbe transferred directly to these materials. These materials can

also be referred to as the zero generation dendrimers.

ws |ale he ke

ronHN HN

2 o O
NH, ° NH O. NH

TAEA TYPE 1EH, TAEATYPE1EH, TAEA TYPE 1 EH, TAEAt-BOC,

° N N

TAEA TYPE 2 EH, TAEA TYPE 1 EH, TAEAt-BOC,,

Qe
“Y

TAEA TYPE 2 EH,

Figure 3.6 - Nomenclature ofmodified TAEA materials.
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3.4 Tailored polyamide dendrimer synthesis and characterisation.

The synthesis and characterisation of the t-BOC protected versions of the polyamide target

structures depicted in schemes 3.1-3.3 will first be described, followed by a description of the

deprotection of these materials to give the amphiphilic dendrimers with both hydrophobic

branchedalkyl and hydrophilic primary amineperipheral groups.

3.4.1 Synthesis and characterisation of modified TAEA (Zero Generation)

materials.

As seen during the production of the carbonate systems (section 2.4.1), the coupling of the

peripheral groups directly to the core results in a series of dendrimers with no branching points

other than the core. This series of structures are called the zero generation dendrimers, of

which there are four structures arising from the combination of the two peripheral groups

TYPE 1 EH,the hydrophobic group and the primary amine PA,the hydrophilic group.

3.4.1.1 Synthesis of polyamide GoT1 dendrimer.

HN1

fo)
No NH,

HNL

UN

°

O° NH, N

N
toluene ] toluene
60° C \_f 60° C

30 minutes 18 hours

NH

EHA Im
OH

TYPE 1 EH,

Scheme 3.3 — Selective synthesis ofsymmetrical zero generation polyamide dendrimer TYPE
1 EH; (GoT1).
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As scheme 3.3 depicts, the synthesis of TAEA TYPE 1 EHs wasachieved in a two step one

pot reaction; EHA wasreacted with CDI in a 1:1 ratio, and was added slowly to control CO,

evolution. As in previous cases, the mixture was purged to remove CQ? and was added to

TAEAin a 3:1 ratio. After purification by dissolving the crude product in DCM and washing

with distilled water, followed by column chromatography (eluting with ethyl acetate:methanol

9:1), TAEA TYPE1 EH;wasisolated as a rubbery white solid (83%).

The hydrophilic material used as a comparison TAEA is commercially available and was

purchased from Sigma Aldrich and used withoutpurification.

For completeness, the t-BOC protected version of TAEA was also synthesised and is

described below.

~
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t-BOC Im b

TAEAt-BOC,

Scheme 3.4 - Selective synthesis ofsymmetrical zero generation polyamide dendrimer TAEA
t-BOC;.

The synthesis of TAEA t-BOC; was also achieved in a two step, one pot reaction, first

reacting CDI with an excess of t-butanol to give the imidazole carboxylic ester -BOC Im.

This was added to TAEA in a 3:1 ratio and the crude product TAEA tBOC; was

concentrated in vacuo, redissolved in DCM and washedthree times with distilled water. The
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product was further purified by column chromatography (eluting with ethyl acetate) and

isolated as long needle shaped crystals (75%). When allowed to grow slowly in the crude

product, the crystals are colourless and can reach 2-3cm in length.

3.4.1.2 Synthesis of polyamide dendrimers GoT3 and GoT4.

In this instance, the hydrophilic primary amine is part of the core molecule making the

intermediate structures equivalent to the target materials (GoI3=GoT3 and Gol4=GoT4). The

synthesis of the monosubstituted and disubstituted dendrimers GoT3 (TAEA TYPE 1 EH))

and GoT4 (TAEA TYPE 1 EH)) was achieved byaltering the ratio of the peripheral group

EHA to the core (scheme 3.5). The monosubstituted zero generation dendrimer was formed

when a ratio of 1:3 (EHA:TAEA)wasused andthe acid imidazolide (EHA Im) was added

slowly dropwise to the excess TAEA. Thenine fold excess of NH2 groups forced the reaction

to only occur on a single amine of each core molecule, leaving an excess of core molecules on

which no reaction had occurred. The crude reaction mixture was extracted with water, leaving

any disubstituted or trisubstituted impurities in the toluene layer. The water layer was then

concentrated and re-extracted with DCM,yielding the product TAEA TYPE 1 EH,as an oily

liquid (72%).

The disubstituted material was gained when the ratio of EHA:TAEA was 1.98:1. Any

monosubstituted impurity in the mixture was extracted into the water layer during purification

of the crude product by an aqueous extraction, leaving TAEA TYPE 1 EH)as a viscous

liquid (76%).
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Scheme 3.5 - Reaction schemefor asymmetric zero generation polyamide dendrimers.

3.4.1.3 Characterisation of zero generation polyamide dendrimers.

The 'H NMR spectra ofthe zero generation materials were relatively simple to analyse as they

contain few, dissimilar proton environments, resulting in clear well defined spectra. The 'H

NMR spectrum of TAEA t-BOC; for example (figure 3.7), exhibits three distinct peaks at

1.46ppm, 2.53ppm and 3.16ppm corresponding to the t-BOC protons Hf, and the core group

protons Hx, and Hg respectively. As expected, the integrations of these peaks are 27:6:6 and

Ht is a singlet and Hygis a triplet. However, Hg is split by the Ha protons intoa triplet, but is

split again into a doublet of triplets, which appears as a quartet. This indicates that the Hp

protons are coupled to the NH proton in CDCl, whereas when the 'H NMR is run in MeOD,

the Hg peak appearsasa triplet as expected. This suggests that in CDCl; the NH protonis in a

fixed position, held by Hydrogen bonding whereas MeODdisrupts this H bonding and the NH
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proton is free to rapidly exchange. The broad resonance at 5.19ppm can be assigned to the

NH peak of the urethane group and is reduced (due to exchange) upon the addition of a drop

ofD20 to the NMR sample.
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Figure 3.7 -'H NMRspectrum oft-BOC; in CDCI;. Expansion showssplitting due to
coupling with urethane NHgroup.

Massspectrometry was usedto further confirm the structure of the products, with peaks due to

the [M+H] ions of TAEA t-BOC;, TAEA TYPE 1 EH;, TAEA TYPE 1 EH) and TAEA

TYPE1 EH;at m/z values of 447, 273, 399, 525 Da respectively, (examples shown in figures

3.8 and 3.9). As for all amide containing materials, long drying times (up to five days) were

required to obtain accurate microanalysis data as traces of solvents weredifficult to remove.
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Figure 3.8 — Electrospray mass spectrum ofzero generation polyamide dendrimer t-BOC;
(protected G1T2).
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Figure 3.9 — Electrospray mass spectrumofzero generation polyamide dendrimer TYPE1

EHS (GiT1).
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3.4.2 Synthesis and characterisation of first generation polyamide

dendrons.

The synthesis of each memberofthe series of first generation dendrons (GiI1, GiI2, G;T3)

with protected hydrophilic and TYPE 1 hydrophobic peripheral groups using CDI coupling

chemistry will be described in detail as each methoddiffers significantly.

3.4.2.1 Synthesis of symmetric polyamide dendron TYPE 1 G,I1.

  

HN

O

A - °
n7NT NN
\el ly N

CDI tco, BAPA
NH

O toluene C1 toluene
60° C 60°C H

OH 30 minutes 18 hours N

O

EHA EHAIm

TYPE 1 EH
2

Scheme 3.6- Selective synthesis offirst generation dendron polyamide TYPE 1 Gill (TYPE 1
EH2).

As scheme 3.6 shows,the synthesis of TYPE 1 EH) in a 96% yield was achieved in a one pot

method, by the addition ofEHA to stirred solution of CDI in toluene at 60°C. The acid was

added slowly to control the effervescence as CO,is instantaneously released upon the reaction

of carboxylic acids with CDI. The reaction is thought to proceed via an intermediate

imidazole anhydride which liberates COafter either (i) intermolecular or (11) intramolecular

nucleophilic attack by an imidazole lone pair.' (scheme 3.7).
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Scheme 3.7 — Suggested mechanism ofreaction ofcarboxylic acid with CDI, liberating C02.1

The reaction mixture was purged with dry N2 for 30 minutes, to aid the removal of any CO

that was dissolved in the mixture, thus preventing the formation of carbamates and carbamic

acid salts during the addition of amines.’ The acid imidazolide produced EHA Im was

coupled to the branching group BAPA,reacting selectively (as the parent acid is aliphatic)

with the primary aminesto give the dendron TYPE 1 EH) (96%).

The alternative symmetric hydrophobic dendron TYPE 2 EH, (BEHA) is commercially

available and was purchased and used without purification.

Figure 3.10 - Hydrophobic Symmetric Dendron TYPE 2 EHp.
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3.4.2.2 Synthesis of symmetric polyamide dendron protected G,I2.

Aa ly HN ~;°? mL
CDI BAPA

—_. to4 NH
fo toluene Lenetoluene r

 60°C 60°C —lo6 Hl

5 hours 18 hours na

t-Butanol t-Butanol Im Oo

t-BOC,

Scheme 3.8 - Selective synthesis offirst generation polyamide dendron protected G12.

The protected first generation dendron G;I2 (t-BOC,) was synthesised by reacting a two fold

excess of t-butanol with CDI in toluene at 60°C to give the imidazole carboxylic ester (t-

butanol Im), which wasselectively reactive towards the primary amines of BAPA. The

excess f-butanol ensured that the CDI was completely consumed and a 1.05 molar excess of

the triamine BAPAensured the complete reaction of the imidazole carboxylic ester f-butanol

Im. This is important as f-butanol Im cannot be removed from the reaction mixture by the

aqueousextraction, unlike the monosubstituted material and the by-product imidazole. After

stirring at 60°C for 18 hours, the mixture was cooled, concentrated in vacuo, redissolved in

DCMandextracted three times with water, after which t-BOC, wasisolated as a white solid

(86%).
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3.4.2.3 Synthesis of asymmetric polyamide dendron protected G,I3.

The synthesis of the asymmetric dendron protected G1I3 (mixed TYPE 1 EH;t-BOC,) shown

in scheme 3.9, first required the synthesis of the monosubstituted dendron mixed TYPE 1

EH,PA. This was achieved byaltering the ratio of imidazole carboxylic ester EHA Im to

primary amines in the initial coupling reaction, using an excess of BAPA and causing the

reaction to occur predominantly on only one of the primary amines in the triamine (scheme

3.9).
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Scheme 3.9 Synthesis offirst generation polyamide dendron protected GiI3 (mixed TYPE 1
EH,-BOC)).
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The crude reaction mixture was extracted with water, leaving only the disubstituted impurity

in the toluene layer. The aqueous layer was then concentrated and re-extracted with DCM,

yielding mixed TYPE 1 EH,PA,as a semisolid material in a 95% yield. This was then

coupled (in a slight excess) to the imidazole carboxylic ester (butanol Im) and after

purification by dissolving the crude product in DCM andwashingthe solution three times with

distilled water, mixed TYPE 1 EH,t-BOC,wasisolated as a clear, colourless, viscous liquid

(84%).

3.4.2.4 Characterisation of first generation polyamide dendrons.
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t-BOC, TYPE 1 EH, mixed TYPE 1 EH,PA, mixed TYPE 1 EH,t-BOC,

Figure 3.11 — Generallabelling schemefor "HNMR spectra offirst generation polyamide
dendrons.

The important features of the 'H NMR spectra ofthe first generation amide dendrons can be

observed in the spectrum of mixed TYPE 1 EHt-BOC,(figure 3.12). The peaks due to the

NH protons of the urethane group (5.22ppm) and the amide group (6.54ppm) disappear when

a drop of D2O is added to the sample, as they exchange with the deuterium protons. The peak
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at 1.44ppm is assigned to the t-Boc protons H; and the comparison ofthe integration of this

peak compared to the peaks due to the protons in the branching group BAPA Hy:1+5 confirms

the level of substitution. The 'H NMR spectra of species containing the branched alkyl group

are complicated by the appearance of overlapping multiplets between 1.2 ppm and 1.6 ppm,

which are assigned to the CHgroups of the alkyl chains Hp,cp+c. However, there are well

separated, clear peaks at 0.89ppm, 2.59ppm and 3.24ppm arising from Hy:(the protonsat the

end of the chains), Hy and Hy respectively. Again, the comparison of the integrations of these

peaks with those of the BAPAprotons confirmsthe level of substitution. For example, in the

disubstituted dendron TYPE 1 EH), the ratio of Hr., to Hy is 12:4 as expected, whereas in

the monosubstituted dendron mixed TYPE 1 EH;PA,theratio is 6:4. Hy protons in the

dendrons appear at 3.21ppm (Hm) when next to the urethane group and at 3.38ppm (Hz)

when next to the amide group. This shift downfield is due to the deshielding effect of the

amide group upon the neighbouring protons. The appearance of both of these peaks with

equal intensities in the 'H NMR spectrum of the asymmetric dendron confirms that the

material is substituted equally with both peripheral groups. The '*C NMR ofthe asymmetrical

dendron mixed TYPE 1 EH,t-BOC, exhibits resonances at 156.6ppm and 176.4ppm due to

the urethane and amide carbonyls respectively.

Mass spectrometry was also used to characterise the dendrons. Protonated molecular ion

peaks [M+H]’, are observed at m/z 384, 332 and 358 for TYPE 1 EH:, +BOC), and mixed

TYPE 1 EH,t-BOC, respectively (figure 3.13-3.15). For some of the dendrons [M+Na]"

peaks are also observed, more information is available in the experimental section 5.2.6 and

3.2.8.
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Elemental analysis of the dendrons gaveresults that correspond wellto the theoretical values,

within 1% error in each case (for example TYPE 1 EH, table 3.2). However, long drying

times were required as the materials bind strongly to solvents which can greatly alter the

microanalysisresults.

 

 

 

   

Element Theoretical value Measured value

(% by massof element)

C 68.88 68.72

H 11.82 11.91

N 10.95 11.04  
 

Table 3.2 - Microanalysis resultsfor TYPE 1 EH.
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Figure 3.12 - "HNMR ofasymmetric dendron protected G113 (mixed TYPE 1 EH; t-BOC;)
in CDCI.
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Figure 3.13 - Electrospray mass spectrum offirst generation polyamide dendron Gill (TYPE
1 EH)).
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Figure 3.14 — Electrospray mass spectrum offirst generation polyamide dendronprotected
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Figure 3.15 — Electrospray mass spectrum offirst generation asymmetric polyamide dendron
protected G,13 (mixed TYPE 1 EH; t-BOC;).

3.4.3 Synthesis and characterisation of first generation polyamide

dendrimers.

The coupling of the first generation dendrons from section 3.4.2 to TAEAin differing ratios

gave rise to a series of first generation dendrimers (GiT1 and protected G,T2-5) with

protected hydrophilic and both TYPE 1 and TYPE 2 hydrophobic peripheral groups. The

syntheses of the symmetric first generation dendrimers follow the same method, so are

depicted using protected G1T2 (CORE1 t-BOC,) as an example and any variations from this

method for the different end groups are described. Details of the more complex synthesis of
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the asymmetric dendrimers is then described, using the synthesis ofprotected G,; IS (TAEA

TYPE 2 EH)) and the further coupling with a t+BOC, Im to give the first generation

dendrimerprotected G, T5 (CORE 1 TYPE 2 EH),#-BOC,) as an example.

3.4.3.1 Synthesis of symmetrical first generation dendrimers G,T1, protected G;T2 and

protected G,T3.
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Scheme 3.10 — Synthesis offirst generation polyamide dendrimerprotected G,T2 (t-BOC6).
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The first generation dendron t-BOC, was reacted with succinic anhydride in a ring opening

reaction to give the carboxylic acid t-BOC, COOH,which wasin turn reacted with CDI in a

“one pot” reaction to give the acid imidazolide t-BOC, Im (scheme 3.10). After purging with

N> for thirty minutes, this was added to a solution of TAEA in toluene and the mixture was

stirred at 60°C for 18 hours. The crude product was concentrated in vacuo, redissolved in

DCMandextracted three times with water. CORE 1 t+-BOC,wasyielded as a foamedsolid

(88%). The syntheses of the other symmetric first generation dendrimers were carried out

using the same method,starting from the dendrons TYPE 2 EH; (BEHA)to give CORE 1

TYPE 2 EH, as a viscous liquid (88%) and mixed TYPE 1 EH, t-BOC, to give CORE 1

TYPE 2 EH;t-BOC;as a foamedsolid (53%).

The synthesis of CORE 1 TYPE 1 EH, from the dendron TYPE 1 EH) was complicated by

the reaction mixture gelling the solvent (toluene), forming a thick white jellylike material.

Different solvents were investigated in an attemptto prevent this, but even in THF the gelling

occurred meaning that the reaction was no longer sufficiently mixed by the magnetic stirrer.

This was overcome by regular vigorousstirring with a spatula before the addition of further

reactants and by confirming the completion ofthe reaction by 'H NMR (this was confirmed by

observing the aromatic region as described in chapter 2.3.1.1). The crude material was first

purified by dissolving in DCM andextracting three times with distilled water, during which

the product formed a separate layer between the DCM and water. Further evidence suggests

that it is not soluble in DCM under some conditions (see chapter 4.6.2 for further discussion).

The material was purified by column chromatography(eluting with ethyl acetate/methanol in a

ratio of 7:3) to give CORE 1 TYPE 1 EH asa sticky solid in an 81% yield.
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Figure 3.16 — Structure ofsymmetricalfirst generation polycarbonate dendrimers GT1
TYPE 1, GiT1 TYPE2 andprotected G,T3.

3.4.3.2 Synthesis of asymmetric first generation polyamide dendrimers protected G,T4

andprotected GTS.

The synthesis of the asymmetric dendrimers was more complex as the placement of an

individual dendron on the periphery of the dendrimer was required, followed by purification of

the monosubstituted material and subsequentreaction with a different dendron. The synthesis

of these materials is described below in two steps, using the synthesis of TAEA t-BOC,
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followed by reaction with TYPE 2 EH, Im to form CORE 1 TYPE 1 EH, t-BOC,as an

example.

In scheme 3.11 the protected hydrophilic dendron t-BOC, was reacted with succinic

anhydride and then CDI, forming the acid imidazolide t-BOC, Im. This was added slowly

dropwise over the period of 1h to a three fold molar excess of the core TAKAstirred in

toluene at 60°C. After purification by removing the solvent in vacuo, dissolving the crude

product in DCM andextracting three times with water, the monosubstituted dendrimer TAEA

t-BOC, was isolated as a semicrystalline solid in 63% yield. One explanation of the poor

yield is that the material has surfactant properties and causes emulsion formation during the

extraction. Someof the product could be extracted into the water layer, and the yield may be

improved by using a smaller volumeofwaterin this step.

L NH,
oa

2
ot on P20 4 m oyps+ TO “UF Te AEM, aaa “

4in 1 4 toluene at

HN

2 Aw
o-X (ii) v7 WAw o-X 60° C

+ niin: + ° 18 hours LA
toluene 7

60° C NH,

t-BOC, t-BOC, Im
TAEA t-BOC,

Scheme 3.11 - Synthesis ofmonosubstituted dendrimer TAEA t-BOC,.

In the second step, depicted in scheme 3.12, the hydrophobic dendron TYPE 1 EH: was

converted to the acid then the acid imidazolide (using the same conditions as for #BOC, Im).

It was coupled in a 2:1 ratio to the monosubstituted dendrimer TAEA t-BOC). This resulted

in the coupling of the dendron to the pendant NH» groups on the monosubstituted material,
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and after purification first by extraction of a DCM solution followed by column

chromatography (eluting with ethyl acetate:methanol, 9:1 going to 1:1) the asymmetrically

substituted dendrimer CORE 1 TYPE 1 EH, t-BOC,wasisolated as a sticky solid in 36%

yield.
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Scheme3.12 - Synthesis ofCORE 1 TYPE 1 EH, t-BOC).

The synthesis of the other three asymmetric dendrimers shown below (figure 3.17) followed

the same method, using different combinations of the dendrons t-BOC,, TYPE 1 EH) and

TYPE 2 EH;. Experimental details are given in section 5.2.14.
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Figure 3.17 - Structure ofasymmetric dendrimers synthesised.

3.4.3.3 Characterisation of first generation polyamide dendrimers.

The 'H NMR spectra of the dendrimers were more complex than the previously described zero

generation materials, but can be used in a similar way to confirm the substitution of the

materials. For example, the integrations of the peaks evolved from the peripheral groups can

be comparedto thosearising from the core in the symmetrical dendrimers, to
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confirm that the expected numberofgroups have been coupled around the core molecule. The

comparison of the integrations of the peaks resulting from different peripheral groups 1s used

to confirm the structure of the asymmetrical materials. The fully labelled 'H NMR spectrum

of the first generation dendrimer CORE 1 TYPE 2 EH), t-BOC;,is given as an example

(figure 3.18). The integrations of the resonance at 0.83ppm (M+Q) and the resonance due to

the t-BOCprotons at 1.44ppm (I) are 12 and 36 respectively, as expected. Similar splitting

patterns are observedas in thefirst generation dendrons, and these are further complicated by

the overlapping of peaks arising from different groups. For example, the peak due to the F

protons is split appearing at 1.65ppm and 1.83ppm, which then overlaps with the resonance

arising from the J protons at 1.65ppm. These assignments were made by examination of the

COSY 'H NMR spectrum, which gives us information about the coupling between the protons

on neighbouring carbons and has proven a necessary tool in the analysis of the ‘H NMR

spectra of larger structures.

Electrospray mass spectrometry was used to further confirm the purity of the materials

synthesised, and protonated molecular ions can be observed in the spectra of each dendrimer

(figures 3.19-3.26).
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Figure 3.18 -'H NMRspectrumoffirst generation polyamide dendrimerprotected TYPE 2

GiT4 (CORE 1 TYPE 2 EH: t-BOC4) in CDCI.
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Figure 3.19 - Electrospray mass spectrum offirst generation polyamide dendrimer TYPE 1
G,:T1 (CORE 1 TYPE 1 EHs).
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Figure 3.20 — Electrospray mass spectrum offirst generation polyamide dendrimer TYPE 2
GiT1 (CORE 1 TYPE 2 EH,).
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Figure 3.21 Electrospray mass spectrum offirst generation polyamide dendrimerprotected
GiT2 (CORE 1 +BOC,).
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Figure 3.22— Electrospray mass spectrum offirst generation polyamide dendrimerprotected
TYPE 1 G,T3 (CORE 1 TYPE 1 EH; #-BOC3).
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Figure 3.23 — Electrospray mass spectrum offirst generation polyamide dendrimerprotected
TYPE 1 G,T4 (CORE 1 TYPE 1 EH; #BOC,).
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Figure 3.24 - Electrospray mass spectrum offirst generation polyamide dendrimerprotected
TYPE 2 G,T4 (CORE 1 TYPE 2 EH;t-BOC,).
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Figure 3.25— Electrospray mass spectrum offirst generation polyamide dendrimerprotected
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Figure 3.26 - Electrospray mass spectrum offirst generation polyamide dendrimerprotected
TYPE 2 G;T5 (CORE 1 TYPE 2 EH, t-BOC;).

3.4.3.4 Synthesis and characterisation of asymmetrically substituted dendrimer TAEA

TYPE 2 EH.

The synthesis of the asymmetrically substituted dendrimer TAEA TYPE 2 EH, wasachieved

using a similar method to TAEA TYPE 1 EH)described above(section 3.4.1.2), using the

first generation dendron TYPE 2 EH) (BEHA)asthestarting material. BEHA wasused in

the ring opening reaction of succinic anhydride to give the carboxylic acid, which was then

reacted with CDI to form the acid imidazolide and this was coupled in a 1.98:1 reaction with

TAEA. Theproduct waspurified by removal ofthe solvent in vacuo, dissolving in DCM and

extracting three times with water, yielding TAEA TYPE 2 EH, as a viscous liquid in 78%
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yield. Resonances are observed in the 'H NMR spectrum at 2.51 and 2.73ppm dueto the

protons of the TAEA arm of the dendrimer, but these overlap with other resonances in the

spectra makingit difficult to use the integrations of the peaks to confirm the structure. A clear

[M+H]’ ionis observedin the electrospray mass spectrum ofthe product(figure 3.27).
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Figure 3.27- Electrospray mass spectrum ofTAEA TYPE 2 EH,
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3.4.4 Synthesis and characterisation of second generation polyamide

dendrons.

Thefirst generation dendrons were coupled to the branching group BAPA,yielding the series

of second generation dendrons (G211-3) with both hydrophobic and protected hydrophilic end

groups. The synthesis of these materials is described, using t-BOC, as an example (scheme

3.13).

3.4.4.1 Synthesis of symmetrical polyamide dendrons G2I1 and protected G,I2.
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Scheme 3.13 - Synthesis ofsymmetrical second generation polyamide dendron protected G12
(t-BOC,).
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The secondary amineat the focal point oft-BOC, was converted to the carboxylic acid by the

ring opening of succinic anhydride. CDI was then added to convert the acid to the

imidazolide, resulting in rapid effervescence as CO? wasreleased. As in section 3.4.2.1 the

reaction mixture was purged with dry Npat this stage, before the addition of BAPA. The

imidazolide was again only reactive towards the primary amines in the branching group

BAPA. After reaction at 60°C for 18 hours, the mixture was cooled, concentrated in vacuo

and the crude product was dissolved in DCM. Purification by extracting three times with

distilled water and once with a saturated solution of NaCl resulted in the dendron t-BOC, as a

white solid (88%).

The second generation dendron TYPE 2 EH, was synthesised from TYPE 2 EH) using

similar conditions and wasisolated as a viscous colourless oil in 98% yield.

a
‘

2,3
TYPE 2 EH,

Figure 3.28 - Second generation polyamide dendron TYPE 2 EH,

145



3.4.4.2 Synthesis of asymmetric second generation polyamide dendronprotected G,I3.

The synthesis of the asymmetric second generation dendron protected G2I3 (mixed TYPE 2

EH,PA;) (scheme 3.14), was achieved by altering the ratio of acid imidazolide to the

branching group BAPA,from 2:1 for the symmetric dendrons described in section 3.4.4.1, to

1:5 respectively. This ensured that there was a ten-fold excess of the reactive primary amine

sites of BAPA and whenthe acid imidazolide was added slowly dropwiseto stirred solution

of the branching group at 60°C, reaction only occurred on oneof the primary amines. The

solvent was removed in vacuo and the crude product was redissolved in DCM. After

extracting three times with water, the organic layer was dried with Na2SO, andthe solvent was

removed in vacuo yielding mixed TYPE 2 EH)PA,asa viscousliquid (96%).

The acid imidazolide (t-BOC, Im) was then formed byreaction of the first generation dendron

t-BOC, with succinic anhydride and CDI in succession, and was added to mixed TYPE 2

EH>PA,in a 1:1 ratio. After stirring at 60°C for 18 hours, the solvent was removed and the

crude product was purified by redissolving in DCM andextracting three times with water.

After drying, mixed TYPE 2 EH>t-BOC;wasisolated assticky liquid in 95% yield.
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Scheme 3.14 - Synthesis ofasymmetrical second generation dendron protected G213 (mixed
TYPE 2 EH2t-BOC),).

3.4.4.3 Characterisation of second generation polyamide dendrons.

Whilst 'H NMR spectra became more complicated for the larger dendritic structures as similar

proton environments within the structures gaverise to overlapping peaks,the integration of the

peaks still confirm the level of substitution in the materials. For example, in the 'H NMR
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spectrum of TYPE 2 EH, the integration of the peak due to the peripheral methyl groups

Hx:m, and the peaks Hp+c are 24 and 8 respectively, as expected (figure 3.29).
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Figure 3.29 -'H NMRspectrum ofsecond generation polyamide dendron G2ll (TYPE 2
EHs4) in CDCI.

Electrospray mass spectrometry was used to analyse each of the series of second generation

dendrons and the spectra clearly indicate an increase in molecular weight with increasing

numbers of t-BOC groups. The spectrum of mixed TYPE 2 EH) PA,exhibits both [M+H]™

and [M+Na]’ ions at 455Da and 477Darespectively (figure 3.30), The spectrum of TYPE 2

EH, exhibits an [M+H]" ion at 778Da(figure 3.31). The spectrum of mixed TYPE 2 EH; t-

BOC,(figure 3.32) shows both an [M+H]° and an [M+Na]’ peak at 868Da and 890Da

respectively, but is complicated by peaks corresponding to the multicharged ions [M+H+Na]**
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at 445.8Da and [M+2Na]”’ at 456.8Da. Both electrospray and MALDI TOFspectraofthe t-

BOCprotected dendron t-BOC, exhibit both [M+H]* and [M+Na]" ions at 958Da and 980Da,

confirming that the molecular weight of the dendron is 957Da as expected. When the cone

voltage of the electrospray mass spectrometer is increased from 50V to 85V, peaks appearat

858Da, 758Da, 658Da and 558Da, (loss of 100Da each time) each resulting from the loss of a

t-BOC group from the periphery of the dendron (figure 3.33). This high cone voltage

fragmentation is observed for other t-BOC containing materials, suggesting that the t-BOC

group is labile under the high energy conditions used for mass spectrometry. This

fragmentation may explain the problems that occurred when attempting to analyse the larger

massstructures with t-BOC end groupsby electrospray mass spectrometry (section 3.4.5.4).
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Figure 3.30 - Electrospray mass spectra ofsecond generation polyamide dendron mixed
TYPE 2 EH; PAi.
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Figure 3.32- Electrospray mass spectra ofsecond generation polyamide dendron TYPE 2

EH4.
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Figure 3.33 - Electrospray mass spectrum ofsecond generation polyamide dendron t-BOC,
(a) 50Vshowingprotonated molecularion (b) 85Vshowing decomposition by loss oft-BOC

groups.
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3.4.5 Synthesis and characterisation of second generation protected

polyamide dendrimers.

The coupling of the second generation dendrons from section 3.4.4 to TAEA in differing

ratios gave rise to a series of second generation dendrimers with protected hydrophilic and

hydrophobic EH TYPE peripheral groups. The EH TYPE 1 hydrophobic peripheral group

was not used for the second generation materials in an attempt to minimise the total numberof

structures synthesised. The synthesis of the second generation symmetric dendrimers will be

described, using the synthesis ofprotected G, T2 as an example. The synthesis of the second

generation asymmetric dendrimers will then be described, using the synthesis of G; T4 as an

example. A description of the methods used to purify the second generation materials will

then be given, followed by the analysis.

3.4.5.1 Synthesis of symmetrical second generation polyamide dendrimers G, T1-3.

Scheme 3.15 depicts the synthesis of the symmetrical second generation dendrimer protected

G, T2 (CORE 2 +BOC,), which required the conversion of the secondary amine group of

the second generation dendron t-BOC, (from section 3.4.4) to a carboxylic acid (BOC,

COOR)bythe ring opening of succinic anhydride, followed by reaction with CDIto give the

acid imidazolide (t-BOC, Im), which was coupled to TAEA in a 3:1 ratio. The second

generation dendrimers G; T1 and G, T3 were synthesised in a similar method from the

dendrons TYPE 2 EH, and mixed TYPE 2 EH) t-BOC,.
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3.4.5.2 Synthesis of asymmetric second generation dendrimers G, T4 and G; T5.
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Scheme 3.16 — Synthesis ofasymmetric dendrimerprotected G, T4 (CORE 2 TYPE 2 EH4-
BOCs).
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The asymmetric second generation dendrimer G, T4 first required the synthesis of the

intermediate structure G, 14 (scheme 3.16). This was achieved by reaction of the second

generation dendron TYPE 2 EH, first with succinic anhydride to form the carboxylic acid,

with CDI to yield the acid imidazolide and slowly adding this to a solution of TAEA (three

fold molar excess) in toluene at 60°C. After purification the monosubstituted intermediate G2

14 was coupled to the acid imidazolide t-BOC, Im to yield the second generation dendrimer

CORE 2 TYPE 2 EH#-BOCs.

3.4.5.3 Purification of second generation polyamide dendrimers G, T1-5.

Purification of the second generation materials involved extracting a solution of the dendrimer

in DCM three times with water to remove the imidazole and column chromatography to

remove impurities with different affinities for the column. However, in each case the fraction

containing the product also contained impurities, as the affinities for the column are similar for

a numberof species. The GPC chromatogramsof the products after column chromatography

were broad and suggested that there were a number of species with different molecular

weights (figure 3.34). It was therefore necessary to purify further by preparative GPC (using

biobeads S-X1 and eluting with THF) and the pure products were isolated as solids. The

BOC containing materials were “stickier” and were found to foam significantly whereas the

material CORE 2 TYPE 2 EH), with more branched alkyl groups wasa glassy solid.
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Figure 3.34 - GPC chromatogram ofsecond generation polyamide dendrimerprotected G,T4
(CORE 2 TYPE 2 EH, t-BOCs) (a) after column chromatography (b) afterpurification by

preparative GPCusing biobeads.

3.4.5.4 Characterisation ofprotected second generation polyamide dendrimers.

'H NMR spectroscopy becameincreasingly difficult to interpret as the materials became

larger, and the characterisation of the materials relied more upon mass spectrometry and GPC.

Electrospray mass spectrometry was nolongersufficient for the second generation materials

and molecular ions were difficult to observe. Multicharged ions were visible for CORE 1

TYPE 2 EH, but were not observed for any of the t-BOC containing materials. One
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explanation for this is the labile nature of t-BOC groups under the high cone voltage

conditions needed to ionise molecular ions with high molecular weights (~3000). This has

already been noted in section 3.4.4.3 where the f-BOC groups were found to fragment at cone

voltages higher than SOV.

GPC is a useful tool to confirm the monodispersity of the materials synthesised and the GPC

chromatogramsof each second generation dendrimer show polydispersities between 1.03 and

1.06. The molecular weights indicated by the GPC results are slightly lower than the

theoretical values; a phenomenon explained by the lower hydrodynamic volume of dendritic

 

polymers compared to linear polymers of the same molecular weight.'? The GPC

chromatogramsofeach purified material are displayed in figure 3.35-3.39.
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Figure 3.35— GPC chromatogram ofsecond generation polyamide dendrimerprotected G2T1
(CORE 2 TYPE 2 EH).
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Figure 3.36 — GPC chromatogram ofsecond generation polyamide dendrimerprotected G:T2
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Figure 3.37- GPC chromatogram ofsecond generation polyamide dendrimerprotected G2T3
(CORE 2 TYPE 2 EH, t-BOC,).
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[M+Na]’ ionsare readily observed in the MALDI TOFspectra ofeach of the products, which

can be explained by the of NaOAcas an additive in the matrix. The dendrimers with t-BOC

peripheral groups exhibit more fragmentation, as seen in sections 3.4.4.3 and 3.4.5.4 these are

labile groups that fragment easily under high energy conditions. For the dendrimer G, T2

(CORE 2 t-BOCy, figure 3.41) the [M+Na]’ ion is observed at 3289Da, and a peak is

observed at 2566Dathat can beattributed to the [M+H]" ion of the dendrimer minusseven 1-

BOC groups(a loss of 723Da). Less fragmentation is observed in the dendrimer CORE 2

TYPE 2 EH, (G2T1) asthis contains no peripheral -BOC groups and a clear [M+Na]+ionis

observed at 2749Da(figure 3.40). The dendrimers G:T3, G:T4 and G2T5 each exhibit

[M+Na]’ ions at 3019Da, 3109Da and 2929Darespectively (figures 3.42-3.44).
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Figure 3.40 - MALDI TOF massspectrum ofsecond generation dendrimerprotected GrT1
(CORE 2 TYPE 2 EH).
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Figure 3.41 -MALDI TOFmass spectrum ofsecond generation dendrimerprotected G,T2
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Figure 3.42-MALDI TOFmass spectrum ofsecond generation dendrimerprotected G2T3
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Figure 3.43 -MALDI TOFmass spectrum ofsecond generation dendrimerprotected G,T4
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(CORE 2 TYPE 2 EHs #-BOC,).
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3.4.6 Deprotection and ion exchange of first and second generation

polyamide dendrimers.

3.4.6.1 — Method of deprotection and ion exchangeof polyamide dendrimers.

Once the 7-BOC containing materials were purified and completely analysed, deprotection to

reveal the hydrophilic primary amine groups could commence. The removal of t-BOC groups

from protected primary amines is a well known and used procedurein theliterature.’ One of

the most commonly used methods of deprotection is treatment of the material with

TriFluoroacetic Acid (TFA). This yields the volatile by-product isobutylene gas which is

removed under vacuum andthetrifluoroacetate salt of the protonated amine that is converted

to the free amine by ion exchange (scheme3.17).
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Scheme 3.17 - Deprotection and ion exchangeoffirst generation polyamide dendrimer CORE
1 TYPE 2 EH; t-BOC,.
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The time taken for complete deprotection to occur varied for different materials. For each

product, samples were taken after 12 hours, dried completely and analysed by 'H NMR

spectroscopy. The absenceofthe t-BOCpeak at 1.44ppm in the 'H NMR spectrum confirmed

that the reaction was complete and the material was isolated. This was achieved byfirst

diluting the sample with toluene, then removing the solvent in vacuo and drying in a vacuum

oven overnight. The reaction was carried out in DCM whichhasa lowerboiling point than

TFAandtherefore is removedfirst on the rotary evaporator. The addition of toluene to the

sample before rotary evaporation is important as it has a lower boiling point than TFA, so

ensures that the product is not directly in contact with the concentrated TFA which could

cause decomposition of the amide bonds. If after 12 hours reaction the material was not

completely deprotected, the reaction was continued and in somecasesa reaction time of 72

hours was required. Further details are available in the experimental chapter (5.2.16).

Conversion of the trifluoroacetate salt to the free amine was achieved using ion exchange

beads (OH type). The salt was dissolved in water and addedto a separating funnel containing

ion exchange beads for 1 hour. An excess of OH sites on the ion exchange beads to

ammonium ionsofat least three was used, and this was calculated by volume as the number of

moles of OH groups per cm™ of beadsis known to be 0.8. A colour change ofthe beads from

pink to yellow was observed upon addition of the solution, and after 1 hour the solution was

removed slowly and the beads wererinsed liberally with distilled water. The removal of the

water from the symmetrical dendrimers was achieved by rotary evaporation and drying in a

vacuum oven. However, for the asymmetric materials their surfactant properties made this

impossible due to excessive foaming. Even when using large flasks and reducing the pressure
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extremely slowly the foaming could not be controlled. The materials were freeze-dried in

order to remove the water by sublimation, therefore reducing the foaming of the materials and

allowing the water to be completely removed from the samples. The materials ranged from

glassy solids to sticky liquids, but the morphology of the materials was altered by the freeze-

drying technique, in some cases yielding foamed solids that became sticky solids when

pressure was applied. Upon the addition and subsequent removal of solvent to these materials

they became more glass-like in appearance and the “fluffiness” could not be regained without

further freeze-drying.

All first and second generation t-BOC containing dendrimers were deprotected and the salts

converted to the free amines as described above, yielding the two series of dendrimers

overleaf (figures 3.45 and 3.46).
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Figure 3.46 - Structure ofseries ofsecond generation deprotected tailoredpolyamide
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3.4.6.2 Characterisation offirst generation polyamide materials with free primary amine

peripheral groups.

As mentioned previously, the materials were analysed by 'H NMR spectroscopy during the

deprotection process to ensure that it was complete. This involved observing the depletion of

the resonance A from the t-BOC group at 1.44ppm andthe shifting of the resonance B from

the protons on the CHgroup nextto the free amine (figure 3.47). The successful exchange of

the trifluoroacetate ion during ion exchange was confirmed using IR spectroscopy. The IR of

the salts exhibit a strong stretching frequency at 1138cm"' due to the C-F bond andthis is

completely removedin the free amine(figure 3.48).

Electrospray mass spectrometry was used to analyse the first generation dendrimers G,T2-5.

GiT2 (CORE 1 PAg) exhibited a protonated molecular ion at 786Da(figure 3.49) whereas

multicharged ions were more readily observed for the other dendrimers. [M+2H]’’, and

[M+3H]** ions were observed for the first generation dendrimer TYPE 1 G;T4 (CORE 1

TYPE 1 EH,PA,, figure 3.50) at 520Da and 347Darespectively, similarly a [M+2H]”” ion

was observed at 449 for TYPE 2 GiT4 (CORE 1 TYPE 2 EH,PAg,figure 3.51). [M+2H]”*,

[M+H+Na]” and [M+2Na]** ions at 646Da, 657Da and 668Darespectively appear in the

spectrum of TYPE 1 G;T5 (CORE 1 TYPE 1 EH,PA:,figure 3.52) and a fragment can be

seen in the spectrum of TYPE 2 G:T5 (CORE 1 TYPE 2 EHyPA,, figure 3.53) at 324 Da,

most likely due to the high cone voltage used to ionise the sample (80V), along with [M+H]”

and [M+Na]" ions at 1006Da and 1028Darespectively.
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3.4.6.3 Characterisation of second generation polyamide materials with free primary

amineperipheral groups.

The removal of the t-BOC groups from the second generation dendrimers was followed by 'H

NMR spectroscopy and IR spectroscopy in the same way as for the first generation

dendrimers. The peak due to the f-BOC protons was observed in the protected dendrimers,

and was depleted after reaction of the dendrimers with TFA. °C NMR spectroscopy reveals

the presence of peaks due to the urethane carbonyl at 158ppm in the protected dendrimer

CORE 2 TYPE 2 EH, t-BOC;(figure 3.54) that is removed in the deprotected dendrimer

CORE 2 TYPE 2 EH, PAs(figure 3.55). However, the peaks at 174-175 ppm are present in

both ‘°C NMR spectra leadingto the conclusion that the amide bondsare intact.
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The deprotected second generation dendrimers were also characterised by MALDI TOF

spectrometry. Original attempts to analyse the materials using a DCTB matrix were

unsuccessful, and complicated spectra were obtained displaying species of higher molecular

weight which are thought to be products of the reaction between the primary amine end groups

and the matrix. Further attempts to analyse the materials using a DHB matrix were successful,

and the spectra displayed in figures 3.57-3.60 show [M+Na]’ ions for each species and also

show ions due to losses of 213 Da due to fragmentation at the amide group in the primary

amine containing end group,depicted in figure 3.56.

NH,

O =i

N

O |
NH,

Figure 3.56 — Fragment ofprimary amine containing dendrimerMw 213.

175



413.3

H09.3 aNA

_ [M+5H]>* .

  

  

-(213x6) ey
#85 -(213x5) ~  =(213x3)

1021.7 1447.9

1 
eet i119 ~(213x2)

J

4 6c 890.5 foa**
: } 1976.8 1430.9) 1661.0alleliL seeps ey eee ‘

' 739.2 1179.4 1619.6 2059.8 2
Mass (m/z)

 

Figure 3.57 —MALDI TOFmassspectrum ofsecond generation polyamide dendrimer G,T2
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3.5 Summary and conclusions.

The synthesis of polyamide dendrimers with mixtures of aliphatic and t-BOC protected

primary amine containing surface groups has been achieved, using the coupling reagent CDL

Three series of dendrimers; zero generation, first generation and second generation were

synthesised, with controlled numbers and placement of t-BOC protected and branched alkyl

peripheral groups. Twodifferent branched alkyl groups were used in the synthesis of the zero

and first generation dendrimers, to facilitate the synthesis of more controlled structures. The

TYPE 1 EHperipheral groups were found to exhibit unique behaviours that will discussed in

the following chapter. The deprotection of the primary amine peripheral groups using

trifluoroacetic acid to remove the t-BOC groups wasachieved to give amphiphilic dendrimers

of the first and second generation, with both hydrophobic branched alkyl and hydrophilic

primary amine peripheral groups, the solution properties of which are the focus of the next

chapter.
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4.0 Solution properties of dendritic systems.

4.1 Introduction.

The solubility of dendritic materials is primarily controlled by their peripheral groups, as

discussed in chapter 1.1.4.3. There are a number of examplesin the literature that discuss the

solubility characteristics of amphiphilic dendrimers, however the author has seen no examples

in the literature of a study of the solution properties of tailored dendrimers with systematic

alterations of the peripheral groups of dendrimers over several generations. In this chapter the

techniques employed to analyse the solution properties of materials (solubility testing and

surface tensiometry) are described. This is followed by experimental data obtained from the

solubility testing and surface tensiometry of the dendritic materials prepared in this study, the

syntheses of which have been described in Chapter3.

4.2 Background.

4.2.1 Solubility testing.

As earlier described in section 2.5, the solubility of a substance is an important factor thatis

essential in the process of new materials discovery. It is defined as; “The saturation mass

concentration of the substance in water at a given temperature,” and is measured in units of

mass per volume ofsolution, usually g/L.’ As described in chapter 2, solubility is typically

quantified by two methods, the shake-flask method and the column elution method, which

together cover the whole range ofsolubilities in water from 10° g/L to >1000g/L. As earlier

stated, the shake flask method covers the range of solubilities of interest in this study and is

briefly summarised below.
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4.2.1.1 Solubility testing: Shake-flask Method.

The shake-flask method is the standard method that is used for the range >107 g/L.27 A

preliminary test is carried out in order to determine the approximate amount of sample

required (table 4.1).

 

0.1g of test sample soluble in ‘x’ml of water

 

x=0.1 x=0.5 x=] x=2 x= 10 x = 100 x >100

 

         
Apparent >1000 1000- 200-100 100-50 50-10 10-1 <l
solubility 200

(g/L)
 

Table 4.1 - Guideline apparent solubilityfrom shakeflask method.

Three times the amountof material calculated from this table is weighed into a stoppered glass

vial with the chosen volumeof water, and agitated at a constant temperature (e.g. 30°C) above

that of the test temperature (e.g. 20°C). After 24 hours, the flask is equilibrated at the test

temperature and is only shaken occasionally. The solution is centrifuged and the amount of

material in the clear solution layer is calculated by taking three samples, weighing accurately

into three aluminium weighing boats, drying and weighing until constant mass. The mass of

solvent and solute can then be accurately measured and the concentration recorded as an

average of the three values. The percentage difference between the average and the higher or

lower value (whicheveris greatest) is also recorded.

4.2.2 Surface tensiometry measurements.

Cohesive forces between liquid molecules are responsible for the phenomenon known as

surface tension. The forces between molecules within the bulk liquid are shared betweenall

the neighbouring atoms. The molecules situated at the surface of a liquid however have fewer

neighbouring molecules than those in the bulk as the air/liquid interface represents the
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boundary of the liquid. Therefore they exhibit stronger attractive forces on their near

neighbours within the liquid surface than those within the bulk liquid. This creates a “surface

tension” andresults in differential degrees of freedom within the bulk andat the surface, 1.e.it

is more difficult to break the surface of a liquid than it is to move around within the bulk

liquid when completely submersed.

Surface tension is represented by the symbol y and is generally measured in dynes/cm or

mN/m. Thesurface tension of pure water is 72.8 dynes/cm at 25°C — therefore it would take a

force of 72 dynes to break the surface of a film of water lcm long. The surface tension of

water decreases with temperature,’ and can also be decreased bythe addition of surface active

materials — surfactants. Surfactants contain segregated hydrophilic and hydrophobic sections

and their lowest energy state is where the hydrophobicpart is positioned away from the water

— at the surface or interface between the water and the air. Their presence disrupts the

cohesive forces between water moleculesat the surface, therefore lowering the overall surface

tension. Materials can alter the surface tension of the water by different degrees depending

upontheir degree of amphiphilicity.*

4.2.2.1 Experimental methods for measuring surface tension.

Surface tension can be measured by a number of methods described below.

(i) The Wilhelmy plate method. This involves lowering thin plate to the surface ofa liquid

and measuring the downward force on the plate. Surface tension is the force divided by the

perimeter of the plate. The measurements achieved using this method must be corrected for

buoyancyandthe plate must be completely wetted before the measurementto ensure that the

contact angle betweenthe plate andtheliquid is zero.°
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(ii) The DuNouy ring method.’ This is similar to the Wilhelmy method described above,but

requires the use of correction factors to take into account the dimensionsof the ring as well as

buoyancy. One problem with this method is that the geometry of the ring must not be

distorted to ensure valid results are gained.

(iii) The Maximum pull on a rod method.’ A combination of the two methods above,this

involves immersing a rod in the sample and the maximum force as the rod is removed from

the liquid is measured. Padday et al® reported that the weight of the meniscus is only

dependant uponthe surface tension, the rod diameter and density ofthe liquid.

If measurements of the surface tension of water at varying concentrations of dissolved

material are recorded, a graph of concentration versus surface tension can be generated (figure
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Figure 4.1 — Schematic ofa typical surface tension versus concentration graph, showing
different aggregation states ofdissolved amphiphilic molecules.
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In area A the surfactant concentration is too low to have an effect on the surface tension of the

solution, and the surface tension ofthe solution is similar to that of pure water (72.8 dynes/cm

or mN/m). As the concentration of surfactant increases (area B), the surface tension of the

solution is decreased as surfactant molecules begin to align at the surface. At higher

concentrations (area C), the concentration of surfactant is sufficiently high that the surface is

saturated and any further molecules of surfactant that are added must aggregate in solution to

minimise their energy (area D).°

Surface tension measurements were obtained using a Kibron Delta-8 surface tensiometer,

which can run eight samples simultaneously using the “maximum pull on a rod” method

described above.

4.2.2.2 Determination of the Critical Aggregation Concentration.

At low concentrations of surfactant, or other dissolved amphiphilic material, the molecules

favourably position themselves at the surface. As the concentration increases, the surface

becomes more crowded and the molecules begin to aggregate into structures such as micelles,

within the bulk liquid. The concentration at which the surface becomes saturated, and

therefore any additional molecules must arrange themselves as aggregated particles, is known

as the “Critical Aggregation Concentration” (CAC) or “Critical Micelle Concentration”

(CMC). This value can be obtained from the plot of surface tension versus concentration, as

the intercept (C) between the line of best fit for the points where the surface tension is

dropping (B) and D;the line ofbest fit for the lower plateau area.
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4.2.2.3 Determination of yCACusing surface tensiometry.

The surface tension measured at and above the CAC (the average value of y in area D)is

recorded as the yCAC. Theerror for these values was calculated to be +/-5% on average over

several data sets, and was taken as the averageerrorfor all samples.

4.2.2.4 Determination of C29 using surface tensiometry.

The concentration at which the surface tension is lowered by 20 units (C20) can be calculated

by taking the equation ofthe line of best fit of the slope of B, and inputting the value of y =

52.8 mN/m. The value of x obtained from this is the concentration at which the surface

tension has been lowered from that of pure water by 20 mN/m. The Cx gives an indication of

how effective surfactants are, and can be used as a useful comparison even in the cases where

no lowerplateau region is reached.”

The choice offirst and last points of the line ofbestfit of region B are decided by eye and the

lines are plotted using Microsoft excel. Therefore, error may arise from the placementof this

line ofbest fit. The average percentage error wascalculated by plotting several different lines

of best fit for several sets of data, and calculating the CAC and Cz values for both. The

average percentage difference between the values calculated for CAC and Cy respectively

was taken to be the percentage error, which was calculated to be +/-10%. This was taken as

the averageerrorin all cases for the CAC and Cp.
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4.3 Solution properties of amphiphilic polyamide dendrimers in

water.

The water solubility of the three generations of polyamide dendrimers(zeroth, first and second

generation) wastested using the solubility testing methods in section 4.2.1 as guidelines and

the values are given in g/L. Wherethe solubility exceeds 50% w/w (over 1g of dendrimerper

lmL of water) the material is said to be “completely miscible at all concentrations”. Above

50% w/w the term “solubility” is no longer relevant as the dendrimeris no longer soluble in

the solvent (water) but the water may equally be considered to be soluble in the dendrimer.

When the error between comparable measurements is greater than the value obtained for the

solubility, the solubility is recorded as “not measurable” by the shake-flask method and can be

presumed to be equal to, or very close to zero. Visual observations of the opacity of the

solutions have also been recorded.

4.3.1 Solution properties of zero generation modified TAEA polyamide

dendrimers.

The modified TAEA materials, or zero generation dendrimers, were named as described in

section 3.3.1 and can also be labelled with the percentage of peripheral groups that are

hydrophilic. For example, the TAEA TYPE 1 EH;hasthree peripheral groups in total, two

of which are hydrophilic (NH2) and one hydrophobic (TYPE 1 EH). 66% of the peripheral

groups are hydrophilic, so TAEA TYPE 1 EH, can therefore also be referred to as the Go

66% material. This nomenclature facilitates comparisons between different generations with

different structures but the same percentage of peripheral that are hydrophilic. All zero

generation materials synthesised and studied are depicted in figure 4.2, with both
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nomenclature systems for comparison. The molecular models of the dendrimers are shown in

figure 4.3. These are drawn using a program called Molinspiration'’ which calculates the

properties of materials according to their structure. It calculates the hydrophilicity of different

functional groups within materials, and depicts the structures with red areas for hydrophilic

groups and purple for hydrophobic groups. Theillustrations are useful tools that can be used

to help to explain the properties ofthe dendrimers in solution.
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Figure 4.2 - Zero generation modified TAEA dendritic polyamides.
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Figure 4.3 - Molinspiration molecular models ofzero generation dendrimers. From Red
(Hydrophilic), Orange, Yellow, Green, Blue, Purple (Hydrophobic).
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4.3.1.1 Solubility of zero generation polyamide dendrimers.

The preliminary solubility of each of the zero generation dendrimers was measured using the

method described in section 4.2.1.1.

material and the results are given in table 4.2 below.

Accurate solubility data was then obtained for each

 

 

 

 

 

 

 

 

  

Dendrimer % hydrophilic Solubility in water Observations

peripheral Preliminary Accurate

groups

TAEA 100% > 1000g/L Miscible Clear solution

TAEA TYPE1 EH; 66% > 1000g/L Miscible Clear solution

TAEA TYPE2 EH, 50% > 1000g/L Miscible Cloudy solution

TAEA TYPE 1 EH; 33% <lg/L 3.7g/L (+/- Clear solution

5%)

TAEA TYPE2 EH, 20% 50-100g/L 79.3g/L (+/- Extremely cloudy

6%) solution

TAEA TYPE1 EH; 0% <1 g/L Not -

measurable

TAEA 1t-BOC; 0% <lg/L Not -

measurable      
Table 4.2 — Preliminary and accurate solubility resultsfor zero generation polyamide

dendrimers.

The material with 100% hydrophilic peripheral groups Gp 100% (TAEA) is completely

miscible with water. Zero generation polyamide dendrimers with 66% and 50% hydrophilic

The solubility decreases sharply toperipheral groups are both also miscible with water.

3.7g/L whenthe percentage of hydrophilic peripheral groups drops to 33%, and only increases
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slightly for the Go 20% dendrimer TAEA TYPE 2 EHy. The solution of this material was

extremely cloudy indicating that very large aggregated structures are present in solution, and

the increased solubility compared to the 33% material could be explained by the ability of the

20% material to assemble into micellar structures in solution. Both Go 0% materials were

insoluble in water as would be expected.

4.3.1.2 Critical aggregation concentration, C2» and yCAC measurements of zero

generation polyamide dendrimers.

Surface tension measurements were conducted using TAEA, TAEA TYPE 1 EH; and TAEA

TYPE 2 EH;at concentrations from 0.05 M to 1.2x10° M,diluting by a factor of two

between each measurement. Surface tension measurements for TAEA TYPE 2 EH, were

obtained at concentrations from 0.1 M to 2.4x10° M,diluting by a factor of two between each

measurement. Theresults obtained are shown in figures 4.4-4.7.
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The plots above illustrate how the surface tensions of the solutions of zero generation

dendrimers in water change with concentration. Figure 4.4 indicates that there is no change in

the surface tension of a solution of TAEA (Gp 100%) with increasing concentration. TAEA

is a small completely hydrophilic molecule and can be molecularly dissolved in the water.

The surface tension of the solution of TAEA TYPE 1 EH; (Go 66%) decreases slowly with

increasing concentration, but even at the highest concentration used does not reach a plateau

region (figure 4.5). The surface tension of a the solution of TAEA TYPE 2 EH) (Go 50%,

figure 4.6) decreases with increasing concentration and exhibits two plateau regions indicating

that there may be two different aggregate structures forming in solution, depending upon

concentration. The surface tension of TAEA TYPE 2 EH, (Gp 20%, figure 4.7) also

decreases with concentration and there is a plateau region, indicating that aggregates are

formedat high concentration.
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(i) Calculation of Cy) and CACfor zero generation dendrimers.

Values of Cro for Go 66% (TAEA TYPE 1 EH;), Go 50% (TAEA TYPE 2 EH) and Go

20% (TAEA TYPE 2 EH) were calculated from the graphs in figure 4.5, 4.6 and 4.7

respectively. A logarithmicline of best fit was plotted to the sloping section of each graph and

by rearranging the equation ofthe line a value of x when y=52.8 wasobtained. As there was

no decrease in the surface tension of the solution of Gp 100% (TAEA) at any concentration

measured there was no value for C2 recorded for this material. Values of CAC for Go 50%

(TAEA TYPE 2 EH) and Go 20% (TAEA TYPE 2 EHs) were calculated from figure 4.6

and 4.7 respectively. The equation of the logarithmic line of best fit of the sloping section of

the graph was rearranged to give a value of x when y=minimum measured surface tension

(from the lower plateau region).

 

 

 

 

        

Dendrimer % CAC CAC C29 Cr yCAC
hydrophilic (Mol/L) (g/L) (Mol/L) (g/L) (mN/
peripheral +/-10% +/-10% m)
groups +/-5%

TAFA 100% 5 - . : .

TAEA TYPE1 EH, 66% in “ 3.2x10° 8.7x10" -

TAEATYPE2 EH, 50% 1.0x10~ 4.7x107 3.4x10> 1.6x10” 29.5

TAEATYPE2 EH, 20% 3.5x107 2.8x107 2.0x10> 1.6x10~ 31.6
 

Table 4.3 - Values ofCAC and C9for zero generation polyamide dendrimers.
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The CAC of the Gp 50% material is 1x10“ M, or 100uM and of the Gp 20% material is

3.5x10“, or 350uM. Compared with the CAC ofthe widely used surfactant Sodium Dodecyl

Sulphate (SDS) which is 8.2mM", these values are almost two orders of magnitude lower.

Similarly, the C2 value calculated for Gp 50% is 34uM and for Gp 20% is 20uM,both of

which are two orders of magnitude lower than the C20 of SDS which is 3.1mM. The surface

tension measured at the concentration of the CMC (yCMC)is 29.5mN/m for Go 50% and

31.6mN/m for Go 20%, both of which are slightly lower than the yCMC of SDS which is

32.5mN/m*,

The performance of a surfactant may also be considered from a massefficiency perspective.

In principle, a low value of CAC measured in moles/L (M) maynotgive a true reflection of

the actual mass of material required to achieve the CAC. The values quoted for both CAC and

Cx) of each material were recalculated from the M values by multiplying by the molecular

weight of the dendrimer, giving a value in g/L. This allows us to assess the values from a

“mass of material required” perspective. The values can be compared again to the common

surfactant SDS, which has a molecular weight of 288 and therefore a C20 of 0.89g/L and a

CAC of 2.3g9/L.* At 0.87g/L the Cy value for Go 66% (TAEA TYPE 1 EH))is very similar

to that of SDS (0.89g/L), whereas the C2 values for both Gp 50% and Go 20% are both

calculated to be 50 times lower.
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The lowest value of CAC ofthe zero generation dendrimersis that of Go 50% (TAEA TYPE

2 EH:2) which is 47mg/L, andit can be seen thatthis is one order of magnitude lower than that

of Gp 20% (TAEA TYPE 2 EHsy) at 280mg/L. Compared to the CAC of SDSat 2.3g/L,it ts

noted that the CAC of Gp 50% is one order of magnitude lower, and that of Go 20% isfifty

times lower than that of SDS. These materials are therefore more efficient than SDS, both

from a “moles required” and “mass required” perspective.

4.3.2 Solution properties of first generation polyamide dendrimers.

As for the modified TAEA materials, or zero generation dendrimers, the first generation

dendrimers can be named according to the percentage of peripheral groups that are

hydrophilic. The dendrimers are depicted in figure 4.8 below, with both the nomenclature

system described in chapter 3.3 and the percentage of peripheral groups that are hydrophilic.

For example, CORE 1 TYPE 1 EH; PAs hassix peripheral groupsin total, four of which are

hydrophilic (NH2) and two hydrophobic (TYPE 1 EH). 66% of the peripheral groups are

hydrophilic, so CORE 1 TYPE 1 EH) PA, cantherefore also bereferred to as the G; TYPE 1

66% material.
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4.3.2.1 Solubility of first generation polyamide dendrimers.

The preliminary solubility of each of the first generation dendrimers was measured using the

method described in section 4.2.1.

material and the results are given in table 4.4 below.

Accurate solubility data was then obtained for each

 

 

 

 

 

 

 

 

 

 

    

Dendrimer % hydrophilic Solubility in water Observations

peripheral Preliminary Accurate
groups

CORE 1 PA; 100% > 1000g/L Miscible Clear solution. No

foaming occurred.

CORE 1 TYPE 1 66% > 1000g/L Miscible Clearinitially, cloudy

EH) PA, overtime. Foaming
occurred whenagitated.

CORE 1 TYPE 2 66% > 1000¢/L Miscible Clear solution. Foaming
EH, PAg occurred whenagitated.

CORE 1 TYPE 1 50% > 1000¢/L Miscible Clear solution. No
EH; PA; foaming occurred.

CORE 1 TYPE 1 33% > 1000¢/L Miscible Clearinitially, cloudy
EH, PA, over time. Foaming

occurred whenagitated.

CORE 1 TYPE 2 33% > 1000g/L Miscible Cloudy solution.

EH, PA, Foaming occurred when
agitated.

CORE1 t-BOC; 0% <lg/L 1.93g/L (4/- Clear solution
10%)

CORE 1 TYPE 1 0% <lg/L 0.94g/L (+/- Clear solution

EH, 10%)
CORE 1 TYPE 2 0% <lg/L Not -

EH, measurable   
Table 4.4 - Preliminary and accurate solubility resultsforfirst generation tailoredpolyamide

dendrimers.

G,; TYPE 2 0% (figure 4.10(g)) has no measurable solubility in water, and both G; TYPE 1

0% and G; 0% have extremely low solubilities in water (0.94g/L and 1.93g/L respectively).

Each of the other first generation materials from 33%-100% were completely miscible with

water at all concentrations. The solution of Gy TYPE 2 66% was clear, whereas G; TYPE 2
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33% was very cloudy indicating that large aggregates are formed in solution. The solution of

G, TYPE 1 50% wasclear (figure 4.10(d)), and both G; TYPE 1 33% (figure 4.10(b)) and

G, TYPE 1 66% (figure 4.10(e)) were initially clear and became cloudy over time. This

indicates the slow formation of large aggregates, which can be explained by the hydrogen

bonding ability of the TYPE 1 EH groups, a phenomenonthat is observed repeatedly in this

study. The surfactant properties of the 33% and 66% dendrimers is clearly illustrated by the

foam abovethe solutionsin figure 4.10 (b,c,e andf).

 

(a) (b) (Cc) (d) (e) (f) (9)

Figure 4.10 — Photograph depicting solutions offirst generation polyamide tailored
dendrimers in water. (a) G, 100% (b) Gi TYPE 1 66% (c) G; TYPE 2 66% (d) G; TYPE 1

50% (ce) Gi TYPE 1 33% (f) Gi TYPE 2 33% (g) Gi 0%.

4.3.2.2 Critical aggregation concentration, Cy) and yCAC measurements of first

generation polyamide dendrimers.

Surface tension measurements were obtained for the six water miscible materials at

concentrations from 0.05 M to 1.2x10° M, diluting by a factor of two between each

measurement. Theresults obtained are shown in figures 4.11-4.16.
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The plots above illustrate how the surface tension of the solutions of first generation

dendrimers in water changes with concentration. G,; 100% and G; 50% (figures 4.11 and

4.14) both decrease the surface tension of the solution at high concentrations, but neither plot

exhibits a lower plateau region within the concentration range studied. Each of the 33% and

66% amphiphilic first generation dendrimers which are asymmetrically distributed exhibit

lower plateau regions (i.e. region D, figure 4.1) indicating that aggregation occurs at high

concentration. Both TYPE 2 materials (figure 4.13 and 4.16) decrease more sharply(i.e. the

gradientofthe slope is greater) than the TYPE 1 materials (figure 4.12 and 4.15) showing that

the TYPE 2 dendrimersalign at the surface very readily.

(i) Calculation of Cy) and CACforfirst generation dendrimers.

Values of C2 were calculated for each ofthefirst generation materials from figures 4.11-4.16.

A logarithmic line of best fit was plotted to the sloping section of each graph and by

rearranging the equation of the line a value of x when y=52.8 was obtained. Values of CAC

were calculated for the asymmetrically substituted 33% and 66% dendrimers from figures

4.12, 4.13, 4.15 and 4.16. The equation of the logarithmic line of best fit of the sloping

section of the graph was rearranged to give a value of x when y=minimum measured surface

tension (from the lower plateau region).
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Material % CAC CAC C29 C29 yCAC
hydrophilic (Moles/L) (g/L) (Moles/L) (g/L) (mN/m)

peripheral +/-10% +/-10% +/-10% +/-10% +/-5%
groups

CORE 1 PA; 100% ws . 1.0x107 79 "

CORE 1 TYPE 1 66% 1.0x10° 1.0 1.0x10~ 1.0x10° 31.8

EH,PA,

CORE 1 TYPE 2 66% 2.8x10* [2.5x107 6.4x10° 5.7x10° 28.6

EH,PA,

CORE 1 TYPE2 50% : si 6.9x10~ 8.0x10" -

EH;PA;

CORE 1 TYPE 1 33% 1.2x10° 2 4.5x10> 5.8x10° 302

EH,PA;

CORE 1 TYPE 2 33% 2.0x10° 2.0x107 6.7x10° 6.7x10° 28.8

EH,PA,         
Table 4.5 - Values ofCAC and C9forfirst generation polyamide dendrimers and SDS.

Values of Cx were obtained for all soluble first generation materials, as in all cases the

presence of the dendrimerin solution lowered the surface tension byat least 20 units. The C2

of CORE 1 PAg (G; 100%) is the highest value at 10mM,indicating that this is the least

surface active material of the series. The next highest value of C2is that of the symmetrically

substituted CORE 1 TYPE 2 EH3PA;3 (Gi TYPE 1 50%) at 690M. Neither of these

materials exhibits a lower plateau region therefore the CAC lies outside of the range of

concentrations studies. Observation of the molecular models of these symmetrically

substituted dendrimers (figure 4.9) reveals the even distribution of hydrophilic peripheral

groups which could assist the molecular dissolution of the dendrimers in water and does not

drive alignment at the air water interface (i.e. no energy reduction is to be gained by
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aggregation), whereas the uneven distribution of hydrophilic groups on the 33% and 66%

dendrimers could force the materials to assemble at the interface and therefore lower the

surface tension more dramatically. The C2 values for G; TYPE 1 66% and G; TYPE 1 33%

are 100uUM and 45uM respectively, and the C2) values for G; TYPE 2 66% and G; TYPE 2

33% are 64uM and 6.7uM respectively. C2 values are lower for the 33% dendrimers in both

the TYPE 1 and TYPE 2 materials, and are lower for the TYPE 2 materials in both the 66%

and 33% cases. Observation of the molinspiration molecular models of the materials reveals

that the TYPE 2 materials appear to have a higher hydrophobicity (figure 4.9) and the

dendrimers with a higher percentage of hydrophobic groups tend to have lower C20 values,

indicating that they are more surface active. In all the cases of 33% and 66% with both TYPE

1 and TYPE 2 peripheral groups, the C2) values are much lower than that of the common

surfactant SDS. The lowest C2 value (for Gy TYPE 2 33%) is 6.7uM,which is four orders

of magnitude lowerthan that of SDS (3.1mM).

CACvalues for the asymmetrically substituted dendrimers are again much lowerthan that of

SDS. In the case of G; TYPE 2 33%, the CAC is 20uM, whichis three orders of magnitude

lower than that of SDS (8.2mM). Both TYPE1 values are very similar (1mM and 1.2mM),

whereas the CAC of Gi TYPE 2 66% is ten times higher than that of G: TYPE 2 33%. The

values for the TYPE 2 dendrimers are much lower than those of the TYPE 1 dendrimers,

again indicating that the more hydrophobic dendrimers tend to have a higher surface activity.

For the 66% and 33% dendrimers, the CAC is lower for the TYPE 2 than the TYPE 1

materials in both cases and the molinspiration diagrams (figure 4.9) indicate that the TYPE 2

materials are more hydrophobic. In both TYPE 1 and TYPE cases, the CAC is lower for
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the 33% dendrimer, indicating that the materials with a higher percentage of hydrophobic

groups are more surfaceactive.

In terms of massefficiency, compared to SDS which has a CAC of 2.3g/L, both TYPE 1

dendrimers have a CACthatis of the same order of magnitude (1g/L and 1.5g/L for 66% and

33% respectively). G; TYPE 2 66% has a CACof0.25g/L and the CAC of G; TYPE 2 33%

is 20mg/L, one and two orders of magnitude lower than SDS. The C29 values of all four

asymmetric dendrimers are lower than SDS from a massefficiency perspective. G; TYPE 1

33% has a C2 of 0.1g/L which is nine times less than SDS (0.89g/L), Gi TYPE 1 66% and

G,; TYPE 2 33% both are approximately fifteen times lower than SDS. G; TYPE 2 33% is

the most massefficient material of the first generation dendrimers, with a Cz of 6.7mg/L, two

orders of magnitude lower than SDS.

4.3.3 Solution properties of second generation polyamide dendrimers.

As in the case of the zero and first generation dendrimers above, the second generation

dendrimers can be described using the naming system described in chapter 3.3, and can also

be described by the percentage of hydrophilic groups that are hydrophilic. The second

generation materials studied in this section are shown below, using both nomenclature systems

(figure 4.17).
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4.3.3.1 Solubility of second generation polyamide dendrimers.

Only accurate water solubility data was obtained for the series of second generation

dendrimers, as only small quantities of material were obtained and the precipitation of the

dendrimers from the aqueous solution after ion exchange was noted. The values were

measured using the method describedin section 4.2.1.

 

 

 

 

 

 

Dendrimer % hydrophilic Accurate solubility Observations
peripheral in water

groups

CORE 2 TYPE 2 0% Not measurable -

EHy

CORE 2 TYPE 2 33% 20.8g/L (+/- 10%) Clear solution

EHs PAy

CORE 2 TYPE 2 50% 8.99/L (+/- 7%) Clear solution

EH PAs

CORE 2 TYPE 2 66% 13.9g/L (+/- 10%) Clear solution

EH, PAs

CORE 2 PA, 100% Miscible Clear solution      
Table 4.6 — Accurate water solubility resultsfor second generation tailoredpolyamide

dendrimers.

G, 100% is completely miscible with water, as is expected from the first generation materials

(table 4.6) and observation of the molecular model (figure 4.18). The structure of the

dendrimeris similar to that of a PAMAM dendrimer whichare also reported to be soluble in

"' The solubility of the three asymmetrically substituted materials vary between 8.99/Lwater.

and 20.8g/L which are relatively low values compared with the first generation materials.

Interestingly, the G2 50% material displays a minimum in the solubility values indicating that
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the symmetric arrangementof surface groups does not necessarily impart high solubility. This

was not noted at the first generation and potentially imparts some generation specific

behaviour. However, even at these concentrations the dendrimers were found to be very

surface active and the surface tension as a function of concentration was plotted for each

material (figure 4.19-4.22).

4.3.3.2 Critical aggregation concentration, Cx.) and yCAC measurements of second

generation polyamide dendrimers.

The maximum concentration for each was equal to its water solubility in table 4.6, and the

solutions werediluted by a factor oftwo between each measurement.
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Figure 4.21 Surface tension as afunction ofconcentrationfor CORE 2 TYPE 2 EHg PAg
(G2 50%).
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Figure 4.22 - Surface tension as afunction ofconcentrationfor CORE 2 TYPE 2 EHs PAy
(Gz 33%).

The plots above illustrate how the surface tension of the solutions of second generation

dendrimers in water changes with concentration. Each dendrimer decreases the surface

tension ofthe solution at high concentrations, but there is no lower plateau region observed for

G, 100%, indicating that this material does not exhibit surfactant properties. This is expected

as it has no hydrophobic peripheral groups so is completely hydrophilic rather than

amphiphilic. Each of the other second generation dendrimers exhibit lower plateau regions,

indicating that there is some aggregate formation at high concentrations. Each showsa sharp

initial drop, with G, 33% leveling off more gradually than the other two dendrimers(figure

4.22).
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(i) Calculation of Cy> and CAC for second generation dendrimers.

Values of C29 for each of the second generation materials were calculated from figures 4.19-

4.22. A logarithmic line of best fit was plotted to the sloping section of each graph and by

rearranging the equation ofthe line a value of x when y=52.8 was obtained. Values of CAC

were calculated for the G,; 66%, G, 50% and G, 33% from figures 4.20 and 4.22. The

equation ofthe logarithmic line of best fit of the sloping section of the graph was rearranged to

give a value ofx when y=minimum measuredsurface tension (from the lower plateau region).

 

 

 

 

  

Dendrimer % CAC CAC C2 Cr yCAC

hydrophilic (Moles/L) (g/L) (Moles/L) (g/L) (mN/m)

peripheral +/-10% +/-10% +/-10% +/-10% +/-5%

groups

CORE 2 PAn 100% s s 4.8x107 99.0 :

CORE 2 TYPE 66% 1.7x107 3.9x107 5.0x10° 1.1x10" 36.4

2 EH,PAs

CORE 2 TYPE 50% 1.7x107% 41x10? 2.1x10° 5.0x10° 30.1

2 EH.PAc

CORE 2 TYPE 33% 1.1x107% 2.8x107 2.7x10° 6.8x10° 32.4

2 EHsPA,4        
 

Table 4.7 - Values ofCAC, Cy and yCACfor second generation polyamide dendrimers and

SDS.
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Values of C29 were obtained for each of the second generation materials, as again in each case

the presence of the dendrimerin solution lowered the surface tension by at least 20 units. The

highest C9 values is of G; 100%, which at 48mmolis five times higher than that of SDS. G,

66% has a C29 150 times lower than that of than SDS at 5OuM, whilst both G, 50% and G;

33% have C2 values that are around 300 times lower than SDS at 21uM and 27uM

respectively.

CACvalues for the second generation dendrimers G2 66%, G2 50% and G, 33% are again

much lower than that of SDS, fifty times lower in the case of G, 66% and G, 50%, and

seventy five times lower for G2 33%. It is clear from the molecular models (figure 4.18) that

the second generation material G, 50% can flex to separate its hydrophilic and hydrophobic

regions more easily than the first generation materials (figure 4.9), despite the symmetrical

positioning of the hydrophilic and hydrophobic regions around the core. This can allow G;

50% to align at the surface more readily than G; 50%,resulting in the increased surfactant-

like properties.

By comparing the values in g/L, it is clear that the highest C2) was for G, 100% which at

99g/L is two orders of magnitude higher than that of SDS. The Cz values for each G66%,

G, 50% and G; 33% are one order of magnitude lower than that of SDS. Similarly, the CAC

values for G; 66%, G, 50% and G, 33% areall similar (0.39g/L, 0.41 g/L and 0.28g/L) and

are one order of magnitude lowerthan that of SDS (2.3g/L).
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4.4 Comparisons between solubility, C2. and CAC of zero, first and

second generation tailored polyamide dendrimers in water.

The water solubility, C2» and CMC were compared across the series of dendrimers, from zero

generation modified TAEA to second generation, to elucidate any trends that occur.

4.4.1 Water solubility: Comparisons between zero, first and second

generations.

The water solubility of each series of materials: Zero generation modified TAKA,first

generation TYPE1, first generation TYPE 2 and second generation were plotted versus the

hydrophilic groups as a percentage of peripheral groups (figure 4.23).
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Figure 4.23 - Plots ofsolubility versus hydrophilic groups as a percentage ofperipheral

groupsfor zero generation modified TAEA materials, first generation TYPE 1 and TYPE 2

and second generation materials.
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It can be seen from figure 4.23, that all zero generation dendrimers with 50% or greater

hydrophilic peripheral groups have solubilities of over 1000g/L and therefore are completely

miscible at all concentrations. The solubility of the zero generation materials drops rapidly for

dendrimers with less than 50% hydrophilic groups.

Thefirst generation dendrimers (both TYPE 1 and TYPE first generation materials) with

33% or higher hydrophilic peripheral groups are completely miscible at all concentrations.

Only first generation dendrimers with 0% hydrophilic peripheral groupsare insoluble (or have

extremely low solubilities). In each case (zero, first and second generation), materials with

100% hydrophilic peripheral groups are completely miscible with water, and materials with

0% hydrophilic peripheral groups are not miscible at all. The solubilities of materials with

between 20% and 66% hydrophilic peripheral groups do not follow the same trends for the

zero, first and second generation materials. This is likely to be due to the complexity of the

structures requiring each generation of dendrimers to be considered as different materials to

the one before. Onetrend that can be distinguished in this case is that materials with 100%

hydrophilic peripheral groups are completely miscible in all cases, and materials with 0%

hydrophilic peripheral groups are not miscible in all cases. Also, the solubility of the zero

generation dendrimers rises between 33% and 50%,the first generation between 0% and 33%

and the second generation rises at between 66% and 100%, but in each case the solubilities

rise sharply, and there is no gradual change.
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4.4.2 C2: Comparisons betweenzero,first and second generations.

The C2 of each series of materials: Zero generation modified TAEA, first generation TYPE 1,

first generation TYPE 2 and second generation were plotted (in Moles/L) versus the

hydrophilic groups as a percentage of peripheral groups (figure 4.24) and tabulated in both

Moles/L and g/L (table 4.8).
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Figure 4.24 — Plots ofC29 versus hydrophilic groups as a percentage ofperipheral groupsfor

zero generation modified TAEA materials, first generation TYPE 1 and TYPE 2 and second
generation materials.
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Material C2 (Mol/L) C29 (g/L)

+/-10% +/-10%

SDS 3.1x10” 8.9x10"

Gy 100% : “

Gy 66% 3.2x10” 8.7x10"

Go 50% 3.4x10° 1.6x107

Go 20% 2.0x10” 1.6x107

G; 100% 1.0x107 7.9

Gi TYPE 1 66% 1.0x10™ 1.0x10"

Gi TYPE 2 66% 6.4x10” 5.7x10™

G, TYPE 1 50% 6.9x10™ 8.0x10”

Gi TYPE 133% 45x10” 5.8x10~

Gi TYPE 2 33% 6.7x10° 6.7x10”

G2 100% 4.8x107 99.0

G2 66% 5.0x10” 1.1x10"

G2 50% 2.1x10” 5.0x107

G2 33% 2.7x10” 6.8x10™     
Table 4.8 - Values ofC29for zero, first and second generation polyamide dendrimers

compared to SDS.

Figure 4.24 aboveillustrates how the C2 value for the dendrimers in each generation differ

with differing percentages of hydrophilic peripheral groups and a trend emerges in each case.

The C29 decreases sharply from 100% to 66% for both first and second generation materials,

and decreases gradually from 66% to 33%. G; TYPE 1 50% showsa slight increase, but in

general the C2 ofthe dendrimers decreases as the percentage of hydrophilic groups decreases.

218



There is no significant difference between the Cy values of the G; 66% and G, 66%

dendrimers, whereas the highest value of the 33% materials is G; TYPE 1, G; is slightly

lower and the lowest value ofthe three materials is the G; TYPE 2. It can be concluded that

the G; TYPE 2 33% dendrimeris the most efficient of the materials studied at reducing the

surface tension of the solution by 20 units (i.e. it can reduce the surface tension at the lowest

concentration), having a C29 of 6.7uM. Thisis three orders of magnitude lower than the C29 of

the commonsurfactant SDS, which has a C2 of 3.1mM.

From a massefficiency perspective, Gi TYPE 2 33% is still the most efficient material

requiring the addition of only 6.7mg of dendrimer per Litre of solution to lower the surface

tension by 20 units, compared to SDS which requires 890mg.

4.4.3 CAC: Comparisons betweenzero,first and second generations.

The CACofeach series of materials: Zero generation modified TAEA, first generation TYPE

1, first generation TYPE 2 and second generation were plotted (in Moles/L) versus the

hydrophilic groups as a percentage of peripheral groups (figure 4.25) and tabulated in both

Moles/L and g/L (table 4.9).
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Figure 4.25 - Plots ofCAC versus hydrophilic groups as a percentage ofperipheral groups
for zero generation modified TAEA materials, first generation TYPE 1 and TYPE 2 and

second generation materials.

Dendrimers of each generation (zero, first and second) with 100% hydrophilic peripheral

groups exhibit no CACat the concentrations used. It can be seen from figure 4.25 above,that

there is no significant difference between the CAC values of the G; TYPE 1 33% and G;

TYPE 1 66% materials, or between G2 33%, G, 50% and G; 66%. This may be explained

by the flexibility of the G1 TYPE 1 and the G» materials, meaning that their tendencyto align

at the surface or in solution is not simply governed bythe position of the peripheral groups on

the surface, as these can moveandflex in order to minimize the energy for each material. G;

TYPE 2 materials are less flexible and must aggregate together in order for the hydrophobic

TYPE 2 EH groupsto be positioned away from the water, causing the CAC to be much

lower. Observation of the molecular models of the dendrimers reveals that the G; TYPE 2

appear to be less hydrophilic than both the Gi: TYPE 1 and G, materials, leading to the

conclusion that more hydrophobic materials are more surface active.
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Material CAC (Mol/L) CAC (g/L)

+/-10% +/-10%

SDS 8.2x10” 23

Go 100% :

Gy 66% - -

Go 50% 1.0x10" 4.7x107

Go 20% 3.5x10~ 2.8x10"

G; 100% : =

Gi TYPE 1 66% 1.0x10” 1.0

Gi TYPE 2 66% 2.8x10™ 2.5x10"

Gi TYPE 1 50% ° =

Gi TYPE 1 33% 1.2x10” 1.5

Gi TYPE 2 33% 2.0x10” 2.0x107

G2 100% : Z

G2 66% 1.7x10™ 3.9x10"

G2 50% 1.7x10™ 41x10"

G2 33% 1.1x10™ 2.8x10"  
Table 4.9 - Values ofCACfor zero, first and second generation polyamide dendrimers

compared to SDS.

The lowest CAC of the materials studied is again that of G1 TYPE 2 33%, and at 20uM is

four hundred times lower than that of SDS (8.2mM). G; TYPE 2 33% is also the most

efficient material from a massefficiency perspective, requiring only 20mg of dendrimerin one

Litre of solution to reach the CAC, compared to SDS which requires 2.3g of material in one

Litre to reach its CAC. In comparison, Gp 50% requires only 47mgofmaterial in one Litre of
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solution to reach its CAC. The complexity of the synthesis ofthe zero generation is muchless

than that of the first generation, therefore in terms of product formulation, where the cost and

time required for synthesisis taken into account, Gp 50% maybethe best material.

4.5 Preliminary studies of solution properties of polyamide
dendrimers in methanol.

The solubility testing of the branched materials in methanol followed the same guidelines as

those used to determine the solubility in water. Figure 4.26 depicts the first generation

dendrimer G; TYPE 1 33%, added in 0.1g increments to methanol (0.5mL). The material

dissolved after each addition to form a homogeneoussolution, even above 50 wt %. When

this occurred, the material wassaid to be “totally miscible at all concentrations’.

   
\ >50 wt%

Figure 4.26- Illustration ofthe solubility testing offirst generation dendrimers in methanol.
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4.5.1 Solution properties of zero generation polyamide dendrimersin

methanol.

The solubility of the zero generation dendrimers was measured following the preliminary

solubility test method described in section 4.2.1 and the results are shown below 1n table 4.10.

 

 

 

 

 

 

 

 

  

Dendrimer Solubility in methanol Observations

Preliminary Accurate

TAEA (Gp 100%) > 1000g/L Miscible Clear solution

TAEA TYPE 1 > 1000g/L Miscible Clear solution

EH,(Gp 66%)

TAEA TYPE 2 > 1000¢/L Miscible Clear solution

EH): (Gp 50%)

TAEA TYPE 1 > 1000g/L Miscible Clear solution

EH,(Gp 33%)

TAEA TYPE2 > 1000g/L Miscible Clear solution

EH, (Go 20%)

TAEA TYPE 1 <lg/L Miscible under some conditions Clear solution ®

EH(Gp 0%) Absorbs solventto form paste ” White paste ©)

TAEAt-BOC;(Gp > 1000g/L Miscible Clear solution

0%)     
Table 4.10 Solubility ofzero generation tailoredpolyamide dendrimers in

methanol.Miscible with MeOHforNMR studies, when small amounts ofsolid are added

quickly to the solvent °’ When MeOHis addedslowly to the solid material, at high

concentrationsitforms a paste.

All zero generation materials (with the exception of TAEA TYPE 1 EH) were found to be

completely miscible with methanol at all concentrations. TAEA TYPE 1 EH; exhibited
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unique behaviour in a number of solvents including methanol. When a large excess of

methanol is added quickly to the dendrimer, it is solubilised and forms a clear solution.

However, when small aliquots of methanol are added slowly to the dendrimer, the rubbery

material swells and when a sufficient quantity of methanol is added, a white paste is formed.

This behaviour can be explained by the strong hydrogen bonding ability of the TYPE 1 EH

groups, 'H NMR evidence of which has been discussed in chapter 3. Similar behaviour is

noted for this material in DCM,as well asin the first generation dendrimer with TYPE 1 EH

peripheral groups.

4.5.2 Solution properties of first generation polyamide dendrimersin

methanol.

The preliminary solubility of the first generation materials was tested using the method

described in section 4.2.1, and the results are given in table 4.11 overleaf. Each first

generation dendrimer (with the exception of CORE 1 TYPE 1 EHg) was completely miscible

with methanol at all concentrations. However, in some cases there was evidence oflarge

aggregates forming in solution over time. CORE 1 TYPE 1 EH,formed a gel in methanol

when the solvent was added slowly to the solid dendrimer, however methanol was

successfully used as a solvent for 'H NMR spectroscopy. The material appeared to swell

when small amounts of methanol were addedto the solid material, forming clear lumps in the

solution. When small amounts of solid are added quickly to the solvent, the material appears

soluble. These types of solubility characteristics are common for materials that gel organic

solvents, as the structures formed are based on hydrogen bonding rather than covalent

interactions.’” It can bedifficult to disrupt the bondingthat is presentin the solid form, which

can result in the swelling behaviour ofthe material in solvent.
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Dendrimer Solubility in methanol Observations

Preliminary Accurate

CORE 1 PAs > 1000g/L Miscible Clear solution

(G; 100%)

CORE 1 TYPE 1 EH) PA, > 1000g/L Miscible Clear solution

(G1 TYPE 1 66%)

CORE 1 TYPE 2 EH; PA, > 1000g/L Miscible Clear solution

(G; TYPE 2 66%) Platelets/fibres form

over time

CORE 1 TYPE 1 EH; PA; > 1000g/L Miscible Clear solution

(G; TYPE 1 50%) Fibres form over time

CORE1 TYPE 1 EH, PA; > 1000g/L Miscible Clear initially, cloudy

(G; TYPE 1 33%) over time

CORE 1 TYPE 2 EH, PA, > 1000g/L Miscible Cloudy solution

(G; TYPE 2 33%) Platelets/fibres form

over time

CORE 1 t-BOC; > 1000g/L Miscible Clear solution

(G; 0%)

CORE 1 TYPE 1 EH, >1000g/L Miscible under some Clear solution

(G; TYPE 1 0%) conditions ® Formsclear gel

Swells in solvent © “lumps” ©

CORE1 TYPE 2 EH¢ > 1000g/L Miscible Clear solution

(G: TYPE 2 0%)      
 

Table 4.11 - Solubility offirst generation polyamide dendrimers in methanol.“Miscible when

crude material was dissolved in DCMand washedwith water — however, separates into layers

overtime. °’ When MeOHwas added slowly to the solid material, it absorbs MeOHtoform a

gel.
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4.6 Preliminary studies of solution properties of polyamide
dendrimers in dichloromethane.

Dichloromethane was chosen as a contrasting solvent to water, in which to study the

dendrimers solubility properties. Similar methods to those described in section 4.2.1 above

were employed to determine the solubility of the materials, during which tests unique

behaviours were noted.

4.6.1 Solution properties of zero generation polyamide dendrimersin

dichloromethane.

The solubility of the zero generation dendrimers in dichloromethane was measured following

the solubility test method described in section 4.2.1 and the results are shown overleafin table

4.12.

TAEA(Go 100%) was found to be not soluble in DCM,as was Go 66%. As primary amine

groups are hydrophilic and dichloromethane is immiscible with water, this behaviour is

expected. The other zero generation materials were found to be miscible with

dichloromethanein all concentrations, again with the exception of TAEA TYPE 1 EH3. This

material was miscible with dichloromethane under some conditions, as the purification of the

dendrimerentailed dissolving the dendrimer in dichloromethane and washingthe solution with

water. In this step, the material was observed to form a clear solution with no evidenceof gel

formation. However, it was subsequently observed that the dendrimer swells in

dichloromethane to form a wax, displaying similar behaviour to that of the first generation

dendrimer CORE 1 TYPE1 EH, described in the following section.
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Dendrimer Solubility in dichloromethane Observations

Preliminary Accurate

TAEA(Gp 100%) <1g/L Not measurable Clear solution

TAEATYPE1 EH, <1g/L Not measurable Clear solution

(Go 66%)

TAEA TYPE 2 EH, > 1000g/L Miscible Clear solution

(Gp 50%)

TAEA TYPE 1 EH; > 1000g/L Miscible Clear solution

(Go 33%)

TAEA TYPE 2 EH, > 1000g/L Miscible Clear solution

(Go 20%)

TAEA TYPE1 EH; <lg/L Miscible under some conditions ® Clear solution

(Go 0%) Absorbssolvent to form wax °” White wax

formed ©

TAEAt-BOC; (Go > 1000g/L Miscible Clear solution

0%)    
 

Table 4.12 - Preliminary and accurate solubility ofzero generation polyamide dendrimersin

dichloromethane. ©Miscible when crude material was dissolved in DCMand washed with

water — however, separatesinto layers over time.”’When DCMwasadded slowly to the solid

material, it was absorbedtoform a wax.

4.6.2 Solution properties of first generation polyamide dendrimersin

dichloromethane.

Thesolubility of the first generation dendrimers in dichloromethane was measured using the

method described in section 4.2.1, and the results are recorded overleaf in table 4.13.
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Dendrimer Solubility in dichloromethane Observations

Preliminary Accurate

CORE 1 PAs <1g/L 0.899/L Clear solution

(G; 100%)

CORE 1 TYPE 1 EH, PA, > 1000g/L Miscible Clear solution

(Gi TYPE 1 66%)

CORE 1 TYPE 2 EH, PA, > 1000g/L Plasticises but not Clear solution

(G; TYPE 2 66%) miscible

CORE1 TYPE 1 EH; PA; <1g/L 0.699/L Clear solution

(G; TYPE 1 50%)

CORE 1 TYPE 1 EH, PA, > 1000g/L Plasticises but not Clear solution

(G; TYPE 1 33%) miscible

CORE 1 TYPE2 EH, PA; > 1000g/L Miscible Clear solution

(G, TYPE 2 33%)

CORE 1 #-BOC; > 1000g/L Miscible Clear solution

(G; 0%)

CORE1 TYPE 1 EH, <1g/L Miscible under some Clear solution

(Gi TYPE 1 0%) conditions Formsgel or wax”

Swells in solvent

CORE1 TYPE 2 EH, > 1000g/L Miscible Clear solution

(G; TYPE 2 0%)       
Table 4.13 — Solubility offirst generation polyamide dendrimers in dichloromethane.

(?Miscible when crude material was dissolved in DCMand washed with water — however,

separatesinto layers over time.” When DCMwasaddedto the solid material, it is absorbed to

form a wax orgel.
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G, 100% was found to have a very low solubility in dichloromethane, similar to the solubility

of TAEAin dichloromethane which is too low to measure. Conversely, the G; 0% materials

were found to be completely miscible with dichloromethane. G; TYPE 2 66% and G; TYPE

1 33% both appeared to be soluble in dichloromethane whenfirst tested using the preliminary

test method, as the solid materials became liquid upon addition of small quantities of

dichloromethane. However, when excess dichloromethane was added to the material, two

layers were formed and the material was observed to be immiscible with the solvent. Thisis

illustrated in figure 4.27, where a solid sample of Gj TYPE 1 33% is added to a vial

containing dichloromethane and allowed to stand without disturbance (figure 4.27(a)). The

solid material can be seen to liquefy (figure 4.27(b)), move down the vial wall and into the

solvent causing it to becomecloudy (figure 4.27(c)), before forming a clear layer on the top of

the solvent that is then not miscible (figure 4.27(d)). This behaviour appears to be a form of

plasticization by the solvent.

 

aC (a

 

Figure 4.27 - Photographs depicting the plasticisation ofG] TYPE 1 33% in
dichloromethane.
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G; TYPE 1 0% again was found to display unique behaviour during the solubility tests.

Under someconditions(i.e. the purification step in the synthesis of the material) the dendrimer

was found to be completely soluble in dichloromethane, forming a clear solution, which was

then washed using distilled water. The material appeared to aggregate into a separate layer

between the dichloromethane and water, suggesting that the TYPE 1 EH groupsare causing

the material to self-assemble driven by the hydrogen bonding ability of the groups. When

dichloromethane was added slowly to the solid material (figure 4.28(a)), the dendrimer swells

(figure 4.28(b)) and absorbs the solvent to form a wax (figure 4.28(c)). The addition of more

dichloromethaneresults in the material swelling (figure 4.28(e)) and absorbing up a maximum

of2mL/g.

~
   

aio!) | © ©) im ie0ie

Figure 4.28 - Photographs depicting the addition ofdichloromethane to G; TYPE 1 0% to
form a wax.
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Whendichloromethane (1mL) was added quickly to a solid sample (0.1g) of G, TYPE 1 0%

the dendrimer formed a solution that was fluid upon agitation, but when left to stand for

approximately 12 hours formed a rigid gel (figure 4.29). Vigorous agitation of the sample

again caused the material to becomefluid, however the gel formation was reversible and was

repeated up to five times with the same sample. Attempts were made to image the

microstructure of the gels by Scanning Electron Microscopy (SEM) and Transmission

Electron Microscopy (TEM), using a variety of staining methods including gold coating, but

unfortunately these were inconclusive. Cryogenic temperature SEM and TEM were also

attempted but the results were also inconclusive.

 

Figure 4.29 - Photograph ofGi TYPE 1 0% in dichloromethane showing gelformation.
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4.7 Conclusions.

The solubility study of the dendrimers synthesised in water revealed that the alteration of

small structures (zero generation dendrimers) by only one group (from Go 33% to Go 66%)

may have a huge effect on the materials solubility. For the first generation materials no

difference in water solubility is noted with the alteration of the materials from 100-33%. Only

the G; 0% dendrimers exhibit very low or unmeasurable solubility in water. For the second

generation dendrimers the solubility changes only slightly between the 33-66% materials,

whereas the 100% dendrimer is completely miscible and the 0% dendrimer has no measurable

solubility. The C29 values generally decrease as the percentage of hydrophilic peripheral

groups decreases, as do the CACvaluesin the case of the Gp and G; TYPE 2 materials. The

first generation TYPE 2 appear to be more surface active than both the second generation

materials and TYPE first generation materials, a phenomenonthat could be explained by the

reduced flexibility and hydrophilicity of the TYPE 2 first generation materials, causing them

to align at the surface more readily and therefore be moresurface active. The mostefficient

surfactant found in the materials studied is G, TYPE 2 33%, in terms of reducing surface

tension at low concentration. This material exhibits the lowest C2) and CACvaluesthatare at

least three orders of magnitude lower than those of SDS. This wasalso found to be the most

massefficient material, with a CAC of 20mg/L compared to that of SDS at 2.3g/L. However,

Gp 50% has a CAC of only 47mg/L, perhaps making it a more attractive choice from a

product formulation perspective as its synthesis and purification is relatively simple.
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The study of the solution properties in organic solvents of the dendrimers synthesised revealed

that methanolis an effective solvent forall of the materials, with the exception of Gp 0% and

G; 0% with TYPE 1 EHperipheral groups. Methanolis a polar organic solvent that has the

ability to solubilise both the branched alkyl hydrophobic groups and the primary amine

hydrophilic groups, making it a useful solvent for the amphiphilic materials synthesised in this

study. Dichloromethanecould not solubilise Gp 100% or G; 100%, the materials completely

surrounded by hydrophilic primary amines, but was found to solubilise most other materials.

The exceptions to this were Gp 66%, G; TYPE 2 66% and G; TYPE 1 33% which both

appeared to be plasticised by the dichloromethane, but then formed immiscible layers. The

fact that the Gp and G; TYPE 2 material with 66% hydrophilic peripheral groups was not

miscible can be explained by the high percentage of hydrophilic peripheral groups.

Conversely, TYPE 1 66% was found to be miscible, whereas TYPE 1 33% was immiscible

suggesting that this is due to the hydrogen bonding ability of the TYPE 1 EH groups, causing

the material to self assemble into a separate layer. Similar unique behaviour of the Go 0% and

Gi 0% materials with TYPE 1 EH peripheral groups can be explained by the hydrogen

bonding ability of these peripheral groups compared to the TYPE 2 EH peripheral groups.

The NH groups of the secondary amides can hydrogen bond to the CO groups on

neighbouring molecules, whereas tertiary amides do not contain NH groups and therefore do

not havethis ability.
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5.0 Experimental.

5.1 General Information.

5.1.1 Chemicals

Starting materials were purchased from Aldrich, Avocado and Alfa Aesar and were used

without further purification. Toluene used as a solvent for the reactions was HPLC grade

anhydrous and was purchased from Aldrich. The other solvents used were analytical grade.

Silica gel used for column chromatography was obtained from BDH (33-70um).

5.1.2 Characterisation.

Elemental analyses were recorded by Mr. Stephen Apter in the Microanalytical Laboratory at

the University of Liverpool. The data was obtained from a Thermo FlashEA 1112 series

CHNSOelemental analyser.

Electrospray mass spectrometry data was recorded by Mr. Allan Mills in the Mass

Spectrometry Laboratory at the University of Liverpool. The data was obtained using a

MicroMass LCT mass spectrometer using Electron ionisation and direct infusion syringe

pump sampling. All materials were diluted with methanol.

Matrix Assisted Laser Desorption Ionisation Mass Spectrometry data was recorded by Dr.

Mark Wyatt, using an Applied Biosystems Voyager-DE-STR equipped with a nitrogen laser

(A=337 nm) with linear and reflectron analysers using a nitrogen laser. Samples were

dissolved in dichloromethane with a matrix of either 2-[(2E)-3-(4-tert-Butylphenyl)-2-

methylprop-2-enylidene|malononitrile (DCTB) with NaOAc, or 2,5-dihydroxybenzoic acid

(DHB).
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Nuclear Magnetic Resonance (NMR) Spectroscopy was carried out on a Bruker 400 MHz

spectrometer. 'H NMR wasconducted at 400MHz and °C at 100MHz. All chemical shifts

are reported in ppm. '°C spectra wereproton decoupled.

GPC data was obtained from either: PL-ELS 1000 with an evaporative light scattering

detector, using THF as the eluent with a flow rate of 1.0mL/min. Columns were 3xPLGel

10um mixed-B 300x7.5mm. Viscotek TDA302triple detector system with THF asthe eluent

and a flow rate of 1.0mL/min,using refractive index for calculations.

5.2 Methods.

5.2.1 Synthesis of First Generation Urethane Materials

Synthesis of symmetric polyurethane dendron G;,I1 (60).

NH,s O° Oo

ry, O° a Aastogl O AK

P 58

Scheme 5.1 - Synthesis offirst generation polyurethane dendron G,11(60).

4-Methyl-2-pentanol (4.09 g, 40 mmol) was added to a 250 mL 3 necked round-bottomed

flask containing dry toluene (100 mL)andfitted with a reflux condenser, magnetic stirrer and

dry N> inlet. The solution wasstirred at room temperature and CDI (7.46 g, 40 mmol) was

added via a powder addition funnel along with a catalytic amount of KOH (4 mmol). The

mixture was heated to 60°C with stirring for 3 hours. DETA (20 mmol) was added dropwise

while the solution wasstirred and the temperature was maintained at 60°C. The reaction was
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stirred for a further 5 hours at 60°C, and then allowed to cool to room temperature. The clear

solution was filtered to remove any solid imidazole and concentrated in vacuo, and the

remaining oil was dissolved in CH2Clz (50 mL) and washed with distilled water (3 x 40 mL).

The solution was dried with anhydrous Na2SOu,filtered and concentrated in vacuo to give 59

as a viscous liquid that was used without further purification for the next step. m/z (ES MS)

360 [M+H]’. This was thendissolved in ethanol (60 mL) andstirred at 30°C whilst propylene

oxide (60 mmol) was added dropwise. The reaction wasstirred at 30°C for 20 hours, after

which time the solvent and excess propylene oxide was removed in vacuo. The crude product

was purified by column chromatography using methanolas the eluent to give the compound

60 as a clear, colourless oil (7.51 g, 90%). Found C, 59.19; H, 10.20; N, 10.38%. C2:H43N30s

requires, C, 60.40; H, 10.38; N, 10.06%. C NMR (100 MHz, CDCl3) 6 21.2, 22.8, 23.2,

25.0, 45.8, 49.0, 63.6, 64.5, 66.9, 70.21, 157.1. 'H NMR (400 MHz, CDCI;) 6 0.91 (m, 12H),

1.11 (d, 3H), 1.20 (d, 6H), 1.25-1.65 (d of m, 4H), 1.52 (m, 2H), 2.37-2.65 (d of d, 2H), 2.71

(m, 4H), 3.23 (m, 4H), 3.73 (m, 1H), 4.88 (m, 2H). m/z (ES MS)440 [M+Na]J’.

Synthesis of symmetric polyurethane dendron 62A.

NH,
QO L

AL | IS\N ° NH UN BuN 7
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Scheme 5.2 - Synthesis offirst generation urethane dendron 62A.
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The procedure wassimilar to that described for the synthesis of 59, using 1-dimethylamino-2-

propanol as the starting material and without the addition of the KOH catalyst. The crude

product was purified by dissolving the clear oil in CH2Cl, (50 mL) and washing with a

solution of NaOH (3 x 40 mL, pH 14). The solution was dried with anhydrous NazSOuz,

filtered and concentrated in vacuo to give 62A as a clear colourless oil (60%). Found C,

53.00; H, 9.73; N, 19.22%. CisHssNsOx requires, C, 53.16; H, 9.76; N, 19.37%. ‘C NMR

(100 MHz, CDCl;) 6 19.2, 21.2, 54.4, 64.1, 67.3, 68.1, 128.6, 129.4, 156.9. 'H NMR (400

MHz, CDCl;) 6 1.23 (d, 6H), 2.22-2.51 (d of m, 4H), 2.25 (s, 12H), 2.72 (t, 4H), 3.25 (t, 4H),

4.94 (m, 2H). m/z (ES MS) 362 [M+H]’, 384 [M+Na]’.

Synthesis of symmetric polyurethane dendron 62M.

The procedure was similar to that described for the synthesis of 62A, using 1-(4-morpholino)-

2-propanolas the starting material. The crude product waspurified by dissolving the clear oil

in CHCl, (50 mL) and washing with a solution of NaOH (3 x 40 mL, pH 14). The solution

was dried with anhydrous Na2SOx, filtered and concentrated in vacuo to give 62M asa clear

colourless oil (68%) that was used withoutfurtherpurification for the next attempted step. °C

NMR (100 MHz, CDCl;) 6 19.2, 21.2, 54.4, 64.1, 67.3, 68.1, 156.9. ‘dH NMR (400 MHz,

CDCI) 5 1.23 (d, 6H), 2.34-2.54 (overlapping m, 12H), 2.72 (t, 4H), 3.24 (m, 4H), 3.67 (t,

8H), 5.00 (m, 2H). m/z (ES MS) 446 [M+H]", 468 [M+Na]", 913 [2M+Na]’.
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Synthesis of asymmetric polyurethane dendrons64 and65.
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Scheme5.3 - Synthesis ofasymmetric dendrons 64 and 65.

4-Methyl-2-pentanol (10 mmol) was added to a 100 mL 3 necked round-bottomed flask

containing dry toluene (25 mL)andfitted with a reflux condenser, magnetic stirrer and dry N2

inlet. The solution wasstirred at room temperature and CDI (11.5 mmol) was added via a

powder addition funnel along with a catalytic amount of KOH (1 mmol). The mixture was

heated to 60°C with stirring for 2 hours forming the imidazolide of 4-methyl-2-pentanol (58).

The mixture was cooled to room temperature yielding crystals of imidazole. DETA (50

mmol) was added to a 500 mL 3 necked round bottomed flask containing dry toluene (100

mL) and KOH (2 mmol) and the mixture was stirred and heated to 60°C . The solution of 58

formedin thefirst step was filtered to removethe imidazole into a dropping funnel, and added

239



dropwiseto the stirred solution of DETA overa period of one and a half hours. The reaction

mixture wasleft stirring at 60°C for 16 hours then the solvent was removed in vacuo to give

64 as a clear colourless liquid that was used without purification for the next step. m/z (ES

MS) 232 [M+H]". 1-Dimethylamino-2-propanol (6.5 mmol) was added to a 100 mL 3 necked

round-bottomed flask containing dry toluene (20 mL) andfitted with a reflux condenser,

magnetic stirrer and dry N> inlet. The solution wasstirred at room temperature and CDI(7.5

mmol) was added via a powder addition funnel along with a catalytic amount of KOH (1

mmol). The mixture was heated to 60°C with stirring for 4 hours, then a solution of 64 (6.5

mmol) in toluene (5 mL) was added dropwise. The reaction mixture wasstirred at 60°C for 5

hours then cooled to yield crystals of imidazole. The solvent was removed in vacuo to give

crude 65 as a clear colourless liquid 2.37 g, 98%. Found C, 56.88; H, 9.91; N, 15.89%.

Ci7H3sN4O4 requires, C, 56.64; H, 10.07; N, 15.54%. ‘°C NMR (100 MHz, CDCI) 6 18.6,

19.2, 21.2, 54.4, 64.1, 67.3, 68.1, 156.9. ‘H NMR (400 MHz, CDCl) 6 0.90 (t, 6H), 1.21 (t,

3H), 1.25-1.63 (d of m, 2H), 1.50 (m, 1H), 2.20-2.58 (d of m, 2H), 2.26 (s, 6H), 2.72 (t, 4H),

3.26 (m, 4H). m/z (ES MS) 361 {M+H]’, 383 [M+Na]’.
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Synthesis of alternative branching unit AEAP.
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Scheme 5.4 — Synthesis ofalternative branching unit AEAP.

CDI (10.53 g, 65 mmol) was addedto stirred solution of -BuOH (11.1 g, 150 mmol) in

toluene (100 mL) and the reaction mixture was heated to 60°C with stirring for 4 hours.

DETA(3.36 g, 32.6 mmol) was added dropwise and the reaction mixture stirred at 60°C for a

further 18 hours, after which it was cooled to yield crystals of imidazole that were removed by

filtration. The solution was concentrated in vacuo to give a waxy white solid. This residue

was dissolved in CH2Cl2 (60 mL) and washed with distilled water (3 x 60 mL). The solution

was dried with anhydrous Na2SO,, filtered and concentrated in vacuo to give 67 as a pale

yellow oil (97%). Found C, 54.18; H, 10.28; N, 13.47%. Ci4H29N304 requires, C, 55.42; H,

9.63; N, 13.85%. &C NMR (100 MHz, CDCl) & 27.1, 28.9, 47.4, 84.1, 154.8. "H NMR (400

MHz, CDCI) 5 1.45 (s, 18H), 2.72 (t, 4H), 3.20 (m, 4H), 5.13 (s, br, NH — disappears on

addition of a drop of D2O). m/z (ES MS) 304 [M+H]’, 325 [M+Na]’, 629 [2M+Na]
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67 (36 mmol) in ethanol (100 mL) wasstirred at 30°C and propylene oxide (108 mmol) was

added dropwise. The flask was fitted with a reflux condenser and the reaction wasstirred at

30°C for 20 hours. The reaction mixture was concentrated in vacuo to give a pale yellow oil.

This was then purified by column chromatography(silica gel, eluting with EtOAc) to give 68

as a clear colourless oil (67%). '*C NMR (100 MHz, CDCI;) 5 20.5, 28.8, 39.1, 55.6, 63.5,

64.3, 79.8, 156.8. 'H NMR (400 MHz, CDCI;) 6 1.12 (d, 3H), 1.45 (s, 18H), 2.43 (m, 2H),

2.57 (d of t, 2H), 2.71 (m, 2H), 3.21 (m, 4H), 3.79 (m, 1H), 5.18 (s, br, NH— disappears on

addition of a drop ofD2O). m/z (ES MS) 362 [M+H], 384 [M+Na]

Conc HCI (1.62 mL, 19.4 mol) was added to EtOAc (8 mL) and this mixture was added to a

stirred solution of 68 (1.75 g, 4.85 mmol) in EtOAc (10 mL) at room temperature. On

addition of the acid the reaction mixture effervesced and the white suspension formed was

stirred for 3 hrs. The mixture was concentrated in vacuo and the orange oil obtained wasdried

under vacuum to give AEAP.3HCIas an off white foam. '*C NMR (100 MHz, D20)20.5,

35.4, 51.4, 60.7, 63.6. 'H NMR (400MHz, D,0) 1.21 (d, 3H), 3.01 (d of d, 1H), 3.10 (dd,

1H), 3.38 - 3.62 (overlapping m, 8H), 4.13 (m, 1H). The AEAP.3HCI was dissolved in

distilled water (10 mL) and added to a separating funnel (100 mL) containing ion exchange

beads in distilled water. The beads and solution werestirred for 4 hours and the mixture

filtered. The filtrate was concentrated using the rotary evaporator and the oil obtained was

stirred and dried under vacuum to give a yellow viscous liquid. The oil was purified by

vacuum distillation (107° mbar, 160°C) to give AEAP asa paleyellow oil (1.86 g, 43%). =e

NMR (100 MHz, CDCI) 19.2, 40.3, 58.3, 63.8, 65.3. 'H NMR (400MHz, CDCI) 1.10 (d,

3H), 2.32 (dd, 1H), 2.44 (dd, 1H), 2.58 (m, 4H), 2.76 (m, 4H), 3.79 (m, 1H). m/z (CI MS) 162

[M+H]’.
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5.2.2 Synthesis of First Generation Carbonate Dendrons.

Synthesis of symmetric polycarbonate dendron G,I1 (75).
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Scheme 5.5 — Synthesis ofsymmetric polycarbonate dendron G,M1 (75).

4-Methyl-2-pentanol (4.09 g, 40 mmol) was added to a 250 mL 3 necked round-bottomed

flask containing dry toluene (100 mL)andfitted with a reflux condenser, magneticstirrer and

dry N2 inlet. The solution wasstirred at room temperature and CDI (7.46 g, 46 mmol) was

added via a powder addition funnel along with a catalytic amount of KOH (0.12 g, 3 mmol).

The mixture was heated to 80°C with stirring until the complete conversion of alcohol to

imidazolide (58) was achieved (4 hrs), whilst monitoring the reaction by TLC using ethyl

acetate as the eluent. A solution of HEAP (0.02 moles) in toluene (10 mL) was added

dropwise while the solution was stirred and the temperature was maintained at 80°C. The

reaction was stirred for a further 48 hours at 80°C, and then allowed to cool to room

temperature. The clear solution wasfiltered to remove any solid imidazole and concentrated

in vacuo, and the remaining yellow oil was dissolved in CHCl, (100 mL) and washed 3 times

with water (3 x 50 mL). The solution was dried with anhydrous Na2SOu,,filtered and
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concentrated in vacuo. Theresulting oil was purified by column chromatography(silica gel,

eluting with EtOAc:CsHj2 3:2) and the solvent removed in vacuo to give 75 as a clear

colourless oil. (73%) Found C, 60.09; H, 9.92; N, 3.34%. C2)H4:NO7 requires, C, 60.12; H,

9.85: N, 3.34%. °C NMR (100 MHz, CDCls) 6 20.0, 20.7, 22.7, 23.1, 25.0, 45.4, 53.7, 63.5,

64.2, 65.5, 74.4, 155.3. 'H NMR (400 MHz, CDCIs) 5 0.92 (m, 12H), 1.12 (d, 3H), 1.28 (m,

8H), 1.65 (m, 4H), 2.38 (d of d, 1H) 2.63 (d of d, 1H), 2.86 (m, 4H), 3.73 (m, 1H), 4.18 (m,

4H), 4.85 (m, 2H). m/z (ES+ MS) 420 [M+H]", 442 [M+Na]", 458 [M+K]". GPC; Mw = 693,

PDI1.01.

Synthesis of symmetric polycarbonate dendron G,I2 (80).

The procedure wasas described for the synthesis of 75, using 1-(4-morpholino)-2-propanolas

the starting material, without the addition of the KOHcatalyst for a shorter reaction time of 24

hours. The pale yellow solution was left to cool, filtered to remove solid imidazole,

concentrated in vacuo, then dissolved in CH2Cl2 (20 mL) and washed with 1M NaOH (3 x 15

mL). The solution was dried with anhydrous Na2SO, and concentrated in vacuo. The crude

material was purified by column chromatography(eluting with EtOAc:MeOH 9:1 increasing

to 8:2) to give 80 as a pale yellow viscous liquid (85%). Found C, 54.64; H, 8.57; N, 8.31%.

C23H43N30o requires, C, 54.64; H, 8.57; N, 8.31%. 'H NMR (400 MHz, CDCls) 6 1.12 (d,

3H), 1.29 (d, 6H), 2.38-2.55 (overlapping m, 14H), 2.87 (m, 4H), 3.60 (overlapping m andd,

9H), 4.19 (m, 4H), 4.92 (m, 2H). °C NMR (CDCI) 18.7, 20.2, 53.8, 54.4, 63.7, 65.7, 67.4,

72.3, 155.2. m/z (ES+ MS) 506 [M+H]’, 528 [M+Na]*.
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Synthesis of asymmetric polycarbonate dendron G,I3 (82).
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Scheme 5.6 — Synthesis ofasymmetric polycarbonate dendrons 81 and 82(G,13).

4-Methyl-2-pentanol (1.02 g, 10 mmol) was added to a 250 mL 3 necked round-bottomed

flask containing dry toluene (25 mL)andfitted with a reflux condenser, magnetic stirrer and

dry N2 inlet. The solution wasstirred at room temperature and CDI (7.46 g, 46 mmol) was

added via a powder addition funnel along with a catalytic amount of KOH (0.12 g, 3 mmol).

The mixture was heated to 80°C with stirring until the complete conversion of alcohol to

imidazolide (58) was achieved (4 hrs), whilst monitoring the reaction by TLC using ethyl

acetate as the eluent. HEAP (11.21 g, 68.8 mmol) and KOH (0.06 g, 1.5 mmol) were added

to a 250 mL 3 necked round bottomedflask containing dry toluene (100 mL) andfitted with a

reflux condenser, magneticstirrer and dry N2inlet. The solution was stirred at 80°C whilst the
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solution of 58 in toluene was slowly added dropwise. The reaction wasstirred for a further 12

hours at 80°C, and then allowed to cool to room temperature. The solution was concentrated

in vacuo and theresulting colourless viscous liquid was purified by column chromatography

(silica gel, eluting with EtOAc:MeOH 4:1) and the solvent removed in vacuo to give 81 as a

clear colourless oil (2.11 g, 73%). Found C, 57.49; H, 9.99; N, 4.88%. CyisH29NOs requires,

C, 57.71; H, 10.03; N, 4.81%. "°C NMR (100 MHz, CDCl) 5 20.4, 20.7, 22.7, 23.1, 25.0,

45.3, 53.7, 57.7, 60.4, 63.6, 64.9, 65.8, 74.6, 155.5. 'H NMR (400 MHz, CDCl) 5 0.92 (m,

6H), 1.12 (d, 3H), 1.28 (overlapping m and d, 4H), 1.61 (m, 2H), 2.43-2.55 (d of m, 2H) 2.70-

2.89 (overlapping m, 4H), 3.61 (m, 2H), 3.79 (m, 1H), 4.20 (m, 2H), 4.85 (m, 1H). m/z (ES+

MS) 292 [M+H]’, 314 [M+Na]’.

1-(4-Morpholino)-2-propanol (1.45 g, 10 mmol) was added to a 100 mL 3 necked round-

bottomed flask containing dry toluene (25 mL) andfitted with a reflux condenser, magnetic

stirrer and dry N> inlet. The solution wasstirred at room temperature and CDI (7.86 g, 11.5

mmol) was added via a powder addition funnel and the mixture was heated to 80°C with

stirring for 4 hours. This solution was added slowly dropwiseto a stirred solution of 81 in

toluene (10 mL) and the mixture wasstirred at 80°C for 18 hours, then allowed to cool to

room temperature. The solution was concentrated in vacuo and the resulting colourless

viscous liquid was purified by column chromatography(silica gel, eluting with EtOAc:MeOH

4:1) and the solvent removed in vacuo to give 82 as a clear colourless oil (2.92 g, 63%).

FoundC, 57.31; H, 9.01; N, 6.30%. C2rH4N2Ox requires, C, 57.12; H, 9.15; N, 6.06%. "°C

NMR (100 MHz, CDCIs) 5 18.7, 20.4, 20.7, 23.1, 25.0, 45.3, 53.7, 57.7, 60.4, 63.6, 65.8, 74.6,
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155.5. 'H NMR (400 MHz, CDCls) 5 0.85 (d of d, 6H), 1.04 (d, 3H), 1.20 (overlapping t and

m, 7H), 1.58 (m, 2H), 2.29-2.57 (overlapping m, 8H), 2.82 (m, 4H), 3.58 (overlapping t and

m, 5H), 4.11 (m, 4H), 4.77 (m, 1H), 4.85 (m, 1H). m/z (ES+ MS) 463 [M+H]’, 485 [M+Na]”.

5.2.3 Synthesis of Zero Generation Carbonate Dendrimers.

Synthesis of symmetric zero generation carbonate dendrimer GoT1 (69).
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Scheme 5.7 — Synthesis ofsymmetric polycarbonate dendrimer GoT1 (69).

Dry toluene (25 mL), 4-methyl-2-pentanol (2.04 g, 20 mmol) and KOH (0.08 g, 2 mmol) were

added to a 100 mL 3-necked round-bottomed flask fitted with dry N2 inlet and magnetic

stirrer. CDI (3.73 g, 23 mmol) was added via a powder addition funnel and the mixture was

heated to 60°C with stirring for 3 h. The solution was then added to TEA (0.97 g, 6.5 mmol)

and KOH (0.08 g, 2 mmol) in a 100 mL 3-necked round-bottomed flask fitted with dry N2

inlet and magnetic stirrer. The reaction mixture was stirred at 80°C for 48 hours. The

colourless solution wasleft to cool, filtered to remove solid imidazole, concentrated in vacuo

and then purified by column chromatography(eluting with ethyl acetate:CsH2 25:75) to give

69 as a colourless viscous liquid (2.27 g, 66%). Found C, 61.55; H, 9.78; N, 2.44%.
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Cx7Hs1NOo requires, C, 60.76; H, 9.63; N, 2.62%. 'C NMR (100MHz, CDCI;) 5 20.7, 22.7,

23.1, 25.0, 45.4, 53.7, 65.9, 74.2, 155.2. 'H NMR (400 MHz, CDCl) & 0.92 (d of d, 18H),

1.25-1.32 (overlapping d and m, 15H), 1.61-1.69 (m, 6H), 2.89 (t, 6H), 4.16 (t, 6H), 4.84 (m,

3H). m/z (ES+ MS) 534 [M+H]’, 556 [M+Na]*. GPC Mw 587, Mn 579, Mw/Mn 1.01.

Synthesis of symmetric zero generation carbonate dendrimer GoT2 (72).

The procedure wasas described for the synthesis of 69, using 1-(4-morpholino)-2-propanolas

the starting material, without the addition of the KOHcatalyst for a shorter reaction time of 24

hours. The pale yellow solution wasleft to cool, filtered to remove solid imidazole and then

purified by column chromatography(eluting with ethyl acetate:methanol 8:2) to give 72 as a

pale yellow oil. (1.36 g, 16%). Found C, 54.12; H, 8.15; N, 8.49%. C30Hs4N4O12 requires, C,

54.37; H, 8.21; N, 8.45%. °C NMR (CDCIs) § 18.8, 53.7, 54.4, 63.8, 66.1, 67.4, 71.9, 155.1.

'H NMR (400 MHz, CDCI:) 6 1.27 (d, 12H), 2.37-2.55 (overlapping m, 18H), 2.91 (t, 6H),

3.67 (t, 12H), 4.17 (t, 6H), 4.93 (m, 3H). m/z (ES+ MS) 663 [M+H]", 685 [M+Na]’, 701

[M+K]. GPC Mw 599, Mn 593, Mw/Mn 1.01.

Synthesis of asymmetric zero generation carbonate dendrimer GoT3 (71).

Dry toluene (25 mL), 4-methyl-2-pentanol (1.04 g, 10 mmol) and KOH (0.04 g, 1 mmol) were

added to a 100 mL 3-necked round-bottomed flask fitted with dry N>2 inlet and magnetic

stirrer. CDI (1.86 g, 11.5 mmol) was added via a powder addition funnel and the mixture was

heated to 60°C with stirring for 3 h. The reaction mixture was cooled andfiltered to remove

solid imidazole then added slowly dropwiseto a solution oftriethanolamine (4.9 g, 33 mmol)

in toluene (50 mL) whilststirring at 80°C. The mixture wasstirred at 80°C for 24 hours. The
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pale yellow solution was left to cool, concentrated in vacuo, then purified by column

chromatography (eluting with ethyl acetate:methanol 9:1) to give 73 as a colourless viscous

liquid. (1.37 g, 49%). Found C, 55.80; H, 9.89; N, 4.89%. C,3H27NOs; requires, C, 56.30; H,

9.81; N, 5.05%. °C NMR (100MHz, CDCI) 6 20.7, 22.7, 25.0, 45.3, 53.8, 57.2, 60.1, 65.8,

74.5, 155.4. 'H NMR (400 MHz, CDCI;) 5 0.92 (d of d, 6H), 1.28 (d, 3H), 1.30 — 1.61 (d of

m, 2H), 1.64 (m, 1H), 2.72 (t, 4H), 2.86 (t, 2H), 3.60 (t, 4H), 4.22 (m, 2H), 4.85 (m, 1H). m/z

(ES+ MS) 278 [M+H]", 300 [M+Na]”.
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Scheme 5.8 — Synthesis ofasymmetric polycarbonate dendrimer GoT3 (71).
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Dry toluene (25 mL) and 1-(4-morpholino)-2-propanol (1.50 g, 10 mmol) were added to a 100

mL 3-necked round bottomed flask fitted with dry N> inlet and magnetic stirrer. CDI (1.94 g,

11.5 mmol) was added via a powder addition funnel and the mixture heated to 60°C with

stirring for 3 h. 73 (1.37 g, 4.9 mmol) was added and the mixture stirred at 80°C for 24 h.

The solution wasleft to cool, filtered to removesolid imidazole, concentrated in vacuo, then

purified by column chromatography (eluting with EtOAc:MeOH 8:2) to give 71 as a

colourless viscous liquid (1.33 g, 43%). Found C, 56.63; H, 8.85; N, 6.72%. C2Hs3N3011

requires, C, 56.20; H, 8.62; N, 6.78%. ‘°C NMR (100MHz, CDCI) 6 18.7, 20.7, 22.7, 23.1,

25.0, 45.4, 53.7, 54.4, 63.8, 65.9, 74.5, 155.2. "H NMR (400 MHz, CDCI) 5 0.92 (d ofd,

6H), 1.27 (overlapping d, 9H), 1.31-1.61 (d of m, 1H), 1.64 (m, 2H), 2.36-2.55 (overlapping

m, 12H), 2.89 (t, 6H), 3.13 (t, 8H), 4.15 (t, 6H), 4.84 (m, 1H), 4.93 (m, 2H). m/z (ES+ MS)

310.5 [M+2H]**, 620 [M+H]*. GPC Mw 540, Mn 500, Mw/Mn 1.03.

Synthesis of asymmetric zero generation carbonate dendrimer GoT4 (70).

Dry toluene (25 mL) and 4-methyl-2-pentanol (10 mmol) were added to a 100 mL 3-necked

round-bottomedflask fitted with dry N> inlet and magnetic stirrer. CDI (10 mmol) was added

via a powderaddition funnel and the mixture was heated to 60°C with stirring for 3 h. The

reaction mixture was then added to a 3-necked round bottomed flask containing TEA (17

mmol) and the mixture was stirred at 80°C for 24 h. The solution wasleft to cool, filtered to

remove solid imidazole, concentrated in vacuo, then purified by column chromatography

(eluting with ethyl acetate:cyclohexane 25:75 going to ethyl acetate) to give 74 as a colourless

viscous liquid (2.30 g, 37%). Found C, 59.34; H, 9.65; N, 3.50%. C2H30NO7 requires, C,

59.24; H, 9.69; N, 3.45%. 'C NMR (100MHz, CDCl:) 5 20.7, 22.7, 23.1, 24.8, 25.0, 45.3,
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53.4, 57.2, 65.6, 74.4, 155.3. 'H NMR (400 MHz, CDCI,) § 0.92 (d of d, 12H), 1.26 (d, 6H),

1.30-1.60 (d of m, 4H), 1.65 (m, 2H), 2.75 (t, 2H), 2.88 (t, 4H), 3.55 (t, 2H), 4.19 (m, 4H),

4.85 (m, 2H). m/z (ES+ MS) 406 [M+H]", 428 [M+Na]".
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Scheme 5.9 - Synthesis ofasymmetric polycarbonate dendrimer GoT4 (70).
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Dry toluene (10 mL) and 1-(4-morpholino)-2-propanol (6.5 mmol) were added to a 100 mL 3-

necked round bottomed flask fitted with dry N>2 inlet and magnetic stirrer. CDI (6.5 mmol)

was added via a powderaddition funnel and the mixture heated to 60°C with stirring for 3h.

74 (5.6 mmol) was added and the mixturestirred at 80°C for 24 h. The solution wasleft to

cool, filtered to remove solid imidazole, concentrated in vacuo, then purified by column

chromatography (eluting with EtOAc:cyclohexane 4:6) to give 70 as a colourless viscous

liquid (1.09 g, 34%). Found C, 58.30; H, 9.05; N, 4.90%. C2gsHs2N2010 requires, C, 58.31; H,

9.09; N, 4.86%. 'C NMR (100MHz, CDCI) 5 18.7, 20.7, 22.7, 25.0, 45.3, 53.7, 54.4, 57.2,

63.7, 65.6, 72.2, 74.4, 155.2. ‘H NMR (400 MHz, CDCI) 5 0.92 (d of d, 12H), 1.27

(overlapping d, 9H), 1.31-1.61 (d of m, 4H), 1.64 (m, 2H), 2.36-2.55 (overlapping m, 6H),

2.89 (t, 6H), 3.13 (t, 4H), 4.15 (t, 6H), 4.84 (m, 2H), 4.93 (m, 1H). m/z (ES+ MS) 577

[M+H]", 599 [M+Na]*. GPC Mw 554, Mn 506, Mw/Mn 1.02.
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5.2.4 Synthesis of First Generation Carbonate Dendrimer.

Synthesis of asymmetric zero generation carbonate dendrimer G;T1 (86).
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Scheme 5.10 — Synthesis ofsymmetric polycarbonate dendrimer GyT1(86).

Dry toluene (50 mL) and 75 (3.07 g, 7.33 mmol) were added to a 100 mL 3-necked round-

bottomed flask fitted with dry N2 inlet and magnetic stirrer. CDI (1.19 g, 7.33 mmol) was

added via a powderaddition funnel and the mixture was heated to 60°C with stirring for 4 h.

The solution was then added to TEA (0.36 g, 2.43 mmol) and KOH (0.04 g, 1 mmol) in a 100

mL 3-necked round-bottomedflask fitted with dry N>2inlet and magneticstirrer. The reaction

mixture was stirred at 80°C for 72 h. The colourless solution was left to cool, filtered to

remove solid imidazole, concentrated in vacuo and then purified by column chromatography
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(eluting with cyclohexane:ethyl acetate 65:35) to give 75 as a viscousliquid. (1.20 g, 33%).

Found C, 58.20; H, 8.95; N, 3.77%. C7Hi32N4O27 requires, C, 58.78; H, 9.19; N, 3.58%. °C

NMR (100MHz, CDCl3) 5 18.3, 20.7, 22.8, 25.0, 27.3, 45.4, 53.6, 60.0, 65.9, 73.8, 74.2,

155.0. 'H NMR (400 MHz, CDCl) 6 0.92 (d of d, 36H), 1.25 (d, 27H), 1.29 (m, 6H), 1.64

(m, 12H), 2.63-2.75 (2 d of d, 6H), 2.89 (m, 18H), 4.16 (m, 18H), 4.84 (m, 9H). m/z (ES+

MS)1485 [M+H]", 1507 [M+Na]", 1523 [M+K]". GPC Mw 1835, Mn 1788, Mw/Mn 1.02.

5.2.5 Determination of CDI purity.

It was noted in the first section of this study that the percentage yield could vary depending

upon on the batch of CDI that was used. It was determined that the purity of the CDI varies

from as little as 60% up to 98% for the same standard of material, due to the hydrolysis of the

CDI to imidazole. For accuracy in the second part of this study the percentage purity of the

CDI was calculated by measuring the amount of CO evolved when a known amount was

reacted with water (scheme 5.11). This purity was then used to calculate the amount of CDI

needed to give a stoichiometric quantity in each reaction. Therefore, the molar quantity of

CDI used in different reactions in this second section varies according to the purity calculated

for each.

 

Scheme 5.11 - Reaction ofCDI with water.
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5.2.6 Synthesis of symmetric first generation polyamide dendrons.

Synthesis of symmetric first generation polyamide dendron protected G,I2 (t-BOC).
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Scheme 5.12 - Synthesis ofsymmetricfirst generation dendron protected G,12.

Dry toluene (100 mL) and f-butanol (11.91 g, 161 mmol) were added to a 250 mL 3-necked

round-bottomed flask fitted with dry N> inlet and magnetic stirrer. CDI (13.60 g, 84 mmol)

was added via a powderaddition funnel and the mixture was heated to 60°C with stirring for 5

h. A solution of BAPA (5.77 g, 44 mmol) in dry toluene (60 mL) was added dropwise via a

pressure equalising dropping funnel. The reaction mixture wasstirred at 60°C for 18 h, then

left to cool and concentrated in vacuo. Theresulting liquid was dissolved in CH2Cl2 (60 mL)

and washed 3 times with distilled water (3 x 60 mL). The solution was dried with anhydrous

NazSOu,filtered and concentrated in vacuo to give t-BOC; as a white powder (12.02 g, 86%).

Found C, 57.77; H, 10.19; N, 12.77%. Ci6H33N3O4 requires, C, 57.98; H, 10.04; N, 12.68%.

3C NMR (100 MHz, CDCl;) 5 28.8, 30.2, 39.3, 47.8, 79.4, 156.6. "H NMR (400 MHz,

CDCI;) 1.44 (s, 18H) 1.64 (m, 4H), 2.65 (t, 4H), 3.21 (q, 4H), 5.15 (br, NH). m/z (ES+ MS)

332 [M+H]’.
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Synthesis of symmetric first generation polyamide dendron G,I1 (TYPE 1 EH).

Dry toluene (90 mL) and CDI (9.32 g, 57.5 mmol, 1.15 X excess) were added to a 250 mL 3-

necked round-bottomed flask fitted with dry N2 inlet and magnetic stirrer. The mixture was

heated to 60°C and a solution ofEHA (7.20 g, 50 mmol)in toluene (10 mL) was added slowly

(to control COevolution) via a pressure equalising dropping funnel. After the addition was

complete, the mixture wasstirred at 60°C whilst being purged with dry Nz for 30 mins. A

solution of BAPA (3.7 mL, 26.25 mmol) in dry toluene (5 mL) was added dropwise via a

pressure equalising dropping funnel. The reaction mixture wasstirred at 60°C for 18 h, then

left to cool and concentrated in vacuo. Theresulting liquid was dissolved in CH2Cl2 (50 mL)

and washed3 times with water (3 x 50 mL). The solution was dried with anhydrous Na2SOu,

filtered and concentrated in vacuo to give TYPE 1 EH, as a semicrystalline solid (9.19 g,

96%). Found C, 68.68; H, 11.89; N, 11.02%. C22H4sN302 requires, C, 68.88; H, 11.82; N,

10.95%. °C NMR (100 MHz, CDCI) 5 12.8, 14.8, 21.9, 24.1, 27.6, 30.7, 31.4, 34.1, 38.4,

48.3, 50.6, 179.2. 'H NMR (400 MHz, CDCI) 5 0.89 (m, 12H), 1.25-1.44 (overlapping m,

12H), 1.56 (m, 4H), 1.70 (m, 4H), 2.07 (m, 2H) 2.59 (t, 4H), 3.24 (t, 4H) 6.65 (t, NH). mz

(CI+ MS NH,) 384 [M+H]’.

256



5.2.7 Synthesis of symmetric second generation polyamide dendrons.

Synthesis of symmetric second generation polyamide dendron protected G,I2 (t-BOC,).
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Scheme 5.13 - Synthesis ofsymmetric second generation dendron protected G12 (t-BOC4).

Dry toluene (30 mL) and t-BOC, (5.50 g, 16.6 mmol) were added to a 250 mL 3-necked

round-bottomedflask fitted with dry N2 inlet and magnetic stirrer. Succinic anhydride (1.66 g,

16.6 mmol) was added via a powderaddition funnel and the mixture was heated to 60°C with

stirring until the solid anhydride disappeared. CDI (2.69 g, 16.6 mmol) was added slowly to

control CO, evolution and the reaction mixture was purged with dry N2 for 1 h. A solution of
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BAPA (1.16 mL, 8.3 mmol) in dry toluene (6 mL) was added dropwise via a pressure

equalising dropping funnel. The reaction mixture wasstirred at 60°C for 18 h,then left to cool

and concentrated in vacuo. Theresulting viscous liquid was dissolved in CH2Clz (30 mL) and

washed 3 times with water (3 x 30 mL) and once with a saturated NaCl solution (20 mL). The

solution was dried with anhydrous Na2SOu, filtered and concentrated in vacuo (with care as

material foams) to give t-BOC, as an off white foamedsolid. (7.00 g, 88%). Found C, 57.77;

H, 9.32; N, 12.70%. C4sHs7NoO12 requires, C, 57.66; H, 9.15; N, 13.16%. ‘°C NMR (100

MHz, CDCls) 6 28.8, 30.2, 39.3, 43.2, 45.6, 47.8, 79.4, 156.5, 172.7. 'H NMR (400 MHz,

CDCI;) 5 1.44 (d, 36H), 1.65 (m, 8H, overlaps water peak so integration greater than

expected), 1.81 (m, 4H), 2.51 (t, 4H), 2.65 (t, 8H), 3.04 (m, 4H), 3.15 (m, 4H), 3.33 (m, 8H),

3.39 (t, 4H), 4.99 (br, NH), 5.37 (br, NH), 7.02 (br, NH). m/z (ES+ MS) 958 [M+H]’, 980

[M+Na]

Synthesis of symmetric second generation polyamide dendron protected G,I1 (TYPE 2

EH)).

The procedure was similar to that described for the synthesis of #+BOC,, but using bis(2-

ethylhexyl)amine (BEHA)asthe starting material, to give TYPE 2 EH, asa sticky gum (19.2

g, 98%). Found C, 70.29; H, 12.00; N, 8.91%. C4sHoiNsO4 requires, C, 70.99; H, 11.79; N,

9.00%. “C NMR (100 MHz, CDCls) 6 11.2, 14.4, 23.4, 24.2, 29.1, 30.9, 32.1, 37.3, 38.6,

47.6, 49.1, 51.6, 173.1. "H NMR (400 MHz, CDCI;) 6 0.89 (m, 24H), 1.26 (m, 32H), 1.69

(m, 8H), 2.51 (t, 4H), 2.67 (t, 8H), 3.18 (m, 4H), 3.31 (m, 8H), 7.07 (t, NH). m/z (ES+ MS)

778 [M+H].
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5.2.8 Synthesis of asymmetric first generation polyamide dendrons.

Synthesis of asymmetric first generation polyamide dendron protected G,I3 (mixed TYPE

1 EH,t-BOC,).
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Scheme 5.14 - Synthesis ofasymmetricfirst generation dendron protected G13 (TYPE 1
EH,t-BOC,).

Dry toluene (100 mL) and CDI (9.32 g, 57.5 mmol, 1.15 X excess) were added to a 250 mL 3-

necked round-bottomed flask fitted with dry N2 inlet and magnetic stirrer. The mixture was

heated to 60°C and a solution ofEHA (7.20 g, 50 mmol)in toluene (10 mL) was added slowly

(to control COevolution) via a pressure equalising dropping funnel. After the addition was

complete, the mixture wasstirred at 60°C whilst being purged with dry N2 for 30 mins. This
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solution was then added slowly dropwiseto a stirred solution of BAPA (21.2 mL, 150 mmol,

3X excess) in dry toluene (50 mL) at 60°C. Thereaction mixture wasstirred at 60°C for 16 h,

cooled and extracted into distilled water (50 mL). The volume of water was reduced in vacuo

to 20 mL and the product was extracted using DCM (50 mL). The solution was dried using

anhydrous Na2SO, and the solvent removed in vacuo to give mixed TYPE 1 EH,PA,as a

colourless oil (12.2 g, 95%) that was used without further purification for the next step. 'H

NMR (400 MHz, CDCl) 5 0.88 (m, 6H), 1.27 (m, 4H), 1.42-1.58 (d of m, 4H), 1.65 (m, 4H),

1.96 (m, 1H), 2.67 (m, 4H), 2.79 (t, 2H), 3.36 (q, 2H), 7.25 (t, NH). m/z (CI+ MS NH,) 258

[M+H]’.

Dry toluene (100 mL)and f-butanol (4.44 g, 60 mmol, 1.5X excess) were added to a 250 mL

3-necked round-bottomedflask fitted with dry N2 inlet and magnetic stirrer. CDI (7.1 g, 44

mmol, 1.1X excess) was added via a powderaddition funnel and the mixture was heated to

60°C with stirring for 5 h. Mixed TYPE 1 EH;PA,(10.28 g, 40 mmol) was added and the

reaction mixture wasstirred at 60°C for 18 h, then left to cool and concentrated in vacuo. The

resulting liquid was dissolved in CH2Cl2 (60 mL) and extracted with distilled water (3 x 60

mL) and oncewith a saturated NaClsolution (60 mL). The solution was dried with anhydrous

Na2SOu,, filtered and concentrated in vacuo to give mixed TYPE 1 EH,t-BOC,as clear

colourless, viscous liquid (12.02 g, 84%). Found C, 62.72; H, 11.01; N, 12.10%. C22Hy6N4O2

requires, C, 63.83; H, 10.99; N, 11.75%. °C NMR (100 MHz, CDCl) 6 12.8, 14.8, 21.9, 24.1,

28.8, 30.2, 39.3, 47.8, 50.6, 79.4, 156.5, 176.4. ‘H NMR (400 MHz, CDCl) 5 0.88

(overlapping t, 8H) 1.27 (m, 4H), 1.44 (s, 9H), 1.40-1.71 (overlapping m, 8H), 1.91 (m, 1H),

2.66 (overlapping t, 4H), 3.21 (q, 2H), 3.36 (q, 2H), 5.20 (NH), 6.53 (NH). m/z (ES+ MS) 358

[M+H]’.
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5.2.9 Synthesis of asymmetric second generation polyamide dendrons.

Synthesis of asymmetric second generation polyamide dendron protected G2I3 (mixed

TYPE 2 EH,t-BOC,).
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Scheme 5.15 - Synthesis ofasymmetric second generation dendron protected GxI3 (TYPE 2
EH,t-BOC,).

Dry toluene (100 mL) and BEHA (12.05 g, 50 mmol) were added to a 250 mL 3-necked

round-bottomedflask fitted with dry N> inlet and magnetic stirrer. Succinic anhydride (5.00 g,

50 mmol) was added via a powder addition funnel and the mixture was heated to 60°C with

stirring until the solid anhydride disappeared. CDI (9.72 g, 60 mmol, 1.2 X excess, 83%
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purity) was added slowly to control CO, evolution and the reaction mixture was purged with

dry N2 for 1 h. This solution was then added slowly dropwiseto a stirred solution of BAPA

(35 mL, 248 mmol, 5X excess) in dry toluene (50 mL) at 60°C. The reaction mixture was

stirred at 60°C for 18 h then left to cool and concentrated in vacuo. The resulting viscous

liquid was dissolved in CH2Cl, (60 mL) and washed 3 times with water (3 x 60 mL) and once

with a saturated NaCl solution (20 mL). The solution was dried with anhydrous Na2SOu,

filtered and concentrated in vacuo to give mixed TYPE 2 EH,PA,asa viscousliquid (21.7 g,

96%) that was used without further purification for the next step. m/z (ES+ MS) 455 [M+H]’.

Dry toluene (40 mL) and t+BOC, (5.01 g, 15.1 mmol) were added to a 250 mL 3-necked

round-bottomed flask fitted with dry N2 inlet and magnetic stirrer. Succinic anhydride (1.51 g,

15.1 mmol) was added via a powder addition funnel and the mixture was heated to 60°C with

stirring until the solid anhydride disappeared. CDI (2.94 g, 18.2 mmol, 1.2 X excess, 83%

purity) was added slowly to control CO2 evolution and the reaction mixture was purged with

dry N2 for 1 h. The solution was then added to mixed TYPE 2 EH)PA;in toluene (50 mL)

and the mixture wasstirred at 60°C for 18 h, then left to cool and concentrated in vacuo. The

resulting viscous liquid was dissolved in CH2Cl, (30 mL) and washed3 times with water (3 x

30 mL) and once with a saturated NaCl solution (20 mL). The solution was dried with

anhydrous Na2SOQxg,filtered and concentrated in vacuo to give mixed TYPE 2 EHt-BOC;as a

sticky liquid (13.67 g, 95%). Found C, 62.56; H, 10.51; N, 10.85%. C4c¢HgoN7O¢ requires, C,

63.63: H, 10.33; N, 11.29%. %C NMR (100 MHz, CDCI) & 11.2, 14.4, 23.4, 24.2, 28.8, 30.2,

39.3, 43.2, 45.6, 47.8, 79.4, 156.2, 172.6. 'H NMR (400 MHz, CDCI) 5 0.89 (m, 12H), 1.26

(m, 16H), 1.44 (d, 18H), 1.64 (m, 8H), 1.84 (m, 4H), 2.51 (m, 4H), 2.67 (m, 8H), 3.03-3.38

(overlapping m, 12H). m/z (ES+ MS) 446 {M+2Na]*’, 868 [M+H]’.
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5.2.10 Synthesis of symmetric zero generation polyamide dendrimers.

Synthesis of symmetric zero generation polyamide dendrimer protected GoT2 (TAEA t-

BOC).

N60°C less 60°C 0OH toluene toluene
5h 18h O° NH

TAEA t-BOC,

Scheme 5.16 - Synthesis ofsymmetric zero generation dendrimerprotected GoT2 (TAEAt-
BOC).

Dry toluene (250 mL) and CDI (27.20 g, 167 mmol) were added to a 500 mL 3-necked round-

bottomedflask fitted with dry N2 inlet and magnetic stirrer. A solution of f-butanol (23.83 g,

322 mmol, 2 X excess) in toluene (20 mL) was added dropwise and the mixture wasstirredat

60°C for 5 hours. The solution was then transferred to a 3-necked round-bottomed flask

containing TAEA (7.1 g, 48.6 mmol) and the mixture wasstirred at 60°C for a further 18

hours. The solution was cooled and concentrated in vacuo. Theresulting liquid was dissolved

in CH>Cl, (50 mL) and washed 3 times with water (3 x 50 mL). The solution was dried with

anhydrous Na2SQ,, filtered and concentrated in vacuo, then purified by silica gel

chromatographyeluting with ethyl acetate (100%) to give TAEA #-BOC;as crystalline solid
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(16.31 g, 75%) Found C, 56.47; H, 9.47; N, 12.60%. C2:H42N4Oc¢ requires, C, 56.48; H, 9.48;

N, 12.55%. “C NMR (100 MHz, CDCI;) 5 28.9, 39.0, 54.6, 79.6, 156.7. 'H NMR (400

MHz, CDCI;) 5 1.46 (s, 27H), 2.53 (t, 6H), 3.16 (q, 6H), 5.19 (br, NH), m/z (ES+ MS) 447

[M+H]", 469 [M+Na]’. GPC; M,, = 540, PDI= 1.11.

Synthesis of symmetric zero generation polyamide dendrimer GoT1 (TAEA TYPE 1

EHs).

Dry toluene (100 mL) and CDI(9.31 g, 57.5 mmol) were added to a 250 mL 3-necked round-

bottomed flask fitted with dry N2 inlet and magnetic stirrer. A solution of EHA (7.2 g, 50

mmol) in toluene (20 mL) was added slowly dropwise to control CO, evolution. After

complete addition the mixture was purged with dry N2 whilst stirring at 60°C for 30 minutes,

to ensure the complete consumption of the reagent and to aid the removal of any dissolved

CO». The solution was then transferred to a 3-necked round-bottomedflask containng TAEA

(2.43 g, 16.6 mmol) and the mixture wasstirred at 60°C for a further 18 hours. The solution

was cooled and the resulting solution was washed 3 times with water (3 x 50 mL). The

solution was dried with anhydrous Na2SOu, filtered and concentrated in vacuo, then purified

by silica gel chromatography eluting with ethyl acetate:methanol 9:1 to give TAEA TYPE 1

EH3 as a white rubbery solid (7.20 g, 83%). Found C, 68.56; H, 11.59; N, 10.62%.

CspHsoN4O3 requires C, 68.66; H, 11.52; N, 10.68%. C NMR (100 MHz, CDCls) 5 12.5,

14.4, 23.2, 26.3,.30,3, 32.8, 37.9, 49.6, 53.1, 176.9. 'H NMR (400 MHz, CDCl;) 5 0.89 (m,

18H), 1.26 (m, 12H), 1.44 (m, 6H), 1.55 (m,6H), 2.12 (m, 3H), 2.62 (t, 6H), 3.27 (t, 6H), 6.64

(br, NH). m/z (ES+ MS) 525 [M+H]’, 547 [M+Na]". GPC; My = 572, PDI 1.15.
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5.2.11 Synthesis of symmetric first generation polyamide dendrimers.

Synthesis of symmetric first generation polyamide dendrimer TYPE 2 G;T1 (CORE 1

TYPE 2 EHs).

Deree DIoD, r)

N nJ

“60°C 60°C ~y

— toluene

30 min

TYPE 2 EH, H.N1 nom 60°C

N * toluene
c 18h
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CORE1 TYPE 2 EH,

Scheme 5.17 - Synthesis ofsymmetricfirst generation dendrimer TYPE 2 G,T1 (CORE 1
TYPE2 EHs¢).

Dry toluene (100 mL) and BEHA (12.05 g, 50 mmol) were added to a 250 mL 3-necked

round-bottomedflask fitted with dry N2 inlet and magneticstirrer. Succinic anhydride (5.0 g,

50 mmol) was added and the mixture was heated to 60°C until the solid anhydride had

completely disappeared. CDI (8.1 g, 50 mmol) was added slowly such that the COevolution

was controlled. After the complete addition of CDI, the solution was purged with dry N2
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whilst stirring at 60°C for 30 minutes. The solution was then transferred to a 3-necked round-

bottomed flask containing TAEA (2.43 g, 16.6 mmol) and the mixture wasstirred at 60°C for

a further 18 hours. The solution was cooled and concentrated in vacuo. Theresulting viscous

liquid was dissolved in CHCl, (40 mL) and washed 3 times with water (3 x 40 mL). The

solution was dried with anhydrous Na2SO,,filtered and concentrated in vacuo, then purified

by silica gel chromatographyeluting with ethyl acetate:methanol (9:1) to give CORE 1 TYPE

2 EH;as a viscousliquid (16.30 g, 88%). Found C, 70.42; H, 11.79; N, 8.47%. Cg6Hi29N70¢

requires, C, 70.98; H, 11.64; N, 8.78%. “°C NMR (100 MHz, CDCI;) 11.3, 14.5, 23.5, 24.2,

29.1, 30.9, 31.7, 37.4, 38.6, 49.3, 51.5, 54.4, 172.9, 173.2. 'H NMR (400 MHz, CDCls) 5

0.89 (m, 36H), 1.26 (m, 48H), 1.63 (m, 6H), 2.53 (m, 12H), 2.69 (m, 6H), 3.20 (t, 6H), 3.32

(m, 12H), 7.54 (t, NH — disappears on addition of a drop of D2O). m/z (ES+ MS) 1117

[M+H]’. GPC; My = 1712, PDI = 1.18.

Synthesis of symmetric first generation polyamide dendrimer TYPE 1 G;T1 (CORE 1

TYPE1 EHs).

The procedure wassimilar to that described for the synthesis of CORE 1 TYPE 2 EH, but

using TYPE 1 EH;asthestarting material and THF as the solvent. During the reaction the

material gelled the solvent several times, vigorousstirring with a spatula was required before

addition of further reactants. The material was purified by silica gel chromatography eluting

with EtOAc:MeOH(7:3) to give CORE 1 TYPE 1 EHg asa sticky solid (5.1 g, 81%). Found

C, 65.13; H, 10.44; N, 11.72%. CgsHisoNi3012 requires, C, 65.38; H, 10.38; N, 11.80%. BC

NMR (100 MHz, CDC1l;) 5 12.5, 14.4, 23.1, 26.4, 28.2, 30.7, 32.9, 36.8, 38.7, 43.0, 45.5, 49.7,

54.7, 173.1, 176.5, 177.0. 'H NMR (400 MHz, CDCh) 6 0.88 (m, 36H), 1.26 (m, 24H), 1.42
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(m, 12H), 1.58 (m, 12H), 1.69 (m, 6H), 1.86 (m, 6H), 1.98 (m, 6H), 2.53 (m, 6H), 2.58 (m,

6H), 2.68 (m, 6H), 3.20 (m, 12H), 3.27 (m, 6H), 3.39 (t, 12H), 6.58 (t, NH), 6.83 (t, NH), 7.57

(t, NH), m/z (ES+ MS) 783 [M+H+Na]*", 794 [M+2Na]”. (GPC data not obtained as

material gelled THF)

Synthesis of symmetric first generation polyamide dendrimerprotected GjT2 (CORE f-

BOC,).

The procedure wassimilar to that described for the synthesis of CORE 1 TYPE 2 EH,, using

t-BOC,as the starting material, to give CORE 1 t-BOC;,as a foamedsolid (6.74 g, 88%)

Found C, 57.23; H, 8.93; N, 13.07%. Ce6Hi23Ni301g requires, C, 57.16; H, 8.94; N, 13.13%.

‘SC NMR (100 MHz, CDCls) & 28.3, 29.4, 31.3, 37.8, 38.4, 38.7, 43.0, 45.5, 54.7, 156.5,

173.1. 'H NMR (400 MHz, CDCls) 5 1.44 (d, 54H), 1.65 (m, 6H), 1.83 (m, 6H), 2.54 (m,

12H), 2.69 (m, 6H), 3.04 (m, 6H), 3.15 (m, 6H), 3.23 (m, 6H), 3.37 (m, 12H), 5.26 (br, NH),

5.34 (br, NH), 7.52 (br, NH). m/z (ES+ MS) 1386 [M+H]", 1408 [M-+Na]*. GPC; My = 1682,

PDI= 1.08.

Synthesis of symmetric first generation polyamide dendrimer protected G;T3 (CORE 1

TYPE 1 EH;t-BOC3).

The procedure wassimilar to that described for the synthesis of CORE 1 TYPE 2 EH, but

using mixed TYPE 1 EH, t-BOC;,asthestarting material. The purification step was achieved

by silica gel chromatography (eluting with ethyl acetate:methanol 9:1 increasing to 1:1) to

give CORE 1 TYPE 1 EH; ¢t-BOC;as a foamed solid (3.22 g, 53%). Found C, 59.60; H,

9.50; N, 12.60%. C75H141N13015 requires, C, 61.49; H, 9.70; N, 12.43%. BC NMR (100
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MHz, MeOD)6 12.6, 14.4, 23.1, 26.4, 29.5, 32.8, 36.9, 45.6, 49.7, 156.4, 173.9, 176.4, 177.0.

"H NMR (400 MHz, CDCI) 5 0.86 (m, 18H), 1.28 (m, 12H), 1.42 (m, 6H), 1.44 (d, 27H),

1.63 (mi, 12H), 1.87 (m, 6H), 2.00 (m, 3H), 2.54 (¢, 12H), 2.70 (m, 6H),.3.20 (m, 3H), 3.21

(overlapping m, 15H), 3.38 (m, 12H), 6.53 (br, NH), 6.83 (br, NH), 7.55 (br, NH), 7.65 (br,

NH). m/z (ES+ MS)755 [M+2Na]’", 1487 [M+Na]". GPC; My = 1604, PDI 1.02.

5.2.12 Synthesis of symmetric second generation polyamide dendrimers.

Synthesis of symmetric second generation polyamide dendrimer TYPE 2 G;T1 (CORE 2

TYPE 2 EH).

Dry toluene (70 mL) and TYPE 2 EH, (4.00 g, 5.1 mmol) were added to a 250 mL 3-necked

round-bottomedflask fitted with dry N2 inlet and magneticstirrer. Succinic anhydride (0.51 g,

5.1 mmol) was added and the mixture was heated to 60°C until the solid anhydride had

completely disappeared. CDI (1.2 g, 7.4 mmol, 1.44 X excess, 69% purity) was added slowly

such that the CO2 evolution was controlled. After the complete addition of CDI, the solution

was purged with dry N> whilst stirring at 60°C for 1 h. The solution wasthen transferred to a

3-necked round-bottomed flask containing TAEA (0.25 g, 1.7 mmol) and the mixture was

stirred at 60°C for a further 18 hours. The solution was cooled and concentrated in vacuo.

The resulting viscous liquid was dissolved in CHCl, (35 mL) and washed 3 times with water

(3 x 40 mL) and once with a saturated solution of NaCl (40 mL). The solution was dried with

anhydrous NazSOu, filtered and concentrated in vacuo, then purified first by silica gel

chromatography eluting with Et™OAc/MeOH (95/5 going to 5/5) and then twice by preparative

GPC (column modeeluting with THF) to give CORE 2 TYPE 2 EHas glassy solid (0.60

g, 13%). Found C, 68.00; H, 11.23; N, 9.21%. Cis6H297Ni9O1s requires, C, 68.71; H, 10.98;

N, 9.76%. °C NMR (100 MHz, CDCI3) 5 11.1, 14.5, 23.4, 29.1, 30.7, 37.3, 38.5, 51.5, 172.9,
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173.6, 174.9. 'H NMR (400 MHz, CDCl) 8 0.90 (m, 72H), 1.26 (m, 96H), 1.68 (m, 12H,

obscured by water peak), 1.85 (m, 12H), 2.51 (m, 24H), 2.67 (m, 18H), 3.19 (d, 24H), 3.22-

3.37 (overlapping m, 30H) 7.40 (t, NH), 7.57 (t, NH), 7.67 (t, NH). m/z (ES+ MS) 931

[M+3Na]°”, 1386 [M+2Na]**. m/z (MALDI TOF (Voyager) MS) 2749 [M+Na]*. GPC; My =

2024, PDI = 1.06.
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Scheme 5.18 - Synthesis ofsymmetric second generation dendrimer TYPE 2 G:T1 (CORE 2
TYPE 2 EH).
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Synthesis of symmetric second generation polyamide dendrimer protected TYPE 2 G,T2

(CORE 2 t-BOC,2).

The procedure was similar to that described for the synthesis of CORE 2 TYPE 2 EH, using

t-BOC, as the starting material. Purification was achieved by silica gel chromatography

(eluting with ethyl acetate:methanol 9:1 increasing to 7:3) and preparative GPC (column

mode, eluting with THF) to give CORE 2 t-BOC, as a foamedsolid (1.44 g, 43.2%). Found

C, 56.03; H, 8.69; N, 12.64%. CissH2gsN3iO42 requires, C, 57.35; H, 8.79; N, 13.29%. °C

NMR (100 MHz, MeOD) 6 21.8, 26.9, 29.2, 30.4, 31.3, 32.3, 39.2, 44.9, 69.2, 80.3, 158.7,

174.3, 175.2. 'H NMR (400 MHz, MeOD)6 1.43 (d, 108H), 1.67 (m, 18H), 1.81 (m, 18H),

2.50 (m, 18H), 2.59 (m, 6H), 2.68 (m, 18H), 3.00 (t, 12H), 3.08 (t, 12H), 3.15 (t, 6H), 3.22 (m,

12H), 3.37 (m, 36H), m/z (MALDI TOF(Voyager) MS) 3272 [M+H]’, 3289 [M+Na]’. GPC;

My = 2388, PDI = 1.04.

Synthesis of symmetric second generation polyamide dendrimer protected TYPE 2 G,T3

(CORE 2 TYPE2 EH,t-BOC,).

The procedure wassimilar to that described for the synthesis of CORE 2 TYPE 2 EH), but

using mixed TYPE 2 EH, +BOC,asthe starting material. Purification was achieved by

silica gel chromatography (eluting with ethyl acetate:methanol 9:1 increasing to 7:3) and

preparative GPC (column mode, eluting with THF) to give CORE 2 TYPE 2 EH t-BOC;as

a foamed solid (2.36 g, 39.2%). Found C, 60.43; H, 9.63; N, 11.45%. Cis6H201N25030

requires, C, 62.52; H, 9.79; N, 11.68%. 'C NMR (100 MHz, CDCI) 6 11.1, 14.5, 23.4, 29.1,

30.7, 37.3, 38.5, 51.5, 80.3, 172.9, 173.6, 174.9. "H NMR (400 MHz, MeOD)6 0.91 (m,

36H), 1.32 (m, 48H), 1.43 (d, 54), 1.68 (m, 18H), 1.81 (m, 12H), 2.49 (m, 12H), 2.53 (m, 6H),
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2.60 (t, 6H), 2.68 (m, 18H), 3.00 (t, 6H), 3.80 (t, 6H), 3.15 (t, 6H), 3.22-3.26 (overlapping m,

24H), 3.37 (m, 24H), m/z (MALDI TOF(Voyager) MS) 3001 [M+H]’, 3019 [M+Na]*. GPC;

M,, = 2303, PDI = 1.06.

5.2.13 Synthesis of asymmetric zero generation polyamide dendrimers.

Synthesis of asymmetric zero generation polyamide dendrimer TYPE 1 GoT3 (TAEA

TYPE 1 EH)).
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Scheme 5.19 - Synthesis ofasymmetric zero generation dendrimer GoT3 (TAEA TYPE1
EH)).

The procedure was similar to that described for the synthesis of mixed TYPE 1 EHiPAj,

using TAEA (21.9 g, 150 mmol, 3 X excess) in the place of BAPA, to give TAEA TYPE 1

EH,as an oily liquid (72%). Found C, 61.42; H, 11.24; N, 20.93%. C,4H32N4O requires, C,

61.72; H, 11.84; N, 20.57%. “%C NMR (100 MHz, CDCI;) 5 12.9, 14.8, 24.2, 27.6, 31.4, 34.0,

38.7, 40.4, 55.62, 57.4, 179.3. 'H NMR (400 MHz, CDCI:) 5 0.90 (m, 6H), 1.26 (m, 4H),

1.47 (m, 2H), 1.56 (m, 2H) 2.12 (m, 1H), 2.59 (overlapping peaks, 6H), 2.76 (t, 4H), 3.32 (m,

2H). m/z (CI+ MS NH,) 273 [M+H]’.
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Synthesis of asymmetric zero generation polyamide dendrimer TYPE 1 GoT4 (TAEA

TYPE 1 EH)).

The procedure was similar to that described for the synthesis of Mixed TYPE 1 EH,PA,,

using TAEA (3.65 g, 25 mmol) in the place of BAPA. After cooling, the crude reaction

mixture was cooled, washed 3 times with water (3 x 50 mL) and once with a saturated solution

ofNaCl (50 mL). The solution was dried with anhydrous Na2SOu,filtered and concentrated in

vacuo to give TAEA TYPE1 EH)as a viscous liquid (76%). Found C, 65.80; H, 11.82; N,

13.80%. Cy2HusN4O> requires, C, 66.29; H, 11.63; N, 14.05%. ‘°C NMR (100 MHz, CDCI;)

6 12.5, 14.4, 23.1, 26.3, 30.2, 32.8, 37.8, 40.2, 49.6, 54.5, 56.8, 176.6. 'H NMR (400 MHz,

CDCI) 6 0.89 (m, 12H), 1.27 (m, 8H), 1.46 (m, 4H), 1.60 (m, 4H), 1.98 (m, 2H), 2.55-2.61

(overlapping peaks, 6H), 2.78 (t, 2H), 3.34 (m, 4H), 6.7 (br, NH). m/z (ES+ MS) 399 [M+H]’,

421 [M+Na]"’.

Synthesis of asymmetric zero generation polyamide dendrimer TAEA TYPE2 EH.

The procedure was similar to that described for the synthesis of TAEA TYPE 1 EHb, but

using BEHA asthestarting material, to give TAEA TYPE 2 EH, asa viscousliquid (78%).

Found C, 70.21; H, 11.79; N, 10.20%. Ca4sHo2Ne6Ox4 requires, C, 69.65; H, 11.69; N, 10.59%.

SC NMR (100 MHz, CDCIs) 6 11.2, 14.7, 21.8, 23.4, 24.1, 29.4, 31.8, 37.3, 38.0, 39.9, 49.2,

51.6, 56.2, 173.1 'H NMR (400 MHz, CDCls) 5 0.88 (m, 24H), 1.27 (m, 32H), 1.63 (m, 4H),

2.55 (overlapping m, 10H), 2.68 (m, 6H), 3.19-3.26 (overlapping m, 12H), 7.61 (br, NH —

disappears on addition of a drop of DO). m/z (ES+ MS) 793 [M+H]’.
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5.2.14 Synthesis of asymmetric first generation polyamide dendrimers.

Synthesis of asymmetric first generation polyamide dendrimer protected TYPE 1 GiT4

(CORE 1 TYPE1 EH,t-BOC,).
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Scheme 5.20 - Synthesis ofasymmetricfirst generation dendrimerprotected TYPE 1 G,T4
(CORE 2 TYPE 1 EH2t-BOC,).

Dry THF (40 mL) and TYPE 1 EH;(4.38 g, 11.4 mmol) were added to a 250 mL 3-necked

round-bottomedflask fitted with dry N>2 inlet and magneticstirrer. Succinic anhydride (1.14 g,

11.4 mmol) was added and the mixture was heated to 60°C until the solid anhydride had

completely disappeared. CDI (1.95 g, 12 mmol, 1.05 X excess, 95% purity) was added slowly
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such that the CO, evolution was controlled. After the complete addition of CDI, the solution

was purged with dry N>2 whilst stirring at 60°C for 30 minutes. During the reaction the

material gelled the solvent several times, vigorousstirring with a spatula was required before

addition of further reactants. (See chapter 4.6 for further discussion) The solution was then

added slowly dropwise to a round bottomed flask containing TAEA (5.2 g, 30 mmol, 3 X

excess) in THF (50 mL) and the mixture wasstirred at 60°C for a further 18 hours. The

solution was cooled and concentrated in vacuo. Theresulting viscous liquid was dissolved in

CHCl, (30 mL) and washed 3 times with water (3 x 50 mL). The solution was dried with

anhydrous Na2SO,, filtered and concentrated in vacuo to give TAEA TYPE 1 EHas a

viscous liquid (4.56 g, 65%) that was used without further purification for the next step. m/z

(ES+ MS) 612 [M+H]’, 634 [M+Na]’.

Dry toluene (30 mL) and t-BOC,(4.68 g, 14.1 mmol) were added to a 250 mL 3-necked

round-bottomedflask fitted with dry N2 inlet and magneticstirrer. Succinic anhydride (1.41 g,

14.1 mmol) was added and the mixture was heated to 60°C until the solid anhydride had

completely disappeared. CDI (2.40 g, 14.8 mmol, 1.05 X excess, 95% purity) was added

slowly such that the CO, evolution was controlled. After the complete addition of CDI, the

solution was purged with dry N2 whilst stirring at 60°C for 1 h. TAEA TYPE 1 EH;(4.32 g,

7.1 mmol) in toluene (20 mL) was added and the mixture wasstirred at 60°C for a further 18

hours. The solution was cooled and concentrated in vacuo. Theresulting viscous liquid was

dissolved in CH2Cl2 (60 mL) and washed 3 times with water (3 x 60 mL). The solution was

dried with anhydrous Na2SOu, filtered and concentrated in vacuo, then purified bysilica gel

chromatography eluting with Et1OAc:MeOH(9:1 increasing to 1:1) to give CORE 1 TYPE 1

EH, t+BOC, asacrispy pale yellow solid (4.4 g, 43%). Found C, 59.47; H, 9.32; N, 12.60%.
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CroHicsN13016 requires, C, 60.10; H, 9.46; N, 12.65%. 'C NMR (100 MHz, CDCI;) 6 12.5,

14.3, 23.1, 26.4, 28.2, 30.7, 32.5, 36.8, 38.7, 43.1, 45.5, 49.7, 54.6, 156.2, 173.1, 176.5, 177.0.

'H NMR (400 MHz, CDCI) 6 0.88 (m, 12H), 1.20-1.70 (overlapping m, 54H,integration

higher than expected due to water overlapping peak), 1.85-1.99 (overlapping m, 12H), 2.54-

2.70 (overlapping m, 18H), 3.03-3.38 (overlapping m, 30H), 5.25 (br, NH), 5.34 (br, NH),

6.62 (br, NH), 6.83 (br, NH), 7.58 (br, NH). m/z (ES+ MS) 742 [M+2Na]**, 1461 [M+Na]".

GPC: M,, = 1890, PDI= 1.10.

Synthesis of asymmetric first generation polyamide dendrimer protected TYPE 2 GiT4

(CORE 1 TYPE 2 EH»t-BOC)).

The procedure was similar to that described for the synthesis of TAEA TYPE 1 Eb, but

using TYPE 2 EH;asthe starting material, to give TAEA TYPE 2 EH;as a viscousliquid

(22.37 g, 95%). Found C, 65.42; H, 11.71; N, 13.69%. C2x6HssNsO2 requires, C, 65.88; H,

11.80; N, 13.91%. 'C NMR (100 MHz, CDCl) 6 11.2, 14.7, 21.8, 23.4, 24.1, 29.4, 31.8,

37.3, 38.0, 39.9, 49.2, 51.6, 56.2, 173.1. 'H NMR (400 MHz, CDCI) 6 0.89 (m, 12H), 1.26

(m, 16H), 1.63 (m, 2H), 2.54 (m, 8H), 2.66 (m, 2H), 2.76 (t, 4H), 3.18 (t, 2H), 3.28 (m, 4H).

m/z (ES+ MS) 470 [M+H]',492 [M+Na]".

The procedure was similar to that described for the synthesis of CORE 1 TYPE 2 EMD ¢-

BOC,, using TAEA TYPE2 EH;in the place ofTYPE 1 EH. Purification was achieved by

silica gel chromatography eluting with EtOAc:MeOH (95:5 increasing to 1:1) to give CORE

1 TYPE 2 EH), t-BOC,as a glassy solid (6.87 g, 50.5%). Found C, 61.04; H, 9.82; N,

11.61%. Co6Hi2sN11O14 requires, C, 61.13; H, 9.72; N, 11.88%. ‘C NMR (100 MHz, CDCIs)

6 11.3, 14.4, 23.5, 24.4, 29.1, 30.9, 31.7, 37.4, 38.5, 49.3, 51.5, 54.4, 156.5, 172.9, 173.0. 'H
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NMR (400 MHz, CDCI;) 5 0.83-0.90 (m, 12H), 1.26 (m, 16H), 1.44 (d, 36H), 1.65 (m, 6H),

1.83 (m, 4H), 2.55 (m, 12H), 2.70 (m, 6H), 3.04-3.20 (overlapping m, 18H), 3.37 (m, 8H),

5.38 (br, NH), 5.43 (br, NH), 7.58 (br, NH). m/z (ES+ MS) 1297 [M+H]’”. GPC; My = 2047,

PDI= 1.04.

Synthesis of asymmetric first generation polyamide intermediate protected GiI5 (TAEA

t-BOC,).

The procedure was similar to that described for the synthesis of TAEA TYPE 1 EMb,using

toluene as the solvent and t-BOC;as the starting material, to give TAEA t-BOC;as a glassy

solid which was used without further purification for the next steps (63%) m/z (ES+ MS) 560

[M+H]’.

Synthesis of asymmetric first generation polyamide dendrimer protected TYPE 1 GiT5

(CORE 1 TYPE 1 EH4t-BOC)).

Dry toluene (100 mL) and TYPE 1 EH; (3.72 g, 9.7 mmol) were added to a 250 mL 3-necked

round-bottomedflask fitted with dry N> inlet and magnetic stirrer. Succinic anhydride (0.97 g,

9.7 mmol) was added and the mixture was heated to 60°C until the solid anhydride had

completely disappeared. CDI (1.64 g, 10.2 mmol, 1.05 X excess, 95% purity) was added

slowly such that the CO, evolution was controlled. After the complete addition of CDI, the

solution was purged with dry N2 whilst stirring at 60°C for 1 h. TAEA t-BOC, (2.35 g, 4.2

mmol) in toluene (20 mL) was added and the mixture wasstirred at 60°C for a further 18

hours. The solution was cooled and concentrated in vacuo. The resulting viscous liquid was

dissolved in CH2Cl2 (40 mL) and washed 3 times with water (3 x 40 mL). The solution was
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dried with anhydrous Na2SOu, filtered and concentrated in vacuo, then purified by silica gel

chromatography eluting with EtOAc:MeOH (9:1 increasing to 1:1) to give CORE 1 TYPE 1

EH, t-BOC;as a sticky solid (2.25 g, 36%). °C NMR (100 MHz, CDCI;) 6 12.5, 14.4, 23.1,

26.4, 28.2, 30.7, 32.9, 36.8, 38.7, 43.0, 45.5, 49.7, 54.7, 156.2, 173.1, 176.5, 177.0. 'H NMR

(400 MHz, CDCl;) 5 0.88 (m, 24H), 1.20-1.70 (overlapping m, 50H, integration higher than

expected due to water overlapping peak), 1.85-1.99 (overlapping m, 16H), 2.54-2.70

(overlapping m, 18H), 3.03-3.38 (overlapping m, 30H), 5.24 (br, NH), 5.34 (br, NH), 6.51 (br,

NH), 6.79 (br, NH), 7.60 (br, NH). m/z (ES+ MS) 768 [M+2Na]”’,1513 [M+Na]". GPC; My =

1776, PDI= 1.11.

Synthesis of asymmetric first generation polyamide dendrimer protected TYPE 2 GiT5

(CORE 1 TYPE 2 EH4t-BOC)).

The procedure was similar to that described for the synthesis of CORE 1 TYPE 1 EH, t-

BOC;, using BEHA (2.33 g, 9.7 mmol)in the place ofTYPE 1 EH). The crude material was

purified by silica gel chromatography eluting with EtOAc:MeOH (9:1 increasing to 1:1) to

give CORE 1 TYPE 2 EH, t+-BOC,asa sticky solid (2.23 g, 44%). Found C, 64.02; H,

10.44; N, 11.05%. Cé6Hi27NoO10 requires, C, 65.69; H, 10.61; N, 10.45%. SC NMR (100

MHz, CDCl3) 6 11.5, 14.4, 23.5, 24.4, 29.3, 30.9, 31.7, 37.4, 38.5, 49.3, 51.5, 54.4, 156.4,

172.8, 173.1. 'H NMR (400 MHz, CDC1;) 5 0.83-0.90 (m, 24H), 1.26 (m, 32H), 1.44 (d, 18H),

1.65 (m, 6H), 1.82 (m, 2H), 2.55 (m, 12H), 2.70 (m, 6H), 3.05-3.20 (m, 18H), 3.36 (m, 4H),

5.40 (br, NH), 7.70 (br, NH). m/z (ES+ MS) 1207 [M+H]*,1229 [M+Na]”. GPC; My = 2155,

PDI= 1.05.
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5.2.15 Synthesis of asymmetric second generation polyamide

dendrimers.

Synthesis of asymmetric second generation polyamide dendrimerprotected TYPE 2 G,T4

(CORE 2 TYPE 2 EHsf-BOC,).
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Scheme 5.21 - Synthesis ofasymmetric second generation dendrimerprotected TYPE 2 G,T4
(CORE 2 TYPE 2 EHsf-BOC,).

Dry toluene (70 mL) and TYPE 2 EH, (3.92 g, 5 mmol) were added to a 250 mL 3-necked

round-bottomedflask fitted with dry N2 inlet and magneticstirrer. Succinic anhydride (0.5 g,

5 mmol) was added and the mixture was heated to 60°C until the solid anhydride had
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completely disappeared. CDI (1.17 g, 7.2 mmol, 1.44 X excess, 70% purity) was added

slowly such that the CO, evolution was controlled. After the complete addition of CDI, the

solution was purged with dry N> whilststirring at 60°C for 1 hour. The solution was then

added slowly dropwise to a round bottomed flask containing TAEA (2.19 g, 15 mmol, 3 X

excess) in toluene (50 mL) and the mixture wasstirred at 60°C for a further 18 hours. The

solution was cooled and concentrated in vacuo. Theresulting viscous liquid was dissolved in

CHCl, (50 mL) and washed3 times with water (3 x 50 mL). This formed an emulsion layer

which was then further extracted into ethyl acetate which was dried with anhydrous Na2SOux,

filtered and concentrated in vacuo to give G14 as a sticky gum in 85% yield, that was used

withoutfurther purification for the next step. m/z (ES+ MS) 503.9 [M+H]’’, 1006.9 [M+H]’.

Dry toluene (50mL) and t-BOC, (2.87g, 3mmol) were added to a 250mL 3-necked round-

bottomed flask fitted with dry N2 inlet and magnetic stirrer. Succinic anhydride (0.30g,

3mmol) was added and the mixture was heated to 60°C until the solid anhydride had

completely disappeared. CDI (0.51g, 3mmol, 1.2 X excess, 85% purity) was added slowly

such that the CO, evolution was controlled. After the complete addition of CDI, the solution

was purged with dry N2 whilst stirring at 60°C for lh. G14 (1.55g, 1.5mmol) in toluene

(20mL) was added and the mixture wasstirred at 60°C for a further 18 hours. The solution

was cooled and concentrated in vacuo. Theresulting viscousliquid was dissolved in CH2Cl,

(40 mL) and washed 3 times with water (3 x 40 mL). The solution was dried with anhydrous

Na2SOu, filtered and concentrated in vacuo, followed by silica gel chromatography (eluting

with ethyl acetate:methanol 9:1 increasing to 1:1) and preparative GPC (column mode,eluting

with THF) to give CORE 2 TYPE 2 EH, t-BOCs(protected G,T4) as a foamed solid (1.63 g,

51.3%). Found C, 58.68; H, 9.20; N, 11.04%. Cis6H2g9N27034 requires, C, 60.69; H, 9.44; N,
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12.25%. °C NMR (100 MHz, MeOD)6 11.8, 15.0, 21.9, 24.6, 25.4, 29.3, 31.4, 32.1, 35.6,

40.0, 45.0, 47.0, 52.8, 80.3, 158.7, 174.3, 175.1, 175.3. 'H NMR (400 MHz, MeOD) 6 0.93

(m, 24H), 1.32 (m, 32H), 1.43 (d, 72H), 1.69-1.81 (overlapping m, 32H), 2.50 (m, 18H), 2.65

(m, 24H), 3.00 (t, 6H), 3.08 (t, 6H), 3.15 (t, 6H), 3.23-3.37 (m, 52H), m/z (MALDI TOF

(Voyager) MS) 3091 [M+H]’, 3109 [M+Na]’. GPC; M,, = 2880, PDI 1.05.

Synthesis of asymmetric second generation polyamide dendrimerprotected TYPE 2 G,T5

(CORE 2 TYPE 2 EH4t-BOCS).

The synthesis was similar to that described for G2I4, using #BOC, in the place of TYPE 2

EH, to give G2I5 as a crispy solid (4.87 g, 82%) that was used withoutfurther purification for

the next step. m/z (ES+ MS) 593.4 [M+H]’”, 1186 [M+H]’.

The synthesis was similar to that described for CORE 2 TYPE 2 EH, t-BOCs, using G2I5 in

the place of G,I4. Purification was achieved by silica gel chromatography (eluting with ethyl

acetate:methanol 9:1 increasing to 7:3) and preparative GPC (column mode, eluting with

THF) to give CORE 2 TYPE 2 EHs t-BOC, (protected G,T5)as a sticky solid. (0.40 g,

8.2%). Found C, 63.40; H, 10.02; N, 11.24%. Cis6H293N2302 requires, C, 64.45; H, 10.16;

N, 11.08%. °C NMR (100 MHz, MeOD) 6 11.6, 14.8, 24.7, 25.3, 28.9, 29.7, 30.4, 31.3, 32.7,

35.8, 38.6, 39.2, 44.9, 47.2, 52.8, 55.3, 69.2, 80.3, 158.7, 174.3, 174.9, 175.3. ‘H NMR (400

MHz, MeOD) 8 0.93 (m, 48H), 1.32 (m, 64H), 1.43 (d, 36H, overlapping water peak so

integration higher than expected), 1.69-1.81 (overlapping m, 32H), 2.49-2.69 (overlapping m,

42H), 3.00-3.37 (overlapping m, 62H). m/z (MALDI TOF (Voyager) MS) 2929 [M+Na]’.

GPC; My = 2713, PDI= 1.03.
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5.2.16 Deprotection of t-BOC protected dendrimers and ion exchange of

the trifluoroacetate salts produced.

The deprotection of the BOC protected amines on the periphery of the dendrimers was

achieved using Trifluoroacetic acid (TFA), yielding the trifluoroacetate salts. These were

characterised by 'H NMR to confirm the removalof the peak at 1.44 ppm (due to the -BOC

protons) and by IR spectroscopy in which the stretching frequency of the C-F bond could be

observed at ~ 1140 cm”. Selected first generation dendrimers were also characterised by ES*

MS, howeverthe materials displayed the same molecular ion peaks as the free amine materials

whenthe positive ion mode was used. Thetrifluoroacetate salts were transformed to the free

amines using Amberlyst® ion exchange beads (OH form). The use of a freeze drier to remove

the water from the ion exchanged materials was necessary for the surface active materials, as

rotary evaporation caused excessive foaming. Freeze drying was achieved by quickly cooling

small fractions of the solution of material in water in glass vials using liquid nitrogen and then

placing the material under high vacuum at -40°C, usually for 24 hours. The low temperature

reduced the amountof foaming that occurred in the materials and the solvent was removed by

sublimation rather than evaporation.

The most accurate microanalysis results were obtained after long periods of drying and were

best achieved using the freeze-drying method. The materials with primary amine peripheral

groups appear to be hygroscopic and accurate microanalysis results were difficult to obtain for

all samples for these reasons. The presence of remaining TFA in the samples is not thought to

cause the discrepanciesin the values, as there is no evidencein either the IR spectra or the BC

NMR spectra of the ion exchanged materials to suggest that there is any TFA remaining.
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Deprotection ofCORE 1 t-BOC;,to give CORE 1 PAg (G;T2).
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Scheme 5.22 — Deprotection offirst generation polyamide dendrimer CORE 1 t-BOC,fo give
CORE 1 t-BOC, (GiT2).

CORE 1 #-BOC;(4.50 g, 3.25 mmol) and DCM (30 mL) were addedto a round bottom flask

fitted with a magnetic stirrer. TFA (7.3 mL, 97.5 mmol, 5 X excess wrt #BOC groups) was

added and the mixture wasstirred at ambient temperature for 24 hours. The mixture was

diluted with toluene (20 mL) and the solvents and excess TFA removed in vacuo to give the

trifluoroacetate salt CORE 1 TFA, as a viscous yellow oil. m/z (ES+ MS) 262 [M+3H]°",

393 [M+2H]*”. (IR) C-F stretch 1137.8 cm”.
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CORE 1 TFAg wasdissolved in distilled water (20 mL) and added to a separating funnel

containing Amberlyst ion exchange beads (OH form) (~30 mL) just covered with distilled

water. On addition, some beads turned from pink to yellow. After 1 h the solution was rinsed

through the beads with an excess of distilled water and the water removed in vacuo to give

CORE 1 PAg (GiT2) as a viscous dark yellow oil (2.32 g, 90%). Found C, 47.22; H, 9.02; N,

19.91%. C36H7sNi30¢6 requires, C, 55.01; H, 9.62; N, 23.16%. ‘°C NMR (100 MHz, D.0)

25.5, 26.3, 28.2, 30.8, 34.7, 37.4, 43.2, 45.4, 53.2, 175.0. 'H NMR (400 MHz, D20) 6 1.80-

1.90 (overlapping m, 12H), 2.41-2.89 (overlapping m, 30H), 3.21-3.45 (overlapping m, 18H).

m/z (ES+ MS) 262 [M+3H]””, 393 [M+2H]’’, 786 [M+H]’.

Deprotection of CORE 1 TYPE 1 EH) t-BOC, to give CORE 1 TYPE 1 EH) PA, (TYPE

1 G,T4).

The method was similar to that used for CORE 1 PAs using CORE 1 TYPE 1 EH) t-BOC,,

a 10 X excess of TFA wrt t-BOC groups and heating at 20°C for a reaction time of 3 days to

first give CORE 1 TYPE 1 EH, TFAg as a viscous orange liquid. m/z (ES+ MS) 347

[M+3H]°*", 520 [M+2H]*". (IR) C-F stretch 1147.3 cm”. After ion exchange and removal of

the water by freeze drying to prevent foaming, CORE 1 TYPE 1 EH, PA, (TYPE 1 G,T4)

was yielded as a sticky yellow solid (80%). Found C, 57.86; H, 10.21; N, 17.22%.

CspHi03Ni3O¢ requires, C, 60.14; H, 10.00; N, 17.53%. '°C NMR (100 MHz, MeOD) 13.0,

14.8, 24.2, 27.6, 29.7, 30.1, 32.3, 34.0, 38.1, 38.6, 39.0, 39.3, 43.7, 45.2, 46.5, 47.2, 50.5, 55.3,

174.3, 175.2, 175.6, 179.2. ‘H NMR (400 MHz, MeOD)8 0.89 (m, 12H), 1.26-2.11

(overlapping m, 28H), 2.55-2.70 (overlapping m, 26H), 3.18-3.50 (overlapping m, 24H). m/z

(ES+ MS) 347 [M+3H]°*, 520 [M+2H]’*.
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Deprotection of CORE 1 TYPE 2 EH, t-BOC, to give CORE 1 TYPE 2 EH; PAy (TYPE

2 GiT4).

The method wassimilar to that used for CORE 1 PAg using CORE 1 TYPE 2 EH),t-BOC,

and stirring at 20°C for a reaction time of 3 days to first give CORE 1 TYPE 2 EH) TFA, as

a glassy yellow solid. m/z (ES+ MS) 896 [M+H]". (IR) C-F stretch 1143.5 cm”. After ion

exchange and removal of the water by freeze drying to prevent foaming, CORE 1 TYPE 2

EH), PAy (TYPE 2 GiT4)wasyielded as a sticky yellow solid (>80%). C, 46.73; H, 7.44; N,

11.14%. CasHo3Ni1Oc requires, C, 61.64; H, 10.46; N, 17.19%. °C NMR (100 MHz, MeOD)

6 11.5, 14.8, 24.5, 25.3, 27.2, 28.1, 30.2, 31.9, 32.7, 38.4, 46.3, 49.1, 175.3, 175.7. 'H NMR

(400 MHz, MeOD)6 0.93 (m, 12H), 1.32 (m, 16H), 1.68 (m, 2H), 1.91-2.01 (overlapping m,

8H), 2.50-2.69 (overlapping m, 18H), 2.91-3.01 (d of t, 6H), 3.31-3.47 (m, 18H). m/z (ES+

MS) 449 [M+2H}**, 896 [M+H]’”.

Deprotection of CORE 1 TYPE 1 EH; t-BOC; to give CORE 1 TYPE 1 EH; PA; (TYPE

1 GTS).

The method wassimilar to that used for CORE 1 PAs using CORE 1 TYPE 1 EH; ¢t-BOC;

andstirring at 20°C for a reaction time of 3 daysto first give CORE 1 TYPE 2 EH; TFA;as

a viscous orange gum. (IR) C-F stretch 1143.8 cm’. After ion exchange and removalofthe

water by freeze drying CORE 1 TYPE 2 EH; PA; (TYPE 2 G,T3) wasyielded as a powdery

solid (>80%). SC NMR (100 MHz, MeOD)6 13.1, 14.8, 24.3, 27.6, 29.5, 30.1, 31.4, 32.3,

34.0, 38.0, 38.4, 39.0, 39.3, 43.7, 45.1, 46.5, 47.3, 50.5, 55.3, 174.3, 175.2, 175.6, 179.3. 'H

NMR (400 MHz, MeOD) 0.89 (m, 18H), 1.26-2.11 (overlapping m, 36H), 2.55-2.70

(overlapping m, 24H), 3.18-3.50 (overlapping m, 27H). m/z (ES+ MS) 582.5 [M+2H]**, 1186

[M+Na]’.
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Deprotection of CORE 1 TYPE 1 EH, t-BOC,to give CORE 1 TYPE 1 EH, PA; (TYPE

1 GTS).

The method was similar to that used for CORE 1 PAs using CORE 1 TYPE 1 EH, t-BOC,

as the starting material to first give CORE 1 TYPE 1 EH, TFA:as a viscous yellow gum.

(IR) C-F stretch 1152.3 cm’ After ion exchange and removal of the water by freeze drying to

prevent foaming, CORE 1 TYPE 1 EH, PA; (TYPE 1 G,T5) was yielded as a powdery

white solid (>80%). Found C, 54.69; H, 8.88; N, 12.46%. CcegHi31Ni3O10 requires, C, 63.27;

H, 10.23; N, 14.11%. '*C NMR (100 MHz, MeOD)5 13.0, 14.8, 24.3, 27.6, 29.7, 30.1, 31.4,

32.3, 34.0, 38.1, 38.5, 39.0, 39.3, 43.7, 45.2, 46.5, 47.3, 50.5, 55.3, 174.4, 175.2, 175.6, 179.3.

‘H NMR (400 MHz, MeOD) 6 0.89 (m, 24H), 1.26-2.11 (overlapping m, 44H), 2.55-2.70

(overlapping m, 18H), 2.91-2.98 (d of t, 6H), 3.18-3.50 (overlapping m, 30H). m/z (ES+ MS)

431 [M+3H]*", 646 [M+2H]**,657 [M+H+Na]*", 668 [M+2Na]*.

Deprotection of CORE 1 TYPE 2 EH, t-BOC,to give CORE 1 TYPE 2 EH, PA; (TYPE

2 GTS).

The method was similar to that used for CORE 1 PAs using CORE 1 TYPE 2 EH, t-BOC,

as the starting material to first give CORE 1 TYPE 2 EH, TFA;as a sticky yellow liquid.

m/z (ES+ MS) 504 [M+2H]**. (IR) C-F stretch 1155.1 cm’. After ion exchange and removal

of the water by freeze drying to prevent foaming, CORE 1 TYPE 2 EH, PA; (TYPE 2

GiT5)was yielded as a glassy yellow solid (>85%). Found C, 54.34; H, 8.89; N, 11.66%.

Cs6Hi11NoO¢ requires, C, 66.82; H, 11.12; N, 12.52%. ‘°C NMR (100 MHz, MeOD)6 11.5,

14.8, 24.5, 25.4, 27.2, 28.1, 30.4, 32.0, 32.7, 38.6, 39.3, 39.9, 175.3, 175.9. "H NMR (400

MHz, MeOD) 0.93 (m, 24H), 1.32 (m, 32H), 1.68 (m, 4H), 1.91-2.01 (overlapping m, 6H),

2.50-2.69 (overlapping m, 18H), 2.91-3.01 (d of t, 6H), 3.31-3.47 (m, 24H). m/z (ES+ MS)

1006 [M+H]", 1028 [M+Na]’.
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Deprotection of CORE 2 t-BOC,; to give CORE 2 PAy, (G2T2).

The method wassimilar to that used for CORE 1 PAg using CORE 2 t-BOC,;asthestarting

material and a 7X molar excess of TFA:t-BOC groups to give CORE 2 TFA)as a sticky

liquid. (IR) C-F stretch 1143.1 cm™. After ion exchange and removal of the water in vacuo

CORE 2 PA, (G:T2) was yielded s a glassy solid (>90%). Found C, 47.08; H, 8.87; N,

17.19%. Cob6HigoN310is requires, C, 55.82; H, 9.22; N, 21.02%. ‘°C NMR (100 MHz, MeOD)

6 31.3, 32.4, 35.4, 38.4, 39.3, 40.1, 40.9, 44.4, 45.2, 47.0, 53.6, 55.3, 61.1, 174.4, 175.1, 175.4.

'H NMR (400 MHz, MeOD) 6 1.70-1.84 (overlapping m, 36H), 2.45-2.72 (overlapping m,

66H), 3.03-3.44 (overlapping m, 54H). m/z (MALDI TOF(Voyager) MS) 413 [M+5H]°".

Deprotection ofCORE 2 TYPE 2 EHsgt-BOC;to give CORE 2 TYPE 2 EH¢ PAg (G2T3).

The method wassimilar to that used for CORE 1 PAg using CORE 2 TYPE 2 EH; t-BOC;

as the starting material and a 7X molar excess of TFA:t-BOC groups to give CORE 2 TYPE

2 EH, TFAs. (IR) C-F stretch 1151.2 cm”. After ion exchange and removal of the water by

freeze drying to prevent foaming, CORE 2 TYPE 2 EHs PAg (G2T3) wasyielded as a glassy

solid (>90%). Found C, 55.35; H, 9.59; N, 12.42%. Ci26H243N2sO1s requires, C, 63.15; H,

10.22; N, 14.61%. ‘°C NMR (100 MHz, MeOD) 6 11.5, 14.8, 24.5, 25.3, 30.6, 31.3, 32.0,

35.4, 38.4, 38.4, 38.6, 44.2, 45.3, 47.2, 52.8, 55.4, 174.9, 175.1, 175.9. 'H NMR (400 MHz,

MeOD) 5 0.95 (m, 36H), 1.34 (m, 54H), 1.7-1.86 (overlapping m, 30H), 2.54-2.72

(overlapping m, 50H), 3.1-3.44 (overlapping m, 58H). m/z (MALDI TOF (Voyager) MS) 2418

[M+Na]’.
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Deprotection of CORE 2 TYPE 2 EH, t-BOC;to give CORE 2 TYPE 2 EH, PAs (G2T4).

The method was similar to that used for CORE 1 PAs using CORE 2 TYPE 2 EH, t-BOCs;

as the starting material and a 7X molar excess of TFA:t-BOC groups to give CORE 2 TYPE

2 EH, TFAs. (IR) C-F stretch 1147.2 cm’. After ion exchange and removal of the water by

freeze drying to prevent foaming, CORE 2 TYPE 2 EH, PAs (G:T4) wasyielded as a glassy

solid (>90%). Found C, 53.22; H, 9.30; N, 11.22%. Ci16H225N2701s requires, C, 60.94; H,

9.42: N, 16.54%. °C NMR (100 MHz, MeOD) 6 11.8, 15.0, 24.5, 25.4, 29.7, 30.0, 30.3, 32.0,

35.4, 38.4, 39.3, 40.8, 45.3, 47.2, 52.8, 55.3, 174.9, 175.1, 175.3. 'H NMR (400 MHz,

MeOD) 6 0.95 (m, 24H), 1.34 (m, 36H), 1.7-1.86 (overlapping m, 28H), 2.54-2.72

(overlapping m, 58H), 3.1-3.44 (overlapping m, 54H). m/z (MALDI TOF (Voyager) MS) 2308

[M+Na].

Deprotection ofCORE 2 TYPE 2 EHs ¢-BOC;,to give CORE 2 TYPE 2 EHs PA, (G)T5).

The method was similar to that used for CORE 1 PAg using CORE 2 TYPE 2 EHs t-BOC,

as the starting material and a 7X molar excess of TFA:t-BOC groups to give CORE 2 TYPE

2 EHs TFA,. (IR) C-Fstretch 1148.6 cm”. After ion exchange and removalof the water by

freeze drying to prevent foaming, CORE 2 TYPE 2 EHsg PAg wasyielded as a glassy solid

(>90%). Found C, 59.33; H, 10.07; N, 12.51%. Ci36H261N2301 requires, C, 65.16; H, 10.49;

N, 12.85%. ‘°C NMR (100 MHz, MeOD) 6 11.5, 14.8, 24.5, 25.3, 28.9, 29.7, 30.3, 31.3, 32.0,

32.7, 35.4, 38.2, 38.4, 38.6, 39.9, 44.2, 45.2, 47.2, 52.8, 55.3, 174.9, 175.1, 175.3. 'H NMR

(400 MHz, MeOD)6 0.95 (m, 48H), 1.34 (m, 70H), 1.7-1.86 (overlapping m, 28H), 2.54-2.72

(overlapping m, 50H), 3.1-3.44 (overlapping m, 54H). m/z (MALDI TOF(Voyager) MS) 2528

[M+Na]’.
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6.0 Conclusions and further work.

The selective formation of urethane dendrons with hydrophobic peripheral groups was

achieved, using imidazole carboxylic esters formed from secondary alcohols. However, the

synthesis of urethane dendrons with tertiary amine peripheral groups proved to be

unsuccessful, resulting in the polymerisation of propylene oxide in the attempted ring opening

reaction. The synthesis of polycarbonate dendrons with tertiary amine peripheral groups was

hamperedbythe lack of selectivity of the imidazole carboxylic esters, however the synthesis

of a series of first generation polycarbonate dendrons with mixtures of aliphatic and

morpholine peripheral groups was successful, and the aliphatic dendron was successfully

coupled to the core resulting in a first generation dendrimer. A series of zero generation

dendrimers with mixtures of aliphatic and morpholine peripheral groups was also synthesised

and their solubility in water was tested. It was found that the introduction of just one

hydrophobic aliphatic group had a dramatic effect on the solubility of the dendrimers,

highlighting the need to further understand the relationship between surface functionality and

solubility. However, further studies of the hydrolytic stability of the polycarbonate

dendrimers with morpholine peripheral groups revealed that the carbonate bond was unstable

under the solution conditions. Therefore, a more stable core structure was required and the

synthesis of polyamide dendrimers becamethe focusofthe study.

Tailored polyamide dendrimers with mixtures of branched alkyl and t-BOCprotected primary

amine groups were successfully synthesised using CDI coupling chemistry. Three series of

dendrimer, zero generation, first generation and second generation were synthesised, and two

different branched alkyl peripheral groups were used in the synthesis of the zero and first
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generation materials, to allow more fine control over the structure. The ¢-BOC protecting

groups were removed yielding amphiphilic dendrimers with both hydrophobic branchedalkyl

groups and hydrophilic primary amine groups.

The aqueoussolution properties of the amphiphilic polyamide dendrimers were studied using

standard solubility tests and surface tensiometry. The materials were described by the

percentage of peripheral groups that are hydrophilic, to facilitate the comparison between

different materials with the same ratio of hydrophilic:hydrophobic peripheral groups.

Dendrimers of each generation with completely hydrophilic surfaces were found to be

miscible with water and those with completely hydrophobic surfaces were immiscible. It was

found that the alteration of small structures (zero generation dendrimers) by only one

peripheral group has a dramatic effect on the water solubility. For the first generation

materials there was no difference found between the solubility of the dendrimers with 33-

100% hydrophilic peripheral groups — all were found to be completely miscible. Second

generation dendrimers exhibit small variations in solubility between materials with 33%, and

those with 66% hydrophilic peripheral groups.

Surface tensiometry measurements were used to calculate the CAC and C2 of the polyamide

dendrimers to determine how effective a surfactant they were. It was revealed that the most

efficient surfactant of the dendrimers studied was G; TYPE 2 33% with a CAC of only

20mg/L compared to that of SDS at 2.3g/L. However, from the perspective of a product

formulation, in which the cost and time of a synthesis is taken into account, Gp 50% appears a
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more attractive option as the synthesis and purification steps are inherently shorter and simpler

and at 47mg/L, the CACis ofthe same order of magnitudeas the first generation material.

Preliminary solution properties of the zero and first generation materials in organic solvents

revealed the unique properties of the TYPE 1 EH peripheral group that has a great potential

for hydrogen bonding between molecules, leading to interesting phenomena including

reversible organogel formation and self assembly behaviour.

Future work could involve the characterisation of the organogel formed from materials

containing the TYPE 1 EH peripheral group. This could involve studying the gel by electron

microscopy, using cryogenic temperatures to allow the visualisation of the structure formed in

the solvent. Rheological analysis of the gel could also be performed, along with 'H NMR

spectroscopyto study the H bonding withinthe structures.

The inclusion of the TYPE 1 EHperipheral group into the second generation structures would

allow variations within the periphery of the dendrimer for materials with the same percentage

of hydrophilic peripheral groups (eg figure 6.1). Dendrimers with analogous structures to

those synthesised in this study could be examined, to determine the effect of more subtle

variations in peripheral groups.
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Figure 6.1 — Example structures ofsecond generation dendrimer synthesised using TYPE 1
EH and TYPE 2 EHperipheral groups.

Further studies upon the surfactant properties of the polyamide dendrimers synthesised here

could be carried out, such as examiningthestability of the foams formed, the formation and

stability of emulsions formed using the amphiphilic dendrimers, and the properties of the TFA

terminated dendrimers compared to the primary amine terminated materials.

Dendrimers with hydroxyl peripheral groups in place of primary amines could be synthesised

and studied using the same methods, in order to determine the effect of altering the nature of

the hydrophilic peripheral group upon the dendrimers properties. For example, the dendrimer

shown in figure 6.2 could be synthesised using the CDI coupling chemistry similarly to the

synthesis ofthe dendrimers described in this thesis.
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Figure 6.2 — Example structure ofhydroxyl endedpolyamide dendrimer.
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