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By Neil James Wells 

The insecticide industry faces increasing challenges from insect resistance to growing 

concerns over environmental issues. Synthesis of analogues of the insect moulting 

hormone, 20-hydroxyecdysone by solid phase methods was targeted as potential entry into 

new insecticide chemistry. The synthetic route utilised readily available 20-

hydroxyecdysone that was converted by oxidative cleavage into poststerone that 

underwent solid phase attachment and either reductive amination or hydrazone formation. 

In the course of the reductive amination, a stereoselective reduction of the ketone was 

used to generate dihydropoststerone. Synthesis of acetals on the 2,3 A-ring diol was 

carried out. Little biological activity over the native poststerone was identified. 

Intramolecular radical additions to arenes are generally inefficient due to the large 

number of side products generated. Synthesis of three precursors for intramolecular radical 

addition of aryl radicals to arenes was accomplished. Two precursors were protected as 

model benzyl ethers and the third was immobilised on polystyrene resin. Each precursor 

underwent radical cyclisation and the results showed that solid phase immobilisation 

favoured intramolecular cyclisation over radical quench. 

The use of high resolution Magic Angle Spinning (MAS) NMR to follow solid phase 

reactions was demonstrated. The preparation of resins loaded with the Wang linker and a 

short resin-based synthesis of alkenes was monitored by NMR. 
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Chapter 1 Introduction 

1.1 The combinatorial chemistry revolution 

Combinatorial chemistry has vastly changed the way that drug discovery programmes are 

conducted. The technique represents a shift from the traditional view of chemistry as the 

directed synthesis of one specific compound at a time. It employs technologies that in 

principle allow for the parallel synthesis of many thousands of compounds at the same 

time. The impact of combinatorial chemistry continues to be felt in many aspects of 

chemistry, from materials science to catalysis,^' ^ but it is at this time in the pharmaceutical 

industry that the greatest effects have been found. 

The process of drug discovery as applied to chemistry has four distinct stages (Figure 1.1). 

Recently, the identification and selection of biological targets has been greatly enhanced 

by work in the human genome project and related studies. An increased understanding of 

the nature of interactions in vivo has provided more imaginative targets than ever before, 

with a corresponding impetus for more demanding synthetic efforts. 

Target i i— \ j Hit i , — \ j Lead ,—\ 
selection i —v I discovery ! —v | optimisation —v 

Drug 
selection 

Combinatorial synthesis impacts here 

Figure 1.1 Four stages of drug discovery.̂  

Historically, the discovery of novel lead molecules was impeded by the archaic practice of 

sequentially synthesising and evaluating potential drugs one at a time. The dominant 

paradigm seemed to be that if one found a molecule with biological activity then its 

analogues should display a comparable activity. This approach was exemplified in the 

huge effort spent synthesising and screening (3-lactam compounds as antibiotics for 

decades following the discovery of penicillin. During this period, the chemist was largely 
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able to continue synthesising compounds safe in the knowledge that the screening would 

take far longer to complete than the production of their next compound. 

A greater understanding of the mechanisms of interaction in biological systems has led to 

a more reasoned and rational approach to the selection of drug candidates. Combined with 

the advent of high-throughput screening (HTS) techniques, the perception of the biological 

"bottle-neck" altered dramatically and the chemist soon became the rate-limiting factor. 

Initially, existing libraries of compounds were screened against newly discovered targets 

utilising HTS methodology. However, this approach was not particularly efficient as the 

compounds tended to lack genuine diversity. Combinatorial chemistry possesses a 

staggering potential for lead identification in drug discovery. This concept can be 

illustrated by considering five discrete hypothetical biological targets (Figure 1.2a). Each 

of the targets would possess a certain region of the surrounding diversity space as mapped 

from existing libraries (Figure 1.2b). However, a more efficient method of discovering 

new leads would be to map a much larger region of diversity space directly (Figure 1.2c). 

This final concept requires the ability to make vast numbers of compounds quickly, hence 

the interest in the development of combinatorial chemistry. 

T, T. 

T. 

T. T. T. T. 

T, T 

T3 

T % T % 

T, I 

T 

T. % T. % 

Figure 1.2 The potential map of diversity space covered by rational design of combinatorial 

libraries. 

Once the lead has been identified, combinatorial synthesis can be employed in the 

production of compounds that will serve to optimise the lead, provide further information 

for structure-activity relationship (SAR) studies and enhance the potential of the 



candidate. This data can then be used in the iterative design of the next generation of lead 

compounds for the selected target. 

1.2 Methods in combinatorial chemistry 

Combinatorial chemistry employs techniques that are designed to rapidly synthesise large 

numbers of compounds. These syntheses may be carried out in solution or on an inert, 

insoluble solid support. The synthetic generation of libraries in solution has limitations 

due to the constraints of reaction yield and purity for sequences greater than two or three 

steps. However, there have been some elegant examples of combinatorial libraries 

constructed employing this technique including one containing antibacterial oxyamines.'*' ^ 

A powerful tool for the preparation of large compound libraries is the solid phase 

approach and thus there has been more focus on this chemistry. Further discussion in this 

chapter will be limited to the solid phase approaches to combinatorial chemistry. 

1.2.1 Solid phase synthesis 

The intent of this introductory chapter is to provide an overview of the philosophy of solid 

phase synthesis, with some context for the strategies employed in later parts. For more 

detailed treatments of the concepts presented, a number of excellent reviews have been 

published on the behaviour and nature of supports for organic chemistry®"® and the variety 

of linkers available. 

The introduction of solid phase peptide synthesis by Merrifield in 1963 revolutionised 

many aspects of peptide chemistry and subsequently lead to him being awarded a Nobel 

Prize in the 1980s. In his original paper, Merrifield synthesised the tetrapeptide, Leu-Ala-

Gly-Val-OH by sequential addition of the residues to a growing peptide chain tethered to a 

polystyrene (PS) resin. 

This simple example illustrates the basic tenets of solid phase organic chemistry. The 

chemistry occurs upon an inert support that allows use of varied solvent systems. 

Purification of products from reagents becomes facile, as it is merely a matter of 

exhaustively washing the resin. As a corollary, high yields can be obtained by driving 

3 



reactions to completion by the use of high concentrations of reagents. Additionally, 

physical losses are kept to a minimum since the product remains immobilised during the 

course of the reaction. Often the processes employed in solid phase syntheses are 

amenable to automation. 

However, there are difficulties associated with the use of solid phase synthesis: the 

principal disadvantage being reaction monitoring, but optimising the chemistry can also 

add significant complications. In spite of these problems, solid phase synthesis has been 

the standard method for synthesising peptides and DNA^^ for many years and increasingly 

greater numbers of small molecule solid phase syntheses are added to the literature every 

year. Any discussion of solid phase synthesis must consider several critical issues: 

1.2.1.1 The nature and type of solid support 

The requirements for the solid support in solid phase synthesis are that it must be inert to 

the chemistry planned and allow reagents to access the substrate. The support must 

possess a suitable "handle" to which the compound of interest can be attached. It is 

important to realise that this functionalisation is not a surface phenomenon, but rather 

occurs throughout the support. 

The major solid support employed in solid phase synthesis for many years has been low 

cross-linked polystyrene beads (1-2% divinyl benzene). These beads are insoluble in 

organic solvents and are generally physically and chemically robust. As a result of the 

hydrophobic nature of the hydrocarbon chains and rings, the resin swells in most organic 

solvents (for example CH2CI2, DMF and toluene) but shrinks in aqueous and polar 

solvents. 

In order that resins may be used under more biologically compatible conditions, a new 

class of resins was developed in which polyethylene glycol (PEG) was grafted to 

polystyrene r e s i n . T h e s e PS-PEG resins (largely known by their commercial name of 

TentaGel) exhibit excellent swelling properties in a variety of solvents not typically 

applied to peptide synthesis such as acetonitrile, trifluoroethanol (TFE) and ethanol. The 

resins also swell very well in CH2CI2, DMF and mixtures of these commonly used 

solvents. The main disadvantages of these TentaGel beads are that the substitutions are 
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significantly lower than can be achieved with PS resins and they tend to be less 

mechanically stable. Additionally, there is evidence that these graft co-polymers are 

unstable with respect to PEG leakage over time, particularly after cleavage with TFA. The 

swelling properties across a range of solvents show good uniformity (Table 1.1), so 

TentaGel resins are more suited to automation via continuous flow methodology; PS 

resins tend to be better suited to batch synthesis methods. 

Resin Beads /g Loading Swelling mL/g Resin Beads /g 

pmol 

/bead 

DMF THF MeOH Tol. H2O CH2CI2 

Polystyrene 

38-75 jam 
4-10x10® 40-320 3 8 2 7 - 7 

Polystyrene 

73-150 |jm 
0.6-2x10® 

350-

2560 
3 8 2 7 — 7 

TentaGel (90 

jam) 

2.9x10® 80-100 5 6 4 5 4 5 

TentaGel 

(130 jam) 

9x10^ 280-330 5 6 4 ' 5 ' 4 5 

PEGA 1-1.5x10' n/d 11 13 13 12 16 13 

Table 1.1 Typical physical properties of commercially available solid supports. 18 

Other supports developed include the hydrophilic polymer, PEGA resin, 1 (Figure 1.3) 

that displays far greater swelling properties than either PS or TentaGel in a wider range of 

solvents. The PEGA1900 support is fully permeable to macromolecules up to 35 kDa 

making it ideally suited to on-resin screening assays involving enzymes. Smith and 

Bradley found that the results for screening polyamine libraries against trypanathione 

reductase in solution and on-resin were comparable when using PEGA; screening of the 

same library prepared on TG resin failed to work.^^ 



chemical handle 
NHz 

Figure 1.3 PEGA resin: 2-acrylaimdoprop-l-yl-(2-aininoprop-l-yl)polyethylene glycolgoo and 

dimethylacylamide cross-linked withbis-2-acrylaniidoprop-l-ylpolyethylene glycolgoo-

Control Pore Glass (CPG) supports of defined size and loading have been used extensively 

in DNA synthesis. However, the most commonly used support in solid phase synthesis 

remains PS resin. 

1.2.1.2 The linkage to the support 

As with any protecting group strategy, the choice of synthetic route will determine the 

method of linkage to the solid support. There are two main synthetic strategies adopted by 

the solid phase peptide chemist that exploit the orthogonality available in amine protecting 

groups. The first is Boc chemistry whereby the strategy employs weak acid - strong acid 

"orthogonality". The JV-terminal protecting groups are cleaved by acid (50% 

TFA/CH2CI2) while liberation of the product from the resin and side chain deprotection is 

typically accomplished with HF (Figure 1.4). 

TFA labile ^ 

I O • 7 " O f ; 
P p HF labile 

Figure 1.4 Boc solid phase peptide synthesis 

In his original synthesis, Merrifield attached the first amino acid residue via a benzylic 

ester directly to a nitrated chloromethyl polystyrene support 2 (Figure 1.5). 



c r 

Figure 1.5 Merrifield's original nitrated chloromethyl polystyrene support 2/'* 

This techniques suffers losses of material caused by repeated TFA acidolysis of the Boc 

group. The strategy was modified to include a linker with a phenylacetamidomethyl 

moiety 3 (Figure 1.6) to stabilise the ester and reduce these losses.^" 

H 

3 

Figure 1.6 The PAM linked resin is now the standard support for Boc solid phase synthesis. 

However, the PAM linker still required harsh cleavage with HF to liberate the product. 

The widespread use of HF was not ideal, particularly for the technique to be amenable to 

automation. Additionally, producing protected peptide fragments was difficult when the 

final cleavage step involved the use of HF. Thus, numerous linkers have been designed 

such that the substrate could be easily removed under much less harsh conditions. 

Most of the new linkers developed are used in the second peptide synthesis strategy that 

involves Fmoc chemistry employing "acid - base orthogonality". The Fmoc group is base 

labile while side chain deprotection and linker cleavage is effected with acid, typically 

TFA (Figure 1.7). 

^ piperidine labile 

' H ? 5 H ° * 

Y ^ a ' V ' ' 
O 

P TFA labile 

Figure 1.7 Fmoc solid phase peptide synthesis 



Linkers for Fmoc chemistry include the Wang linker 4^̂ ' and the HMPA linker 5 (Figure 

1.8). 

o 
4 

Figure 1.8 The Wang and related HMPA linkers. 

Another related linker based on a urethane functionality, 6 was used for the preparation of 

polyamines on the sohd phase (Figure 1.9).^ 

Q- " 

o 

Fmoc— 

H I 

H I 

A l o e — O 

6 
Figure 1.9 Urethane linker 6 was used to make a series of polyamine compounds. 

The choice of linker can be selected with more than the ease of the cleavage step in mind. 

Many linkers can affect the form of the final cleaved product e.g. the Rink amide linker 7 

that furnishes terminal primary amides (Figure 1.10^^ and the so-called "traceless" linkers 

in which the final products leave no indication of the linkage point.^^' 

H 

Fmoc—N^R 

MeO H N ^ O 

MeO 

Figure 1.10 The Rink amide linker. 

Increasingly, the use of more than one linker during synthesis is becoming common. The 

utility of using a multiple linker strategy is that selective cleavage of some of the 

synthesised product can be carried out while leaving the rest on the resin for further 



analysis (Figure 1.11). This technique is of great use during the screening of chemical 

libraries synthesised by combinatorial methodology (vide infrd)}^ 

Peptide —L2 Peptide —L2 L 2 
Cleave Cleave L2 A x 

Peptide-L3 ^^Phde Peptide-L3 Peptide-Lg 

Peptide Peptide 

Figure 1.11 Schematic illustration of multiple linker synthesis strategy. 

An extension of this strategy is that of multiple linear linkers in which selective cleavage 

of one portion of the molecule can be carried out in the presence of the remainder. This 

allows modification of parts of a molecule that are usually not easily changed under solid 

phase conditions, for example the elegant synthesis of C-terminal modified peptide 

libraries by Davies and Bradleŷ "̂̂ *̂  and the catch, cyclise and release strategy of Wang et 

al'' 

1.2.1.3 Library generation and multiple parallel synthesis 

The mechanics of combinatorial chemistry i.e. the choice of the method of synthesis is 

largely dependent upon the desired goal. The library may either be prepared as complex 

mixtures that need to be deconvoluted at the end of the synthesis or as single compounds 

in parallel. Both of these methods possess their own intrinsic advantages and 

disadvantages. The "split and mix" technique (Figure 1.12) is an immensely powerful 

method of generating potentially millions of compounds in a few steps; in general, if the 

resin is split into jc batches and subjected to n coupling steps, then x" compounds can be 

created in m reactions. The major disadvantage of such syntheses is the necessary 

deconvolution of these mixtures to discover the active compounds. However, the most 

important feature of these "split and mix" libraries is that one bead only ever sees one set 

of reagents and thus only ever contains one compound assuming that the reactions are 

quantitative. This has critical implications for libraries synthesised on high loading resins. 

The multiple release linkers described above allow the chemist to screen one portion of the 

compound and use the remainder for characterisation with total confidence. One limitation 

of combinatorial chemistry methodology remains that of resin loading. Typically, the 
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highest loading resins are PS beads, but often the chemistry of interest would be better 

suited to PS-PEG graft resins. The highest loading commercial resins often contain 

insufficient material to allow repeated screening and characterisation fi-om a single bead. 

o — 

o — o — -

Recombine 
^ » Q - ® — • Mix 
~ Split 

O — 

Coupiing 1 Coupling 2 

Figure 1.12 A schematic illustration of the "split and mix" combinatorial chemistiy strategy.̂ ^ 

The resin was split into three batches and suffered two couplings, hence nine compounds (3 )̂ 

in six reactions (3*2). 

A number of methods have been proposed to increase bead loading^' but perhaps the most 

promising route is that of the dendrimeric resins developed within this group. Two classes 

of dendrimeric resins were prepared; polyamidoamine (PAMAM)^^"^^ and polyether 

dendrimers based on Mitsunobu chemistry.^^' These new dendrimeric resins have 

exhibited significant loading enhancements and have been extensively used by a number 

of groups.̂ ^"^^ 

The second synthetic method, multiple parallel synthesis (MPS) is often the choice of 

methodology employed during lead optimisation after the lead has been identified as it 

offers the chemist greater control over the library and is particularly suited to automation. 

The identification of active compounds merely becomes a matter of examining the 

couplings that have been used in the synthesis, as each batch of resin will have a well-

defined synthetic history. 

In either method of library generation, the traditional way of handling the resins has 

always been as free-flowing powders, but this becomes extremely inconvenient for MPS 

of large numbers of compounds. There have been methods of treating the resin as discrete 
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packets investigated since the advent of "tea-bag" technology in 1985."̂ ^ The most notable 

examples are the Chiron c r o w n s , t h e Irori cans with their radio-encoded tagging 

system^ "̂̂ ^ and the innovative monolithic polymer discs. All of these methods suffer 

from complications with sealing and labelling of the units or recovery of the tagging 

devices. Recently, work has been published involving standard gel-phase resins sintered 

within an inert polyethylene matrix in the form of "plugs". For ease of handling, the 

sintered plugs were cylindrical enabling use in standard 96-well plates. Several resins 

were immobilised in this fashion and a number of libraries were synthesised on these 

plugs; the new plugs were found to demonstrate excellent comparability to the respective 

loose resin. 60 

1.2.1.4 Methods for the screening of mixtures 

Once the completed libraries are in hand, the chemist is faced with the choice of how they 

should be screened. The compounds can either be directly screened on the resin or 

following cleavage into solution. The direct on-bead screening of compounds for 

inhibitors of enzymes is rapid and well established but not widely used (Figure 1.13). 

However, large enzymatic screens are not possible on the support due to site 

inaccessibility^^ nor are whole cell assays. The presence of the resin bead also has 

implications not least in that one end of the library is blocked by the polymer. Further 

problems may be introduced by compounds that bind but are not inhibitory, necessitating 

subsequent screening to filter out these false positives. 

Beads (ca 200 pmol) 1 • Add enzyme of interest oj-enz 

2. Add primary antibody o j -E i=^ 

3. Labeiled enzyme or 2 antibody 

4. Substrate oj-^nz^D-ubsi 

Sequence and IVIS analysis 

Figure 1.13 Schematic illustration of on-bead screening. 
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The alternative approach of biological testing of the cleaved material does complicate the 

analysis since mixtures of compounds are being screened. Whereas previously the active 

compound could easily be identified by removing it from the selected bead after the 

screen, the screening of mixtures requires methods that are more sophisticated. 

The most obvious solution is offered by the multiple release linker strategy discussed 

earlier. The beads containing the library on three orthogonal linkers are split into 

manageable portions, for example, 10̂  beads (about 1 g) are split into 1000 reactions wells 

containing about 1000 beads and the first linker cleaved. The 1000 wells are screened and 

any active wells have their contents split further into another 1000 wells containing 1 

bead. The second linker is cleaved and the released compound is screened. The beads from 

the active wells can then have the final linker cleaved to release the compound for 

identification (Figure 1.14). The amount of material required on each bead for a library of 

this size would be extremely demanding. 

Compounds Compound released 
11 11 and screened. T' ana 

Compound 1000 wells^ C J L Compound 1000 wells^ 

„ , ,/ cleave Li „ , cleave L, 
Compound — L3 Compound — L; 

10® beads 10^ beads 

Compound released 
I ^ and screened. 

cleave L; 

Compound —L'^ 

. ^ Compound 
2 Identification 

1 bead 

Figure 1.14 Schematic illustration of the multiple release compound screening system. 

Single bead single well screening also exploits the multiple release linker strategy. In this 

case, a single bead is placed in a single well and the compound cleaved and screened.^^ 

The active bead can be readily identified and the remaining compound cleaved for 

analysis. A number of linkers have been designed that cleave under biological conditions 

for this type of screen that operate under the "safety-catch" principle in that the cleavage is 

a two-step process; first, the activation or removal of the safety-catch followed by the 

cleavage into the biological media. 
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The activation step for linkers 8 and 9 is acidic removal of the Boc group that leaves the 

resulting amine protonated and therefore, non-nucleophilic.^^' ^ Addition of a pH 8.0 

buffer allows the amine to initiate a 1,6 elimination process, liberating the product 12 in 

each case (Figure 1.15). Linker 9 is superior in that the quinone methide by-product 

remains trapped on the resin and should not interfere with the screen. 

NH O 

1.50% TFA/CHgClz 

2. K2HPO4 / pH = 8.0 
HN N 

2. K2HPO4/PH = 8.0 

1.50% TFA/CH2CI2 jf J HO-/' 
R 

12 

13 

Figure 1.15 Linkers 8 and 9 illustrate the safety-catch principle in linkers that have been used 

to release compound into buffered aqueous solutions suitable for biological screening. 

Iterative deconvolution of batches of mixed compounds offers an alternative approach that 

places less demand on the loading of the resin, but does require absolute precision in the 

assay and may limit the library size. The two methods available are positional scanning 

and defined narrowing (Figure 1.16). In theory, both methods are capable of identifying 

the active compound in a library containing 8000 tripeptides in 60 assays. 

13 



Consider library of 8000 tripeptide members (20x20x20) 

a) Positional scanning 

y X O ^2 randomised containing all 20 amino acids 
^ ^ O defined, thus 20 mixtures of 400 compounds Ala 

y ^ y Repeat screen with and X3 randomised 
1 3 O defined, thus 20 mixtures of 400 compounds ® 

O Xg X3 Repeat screen with Xg and X3 randomised ^ „ 
O defined, thus final 20 mixtures of 400 compounds 

The active compound in the 8000 member mixture can be identified by screening 60 mixtures: 
Ser-Phe-Ala 

b) Defined Narrowing 

Xi and X2 randomised containing all 20 amino acids 
Xi X g — O O defined, thus 20 mixtures of 400 compounds 

test and determine O e.g. Ala 

Repeat screen with X-i randomised and Ala defined 
X-i O Ala O defined, thus 20 mixtures of 20 compounds 

test and determine O e.g. Phe 

O Phe—Ala Repeat screen with Phe, Ala and O defined 
Final screen of 20 single compounds 
test and determine O e.g. Ser 

The active compound in the 8000 member mixture can be identified by screening smaller mixtures: 
Ser-Phe-Ala 

Figure 1.16 Deconvolution techniques. 

1.2.1.5 Supported reagents and scavenger resins 

One final field that deserves comment is the hybrid technology of synthesising libraries in 

solution, but employing supported reagents, catalysts and scavengers (Figure 1.17).̂ ^"'̂  

The traditional solid phase chemistry model 

^ ^ - ^ • - S u b s t r a t e Reagent • ^ ^ - ^ # - P r o d u c t 

The supported reagent model 

^ ^ - ^ # - R e a g e n t Substrate > - Product 

Figure 1.17 Supported reagent technology offers advantages over traditional solid phase 

synthesis. 
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The traditional advantages of solid phase synthesis apply; mass action to drive reactions 

and easier work-ups. However, the monitoring and screening of products becomes greatly 

simplified as all of the methods available for solution chemistry may be used. 

Additionally, the supported reagents may often be recycled thus lowering the cost of large 

syntheses. 

1.3 Analytical techniques for combinatorial chemistry 

The principal difficulty of any traditional solid phase synthesis is that of analysis and 

identification of unknown compounds. Analysis of solid phase reactions is very often only 

achievable by cleavage from the resin followed by the use of established techniques such 

as NMR. Following a reaction on bead is non-trivial unless the compound synthesised 

possesses suitable functionality for one of the spectroscopic tests available. 

One of the most important early techniques for identifying an unknown compound on the 

resin was molecular tagging/^' Although the technique has great power, the inherent 

synthetic complications of encoding the library in this way mean that tagging has fallen 

out of fashion. A variety of chemical tags have been used in recent years; halogenated aryl 

tags/'*' pept ides ,amines ,and even short strands of DNA.^^ Peptide and DNA coding 

proved synthetically easiest to apply, but the poor robustness of the tags towards wider 

chemistry was a major disadvantage. Fluorescent and coloured dyes have been 

incorporated as a tagging method with mixed success; Egner et al. found that the 

technique was very efficient with sensitivities in the fmol range/^ however, Yan and co-

workers presented a cautionary note that the dyes must be selected with great care due to 

problems with self-quenching of the fluorophore.^" 

Tagging has not been limited to using tags of a chemical nature. Libraries have been 

synthesised with microchip e n c o d e r s t h e Irori canŝ "̂̂ ® and sintered plugs®° addressed 

earlier have both employed this technology. 

IR spectroscopy has had an important role to play in solid phase reaction analysis as it 

provides a non-destructive analytical method. Initial attempts involved grinding the beads 

into KBr discs but these were very material inefficient and recovery of the resin was 

problematic. Single bead FT-IR spectroscopy employing an IR microscope to focus upon 
15 



one bead was developed by Yan and co-workers and demonstrated the utility of single 

bead IR analysis for both compound identification and reaction m o n i t o r i n g . T h e use of 

ATR-FT-IR (attenuated total reflectance) spectroscopy offers rapid analysis of resin 

samples. The use of DRIFTS (diffuse reflectance infrared fourier transform spectroscopy) 

by Sofia et al. offered automated FT-IR analysis and was found to be very sensitive with a 

rapid throughput of samples.^ 

Whilst mass spectrometry (MS) is an inherently destructive technique, its potential in 

combinatorial chemistry is immense. The advent of techniques such as SPIMS (solid 

phase in situ mass spectrometry) has offered new, rapid access to very detailed 

information. Egner and co-workers employed a system whereby the analyte was cleaved 

from the support in situ by TFA before a matrix was added. Subsequent excitation by laser 

was followed by time of flight MS analysis.Other groups have used termination 

sequence encoding^^ and isotopic labelling^® to demonstrate the utility of MS in 

combinatorial chemistry. Work by Brummel et employed these three complementary 

MS techniques to identify their parent ions with sufficient precision to eliminate 

candidates with similar mass. Excellent reviews by Swalî ^ and Cheng^^ provide further 

information. 

MAS NMR is a technique with huge promise and will be covered in detail in Chapter 4. 

1.4 Objectives of this study 

Combinatorial chemistry was once seen as the province of the peptide chemist, but many 

excellent reviews of its use in small molecule synthesis have been published, showing the 

full organic potential of the m e t h o d . W o r k in this thesis attempts to further develop 

this synthetic potential. Chapter 2 details work in the highly competitive pesticides arena 

in the application of combinatorial chemistry to the development of new ecdysteroid 

mimics. Chapter 3 exploits established solution radical cyclisations and transfers these 

reactions to the resin to simplify work-up and influence the course of the cyclisation. 

Chapter 4 examines the potential of MAS NMR in combinatorial chemistry for following 

reactions. 
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Chapter 2 Ecdysteroid based combinatorial library synthesis 

2.1 Introduction 

2.1.1 The phylum Arthropoda 

The phylum Arthropoda contains a far greater number of species than any other. The 

arthropods have exploited every type of habitat on land and in water and exist at all 

latitudes. Their biological success has been attributed to many factors of which a major 

part is the development of a rigid exoskeleton (Figure 2.1). 

duct of gland cell 

procutlcle < 

sclerotonin + chitin 

arthropodin + chitin 

epicutlcle 

exocutlcle 

resllln + chitin endocutlcle 

ectodermal epidermis 

basement membrane 

gland cell 

Figure 2.1 Vertical section of an insect body wall showing the layers of the exoskeleton. 

The exoskeleton comprises an epicuticle and procuticle. The epicuticle is composed of an 

outer cement layer of lipoprotein, two waterproof wax layers and a cuticulum layer 

associated with polyphenols. It is 3-6 |j,m thick and serves as the main waterproofing layer 

affording protection against the entry of micro-organisms. The procuticle is composed of 
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chitin, arthropodin and resilin. Chitin is an amino polysaccharide that gives the cuticle a 

degree of flexibility. Arthropodin is a protein which complexes with the chitin and is 

responsible for the degree of hardness of the cuticle. The hardness of the cuticle is 

increased if it is tanned i.e. the arthropodin/chitin complex reacts with phenols resulting in 

the formation of many additional cross-linkages. Resilin is an elastic protein, made up of 

amino acid chains running in all directions and randomly joined together. 

The presence of the waterproof cuticle has allowed some arthropod species, notably those 

of the class Insecta, to exploit terrestrial habitats. However, the hard exoskeleton has 

imposed a size limitation on the arthropods by virtue of its weight. Growth can only be 

accomplished by periodic shedding of the exoskeleton. The process of ecdysis or moulting 

evolved in response to this need for periods of growth and will be illustrated by 

considering the insect life cycle. 

The insect metabolism becomes increasingly active in the period prior to the moult. The 

epidermis starts to thicken and separate from the endocuticle above it and a new epicuticle 

then forms over the epidermis. Chitinase and proteinase enzymes are secreted by the 

epidermal cells and begin catabolysis of the old cuticle. The old, digested endocuticle is 

absorbed by the epidermis and incorporated into its replacement. The insect takes up air 

and water, expanding into the new cuticle thus increasing in size. In the process the old 

cuticle breaks along the specially weakened mid-dorsal line and is discarded. The new 

cuticle is initially soft and once hardened by tanning, the insect becomes fully mobile 

again. The moulting process is repeated several times before the final adult form emerges. 

The intervals between moults are called stadia or stages and the form of the insect in any 

particular stadium is called an instar. Life histories of insects are very variable and often 

highly complex. Many insects display a process called metamorphosis (from the Greek: 

meta, change; morphe, form). This involves an abrupt change of form or structure of the 

animal during the course of its life cycle. Incomplete metamorphosis (hemimetabolism) 

occurs by a series of gradual changes at each moult where each successive larval form 

(nymph) more closely resembles the adult form {e.g. locusts). The majority of insects 

undergo complete metamorphosis {holometabolism) during development. The larval 

stages are morphologically quite distinct from the adult. The final larval moult produces a 

sedentary pupa, inside which the adult tissues are produced from the degenerating larval 
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tissues. The emerging adult will often occupy a completely different ecological niche to its 

previous form (e.g. butterflies). 

2.1.2 Hormonal control of Insect development 

The involvement of hormones in the processes of both moulting and metamorphosis was 

described by Wigglesworth in 1935.̂ °^ He showed that ecdysis was controlled by a 

moulting hormone that was released in response to a specific stimulus. The result of the 

moult was determined by a second hormone that he termed the juvenile hormone, the 

presence of which inhibited formation of adult insect characteristics. He studied the South 

American blood-sucking hemipteran Rhodnius prolixus, an insect with five distinct 

nymphal stages and no pupal stage Qiemimetabolism). Each nympal stage only required 

one large blood meal and this served as the stimulus to promote ecdysis. Distension of 

stretch receptors in the gut sends nerve impulses to the brain that trigger the release of 

these hormones and moulting occurs within fourteen days after feeding. However, insects 

decapitated less than four days after feeding show no sign of moulting suggesting that the 

signalling process requires time to initiate these endocrine secretions. Wigglesworth found 

that moulting could be induced in unfed 4̂ ^ stage nymphs by decapitation followed by 

surgically joining them to 5* stage nymphs decapitated 12 days after feeding. The 4^ 

stage nymphs moulted and by-passed the 5* instar entirely, displaying adult 

characteristics. However, transplanting brain tissue from a moulting insect into an insect 

without head or thorax did not result in moulting. It was clear that a signal from the brain 

was required to initiate the production of the moulting hormone by a region of the thorax, 

the prothoracic gland. In an elegant series of related experiments, Wigglesworth showed 

that a region of tissue behind the brain, the corpus allatum, was responsible for the 

production of the juvenile hormone and thus ultimately controlled the morphology of the 

moult (Table 2.1). 
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Experiment Results 

The 3'̂ '̂  stage nymph developed into the normal 4̂ ^ stage. 

The 4^ stage nymph developed into the normal 5^ stage. 

The stage corpus allatum does not specifically determine for 

stage characteristics. 

The 3"̂  stage nymph developed into the normal 4^ stage. 

The 4th stage nymph developed characteristics intermediate 

between 4^ and 5^ stages. 

Amount ofjuvenile hormone influences the stage formed. 

Both insects develop 4^ stage characteristics. 

The corpus allatum of the 3*̂^ stage nymph prevented the 4^ stage 

nymph from developing 5^ stage characteristics. 

Both nymphs suffer a premature metamorphosis and develop 

adult characteristics. 

Table 2.1 Experiments to test the effect of the corpus allatum on the moult were carried out by 

joining together 3"̂  and 4"" stage nymphs. The shaded insect provides the moulting hormone 

i.e. decapitated 6 days after feeding and the unshaded insect was decapitated 24 hours after 

feeding. The red spot indicates that the insect in question, although deprived of its brain, 

retains the corpus allatum.^^^ 

Thus, the type of moult (larva to larva, larva to pupa, pupa to adult) is determined by the 

levels of juvenile hormones present. The attainment of adult features in the insect results 

from falling levels of juvenile hormones (Figure 2.2).^" '̂ 
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Pieris brassica (cabbage white butterfly) - complete metamorphosis 

MH + JH 

899-

V 
larval stages 

-MH + JH MH 

pupa- adult 

Rhodnius prolixus -incomplete metamorphosis 

MH + JH MH + JH MH + jh MH + JH MH 

egg- 4 - • 5 adult 

V 
nymphal stages 

Figure 2.2 The influence of growth hormones on complete and incomplete insect life cycles. 

(MH moulting hormone; JH juvenile hormone. The height of the letters JH indicates relative 

concentration.)'"^ 

Moulting hormone was finally isolated in 1954 by Karlson and Butenandt after 10 years of 

painstaking labours as a crystalline solid in 25 mg yield from 36 ton of silkworm pupae. 

Karlson and Butenandt named the compound a-ecdysone and soon afterwards, a more 

polar compound (2.5 mg) was found and given the name (3-ecdysone. Structural 

investigations by Huber and Hoppe using X-ray crystallography, lead to a full structural 

assignment being proposed for ecdysone 14 in 1965 (Figure 2.3). These first ecdysteroids, 

in particular 20-hydroxyecdysone (20E, 15), were isolated from various sources 

simultaneously and consequently, this gave rise to a variety of trivial names; for example, 

20-hydroxyecdysone has been referred to as (3-ecdysone, crustecdysone, ecdysterone, 

isoinokosterone and polypodine A. It was decided in 1978 to use the name ecdysone rather 

than a-ecdysone for the hormone 14 and 20-hydroxyecdysone for the more polar analogue 

15.̂ °® The historical discovery of the ecdysteroids is well recounted in an excellent review 

by Horn 107 
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HO 

E c d y s o n e 14 R = H 

2 0 - H y d r o x y e c d y s o n e 1 5 R = OH 

Figure 2.3 Ecdysteroid skeletons are numbered according to the established model for 

cholesterol with additional detail consistent with the NMR literature for ecdysteroids. 

Methylene protons are differentiated as Heq and Hax for those borne by the 6-membered rings 

(A, B and C) and as % and Hp for those in ring D.'"® 

In non-moulting periods of the insect life cycle, the neurosecretory cell bodies in the brain 

of the insect secrete a peptide hormone called prothoracicotrophic hormone (PTTH). 

PTTH passes down the axons of the neurosecretory cells and is stored in a pair of glands, 

the corpora cardiaca, situated immediately behind the brain. The stimulus to moult, in the 

case oi Rhodnius prolixus the distension of abdominal stretch receptors, sets up nervous 

impulses in the brain that cause the release of PTTH into the blood. This passes to the 

prothoracic gland and ecdysone 14 is synthesised and released. PTTH also induces 

juvenile hormone production in the corpus allatum that determines the morphology of the 

impending moult (Figure 2.4). 

Ecdysone 14 is converted to the main moulting hormone, 20-hydroxyecdysone 15 by the 

enzyme 20-monoxygenase in the peripheral tissues. The ecdysone receptors (EcR) exist in 

a number of isoforms, but are characterised by a DNA binding domain 66-68 amino-acids 

in length. The recognition site for 20-hydroxyecdysone is located on the carboxy terminal 

side of the DNA binding region. 

The ecdysone receptor (EcR) in Drosophila has been identified as a heterodimeric 

complex that consists of EcR and its retinoid-like partner ultraspiracle (USP). Fewer 

investigations have been made into the structure of ultraspiracle, but it is currently thought 

that USP might be the receptor for the juvenile hormones. In a "target" cell nucleus in the 
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absence of 20-hydroxyecdysone, the complex exists in an inactive form. The 20-

hydroxyecdysone binding event activates the complex and induces transcription of the 

genes that produce the proteins responsible for moulting, which in turn stimulates the 

epidermal cells to produce a new cuticle (Figure 2.5)/°^ 

food light temperature 

\ * / 
BRAIN 

neurosecretory cells 

prothoracicotropic hormone 

corpus cardiacum 

prothoracicotropic hormone 

corpus aliatum | 

juvenile hormone 

prothoracic glands 

ecdysone 

larval characteristics 

Figure 2.4 The hormonal control of ecdysis in insects.'"^ 

adult characteristics 
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PTTH 

Prothoracic gland cell Cholesterol 

Cholesterol 

7-dehydrocholesterol 

3-dehydrocholesterol 

3-dehydrocholesterol 

Ecdysone 

"Target" cell 
memb'rane' 

20-hydroxyecdysone 
(20E) 

20E M-

Nucleus 

> 2 0 E r - \ ^ 

•DNA 

mRNA 

Metabolites PROTEINS 

Figure 2.5 A simplified model for the mode of action of 20-hydroxyecdysone. Abbreviations; 

PTTH, prothoracicotrophic hormone; R, PTTH receptor; EcR, ecdysteroid receptor; USP, 

ultraspiracle. Adapted fi'om a review by Gilbert.'"® 
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2.1.3 Synthesis of the ecdysteroids 

The total synthesis of ecdysteroids 14 and 15 presents a very considerable synthetic 

challenge with a complex steroid nucleus (the 2,3 cis- diol, the A/B cis- ring junction, the 

B-ring enone and the allylic alcohol at C14) and a side-chain with a high level of oxidation. 

However, in spite of the challenges, the first syntheses of ecdysteroids were presented by 

four groups between 1966 and 1970. Siddal et al. initially elucidated the tetracyclic 

skeleton^ and then completed the synthesis by attaching the side-chain via an 

organolithium species, 23 (Figure 2.6).̂ ^^ 

8 OTHP 

3:1 5p:5a ratio 

OTHP 

OWle 

Figure 2.6 Siddal's synthesis of ecdysone 14 showing the key intermediates starting from 

readily available stigmasterol 16."° "' 
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The synthesis by Furlenmeier et al. again employed ester 21 as a key intermediate, but the 

step to introduce the side-chain was completed by coupling aldehyde 25 with Grignard 

reagent 26 (Figure 2.7)."^' 

OWIe 

AcO. 

AcO' 

21 

OTHP 

OH 

OTHP HO, 

o o 

27 14 

Figure 2.7 Furlenmeier's synthesis of ecdysone 14" '̂ using the same key intermediate, ester 

21, that was employed in Siddal's synthesis. 

The group at the Teikoku Hormone laboratories developed syntheses of both ecdysone 14 

and 20-hydroxyecdysone 15. The key step of their synthesis of ecdysone utilised a lactone 

opening with methyl Grignard to introduce the side-chain functionality. The steroid 

nucleus was built by modifying readily available stigmasterol 16 (Figure 2.8).̂ '̂* The 

synthesis of 20-hydroxyecdysone started from benzyl protected pregnenol 35 and the 

preparation of the steroid nucleus followed the same route as for ecdysone. The generation 

of the 20-hydroxyecdysone side-chain was accomplished by two Grignard additions; the 

initial vinyl group addition to poststerone was followed by ozonolysis and then alkynyl 

ether 26 was added to the resultant hydroxy-aldehyde 39 (Figure 2.9)."^ 
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Figure 2.8 Mori's synthesis of ecdysone 14. 114 
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Figure 2.9 Mori's synthesis of 20-hydroxyecdysone 15. 115 
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The final synthesis of the four was presented by Barton et al. in 1970 and employed the 

readily available starting material, ergo sterol 41. The synthesis employed the 5-epimer of 

aldehyde 25 and utilised THP ether 26 to incorporate the side-chain. As with all of the 

above syntheses, the stereochemistry at was inverted by refluxing in basic methanol (5-

10% potassium carbonate or hydroxide). Interestingly, Barton found that the 22-iso-

ecdysone 46 was formed as the main product after the Grignard reaction but equilibration 

with basic methanol afforded the correct stereochemistry. ̂  

5-;so-25 

BrMg. 

OTHP 

26 

Figure 2.10 Barton's synthesis of ecdysone 14 showing the key intermediates starting from 

readily available ergosterol 41. The final steps of the synthesis employ the same steps as that 

ofFm-lenmeier."® 

The historical syntheses of the ecdysteroids are neatly summarised in a review by 

Kametani. 117 
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Recent syntheses of 20-hydroxyecdysone have exploited the use of organometallic 

reagents to synthesise the additional stereocentre at from poststerone 37. The use of 

the dihyrofuran derivative, 47 by Hedtmann et al. offered a direct route to synthesise the 

20-hydroxyecdysone side-chain (Figure 2.11)/^^' The dihydrofriran derivative could 

then be modified by replacing the methyl substituents with various R groups to prepare 

side-chain homologues of 20-hydroxyecdysone. 

o 
47 

1. THF 

2. O.INHCI.THF/H2O 

48 

LIAIH(0'BU)3 

1. TMSOTf, base HO. 

2. LiAIH(0'Bu)3 

3.0.1NHCI t 

22-ep/-15 

15 

Figure 2.11 Synthesis of 20-hydroxyecdysone 15 and its C^ -̂epimer from poststerone 37. 

The total syntheses of ecdysteroids from common starting materials are invariably long 

and very complex. Most synthetic efforts in this field rely on modification of the existing 

ecdysteroid nucleus to introduce slight v a r i a t i o n s . H o w e v e r , this philosophy does 

rely heavily on the ability to isolate sufficient ecdysteroid template to modify 

synthetically. Ecdysteroids are isolated from a number of biological sources and are 

classified as zooecdysteroids or phytoecdysteroids. Zooecdysteroids are ecdysteroids 

isolated from the animal kingdom and are present in greater than 90% of animal species. 

Around 85 different zooecdysteroids have been identified; ecdysone and 20-
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hydroxyecdysone being the most common/Ecdysteroids have also been isolated from 

plants and these compounds are known as phytoecdysteroids and more than 130 have been 

isolated. Phytoecdysteroid concentrations are in some cases greater than 1% of the dry 

mass^^" and thus, plants represent an excellent source of ecdysteroids offering much 

greater availability than arthropods and this has stimulated research into post-synthetic 

structural modifications. 

2.1.4 Insecticides and the challenge facing the pesticide industry. 

The pesticide industry is facing increasing pressure over environmental issues and there 

exists a need for safe and selective insecticides. The insecticides currently available all 

present problems in terms of stability or selectivity and are broadly classified by their 

mode of action. 

2.1.4.1 Insecticides that target sodium channels. 

The organochlorines, of which the most infamous must surely be 

dichlorodiphenyltrichloroethane 50 (DDT), were used to disrupt normal nerve 

transmission in insects leading to their death. Dr. Paul Muller, a Swiss entomologist, was 

awarded the Nobel Prize in Medicine (1939) for his lifesaving discovery of DDT as an 

insecticide useful in the control of malaria, yellow fever and many other insect-vectored 

diseases. However, use of DDT has been outlawed around the world due to widespread 

concerns about its persistence in the food chain. Additionally, many insect species have 

developed DDT resistance. 

The pyrethroids represent a success story in the use of natural product leads to generate 

viable commercial insecticides. The pyrethrins are a potent series of insecticidal 

compounds isolated from dried chrysanthemums (pyrethrin 1, 51). The natural compounds 

are unstable and rather short-lived in the field. The synthetic pyrethroids have been 

tailored to increase their longevity in vivo to good effect {e.g. permethrin 52 and 

cypermethrin 53). The pyrethroids show relatively low toxicity to mammals as they are 

absorbed slowly and metabolised quickly. However, the toxicity to fish and aquatic 

organisms has been shown to be very high.̂ ^® 
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Other sodium channel targeting insecticides are the Veratrum alkaloids isolated from the 

seeds of plants belonging to the genus Schoenocaulon {e.g. veratridene 54) and a range of 

unsaturated amides, exemplified by isobutylamide 55 (Figure 2.12). 

DDT. 50 Pyrethnn I, 51 

O R 

R = H Permethrin 52 
R = CN Cypermethrin 53 

55 

Veratridene, 54 

Figure 2.12 Insecticides that target Sodium channels. 

2.1.4.2 Insecticides that target otiier ion channels 

Compounds extracted from the powdered stem of the tropical shrub Ryania speciosa (the 

most abundant being Ryanodine, 56) have been shown to irreversibly activate calcium 

release channels. This activation induces paralysis in insects by causing a sustained 

contraction of skeletal muscle and eventually death. 

The chloride channel blocking convulsants (e.g. dieldrin, 57 and recently synthesised 

fipronil, 58) represent one of the oldest groups of commercial insecticides. High 

mammalian toxicity, in particular a high dermal toxicity has limited their use. In both 

insects and mammals, chloride channel-blocking insecticides cause hyperexcitability and 

convulsions via poisoning of the CNS through antagonism of the inhibitory 

neurotransmitter y-aminobutyric acid (GABA). 
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The avermectins are a group of closely related macrocyclic lactones isolated from the 

fungus Streptomyces avermitilis, exemplified by the natural product avermectin Bia 59. 

The avermectins block electrical activity in nerve and muscle by increasing the membrane 

conductance to chloride ions. The effect is similar to the inhibitory effect of GAB A, but is 

essentially irreversible (Figure 2.13).̂ ^ '̂ 

HO OH 
HO I HO 

O H : .H 

H3CO' 

HO H 

Ryanodine, 56 Dieldrin, 57 Fipronil, 58 Avermectin B^a, 59 

Figure 2.13 Insecticides that target other ion channels: Ryanodine 56 targets channels; 

Dieldrin 57, Fibronil 58 and Avermectin Bia 59 affect CI" channels. 

2.1.4.3 Acetylcholine Mimics and Acetylcholinesterase Inhibitors 

The tobacco alkaloid nicotine 60 has been used as an insecticide since the middle of the 

18th century but does possess significant contact toxicity to mammals. A newer, much less 

toxic compound in this class is the nitroguanidine, imidacloprid 61. Both compounds 

mimic the action of acetylcholine 62, which is a major excitatory neurotransmitter. After 

acetylcholine binds to its receptors, intrinsic cation channels are activated, resulting in 

depolarization of the postsynaptic cell due to an influx of sodium and calcium ions. An 

enzyme, acetylcholinesterase rapidly hydrolyzes the ester linkage of acetylcholine, 

terminating the synaptic excitation. Nicotine and imidacloprid also activate this receptor, 

but do so persistently, since they are insensitive to the action of acetylcholinesterase. This 

persistent activation leads to over stimulation of the cholinergic synapses, and results in 

hyperexcitation, convulsions, paralysis, and death. 

The organophosphate insecticides (e.g. malathion 63, parathion 64 and diazinon 65) 

primarily target the enzyme acetylcholinesterase. The organophosphates act by 

phosphorylating a serine hydroxyl group within the active site, thus inactivating the 
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enzyme and blocking the degradation of acetylcholine. The synaptic concentrations of 

acetylcholine then build up and hyperexcitation of the CNS occurs. The acute toxicity of 

the organophosphates varies substantially, but many of them have a high mammalian 

toxicity. 

The carbamate insecticides, of which the most successful has been carbaryl 66, also target 

acetylcholinesterase, but in this case, the reaction yields a carbamylation of the serine 

hydroxyl group. The carbamates are often highly toxic to mammals, and must be handled 

carefully (Figure 2.14).'^^' 

I 
^ 1̂ 

NO2 
,A. 

Cl̂  N 

Nicotine, 60 Imidacloprid, 61 Acetylcholine, 62 

BO—̂  0CH3 
O 

Malathion, 63 

ÔN 

PC 
iroB s 

Parathion, 64 

o-pr 

Diazinon, 65 Carbaryl, 66 

Figure 2.14 Insecticides that influence the post-synaptic levels of the neurotransmitter, 

acetylcholine 62. 

2.1.4.4 Antifeedant insecticides 

The liminoids, or tetranortriterpenoids are a family of complex molecules that represent a 

measure evolved by plants to discourage predation by insects. Azadiractin, 67 (Figure 

2.15) displays a marked ability to interfere with control of metamorphosis in susceptible 

insects. In the case ofEpilachna varivestis, retention in the insect at 1-10 ppm level arrests 

growth at the larval stage and after a few days, the larvae refuse to eat even untreated 

leaves and starve to death; other stages are also severely affected and ultimately die. 
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Azadirachtin, 67 

Figure 2.15 Azadirachtin 67, isolated bom. Azadirachta indica. 

2.1.5 A new perspective 

Overuse of pesticides often leads to the development of resistant strains of insects. The 

pesticide industry is faced with the growing problem of insect resistance to all of the 

insecticides detailed in this section. Thus, the design of novel chemicals with insecticide 

properties provides a constant challenge. The hormonal control of insect development by 

the juvenile hormones and ecdysteroids provides potential targets to be exploited in this 

field. 

2.1.5.1 Juvenile hormone mimics (juvenoids)^^° 

The juvenoids are compounds bearing a structural resemblance to the juvenile hormones 

of insects. The first juvenile hormone to be isolated was JH I, 68, but subsequently six 

more were discovered, although the most recently discovered examples are by no means 

found ubiquitously. Two commercially successful juvenoids, methoprene 69 and 

fenoxycarb 70 (Figure 2.16), mimic the action of the juvenile hormones and show 

extremely low toxicity to mammals. Exposure to these compounds at moulting results in 

the production of insects containing mixed larval/pupal or larval/adult morphologies. The 

efficacy of these compounds is greatest when normal juvenile hormone levels are low; 

thus, the best results are obtained in the last larval or early pupal stages (vide supra). 

Additionally, these compounds disrupt normal reproductive physiology in adults and act 

as a method of birth control. 
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Figure 2.16 The juvenoid insecticides methoprene 69 and fenoxycarb 70 have found some 

practical success. 

2.1.5.2 Ecdysteroid mimics 

The biological significance of the phytoecdysteroids remains unclear. However, there is 

evidence to suggest that they represent a qualitative plant defence^®'' and as such 

compounds with ecdysteroid like activity should be suitable targets for the development of 

specific insecticides. Since ecdysteroids are not part of the metabolism of mammals, fish 

and birds, they would not be affected. Such narrow spectrum chemical pesticides are 

highly desirable, as they would lead to better pest management and decreased disturbance 

of the local ecology. In addition, since ecdysteroids are the backbone of the insect 

endocrine system, an ecdysone analogue pest control agent would present a severe 

challenge to detoxification by insects. It is unlikely that ecdysteroids themselves would 

make viable pesticides but they should be good leads for insect growth regulation (IGR) 

type pesticides; in fact, several non-steroidal 20-hydroxyecdysone mimics are 

commercially available based on a ^w-acylhydrazine template. 

2.1.5.3 The 20-liydroxyecdysone pliarmacophore model 

An extensive molecular modelling study has been carried out to determine the most 

important contributory features in the EcR binding event. One previously accepted 

model was that all of the elements highlighted in red were vital for binding (Figure 

2.17A). However, more recent results showed that the pharmacophore was far less 
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constrained (Figure 2.17B). Thus, although the presence of heteroatoms in the indicated 

loci is still considered vital, many of the ancillary structural elements are less critical, 

offering greater scope in the synthetic vision. 

2.6 A 

2.6 A 

119° 

hydrophobe 

Figure 2.17 The pharmacophore model for ecdysteroid activity. The structural features 

highlighted in red are considered to contribute towards the binding; A depicts the historical 

view whereas B demonstrates the results of extensive modelling."'' 

2.1.6 Practical considerations 

Poststerone 37 was identified as an ideal template for a directed combinatorial synthesis as 

it possesses structural motifs that afforded the opportunity for modification at a minimum 

of two sites (Figure 2.18). The C -̂C^ diol and the ketone at both offered potential 

access to a range of traditional chemistries and hence substantial library generation. 

Method of immobilisation: 

Acetal formation 

Library synthesis: 

Reductive amination 
Hydrazone formation 
Ketal formation 

Library synthesis: 

Acetal formation 

Method of attachment: 

Acetal or ketal 

Figure 2.18 Poststerone 37, the template for combinatorial synthesis. 
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Additionally, either moiety could be employed as a linkage point to the resin. It was 

imagined that the most convenient attachment method for modification of the ketone 

would be via a 2,3-benzylidene acetal 71 formed by condensation between formyl 

polystyrene resin and poststerone 37 (Figure 2.19). 

71 

Figure 2.19 The benzylidene acetal used to attach poststerone to the solid support. 

2.2 Preparation of key fragments 

The first considerations were identification of the key synthetic intermediates and 

establishing the means by which these might be prepared. The key fragments for the initial 

studies were poststerone 37 and the solid support, formyl polystyrene. However, it was 

considered unwise to proceed to the resin without first modelling the system in solution. 

Thus, synthesis was carried out to generate poststerone in the unprotected and protected 

forms, 37, 72 and 73 respectively (Figure 2.20). 

72 73 

Figure 2.20 Poststerone 37, 2,3-isopropylidene poststerone 72 and 2,3-benzylidene poststerone 

73. 
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2.2.1 Preparation of poststerone derivatives 

As outlined earlier, the chemistry of ecdysteroids is well established in the literature/"^' 

135-146 fj-Qjji 20-hydroxyecdysone 15, the first step in the synthesis of poststerone 

37 was selective protection of the 2,3-diol as its isopropylidene acetal. However, the 

isopropylidene group displays no significant selectivity for either diol moiety in 20-

hydroxyecdysone 15. Consequently, the 20,22-diol moiety must be protected prior to 

protecting the 2,3-diol of ring A. Work on the selective protection of ecdysteroids '̂̂ ^ 

suggested an elegant three step method to achieve the desired selectivity. Thus, the 20,22-

diol was first protected as its boronate ester. The boron atom in phenylboronic acid is tri-

co-ordinated demanding an angle of 120° between each bond. The C °̂-C^^ bond can rotate 

freely and thus form an unstrained, planar 5-membered boronate ester ring. The C -̂C^ 

bond is unable to rotate in such a manner due to being part of the constrained steroid A-

ring and the resultant 5-membered ring is unstable. Accordingly, protection occurs 

selectively on the 20,22-diol. Addition of acetone and dimethoxypropane (DMP) to the 

reaction mixture in large excess then promotes the rapid protection of the remaining diol. 

The conversion of 20-hydroxyecdysone 15 into 2,3-isopropylidene 20-hydroxyecdysone-

20,22-phenylboronate 75 proceeded well and proved amenable to scale up resulting in a 

yield of 72% when carried out on 1.0 g scale (Figure 2.21). 

''oy I.PBA.dry DMF 

2. DMP, dry acetone 
pTsOH 

OH 

74 

Figure 2.21 Two-step, one-pot synthesis of 2,3-isopropylidene 20-hydroxyecdysone-20,22-

phenylboronate 75. 
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However, the removal of the boronate ester moiety in satisfactory yields proved 

problematic. The cleavage by addition of NaOH neutralised hydrogen peroxide to 75 was 

followed to completion by TLC, but recovery of 76 after work-up and chromatography 

was very poor (typically <10%). The observation was made that the most abundant 

material recovered from the column was 20-hydroxyecdysone, which offered some insight 

into the problem. The isopropylidene protecting group proved to be very acid labile and 

was partially removed on silica. Simply replacing the drying agent (Na2S04 in place of the 

more acidic MgS04) and base-washing the column with 1% NEts in CH2CI2 solution 

before loading dramatically improved the yield (&om <10% to 67%) and enabled the 

reaction to proceed smoothly affording 2,3-isopropylidene 20-hydroxyecdysone 76 

(Figure 2.22). The precaution of base-washing the column was therefore routinely carried 

out for all steps of the synthesis that involved the acid labile acetal group. 

30% aq H2O2, NaOH 
! 

9:1 THF/HjO 

75 76 

Figure 2.22 Deprotection of boronate ester 75 was effected with NaOH neutralised aqueous 

hydrogen peroxide. 

The conversion of 2,3-isopropylidene 20-hydroxyecdysone 76 into the isopropylidene 

protected poststerone fragment 72 was achieved under phase transfer conditions, using 

benzyldimethylhexadecyl ammonium chloride as the catalyst and sodium periodate as the 

oxidant (see Figure 2.23). The unprotected diol was cleaved cleanly and the reaction 

proceeded in a good yield of 86% on 150 mg scale although upon scale-up the reaction 

became very slow and the work-up proved far from easy. 
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Figure 2.23 Oxidative cleavage of the 20,22-diol with sodium periodate under phase transfer 

conditions to afford protected poststerone derivative 72. 

The unprotected poststerone fragment 37 was obtained by removal of the isopropylidene 

protecting group from 72. Initial attempts employed 0.1 M HCl in THF to effect 

deprotection. However, after overnight treatment with these acidic conditions, the 

isopropylidene group was still present in significant quantity as observed by TLC. The use 

of 0.1 MHCl in dioxane achieved the deprotection efficiently in 3 hours (Figure 2.24). 

0.1 Wl HCI(aq) 

Dioxane, 3 h 

Figure 2.24 The first route to poststerone 37 involved acidic hydrolysis of the isopropylidene 

protecting group. 

A review of the relevant literature revealed a second, less complicated route to the flilly 

deprotected poststerone fragment 37 directly from 20-hydroxyecdysone 15 that was 

developed by Galbraith et al. in 1969.̂ ^^ Oxidation with Jones' reagent should afford the 

desired product directly (see Figure 2.25). The reaction was carried out many times. 

However, the yields varied for this reaction with the problem lying with oxidation at in 

addition to cleavage of the 20,22 diol. The work-up for this oxidation is also far from 

trivial and may be a factor in determining the capricious nature of the yield. Despite these 

minor complaints, the direct route offered much more convenient access to the poststerone 

fragment at a comparable overall yield to the longer route. Typically, the direct route 

afforded the poststerone in approximately 50% yield while the longer route had an overall 

yield of 30% with a considerably greater number of purification steps. For the work 
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reported in this thesis, the majority of poststerone 37 employed was prepared following 

the second route. 

Jones reagent 

Acetone / water 

15 37 

Figure 2.25 The second route to poststerone 37 from 20-hydroxyecdysone 15 proceeds by 

oxidative cleavage of the 20,22-diol. 

As 2,3-isopropylidene poststerone, 72 was also considered a key intermediate in these 

studies, it was hoped that direct protection of poststerone 37 might afford the compound 

without recourse to the earlier multi-step route. Initial reactions with 2-methoxypropene 

proved unsuccessful, but the use of DMP provided the desired protected poststerone 

species in an excellent yield of 90% (Figure 2.26). 

MeO 

DMF 

— / / — 

pTsOH 

DWIF 

MeO OMe pTsOH 

Figure 2.26 Direct route for the synthesis of 2,3-isopropylidene poststerone 72. Use of 

solvents that could be more conveniently removed such as THF failed; DMF was found to be 

the only solvent that worked efficiently. 

The final requirement prior to immobilisation on the resin was information regarding the 

chemical behaviour of the linkage moiety. This information was obtained by attaching 

benzaldehyde to the poststerone fragment. The resulting benzylidene acetal thus serving as 

a model for the subsequent solid-supported system. The formation of the acetal was driven 

using a ten-fold excess of benzaldehyde dimethylacetal (readily removed by column 

chromatography) and proceeded in a good 77% yield (Figure 2.27). 
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DMF, pTsOH 

Figure 2.27 Preparation of 2,3-beiizylidene poststerone 1.4 to function as a model for the resin 

linkage. 

The benzylidene model 73 was subjected to a range of acidic conditions and the progress 

of the reaction monitored by RP-HPLC (Figure 2.28). 

H* 

73 

Time (hours) 

0.05 M HCl in dioxane/water (1:1) 

^ ].0%TFAmCHza2 

5.0%TFAinCH2Cl2 

O.l'iiTFAiiiCHTCl, 

* 0.25 M HCl in dioxane / water (1:1) 

Figure 2.28 Stability studies into the benzylidene linkage moiety. The graph shows the 

percentage of poststerone as determined by RP-HPLC (X = 242 nm). RP-HPLC Gradient: 

Water / TFA (0.1%) to MeCN / TFA (0.04%) over 20 minutes. 

These initial studies presented a dilemma in finding the balance between efficient cleavage 

without degrading the poststerone. It was observed that excessively strong acidic 

conditions or long exposure times promoted dehydration by loss of the hydroxyl group 

and isomerisation to generate 77 for which there was precedent in the literature (Figure 

2.29). 107 
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73 37 

Figure 2.29 Strongly acidic conditions were found to degrade poststerone 37. 

Anecdotal evidence for this transformation was provided by the appearance of a peak by 

HPLC at 11.3 minutes and a shift in the UV/VIS maximum of the solution from 236 nm to 

318 nm, but dieneone 77 was never isolated. The results for some of the conditions (in 

particular, 0.25 M HCl in dioxane), demonstrate the problem; the amount of poststerone 

and linker (assessed by HPLC) after 6 hours had dropped to virtually nil and had been 

entirely replaced by the peak at 11.3 minutes. The use of TFA in the cleavage media 

presented a different problem; cleavage did not proceed smoothly and produced a side 

product (retention time 12.8 minutes) at all concentrations (presumably TFA ester 

derivatives). 

The balance between cleavage and degrading the steroid was best served by choosing an 

acid strength in the range between 0.05 M (cleavage too slow) and 0.25 M (degrades the 

steroid). Further investigations were carried out to establish the cleavage kinetics over the 

first 2 hours (Figure 2.30). 

The cleavage mixture suggested by these experiments was 0.1 M HCl in dioxane/water 

(1:1 v/v). However, the nature of the solid support raised another issue; polystyrene resins 

do not swell well in aqueous media thus impairing synthesis. Consequently, the amount of 

water in the cleavage mixture had to be kept to the minimum that effected cleavage but 

still allowed the resin to swell. These two studies led to the conclusion that the best 

solvent for liberation of product from the resin would be 0.1 M HCl in dioxane with 10% 

water over a reaction period of 2 hours. The model reaction showed that full cleavage 

occurred within 1.5 hours in solution and that degradation of the ecdy steroid did not begin 

to be a problem for reaction times less than 2 hours. 
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dioxane 

0.10 M HCl in dioxane (10% water) 

0.05 MHC3 in dioxmie/water (1:1) 

10 20 30 40 50 m M M 1W 1W 1# 
Time (min) 

Figure 2.30 Cleavage kinetics of the benzylidene linkage. The graph shows the percentage of 

poststerone as determined by RP-HPLC (X = 242 nm). RP-HPLC Gradient: Water / TFA 

(0.1%) to MeCN / TFA (0.04%) over 20 minutes. 

The first reaction to be modelled with the benzylidene poststerone 73 was reductive 

amination with benzylamine employing sodium triacetoxyborohydride^'^^ (Figure 2.31). 

The reaction was relatively slow requiring 48 hours to go to completion. RP-HPLC 

analysis indicated the presence of diastereoisomers that were more polar than the starting 

material and ESMS revealed the expected molecular ion (542.9 Da). 

BnNHa, NaBH(OAc)3 a—a o , 

O H ^ 
DCE, AcOH \ = / o 

73 

Figure 2.31 Reductive amination of benzylidene poststerone 73. 

The benzylidene moiety appeared stable to the reaction conditions, thus suggesting that 

this linkage was suited to the chemistry planned for the first library. However, subsequent 
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work carried out showed this not to be the case and these results will be covered later in 

the chapter. 

2.2.2 Preparation of the solid support 

With the poststerone fragment in hand, attention was diverted to the other key component, 

the solid support. The formyl polystyrene support was prepared from commercially 

available Merrifield resin '̂* following the work of Tam et al. in 1996.^'° The resin was 

oxidised with DMSO (Figure 2.32) and the reaction followed by FT-IR. The appearance 

of a strong band at 1677 cm"̂  was evidence for the formation of the carbonyl group of the 

aldehyde. 

CI DMS0155°C O 

79 80 

Figure 2.32 Preparation of formyl polystyrene resin 80. 

Quantification of the loading was accomplished by coupling glycerol, followed by Fmoc-

Gly-OH to the resin, affording modified support 82 (Figure 2.33). Subsequent quantitative 

Fmoc determination^^^ gave a resin loading value of 0.29 mmolg"^ that was lower than 

hoped (expected loading was 0.93 mmolg"^ starting from Merrifield resin with a loading of 

1.34 mmolg"^) but still adequate for the task. 

Glycerol, DME ^ / T ^ P - - , Fmoc-Gly-OH P 

Fmoc-N^Y° 
H " 

80 81 82 ° 

Figure 2.33 Quantification of the loading of resin 82. 

Poststerone fragment 37 was attached using standard conditions (Figure 2.34) and 

followed by solid phase IR spectroscopy and the loss of the aldehyde band. 
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Figure 2.34 Poststerone fragment 37 and formyl polystyrene support 80 were coupled under 

the established conditions. 

Confirmation of the choice of cleavage media was afforded by observing the reaction of 

resin 71 with 0.1 M HCl in dioxane (10% water) over time and the results clearly showed 

that full cleavage occurred after about 90 minutes (Figure 2.35). 

0.1 M HCl 
J ^ HO, 
11 OH Dioxane 

(10% water) HO 
1.2 

100 

o 60 -

40 -

120 

Time (min) 

240 

Figure 2.35 Cleavage kinetics of resin bound-poststerone 71. The graph shows the percentage 

of poststerone as determined by RP-HPLC (1 = 242 nm). RP-HPLC Gradient: Water / TFA 

(0.1%) to MeCN / TFA (0.04%) over 20 minutes. 

For this length of exposure, there was no significant degradation of the poststerone. The 

loading as determined by mass recovery from the cleaved resin was lower than hoped 

(0.09 mmolg"^) but a very significant aldehyde peak from unreacted formyl polystyrene 
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sites was visible by 'H HR-MAS NMR (Figure 2.36). The large aldehyde peak suggested 

that many of the sites were not loaded with poststerone. 

The experimental observations regarding the cleavage of the linkage from the solution 

model thus remained valid for the resin bound steroid. With this data in hand, attention 

was directed towards synthesising libraries of compounds based on the reductive 

amination of poststerone. 

An ^ A mAJ 

Unreacted 
aldehyde ^ 

M M W W M M 

Figure 2.36 Top: Poststerone 37 in CDCI3 solution; Bottom; HR-MAS spectrum of resin 71 

acquired with CPMG pulse sequence (delay 1.5 )j.s; loop 40) to suppress broad peaks from 

polystyrene backbone (see chapter 4). 

2.3 Reductive amination 

The first reductive amination modelled in solution (Figure 2.31) used benzylamine and 

sodium triacetoxyborohydride^'*^ as the amine and reducing agent respectively. The 

benzylidene moiety had appeared stable to these reaction conditions as suggested by the 

positive results observed during the solution phase studies. Following these conditions, the 

resin-bound poststerone 71 was treated with benzylamine and reducing agent (Figure 

2.37). The reaction, as predicted by the model system, was very slow and required 

repeated couplings over four days. Initial characterisation following cleavage by RP-
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HPLC showed the expected peaks that ESMS analysis indicated contained a compound 

with the anticipated mass of 453.4 Da. 

c h Q k , 

BnNH 

OH NaBH(OAo)3 O — — ( 
DCE, AcOH ' 

O Analysis followed cleavage 

83 

Figure 2.37 Reductive amination of resin-bound poststerone 71. 

On the basis of these results the coupling of the resin-bound poststerone amine 83 with 

acetic anhydride was attempted (Figure 2.38). Investigations by RP-HPLC and ESMS 

again showed that the reaction was very slow to reach completion and was not very clean. 

Indeed, the amide was only a minor product. 

o - o < c : CH2CI2 
O Analysis followed cleavage 

84 

Figure 2.38 The coupling of resin-bound poststerone amine 83 with acetic anhydride 

generated acylated poststerone amine 84. ESMS analysis revealed the expected mass of 496.5 

Da for the acylated species as a minor product. 

The synthesis of a library of amines was attempted and initially, 10 amines were chosen 

with the pharmacophore model in mind (Figure 2.17). Amines were chosen to place a 

hydrophobic region in close proximity to the amine. Unfortunately, after two attempts 

to react with the steroid, HPLC analysis revealed that there had been significant reaction 

in only four cases (Table 2.2). It was decided to abandon the six amines that had not 

worked and concentrate on the other four. The failure of amines a (aniline), d (secondary 

amine) and j (hindered) could easily be rationalised in terms of lower reactivity. The 

failure of benzylamine to react in this series was demonstration of the capricious nature of 
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this chemistry and suggested that something was seriously amiss with either the reaction 

conditions or the set of resins. 

RP-HPLC analysis revealed that three of the four reactions had barely worked, and the 

ESMS showed the molecular ions 380.3 (85e), 460.7 (85f), 434.4 (85g) and 507.4 (85h) 

only as minor products. 

O — 1 ° " NaBH(OAo)3 O — ( 
DCE.AcOH ( 

H Q 

a b c d 

O 
e f g h 

O'BU 

O 
1 

j 

Table 2.2 The ten amines attempted in library 85. The selected four amines that displayed 

some reactivity are highlighted in blue. 

As the reaction with f (cyclohexanemethylamine) showed the most change from starting 

material, a portion of the resin containing compound 85f was cleaved and purified by RP-

HPLC. Unfortunately, following purification very little material was isolated (less than 1 

mg of 85f from 20 mg crude) despite the peak appearing as the major component at 242 

nm. HPLC analysis of the same crude sample at 220 nm revealed a significant number of 

new peaks corresponding to side products that no longer possessed the enone ftinctionality 

characteristic of the ecdysteroids. The RP-HPLC traces of the crude 85f at 242 nm and 

220 nm are presented (Figure 2.39). 
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The reactions had thus been unsuccessful and resulted in the generation of very small 

amounts of desired products as determined by RP-HPLC and ESMS. 

NaBH(OAc)3 
DOE, AcOH " 

^ 

2. 0.1 M HCI 
dioxane, 2 h 
10% water 85f 

X = 242 nm 

X = 220 nm 

12 14 16 18 20 min 

Figure 2.39 Top: RP-HPLC trace of compound 85f at 242 nm; Bottom; RP-HPLC trace of 

compound 85f at 220 nm. Poststerone peak assigned by co-injection with authentic material; 

85f assigned by ESMS of collected fraction to be the large split peak at 242 nm. RP-HPLC 

Gradient: Water / TFA (0.1%) to MeCN / TFA (0.04%) over 20 minutes. 

2.3.1 Reaction optimisation 

The problem with the reaction was not immediately obvious, as there were several 

possible areas of difficulty to overcome. Therefore, it was decided to return to a solution 

model and pursue a parallel method of investigation into the reaction conditions. Thus, the 

protected poststerone fragment 72 was treated with a variety of conditions, following the 

reaction scheme illustrated below (Table 2.3). 
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BnNH?, [H] 

Sovent 

Reaction Reducing agent Solvent Yield" 

1 NaBH(0Ac)3 DCE, AcOH 45 

2 NaBHgCN DCE, AcOH 90 

3 NaBH(0Ac)3 DMF, AcOH 0 

4 NaBHsCN DMF, AcOH 5 

5 NaBH(0Ac)3 TMOF, AcOH 1 

6 NaBHsCN TMOF, AcOH 20 

Table 2.3 Reductive amination of protected poststerone 72. ^Yield assessed by RP-HPLC on 

crude reaction mixtures observing the area of desired peak against the combined areas of all 

impurities. (RP-HPLC Gradient: Water / TFA (0.1%) to MeCN / TFA (0.04%) over 20 

minutes; X = 220 nm, 242 nm and 254 nm). 

The reactions were followed by RP-HPLC, observing at the wavelengths 220 nm, 242 nm 

and 254 nm and provided some slightly surprising results. The solvent showing poorest 

results proved to be DMF, which is traditionally considered a good solvent for this type of 

reaction, showing no significant transformation of the starting material. The biggest 

disappointment of the earlier syntheses of these ecdysteroid amine derivatives was the 

presence of a large peak in the trace at 220 nm that did not appear at 242 nm, implying 

that the enone chromophore had been reduced. In all of the reactions involving the 

reducing agent NaBH(0Ac)3 this peak was present in significant amounts, but the use of 

NaBHsCN alleviated this difficulty at the cost of the reaction proceeding even more 

slowly. Work by Evans on the directed reduction of (3 -hydroxyketones ̂  suggested that a 

possible reason for this observation was the mode of action of NaBH(0Ac)3 in the 

presence of a free alcohol. The hydroxyl group can displace one of the acetoxy ligands 

from around the boron centre. If the alcohol at acted in this fashion then the 

borohydride moiety would be held on a pendant arm in close proximity to the enone and 

consequently in a position to effect its reduction (Figure 2.40). Furthermore, it has been 

postulated that the "alkoxydiacetoxyborohydride" intermediate might be a more potent 

reducing agent than the parent triacetoxyborohydride species. 
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roAc 

BH(OAC)2 

AcO 

Figure 2.40 Proposed explanation for the destruction of the enone functionality of the 

ecdysteroids upon exposure to sodium triacetoxyborohydride. 

Material was collected from all six of the reactions and initially purified by column 

chromatography on silica gel to remove unreacted starting material. The isolated material 

86 was shown by NMR to be contaminated with excess benzylamine that was removed by 

semi-preparative RP-HPLC. The acid labile isopropylidene protecting group was removed 

by the TFA in the HPLC solvents upon lyophilisation affording compound 89a as a fine 

white powder in a disappointing 24% isolated yield. Repetition of the reaction under the 

most successful conditions (Figure 2.41) on a larger scale provided the expected 

compound 89a in an improved 79% yield. 

1. BnNHj, NaBHsCN 
DCE, AcOH 

2. Semi-prep RP-HPLC 

Figure 2.41 Reductive amination of protected poststerone 72 illustrating the inadvertent 

deprotection of the isopropylidene group. 

2.3.2 Library synthesis. 

The optimised reductive amination chemistry was then applied to the formation of a small 

solution library of modified poststerone amines as illustrated below (Table 2.4). 
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1. RNH2, NaBHgCN 
DCE.AcOH ^ 

2. Semi-prep RP-HPLC 

H,N HzN 
H,N 

H,N' ,OH 

H,N 

H,N 

HoN' 

H j N ' 

OH 

H , ,N^O'Bu 
O 

H.N' 
H,N ' 

Table 2.4 Reductive animation of protected poststerone 72 to generate library 89a-j. 

Ten primary amines were reacted with 2,3-isopropylidene poststerone 72 and the reactions 

followed to completion. As expected, the reactions were slow and required several 

additions of reagents to force significant transformations. Five of the reactions proceeded 

cleanly with a single major peak and some small impurities and these materials were 

purified by RP-HPLC directly affording the amines in a pure enough form for screening 

(89a, 89e, 89g, 89h and 89i). One of the reactions failed to provide any evidence by 

ESMS for the presence of the desired amine (89f) while the remaining four reactions had 

numerous impurities (89b, 89c, 89d and 89j) and proved impossible to purify. 

The pure compounds (ca 4 mg of each amine) were screened; two of the compounds 

(pentylamine and octylamine side-chains) initially showed promising but somewhat 

surprising results (Table 2.5). The two compounds originally appeared to have a moderate 

antagonistic effect on the Bn screen. However, after extensive HPLC and UV/VIS 

studies by Dr L Dinan and colleagues at the University of Exeter, each sample sent for 

screening was shown to have a very weakly antagonistic component. These compounds 

would be far more likely to display agonistic character. 
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Compound Structure Behaviour E D 5 0 

15 

H 

OH 9 ^ 
'in\ 1 

1 ' OH 

J O H 

O 

Agonist 7.5x lO'^M 

37 

\^o 

T II OH 

" I 

Agonist ~2 X 10"̂  M 

89a 

% 

Agonist 1.5 X 10-4 M 

89e H O - . ^ 

H O * " ^ 

% 

Cytotoxic only -

89g 
H O " ^ ^ 1-

j y M 

J OH 

Y 

Agonist 2.5 X 10-4 M 

89i H O . . y ^ 

H 

J S H V 

o 

Antagonist 2.0 X 10-4 M 

89h H O - y ^ 

H O " ' ^ ^ 
j ] 6 H ^ 

% / 

Antagonist l.Ox 10-̂  M 

Table 2.5 Initial bioassay results. 20-hydroxyecdysone 15 and poststerone 37 are included in 

the table to show some context for the other results.'̂ '' 

Based on the initial screening results, the two most active compounds were synthesised on 

a larger scale, employing the same conditions as described previously. The reactions and 
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subsequent purification by RP-HPLC afforded the compounds in poor yield (28% and 

24% for pentylamine and octylamine respectively) but sufficient for analysis in the 

bioassay screens. However, once again, the samples displayed poor biological activity. 

Each synthetic step in a library must be clean and efficient to maximise the potential of the 

combinatorial technology. The reductive amination in solution afforded low yielding 

mixtures of compounds employing the conditions discovered in the preliminary 

optimisation. On the resin, convincing results as to the efficacy of the chemistry had yet to 

be observed. It was decided that a further series of investigations should be carried out in 

greater depth to attempt to solve these problems. 

2.3.3 Further optimisation of the reductive amination reaction. 

It was still unclear whether the failure to transfer the reductive amination to the resin with 

even modest yields was due to a problem with the chemistry of the amination or a 

difficulty intrinsic to the solid support and linkage. Both of these issues needed to be 

addressed fully and independently before the reaction had any chance of succeeding. 

2.3.3.1 The reductive amination as reason for failure. 

The first studies into these problems involved breaking the reaction into its component 

parts (Figure 2.42). In the case of reductive amination, the component parts of the reaction 

are imination followed by reduction of the imine or iminium ion. By breaking the reaction 

into these two steps it was hoped that a wider range of reducing agents might become 

accessible than those conventionally used for reductive amination under the Borch 

method. 

To that end, an array of reactions was prepared to test the conditions for the imination of 

poststerone: solvent, temperature, pH and time (Table 2.6). Four solvents were chosen for 

the trial reactions: MeOH, DCE, THF and dioxane. The reaction was conducted at three 

pH values (5, 7 and 8) adjusted with AcOH and measured with moistened pH indicator 
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paper. The trial was set to run at two temperatures (25°C and 40°C) and aliquots were 

examined by TLC and RP-HPLC over time. 

I.BnNH,, solvent 

Figure 2.42 The reductive amination was tested by breaking the reaction into its component 

steps. The initial step is formation of an imine (or iminium species) followed by reduction, 

usually by hydride source. 

Despite the hopes that the imine formation and reduction could be separated into two 

steps, it proved impossible to follow the imination over time. The analytical techniques 

employed showed only the starting materials as time progressed; it was thought that this 

was probably due to the imine being hydrolysed by the silica on the TLC plate or the 

water in the HPLC system. Visual inspection of the reactions revealed that several of the 

solutions changed colour as time progressed, suggesting some change. Therefore, it was 

decided to add NaBHgCN to the reactions that had changed colour (Table 2.6 entries: 4, 5, 

10, 11, 16, 17, 22 and 23) and allow the reduction to occur, again following the course 

over time. All of the reactions were heated to 40°C and stirred overnight. HPLC analysis 

of the reaction mixtures showed three main peaks; one was poststerone (by co-injection) 

and two new peaks. 

In most of the reactions, the major peak isolated was surprisingly the reduced product, 

dihydropoststerone 36. A minor product in some of the reactions was the desired amine 

89a 
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Reaction reference Solvent pH Temperature / °C 

1 • 5 

2 7 25 

3 
MeOH 

8 

: 4 
MeOH 

: 5 

5 7 40 

6 8 

7 5 

8 7 25 

9 
DCE 

8 

[W 
DCE 

5 

11 7 40 

12 8 

13 5 

14 7 25 

15 
THF 

8 

: 16 
THF 

5 

17 7 40 

18 8 

19 5 

20 7 25 

21 
Dioxane 

8 

: 22 
Dioxane 

5 

; 23 7 40 

24 8 

Table 2.6 Reaction array for imine formation series. The entiies highlighted (blue) were the 

reactions that were taken through to the reduction step with NaBHsCN after visual inspection 

revealed them to be the most changed from starting material. RP-HPLC Gradient: 30% MeOH 

/ water to MeOH in 30 minutes. The HPLC conditions were modified for reasons of botii 

analyte stability and peak resolution. 

57 



It was envisaged that the problem might be due to the hydrolysis of the imine prior to 

reduction by the hydride source (Figure 2.43). The hydrolysis could be due to the water 

formed in the reaction itself if the reduction was slow enough. 

+ H 2 0 

Figure 2.43 The equilibrium between ketone + amine and imine 90 dictates the reaction 

products. 

As observed previously, of the solvents tested, DCE gave the cleanest HPLC traces, so it 

was an obvious selection for the next round of reactions in this study. Benzene was picked 

as a representative hydrocarbon solvent to accompany DCE in this round. In an attempt to 

alleviate the problem of the hydrolysis, activated 4A molecular sieves were added to the 

reaction mixtures and an array of reactions was performed on a 10 mg scale (Table 2.7). 

Initially, the reactions were heated to 40°C without the reducing agent and left overnight 

for the imine formation to occur; the reducing agent was then added and the reactions 

continued to be heated at 40°C. 

HPLC analysis of the reaction mixtures showed that triethylsilane had not worked as the 

major peak returned was starting material. In the other cases the major peaks remained 

unreacted poststerone and dihydropoststerone almost exclusively; small amounts of 

amination product were present (by HPLC) in some of the reactions but not enough to be 

an efficient synthesis. The reduction of the ketone over the imine was unexpected; 

previous efforts at synthesis had returned the amine as the main product with side products 

often being numerous but small contributions to the overall HPLC trace. 
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Reaction reference Solvent pH [H] 

1 NaBHsCN 

2 5 NaBH4 

3 
DCE 

Triethylsilane 

4 
DCE 

NaBHsCN 

5 7 NaBH4 

6 Triethylsilane 

7 NaBHsCN 

8 5 NaBH4 

9 
Benzene 

Triethylsilane 

10 
Benzene 

NaBHgCN 

11 7 NaBH4 
. 

12 Triethylsilane 

Table 2.7 Reaction array to test reducing agents for the efficiency in the reductive amination 

series. RP-HPLC Gradient: 30% MeOH / water to MeOH in 30 minutes. 

The observation that reduction to the alcohol was occurring as the major route in the 

reaction scheme led to the design of the next small array of reactions (Table 2.8). In an 

effort to discover how fast this reduction occurs, poststerone was dissolved in DCE with 

acetic acid and reducing agent was added. The reaction was monitored at 4 h, 18 h and 36 

h; these times were typical of the amination times in previous syntheses. 

After 4 h, three of the reaction mixtures still predominantly contained poststerone; NaBBU 

at pH 7 had started to reduce the ketone and the ratio stood at approximately 3:1 in favour 

of the starting material. After 18 h, every reaction except NaBH4 at pH 5 had almost 

completely reduced the ketone; the reduction with NaBH4 at pH 5 still returned mainly 

poststerone after 36 h reaction time. 
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Reaction reference pH [H] 

1 5 
NaBHaCN 

2 7 
NaBHaCN 

3 5 
NaBHj 

4 7 
NaBHj 

Table 2.8 Control reaction to show the time required for reduction of the side-chain ketone. 

Clearly, one of the problems with the reaction was imine formation. If the imine was not 

formed exclusively and cleanly before the reducing agent was added then competing 

reduction of the ketone would occur as the major pathway. The reduction with NaBHU was 

found to be far less clean than the corresponding reaction with NaBHsCN; the NMR in 

the former case showing several doubled peaks, implying the formation of 

diastereoisomers. 

2.3.3.2 The resin or linkage as reason for failure. 

As stated earlier, there were two possible reasons for the failure of the reductive amination 

on the solid support. The failings of the chemistry itself were being addressed so then the 

linkage to the resin became the focus for the next series of investigations. It was initially 

thought that the linkage to the resin was not a problem as it was possible to attach and 

remove poststerone with ease and no degradation occurred under the established 

conditions as evinced by HPLC. The first apprehensions regarding the stability of the 

linkage were aroused when it was noticed that the recovery level of material from resins 

that had suffered the amination conditions was significantly lower than that from the 

unmodified poststerone resin. 

The best way to study the linkage behavior under the reaction conditions was to return to 

the model that had been employed previously in solution where conventional analytical 
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techniques are accessible. The benzylidene poststerone resin model, 73 (Figure 2.27) had 

been formed in good yield as a 1:1 pair of diastereoisomers. 

The set of reactions described (Table 2.9) was conducted on the benzylidene acetal 1.4. 

The compound was dissolved in DCE and stirred over 4A molecular sieves for 10 min 

before the required combination of reducing agent and amine was added. 

Reaction 

reference 
AcOH NaBHsCN BnNHa Results 

1 y X X Stable to 48 h 

2 X y X Stable to 48 h 

3 y y X Degradation within 6 h 

4 y V y Degradation within 6 h 

Table 2.9 Reactions to test the stability of the model for the resin linkage, indicates addition 

of listed reagent; * indicates the absence of the reagent. 

Aliquots were taken from the reaction mixture at 6 h, 18 h and 48 h. After 48 h, there was 

no significant decomposition in reactions 1 and 2, but after only 6 h, there was almost full 

degradation of the benzylidene acetal moiety in reactions 3 and 4. The linker model had 

degraded to a more polar species than would be expected for simple reduction of the 

ketone. The HPLC peak seemed to be comprised of more than one compound with very 

similar retention times. 

Reviewing the literature showed that the benzylidene acetal was prone to degradation 

under acidic reducing condi t ions; this reactivity has, in fact, been exploited to make 

benzyl ethers on the less substituted of two hydroxyls by Garegg and others (Figure 

2.44).̂ ^̂ "̂ ^̂  The benzylidene acetal of poststerone might thus be expected to form a 1:1 

ratio of two benzyl ethers. This would seem a plausible explanation for the observation 

that resins that had suffered the amination conditions showed significantly lower recovery 

after cleavage than the unmodified poststerone resin. Any benzylidene linkage that 

underwent this reaction would permanently attach the substrate to the resin. 
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91 92 

Figure 2.44 Work by Garegg et al. showed the selective opening of benzylidene acetals with 

NaCNBHs in acidic media/ 

2.3.4 Alternate routes to aminated products 

The linkage had proven unstable, which partially explains the failure to transfer the 

reductive amination chemistry to the resin. The instability was intrinsic to the benzylidene 

acetal linkage, as use of the isopropylidene protecting group had afforded the desired 

product, albeit in a moderate yield. However, it was clear that an alternative route would 

be necessary to continue this branch of the study. 

2.3.4.1 Modified reductive amination conditions 

For the reductive amination to be an effective reaction utilising this linkage strategy, then 

the system must be run at neutral pH under buffered conditions. The use of ammonium 

acetate with NaBHsCN had been shown to proceed efficiently affording the primary 

amines under buffered conditions.'^®' 

The primary amines were considered attractive targets as they offered potential for 

convenient transformations to the ecdysteroid side chain (Figure 2.45). In addition to 

simple acylations with acid chlorides, couplings to explore the effect of peptide chains on 

the bioactivity would be possible. 
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RCOCI 

Rocoa 

95 

96 

Figure 2.45 Schematic illustration of potential directions for the poststerone primary amine 

fragment on the resin. 

Reactions to generate the primary amines were carried out and were found to be extremely 

slow; poststerone 37 was reacted over 5 days at room temperature and 2,3-benzylidene 

poststerone 73 had not gone to completion after one week (Figure 2.46). 

NH; 

HO, HO, 
OH OH 

HO' HO' 

O 
37 

O 
97 

NH4OA0 
MeOH 

f / 
iD' 

NaBHaCN 
4A sieves 73 98 

Figure 2.46 Reaction with ammonium acetate was a possible route to poststerone primary 

amines. 

MS analysis of the crude reaction mixture showed the presence of the desired molecular 

ion in both schemes. However, amines 97 and 98 proved impossible to purify and this 

direction was abandoned. 
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A second route utilising Lewis acid catalysis in place of acetic acid as used by Barney et 

al. (titanium tetrachloride)^®^ and Mattson et al. (titanium iso-propoxide)^®^ was attempted 

(Figure 2.47). 

BnNH2 
Ti(0'Pr)4 

NaBHjCN 

MeOH 

Mapr product 

O 
89a 

Minor product 

Figure 2.47 Titanium iso-propoxide mediated reductive amination of poststerone 37. 

MS analysis of the crude reaction mixture showed the presence of the desired molecular 

ion. Unfortunately, the aminated steroid proved only to be a minor peak by HPLC, with 

dihydropoststerone 36 again the major product, so this scheme was abandoned. 

2.3.4.2 Mesylation followed by nucleophilic displacement 

At best, the reductive amination afforded mixtures of products that were not easily 

separable by RP-HPLC. The reduction of poststerone offered a potential new route to 

aminated products. The isolation of dihydropoststerone 36 from the reductive amination 

reactions was found to be reproducible and reliable. The optimum solvent was found to be 

MeOH as the reduction proceeded more rapidly than in DCE and in 70% yield (Figure 

2.48). 

NaBHjCN 
* 

MeOH 
AcOH 

Figure 2.48 Stereospecific reduction of poststerone 37 with NaBHsCN to afford 20-(5)-

dihydropoststerone 36. 
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The stereochemistry at the newly formed secondary alcohol (C^°) was proved by X-Ray 

crystallography and the crystal structure is presented (Figure 2.49). 

C21 

Figure 2.49 Crystal structure of dihydropoststerone 36. 

It was hoped that the secondary alcohol at could be mesylated with subsequent 

sulfonate ester displacement with a suitable nucleophile. If a nucleophile such as 

phthalimide or a modified Gabriel reagent̂ "̂̂ ' was used then deprotection would afford 

the primary amine at with inversion of stereochemistry. However, the presence of the 

alcohols at and would cause complications and needed to be protected. The 

protection of dihydropoststerone 36 with the isopropylidene group failed on numerous 

occasions. It was decided to attempt the reduction on the 2,3-isopropylidene poststerone 

72 as an alternate means to generate the desired protected dihydropoststerone (Figure 

2.50). The reaction proceeded very slowly, but afforded the target molecule in 65% yield. 
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As previously, the reduction was found to be stereoselective and the structure was proven 

by X-Ray crystallography. 

NaBHaCN 
MeOH 
AcOH 

DMP 

DMF 
pTsOH 

DMP 

- / / — 
DMF 
pTsOH 

36 

NaBHaCN 
MeOH 
AcOH 

..vOH 

Figure 2.50 Generation of 2,3-isopropylidene-20-diliydropoststerone 99 succeeded by 

reduction of protected poststerone 72. The corresponding route by the protection of 

dihydropoststerone 36 failed. 

The activation of the alcohol of 2,3-isopropylidene dihydropoststerone 99 was carried 

out with methanesulfonyl chloride. The resultant mesylate was subsequently treated with 

potassium phthalimide (Figure 2.51) but unfortunately only unreacted 2,3-iospropylidene-

20-dihydropoststerone 99 was recovered. Similar results were observed for other 

nucleophiles suggesting that the sulfonate ester may not form effectively on this alcohol. 

'OH 
1. MeSOjCI 

CH2CI2, NEI3 

// 
2. KNPhth 

CH2CI2 

100 

Figure 2.51 Attempted nucleophilic displacement of the alcohol of 2,3-isopropylidene 

dihydropoststerone 99 failed. 

The capricious nature of the reductive amination reaction and the poor bioactivity of the 

few compounds screened lead to this area of the study being abandoned in favour of new 

directions. 
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2.4 Other C^° ketone modifications. 

2.4.1 Hydrazone chemistry 

The reaction of carbonyl compounds with substituted hydrazines to form hydrazones has 

long been established and seemed a worthwhile exercise to attempt on the poststerone 

motif 37. 

o 1. 

OjN 
EtOH, AcOH 

2. Semi-prep RP-HPLC 

37 

Figure 2.52 Reaction of poststerone 37 with /i-nitrophenylhydrazine affords the hydrazone 

101& 

The first hydrazine selected was the standard /'-nitrophenylhydrazine. The hydrazone was 

generated as a yellow solid that was readily removed from the excess hydrazine to afford 

the desired compound 101a in good yield (74%). This promising result was unfortunately 

not repeated across a larger range of hydrazines (Table 2.10). Most of the hydrazines 

reacted as followed by RP-HPLC (with the exception of h and q) but only the electron 

poor nitrated aromatic and pentafluorophenyl systems were stable enough to survive the 

work-up and the ecdysteroid product isolated was usually poststerone. Entry d afforded a 

product that proved impossible to purify. 

The hydrazones that could be isolated and purified were relatively stable, but rapidly 

hydrolysed when dissolved in dg-pyr or if left exposed to light for any length of time. 

Collection of NMR spectra in d4-MeOH allowed analysis, while limiting exposure to light 

allowed prolonged storage of these compounds. 
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1. RNHNHz 
EtOH, AcOH 

HO, HO. 
OH OH 2. Semi-prep RP-HPLC 

HO' HO' 

O 
37 

O 
101 

HgN' 
NO, 

H,N 

OMe 

HgN 
NO, 

HjN 

H,N 

NO, 

H,N 

g 

HgN 

NO, 

NO; 

H,N̂  

H,N" 

HzN H,N 

CI 

HzN 
Br 

H,N 

CF, 

m 

HzN 

CFo H,N 
.NH, 

n 

H,N 

H,N ' 

Table 2.10 The hydrazines that were reacted with poststerone 37 to form hydrazones 101. The 

entries highlighted in blue were successfully isolated. Entries h and q (highlighted red) failed 

to react by HPLC and entry d afforded a product that was impossible to purify. 

The failure of benzoic hydrazide (entry h in Table 2.10) to react was unfortunate; the 

resultant compound lOlh (Figure 2.53) would have been an interesting hybrid between the 

ecdysteroids and commercially available bis-acyl hydrazines like Tebufenozide 102 (an 
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ecdysteroid agonist). The series of acylated poststerone hydrazones might have 

provided some interesting structure activity information. 

101h 102 

Figure 2.53 The structures of poststerone-20-benzoyl hydrazone lOlh and Tebufenozide 102. 

As the formation of hydrazones did not involve the reduction conditions that had proven 

so detrimental to the resin linkage, it was decided to attempt the reaction on the resin 

(Figure 2.54). 

NH 

Eton, AoOH HO. 
OH OH 

HO' 
NO; 2. 0.1 M HCI 

dioxane 
71 

2. 0.1 M HCI 
dioxane 
(10% water) 

O 
101a 

Figure 2.54 Reaction of resin bound poststerone 71 with /'-nitrophenylhydrazine. The resin 

was pre-swollen with CH2CI2 prior to addition of the hydrazine in ethanolic solution. 

As expected, the resin developed a deep yellow colour during the coupling reaction. It was 

reassuring that the colour persisted after exhaustive washing steps. However, following 

treatment with the cleavage conditions, none of the desired product could be isolated and 

HPLC revealed only poststerone and^-nitrophenylhydrazine. 

The possibility of generating substituted hydrazines based on the existing hydrazone 

chemistry was considered. As noted previously, RP-HPLC afforded evidence for the 

formation of many of the hydrazones attempted, but subsequently NMR revealed that the 

isolated steroid component was only poststerone. This observation suggested that the 

hydrazones might be decomposing during the work-up. Thus, poststerone-20-/?-

nitrophenylhydrazone 101a was formed and treated with NaBHgCN directly (Figure 2.55). 
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Unfortunately, the reaction was slow, not very clean and recovery of product following 

purification was very poor (<2%). 

NaBHjCN 

—II— 

101a 

Figure 2.55 Reduction of poststerone-20-/i-mtrophenylhydrazone 101a to form the substituted 

hydrazine 103. 

The ^-nitrophenyl hydrazone 101a was screened against the ecdysteroid receptor 

complexes from Drosophila melanogaster and Choristoneura fumiferana and gave IC50 

values of 8.4 pM and 26.3 |iM in a ponasterone A competitive binding assay. These 

values compared reasonably well with the value for poststerone and offered some hope for 

this class of compound (biological assay performed by Mrs P Bourne during her tenure at 

Rohm and Haas research laboratories. Spring House, Pa, USA). However, when the four 

successful hydrazones (Table 2.11) were tested in vivo in the Bn assay^^^ by Dr L Dinan 

and colleagues at the University of Exeter, none of the compounds showed any activity in 

either the agonist or antagonist screens. 

101b 

Table 2.11 The four hydrazones screened for biological activity in the Bn Drosophila cell line 
assay. 
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2.4.2 Miscellaneous C °̂ transformations 

After the hmited successes of the amination chemistry and hydrazone formation, there 

remained a few reactions that seemed worth attempting at the position of the 

ecdysteroid template. The initial attempts were based on the ketone fiinctionality of 

poststerone. 

2.4.2.1 Reaction with hydroxylamine and semicarbazide 

The exploration of hydrazone chemistry on the ecdysteroid template, directed 

investigations into reacting poststerone with other nitrogen nucleophiles that show similar 

reactivity to the hydrazines. Poststerone 37 was treated with hydroxylamine and 

semicarbazide under the conditions that had proved successful in the condensation with 

the hydrazines (Figure 2.56). No products were isolated from either of these reactions and 

the HPLC showed only poststerone after extended reaction times. The lack of products 

was not entirely surprising given that none of the aliphatic hydrazines had formed stable, 

isolable compounds either. 

HO-NHj or H2NNHCONH2 

Jpln 

EtOH, AcOH '• 

37 104a R = OH 
104b R = NHCONH2 

Figure 2.56 Reaction of poststerone 37 with hydroxylamine and semicarbazide. 

2.4.2.2 Reaction with organometallic compounds 

Another class of traditional reactions often exploited with carbonyl compounds are those 

with organometallic reagents. Historically, ecdysteroid syntheses have involved 

organometallic additions to ketones as the key step to incorporate the side-chain. The 

additions were carried out at room temperature, under an atmosphere of N2 (Figure 2.57). 

However, the reactions were far from clean and insufficient material was recovered from 

the column to characterise any of the multitude of products formed. 
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o 
105a R = Ph 

105bR = "Bu 

Figure 2.57 Reactions at the ketone of poststerone 37 with organometallic reagents; the 

reactions were carried out in freshly distilled THF. 

2.4.2.3 Baeyer-Villiger oxidation 167, 168 

Poststerone 37 was treated with mCPBÂ ®® (Figure 2.58) in an attempt to insert an oxygen 

into the bond. The acetate group in compound 106 could be easily removed by 

hydrolysis offering opportunities for further manipulations. 

mCPBA HO. 

OH ^ 

DCE/THF 
(1:1 v/v) 

Figure 2.58 Attempted Baeyer-Villiger oxidation of poststerone. 

The reaction was attempted but after 96 h at 50°C, the main product in the RP-HPLC trace 

was unreacted poststerone. 

2.4.2.4 Ketal formation 

The protecting group used throughout this study to protect the C -̂C^ diol should also 

allow modification. Thus, poststerone was treated with a variety of diols to attempt to 

effect the synthesis of ketals (Table 2.12). 
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HO, 

HO 
, x > 

OH 

OH 

RCH(OH)CH(OH)R' 

/ / HO, 
OH dMF, pTsOH 

107 

OH 

OH 

Table 2.12 Attempted ketal formation at C of poststerone 37. 

Surprisingly, none of the reactions were successful and all that was recovered was 

unreacted starting material. A possible explanation could be that the congested ketone 

of poststerone requires more forcing ketalisation conditions. The formation of the 

isopropylidene ketal in 72 required the activated transacetylation reagent, DMP. 

Subsequent acetal formations at the 2,3-diol employed simple aldehydes or activated 

variants thereupon (vide infra). 

2.4.2.5 Pyrazole formation 

One final reaction scheme was attempted with the ketone of poststerone. Work by 

Wasserman,'^° Lessen^^^ and Paul̂ ^^ using Bredereck's reagent^^ had shown that it was 

possible to generate pyrazoles from substituted ketones. 

The chemistry was initially applied to poststerone 37 in solution (Figure 2.59). There was 

evidence for the formation of intermediate 108 as the IR stretch for the ketone was shifted 

and the expected signal for the enamine was present. However, isolation of the compound 

from the excess reagent without decomposition proved impossible, preventing full 

characterisation. 
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HO, 
OH OH 

HO' 

'BuCOCH(NMe2)2 HO. 

HO" 

O 
37 

O 
108 

Figure 2.59 Reaction of poststerone 37 with Bredereck's reagent to form intermediate 108. 

The reagent was used as solvent. 

As isolating 108 cleanly in solution was posing problems, the reaction was attempted on 

the resin, with the addition of the substituted hydrazine occurring immediately after the 

washing steps (Table 2.13). 

1. 'BuCOCH(NMe2)2 
THF, N2, A 

71 

2. RNHNH2, 

BuOH, AcOH 

3. 0.1 M HCI 

dioxane 

(10% water) 

a b c 

Table 2.13 The pyrazole formation was attempted on resin. 'BUNHNH2 was solubilised by the 

addition of MeOH. 

The recovery of material from the resin reaction was very poor indeed, leading once again, 

to questions concerning the stability of the linkage. The reaction was attempted on resin 

model 73 (Figure 2.60) with phenylhydrazine but all that was recovered was a complex 

mixture of products as observed by RP-HPLC. 
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73 

° 1.'BuCOCH(NMe2)2 

2. PhNHNH;, 

CH2CI2, AcOH 

Figure 2.60 Pyrazole formation was tested on the resin model 73. Bredereck's reagent was 

used as solvent for the first step and phenylhydrazine was used in the second step. 

2.4.2.6 Reactions with the C^° alcohol of dihydropoststerone 

The secondary alcohol generated by reduction of poststerone offered one last route to 

modified compounds. As with the attempted nucleophilic substitution reaction to generate 

aminated compounds earlier (Figure 2.51), it was necessary to protect the C -̂C^ diol as the 

isopropylidene ketal 99. Once the diol was suitably protected, the alcohol was treated 

with isocyanates in an attempt to prepare a range of carbamates (Figure 2.61). The only 

compounds isolated were unreacted starting materials after repeated attempted couplings, 

suggesting that the alcohol has too much steric congestion to allow chemistry to occur. 

. O H 

Ar-N=C=0 

jj 
THF, pyr 

. , 0 H 

Ar 

111aAr= Naphthalene 
111 b Ar = p-Mefhoxyphenyl 

Figure 2.61 Attempts to react the protected dihydropoststerone 99 with isocyanates failed. The 

THF and pyridine were freshly distilled prior to use. 

As the chemistry at in the poststerone motif 37 was not providing easy access to viable 

compounds as had been anticipated, it was decided that the best course would be to change 

direction. 
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2.5 Acetal chemistry 

The poststerone template had been picked for the opportunity of convenient modification 

at two ends. The attention of the project now focussed on the second of these modification 

sites (Figure 2.62). 

37 

Figure 2.62 The poststerone fragment 37 offered two modification sites. Attention switched to 

the Ĉ -Ĉ  diol (highlighted in red) for further study. 

The most convenient method of modifying the C -̂C^ diol was simply to make acetals and 

ketals with varying side chains (Table 2.14). Reaction with the aldehyde (or activated 

aldehyde equivalent) in anhydrous DMF with catalytic ̂ -TsOH afforded a number of the 

desired acetals in moderate to good yield. The aldehydes that worked best were the 

simplest aliphatic and aromatic compounds in the set; functionality beyond bromine at the 

2' position was not tolerated. Consequently, the set of compounds produced were very 

simple and offered no potential scaffolding upon which to further elaborate, excepting the 

possibility of Suzuki chemistry with acetal 113n formed from aldehyde 112n. 

The synthesised compounds were screened in the Bn assay^^^ by Dr L Dinan and 

colleagues at the University of Exeter (Table 2.15). None of the compounds showed any 

activity in either the agonist or antagonist screens. The simple poststerone derivatives (72, 

36 and 99) were also tested (Table 2.16) and again showed no activity in the biological 

screen. 
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RCHO or RCH(0R')2 
112a-t 

J 
DMF, pTsOH 

O 
II 

O 
I I 

OMe 

OWIe 

Ph,P OH 

MeO 

m 

Br O 

n 

HOgC Me2N 

O 

HjN 

OMe 

OMe 

OMe 
FmocHN„̂ /̂  

OMe 

Table 2.14 Poststerone 37 was treated with a variety of substituted aldehydes. Entry h 

generated compounds 73. The entries highUghted in blue provided isolable acetals. 
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113b 

73 

i - O 

113n 

Table 2.15 The acetals screened for biological activity in the Bn Drosophila cell hne assay. 

.lOH nOH 

Table 2.16 Simple poststerone derivatives screened for biological activity in the Bn 

Drosophila cell line assay. 

2.6 Conclusion 

The aims of this part of the thesis were to take the ecdysteroid template and realise a 

method for its immobilisation on a sohd support. Once immobilised, it was envisaged that 

the template would be amenable to rapid, iterative modifications based upon the screening 

data obtained. 
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The choice of reductive amination as the first chemistry attempted produced only a limited 

number of amines, none of which displayed any significant biological activity and the 

reaction was very unreliable. The stereo controlled reduction of the ketone in 

poststerone 37 was unexpected, but this secondary alcohol could not be modified; 

presumably being too sterically hindered to carry out further chemistry. The formation of 

hydrazones proved to have very limited scope in terms of the functionality that was 

tolerated while retaining stability in the resulting hydrazones. 

Modification of the 2,3-diol should have offered entry into a variety of capping groups, 

but seemed intolerant of additional functionality in the aldehyde/ketone component. The 

biological activity was expected to be lower in this series of compounds as the 2,3-diol 

was widely acknowledged as important for the binding mode of 20-hydroxyecdysone with 

the EcR receptor. Thus, it was little surprise that these compounds exhibited no activity in 

the Bii assay. 

In summary, none of the compounds synthesised during this study showed any activity 

even approaching that of the native poststerone while the chemical approaches tried were 

widely unsuccessful. It seems a safe assumption to make that either the target or the 

chemistry chosen was not ideal. 
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Chapter 3 Solid Phase Radical Cyclisation Chemistry 

3.1 introduction 

3.1.1 Intramolecular radical additions 

The construction of cyclic organic compounds is clearly dependent on the ability to 

perform reactions that close rings. Consequently, the development of mild, generally 

applicable cyclisation reactions has been a recurring theme since the emergence of organic 

synthesis as a discipline. Radical cyclisation reactions represent some of the most 

powerful and versatile methods for the synthesis of mono- and polycyclic systems. The 

efficiency of these intramolecular cyclisations occurs as the result of less negative 

activation entropies compared with those of the intermolecular analogues (Figure 3.1).̂ '̂ ^ 

+ Et 

AH° = 5.5 Kcal / mol 

AS" = -11 e.u. 

AH° = 5.6 Kcal / mol 

AS° = -25 e.u. 

(98 : 2) 

CaHQ 

Figure 3.1 Thermodynamic comparison between intramolecular and intermolecular radical 

cyclisations. 

In the case of intramolecular radical additions, the radicals can cyclise in two possible 

ways, exo or endo (Figure 3.2). Baldwin has defined a system to classify types of 

cyclisation and has suggested empirical guidelines for which cyclisations will be favoured; 

essentially the favoured pathways are those where the linking chain is long enough to 

allow suitable orbital overlap (vide infra)A 5-hexenyl radical cyclises in the exo 

manner, in accordance with Baldwin's rules, to give the less thermodynamically favoured 

primary radical demonstrating that radical reactions are under kinetic control. 

80 



^6-endo 1 0 S ^ 

Figure 3.2 The hexenyl radical can cyclise in an exo or endo fashion. The terms exo and endo 

refer to the orientation of the reacting alkene with respect to the forming ring. 

Beckwith has explained the observed regioselectivities using stereoelectronic 

arguments. The addition of an alkyl radical to an olefin proceeds via an unsymmetrical 

transition state in which three atoms involved in bond breaking and bond formation are at 

the comers of an obtuse triangle orthogonal to the nodal plane of the % system. The 

overriding frontier molecular orbital interaction in this transition state is that between the 

radical SOMO and the alkene LUMO (%*). Therefore, transition states A and B are 

favoured for the cyclisations (Figure 3.3). 

e> A. 

A B 

Figure 3.3 The transition state of the cyclisation showing the necessary frontier molecular 

orbital interactions. 

The synthesis of 6-membered rings via cyclisation of 6-heptenyl radicals is synthetically 

less useful than the synthesis of 5-membered rings since the rate of cyclisation is twenty 

times slower. This decrease in rate leads to an increase in the amount of reduced 
1 77 1 

uncyclised product and to competition by 1,5-allylic hydrogen abstraction. ' 

In general, radical cyclisation reactions comprise three basic component steps (Figure 3.4). 

Radical generation, cyclisation and quench, must be selective and faster than any side 

reactions such as radical-radical couplings or hydrogen abstraction from the solvent. 

Yields are diminished significantly when intermediates take part in unwanted 

intermolecular side reactions or are quenched prematurely. Hence, the method chosen 
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must quench radicals at a rate that is slower than the cyclisation step but faster than any 

unwanted side reactions. 

A d̂lcal 
generation / \ cyclisation 

I ] 
A—B quench A—B 

radical precursor initial radical cyclic radical stable product 

Figure 3.4 Schematic illustration of the component steps of radical cyclisation reactions. 

One synthesis of the antihelmintic praziquantel (115), used worldwide in the treatment of 

bilharzia, employed a radical cyclisation as the key step to furnish the final product 

(Figure 3.5).^'^ A comprehensive review by Giese provides a detailed treatment of radical 

cyclisation reactions in general. The focus of this chapter concerns the addition of aryl 

radicals to arenas. 

AIBN, BusSnH 
® 

toluene, A 

N. A . . 

O 
114 115 Praziquantel 

90% 

Figure 3.5 Tin mediated cyclisation afforded the antihelmintic praziquantel in excellent yield. 

3.1.2 Radical additions to arenes 

Intramolecular radical additions to arenes often proceed quickly enough to be synthetically 

useful, but are generally inefficient due to the large number of side products generated 

(Figure 3.6).̂ ^^ 

82 



BusSnH, AIBN 

H 

117 (17%) 118 (21%) 119 (12%) 

20 mol% PhSeH 
benzene,A 

116 
40% (7:1) 

120 121 

Figure 3.6 The desired product from the intramolecular radical addition, 119 was only isolated 

in 12% yield due to competing bimolecular side-reactions. 

Reactions on solid support can be affected by factors such as diffusion of reagents through 

the solvent and the relative site isolation of the substrate on the support. These factors can 

be modified by selection of the support and the reaction conditions. The use of resins with 

low cross-linking and solvents with good swelling properties will minimise potential 

diffusion issues. A resin with a low substrate loading effectively increases the relative site 

isolation and conversely, high loading will lead to reactive sites in closer proximity. Thus, 

the potential exists to bias the reaction by modifying the behaviour of the support. For 

example, reactions with first order kinetics (i.e. rate = [substrate]) might be expected to 

be independent of the diffusion rate through the support, while reactions with second order 

kinetics (rate = izLsubstrate] [reactant]) might in principle be slowed. 

As almost all radical reactions are under kinetic control (i.e. cyclisation is first order and 

radical quench obeys second order kinetics), the potential to modify the kinetics on the 

support offers the possibility of influencing the course of the reaction. Thus, the 

intramolecular addition of radicals to aromatic ring systems, where the possibility of 

numerous side reactions exists, would seem to be ideal for investigating any differences 

between solution and solid phase kinetics. 

Radical cyclisation chemistry employing tin hydrides has been well documented in 

solution. Attempting radical cyclisations on a polystyrene support potentially provides 

immediate advantages over the solution analogues. In addition to the potential kinetic bias, 

the products will be much easier to purify; the difficulty of removing toxic tin residues is 
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considered by many to be the Achilles' heel of synthetic radical methodology/^^ 

Immobilising the substrate on a solid support allows the excess tributyltin hydride and 

spent reagent to merely be washed away. 

A number of solid phase radical cyclisations have been carried out (Figure 3.7), usually 

employing radical addition to alkenes and alkynes. To date few have explored addition to 

arenes or conditions other than tin mediated cyclisations (Figure 3.8). 

BugSnH, AIBN 
Iv/(CH3)3 ^ 

toluene, 70-80°C 
O" H 

122 

I 
C02Me 

o y . 

124 

CI 

O 

C - y -N' 
OH Bu 

126 

O O 

II 
NOBn 

128 

Boc 

BuaSnH, AIBN 

benzene,A 

BuaSnH, AIBN 

benzene,A 

BusSnH, EtgB 

toluene, 80 C 

BujSnH, AIBN 

benzene,A 

Isolated yield 

'(CH3)3 80%(£:Z1:2) 

H 

123 

C02Me 

125 

CI 

'N 
OH Bu 

a 

80% 

52% 

127 

O " 64% 

129 

OBn 

NHOBn 

"Boc 74% 

OBn 

130 131 

Figure 3.7 Examples of solid phase radical cyclisations: (a) Routledge;̂ ^^ (b) Mesmaeker;̂  

(c) Wendebom;'̂ ^ (d) Miyabe;'®" (e) Lown. .186 , 187 
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Qr^< BuaSnH, AIBN 

132 

benzene, A 

133 

a Smb. HMPA 

THF 9 

_ or' 

134 135 

Figure 3.8 (a) Wendebom accomplished a solid phase intramolecular addition to an aromatic 

system in good yield (80%);'® (b) Armstrong exploited Smiz in place of BusSnH to generate 

tke radical that was subsequently trapped by an electrophile following the cyclisation in an 

overall 33% isolated yield. 

Harrowven et al. described a synthesis of toddaquinoUne 136, an unusual alkaloid from 

the root bark of Formosan Toddalia asiatica. The key step of their synthesis was the 

alkyltin mediated cyclisation of an aryl radical to a pyridine moiety (Figure 3.9).̂ ^° 

OH 

136 Toddaquinoline 

cyclisation to C® <( 

OMe 

BugSnH.AIBN 

toluene, 80 C 

139 

1:1 separable mixture 

MeO 

cyclisation to 0 

140 

Figure 3.9 Radical intramolecular addition of an atyl radical provided convenient access to the 

Toddaquinoline skeleton.'®" 

The structurally related compound 141 was selected for the investigation based on this 

existing cyclisation chemistry. Compounds bearing either the pyridine or quinoline motif 

have been shown to be good candidates for radical cyclisation reactions. 

85 



Wang type linkage 

141 142 143 

Figure 3.10 Substituted pyridine 141 was selected to investigate solid phase radical 

cyclisations. 

The presence of the phenol offered an attractive tethering point via a Wang-type ether 

linkage 142. The benzyl protecting group was selected as an ideal solution model for the 

resin linkage 143. It was decided to attempt the cyclisation with the bromide (143a) and 

the iodide (143b) to determine the effect of the halide in solution before attempting the 

reaction on solid support and thus allowing the results to be contrasted. 

3.2 Preparation of model cyclisation precursors 

Having selected the benzyl group as a good solution model for resin based cyclisation, 

attention was directed towards the synthesis of 143a and 143b (Figure 3.11). The work by 

Harrowven et al. on similar compounds indicated that the compounds could be 

synthesised by reduction of the alkenes 144a and 144b respectively, which in turn could 

be obtained by a Wittig condensation between the ylides (145a and 145b) and 

commercially available pyridine-3 -carboxaldehyde 146. The ylides could be synthesised 

from the commercially available 3-benzyloxybenzyl alcohol 148 via the halides 147a and 

147b. 

BnO. 

143a X=Br 
143b X=l 

BnO. 

144a X=Br 
144b X=l 

BnO. 
PPhs 

145a X=Br 
145b X=l 

146 

BnO. 
Br 

147a X=Br 
147b X=l 

BnO 
OH 

148 

Figure 3.11 Retrosynthesis for the cyclisation precursor models 143a and 143b. 
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The formation of the haUdes had been shown to proceed very smoothly in good yield from 

benzyl alcohol 149 (Figure 3.12) in both the bromide and iodide series. Insertion of 

bromine was particularly facile with aromatic and benzylic substitutions occurring 

concomitantly. 

OH Br? 

AcOH 

Br 

Br 

149 

AgCOjOFs 
V CHCI3 

OH 

150a 

HBr 

AcOH 

Br 

151 150b 

Figure 3.12 Preparation of Mides 150a and 150b by Harrowven et al. 

Attempts to use these established bromination conditions with benzyl alcohol 148 proved 

less satisfactory as two products were isolated: the brominated and non-brominated acetate 

esters, 152 (45%) and 153 (30%) rather than the benzyl bromide (Figure 3.13). The 

formation of the acetate was inconvenient as it necessitated extra steps in the synthetic 

sequence to bromide 147a. 

BnO, 
OH Br? 

BnO 

AcOH 

BnO 

Br 

148 152 153 

Figure 3.13 The bromination afforded an unexpected esterification reaction as the products 

isolated were acetates 152 and 153. 

The regiochemistry in 152 was assigned by NMR studies (Figure 3.14). The characteristic 

splitting pattern in the NMR demonstrated that the aromatic substitution had occurred 

at either the 2 or 4 position. The presence of a long-range HMBC coupling between 

and the phenolic C® confirmed that substitution occurred at C .̂ The HMBC coupling 

between H^ and Ĉ ^ confirmed that the acetate ester was the isolated product. The 

assignment by HMBC was confirmed by NOE enhancements between H^ and H*. 
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dd J3 , 9 

Figure 3.14 Assignment of bromination regiochemistiy by 2D NMR techniques. Protons 

linked by blue indicate direct coupling through a spin system with coupling constants as 

indicated. Areas of red indicate long-range HMBC coupling; only the most relevant couplings 

have been included to aid clarity. 

The acetate was removed easily by saponification. Initially, NaOH was used but the 

hydrolysis was extremely slow (48 h) due to its limited solubility in THF/water. 

Replacement with BU4NOH afforded the desired benzyl alcohol 154a in good yield (91%) 

within 2 h at room temperature (Figure 3.15). 

o 

B"4Noh ^ 
THF/H2O 

152 154a 

Figure 3.15 Saponification of 152 to furnish 154a. 

In contrast, iodination worked entirely as expected affording the iodinated benzyl alcohol 

154b cleanly in a good yield (77%) (Figure 3.16). 

b.A8CX)̂ :F3 

CHCI3 -5°C ' 

148 164b 

Figure 3.16 lodination of 148 under standard conditions 194 

The regiochemistry of the iodination reaction was assigned by and GOESY (NOE) 

NMR studies and demonstrated that substitution had occurred at C .̂ 

The next step was to convert the substituted benzyl alcohols 154a and 154b into the 

corresponding benzyl bromides. A number of attempts to effect a single pot bromination 

were attempted; HBr in AcOH at 80°C;̂ ^̂  SOBrz in CH2CI2 at 0°C and in refluxing 

CHCla; '̂̂  PBrs in refluxing EtgO.̂ ^^ All of the single pot conversion attempts failed and 
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eventually the less elegant route of mesylation followed by displacement with a tetra-

butylammonium bromide was employed. However, a major difficulty with this method 

was removal of excess tetra-butylammonium bromide without causing degradation of the 

product. 

1. MsCI, NEts, 

BnÔ  ^OH CH2CI2.0-C 

^ 2. Bu^NBr, CHgClg ^ 

154a X = Br 147a X = Br 
1 5 4 b X = l 147b X = I 

Figure 3.17 The mesylate of 154a and 154b formed cleanly and was displaced by tetra-

butylammonium bromide to furnish 147a and 147b. 

The bromides 147a and 147b, when treated with triphenylphosphine, underwent 

displacement of the bromide to form phosphonium salts 155a and 155b (Figure 3.18) in 

moderate yield (31 and 70% respectively, although often contaminated with tetra-

butylammonium bromide from the preceding reaction). 

xylene 

147a X = Br 155a X = Br 
147b X = I 155b X = I 

Figure 3.18 Nucleophilic displacement of bromide by triphenylphosphine afforded 

triphenylphosphonium salts 155a and 155b. 

The mesylates were also reacted with triphenylphosphine directly (Figure 3.19) to give 

triphenylphosphonium salts 156a and 156b in good yields (75 and 87% respectively). 

2. PPhs, xylene 
154a X = Br 156a X = Br 
154b X = I 1 5 6 b X = l 

Figure 3.19 The direct displacement of the mesylates by triphenylphosphine. 

A Wittig reaction was carried out between the phosphonium salts 155a, 155b, 156a and 

156b and the aldehyde 146 (Figure 3.20) to afford the alkenes 144a and 144b in excellent 

yield (93%, 94%, 94% and 92% respectively). The alkenes were isolated as 
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approximately 1:1 mixtures of geometric isomers, which were separable by flash 

chromatography. This was unnecessary, as the next reaction was reduction of the double 

bond. 

BnO. @ G 
PPha Y 

1. NaH, THF 
BnO 

2. 

155a X = Br Y = Br 
155b X = I Y = B r 
156a X = Br Y = OMs 
156b X = I Y = OMs 

N 

THF 

o 

146 

144a X = Br 
1 4 4 b X = I 

Figure 3.20 The Wittig reaction between the phosphonium salts and pyridine-3-

carboxaldehyde. 

In both cases, the E isomer was crystalline and afforded good X-ray crystallographic data 

(Figure 3.21). The Z isomers tended to be thick oils that were unsuited to crystallographic 

studies and were assigned by NMR. 

Figure 3.21 Crystal structure of 3-[2-(5-ben2yloxy-2-bromobenzyl)-vinyl]-pyridine 144a. 

The use of the benzyl protecting group, together with the presence of an aryl bromide in 

the substrate, meant that palladium catalysed hydrogenation on these substrates was not 

viable. Diimide reduction with /7-toluenesulfonyl hydrazide was therefore chosen as the 

preferred method (Figure 3.22)/^ The reaction was extremely slow, requiring repeated 48 
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h treatments at reflux but afforded 143a and 143b in moderate yield (60% and 67% 

respectively). 

BnO 
S. NHz 
O H 

BnO 

NaOAc 
THF/HjO, A 

144a X = Br 
1 4 4 b X = I 

143a X = Br 
143b X = I 

Figure 3.22 Reduction of the alkenes 144a and 144b was effected with /i-toluenesulfonyl 

hydrazide. 

3.3 Model radical cyclisations 

The model radical cyclisation compounds 143a and 143b were treated with tributyltin 

hydride (Figure 3.23 and Figure 3.24). 

BnO. 
1.5 eq BusSnH 
0.2 eq AIBN 

MeCN, A 

BnO BnO. 

143a (36% recovery) 157 (<1%) 158 (3%) 

Figure 3.23 Attempted radical cyclisation of bromide 143a. The concentrations of 143a and 

BusSnH were 54 mM and 81 mM respectively. 

The bromide 143a proved to be a poor substrate for the cyclisation as the principal 

compound recovered was the unreacted starting material. A small amount of the reduction 

product 157 was also evident by ESMS analysis though it could not be isolated in pure 

form. A cyclised product, contaminated with tin residues was also recovered after 

extensive chromatography. The impurities severely compromised the reliability of NOE 

measurements taken on the sample which has tentatively been assigned as 8-benzyloxy-

5,6-dihydrobenzo[/]quinoline 158. 
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1.5 eq BuaSnH 
OJeq/UBN BnO 

MeCN, A 

143b 157 (28%) 159 (26%) 160 (6%) 

Figure 3.24 Attempted radical cyclisation of iodide 143b. The concentrations of 143b and 

BusSnH were 48 mM and 72 mM respectively. 

The iodide provided better results, as two cyclised products were isolated and assigned as 

8-benzyloxy-5,6-dihydrobenzo[/?]quinoline 159 (26%) and 8-benzyloxy-5,6-dihydro-

benzo[/]isoquinoline 160 (6%) following NOE studies. The formation of significant 

amounts of 3-[2-(3-benzyloxyphenyl)ethyl]-pyridine 157, the linear reduced species, 

indicated that the iodide should provide an excellent substrate to investigate the reaction 

kinetics on the solid support. The ratio of cyclised products to reduction product was 

approximately 1; 1 and hence there is a significant contribution to the reaction profile from 

the premature, bimolecular radical quench. 

Formation of two of the three cyclised compounds produced, 159 and 160 occurs through 

direct attack at either or C"* of radical species A. The mechanism by which the 

cyclised radical B is quenched is unclear, but it is thought that one of the routes illustrated 

is responsible (Figure 3.25). The first route is simply that the cyclised radical B removes H 

from another equivalent of tributyltin hydride, thus regenerating the tributyltin radical with 

concomitant rearomatisation and production of an equivalent of hydrogen gas. The second 

route involves a single electron transfer from another equivalent of the starting halide 143, 

generating radical anion C that then loses a halide ion to generate radical species A that 

can then undergo the cyclisation. The newly formed cation, D can then lose a proton to 

generate the final cyclised product. 

The third cyclised product 158, is generated by from radical species A by ipso attack and a 

5-exo cyclisation forming radical species E (Figure 3.26). The radical then undergoes a 

rearrangement to form cyclised species G that is quenched by one of the routes described 

above. 
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CN 

^ N ,-,N^^CN A 

BnO, 

BnO. 
BnO. 

159 

C attack forms 159 

C'* attack forms 160 BnO. 

BnO. 

BnO. BnO. 

D C 

An alternate quench route involves SET from 143 

Figure 3.25 The mechanism for formation of compoxmds 159 and 160 showing the proposed 

quenching steps. 

BnO. 
5-exo cyclisation 

BnO. 

BnO. 

BnO, 

-H 

C attack 

BnO 

158 

Figure 3.26 Formation of compound 158 occurred via ipso attack and rearrangement 
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3.4 Preparation of cyclisation precursors 

The next requirement was the preparation of precursors 141a and 141b for attachment to 

the solid support. The simplest way to accomplish this step was hydrogenation of the 

benzyl group in 143a and 143b to generate the phenols. Hydrogenation was attempted 

unsuccessfully with 10% Pd on carbon under a number of conditions: Hz gas as the 

reductant in EtOH/^^ EtOH/AcOH (1:1 v/v) and AcOH; 2,4-cyclohexadiene as the 

hydrogen source in EtOH and AcOH. One final attempt was made to remove the benzyl 

group employing TMS-Cl and sodium iodide/°° but this also proved unsuccessful (Figure 

3.27). Unfortunately, none of the methods attempted was successful in removing the 

protecting group. 

"Hz", 10% Pd/C 

/ / HO 

EtOH or AcOH 

TMS-Cl, Nal 

143b / / ^ 1 4 1 b 

MeCN 

Figure 3.27 Attempts to remove of the benzyl group were unsuccessful. 

The strategy was changed to employ the /er/-butyldimethylsilyl protecting group. 

Although the TBDMS group could not be selectively applied to the phenol, it had been 

shown by Bajwa et that it is possible to exclusively remove it from the alcohol in the 

presence of the protected phenol. The use of catalytic bismuth(III) bromide in wet 

acetonitrile effects this transformation by producing HBr in situ. 

Thus, 3-hydroxybenzyl alcohol 161 was treated with fg/Y-butyldimethylsilyl chloride in 

anhydrous DMF and double protection was achieved, generating 162 in excellent yield 

(92%). Subsequent treatment of 162 with bismuth(III) bromide selectively deprotected the 

alcohol affording mono-protected species 163 in a good 86% yield (Figure 3.28). 
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imidazole IWeCN 
DMF HgO 

161 162 163 

Figure 3.28 Selective protection of the phenol of 160 furnished 162. 

Since bromide 143a was a poor substrate for radical cyclisation, the study was carried out 

on the iodide exclusively. TBDMS ether 163 was reacted with the established iodinating 

conditions to give iodoalcohol 164 in 79% yield (Figure 3.29). 

l2,AgC02CF3 TBDMSO^ 

163 164 

Figure 3.29 lodination of TBDMS ether 163 afforded 164. 

Assignment of the iodination regiochemistry was not as trivial as in previous cases, due to 

the presence of silicon in the molecule. The ^^Si nucleus served as an alternate relaxation 

route for the perturbed protons, thus hindering the measurement of NOE enhancements 

and rendering the GOESY experiment unreliable. However, it proved possible to confirm 

the iodination regiochemistry as by and 2D NMR experiments. 

The TBDMS protected iodoalcohol 164 was mesylated and then treated with 

triphenylphosphine to generate phosphonium salt 165 (Figure 3.30). The salt could never 

be purified fully and was used crude in the next reaction. 

'c„1c„7c — 

2. PPhs, xylene 
164 165 

Figure 3.30 Generation of phosphonium salt 165. 

The Wittig reaction proceeded smoothly affording alkene 166 with deprotection of the 

TBDMS ether taking place during workup to furnish the alkene in its fully deprotected 

form 167 in 94% overall yield (Figure 3.31). 
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TBDMSO 
I . N a H . T H F 

I OMs 2. 

165 
N 

THF 

O 
146 

TBDMSO 

166 

workup 

167 

Figure 3.31 The Wittig reaction to produce alkene 167. 

The final step, reduction of the double bond, utilised diimide reduction once again. This 

reduction, which had been slow on the protected species (Figure 3.22), was found to be 

slower still on the unprotected variant, 167 requiring repeated treatments with diimide at 

reflux for prolonged reaction times but furnished 141b in 53% yield (Figure 3.32), 

o 

jCToH 

167 
NaOAc 
THF/H2O, A 141b 

Figure 3.32 Diimide reduction of alkene 167 afforded cyclisation precursor 141b. 

One additional consideration was the ease of liberation of the product from the resin 

following cyclisation. The Wang linker^^ is often chosen for its convenient and rapid 

cleavage (typically 75% TFA in CH2CI2 over 2 hours). Wang linked resin 169 was 

prepared using standard solid phase methodology (Figure 3.33). 

CI 

79 

K2CO3, Nal 
MeCN, A 

O 

NaBH* 

THF/MeOH 

OH 

168 169 

Figure 3.33 Resin 171 was prepared by displacement of Merrifield resin with 4-hydroxy 

benzaldehyde with subsequent reduction with sodium borohydride. 

The initial focus for immobilisation was the use of the Mitsunobu reaction as this had 

been used with great success within the group for the formation of resin based polyether 

dendrimers.^^' However, in a model study (Figure 3.34) no product was ever formed and 

the proposed method of attachment to the support was changed. 
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BnOH, DIAD, PPhj, BnO 

DMForTHF/CH2Cl2(4:1) 

. . . . 95% recovery of starting material - DMF 
97% recovery of starting material - THF/CH2CI2 

Figure 3.34 Mitsunobu coupling was attempted with precursor 141b, under two solvent 

conditions with no success. 

Reaction with bromomethyl-Wang polystyrene resin 170 (NovaBiochem) offered a natural 

alternative route and the reaction was modelled with benzyl bromide (Table 3.1). In the 

case of entries 1 to 3, none of the desired product was formed but the starting material was 

consumed; presumably, displacement was occurring on the pyridine ring nitrogen 

generating a quaternary nitrogen cation. 

It was hoped that pre-forming the phenoxide would alleviate these problems (Table 3.1: 

entries 4 and 5). Using sodium hydride as base afforded no product, but changing to 

potassium /er^-butoxide rapidly and cleanly gave the model compound 143b in good yield 

(89%). 

BnBr, base 

solvent 
temperature 

BnO. 

141b 143b 

Entry Base Solvent Temperature Yield of 143b 

r None CHzCyTHF/toluene Reflux 0 

2 NEts CHsCVTHF/toluene 70 °C 0 

3 K2CO3 MeCN Reflux 0 

4 NaH THF 0 °C-RT 0 

5 'BuOK THF 0 °C-RT 89 

Table 3.1 Displacement reactions with 143b were carried out under a variety of conditions, 

benzyl alcohol methanesulfonate ester used in place of benzyl bromide. 
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These conditions were applied to the resin and afforded resin 171 (Figure 3.35) with a 

loading of 0.3 mmolg"^ (starting from 1.2 mmolg"^) as evaluated by mass recovery 

following cleavage of a portion of the resin. 

Br 

170 

ko'bu, thf, r t 

141b 

Figure 3.35 Precursor 141b was coupled with bromomethyl-Wang polystyrene resin 170. 

3.5 Resin bound radical cyclisations 

Resin 171 was pre-swollen in a co-solvent (DMF or toluene) under N2 and treated with 

BusSnH and AIBN. The reaction was carried out at 80°C over 48 h and the product was 

cleaved from the resin using 75% TFA in CH2CI2 (Figure 3.36). 

1. 50 eq BusSnH 

HO. HO 

172 173 174 

Figure 3.36 Cyclisation studies were carried out with resin 171. The concentration of BusSnH 

was 1.9 M. 

The main product isolated after chromatography was 5,6-dihydrobenzo [A] quinolin- 8 -ol 

172 (53%). Small amounts of 5,6-dihydrobenzo[/]isoquinolin-8-ol 173 and the reduced 

product, 3 -(2-pyridin-3 -ylethyl)-phenol 174 were collected but could not be separated 

after extensive chromatography. The presence of both compounds was observed by ESMS 

and the yield of each was assigned from the NMR of the mixture as 9% and 5% 

respectively. In the reaction employing toluene as co-solvent, two more products were 

formed in insufficient quantity for full analysis and thus were assigned by ESMS (one 

cyclised product). 
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These studies suggest that immobiUsation on the resin may affect the reaction profile in 

the manner envisaged. The intramolecular addition seemed to be the primary reaction 

route for these substrates affording a similar ratio (6:1) of cyclised products 172:173 as 

was observed in the solution model (approximately 5:1), but the product from the 

intermolecular reactions had been greatly reduced. 

3.6 Conclusion 

The synthesis of three cyclisation precursors based on Harrowven's pyridine chemistry 

was successfully completed. Each precursor underwent cyclisation with some interesting 

results. The solution models demonstrated much greater efficiency in the iodide series 

(143b) compared to the bromide (143a). This was unsurprising as the C-Br bond is 

significantly stronger than the C-I bond (276 and 238 kJmol"^ respectively) and hence is 

much harder to homolyse. 

The radical reaction of the resin bound iodide substrate 171 proceeded as hoped affording 

good selectivity for the intramolecular cyclisation over the intermolecular radical quench. 

The radical quench by H atom obeys second order reaction kinetics i.e. rate = 

k2[substrate][Bu3SnH] and consequently the concentration of BusSnH is very important. 

In the solution cyclisation, even low concentrations of BusSnH resulted in significant 

amounts of the reduction product being formed. In contrast, the solid phase cyclisation 

affords cyclised products in much greater amount despite the concentration of BusSnH 

being approximately twenty-fold greater. If it can be assumed that the cyclisation rate is 

the same for both the solution and solid phase reactions, then it follows, from the yield of 

cyclised products formed that the radical quench is slowed on the resin. These 

observations offer proof that the methodology is valid in principle. Whether these results 

can be extended to more cyclisation systems remains to be seen and should be the focus of 

further studies. Additionally, the observation of other trace products in differing solvents 

offers potential routes to different cyclised final compounds and merits further study in the 

iodide series. 

Synthesis of a resin-bound bromide substrate to investigate whether the poor efficiency of 

the solution-based cyclisation with the bromide could be improved on the resin deserves 
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attention. The large excesses of BugSnH employed in the resin cyclisation might provide 

enough impetus for significant cyclisation of the bromide. 
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Chapter 4 The use of NIVIR in combinatorial chemistry 

4.1 Introduction 

NMR spectroscopy is a very powerful tool for reaction analysis in solid phase 

combinatorial chemistry. One of the challenges of combinatorial chemistry has been to 

develop methods for rapid and efficient analysis of immobilised compounds. The use of 

NMR in this field can be broadly separated into two major themes; the analysis of 

libraries and reaction monitoring. 

4.1.1 Library analysis by NMR 

Although the technique is becoming less common, the synthesis of libraries as mixtures 

offers considerable savings in terms of time and resources. The use of flow-NMR probes 

has allowed analysis of both complicated mixtures and libraries of single compounds 

made by parallel synthesis by using NMR in combination with other solution analytical 

techniques. 

The "hyphenated" techniques (HPLC-NMR and HPLC-NMR-MS) offer the speed of 

analysis afforded by conventional HPLC, with a breadth of structural information 

previously unavailable. Typically, the output from the HPLC system is split between the 

NMR and MS components running in parallel (99; 1 split), such that each chromatographic 

peak can be examined in real time in a continuous flow manner. However, the limitations 

of sensitivity in the NMR experiment often mean that the data must be acquired in a stop-

flow method, but separation is not usually compromised. The most common nuclei 

examined are those with high natural abundance ('H, ^^P) but more extensive 2D 

measurements and acquisition of spectra from less sensitive nuclei (̂ ^C, ^̂ N) can be 

achieved by peak collection into capillary loops for post-chromatographic analysis. The 

advent of sophisticated solvent suppression routines have meant that the double 

hyphenation method of NMR and MS to HPLC can be run affording fully automated 

spectroscopic characterisation of each compound in the mixture. The technique has been 

illustrated in the separation and analysis of four positional isomers of 

dimethoxybenzoylglycine and three pentapeptides.̂ ®'̂  
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The flow-NMR probe used in HPLC-NMR has been adapted to allow autosampling from 

standard 96-well plates. Aliquots of solution-state samples (between 120 and 350 |iL) 

were directly injected into the flow-NMR probe and high-resolution 'H spectra from the 

entire plate could be acquired within 8 hours.̂ "^ 

The NMR analysis of mixtures indicates the component compounds but offers no insight 

into their activity. Biological screening can still present problems as measured activity can 

be due to either one highly active compound or the additive effects of a number of 

moderately active compounds. Distinguishing between these effects can be a serious 

obstacle to full evaluation of the library. The detection of active compounds from mixtures 

by NMR can be achieved by observing chemical shift differences that arise in the target 

upon complex formation. These chemical shift interactions have been used to elucidate 

protein binding sites by mapping the ligand-induced perturbations on the protein.̂ ®^ 

Structural activity relationship (SAR) data can be obtained from NMR studies of 

interactions between active compounds and their targets utilising the so-called fragment 

and linked-jragment approaches (Figure 4.1). In the simplest case of a protein with two 

binding loci, NMR studies identify fragments that bind to the first site on the receptor 

protein (a) and then this binding is optimised (b). Further studies then identify (c) and 

optimise (d) fragments that bind to a proximal site on the protein. The two fragments are 

then linked to aid in the design of linkers that tether the two moieties (e). 

i i2m 

ilili —̂  1̂ ^ 
Figure 4.1 Schematic illustration of the linked-fragment approach to SAR by NMR. Green 

indicates the receptor, yellow a ligand displaying some binding and red the ligand displaying 

the optimum binding. Figure adapted from Hajduk.̂ ®® 
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Directed libraries can be generated from iterative NMR screens based around the first 

high-affinity ligand (Figure 4.2). 

Figure 4.2 Schematic illustration of the construction of directed combinatorial libraries 

derived from SAR by NMR. The first ligand serves as a "hook" and hbraries are produced to 

access proximal binding loci. Figure adapted from Hajduk.̂ °® 

Often, ligands display excellent binding for the receptor, but lack important characteristics 

(e.g. bioavailability, low toxicity, potency) to make them suitable drug candidates. High-

affinity ligands can be modified to optimise the pharmacokinetics by NMR screening 

techniques (Figure 4.3). The high-affinity ligand is identified (a) and the individual 

components are analysed for binding (b). The fragment chosen for replacement is 

optimised (c) and incorporated back into the original ligand (d) 206-208 

n — w 
a b 

i 
I - n + i 

c d 

Figure 4.3 Schematic illustration of the lead optimisation strategy using NMR-based 

screening. Figure adapted fi-om Hajduk.̂ °® 
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With the advent of pulsed field gradients (PFG), the measurement of translational 

diffusion rates has been possible. The observed diffusion coefficient {Dobs) is given by the 

equation; 

^ohs ^free Xfree ^bound % free ̂  

where Xfree is the mole fraction of the ligand in the free state and Dfree and Dbound are the 

translational diffusion coefficients for the free and receptor-bound ligand, respectively. 

Thus, it can be seen that the diffusion coefficient of a small molecule will change upon 

binding to a protein and this can be used to detect active compounds. The benefit of 

diffusion studies is that a diffusion filter can be set to effectively suppress the signals that 

do not bind to the target receptor, but allow observation of the receptor and receptor-

bound ligands. 

The use of diffusion-edited NMR spectroscopy for the screening of mixtures was first 

demonstrated by Shapiro et al. in 1997 with the binding of simple carboxylic acids to 

hydroquinine 9-phenanthryl e t h e r . T h e concept was then extended to screen libraries of 

peptides for binding activity to vancomycin .The diffusion-editing technique is more 

powerful than the direct measurement of chemical shifts as it allows the possibility of 

"tuning" the measurement by altering the concentration of the receptor with respect to the 

ligands, so called affinity NMR. At low concentrations of receptor only the strongest 

binding ligand is observed and thus, the most active ligand. Increasing the concentration 

of receptor would allow the identification of any other weaker components in order of 

increasing activity. 

4.2 Reaction monitoring 

The NMR methods required for reaction monitoring in solid phase combinatorial 

chemistry are entirely dependent on the nature of the support. The reactions can be carried 

out on a variety of polystyrene supports. These supports can be thought of as having three 

distinct components; the polymer matrix, a variable-length spacer and the substrate. Just as 

each of these components is important in considering reactions upon the support, the 

ability to record NMR spectra is also affected by the intrinsic properties of the resin and 
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spacer (vide infra). The acquisition of NMR spectra on solid supports can conventionally 

be accomplished in two ways: gel phase NMR and high-resolution MAS NMR. 

4.2.1 Gel phase NMR 

Gel phase NMR represents an attempt to transfer standard solution NMR methodologies 

to the solid phase. The spectra are obtained on a slurry of the resin in deuterated solvent in 

a standard NMR tube. The technique is non-destructive and the resin can be readily 

recovered. However, the direct NMR analysis of compounds on resin beads, even when 

solvated, is complicated by two principal factors that act to degrade spectrum resolution: 

restricted motion of the tethered analyte and physical heterogeneity within the sample. 

Molecules in solution possess free rotation, or tumbling, that averages the dipolar 

couplings between nuclei to zero. The restricted motion of the resin bound analyte relative 

to these molecules in solution means that some residual dipolar couplings may be re-

introduced. This will lead to some line broadening, but a far greater factor in the detriment 

of resolution is the heterogeneity within the sample. Solutions containing resin beads 

suffer from local field inhomogeneity at the bead-solvent interface due to differences in 

magnetic susceptibility that results in severe signal line broadening. This line broadening 

limits the use of gel phase NMR to nuclei with wide chemical shift dispersion e.g. 

and Gel phase NMR spectra are generally too broad to be useful for reaction 

analysis. 

The most common nucleus examined by gel phase NMR is and this technique has 

been well established for over 30 years.̂ ^^ Early studies by Giralt involved following the 

step-wise synthesis of peptides on a solid support^^^ and it was noted that the signals 

become sharper the more remote from the polymer backbone they become.^^^ However, 

without using enriched building blocks, gel phase NMR is not practical for the rapid 

assessment of solid phase synthesis. Typically, the spectra require tens of thousands of 

transients to achieve suitable signal to noise ratios. 

gel phase NMR represents an efficient probe for solid phase reactions as few supports 

contain fluorine and the sensitivity approaches that of ^H NMR. Furthermore, structural 

modifications relatively remote from the fluorine often give rise to large changes in the 

chemical shift. However, few fluorine containing building blocks are readily available. 
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The use of gel phase NMR has been demonstrated as a viable method of both 

quantifying resin loading^ '̂̂  and monitoring solid phase synthesis where excellent spectra 

can be attained within minutes.^^^ 

gel phase NMR has also been used to good effect, in particular in following the 

Homer-Wadsworth-Emmons synthesis of a number of alkenes^^^' and also offers the 

opportunity of following reactions without interference from background signals from the 

resin. 

4.2.2 High-resolution MAS NMR 

The acquisition of NMR spectra with the inherent sensitivity gains over is 

desirable. The contributory factors to the line broadening that renders gel phase NMR 

inaccessible (residual dipolar coupling and variations in magnetic susceptibility) are 

anisotropic i.e. their magnitude depends on the orientation with respect to the static 

magnetic field. Bo. The dipolar couplings, A, have a strong angular dependence: 

Aocr"^(3cos^9-l) 

where r is the intemuclear distance and 8 is the angle between the dipolar coupled spins 

and the static magnetic field. Bo. By spinning the sample about an axis of 54.7°, the magic 

angle, relative to Bo, these dipolar couplings are reduced to zero (Figure 4.4).̂ ^^ Spinning 

also averages the bulk magnetic susceptibility and this fiirther substantially reduces the 

line broadening. 

B. A 

= 54.7 

rotor 

Figure 4.4 Magic angle spinning involves rapid rotation of the sample inclined at 54.7° to the 

static field.^'^ 
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HR-MAS NMR has been used to good effect for compound characterisation in 

combination with other techniques,but also finds recognition for following reactions on 

a support that would otherwise not be possible. Recently, Fruchart et al. have used 

MAS NMR to establish the optimum reaction conditions and even characterise an 

enolate on the solid support.^^^ 

4.3 Theoretical considerations 

As stated earlier, the component parts of the support have an effect on the signal resolution 

and line-shape (Figure 4.5). 

Spacer -Substrate 

cross-linked polystyrene PS resin 
large peaks Spacer; short or non-existant 
broad signals Substrate close to backbone 

Substrate peaks broad 

PS-PEG resin 
Spacer: long PEG chain 
Substrate removed from backbone 
Substrate peaks narrow 

Figure 4.5 The properties of the resin will affect the spectra obtained. 

The resin backbone produces very intense, broad signals. As the distance from the 

backbone increases, the resolution of the signal increases, particularly when the spacer is 

long and flexible {e.g. PEG chains). TentaGel resins tend to provide the best spectra in 

terms of resolution in MAS NMR, although the low loading and demanding presaturation 

requirements to remove the PEG signal make the experiment more complicated. 

While a comprehensive, detailed explanation of the physics underlying the NMR 

experiment is beyond this thesis, a certain level of theory is critical to understanding the 

practical techniques used to suppress broad peaks from the resin backbone. Where 

possible, the explanations will be simplified and given pictorially. 

A nucleus possesses a charge and when spinning generates a magnetic moment, p.. The 

application of a static magnetic field, Bo, conventionally applied along the z-axis of a 
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Cartesian co-ordinate frame causes the nucleus to precess at a rate (v) dependent on the 

field strength and magnetogyric ratio of the spin, y. 

v = ^ ^ H z 
2% 

The motion of the nucleus can be represented as a vector moving on the surface of a cone 

(Figure 4.6). 

/' 37' '7 
J ' 

Figure 4.6 A nucleus carries charge and when spinning possesses a magnetic moment, n; a 

static magnetic field applied to the nucleus causes it to precess. Illustration taken from 

Claridge.̂ '® 

The component \Xz is quantised, such that 

myh 

where m = for spin!6 nuclei. The analogue in classical mechanics is that application of 

the field will cause the nuclei to align along the z-axis, either parallel (a) or antiparallel 

(P) to Bo. The difference in energy between these levels (AE) is small and thus the 

population difference between the levels is small. However, at thermal equilibrium a small 

excess population will exist in the lower energy state, generating a net magnetisation 

vector, represented as Mo (Figure 4.7). 

108 



Energy 

No field 

AE increases 
as B. increases 

B, applied 

M. 

Figure 4.7 In the vector model of NMR, like spins are represented by a bulk magnetisation 

vector. Mo. Illustration taken from Claridge.̂ '® 

The NMR experiment then applies an oscillating magnetic field, Bi along one of the axes 

(in the illustrated case the %-axis). The resonance condition in the NMR experiment uses 

frequencies in the MHz region of the spectrum and thus Bi is also referred to as a radio 

frequency (rf) pulse. The torque generated by this new field will cause the net 

magnetisation to move into the x-y plane by a "fiip angle", 9 proportional to the duration 

of the pulse. Only magnetisation in the x-y plane will generate a detectable signal in the rf 

coil, so it can be seen that a "flip angle" of 90° will generate the maximum signal and 180° 

no signal at all (Figure 4.8). 

pulse", 

.r B , \ X B, X B, X B, 

90 pulse 180 pulse 

Figure 4.8 Application of a 8% pulse will cause the magnetisation to move 9° into the x-y plane, 

generating a signal in the rf coil of the spectrometer. Illustration taken from Claridge.̂ '® 

Immediately after pulse excitation of the nuclear spins, the net magnetisation is moved 

away from the thermal equilibrium +z-axis, corresponding to a change in the spin 

populations. The recovery of the equilibrium populations as the magnetisation in the x-y 

plane returns to the z-axis is known as longitudinal relaxation, given by the time constant, 

Ti. (Figure 4.9). 
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Figure 4.9 The net magnetisation in the x-y plane returns to the z-axis in an exponential 

relaxation process, Ti. Illustration taken from Claridge.̂ ^® 

As the magnetisation returns to the equilibrium populations, the signal diminishes over 

time as creating the NMR free induction decay (FID). The FID represents the NMR data 

in the time domain and is converted into more useful frequency domain data by Fourier 

transformation. 

f (©) = jf(t)e '"yt 

time domain frequency domain 

Figure 4.10 NMR data is measured in the time domain and mathematically converted into the 

frequency spectrum. 

The observable magnetisation may be lost in another way that has implications for the 

NMR of solids in particular. The model for the action of the rf pulse (Figure 4.8) suggests 

that following a 90° pulse, the magnetisation would remain perfectly aligned along the y-

axis (ignoring for the moment, the effects of longitudinal relaxation). However, this model 

assumes that each nucleus experiences exactly the same magnetic field. It has been stated 

previously that samples containing resins suffer from local field inhomogeneity at the 

bead-solvent interface. This results in some of the spins experiencing a slightly greater 

magnetic field than the mean and consequently they have a greater frequency and start to 

creep ahead of the bulk magnetisation vector; other spins will experience a lesser field and 

will lag behind. Thus, the individual vectors start to fan out, eventually leading to no net 
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magnetisation in the x-y plane and this process is known at transverse relaxation, 

designated as T2 (Figure 4.11). NMR line-widths are inversely proportional to T2 and thus 

the effects of transverse relaxation can be readily seen in the spectrum; a short T2 

corresponds to a faster blurring of the transverse magnetisation that leads to a greater 

frequency difference between the vectors and thus a greater spread (broader line) in the 

frequency domain. Generally, if T2 is much shorter than Ti, then the resonances will be 

very broad; large molecules have short T2 relaxation times. If T2 approaches the value of 

Ti as in the case of freely tumbling molecules in solution the spectrum will consist of 

narrow lines. 

Figure 4.11 The net magnetisation in the x-y plane can be lost by transverse relaxation, T2. 

Illustration taken from Derome.^^ 

The application of the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence uses spin-

echoes to refocus the spins and counter the broadening effects of magnetic field 

inhomogeneity (Figure 4.12). The careful choice of delay x and loop n in the CPMG 

sequence can use the transverse relaxation process to improve the appearance and 

resolution of spectra recorded from resin beads. The T2 filtering process can loop through 

sequential 180°y pulses separated by a carefiilly chosen delay until the broadest peaks 

(shortest T2) have decayed to zero. 
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90 180 ̂  

r'. r' 
Figure 4.12 The CPMG pulse sequence (top) and the pictorial representation of its action in 

refocusing the magnetisation lost by transverse relaxation. Illustration taken from Claridge.̂ '® 

Clearly, the intensities of all peaks in the spectrum will be affected so quantitative 

integration is no longer possible, but the spectra can become much simpler to assign and 

the likelihood of dynamic range complications becomes smaller. 

The presence of spinning side bands in MAS NMR spectra is unavoidable and presents 

potential complications. However, judicious choice of spin rate ensures that these spinning 

artefacts do not interfere with the assignment of acquired data. Most of the data in this 

thesis was acquired at a spinning rate of 5000 Hz that moves the spinning side bands 12.5 

ppm away from the parent peak (Figure 4.13). 

4.4 Reaction monitoring by MAS NMR 

The initial series of reactions that were followed by MAS NMR were the preparation of 

substrates for the radical cyclisation studies. Resin 169 was prepared by displacement of 

Merrifield resin with 4-hydroxy benzaldehyde that was subsequently reduced with sodium 

borohydride. Coupling of Fmoc-Ala-OH under standard solid phase esterification 

conditions'^ afforded a means to measure the resin loading by Fmoc quantification (Figure 

4.14).'"' 
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spinnino side bands 

15 14 ppm 

-3 ppm 15 14 12 11 - 1 

Figure 4.13 HR-MAS NMR spectrum of Merrifield resin 79 acquired with a spinning rate 

of 5000 Hz, showing the spinning side bands. The enlarged inset represents one of the 

spinning side bands from the peak at 1-2 ppm. 

79 

CI 

K2CO3, Nal 
MeCN, A 

168 

NaBH* 

THF/MeOH 

OH 

169 

Fmoc-Ala-OH [I 

DIG, DMAP Q f 
CH2CI2, DMF 

175 

NHFmoc 

Figure 4.14 Preparation of resins 168,169 and 175. 

The HR-MAS NMR spectra clearly showed the course of each transformation. The 

reduction with sodium borohydride could be followed by the disappearance of the 

aldehyde proton (10 ppm) with concomitant appearance of a new benzylic CH2 (4.5 ppm). 
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After the coupling reaction with Fmoc-Ala-OH, the Fmoc peaks (between 7-8 ppm) and 

the alanine a proton (4.1 ppm) and CH3 group (1.4 ppm) were present (Figure 4.15). 

NHFmoc 

ITS 

Fmoc aromatic peaks 1 
1 

II li) 

Fmoc aliphatic peaks 

Ala Me 

Figure 4.15 'H MAS NMR spectra of intermediates in the synthesis of resin 171 (spin rate 

4000 Hz). 
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The preparation of 171 was another example effected via displacement of bromo-Wang 

resin 170 (Figure 4.16) and followed by MAS NMR (Figure 4.17). 

Oo. 
Br 

170 

I N , 
K O ' B U , T H F , R T 

141b 

Figure 4.16 Coupling precursor 141b to resin 172. 

Br 

168 

Possible 

OH 

I I I I I I I I I I 
9 8 7 6 5 4 3 2 1 ppm 

Figure 4.17 'H MAS NMR spectra of intermediates in the synthesis of resin 171 (spin rate 

5000 Hz). 
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The disappearance of the CH2Br peak was regarded as indicative of complete coupling of 

141b to the resin. However, the loading achieved (0.3 mmolg'^ from 1.2 mmolg"^) 

suggests that this disappearance was only partially due to loading of the cyclisation 

precursor. Although not seen in the preparation of 170, partial hydrolysis of the C-Br 

bond in addition to displacement by the phenol of 141b caused by the different reaction 

conditions employed might contribute to the lower than expected loading. 

The efficiency of the CPMG pulse sequence in reducing broad peaks from the resin 

backbone was demonstrated by the acquisition of a spectrum from resin 142b clearly 

showing all of the expected signals seen in the solution spectrum of 141b (Figure 4.18). 

However, complete removal of the resin signals was impossible and some attenuation of 

the broader substrate signals was also evident. 

HO, 

141b 

Ji Jl 4 I j L _ u L 

resin peaks reduced substantially 
but not eliminated completely 

ppm 

Figure 4.18 Top: NMR spectrum of 141b in CD3OD. Bottom: MAS NMR spectrum of 

resin 171 (spin rate 5000 Hz) with CPMG pulse sequence (x = 1.5 msec; n = 40). 
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The complete synthesis of a simplified model of the cyclisation precursor was attempted 

on the resin. Thus, 3-hydroxybenzyl alcohol 161 was coupled to bromo-Wang resin 170 

and then oxidised with IBX (Figure 4.19).̂ '̂̂ ' 

Qf^' 

K2CO3. Nal, MeCN, A ^ 

170 176 

IBX V O ' ^ 

g p c DMSO 

177 

Figure 4.19 Synthesis of one of the Wittig components for the cyclisation precursor model. 

Having synthesised the aldehyde component, attention was turned to the preparation of the 

phosphonium component. Commercially available 3-chloromethylpyridine 178 was 

converted into the desired phosphonium salt 179 by treatment with triphenylphosphine in 

DMF in 94% yield (Figure 4.20). 

HOI DMF, 120°C 

178 179 

Figure 4.20 Synthesis of the phosphonium salt component for the Wittig reaction. 

The two components were then joined utilising the Wittig reaction using potassium ter/-

butoxide (Figure 4.21). 

@ 0 l.tuOKTHF 
PPh3 CI n T O 

A 
179 

177 

THF 

Figure 4.21 Wittig condensation was carried out on solid supported aldehyde 177. 
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The reaction was followed by MAS NMR with the disappearance of the aldehyde proton 

at 10 ppm (Figure 4.22). 

11 10 ppm 

Figure 4.22 Top; 'H MAS NMR spectrum of 177. Middle: MAS NMR spectrum of 180. 

Bottom: 'H MAS NMR spectrum of resin 180 (spin rate 5000 Hz) with CPMG pulse sequence 

(t = 1.5 msec; n = 40). 
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TFA Cleavage from resin 180 afforded the alkenes 181 as an approximately 1:1 mixture of 

geometric isomers in 70% yield. However, diimide reduction with />-toluenesulfonyl 

hydrazide never went to completion even on the simplified model leaving a mixture of 

compounds on the resin. It was expected that the cyclisation would produce several 

products when starting from one clean precursor. Attempting the reaction on a resin that 

contained potentially three compounds was deemed undesirable and thus the route was 

abandoned. 

4.5 Conclusions 

Simple resin based transformations were examined by on-bead NMR and a full resin 

based synthesis of a simplified model of the cyclisation precursor used in a previous 

chapter was attempted. Unfortunately, the final step of reducing the double bond could not 

be completed but the methodology of employing NMR to follow reactions was 

demonstrated. The benefit of T2 editing to both the appearance and clarity of resultant 

spectra was shown; spectra were obtained with suitable resolution to enable direct 

comparison to those acquired in solution. 
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Chapter 5 Experimental 

5.1 General Notes. 

Solvents were all of commercial grade and used without further purification unless 

otherwise stated. Where appropriate solvents were dried by distillation from the drying 

agent indicated in parentheses: chloroform (CaS04 or P2O5); THF (Na, benzophenone); 

CH2CI2 (CaHa); benzyl alcohol (CaHz); NEts (CaHz); acetonitrile (P2O5). All reactions 

requiring anhydrous conditions were conducted in oven-dried apparatus under a static, 

inert atmosphere. 

Flash column chromatography was performed according to the procedure outlined by 

S t i l l ,us ing Sorbsil C60, 40-60 mesh silica. 

RP-HPLC: 

Gradient 1: Hewlett Packard HP 1100 Chemstation equipped with a Phenomenex Prodigy 

C18 analytical RP column, eluting with a gradient of water/TFA (0.1%) to MeCN/TFA 

(0.04%) in 20 minutes and examining X = 242 nm. Purification was carried out using a 

HP 1100 quaternary pump and a Phenomenex Prodigy Cig semi-preparative column, 

eluting with a 40 minute gradient. 

Gradient 2\ Hewlett Packard HP 1090 Chemstation equipped with a Phenomenex Prodigy 

C18 analytical RP column, eluting with a gradient of 30% MeOH / water to 100% MeOH 

in 30 min and examining \ = 242 nm. Purification was carried out using a HP 1100 

quaternary pump and a Phenomenex Prodigy Cig semi-preparative column, eluting with a 

gradient of 30% MeOH / water to 100% MeOH in 30 min and examining A, = 242 nm. 

Low-resolution mass spectra were either recorded on a Micromass Platform quadrupole 

mass analyser or Waters ZMD single quadrupole mass spectrometer (both equipped with 

an electrospray ion source) or on a ThermoQuest TraceMS gas chromatography mass 

spectrometer configured for open access operation; GC was carried out on an Optima delta 

3 column with helium carrier gas at a flow rate of 1 mL/min; the temperature was held at 

60°C for 3 min and then increased to 320°C at a rate of 40°C/min and held for 6 min. 
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High-resolution FAB mass analyses were carried out on a VG analytical 70-250-SE 

normal geometry double focussing mass spectrometer fitted with an Ion-Tech saddle-field 

gun at 10000 resolution. High-resolution electrospray mass spectra were recorded on a 

Bruker Apex III FT-ICR mass spectrometer. 

NMR spectra were recorded on Bruker DPX-400, Bruker AC-300 or Bruker AM-300 

spectrometers in the solvents indicated at 298 K. Where mixed solvent experiments were 

performed the solvent used for lock is listed first. Chemical shifts for proton and carbon 

spectra are reported on the 5 scale in ppm and were referenced to residual solvent 

references or internal TMS reference. The reference employed for heteronuclear NMR 

experiments is indicated with the measurement. 

IR spectra were recorded on a Bio-Rad Golden Gate ATR FT-IR. 

UV/VIS spectra were recorded on a Hewlett Packard HP8452A diode array 

spectrophotometer. 

X-ray diffraction data was obtained from an Enraf Nonius KappaCCD diffractometer, the 

structure determined by direct methods using the program SHELXS97 and refined using 

jmZJGLPZ. 

Method for calculating resin loading by quantitative Fmoc determination:^^' The resin 

sample (ca 5 mg) was added to a volumetric flask. 20% piperidine in DMF (5 mL) was 

added and the mixture shaken for 15 min. The volume was made up to 25 mL with 20% 

piperidine in DMF and the absorbance at A, = 300 nm measured against a 20% piperidine 

in DMF blank at t - 20 min (value for s for fulvene adduct is 7800). 

Formula: 

Loading of Fmoc (mmolg ' ) - ^^^300 x 25x10 
Weight of re sin (mg) x 7800 

121 



5.2 Experimental for chapter 2 

Ecdysteroid NMR assignment was carried out using 2D NMR experiments and with 

reference to the Ecdysteroid handbook. 

5.2.1 2,3-jsopropylidene-20-hydroxyecdysone-20,22-phenyl boronate 75 

4' 3' 

a / O 

The title compound was prepared following the procedure outlined by Guedin-Vuong.̂ "^^ 

20-hydroxyecdysone 15 (1.0 g, 2.08 mmol) and phenylboronic acid (0.28 g, 2.29 mmol) 

were dissolved in anhydrous DMF (20 mL) and stirred at RT, under Ng for 1 h. Dry 

acetone (20 mL), dry DMP (10 mL) and fused /?-TsOH (0.20 g, L04 mmol) were added 

and the mixture stirred for a further 3 h. Acetone and DMP were removed under reduced 

pressure. The residue was dissolved in ethyl acetate (60 mL) and washed with saturated 

brine solution (6 x 60 mL). The organic phase was dried (Na2S04), filtered and 

concentrated in vacuo. Column chromatography (Silica, base washed with 1% 

NEts/CHzCIz), eluting with CHgClz/EtOH (19; 1) afforded the title compound as a white 

solid (900 mg, 72%). 

RF(CH2Cl2;EtOH7:l): 0.71 

RP-HPLC (gradient 1); retention time 20.9 min and 12.2 min (boronate ester cleaved). 

V (ATRFT-IR)/cm'^; 3406 (br w, OH); 1656 (md, cyclohexenone). 

Xmax (MeOH)/nm; 220 (phenyl); 242 (enone). 

5h (CD3OD, 400 MHz): 7.74 (2H, ddd, J 7 , 2, 2, H^' and H^'); 7.45 (IH, dddd, J9 , 7, 2, 2, 

H^'); 7.35 (2H, dddd, J 8, 8, 2, 2, H^' and H^'); 5.81 (IH, d, J 2, H^); 4.29 (IH, m, H^); 

4.24 (IH, m, H^); 4.18 (IH, dd, J10, 3, H^^); 2.95 (IH, ddd, J 16, 8, 2, H^); 2.43 (IH, dd, 

J 8, 8, H^'); 2.25 (IH, dd, J10, 3, H^); 2.17 (IH, ddd, J13, 13, 5, 2.03-1.52 (15H, 
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m, H'®P, H^, H^); 1.47 (3H, s, 

H^^); 1.37 (3H, s, H'^); 1.32 (3H, s, H^°); 1.25 (6H, overlapping s, H^^and H^'); 0.98 (6H, 

s, and H^^). 

6c (CD3OD, 100 MHz): 205.5 (C^; 166.7 (C"); 135.8 (C '̂ and C '̂); 134.6 (d, 40, C '̂); 

132.4 (C*); 128.8 (C '̂ and C '̂); 121.7 (C"̂ ); 109.4 (C^̂ ); 87.7 (C^°); 86.6 (C^); 85.2 

73.5 (C )̂; 73.1 (C )̂; 71.1 (C^̂ ); 53.0 (C^̂ ); 52.5 (C )̂; 42.0 (C^); 38.9 (C °̂); 38.7 (C^); 

35.7 (C'̂ ; 32.2 (C^̂ ); 31.5 (C^ )̂; 29.6 (C^̂ ); 29.1 (C^); 28.9 (C^; 27.7 (C*); 27.3 (C^); 

26.7 (C °̂); 24.1 (C^^; 23.1 (C^̂ ); 22.4 and 21.6 (C" and C^ )̂; 17.6 (C "̂). JVLB. signal for 

appears under CD3 multiplet. 

6b (CD3OD, 128 MHz): 29.2 referenced to BF3(OEt2) 

Data agrees with reported literature. 

5.2.2 2,3-jsopropylidene 20-hydroxyecdysone 76 

OH 
21„ 

23 ;^0H 
19 rTlsT^R 27 

The title compound was prepared following the procedure outlined by Guedin-Vuong. 

2,3-isopropylidene 20-hydroxyecdysone-20,22-phenylboronate 75 (200 mg, 329 |j,mol) 

was dissolved in THF/water (9:1, 30 mL). To this solution was added 30% aqueous H2O2 

(1.5 mL), basified with 0.1 M NaOH. The reaction mixture was stirred for 3 h at RT and 

then quenched with water (30 mL). THF was removed under reduced pressure and the 

product extracted into ethyl acetate (6 x 30 mL). Combined organics washed with 

saturated brine (3 x 30 mL), dried (Na2S04) and concentrated in vacuo. Column 

chromatography (Silica, base washed with 1% NEt3/CH2Cl2), eluting with CH2Cl2/EtOH 

(9:1) afforded the title compound as a white solid (115 mg, 67%). 

RF(CH2Cl2:EtOH7:l): 0.50 

RP-HPLC (gradient 1): retention time 12.3 min 

V (ATR FT-IR)/cm"\' 3456 (sharp md, free OH); 3336 (br w, bonded OH); 1638 (st, 

cyclohexenone). 
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Xmax (MeOH)/nm: 242 (enone). 

6H (C5D5N, 300 MHz): 6.15 (IH, s, H^); 4.15-4.02 (3H, m, H ' and H ' '); 2.95 (IH, m, 

H^); 2.53-2.41 (2H, m, and H^^); 2.25-1.67 (16H, m, 

jjl2ax^ jjl2eq ^15a jjisp^ jjl6a jjl6p^ H^); 1.56 (3H, s, H^); 1.51 (3H, s, H'^); 1.31 

(3H, s, H'°); 1.27 (6H, overlapping s, andH'^); 1.15 (3H, s, H^^); 0.95 (3H, s, H^'). 

6c (C5D5N, 100 MHz): 202.5 (C^; 165.8 (C^); 121.3 (C"̂ ); 108.3 (C^); 84.3 (C^ )̂; 77.7 

(C^ )̂; 77.0 (C^°); 72.7 (C^); 72.3 (C^); 69.7 (C""); 51.8 (C^); 50.3 (C^ )̂; 48.6 (C^ )̂; 42.9 

(C '̂̂ ); 38.4 (C^); 38.2 (C^°); 35.2 (C^); 32.1 (C^ )̂; 31.8 (C'^); 30.3 (C^ )̂; 30.2 (C^ )̂; 29.0 

(C^^; 27.7 (C*); 27.1 (C^°); 24.0 (C^ )̂; 23.0 (C^^; 21.9 (C^); 21.3 and 19.4 and C^ )̂; 

18.1 (C'^). 

Data agrees with reported literature. 

5.2.3 2,3-isopropylidene poststerone 72 

Method 1: The title compound was prepared following the procedure outlined by Guedin-

Vuong.̂ '̂ ^ 2,3-isopropylidene 20-hydroxyecdysone 76 (150.0 mg, 288 fimol) was 

dissolved in THF (6 mL) and stirred vigorously. Benzyldimethylhexadecyl ammonium 

chloride (11.9 mg, 28.8 |imol) was added to the stirred solution. A solution of sodium 

periodate (74 mg, 345p,mol) in water (3 mL) and saturated brine (3 mL) was added slowly 

with stirring while maintaining the temperature at 0°C. The resulting 2-phase system was 

stirred at RT for 5 h. The mixture was taken up in ethyl acetate (60 mL) and washed with 

saturated brine solution (3 x 60 mL), 1 N Na2S04 (1 x 60 mL) and further saturated brine 

solution (2 X 60 mL). The organic phase was dried (Na2S04), filtered and concentrated in 

vacuo. Column chromatography (Silica, base washed with 1% NEt3/CH2Cl2), eluting with 

CH2Cl2/EtOH (9:1) afforded the title compound as a white solid (99 mg, 86%). 

Method 2: Poststerone 37 (200.0 mg, 552 p,mol) was dissolved in dry DMF (2 mL). 

Anhydrous DMP (4 mL) and /'-TsOH (52.4 mg, 276 ^imol) were added and the reaction 

was stirred under N2 for 3 h at RT. The reaction mixture was concentrated in vacuo and 
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the residue dissolved in EtOAc (20 mL). The organic phase was washed with brine (6 x 20 

mL), dried (Na2S04) and concentrated in vacuo. Column chromatography (Silica, base 

washed with 1% NEta/CHaCli), eluting with CHzCli/EtOH (19:1) afforded the title 

compound as a white soUd (203.8 mg, 90%). 

RF(CH2Cl2:EtOH7:l): 0.75 

RP-HPLC (gradient 1): retention time 14.4 min and 10.1 min (isopropylidene group 

removed). 

RP-HPLC (gradient 2): retention time 23.4 min. 

m/z (ES+): 425.3 (100%, [M + H]+). (HR-ES+): 425.2296 (calculated for C24H3405Na 

425.2298). 

V (ATR FT-IR)/cm'^: 3426 (br w, bonded OH); 1700 (st, ketone); 1665 (st, 

cyclohexenone). 

A âx (MeOH)/nm: 243 (enone). 

5h (CD3OD, 400 MHz): 5.80 (IH, d, J 2 , H^); 4.33-4.24 (2H, m, overlapping H^ and H^); 

3.34 (IH, dd, J 8, 8, H'^); 2.98 (IH, ddd, J 16, 8, 2, H^); 2.34 (IH, dd, J 12, 5, H^); 2.28 

(IH, m, 2.24 (IH, m, H^^"); 2.15 (3H, s, H^^); 2.04-1.95 (4H, m, H^'\ H^'^ H^^", 

jji2eq .̂ 1 93_i 78 (3H, m, H ^ , H"'", H^^^); 1.72-1.59 (2H, m, H^^^, H^^^); 1.47 (3H, s, 

H^); 1.32 (3H, s, H^^); 1.23 (IH, dd, J10, 10, H^H; 0.96 (3H, s, H^^); 0.62 (3H, s, H^^). 

6c (CD3OD, 100 MHz): 212.4 (C^; 205.3 (C^; 165.8 (C )̂; 122.2 (C"̂ ); 109.5 (C^̂ ); 84.9 

(Ĉ '̂ ); 73.5 (C )̂; 73.1 (C )̂; 60.1 (C^̂ ); 52.5 (C )̂; 38.9 (C^°); 38.7 (C )̂; 35.8 (C )̂; 31.9 

(C )̂; 31.5 (C'^); 31.1 (C^'); 28.8 (C^); 27.7 (C^̂ ); 26.6 (C '̂'); 24.0 (C^^; 22.2 (C^̂ ); 21.7 

(C^^); 17.5 (C^^); N.B. signal for C^̂  appears under CDs multiplet. 

Data agrees with reported literature. 

5.2.4 Poststerone 37 
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Method 1: The title compound was prepared following the procedure outlined by Guedin-

Vuong/'^^ 2,3-isopropylidene poststerone 72 (90 mg, 224 pmol) was dissolved in dioxane 

(10 mL) and aqueous 0.1 M HCl (10 mL) was added dropwise. The solution was stirred 

for 3 h and then diluted with water (5 mL) and neutralised with 0.1 M NaOH (10 mL). 

The solvents were removed in vacuo. Column chromatography (Silica, base washed with 

1% NEtg/CHzClz), eluting with CHzCli/EtOH (9:1) afforded the title compound as a white 

solid (53.0 mg, 69%). 

Method 2: The title compound was prepared following the procedure outlined by 

Galbraith.'^^ 20-hydroxyecdysone 15 (1.0 g, 2.08 mmol) was dissolved in water (5 mL) 

and acetone (45 mL). Jones reagent (0.94 mL diluted to 2 mL, 1.25 mmol) was added 

dropwise over 30 minutes with stirring. Saturated NaHCOs (10 mL) and water (20 mL) 

were added and the acetone removed in vacuo. The solution was extracted into ethyl 

acetate (6 x 20 mL). The combined organics were washed with water (3 x 20 mL), dried 

(Na2S04), filtered and concentrated in vacuo. Column chromatography (Silica, base 

washed with 1% KEts/CHzCli), eluting with CHzClz/EtOH (9:1) afforded the title 

compound as a white sohd (754.3 mg, 62%). 

RF(CH2Cl2:EtOH7:l): 0.33 

RP-HPLC (gradient 1): retention time 10.0 min. 

RP-HPLC (gradient 1): retention time 14.2 min. 

m/z (APCI+): 363.2 (100%, [M + H]+). 

V (ATR FT-IR)/cm"^: 3485 (sharp w, free OH); 1692 (st, ketone); 1654 (st, 

cyclohexenone). 

Xmax (MeOH)/nm: 242 (enone). 

Sn (CD3OD, 400 MHz): 5.81 (IH, d, 72, H )̂; 3.96 (IH, m, H^); 3.84 (IH, ddd, J12, 8, 4, 

H^); 3.34 (IH, dd, J 8, 8, H^ )̂; 3.19 (IH, ddd, J 16, 8, 2, H^; 2.39 (IH, dd, 7 12, 5, H )̂; 

2.31 (IH, m, H'^) ; 2.24 (IH, m, H^^"); 2.15 (3H, s, H^ )̂; 1.99 (IH, ddd, J12, 8, 2, Ĥ "̂"); 

1.92-1.75 (5H, m, Ĥ =̂ , H ^ , H^" ,̂ H^^, H^̂ )̂; 1.72-1.62 (3H, m, Ĥ "̂ , H^̂ )̂; 1.44 

(IH, dd, J8 , 8, H^" ;̂ 0.96 (3H, s, H'^); 0.62 (3H, s, H^ )̂. 

6c (CD3OD, 100 MHz): 211.3 (C^; 205.0 (C^); 165.3 (C^); 121.3 (C"̂ ); 83.8 (C '̂̂ ); 67.5 

(C^); 67.3 (C^); 59.0 (Ĉ "̂ ); 50.6 (C^); 38.1 (C^°); 36.2 (C^); 33.9 (C^; 31.7 (C^); 30.9 

(C^ )̂; 30.4 (C^ )̂; 29.9 (C'^); 23.3 (C^ )̂; 21.0 (C^^; 20.4 (C^ )̂; 16.3 (C^ )̂; signal for 

C^̂  appears under CD3 multiplet. 

Data agrees with reported literature. 
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5.2.5 2,3-benzylidene poststerone 73 

27 28 

25 24 

Benzaldehyde dimethyl acetal (0.83 mL, 5.52 mmol) and p-TsOH (52.5 mg, 276 |imol) 

were added to a solution of poststerone 37 (200 mg, 552 p,mol) in anhydrous DMF (10 

mL) over activated 4A molecular sieves. The reaction was stirred under N2 at RT for 15 h. 

The mixture was diluted with EtOAc (50 mL) and washed with saturated brine (6 x 50 

mL). The organic phase was dried (Na2S04), filtered and solvent removed in vacuo. The 

resulting oil was purified by flash chromatography (Silica, base washed with 1% 

NEts/CHaCla). Excess benzaldehyde was removed initially with neat CH2CI2 and then the 

product was eluted with 9:1 CH2CI2 / EtOH to afford the title compound as an off-white 

foam (191 mg, 77%). 

RF (CH2Cl2;EtOH 7:1): 0.70 and 0.69 (diastereoisomers) 

RP-HPLC (gradient 1): 16.3 and 16.6 min (diastereoisomers), 10.0 min (poststerone) and 

12.3 min (benzaldehyde). 

RP-HPLC (gradient 2): 26.5 and 26.9 min (1:1 mixture of diastereoisomers) 

m/z (APCI+): 451.2 (100%, [M + rq+). (HR-ES+): 473.2293 (calculated for C28H3405Na 

473.2298). 

V (ATR FT-IR)/cm"': 3459 (broad w, bonded OH); 1690 (st, ketone); 1659 (st, 

cyclohexenone). 

Xmax (MeOH)/nm: 212 (benzyl); 242 (enone). 

5h (CDCI3, 400 MHz, 1:1 mixture of diastereoisomers): 7.42-7.28 (5H, m, Ĥ "̂  to H^ )̂; 

6.06 (s) and 5.82 (s) [IH, H^^]; 5.76 (IH, d, J 2, H^); 4.51-4.47 (m), 4.30-4.27 (m) and 

4.20-4.19 (m) [2H, H^ H^]; 3.22 (IH, dd, J 8, 8, H^); 2.88-2.83 (IH, m, H^'); 2.38-2.29 

(IH, m, H^); 2.25-2.19 (2H, m, H^^"); 2.09 (s) and 2.08 (s) [3H, H^^]; 2.01-1.94 (2H, 

m, H^^", H^̂ P); 1.87-1.73 (4H, m, H "̂", H^"^; 1.59-1.53 (2H, m, H^^ )̂; 1.38-
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1.25 (2H, m, 1.18 (IH, s, OH); 0.96 (s) and 0.89 (s) [3H, H^']; 0.56 (s) and 

0.55 (s) [3H, H'']. 

5c (CDCI3, 100 MHz, 1:1 mixture of diastereoisomers): 209.0 (C^°); 202.1 and 202.0 (C^); 

161.9 and 161.7 (C^); 139.3 and 137.8 (C"); 128.7, 128.5 and 128.0 and C"); 126.4, 

126.3, 126.0 and 125.7 (C^\ and C^ )̂; 121.5 and 121.4 (C^); 103.1 and 101.7 (C^^); 

84.4 and 84.3 73.8 and 72.8 (C^); 71.7 and 71.5 (C^); 58.4 (C^ )̂; 50.6 and 50.3 (C^); 

47.6 and 47.5 (C^^); 37.6 and 37.5 (C^°); 37.4 and 34.6 (C'); 34.5 and 34.1 (C^); 31.7 and 

31.6 (C^); 31.0, 29.6 and 29.3 and C^̂ ); 26.3 26.2 (C^^); 23.2 and 23.1 (C^ )̂; 20.8 

(C^'); 20.4 and 20.3 16.8 (C^ )̂. 

5.2.6 Benzaldhyde resin 80 

The oxidation of Merrifield resin was effected using the method outlined by Tam.̂ ^^ 

Merrifield resin (Chloromethyl polystyrene(divinylbenzene)-copolymer, 5 g, 6.7 mmol, 

1.34 mmolg"^) was suspended in anhydrous DMSO (30 mL) and NaHCOa (2 .0 g) was 

added. The reaction was heated to 155°C and left overnight. The resin was washed with 

water (30 mL), MeOH (30 mL), DMF (30 mL), CH2CI2 (30 mL) and EtzO (30 mL). The 

resin was dried by exposure to high vacuum overnight. 

V (SP ATR FT-IR) /cm'^: 2921 (md, aryl C-H); 1677 (aryl aldehyde). 

5.2.7 Cyclic acetal resin 81 

OH 

Benzaldehyde resin 80 (100 mg, 0.13 mmol), glycerol (300 mg) and ̂ -TsOH (3 mg) were 

suspended in anhydrous DME (3 mL). The reaction was refluxed for 24 h. The resin was 
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washed with 3% aqueous NaHCOs/dioxane (1:1 v/v, 20 mL), water (20 mL), dioxane (20 

mL), DMF (20 mL), MeOH (20 mL), CH2CI2 (20 mL) and EtsO (20 mL). The resin was 

dried in vacuo. 

V (SP ATRFT-IR) /cm'\' 2919 (md, aryl C-H). 

5.2.8 Fmoc-Gly-0-CH2-cyclic acetal resin 82 

Fmoc— 
H & 

Fmoc-Gly-OH (0.39 g, 1.3 mmol) was dissolved in CH2CI2 (5 mL) and DIG (0.08 g, 0.65 

mmol) was added. The mixture was stirred for 20 min and the CH2CI2 removed in vacuo. 

The residue was redissolved in a minimum volume of CH2CI2 and the solution added to 

cyclic acetal resin 81 (100 mg, 0.13 mmol). DMAP (0.16 g, 1.3 mmol) was added and the 

resin shaken for 2 h. The resin was washed and the coupling repeated. Quantitative Fmoc 

determination'^^ afforded the substitution as 0.29 mmolg"' (expected value; 0.93 mmolg"' 

corresponding to 31% conversion). 

5.2.9 Resin bound poststerone 71 

Poststerone 37 (0.185 mg, 0.51 mmol) andp-TsOH (16.2 mg, 85 |imol) were dissolved in 

anhydrous DME and added to PS benzaldehyde resin 80 (0.5 g, 0.17 mmol). The reaction 

mixture was refluxed for 24 h. The resin was washed with 3% NaHCOa (aq)/dioxane (1:1 

v/v, 50 mL), water (50 mL), dioxane (50 mL), DMF (50 mL), MeOH (50 mL), CH2CI2 

(50 mL), Et20 (50 mL) and dried in vacuo. 

V (SP ATRFT-IR)/cm"': 1700 (st, ketone); 1665 (st, cyclohexenone). 
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5.2.10 Cleavage studies 

71 R = Resin 
73R = H 

Study 1: 2,3-benzylidene poststerone 73 (50 mg) was dissolved in CH2CI2 (5 nxL), split 

into 5 x 1 mL aliquots and the solvent removed in vacuo. Cleavage solvents 1 to 5(1 mL) 

were added and left to react at room temperature. Aliquots (200 p,L) were removed after 2 

h, 4 h, 6 h and 24 h, neutralised with 1% NEt3/CH2Cl2 (800 fxL) and the solvent removed 

in vacuo. The resulting residue was taken up in MeCN/water (1:1 v/v, 1 mL) and analysed 

by RP-HPLC (gradient 1, examining X = 242 nm). 

Cleavage solvent 1: 0.05 M HCl in dioxane/water (1:1) 

Time 

(h) 

Starting material 

peak (mAU) 

Poststerone 

peak (mAU) 

Other peaks 

(mAU) 
% Poststerone 

2 533^3 2260.77 223.51 74.4 

4 243.27 2137.77 200.00 82 8 

6 217.83 2092.28 105.00 86 6 

24 25.00 2493.37 50.00 97.1 

Cleavage solvent 2: 0.25 M HCl in dioxane/water (1:1) 

Time 

(h) 

Starting material 

peak (mAU) 

Poststerone 

peak (mAU) 

Other peaks 

(mAU) 
% Poststerone 

2 58.21 827.43 1058.09 42.6 

4 0 00 116.98 621.12 15.8 

6 0.00 0.00 702.72 0.0 

24 0.00 0.00 1.00 0.0 
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Cleavage solvent 3: 0.1% TFA in CH2CI2 

Time 

(h) 

Starting material 

peak (mAU) 

Poststerone 

peak (mAU) 

Other peaks 

(mAU) 
% Poststerone 

2 1004.82 588.71 410.65 294 

4 632.99 613.99 57473 33.7 

6 555.40 543.71 521.83 33 j 

24 1366.33 842.30 663 33 29 3 

Cleavage solvent 4: 1.0% TFA in CH2CI2 

Time 

(h) 

Starting material 

peak (mAU) 

Poststerone 

peak (mAU) 

Other peaks 

(mAU) 
% Poststerone 

2 189.51 2009.64 1044.93 6L95 

4 7Z34 1502.73 101.45 89 63 

6 88.87 1972.51 160 38 8&78 

24 66 98 2205.42 198.47 8&26 

Cleavage solvent 5; 5.0% TFA in CH2CI2 

Time 

(h) 

Starting material 

peak (mAU) 

Poststerone 

peak (mAU) 

Other peaks 

(mAU) 
% Poststerone 

2 0.00 1226.86 958.65 5 6 . 1 ' ' 

4 0.00 1737.43 507.40 77.4 

6 0.00 1453.74 52290 73^ 

24 0.00 1751.48 1006.49 63 5 

Study 2: 2,3-benzylidene poststerone 73 (10 mg) was dissolved in dioxane (2 mL) and 

split into 2 x 1 mL aliquots. The appropriate cleavage solvent was added and the reactions 

were stirred at room temperature. Aliquots (50 |LIL) were removed at 5 min intervals for 2 

h and then at 6 h, neutralised with 1% lStEt3/CH2Cl2 (200 |j,L) and the solvent removed in 

vacuo. The resulting residue was taken up in MeCN/water (1:1 v/v, 200 |j,L) and analysed 

by RP-HPLC. 
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Cleavage solvent 1: 0.05M HCl in dioxane/water (1:1) - 1 mL dioxane + 1 mL O.IM HCl 

Time 

(min) 

Starting material 

peak (mAU) 

Poststerone peak 

(mAU) 
% Poststerone 

5 221.21 9&30 " 30.8 

10 145.52 89.01 38 0 

15 148.04 103.49 41.4 

20 153.74 97.25 3 8 / ^ 

25 194.00 130.40 40.2 

30 182.32 116.34 39.0 

35 198 96 118.77 37.4 

40 19&39 124.82 3&6 

45 13&38 130.43 4&9 

50 18&22 145.98 43.9 

55 164.05 124.55 4 3 ^ 

60 160.34 155.13 4&2 

65 176.94 124.18 41.2 

70 120.98 106.42 4&8 

75 189.26 147.61 43.8 

80 147.76 123.1%; 45.6 

85 152.48 148.02 49 3 

90 163.62 144.65 4&9 

95 80.33 1 114.12 58/7 

100 114.79 159 ()9 58.1 

105 9&28 179.91 64.7 

110 105.93 159.51 60.1 

115 133.51 1 8 a 6 2 57.5 

120 128.73 203.62 6 1 3 

360 30 00 332.79 91.7 
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Cleavage solvent 2; O.IM HCl in dioxane (10% water) -1.75 mL dioxane + 0.05 inL 4M 

HCl in dioxane + 0.2 mL water 

Time 

(min) 

Starting material 

peak (mAU) 

Poststerone peak 

(mAU) 
% Poststerone 

5 336.48 252.55 42.9 

10 2&190 294.00 5 2 6 

15 205.23 32&28 61.5 

20 163.44 3 6 9 2 1 6&3 

25 166.15 383.69 69 8 

30 93.73 367.03 79.7 

35 94 68 280.44 74.8 

40 74.21 325.11 81.4 

45 65 26 327.51 83 4 

50 60.15 283.23 82 5 

55 30.00 272X58 90.1 

60 25.00 288.41 92.0 

90 20.00 238.42 9Z3 

120 30.00 304.92 9L0 

360 189.6947^ 254 86 57.3 

^ The trace at 6 hours showed significant other peaks in cleavage solvent 2 (added to starting material peak 

in table for convenience). 

Study 3: Resin 71 (50 mg) was preswollen in CH2CI2 and then suspended in O.IM HCl in 

dioxane (10% water). Aliquots (200 |u,L) were removed after 1 min, 90 min, 120 min, 150 

min, 180 min, 210 min, 240 min, 300 min and 360 min, neutralised with 1% lSlEt3/CH2Cl2 

(800 |jL) and the solvent removed in vacuo. The resulting residue was taken up in 

MeCN/water (1:1 v/v, 1 mL) and analysed by RP-HPLC. 
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Time 

(min) 

Poststerone 

peak (mAU) 
% Poststerone 

1 93 84 23^^ 

90 402.29 100.0 

120 327.01 81.3 

150 368.70 91 /7 

180 278.33 6 9 . 2 

210 28&59 69 .7 

240 260.98 6 4 . 9 

5.2.11 2,3-benzylidene poststerone-20 benzylamine 78 

2,3-benzylidene poststerone 73 (50 mg, 111 nmol) was dissolved in anhydrous DCE (2 

mL) and benzylamine (24.2 |j,L, 222 ^imol) added. The mixture was treated with 

NaBH(0Ac)3 and AcOH and stirred for 24 h. The reaction mixture was treated with 

another equivalent of reagents and stirred for another 24 h. The reaction mixture was 

quenched by the addition of IM NaOH and the product extracted into ether (6x10 mL). 

The combined organics were washed with brine (50 mL), dried (Na2S04) and solvent 

removed in vacuo. 

RF(CH2Cl2;EtOH7:l); 0.63 

RP-HPLC: retention time 13.7 min and 14.2 min (diastereoisomers). 

m/z (ESMS): 542.9 (100%, [M + H]^; 559.0 (50%, [M + 

The product was never isolated in sufficient quantity for NMR analysis. 
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5.2.12 Resin bound poststerone-20-benzylamine 83 

Resin-bound poststerone 71 (500 mg, 0.15 mmol) was suspended in anhydrous DCE (5 

mL), benzylamine (0.165 mL, 1.5 mmol) added and the mixture shaken for 5 min. The 

mixture was treated with NaBH(0Ac)3 and AcOH and shaken for 24 h. IM NaOH in 

methanol (20 mL) was added and the resin washed with CH2CI2 (20 mL) and MeOH (20 

mL). The coupling was repeated. Cleavage from 30 mg of resin and analysis by RP-HPLC 

showed significant (~ 30%) starting material present. The coupling was repeated twice 

more with double the equivalents of reagents. 

RP-HPLC; retention time 9.7 min and 10.4 min (diastereoisomers). 

m/z (ESMS); 454.4 (85%, [M + H]^. 

The product was never isolated in sufficient quantity for NMR analysis. 

5.2.13 Resin-bound poststerone-20-benzyiamide 84 

Resin-bound poststerone-20-benzylamine 83 (0.25 g, 0.068 mmol) was preswollen in 

CH2CI2 (2 mL) and acetic anhydride (0.127 mL, 1.35 mmol) added. The mixture was 

shaken overnight and then washed with CH2CI2 (20 mL) and MeOH (20 mL). The 

coupling was repeated and then a small portion of the resin (25 mg) cleaved and analysed 

by RP-HPLC. The analysis revealed the presence of unreacted starting material so the 

coupling was repeated twice more. 
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RP-HPLC; retention time 12.5 min. 

m/z (ESMS); 496.5 (82%, [M + 

The product was never isolated in sufficient quantity for NMR analysis. 

5.2.14 Resin bound poststerone-20-amines 85 

Resin-bound poststerone 71 (335 mg, 0.11 mmol) was suspended in anhydrous DCE (3 

mL), amine a-j (Table 5.1, 2.2 mmol) added and the mixture shaken for 5 min. The 

mixture was treated with NaBH(0Ac)3 (233 mg, 1.1 mmol) and AcOH (19 fiL, 0.33 

mmol) and shaken for 24 h. IM NaOH in methanol (20 mL) was added and the resin 

washed with CH2CI2 (20 mL) and MeOH (20 mL). The coupling was repeated for another 

24 h and then the resin washed with IM NaOH in methanol (20 mL), DMF (20 mL), 

CH2CI2 (20 mL), MeOH (20 mL) and Et20 (20 mL). The resin was dried in vacuo and 20 

mg cleaved with 0.1 M HCl in dioxane (10% water) for RP-HPLC and ESMS analysis. 

Compound Amine Amount 

8 5 a "X) 200 nL 

8 5 b 240 pL 

85c 320 |iL 

8 5 d "O 220 (iL 

85e 100 \xL 

85f 290 iiiL 

8 5 g 260 (oL 
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H 

85h 
O 

85i H,N 

340 mg 

360 pi. 

85j 
H,N 

O'Bu 

O'Bu 470 mg 

Table 5.1 Amines used in the solid phase library synthesis. 

85a to 85d, 85i and 85j showed no reaction by RP-HPLC. 

85f: RP-HPLC: retention time 10.4 min (2 peaks); 10.1 min (starting material), m/z 

(ESMS): 460.7 (100%, [M + H]+). 

85e, 85g and 85h; the RP-HPLC trace shows predominantly starting material (poststerone) 

with poorly defined peaks that appear at similar retention times. 

85e: m/z (ESMS): 380.3 (8%, [M + H]^. 

85g: m/z (ESMS): 434.4 (51%, [M + H]^. 

85h: m/z (ESMS): 507.4 (25%, [M + H]+). 

5.2.15 2,3-isopropylidene poststerone-20-benzylamine 86 

2,3-isopropylidene poststerone 72 (10 mg, 25 [imol per reaction), benzylamine (13.5 |j,L, 

125 iLimol) and AcOH (0.7 )j,L) were dissolved in anhydrous solvent (1 mL: DCE for 

experiments 1, 2; DMF for experiments 3, 4; TMOF for experiments 5, 6) and left for 5 

min. Reducing agent (16 mg: NaBH(0Ac)3 for experiments 1, 3, 5; 5 mg: NaBHsCN for 

experiments 2, 4, 6) was then added and the reaction stirred for 72 h. (After 36 h, the 

addition of reagents was repeated and the mixtures heated to 30°C.) The reaction mixtures 
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were quenched with 0.1 M NaOH (1.0 mL) and extracted into EtgO ( 3 X 5 mL). The 

combined organics were washed with brine (15 mL), dried (Na2S04) and solvent removed 

in vacuo. 

Reactions 1 , 2 , 5 and 6 were combined and purified by column chromatography (Silica, 

base washed with 1% ]SfEt3/CH2Cl2), eluting with 9:1 CHzClg/EtOH affording the title 

compound as a yellow oil contaminated with excess benzylamine. The compound was 

purified by semi-prep RP-HPLC in the next step. 

RF (CHSCKIETOH 7:1); 0 .40 and 0 .26 

R P - H P L C (gradient 1): retention time 12.0 min. 

m/z(ES+): 494.2 ([M + H]^). 

V (ATRFT-IR)/cm"^ 2924.7 (md, Ar C-H); 1650.4 (s, cyclohexenone). 

5.2.16 Poststerone-20-benzylamine 89a 

24 25 

2,3-isopropylidene poststerone-20-benzylamine 86 contaminated with excess benzylamine 

was purified by RP-HPLC (gradient 1) and the solvent lyophilised affording the title 

compound as a white solid (9 mg, 24%). 

The reaction was repeated on a larger scale with the most successful conditions: 2,3-

isopropylidene poststerone 72 (100 mg, 250 p,mol), benzylamine (136.0 \xL, 1.25 mmol) 

and AcOH (7.1 pL) were dissolved in anhydrous DCE (5 mL) and left for 10 min. 

NaBHaCN (46.8 mg, 750 p,mol) was then added and the reaction stirred for 24 h at 40°C. 

The addition of reagents was repeated using the same quantities and the reaction continued 

to be stirred at 40°C for another 24 h. The reaction mixture was quenched with 0.1 M 

NaOH (10 mL) and extracted into EtgO (4 X 20 mL). The combined organics were washed 

with brine (15 mL), dried (Na2S04) and solvent removed in vacuo. RP-HPLC purification 
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(gradient 1) and lyophilisation of solvent afforded the title compound as a white solid (90 

mg, 79%). 

RP-HPLC (gradient 1): retention time 9.8 min. 

m/z (ES+): 454.3 ([M + H]+); (HR-FAB): 454.2935 (calculated for C28H40O4N 454.2957). 

5H (C5D5N, 400 MHz); 7.71 (2H, d, J 7 , and H ' ' ) ; 7.35 (2H, ddd, J 7 , 7, 2, H ' ' and 

H''); 7.29 (IH, dddd, J 7, 7, 2, 2, H""); 6.13 (IH, d, J 2, H'); 4.25 (IH, m, H^); 4.10 (IH, 

ddd, J 12, 8, 4, H^); 3.62 (2H, s, H''); 3.51 (IH, ddd, J 16, 8, 2, H^); 3.39 (IH, m, H^°); 

3.01-2.92 (2H, m, H^ and H^^); 2.49 (IH, ddd, J 12, 8, 2, 2.17-1.52 (IIH, br m, 

H '̂9 H ^ , H ^ , H"®", H^^ ,̂ H^^", H^^P); 1.42 (3H, d, J 6 , H^^); 

1.01 (3H, s, H^'); 0.72 (3H, s, H^'). 

6c (C5D5N, 100 MHz): 202.5 (C^); 164.1 (C^); 134.2 ( ( f ) ; 129 .1 (C '̂̂  and C^^); 128.2 (C^^ 

and Ĉ "̂ ); 127.8 (C^^); 120.9 (C^); 82.4 (C^''); 69.9 (C^); 67.1 (C^); 54.5 (C^^); 53.0 (C^); 

50.5 (C^^); 47 .6 (C^^); 37.8 (C^); 37.0 (C^°); 36 .0 (C^; 33 .6 (C^^); 31 .6 (C^^); 30.9 (C*); 

29.1 (C^^); 23 .4 (C"); 22 .8 (C^^); 19.3 (C^^); 15.9 (C^°); 15.3 (C^^). 

5.2.17 Poststerone amine library 89a-j 

2,3-isopropylidene poststerone 72 (10 mg, 25 p,mol per reaction), amine a-j (125 fj,mol; 

Table 5.2) and AcOH (0.7 fiL) were dissolved in anhydrous DCE (1 mL) and left for 5 

min at room temperature. NaBHgCN (5 mg, 75 |u,mol) was then added and the reactions 

were stirred for 72 h at 30°C. (After 36 h, the addition of reagents was repeated). 

Compound Amine Amount 

89a 13.5 \xL 

139 



89b 
H,N 

89c 

89d 

89e 

89f 

89g 

89h 

89i 

89j 

H?N 

H,N ÔH 

H,N' 

H,N 

HoN' 

H 

o 

16.2 pL 

14.2 pL 

7 .5 pL 

10.9 pL 

15.0 mg 

14.4 |j,L 

20.5 ijL 

14.4 pL 

21.7 pL 

Table 5.2 Amines used in the solution phase libraiy synthesis. 

The reaction mixtures were quenched with 0.1 M NaOH and extracted into EtzO ( 3 X 5 

mL). The combined organics were washed with brine (15 mL), dried (Na2S04) and solvent 

removed in vacuo. The crude products were purified by RP-HPLC affording the title 

compounds. 

89a 89b 89c 

89a: RP-HPLC (gradient 1): retention time 9.8 min. 

m/z (APCI+): 454.5 ([M + H]^). Lyophilisation afforded 1.9 mg (17%). 

89b: RP-HPLC (gradient 1): retention time 10.4 min. 

m/z (APCI+): 460.5 ([M + H]^. Compound proved impossible to purify. 
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89c: RP-HPLC (gradient 1); retention time 9.8 min. 

m/z (APCI+); 446.3 ([M + H]"^. Compound proved impossible to purify. 

89d 89e 89g 

89d: RP-HPLC (gradient 1): retention time 9.5 min. 

m/z (APCI+): 408.4 ([M + H]^). Compound proved impossible to purify. 

89e; RP-HPLC (gradient 1); retention time 9.2 min. 

m/z (APCI+): 444.3 ([M + H]^. Lyophilisation afforded 3.9 mg (35%). 

89g: RP-HPLC (gradient 1): retention time 10.0 min. 

m/z (APCI+): 434.4 ([M + H]^. Lyophilisation afforded 4.0 mg (37%). 

N O Bu 

89h 89i 89j 

89h: Lyophilisation afforded 3.8 mg (32%). Larger scale synthesis (150 mg 72) afforded 

42 mg (24 %). 

RP-HPLC (gradient 1): retention time 12.3 min. 

m/z (APCI+): 476.5 ([M + H]+); (HR-FAB): 476.3744 (calculated for C29H30O4N 

476.3740). 

89i: Lyophilisation afforded 4.0 mg (37%). Larger scale synthesis (150 mg 72) afforded 

45 mg (28 %). 

RP-HPLC (gradient 1): retention time 10.1 min. 

m/z (APCI+): 434.5 ([M + (HR-FAB): 434.3289 (calculated for C26H44O4N 

434.3270). 
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89j: RP-HPLC (gradient 1); retention time 9.1 min. 

m/z (APCI+); 561.4 (isopropylidene protected [M + H^]); 521.4 (unprotected [M + H]^). 

Compound proved impossible to purify. 

5.2.18 Reaction optimisation 1A; Imination conditions. 

Bn 

HOi HO, 
OH OH 

HO' HO' 

Bn 

Benzylamine (15.1 \xL, 137.9 |j,mol per reaction; 90.6 (iL per stock solution) was 

dissolved in relevant solvent (6 mL; Table 5.3). Poststerone 37 (10 mg, 27.6 |j,mol per 

reaction) was dissolved in the relevant benzylamine stock solution (1 mL). The pH was 

monitored with moist filter paper and adjusted by the addition of glacial AcOH. The 

reaction temperature was set and the reactions followed by TLC. 

Reference Solvent pH 
Temperature 

m 

1 5 

2 7 25 

3 
MeOH 

8 

4 
MeOH 

5 

5 7 40 

6 8 

7 5 

8 7 25 

9 
DCE 

8 

10 
DCE 

5 

11 7 40 

12 8 
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13 5 

14 7 25 

15 
THF 

8 

16 5 

17 7 40 

18 8 

19 5 

20 7 25 

21 
Dioxane 

8 

22 
Dioxane 

5 

23 7 40 

24 8 

Table 5.3 Imination conditions attempted. 

After 2 h and 4 h, the TLC showed only starting materials, so the reactions were left 

overnight. 

5.2.19 Reaction optimisation IB: Addition of reducing agent. 

Eight of the reactions had changed colour (Table 5.4) and to these reactions was added 

NaBHaCN (8.7 mg, 137.9 fimol per reaction) in one portion. The reactions were stirred at 

40°C overnight. 

Reference Solvent pH Colour of solution 

4 
MeOH 

5 
Yellow 

5 
MeOH 

7 
Yellow 

10 
DCE 

5 Orange 

11 
DCE 

7 

16 
THF 

5 

17 
THF 

7 
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22 
Dioxane 

5 

23 
Dioxane 

7 

Table 5.4 Reduction was attempted on the reactions that exhibited a visual change during the 

imination reaction. 

The solvent was removed in vacuo and the residue dissolved in MeOH (0.5 mL) and then 

diluted with 30% MeOH / water (1.0 mL) for HPLC analysis. 

RP-HPLC (gradient 2); 14.2 min (unreacted poststerone by coinjection) 

RP-HPLC (gradient 2); 14.4 min (poststerone-20-benzylamine 89a) 

m/z (ES+): 454.2 ([M + H]+) 

18 

RP-HPLC (gradient 2); 14.6 min (dihydropoststerone 36) 

m/z (ES+); 365.3 (2%, [M + H]+); 387.2 (8%, [M+Na]+); 419.3 (100%, [M+Na+MeOH]^). 

(HR-ES+); 419.2400 (calculated for CzzHgeOgNa 419.2404). 

V (ATRFT-IR)/cm"^: 3393 (br st, bonded OH); 1650 (st, cyclohexenone). 

Amax (MeOH)/nm; 246 (enone). 

5H (CD3OD, 400 MHz): 5.79 (IH, d, J2 , H'); 3.96 (IH, m, H^); 3.84 (IH, ddd, J12, 8, 4, 

H^); 3.69 (IH, ddd, J 12, 6, 4, H^°); 3.15 (IH, ddd, J 16, 8, 2 H^); 2.38 (IH, dd, J 12, 5, 

H^); 2.18-2.05 (2H, m, H^', H ^ ^ ; 2.01-1.56 (9H, m, H "̂̂ , H ^ , H^"^, H^'i, H^^'\ 

jji5a jji6a j (IH, dd, J12, 12, H^"^; 1.28 (IH, m, 1.16 (3H, d, J 7 , H^ )̂; 

0.99 (3H, s, H^^); 0.76 (3H, s, H^ )̂. 

6c (CD3OD, 100 MHz): 206.6 (C^); 167.9 (C^); 121.8 (C^); 85 .0 (C '̂*); 70.4 (C^°); 68.7 

(C^); 68.5 (C^); 53.7 (Ĉ "̂ ); 51.8 (C^); 39.3 (C^°); 37.4 (C^); 35.3 (C^; 32.9 (C^; 32.2 

(C^^); 31.6 (C^^); 25.1 (C^^); 24.5 (C^^); 23.8 (C^^); 21.6 (C"); 16.6 (C^^). signal for 

appears under CD3 multiplet. 

The stereochemistry was proved by single crystal X-ray studies (see Appendix). 
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5.2.20 Reaction optimisation 2: Choice of reducing agent. 

Benzylamine (15.1 \xL, 137.9 |j,mol per reaction; 90.6 (j,L per stock solution) was 

dissolved in the relevant solvent (6 mL; Table 5.5). Poststerone 37 (10 mg, 27.6 [imol per 

reaction) was dissolved in the relevant benzylamine stock solution (1 mL). The pH was 

monitored with moist filter paper and adjusted by the addition of glacial AcOH. The 

reactions were stirred overnight at 40°C over activated 4A molecular sieves. Reducing 

agent (137.9 ^mol; Table 5.5) was added and the reactions continued to be stirred at 40°C 

for 24 h. 

Reference Solvent pH 
[H] 

Reference Solvent pH 
Name Amount 

1 NaBHgCN 8.7 mg 

2 5 NaBH4 5.2 mg 

3 
DCE 

Triethylsilane 22.0 nL 

4 
DCE 

NaBHsCN 8.7 mg 

5 7 NaBH4 5.2 mg 

6 Triethylsilane 22.0 liL 

7 NaBHsCN 8.7 mg 

8 5 NaBH4 5.2 mg 

9 
Benzene 

Triethylsilane 22.0 nL 

10 
Benzene 

NaBHsCN 8.7 mg 

11 7 NaBH4 5.2 mg 

12 j 
1 

Triethylsilane 22.0 [iL 

Table 5.5 Reducing agents attempted for the reductive amination. 

After 24 h, TLC showed predominantly starting materials with an additional spot. 

Aliquots (200 [oL) were removed and diluted to 1 mL with 30% MeOH / water for HPLC 

analysis. 
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5.2.20.1 NaBHsCN as reductant: 

Reference Solvent pH Results 

1 

DCE 

5 

14.2 min (20%, 37) 

14.4 min (2%, 89a) 

14.6 min (78%, 36) 

4 

DCE 

7 

14.2 min (0%, 37) 

14.4 min (22%, 89a) 

14.6 min (78%, 36) 

7 

Benzene 

5 

14.2 min (13%, 37) 

14.4 min (37%, 89a) 

14.6 min (50%, 36) 

10 

Benzene 

7 

14.2 min (17%, 37) 

14.4 min (28%, 89a) 

14.6 min (55%, 36) 

Table 5.6 Results of the reductive amination optimisation reactions. Quoted conversions 

determined by RP-HPLC (gradient 2) examining X = 242 nm. 

5.2.20.2 NaBHj as reductant: 

Reference Solvent pH 
1 

Results 

2 

DCE 

5 

14.2 min (17%, 37) 

14.4 min (17%, 89a) 

14.6 min (66%, 36) 

5 

DCE 

7 

14.2 min (0%, 37) 

14.4 min (17%, 89a) 

14.6 min (30%, 36) 
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8 

Benzene 

5 

14.2 min (0%, 37) 

14.4 min (14%, 89a) 

14.6 min (50%, 36) 

11 

Benzene 

7 

14.2 min (0%, 37) ' 

14.4 min (22%, 89a) 

14.6 min (78%, 36) 

Table 5.7 Results of the reductive animation optimisation reactions. Quoted conversions 

determined by RP-HPLC (gradient 2) examining k = 242 nm. Reactions 5 & 8 displayed 

evidence of decomposition. 

5.2.20.3 Triethylsilane as reductant; 

14.2 min (poststerone 37) under all conditions attempted. 

5.2.21 Reaction optimisation 3; Benzylidene linkage stability trials. 

2,3-benzylidene poststerone 73 (5 mg, 11.1 îmol per reaction) was dissolved in DCE and 

stirred over activated 4A molecular sieves. Where appropriate (Table 5.8), AcOH (0.3 ]xL, 

5.5 |n.mol), NaBHaCN (3.5 mg, 55.5 |imol) and benzylamine (6.1 pL, 55.5 |imol) were 

added and the mixtures stirred at RT for 48 h. Aliquots (200 |LIL) were taken at 6 h, 18 h 

and 48 h for HPLC analysis. 

Reference AcOH NaBHaCN BriNHs 

1 y X X 

2 X y X 

3 y y X 

4 * y y y 

Table 5.8 Matrix of reactions to test the stability of the benzylidene acetal linkage. *Reaction 

4: BnNHa added and mixture stirred for 2 h before AcOH and NaBHsCN added. 
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IIP-I3])L(: Ogra(K(:nt:2): 

5.2.21.1 Time point 6 h 

Reactions 1-2: 26.5 and 26.9 min (2,3-benzylidene poststerone 73) 

Reactions 3- 4: 23.8 (minor) and 25.5 min (broad with shoulders, major) 

5.2.21.2 Time point 18 li 

Reactions 1-2: 26.5 and 26.9 min (2,3-benzylidene poststerone 73) 

Reactions 3-4: 23.8 (minor) and 25.5 min (broad with shoulders, major) 

5.2.21.3 Time point 48 h 

Reactions 1-2: 26.5 and 26.9 min (2,3-benzylidene poststerone 73) 

Reactions 3-4: 23.8 and 25.5 min (broad with shoulders) 

5.2.22 Dihydropoststerone 36 

„AOH 

Method 1: Poststerone 37 (10 mg, 27.6 |j,mol per reaction) was dissolved in DCE (1 mL). 

The pH was monitored with moist filter paper and adjusted to the desired value with 

glacial AcOH (Reactions 1 and 3 pH = 5; reactions 2 and 4 pH = 7). Reducing agent 

(137.9 fimol; reactions 1 and 2 NaBHsCN 8.7 mg; reactions 3 and 4 NaBHL* 5.2 mg) was 

added at room temperature. The reactions were heated to 40°C and stirred for 36 h. 
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Aliquots (200 |j,L) were taken at 4 h, 18 h and 36 h and diluted with 30% MeOH / water 

(1.3 mL) for HPLC analysis. 

5.2.22.1 Time point 4 h 

Reference pH [H] Results 

1 5 

NaBHsCN 

14.2min(18%, 37) 

14.6 min (82%, 36) 

2 7 14.2 min (1%, 37) 

14.6 min (99%, 36) 

3 5 

NaBH4 

14.2 min (90%, 37) 

14.6 min (10%, 36) 

4 7 
NaBH4 

14.2 min (68%, 37) 

14.6 min (32%, 36) 

Table 5.9 Results of dihydropoststerone synthesis optimisation reactions. Quoted conversions 

determined by RP-HPLC (gradient 2) examining X = 242 nm. 

5.2.22.2 Time point 18 li 

Reference pH 
1 i 

[H] 1 Results 

1 5 

NaBHsCN 

14.2 min (7%, 37) 

14.6 min (93%, 36) 

2 7 
NaBHsCN 

14.2 min (5%, 37) 

14.6 min (95%, 36) 

3 5 

NaBH4 

14.2 min (69%, 37) 

14.6 min (31%, 36) 

4 7 
NaBH4 

14.2 min (20%, 37) 

14.6 min (80%, 36) 

Table 5.10 Results of dihydropoststerone synthesis optimisation reactions. Quoted conversions 

determined by RP-HPLC (gradient 2) examining X = 242 nm. 
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5.2.22.3 Time point 36 h 

Reference pH [H] Results 

1 5 

NaBHsCN 

14.2 min (0%, 37) 

14.6 min (53%, 36) 

2 7 
NaBHsCN 

14.2 min (2%, 37) 

14.6 min (52%, 36) 

3 5 

NaBHt 

14.2 min (66%, 37) 

14.6 min (25%, 36) 

4 7 
NaBHt 

14.2 min (18%, 37) 

14.6 min (62%, 36) 

Table 5.11 Results of dihydropoststerone synthesis optimisation reactions. Quoted conversions 

determined by RP-HPLC (gradient 2) examining X = 242 nm. AH reactions displayed 

evidence of decomposition. 

Method 2: Poststerone 37 (200 mg, 552 jimol) was dissolved in MeOH (10 mL) and 

AcOH (15.8 |j,L, 276 p,mol). NaBHsCN (173.4 mg, 2.76 mmol) was added and the 

reaction stirred at RT for 72 h. The solvent was removed in vacuo. Purification by RP-

HPLC furnished the title compound as a crystalline sohd (141.1 mg, 70%). 

All data for compound 36 agrees with that reported above (section 5.2.19). 

5.2.23 2,3-isopropylidene-dihydropoststerone 99 

18 

24̂  O' 3 

2,3-isopropylidene-poststerone 72 (150 mg, 373 |Limol) was dissolved in MeOH (5 mL) 

and AcOH (10.6 |j,L, 186 |j,mol). NaBHsCN (117.1 mg, 1.86 mmol) was added and the 
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reaction stirred at RT for 72 h. The reaction mixture was concentrated in vacuo and the 

residue redissolved in EtOAc (20 mL). The solvent was removed in vacuo. Purification by 

RP-HPLC furnished the title compound as a crystalline solid (98.1 mg, 65%). 

RP-HPLC (gradient 2); 19.5 min. 

m/z (ES+): 405.4 (4%, [M + H]+); 427.4 (100%, [M+Na]^); 459.6 (10%, 

[M+Na+MeOH]^). (HR-ES+); 427.2452 (calculated for 427.2455). 

V (ATR FT-IR)/cm"^ 3416 (br st, bonded OH); 1657 (st, cyclohexenone). 

Amax (MeOH)/nm: 246 (enone). 

6h (CD3OD, 400 MHz): 5.77 (IH, d, J 2 , H^); 4.30 (IH, m, H^); 4.24 (IH, m, H^); 3.70 

(IH, ddd, J 12, 6, 2, H'°); 2.94 (IH, ddd, J 16, 8, 2 H'); 2.26 (IH, dd, J 9, 9, H^); 2.19-

2.05 (2H, m, H^ ,̂ 2.01-1.83 (6H, m, H^'^ H^ ^ , H^^", H^^" H^̂ P); 1.79-1.57 

(3H, m, H ^ , H""^; 1.47 (3H, s, H^); 1.32 (3H, s, H^) ; 1.28-1.22 (2H, m, H'^, 

H^̂ P); 1.16 (3H, d, J6 , rf^); 0.98 (3H, s, H^ )̂; 0.76 (3H, s, H^^). 

5c (CD3OD, 100 MHz): 205.5 (C^); 167.0 (C^); 121.6 (C'); 109.5 (C^^); 85.2 (C '̂̂ ); 73.7 

(C^); 73.3 (C^); 70.5 (C^°); 53.9 (C^^); 52.5 (C^); 39 .0 (C^°); 38 .9 (C^); 36.5 (C^; 32.1 

(C*); 31 .7 (C'^); 28 .7 (C^); 27 .8 (C^^); 26 .6 ( C ^ ; 25.1 (C'^); 24 .1 (C^^); 23 .7 (C^^); 21 .9 

(C^ )̂; 16.6 (C^^). N.B. signal for appears under CD3 multiplet. 

The stereochemistry was proved by single crystal X-ray studies. 

5.2.24 Poststerone-20 hydrazone library 101 

Poststerone 37 (20 mg, 55.2 p,mol) and hydrazine a- j (275.9 |imol; Table 5.12) were 

dissolved in EtOH (1 mL). AcOH (5% v/v) was added and the mixture was stirred at RT 

for 48 h. The reaction was quenched by the addition of NaHCOs and solvent removed in 

vacuo. The reaction mixtures were purified by RP-HPLC. 
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Compound Hydrazine Amount 

101a 42.2 mg 

101b 42.2 mg 

101c 
a r 

42.2 mg 

lOld 
H f ' 

54.7 mg 

lOle 48.2 mg 

lOlf 27.1 1 ^ 

lOlg 43.8 mg 

lOlh 37.6 mg 

lOli 

F 

54.7 mg 

lOlj 44.9 mg 

101k 49.4 mg 

1011 61.7 mg 

101m 48.6 mg 
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lOln 
" ' " • A . . 

48.6 mg 

lOlo 13 .4 |LIL 

lOlp 14.7 |LIL 

lOlq 34.4 mg 

Table 5.12 Hydrazines used in the library synthesis. 

N r 

101a: Compound isolated: 20.3 mg (74%). 

RP-HPLC (gradient 2): retention time 21.9 min. 

m/z (ES+): 520.3 (82%, [M + Na]+); 552.3 (100%, [M + Na + MeOH]+). (HR-ES+): 

520.2416 (calculated for C^jHssNsOeNa 520.2418). 

5H (CD3OD, 400 MHz): 8.10 (2H, d, J 10, H^' and H^'); 7.16 (2H, d, J 10, H^' and H^'); 

5.85 (IH, d, J2, H^); 3.97 (IH, m, H^); 3.86 (IH, ddd, J 12, 7, 5, H^); 3.25-3.16 (2H, m, 

overlapping H^ and H^^); 2.60 (IH, dddd, J16, 12, 12, 2, 2.40 (IH, dd, J12, 5, H^); 

2.29 (IH, m, 2.06 (IH, m, H^^"); 1.97 (3H, s, H^^); 1.96-1.83 (2H, m, H"'" and 

H'^); 1.80 (IH, dd, J12, 5, H^'"); 1.76-1.61 (5H, m, H ^ , H ^ , H^̂ P and H^^ )̂; 1.44 

(IH, dd, J12, 12, H^^); 0.96 (3H, s, H^); 0.65 (3H, s, H^'). 

5c (CD3OD, 100MHz): 206.4 (C^); 167.1 (C^); 153.5 ( C ^ ; 151.9 (C^); 140.0 (C^'); 126.9 

(C^' and C^'); 122.1 (C^); 112.3 (C^' and C^'); 85.1 (C '̂̂ ); 68.7 (C^); 68.5 (C^); 55.2 (C^^); 

51.8 (C^); 39.3 (C^°); 37.4 (C^); 35.3 (C^; 32.9 (C^); 32.0 31.4 (C^^); 24.5 (C^^; 

22.8 (C"); 21.7 (C^^); 18.0 (C^^); 17.8 (C'^). N.B. signal for appears under CD3 

multiplet. 
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O O N . 9' 3' 

lOlb: Compound isolated; 14.6 mg (54%). 

RP-HPLC (gradient 2): retention time 29.8 min. 

m/z (ES+): 498.1 (6%, [M + H]+); 520.5 (14%, [M + Na]+); 552.3 (100%, [M + Na + 

MeOH]^). (HR-ES+): 552.2665 (calculated for C28H39N307Na 552.2680). 

5H (CDSOD, 400 MHz) ; 8.15 ( IH , dd, J 8, 2, H^'); 7.90 ( I H , dd, J 8, 2, H^'); 7.57 ( I H , 

ddd, J8 , 8, 2, H^'); 6.83 (IH, ddd, J8 , 8, 2, H^'); 5.85 (IH, d, J 2 , H^); 3.97 (IH, m, H'); 

3.86 (IH, ddd, J 12, 7, 5, H^); 3.29 (IH, dd, J 8, 8, H^^); 3.22 (IH, ddd, J 16, 7, 2, H^); 

2.61 (IH, dddd, J16, 12, 12, 2, H"^); 2.40 (IH, dd, J12, 5, H^); 2.31 (IH, m, 2.09 

(IH, m, H^^"); 2.05 (3H, s, H^^); 2.02-1.84 (2H, m, H""* and 1.80 (IH, dd, J12, 5, 

1.77-1.63 (5H, m, H '̂̂ , H^̂ P and H^®"); 1.44 (IH, dd, J 12, 12, H^"); 

0.97 (3H, s, H^'); 0.68 (3H, s, H^'). 

5c (CDsOD, 100 MHz); 206.8 (&); 167.4 (C^); 154.5 (C^); 144.3 (C^); 137.7 (C^'); 132.4 

(C^); 127.1 (C^ ); 122.6 (C" )̂; 119.0 (C"^); 117.4 (C^); 85 .4 (C^'*); 69.1 (C^); 68.9 (C^); 

55.8 (C^^); 52.2 (C^); 39.7 (C^°); 37.8 (C^); 33.3 ( C ) ; 32.4 (C^^); 31.7 (C^^); 24.8 (C^^; 

23.2 (C^^); 22.1 (C^^); 21.6 (C^^); 18.2 (C^^). N.B. signal for appears under CDs 

multiplet. 

101c; Compound isolated; 18.9 mg (69%). 

RP-HPLC (gradient 2); retention time 22.7 min. 

m/z (ES+); 520.5 (100%, [M + Na]^). (HR-ES+); 520.2409 (calculated for CayHssNsOeNa 

520.2418). 
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6H (CDsOD, 400 MHz): 7.93 (IH, dd, J 2 , 2, H^'); 7.53 ( IH, ddd, J 12, 2, 2, H*'); 7.41 

(IH, ddd, J 1 2 , 2, 2, H^'); 7.34 (IH, dd, J 1 2 , 12, H^'); 5.85 ( I H , d, J 2 , H^); 3.96 (IH, m, 

H^); 3.86 (IH, ddd, / 1 2 , 7, 4, H^); 3.25-3.14 (2H, m, overlapping H^ and H^^); 2.59 (IH, 

dddd, J 1 6 , 12, 12, 2, 2.39 (IH, dd, J 1 2 , 5, H^); 2.28 ( I H , m, H ^ ^ ; 2.06 (IH, m, 

H'̂ ""); 1.94 (3H, s, H^^); 1.93-1.84 (2H, m, H""^ and H^^"); 1 .80 (IH, dd, J 12, 5, H^'^); 

1.76-1.61 (5H, m, H*^, H ^ , H'^^ and H^^^); 1.44 (IH, dd, J 1 2 , 12, H^"^; 0.96 (3H, 

s, H^^); 0.65 (3H, s, H^^). 

6c (CD3OD, 100 MHz): 206.4 (C^; 167.2 (C^); 150.6 (C^°); 149.6 (C^ ); 149.3 (C^ ); 130.7 

(C^ ); 122.1 (C^); 119.5 (C^); 113.6 ( C ) ; 107.8 (C^); 85.1 (C^"); 68.7 (C^); 68.5 (C^); 

55.2 (C "̂̂ ); 51.8 (C^); 39.3 (C^°); 37.4 (C^); 35.3 (C^); 32.9 (C'^); 32.0 (C^^); 31.4 (C'^); 

24.4 (C^^); 22.8 (C^^); 21.7 (C^^; 17.8 (C^^); 17.5 (C^^). # . ^ . signal for appears under 

CDs multiplet. 

101d 

N OMe 

101e 

lOld: Compound impossible to purify. 

101 e: RP-HPLC (gradient 2): retention time 24.8 min. 

Poststerone 37 recovered following RP-HPLC purification. 

101f 101g 

lOlf: RP-HPLC (gradient 2): retention time 21.5 min. 

Poststerone 37 recovered following RP-HPLC purification. 
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lOlg: RP-HPLC (gradient 2): retention time 22.1 min. 

Poststerone 37 recovered following RP-HPLC purification. 

lOli: Compound isolated; 15.1 mg (51%). 

RP-HPLC (gradient 2): retention time 27.4 min. 

m/z (ES+): 543.2 (5%, [M + H]+); 565.3 (11%, [M + Na]+); 597.8 (100%, [M + Na + 

MeOH]+). (HR-ES+): 597.2354 (calculated for CjgHssFsNzOsNa 597.2358). 

5h (CD3OD, 400 MHz): 5.82 (IH, d, J 2, H '); 3.96 (IH, m, tf); 3.85 (IH, ddd, J12, 7, 5, 

H^); 3.20 (IH, ddd, J 16, 7, 2, H^); 3.14 (IH, dd, J 8, 8, H'^); 2.48-2.36 (2H, m, 

overlapping H^ and H""^); 2.25 (IH, m, 2.02 (IH, m, H^^"); 1.97 (3H, s, H^ )̂; 1.93-

1.75 (3H, m, H"''* and H^^"); 1.74-1.60 (5H, m, H % H^^'^ H^̂ ^ and H^̂ P); 

1.43 (IH, dd, J12, 12, 0.96 (3H, s, H^^); 0.64 (3H, s, H^^). 

6c (CD3OD, 100 MHz): 206.4 (C^); 167.1 (C^); 155.5 ( C ^ ; 122.1 (C^); 85.0 (C^ )̂; 68.7 

(C^); 68.5 (C^); 54.9 (C^^); 51.8 (C^); 39.3 (C^°); 37.4 (C^); 35.3 (C^; 32.9 (C^; 32.0 

(C^^); 31.2 (C'^); 24.4 (C^^); 22.6 (C^^); 21.7 (C^^; 17.6 (C^^); 17.4 (C^^). signal for 

Ĉ ^ appears under CDs multiplet. C-F splitting reduced the aromatic signals to the level of 

the baseline noise. Evidence for the formation of the hydrazone is afforded by the shift of 

the Ĉ ^ methyl resonance and the spectra recorded below. 

6f (CD3OD, 376 MHz): 10.09 (2F, ddd, J20, 4, 4, F '̂ and F^'); -0.20 (2F, ddd, J20, 20, 4, 

F '̂ and F^'); -3.97 (IF, dddd, J20, 20, 4, 4, F^'); referenced to CeFe. 
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101j X = F 
101k X= CI 
1011 X= Br 

lOlj; RP-HPLC (gradient 2); retention time 25.0 min. 

Poststerone 37 recovered following RP-HPLC purification. 

101k: RP-HPLC (gradient 2); retention time 27.3 min. 

Poststerone 37 recovered following RP-HPLC purification. 

1011: RP-HPLC (gradient 2): retention time 27.9 min. 

Poststerone 37 recovered following RP-HPLC purification. 

FaC. 

101m l O l n 

101m: RP-HPLC (gradient 2): retention time 22.1 min. 

Poststerone 37 recovered following RP-HPLC purification. 

lOln: RP-HPLC (gradient 2): retention time 24.3 min. 

Poststerone 37 recovered following RP-HPLC purification. 
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lOlo: RP-HPLC (gradient 2): retention time 9.5 min. 

Poststerone 37 recovered following RP-HPLC purification. 

lOlp: RP-HPLC (gradient 2); retention time 13.1 min. 

Poststerone 37 recovered following RP-HPLC purification. 

5.2.25 2,3-acetal poststerone library 113 

Poststerone 37 (10 mg, 27.6 fxmol) and aldehyde 112a-t (1.38 mmol; Table 5.13) were 

dissolved in anhydrous DMF (1 mL) under N2. j'-TsOH (2.6 mg, 13.8 |Limol) was added 

and the reaction stirred at RT overnight. The reaction mixture was concentrated in vacuo 

and the concentrate dissolved in EtOAc (5 mL). The organic layer was washed with brine 

( 6 x 5 mL), dried (Na2S04) and solvent removed in vacuo. The crude acetals were purified 

by semi-preparitive RP-HPLC (gradient 2) with the exception of 113g that was purified by 

flash chromatography. 

Compound Carbonyl component Amount 

113a 112a 0 
J 77.1 ^L 

113b 112b 
0 y 125.3 |iL 

113c 112c 0 124.3 ^L 

113d 112d 146.7 |uL 

113e 112e 
0 

215.4 îL 

113f 112f 
0 

259.7 |iL 
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o 
113g 112g 

73 

113: 

113k 

1131 

113n 

113o 

113r 

113s 

112h 

112: 

113j 112j 

112k 

1121 

113m 112m 

112n 

112o 

113p 112p 

113q 112q 

112r 

112s 

OMe 

OMe 

Ph,P 

OH 

WleO 

Br O 

HO,C' 

IVIe^N 

OMe 

H,N 
OWle 

OMe 
FmocHN, 

OMe 

304.5 \xL 

207.1 nL 

251.4 mg 

400.5 mg 

147.0 liL 

323.3 mg 

167.8 |iL 

161.0 ixL 

207.1 mg 

205.8 mg 

131.2 pL 

150.0 |iL 

453.0 mg 

Table 5.13 Carbonyl compounds used in the preparation of tlie acetal Ubraiy. 
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113a: Compound isolated: 5.1 mg (48%). 

RP-HPLC (gradient 2): retention time 21.9 min. 

m/z (ES+): 389.3 (5%, [M + H]+); 411.3 (100%, [M + Na]+); 443.3 (20%, [M + Na + 

MeOH]^). (HR-ES+): 411.2143 (calculated for CzsHsaOjNa 411.2142). 

5H (CD3OD, 400 MHz): 5.80 (IH, d, J 2 , H^); 5.10 (IH, q, J 5 , H^^); 4.22 (IH, ddd, J 8 , 6, 

6, H^); 4.14 (IH, m, H^); 3.33 (IH, m, H^' partially obscured by CHD2 peak); 2.99 (IH, 

ddd, J 12, 6, 2, H^); 2.34 (IH, dd, J 12, 5, H^); 2.30-2.18 (IH, m, H ^ ^ and H^^"); 2.15 

(3H, s, H^'); 2.06-1.77 (7H, m, H"'", H^^'\ H^^", H^̂ ^ and H^^ )̂; 1.73-1.62 

(2H, m, H ^ and H"^) ; 1.38 (3H, d, J 5 , H^); 1.18 (IH, dd, J 14, 9, H^^); 0.96 (3H, s, 

H^^); 0.62 (3H, s, H^^). 

6c (CD3OD, 100 MHz): 212.4 ( C ^ ; 205.2 (C^; 165.9 (C^); 122.2 (C^); 102.7 (C^ )̂; 84.9 

(C '̂*); 75.2 (C^); 73.0 (C^); 60.1 (C "̂̂ ); 52.5 (C^); 39.7 (C^); 38.8 (C^°); 36.2 (C^; 32.0 

(C^); 31.5 (C^'); 31.1 (C^^); 27.7 (C^^); 24.0 (C^^; 23.5 (C^); 22 .2 (C^^); 21.8 (C"); 17.5 

(C^^). N.B. signal for appears under CD3 multiplet. 

113b: Compound isolated: 7.4 mg (64%). 

RP-HPLC (gradient 2): retention time 27.2 min. 

m/z (ES+): 417.6 (4%, [M + H]+); 439.4 (100%, [M + Na]+); 471.8 (18%, [M + Na + 

MeOH]+). (HR-ES+): 439.2456 (calculated for Cz^HsgOsNa 439.2455). 
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5H (CD3OD, 400 MHz): 5.80 (IH, d, J2, Ĥ "); 4.64 (IH, d, J5 , H^̂ ); 4.23 (IH, ddd, J8, 6, 

6, H )̂; 4.12 (IH, m, H )̂; 3.33 (IH, m, Ĥ ^ partially obscured by CHD2 peak); 2.99 (IH, 

ddd, J 12, 6, 2, H'); 2.33 (IH, dd, J 12, 5, H'); 2.30-2.19 (IH, m, H^^ and H''"); 2.15 

(3H, s, H^̂ ); 2.06-1.94 (3H, m, H'"", Ĥ "̂ and H^̂ P); 1.93-1.73 (5H, m, H"'^ 

H'̂ P and H^); 1.72-1.59 (2H, m, H ^ and 1.20 (IH, dd, J 14, 9, H "̂̂ ; 0.98-0.95 

(9H, m, overlapping H^^ and H"); 0.61 (3H, s, H^̂ ). 

6c (CD3OD, 100 MHz): 212.4 ( C ^ ; 205.2 (C^; 165.9 (C^); 122.1 (C"̂ ); 109.6 (C^^); 85.0 

(C '̂*); 74.8 (C^); 72.7 (C^); 60.1 (C^^); 52.6 (C^); 39.1 (C^); 38.7 (C^°); 36.4 (C^; 34.1 

(C^); 32.0 (C'̂ ); 31.5 (C^^); 31.1 (C^^); 27.7 (C^^); 24.0 (C^^; 22.2 (C^^; 21.8 (C"); 17.6 

(2 overlapping signals, and Ĉ )̂; 17.5 (C^̂ ). N.B. signal for appears under CD3 

multiplet. 

23 22 

25 24 

113c: Compound isolated: 8.4 mg (73%). 

RP-HPLC (gradient 2): retention time 26.3 min. 

m/z (ES+): 439.4 (100%, [M + Na]+); 471.8 (17%, [M + Na + MeOH]+). (HR-ES+): 

439.2456 (calculated for C25H3605Na 439.2455). 

5h (CD3OD, 400 MHz): 5.80 (IH, d, J2, H )̂; 4.95 (IH, t, J5 , H^ )̂; 4.22 (IH, ddd, J 8, 6, 

6, H )̂; 4.12 (IH, m, H )̂; 3.33 (IH, m, H^' partially obscured by CHD2 peak); 2.99 (IH, 

ddd, J 12, 6, 2, H )̂; 2.34 (IH, dd, J 12, 5, H )̂; 2.30-2.19 (IH, m, H^^ and H^^); 2.15 

(3H, s, H^̂ ); 2.06-1.93 (4H, m, H^'\ Ĥ "̂, H^^ and H^̂ P); 1.92-1.76 (3H, m, H"''' 

and Ĥ P̂); 1.73-1.58 (4H, m, H*^, Ĥ "̂̂  and H^); 1.56 -1.37 (2H, m, H "̂); 1.18 (IH, dd, J 

14, 10, Ĥ "̂ ); 0.97 (3H, t, J8, H^̂ ); 0.96 (3H, s, H^̂ ); 0.62 (3H, s, H^̂ ). 

6c (CD3OD, 100 MHz): 212.4 ( C ^ ; 205.2 (C'^; 165.9 (C^); 122.1 (C^); 105.6 (CP^); 84.9 

(C '̂̂ ); 74.9 (C^); 72.7 (C^); 60.1 (C^^); 52.5 (C^); 39.4 (C^); 38.7 (C^°); 38.6 (C^); 36.2 

(C^; 32.0 (C'̂ ); 31.5 (C^^); 31.1 (C^^); 27.7 (C^^); 24.0 (C^^; 22.2 (C^^); 21.8 (C"); 18.7 

(C^ )̂; 17.5 (C^̂ ); 14.4 (C"). KB. signal for C " appears under CD3 multiplet. 
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113d: Compound isolated: 5.4 mg (45%). 

RP-HPLC (gradient 2): retention time 28.6 min. 

m/z (ES+): 431.3 (2%, [M + H]+); 453.2 (100%, [M + Na]^); 485.3 (10%, [M + Na + 

MeOH]+). (HR-ES+): 453.2609 (calculated for CjeHggOsNa 453.2611). 

5h (CD3OD, 400 MHz): 5.80 (IH, d, J 2 , H^); 4.94 (IH, t, J 5 , H^^); 4.22 (IH, ddd, J8 , 6, 

6, H^); 4.13 (IH, m, H^); 3.33 (IH, m, H^' partially obscured by CHD2 peak); 2.99 (IH, 

ddd, J 12, 6, 2, H^); 2.34 (IH, dd, J 12, 5, H^); 2.30-2.19 (IH, m, H ^ ^ and 2.15 

(3H, s, H^^); 2.06-1.93 (4H, m, H^'i, H^^", H^ '̂̂  and H^^^); 1.92-1.77 (3H, m, H^^'i 

and H^^P); 1.73-1.62 (4H, m, H ^ , H""^ and H^); 1.47 -1.31 (4H, m, H^^ and H^^); 1.18 

(IH, dd, J14, 10, H^"^; 0.96 (3H, s, H^^); 0.93 (3H, t, Jl, H^) ; 0.62 (3H, s, H^^). 

5c (CD3OD, 100 MHz): 212.4 ( C ^ ; 205.2 (C^); 165.9 (C^); 122.2 (C'); 105.8 (C^^); 84.9 

(C^^); 74.9 (C^); 72.8 (C^); 60.1 (C^^); 52.5 (C^); 39.5 (C^); 38.7 (C^°); 36.3 (C^; 36.2 

(C^); 32.0 (C); 31.5 (C^^); 31.1 (C^^); 27.7 (C^^); 27.6 (C^^); 24.0 (C^^; 23.7 (C^); 22.2 

(C^^); 21.8 (C"); 17.5 (C^^); 14.3 (C^^). N.B. signal for appears under CDs multiplet. 

29 28 

25 24 

113e: Compound isolated: 9.4 mg (72%). 

RP-HPLC (gradient 2): retention time 32.0 min. 
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m/z (ES+): 473.4 (5%, [M + H]+); 495.5 (100%, [M + Na]+); 527.4 (12%, [M + Na + 

MeOH]+). (HR-ES+): 495.3075 (calculated for C29H4405Na 495.3081). 

5H (CD3OD, 400 MHz): 5.80 (IH, d, J 2 , H^); 4.94 (IH, t, J 5 , H^^); 4.22 (IH, ddd, J 8, 6, 

6, H^); 4.12 (IH, m, H^); 3.33 (IH, m, H^^ partially obscured by CHD2 peak); 2.99 (IH, 

ddd, J 12, 6, 2, rf); 2.39 (IH, dd, J 12, 5, H^); 2.36-2.19 (IH, m, and H^®"); 2.15 

(3H, s, H^^); 2.06-1.74 (7H, m, H^'\ H ^ , H""i, H^^° H^̂ ^ and H^^^); 1.73-1.59 

(4H, m, H ^ , H""^ and H^); 1.39-1.22 (lOH, m, H^^ to H^'); 1.18 (IH, dd, J14, 10, 

0.97 (3H, s, H^^); 0.91 (3H, t, J8 , H^); 0.62 (3H, s, H^'). 

6c (CD3OD, 100 MHz): 212.4 (C^); 205.2 (C^; 165.9 (C^); 122.2 (C^); 105.8 (C^^); 84.9 

(C '̂*); 74.9 (C^); 72.8 (C^); 60.1 (C "̂̂ ); 52.5 (C^); 39.5 (C^); 38.7 (C^°); 36.5 (C^; 36.2 

(C^); 32.9 (C^^); 32.0 (C*); 31.5 (C^^); 31.1 (C^^); 30.6 (C^^; 30.4 ( ( f ^ ; 27.7 (C^^); 25.4 

(C^^); 24.0 (C^^); 23.7 (C '̂̂ ); 22.2 (C^^); 21.8 (C^^); 17.5 (C^^); 14.4 (C^''). signal for 

appears under CD3 multiplet. 

29 28 

31 30 27 

25 24 

113f: Compound isolated: 7.9 mg (57%). 

RP-HPLC (gradient 2): retention time 34.3 min. 

m/z (ES+): 501.6 (3%, [M + H]+); 523.8 (100%, [M + Na]+); 555.6 (8%, [M + Na + 

MeOH]+). (HR-ES+): 523.3394 (calculated for CsAsO^Na 523.3393). 

5h (CD3OD, 400 MHz): 5.80 (IH, d, J 2 , H^); 4.94 (IH, t, J 5 , H^^); 4.23 (IH, ddd, J 8, 6, 

6, H^); 4.12 (IH, m, H^); 3.33 (IH, m, H^^ partially obscured by CHD2 peak); 2.99 (IH, 

ddd, J 12, 6, 2, H^); 2.34 (IH, dd, J 12, 5, rf); 2.30-2.18 (IH, m, H ^ ^ and H^^"); 2.15 

(3H, s, H^^); 2.06-1.93 (4H, m, H^^", H ^ ^ and H^^^); 1.92-1.74 (3H, m, H'^'^ H"''^ 

and H^^P); 1.73-1.61 (4H, m, H ^ , and H^); 1.40 -1.23 (14H, m, H^^ to H^°); 1.18 

(IH, dd, J14, 10, H^'^); 0.96 (3H, s, H^^); 0.90 (3H, m, H^^); 0.62 (3H, s, H^^). 

6c (CD3OD, 100 MHz): 212.4 ( C ^ ; 205.2 (C^; 165.9 (C^); 122.2 (C"̂ ); 105.8 (C^^); 84.9 

(C '̂̂ ); 74.9 (C^); 72.8 (C^); 60.1 (C^^); 52.5 (C^); 39.5 (C^); 38.7 (C^°); 36.5 (C^); 36.2 
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(C^); 33.1 (C^^; 32.0 (C )̂; 31.5 (C^̂ ); 31.1 (C^^; 30.7 (C^ )̂; 30.6 (C^̂ ); 30.4 (C^); 27.7 

(C^̂ ); 25.4 (C^); 25.1 (C °̂); 24.0 (C^^; 23.7 22.2 (C'^); 21.8 (C"); 17.5 (C^̂ ); 14.4 

(C^^). N.B. signal for appears under CDs multiplet. 

33 32 29 28 

31 30 27 

25 2 4 

113g; Compound isolated: 13.3 mg (91%). 

RP-HPLC (gradient 2): retention time 35.9 min. 

m/z (ES+): 529.4 (2%, [M + H f ) ; 551.4 (100%, [M + N a f ) . (HR-ES+): 551.3699 

(calculated for C33H5205Na 551.3706). 

5H (CD3OD, 400 MHz): 5.80 (IH, d, Jl, H^); 4.94 (IH, t, J 5 , H^^); 4.22 (IH, ddd, J 8 , 6, 

6, H^); 4.12 (IH, m, H^); 3.33 (IH, m, H^^ partially obscured by CHDg peak); 2.99 (IH, 

ddd, J 12, 6, 2, H^); 2.34 (IH, dd, J 12, 5, H^); 2.30-2.19 (IH, m, H ^ ^ and H'^"); 2.15 

(3H, s, H^^); 2.06-1.74 (7H, m, H^'\ H " ' \ H^^'\ H^^", H^̂ ^ and H^^^); 1.73-1.60 

(4H, m, H ^ , H""^ and H^); 1.39-1.22 (18H, m, H^^ to H^^); 1.18 (IH, dd, J14, 10, H^'^); 

0.96 (3H, s, H^^); 0.90 (3H, m, H"); 0.62 (3H, s, H^^). 

6c (CD3OD, 100 MHz): 212.4 (C^); 205.2 (Ĉ ;̂ 165.9 (C )̂; 122.2 (C )̂; 105.8 (C^̂ ); 84.9 

(Ĉ '̂ ); 74.9 (C )̂; 72.8 (C )̂; 60.1 (Ĉ "̂ ); 52.5 (C )̂; 39.5 (C )̂; 38.7 (C^°); 36.5 (C^̂ ); 36.2 

(C^; 33.1 (C^̂ ); 32.0 (C'̂ ); 31.5 (C^̂ ); 31.1 (C^'); 30.8, 30.6. 30.5 (overlapping signals, 

(.26 (.27 (^8 (.30 .̂ 2^ y 25 4 24.0 (c'^); 23.7 (C '̂̂ ); 22.2 (C^^; 21.8 

(C^'); 17.5 (C^^); 14.4 (C^^). N.B. signal for C^̂  appears under CDs multiplet. 

27 28 

25 24 

llSn: Compound isolated: 9.1 mg (62%). 
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RP-HPLC (gradient 2): retention time 26.2 min and 27.6 (4:1 mixture of 

diastereoisomers). 

m/z (ES+): 551.3 and 553.4 (100%, 1:1 bromine isotope pattern, [M + Na]^); 583.6 and 

585.6 (12%, 1:1 bromine isotope pattern, [M + Na + MeOH]"^). (HR-ES+): 551.1395 

(calculated for CagHssBrOsNa 551.1404). 

5h (CD3OD, 400 MHz, 4:1 mixture of diastereoisomers): 7.72 (IH, dd, J 8, 2, H^); 7.59 

(IH, dd, 78, 2, H^̂ ); 7.41 (IH, ddd, J 8, 8, 2, H^̂ ); 7.28 (IH, ddd, 7 8, 8, 2, H^̂ ); 6.38 (s) 

and 6.10 (s) [IH, H^̂ ]; 5.82 (IH, d, 72, H )̂; 4.62 (ddd, y 6, 6, 2) and 4.43 (ddd, J6, 6, 2) 

[IH, H ]̂; 4.38 (m) and 4.28 (m) [IH, H ]̂; 3.33 (IH, m, Ĥ ^ partially obscured by CHD2 

peak); 3.03 (IH, ddd, J 12, 6, 2, H )̂; 2.33 (IH, dd, J12, 5, H )̂; 2.30-2.17 (IH, m, H^^ 

and Ĥ "̂"); 2.15 (s) and 2.14 (s) [3H, H '̂]; 2.13-1.74 (7H, m, H^, H^^, H^% 

Ĥ P̂ and H^̂ )̂; 1.73-1.57 (2H, m, H ^ and H^H; 1.34 (dd, J14, 10) and 1.25 (dd, / 1 4 , 

10) [IH, H^H; 101 (s) and 0.95 (s) [3H, 0.63 (s) and 0.61 (s) [3H, H^̂ ]. 

5c (CD3OD, 100 MHz, 4:1 mixture of diastereoisomers): 212.4 (C^°); 205.2 and 204.9 

(C )̂; 165.8 and 165.7 (C )̂; 139.5 and 138.4 (C^); 134.0 (C^ )̂; 131.8 and 131.6 (Ĉ '̂ ); 

128.9, 128.7 and 128.5 (Ĉ ^ and Ĉ )̂; 124.1 and 123.7 (C '̂*); 122.2 and 122.1 (C )̂; 103.3 

and 102.3 (C^̂ ); 84.9 (C^̂ ); 75.7 and 74.7 (C )̂; 73.5 and 73.4 (C )̂; 60.5 (C^̂ ); 53.1 and 

52.7 (C )̂; 39.2 (C )̂; 38.9 and 38.8 (C °̂); 36.1 and 35.7 (C )̂; 32.0 (C )̂; 31.5 (C^̂ ); 31.1 

(C^̂ ); 27.6 (C^̂ ); 24.0 and 23.8 (C^^; 22.2 (C^̂ ); 21.8 and 21.7 (C^̂ ); 17.5 (C^̂ ). 

signal for appears under CDs multiplet. 

73: Data agrees with that presented above (section 5.2.5). 

165 



5.3 Experimental for chapter 3 

5.3.1 5-Benzyloxy-2-bromobenzyl acetate 152 

O 15^16 

The procedure outlined by Padwa^^^ was used, thus 3-benzyloxybenzyl alcohol 148 (1.00 

g, 4.67 mmol) was dissolved in acetic acid (1.5 mL) and cooled to 0°C. A solution of 

bromine (746 mg, 4.67 mmol) dissolved in acetic acid (0.5 mL) was added dropwise over 

15 min. The reaction was stirred for a further 2 h and the solvent removed in vacuo. 

Purification by flash chromatography (SiOi, eluting with a gradient from hexane to 10% 

EtOAc/hexane) afforded the title compound as a white, waxy solid (704.3 mg, 45%). 

Rf (Hexane:EtOAc 3:1); 0.63 

GrC: retention time 9.62 min. 

m/z (EI+): 334,1 and 336.1 (55% and 53%, 1;1 Br isotope pattern; M^); 275.1 and 277.0 

(66% and 71%, 1:1 Br isotope pattern; [M-CHsCOs]"^); 255.2 (76%, [M-Br]^); 91.1 

(100%, CvH?"). 

v (ATRFT-IR)/cm"^: 1741 (st, ester); 738 (md, C-Br). 

5h (CDCI3, 400 MHz): 7.48-7.34 (6H, m, H^ H^", H", H^ ,̂ H^^ and H^^); 7.06 (IH, d, J3, 

H^); 6.83 (IH, dd, J9 , 3, H^); 5.16 (2H, s, H^); 5.07 (2H, s, H^); 2.16 (3H, s, H^ )̂. 

5c (CDCI3, 100 MHz): 171.6 (C^^); 159.2 (C^); 137.4 (C^); 137.3 (C'); 134.5 (C^); 129.7 

(C °̂, or C", Ĉ )̂; 129.2 (C^̂ ); 128.5 (C °̂, or C^̂ ); 117.5 (C'̂ ); 116.9 (Ĉ ;̂ 

114.7 (C )̂; 71.3 (C )̂; 66.8 (C )̂; 22.0 (C^̂ ). 
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1% 

•CiiC' 
1% 

NOE enhancements are illustrated with arrows: the arrow tail indicates the perturbed proton 

and the head the enhanced signal; NOE enhancements were also observed due to scalar 

coupling in the GOESY experiments and these have been omitted for clarity. 

5.3.2 5-Benzyloxy-2-bromobenzyl alcohol 154a 

14 8 ::or°cr" 
11 

5-Benzyloxy-2-bromobenzyl acetate 152 (200 mg, 596.7 |u,mol) was dissolved in THF (5 

mL). Tetra-n-butylammonium hydroxide (3.91 mL, 5.97 mmol) was added slowly with 

continuous stirring and the reaction was stirred at room temperature for 2 h. The solvent 

was removed in vacuo and the residue re-dissolved in EtOAc (5 mL) and water (5 mL). 

The aqueous layer was extracted with EtOAc (3x10 mL) and the combined organics were 

washed with saturated brine solution, dried (MgS04) and the solvent removed in vacuo. 

Purification by flash chromatography (SiO:, eluting with a gradient from hexane to 20% 

Et20/hexane) afforded the title compound as a white, crystalline soUd (159.5 mg, 91%). 

RF (HexaneiEtiO); 0.52 

GC; retention time 9.61 min. 

m/z (EI+): 292.1 and 294.1 (3% and 3%, 1:1 Br isotope pattern; JVT); 91.1 (100%, CyH? )̂. 

v (ATRFT-IR)/cm-^: 3362 (brw, OH); 734 (md, C-Br). 

5H (CDCI3, 400 MHz): 7.43-7.31 (6H, m, H^°, H^\ H^^ H^^ and H^^); 7.15 (IH, d, J3 , 

H^); 6.78 (IH, dd, J9 , 3, H"); 5.06 (2H, s, H'); 4.70 (2H, s, H^). 

5c (CDCI3, 100 MHz): 158.8 (C^); 141.2 (C^); 137.0 (C^); 133.6 (C^); 129.1 (C^°, or 

C", 128.5 (C^̂ ); 127.9 or C", Ĉ )̂; 116.0 (C*); 115.7 (C^; 113.2 (C )̂; 70.7 

(C"); 65.4 (C"). 
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5.3.3 Methanesulfonic acid 5-benzyloxy-2-bromobenzyl ester 154a' 

O S CH3 
1 2 ^ ^ 1 0 

11 

The methanesulfonate ester was prepared using the procedure outlined by Crossland and 

Servis.^^^ 5-Benzyloxy-2-bromobenzyl alcohol 154a (100 mg, 341.1 (imol) was dissolved 

in anhydrous CH2CI2 (1.5 mL) and NEts (71.3p,L, 511.7 p,mol). The mixture was cooled to 

0°C and then a solution of methanesulfonyl chloride (29.0 fj,L, 375.2 |imol) in CH2CI2 (0.5 

mL) was added over 10 min. The reaction was stirred for an additional 20 min and then 

washed with water (5 mL), cold IM HCl (5 mL), saturated NaHCOa solution (5 mL) and 

brine (5 mL). The organic layer was dried (MgS04) and solvent removed in vacuo 

affording the title compound as a white solid (122.8 mg, 97%). 

5H (CDCI3, 300 MHz): 7.49 (IH, d J 9, H^); 7.45-7.34 (5H, m, H", H^^ H'^ and H '̂̂ ); 

7.14 (IH, d, J3 , H^); 6.88 (IH, dd, J 9 , 3, H^); 5.28 (2H, s, H^); 5.07 (2H, s, rf); 3.00 (3H, 

s, H'"). 

6c (CDCI3, 75 MHz): 158.4 (C )̂; 136.3 (C''); 133.8 (C )̂; 128.8 (C °̂, or C^̂ ); 

128.3 (C^^); 127.6 (C^°, or C", C^ )̂; 117.5 (C^); 117.1 (C^); 113.9 (CP); 70.8 (C^); 

70.4 (C )̂; 38.1 (C^̂ ). 

Title compound had limited stability and was used directly in the next reaction. 

5.3.4 5-Benzyloxy-2-bromobenzyl bromide 147a 

5 1 1 

11 4 - ^ 2 Br 

Methanesulfonic acid 5-benzyloxy-2-bromobenzyl ester 154a' (120 mg, 323.2 |imol) was 

dissolved in anhydrous CH2CI2 (2 mL). Tetra-«-butylammonium bromide (549.8 mg, 1.71 

mmol) was added and the reaction stirred at RT overnight. The mixture was washed with 
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water ( 3 x 5 mL) and saturated brine solution ( 3 x 5 mL), dried (MgS04) and solvent 

removed in vacuo. The title compound proved impossible to purify and was used crude in 

the next reaction. 

5.3.5 (5-Benzyloxy-2-bromobenzyl)triphenylphosphonium bromide 155a 

11 

5 -B enzyloxy-2-bromobenzyl bromide 147a (58.7 mg, 164.9 |Limol) and 

triphenylphosphine (51.3 mg, 195.5 |imol) were dissolved in ̂ -xylene (2 mL) and heated 

to 80°C. The reaction mixture was stirred overnight, cooled and the precipitate filtered off. 

The precipitate was washed with cold /7-xylene (20 mL) and hexane (50 mL) and dried in 

vacuo fiimishing the title compound as a white crystalline solid (32.0 mg, 31%). 

RF (Hexane;EtOAc 3:1): baseline. 

m/z (ES+): 536.8 and 538.7 (79% and 100%, 1:1 Br isotope pattern; M^). 

5H (CDCI3, 400 MHz): 8.00 (3H, ddd, J 7, 7, 2, H ' '); 7.94-7.77 (12H, m, H^', H^', H^' and 

H^'); 7.54-7.45 (5H, m, H^°, H^\ H^̂  and 7.46 (IH, dd, / 3 , 3, H^); 7.43 (IH, d, 

J 9, tf); 6.98 (IH, d, J 9, 3, 5.73 (2H, d, / 1 5 , H^); 5.01 (2H, s, H^). 

6c (CDCI3, 100 MHz): 158.2 (d, ^3, C^; 136.1 (C )̂; 135.2 (d, 7 4 , C '̂); 134.4 (d, y 10, C '̂ 

and C '̂); 133.5 (d, 73, C )̂; 130.2 (d, 713, and C '̂); 128.5 or C", Ĉ )̂; 128.3 

(d, 79, C'); 128.0 (C^ )̂; 127.7 (C °̂, or C", C^̂ ); 118.7 (d, 7 4 , 118.4 (d, 75, C )̂; 

117.5 (d, 77, C )̂; 117.4 (d, 786, C '̂); 70.4 (C )̂; 31.2 (d, 749, C'̂ ). 

5p (CDCI3, 162 MHz): 23.2 referenced to 85% H3PO4. 
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5.3.6 (5-Benzyloxy-2-bromobenzyl)triphenylphosphoniuni methane sulfonate 156a 

Methanesulfonic acid 5-benzyloxy-2-bromobenzyl ester 154a' (620.0 mg, 2.11 mmol) and 

triphenylphosphine (665.7 mg, 2.54 mmol) were dissolved in p-xylene (10 mL) with a 

minimum volume of CH2CI2 and heated to 80°C. The reaction mixture was stirred 

overnight, cooled and the precipitate filtered off The precipitate was washed with cold p-

xylene (100 mL) and hexane (100 mL) and dried in vacuo. The title compound was 

isolated as a white crystalline sohd (1.00 g, 75%). 

Rf (Hexane:EtOAc 3:1); baseline. 

5h (CDCI3, 400 MHz); 8.00 (3H, ddd, J 8 , 6, 2, H^'); 7.90-7.79 (12H, m, H^', H^', H^' and 

H^'); 7.52-7.46 (5H, m, H^°, H^\ H^^ H^̂  and 7.42 (IH, d, J 9 , H^); 7.38 (IH, dd, J 

3, 3, H^); 6.98 (IH, d, J 9 , 3, H^); 5.52 (2H, d, J 15, H^); 5.04 (2H, s, H'); 2.93 (3H, s, 

CH3SO2). 

6c (CDCI3, 100 MHz): 158.5 (d, ^4, C )̂; 136.4 (C )̂; 135.3 (d, / 3 , C '̂); 134.5 (d, 710, Ĉ ' 

and C ); 133.5 (d, 73, C )̂; 130.2 (d, J13, C'' and C '̂); 128.7 (d, / 1 0 , C )̂; 128.6 (C'° 

or Ĉ )̂; 128.0 (C^ )̂; 127.8 (C °̂, or Ĉ )̂; 119.1 (d, 74 , C )̂; 118.3 (d, 75, C )̂; 

117.7 (d, 786, C '̂); 117.6 (d, 77, C )̂; 70.4 (C )̂; 39.6 (CH3SO2); 30.7 (d, 749, C )̂. 

5p (CDCI3, 162 MHz); 23.4 referenced to 85% H3PO4. 

5.3.7 3-[2-(5-Benzyloxy-2-bromo-phenyl)-vinyl]-pyriclme 144a 

12 
1 ' 
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The title compound was prepared using the procedure outlined by Harrowven/^^ Sodium 

hydride (60% dispersion in mineral oil; 92.8 mg, 2.32 mmol) was stirred in dry hexane (10 

mL) for 1 h. The suspension was allowed to settle and the solvent decanted under 

nitrogen. Anhydrous THF (15 mL) was added and the mixture cooled to 0°C before (5-

benzyloxy-2-bromobenzyl)triphenylphosphonium methane sulfonate 156a (980.0 mg, 

1.55 mmol) was added in one portion. The mixture was stirred at RT for 2 h until a deep 

red colour formed. The mixture was again cooled to 0°C and 3-pyridinecarboxaldehyde 

(131.4 pL, 1.39 mmol) was added. The reaction was allowed to warm to RT and stirred 

for 15 h. Water (50 mL) was added carefully and the THF removed in vacuo. The aqueous 

fraction was extracted with EtOAc (3 x 50 mL) and the combined organics were washed 

with brine (50 mL), dried (MgS04) and the solvent removed in vacuo. Purification by 

flash chromatography (SiOi, eluting with a gradient from hexane to 50% EtzO/hexane) 

afforded the title compound as a mixture of geometric isomers (478.8 mg, 94%, E. Z ratio 

1:1). 

Z-3-[2-(5-Benzyloxy-2-bromo-phenyl)-vinyl]-pyridine 144a 

RF (Hexane:Et20 1:1): 0.20 

m/z (ES+): 366.1 and 368.0 (100%, 1:1 Br isotope pattern; [M + H]^); (HR-ES+): 

366.0489 (calculated for CzoHnBrNO 366.0488). 

V (A'niFT-IR)/cm3024 (md, alkene CH); 736 (md, C-Br). 

6H (CDCI3, 400 MHz): 8.50-8.44 (2H, m, H '̂, H '̂); 7.54 (IH, d, J9 , H )̂; 7.51 (IH, ddd, J 

8, 2, 2, H '̂); 7.42-7.30 (5H, m, H' \ Ĥ ,̂ H' \ Ĥ '* and H^̂ ); 7.19 (IH, dd, J8, 5, H '̂); 6.83 

(IH, dd, 79 , 3, H )̂; 6.81 (IH, d, / 1 2 , H )̂; 6.77 (IH, d, J 3, H^); 6.77 (IH, d, J 12, H )̂; 

4.89 (2H, s, H^. 

6c (CDCI3, 100 MHz): 158.1 (C )̂; 149.2 (C^ ); 147.3 (C^ ); 137.8 (C^°); 136.9 (C^ ); 136.4 

(C )̂; 133.8 (C^; 132.7 (C^ ); 132.6 (C"̂ ); 128.7 (C^\ or Ĉ '*); 128.2 (C^̂ ); 127.5 

(C )̂; 127.4 (C", or Ĉ '̂ ); 123.5 (C^ ); 116.8 (C'*); 116.5 (C )̂; 114.5 (C )̂; 70.3 

(C). 

£-3-[2-(5-Benzyloxy-2-bromo-phenyl)-vinyl]-pyridine 144a 

RF (Hexane:Et20 1:1): 0.15 
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m/z (ES+); 366.1 and 368.0 (90%, 1:1 Br isotope pattern; [M + H]^); (HR-ES+): 366.0491 

(calculated for CaoHnBrNO 366.0488). 

v (ATRFT-IR)/cni-^: 3026 (md, alkene CH); 733 (md, C-Br). 

6H (CDCI3, 400 MHz): 8.68 (IH, m, H ' '); 8.47 (IH, m, H^'); 7.94 (IH, ddd, J8 , 2, 2, H^'); 

7.44 (IH, d, J16, H^); 7.41-7.24 (7H, m, H^ H^', H", H'^ and H^'); 7.20 (IH, d, 

J3 , H^); 6.89 (IH, d, J16, H'); 6.75 (IH, dd, J 9 , 3, H^); 5.03 (2H, s, H'). 

6c (CDCI3, 100 MHz): 158.4 (C )̂; 146.9 (C^ ); 146.8 (C^ ); 137.0 (C^°); 136.5 (C'); 134.9 

(C*); 133.9 (C )̂; 133.8 (C^); 131.0 (C )̂; 128.8 (C^\ or C''̂ ); 128.4 (C^̂ ); 127.6 

(C", or 126.9 (C )̂; 124.4 (C^ ); 116.8 (C )̂; 115.5 (C )̂; 113.4 (Ĉ ;̂ 70.6 

(C'). 

5.3.8 3-[2-(5-Benzyloxy-2-bromo-phenyl)-ethyl]-pyrjdine 143a 

2 Br 2 N 6' 

The title compound was prepared using a procedure outlined by Harrowven.^^^ 3-[2-(5-

Benzyloxy-2-bromo-phenyl)-vinyl]-pyridine 144a (450.0 mg, 1.23 mmol) was dissolved 

in THF/H2O (1:1; 30 mL). To this stirring solution was added/?-toluenesulfonyl hydrazide 

(1.37 g, 7.37 mmol) and sodium acetate (1.00 g, 7.37 mmol). The reaction was refluxed 

for 96 hours and then saturated potassium carbonate (30 mL) was added. The THF was 

removed under reduced pressure and the remaining aqueous fraction extracted with 

CH2CI2 (3 X 50 mL). The combined organics were dried (MgS04) and the solvent 

removed in vacuo. Purification by flash chromatography (SiOz, eluting with a gradient 

from hexane to 50% EtzO/hexane) afforded the title compound as a colourless oil (270.1 

mg, 60%). 

RF (Hexane:Et20 1:1): 0.18. 

m/z (ES+): 368.1 and 370,1 (100%, 1:1 Br isotope pattern; [M + H]^); (HR-ES+): 

368.0648 (calculated for C2oHi9BrNO 368.0645). 

v (ATRFT-IR)/cm'^: 742 (md, C-Br). 
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5H (CDCI3, 400 MHz); 8.50-8.45 (2H, m, H^', H^'); 7.51 (IH, ddd, J 8, 2, 2, H''); 7.43 

(IH, d, J 9, H'); 7.41-7.31 (5H, m, H" , and H^'); 7.23 (IH, dd, J8 , 5, H^'); 

6.77 (IH, d, J 3, H^); 6.73 (IH, dd, J 9 , 3, 4.99 (2H, s, H^); 3.01-2.96 (2H, m, H^); 

2.94-2.89 (2H, m, H^). 

6c (CDCI3, 100 MHz): 158.3 (C )̂; 149.8 (C^ ); 147.4 (C^ ); 141.1 (C )̂; 136.8 (C °̂); 136.7 

(C^ ); 136.5 (C^); 133.6 (C )̂; 128.8 (C", or C", Ĉ '*); 128.2 (C^̂ ); 127.5 (C^\ or 

C''̂ ); 123.5 (C^ ); 117.4 (C*); 115.2 (C^; 114.7 (C )̂; 70.3 (C^; 38.2 (C"̂ ); 33.3 (C )̂. 

5.3.9 5-Benzyloxy-2-ioGlobenzyl alcohol 154b 

The title compound was prepared by a procedure outlined by Cossy.'̂ "^ 3-

Benzyloxybenzyl alcohol 148 (2.00 g, 9.33 mmol) was dissolved in dry chloroform (20 

mL) and cooled to -5°C under an atmosphere of nitrogen. Iodine (2.37 g, 9.33 mmol) was 

added and upon dissolution over 10 min a deep purple colour formed. Silver 

trifluoroacetate (2.06 g, 9.33 mmol) was added and the mixture stirred for a further 5 min 

during which time a yellow precipitate formed. The silver salts were removed by filtration 

through celite that was subsequently washed with hot chloroform (200 mL). The solution 

was washed with aqueous 2M sodium thio sulfate (50 mL), dried (Na2S04) and the solvent 

removed in vacuo. Recrystallisation from chloroform afforded the title compound as a fine 

white crystalline solid (2.45 g, 77%). 

RF (Hexane;EtOAc 3:1): 0.31 

GC: retention time 9.99 min. 

m/z (EI+): 340.1 (6%, M^); 91.1 (100%, C7H7+). 

V (ATRFT-IR)/cm-^: 3283 (br md, OH). 

5H (CD3OD, 400 MHz): 7.67 (IH, d, J 9 , H '); 7.45-7.29 (4H, m, H^^ H", H " and H^^); 

7.31 (IH, tt, J 7, 1, H^^); 7.22 (IH, d, J A, H^); 6.70 (IH, dd, J 9, 4, H^); 5.08 (2H, s, H'); 

4.54 (2H, s, H^). 
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5c (CD3OD, 100 MHz): 161.3 (C'); 146.1 (C'); 141.1 (C'); 138.8 (C'); 129.9 (C'° or 

C", C'̂ ); 129.4 (C^̂ ); 129.0 (C'°, or Ĉ )̂; 117.1 (C*); 116.3 (Ĉ ;̂ 86.1 (C )̂; 71.5 

(C )̂; 69.7 (C"̂ ). 

d d J 4 , 9 

1% 

, 0.5% 
0.5% 

H 
0.3% 

1 % ^ " ' 0.5% " 

d JS 

Figure 5.1 Protons linked by blue indicate direct coupling through a spin system with coupling 

constants as indicated. NOE enhancements are illustrated with arrows: the arrow tail indicates 

the perturbed proton and the head the enhanced signal; NOE enhancements were also 

observed due to scalar coupling in the GOESY experiments and these have been omitted for 

clarity. 

5.3.10 Methanesulfonic acid 5-benzyloxy-2-iodobenzyl ester 154b' 

O S OH3 u ^ 5 
1 2 ^ ^ 1 0 

11 4 

The methanesulfonate ester was prepared using the procedure outlined by Crossland and 

Servis.̂ ^^ 5-Benzyloxy-2-iodobenzyl alcohol 154b (180.0 mg, 529.2 |j,mol) was dissolved 

in anhydrous CH2CI2 (4.5 mL) and NEts (110.6 |JL, 793.7 |j,mol). The mixture was cooled 

to 0°C and then a solution of methanesulfonyl chloride (45.1 p,L, 582.1 pmol) in CH2CI2 

(0.5 mL) was added over 10 min. The reaction was stirred for an additional 20 min and 

then washed with water (5 mL), cold IM HCl (5 mL), saturated NaHCOa solution (5 mL) 

and brine (5 mL). The organic layer was dried (MgS04) and solvent removed in vacuo 

affording the title compound as a white solid (213.0 mg, 96%). 

5H (CDCI3, 300 MHz): 7.74 (IH, d, J9 , H'); 7.44-7.35 (5H, m, overlapping H^°, H^\ H'^ 

H^̂  and H^^); 7.14 (IH, d, J3 , H^); 6.78 (IH, dd, J9 , 3, H^); 5.23 (2H, s, H^); 5.08 (2H, s, 

H^); 3.01 (3H, s, H^ )̂. 

Title compound had limited stability and was used directly in the next reaction. 
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5.3.11 5-Benzyloxy-2-iodobenzyl bromide 147b 

Methanesulfonic acid 5-benzyloxy-2-bromobenzyl ester 154b' (100.0 mg, 239.1 |Limol) 

was dissolved in anhydrous CH2CI2 (2 mL). Tetra-«-butylammonium bromide (385.4 mg, 

1.20 mmol) was added and the reaction stirred at room temperature overnight. The 

mixture was washed with water ( 3 x 5 mL) and saturated brine solution ( 3 x 5 mL), dried 

(MgS04) and solvent removed in vacuo. Purification by flash chromatography (SiOz, 

eluting with a gradient from hexane to 50% EtOAc/hexane) afforded the title compound as 

a colourless oil. The title compound proved impossible to folly purify and was used crude 

in the next reaction. 

RF (Hexane:EtOAc 3:1): 0.53 

5H (CDCI3, 400 MHz): 7.72 (IH, d, J 9, H^); 7.46-7.34 (5H, m, H " , H " and 

H^^); 7.15 (IH, d, J 3 , H^); 6.68 (IH, dd, J 9 , 3, H^); 5.06 (2H, s, H^); 4.56 (2H, s, H^). 

6c (CDCI3, 100 MHz): 159.4 (C )̂; 141.2 (C )̂; 140.6 (C )̂; 136.3 (C )̂; 128.8 (C °̂, or 

Ĉ )̂; 128.3 (C'^); 127.6 (C °̂, or C"); 117.3 (C'*); 117.2 (C )̂; 88.8 (C )̂; 70.3 

(C )̂; 38.8 (C )̂. 

5.3.12 (5-Benzyloxy-2-iodobenzyl)trjphenylphosphonium bromide 155b 

Cf°. 

5-Benzyloxy-2-iodobenzyl bromide 147b (75.0 mg, 186.1 fimol) and triphenylphosphine 

(58.6 mg, 223.3 mmol) were dissolved in ^-xylene (2 mL) and heated to 80°C. The 

reaction mixture was stirred overnight, cooled and the precipitate filtered off The 
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precipitate was washed with cold ^-xylene (20 mL) and hexane (100 mL) and dried in 

vacuo furnishing the title compound as a white crystalline solid (86.9 mg, 70%). 

RF (Hexane.EtOAc 3:1); baseline. 

5H (CDCI3, 400 MHz); 8.01 (3H, ddd, J 7 , 7, 2, H^'); 7.94-7.81 (12H, m, H*', H'', H"' and 

H"'); 7.70 (IH, d, / 9 , H^); 7.56-7.45 (5H, m, H", and H'"); 7.43 (IH, dd, J 

3, 3, 6.85 (IH, d, J9, 3, H )̂; 5.76 (2H, d, J15, H )̂; 4.98 (2H, s, H»). 

6c (CDCI3, 100 MHz): 159.3 (d, 74, C )̂; 140.0 (d, 74, C )̂; 136.1 (C''); 135.3 (d, 73, C '̂); 

134.6 (d, 710, Ĉ ' and C*'); 131.8 (d, 79, C )̂; 130.3 (d, 713, C '̂ and C '̂); 128.5 (C °̂, 

or C", C^̂ ); 128.1 (C^ )̂; 127.8 (C'°, C''* or C", C'̂ ); 119.1 (d, 74 , C )̂; 117.9 (d, 74, Ĉ )̂; 

117.3 (d, 786, C"̂ '); 93.2 (d, 78, C )̂; 70.3 (C )̂; 35.7 (d, 749, C'̂ ). 

5p (CDCI3, 162 MHz): 23.4 referenced to 85% H3PO4. 

5.3.13 (5-Benzyloxy-2-iodobenzyl)triphenylphosphonium methane sulfonate 156b 

14 8 ^ 

11 

5 

3 

Methanesulfonic acid 5-benzyloxy-2-iodobenzyl ester 154b' (100.0 mg, 239.1 fimol) and 

triphenylphosphine (75.3 mg, 286.9 |imol) were dissolved in /"-xylene (2 mL) with a 

minimum volume of CH2CI2 and heated to 80°C. The reaction mixture was stirred 

overnight, cooled and the precipitate filtered off. The precipitate was washed with cold p-

xylene (20 mL) and hexane (100 mL) and dried in vacuo furnishing the title compound as 

a white crystalline solid (121.7 mg, 87%). 

RF (Hexane:EtOAc 3:1): baseline. 

6h (CDCI3, 400 MHz): 8.01 (3H, ddd, 78, 6, 2, H^'); 7.90-7.80 (12H, m, H^', H^', H^' and 

H^); 7.70 (IH, d, 79 , H^); 7.55-7.43 (5H, m, H^°, H^\ H^^ H^^ and H^^); 7.37 (IH, dd, 7 

3, 3, H^); 6.85 (IH, d, 7 9, 3, H^); 5.56 (2H, d, 7 15, H^); 5.00 (2H, s, H^); 2.93 (3H, s, 

CH3SO2). 
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6c (CDCI3, 100 MHz): 159.6 (d, J4, C )̂; 140.1 (d, ^4, C )̂; 136.4 (C^; 135.3 (d, ^3, C '̂); 

134.7 (d, y 10, Ĉ ' and C ); 132.1 (d, 79, C )̂; 130.4 (d, J13, C '̂ and C '̂); 128.6 (C °̂, 

or C", C"); 128.1 (C^̂ ); 127.8 (C'°, or C", Ĉ )̂; 119.4 (d, ^4, C )̂; 117.9 (d, 74, C )̂; 

117.4 (d, 786, C'̂ '); 93.0 (d, J7, C )̂; 70.3 (C )̂; 39.6 (CH3SO2); 35.2 (d, 749, C )̂. 

5p (CDCI3, 162 MHz): 23.5 referenced to 85% H3PO4. 

5.3.14 3-[2-(5-Benzyloxy-2-iodo-phenyl)-vinyl]-pyridtne 144b 

15 
14 

12 

The title compound was prepared using the procedure outlined by Harrowven.^^^ Sodium 

hydride (60% dispersion in mineral oil; 103.7 mg, 2.59 mmol) was stirred in dry hexane 

(15 mL) for 1 h. The suspension was allowed to settle and the solvent decanted under 

nitrogen. Anhydrous THF (15 mL) was added and the mixture cooled to 0°C before (5-

benzyloxy-2-iodobenzyl)triphenylphosphonium bromide 155b (1.15 g, 1.73 mmol) was 

added in one portion. The mixture was stirred at RT for 2 h until a deep red colour formed. 

The mixture was again cooled to 0°C and 3-pyridinecarboxaldehyde (146.8 fiL, 1.56 

mmol) was added. The reaction was allowed to warm to RT and stirred for 15 h. Water 

(30 mL) was added carefully and the THF removed in vacuo. The aqueous fraction was 

extracted with EtOAc (3 x 30 mL) and the combined organics were washed with brine (50 

mL), dried (MgS04) and the solvent removed in vacuo. Purification by flash 

chromatography (SiOa, eluting with a gradient from hexane to 50% EtiO/hexane) afforded 

the title compound as a mixture of geometric isomers (602.8 mg, 94%, & Z ratio 1:1). 

Z-3-[2-(5-Benzyloxy-2-iodo-phenyl)-vinyl]-pyridine 144b 

RF (Hexane.EtaO 1:1): 0.21 

m/z (ES+): 414.1 (70%, [M + H]+); (HR-ES+): 414.0347 (calculated for C20H17INO 

414.0349). 

V (ATR FT-IR)/cm"\' 3030 (md, alkene CH). 
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5H (CDCI3, 400 MHz): 8.48-8.44 (2H, m, H^', H^'); 7.80 (IH, d,J9, H '); 7.44 (IH, ddd, J 

8, 2, 2, H^'); 7.41-7.30 (5H, m, H^\ H^^ H^'' and H''); 7.16 (IH, dd, J8 , 5, H''); 6.78 

(IH, d, J 3 , H^); 6.71 (IH, d, J 12, H'); 6.70 (IH, dd, / 9 , 3, H^); 6.64 (IH, d, J 12, H*); 

4.87 (2H, s, H^). 

6c (CDCI3, 100 MHz): 159.2 (C )̂; 149.6 (C^ ); 147.7 (C'̂ '); 141.8 (C )̂; 140.1 (C )̂; 136.5 

(C* ); 136.4 (C °̂); 136.3 (C )̂; 132.4 (C^ ); 128.7 (C^\ or Ĉ '̂ ); 128.2 (C^̂ ); 127.4 

(C^\ or Ĉ '*); 127.3 (C )̂; 123.4 (C^ ); 117.1 (C )̂; 116.4 (C^; 88.1 (C )̂; 70.2 (C )̂. 

£-3-[2-(5-Benzyloxy-2-iodo-phenyl)-vinyl]-pyridine 144b 

RF (Hexane:Et20 1:1): 0.14 

m/z (ES+): 414.1 (100%, [M + H]+); (HR-ES+): 414.0348 (calculated for C20H17INO 

414.0349). 

V (ATRFT-IR)/cm'^: 3040 (md, alkene CH). 

6h (CDCI3, 400 MHz): 8.70 (IH, m, H^'); 8.49 (IH, m, H®'); 7.87 (IH, ddd, J 8, 2, 2, H^'); 

7.69 (IH, d, J 9, H^); 7.42-7.29 (6H, m, H^', H^\ H^^ H^^ and H^^); 7.30 (IH, d, J16, 

H'); 7.22 (IH, d, / 3 , H^); 6.84 (IH, d, J 16, H^); 6.65 (IH, dd, J 9, 3, H^); 5.06 (2H, s, 

H'). 

5c (CDCI3, 100 MHz): 159.4 (C^); 148.4 (C^'); 148.3 (C^); 140.5 (C^); 140.3 (C^); 136.5 

(C^°); 134.9 (C^; 133.6 (C* ); 133.0 (C^ ); 128.8 (C^\ or Ĉ '̂ ); 128.4 (C^̂ ); 127.6 

(C )̂; 127.4 (C", or Ĉ '*); 124.0 (C^ ); 117.0 (C''); 113.3 (C^; 89.7 (C )̂; 70.4 (C )̂. 

5.3.15 3-[2-(5-Benzyloxy-2-iodo-phenyl)-ethyl]-pyridine 143b 

15 9 

12 

Method 1: The title compound was prepared using a procedure outlined by Harrowven.'^^ 

3-[2-(5-Benzyloxy-2-iodo-phenyl)-vinyl]-pyridine 144b (415.0 mg, 1.00 mmol) was 

dissolved in THF/H2O (1:1; 40 mL). To this stirring solution was added /?-toluenesulfonyl 

178 



hydrazide (1.12 g, 6.03 mmol) and sodium acetate (820.0 mg, 6.03 mmol). The reaction 

was refluxed for 96 hours and then saturated potassium carbonate (40 mL) was added. The 

THF was removed under reduced pressure and the remaining aqueous fraction extracted 

with CH2CI2 (3 X 50 mL). The combined organics were dried (MgS04) and the solvent 

removed in vacuo. Purification by flash chromatography (SiOa, eluting with a gradient 

from hexane to 50% EtsO/hexane) afforded the title compound as a colourless oil (278.1 

mg, 67%). 

Method 2; 4-Iodo-3-(2-pyridin-3-yl-ethyl) phenol 141b (125.0 mg, 384.4 pmol) and 

potassium /er/-butoxide (64.7 mg, 576.7 |imol) were dissolved in anhydrous THF (10 mL) 

under N2 and stirred for 1 h at RT. Benzyl bromide (68.6 \xL, 576.7 jumol) was added and 

the reaction stirred overnight at RT under N2. Careful addition of water (20 mL) and 

removal of THF in vacuo was followed by extraction into EtOAc (3 x 20 mL). The 

combined organics were dried (MgS04) and the solvent removed in vacuo. Purification by 

flash chromatography (SiOz, eluting with 50% EtiO/hexane) afforded the title compound 

as a colourless oil (142.0 mg, 89%). 

Rp (HexaneiEtzO 1:1): 0.20. 

m/z (ES+): 416.0 (100%, [M + H]^; (HR-ES+): 416.0505 (calculated for C20H19INO 

416.0506). 

6H (CDCI3, 400 MHz): 8.52-8.48 (2H, m, H '̂, H '̂); 7.69 (IH, d, J9 , H )̂; 7.54 (IH, ddd, J 

8, 2, 2, H '̂); 7.42-7.31 (5H, m, H^\ Ĥ ,̂ H", Ĥ '* and H^̂ ); 7.25 (IH, dd, 78, 5, H '̂); 6.80 

(IH, d, 73, H )̂; 6.60 (IH, dd, J 9, 3, H )̂; 5.00 (2H, s, H^; 3.00-2.95 (2H, m, H )̂; 2.92-

2.87 (2H, m, H )̂. 

6c (CDCI3, 100 MBiz): 159.4 (C )̂; 149.6 (C^ ); 147.3 (C^); 144.4 (C )̂; 140.2 (C )̂; 136.8 

(C^°); 136.7 (C^ ); 136.6 (C^ ); 128.8 (C^\ or C'''); 128.3 (C^ )̂; 127.6 (C", or 

Ĉ '̂ ); 123.6 (C' ); 116.8 (C )̂; 115.2 (C )̂; 89.3 (C )̂; 70.3 (C^; 42.6 (C )̂; 33.7 (C )̂. 
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5.3.16 Radical cyclisations 

BnO BnO BnO. BnO 

157 158 159 160 

Cyclisation precursor 143 (100 mg, a; 271.5 |Limol; b: 240.8 |j,mol) was dissolved in 

MeCN (5 mL) with heating. The solution temperature was elevated to reflux before 

tributyltin hydride (Table 5.14) and ADBN (Table 5.14) were added. The reaction was 

stirred at reflux for 24 h and a subsequent addition of tributyltin hydride (Table 5.14) and 

AIBN (Table 5.14) was made and the mixture stirred for a further 24 h. The reaction was 

allowed to cool and saturated potassium fluoride solution (5 mL) was added. The resultant 

"sticky" solid tin residue was removed by filtration and the solvent removed in vacuo. 

Purification by flash chromatography (Si02, eluting with a gradient from hexane to 25% 

EtiO/hexane) afforded the title compounds as thick brown oils contaminated with tin 

residues (Table 5.14). 

1®* addition 2"̂  addition 
Recovery 

BuaSnH AIBN BuaSnH AIBN 
Recovery 

143a 
407.3 )j,mol. 

109.6 }iL 

54.3 |_imol 

8.9 mg 

135.8 p,mol 

36.5 |iL 

54.3 jLimol 

8.9 mg 

143a (36%) 

157 (<1%) 

158 (3.6 mg, 4%) 

143b 
361.2 juimol. 

97.2 piL 

48.2 |j,mol 

7.9 mg 

120.4 |imol 

32.4 |iL 

48.2 |j,mol 

7.9 mg 

157 (19.5 mg, 28%) 

159 (18.3 mg, 26%) 

160 (4.5 mg, 6%) 

Table 5.14 Radical cyclisation conditions and recoveries. 
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3-[2-(3-Benzyloxyphenyl)-ethyl]-pyridine 157 

RF (Hexane:Et20 1; 1): 0.20 

m/z (ES+); 290.1 (100%, [M + H]+); (HR-ES+); 290.1540 (calculated for C20H20NO 

29ai539y 

5H (CDCI3, 400 MHz); 8.60-8.38 (2H, m, H^' and H^'); 7.58 (IH, ddd, / 8 , 2, 2, H^'); 7.46-

7.31 (6H, m, H", and H^^); 7.20 (IH, dd, J 8 , 8, H^); 6.84 (IH, ddd, J 8 , 

3, 1, H^); 6.77 (IH, dd, J 3 , 1, H^); 6.73 (IH, ddd, J 8, 1, 1, H^); 5.06 (2H, s, H^); 3.01-

2.96 (2H, m, H^); 2.95-2.90 (2H, m, H^). 

6c (CDCI3, 100 MHz): 159.1 (C )̂; 147.6 (C^ ); 145.2 (C^ ); 141.9 (C )̂; 138.6 (C*); 138.3 

(C^ ); 137.1 (C °̂); 129.7 (C )̂; 128.7 (C^\ or Ĉ '̂ ); 128.1 (C'^); 127.6 (C^\ or 

Ĉ '̂ ); 124.2 (C^ ); 121.3 (C^; 115.4 (C )̂; 112.7 (C'̂ ); 70.1 (C^; 37.3 (C )̂; 34.8 (C )̂. 

) \ ^ 1 7 

8-Benzyloxy-5,6-dihydrobenzo[y]qujnoline 158 

RF (Hexane:Et20 1:1): 0.39 

m/z (ES+): 288.0 (100%, [M + H]+); (HR-ES+): 288.1382 (calculated for CzoHigNO 

288.1382). 

5h (CDCI3, 400 MHz): 8.91 (IH, d, J 9 , H^°); 8.69 (IH, m, H^); 8.06 (IH, m, H^); 7.53 

(IH, m, H^); 7.46 (5H, m, H^ ,̂ H^^ H^', H^° and H^^); 7.16 (IH, dd, J 9, 3, H^); 6.92 (IH, 

d, J3, H^); 5.16 (2H, 2, H^'); 3.09 (2H, dd, J6, 6, H'); 3.00 (2H, dd, J6, 6, H'). 
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6c (CDCk 100 MHz): 162.9 (C )̂; 148.1 (C"); 143.2 (C )̂; 141.8 (C^̂ ); 139.7 (C )̂; 136.0 

(C^̂ ); 135.5 (C^ ;̂ 130.2 (C °̂); 128.9 (Ĉ ,̂ or C^; 128.5 (C^ ;̂ 127.7 or 

C °̂); 122.5 (C )̂; 118.8 (C^̂ ); 115.7 (C )̂; 114.6 (C^; 70.4 (C^ ;̂ 27.7 and 27.6 (C^ 

and C )̂. 

21 15 

i 9 \ ^ i 7 y J!]i 11 

.0 i f llo 
1 a: 

8-Benzyloxy-5,6-dihydrobenzo[/}]quinoline 159 

RF (Hexane:Et20 1:1): 0.40 

m/z (ES+): 288.1 (100%, [M + H]+); (HR-ES+): 288.1382 (calculated for CzoHigNO 

288.1383). 

5H (CDCI3, 400 MHz): 8.51 (IH, dd, J 5 , 2, H^); 8.31 (IH, d, J 9, H^°); 7.51 (IH, dd, J 8 , 

2, H^); 7.48-7.31 (5H, m, H^^ and H^^); 7.11 (IH, dd, J8 , 5, H^); 7.00 (IH, 

dd, J9, 3, H^); 6.86 (IH, d, J3, H'); 5.13 (2H, d, H^^); 2.99-2.88 (4H, m, H^ and H^). 

5c (CDCI3, 100 MHz): 160.1 (C^); 152.4 (C '̂̂ ); 147.1 (C^); 140.2 (C^ )̂; 137.0 (C^ )̂; 136.1 

(C'̂ ); 131.4 (C'̂ ); 128.7 or C^; 128.2 (C^ ;̂ 127.6 (Ĉ ,̂ or C °̂); 

127.3 (C"); 127.0 (C °̂); 121.6 (C )̂; 114.4 (C )̂; 113.6 (C^; 70.2 (C^ ;̂ 28.4 and 28.2 (C^ 

and C )̂. 

1 % V h 

NOE enhancements are illustrated with arrows: the arrow tail indicates the perturbed proton 

and the head the enhanced signal; NOE enhancements were also observed due to scalar 

coupling in the GOESY experiments and these have been omitted for clarity. 
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•^^17 tj c 
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10 141 
?N, 

8-Benzyloxy-5,6-dihydrobenzo[/3isoquino|jne 160 

RF (Hexane;Et20 1:1): 0.10 

m/z (ES+): 288.0 (100%, [M + H]+). (HR-ES+); 288.1381 (calculated for CioHigNO 

288.1383). 

6H (CDCI3, 400 MHz): 8.52-8.43 (2H, m, H^ and H^); 7.93 (IH, d,J6, H^); 7.82 (IH, d, J 

9, H^°); 7.47-7.32 (5H, m, H^ ,̂ H^^ and rf^); 7.05 (IH, dd, J9 , 3, H^); 6.96 (IH, 

d, J3 , H^); 5.18 (2H, s, H^^); 3.07-2.97 (4H, m, H^ and H^). 

5c (CDCI3, 100 MHz): 162.8 (C^); 151.2 (C'^); 141.8 (C^^); 138.9 (C^; 138.7 (C^); 135.9 

(C^̂ ); 134.3 (C"); 128.9 (Ĉ ,̂ or C °̂); 128.6 (C °̂); 128.1 127.6 (Ĉ ,̂ or 

C^; 122.1 (C^̂ ); 119.0 (C )̂; 115.4 (C )̂; 115.0 (C^; 70.5 (C^̂ ); 27.8 (C'̂ ); 25.4 (C )̂. 

NOE enhancements are illustrated with arrows: the arrow tail indicates the perturbed proton 

and the head the enhanced signal; NOE enhancements were also observed due to scalar 

coupling in the GOESY experiments and these have been omitted for clarity. 

5.3.17 1 -(te/t-Butyl-dimethyl-silanyloxy)-3-(ferf-butyl-dimethyl-silanyloxymethyl)-

benzene 162 
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3-Hydroxybenzyl alcohol 161 (1.0 g, 8.06 mmol) was dissolved in anhydrous DMF (5 

mL) and cooled to 0°C. Imidazole (5.48 g, 80.60 mmol) and tert-butyldimethylsilyl 

chloride (6.07 g, 40.30 mmol) were added to the stirring solution. The reaction was stirred 

at RT for 20 h and EtOAc (20 mL) was added. The organic phase was washed with brine 

(6 X 20 mL), dried (MgS04) and the solvent removed in vacuo. Purification by flash 

chromatography (SiOa, eluting with a gradient from hexane to 50% EtiO/hexane) 

furnished the title compound as a colourless, viscous oil (2.60 g, 92%). 

RF (HexaneiEtiO 1:1): 0.73. 

5h (CDCI3, 400 MHz): 7.18 (IH, dd, J 8 , 8, H^); 6.90 (IH, m, H^); 6.86 (IH, m, H^); 6.72 

(IH, dd,JS, 3, H^); 4.71 (2H, s, H'); 1.00 (9H, s, H'°); 0.96 (9H, s, H^°'); 0.21 (6H, s, H'); 

0.11 (6H, s,H^'). 

6c (CDCI3, 100 MHz): 155.9 (C )̂; 143.2 (C )̂; 129.2 (C )̂; 119.0 (C )̂; 118.7 (C )̂; 117.8 

(C )̂; 64.9 (C )̂; 26.1 (C^°'); 25.9 (C^°); 18.5 (C^ ); 18.4 (Ĉ ;̂ -4.2 (C )̂; -5.1 (C^ ). 

5si (CDCI3, 80 MHz): 12.7 referenced to hexamethyldisiloxane. 

5.3.18 3-(#ert-Butyl-dimethyl-sflanyloxy)-benzyl alcohol 163 

The selective deprotection was effected using the procedure described by Bajwa.^"^ 1-

(ter^-Butyl-dimethyl-silanyloxy)-3-(tert-butyl-dimethyl-silanyloxymethyl)-benzene 162 

(500 mg, 1.42 mmol) was dissolved in acetonitrile (3 mL). Bismuth(III) bromide (31.8 

mg, 70.9 iLimol) was added to the stirring solution followed by the addition of water (63.8 

|j,L, 3.54 mmol). The reaction was stirred at RT for 20 min and then quenched by addition 

of water (5 mL). The aqueous mixture was extracted with EtOAc (3 x 10 mL) and the 

combined organics washed with brine (30 mL), dried (MgS04) and concentrated in vacuo. 

Purification by flash chromatography (SiOz, eluting with a gradient from hexane to 50% 

Et20/hexane) furnished the title compound as a colourless, viscous oil (290.1 mg, 86%). 
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RF (Hexane.EtiO 1:1): 0.45. 

GrC: retention time 7.60 min. 

m/z (EI+): 238.2 (25%, MT); 181.1 (67%, [M-MesC]"); 163.1 (100%, [M-MegC-HiO]^); 

91.1 (17%, CvH?"); 75.1 (53%, 

5h (CDCI3, 400 MHz): 7.22 (IH, dd, J 8 , 8, H'); 6.95 (IH, ddd, J 8 , 1, 1, H^); 6.87 (IH, 

dd, J 2, 2, H^); 6.77 (IH, dd, / 8 , 3, H^); 4.64 (2H, s, H^); 1.00 (9H, s, H^°); 0.21 (6H, s, 

H*). 

6c (CDCI3, 100 MHz): 156.0 (C )̂; 142.6 (C )̂; 129.0 (C )̂; 119.9 (C'̂ ); 119.4 (C^; 118.7 

(C )̂; 65.3 (C )̂; 25.8 (C'°); 18.3 (d'); -4.3 (C )̂. 

5,3.19 5-fe/t-Butyldimethylsilanyloxy-2-iodobenzyl alcohol 164 

The title compound was prepared using a procedure outlined by Cossy.̂ '̂* 3-tert-

Butyldimethylsilanyloxybenzyl alcohol 163 (250.0 mg, 1.05 mmol) was dissolved in dry 

chloroform (3 mL) and cooled to -5°C under an atmosphere of nitrogen. Iodine (266.2 

mg, 1.05 mmol) was added and upon dissolution over 10 min a deep purple colour 

formed. Silver trifluoroacetate (231.6 mg, 1.05 mmol) was added and the mixture stirred 

for a further 5 min during which time a yellow precipitate formed. The silver salts were 

removed by filtration through celite that was subsequently washed with hot chloroform 

(250 mL). The solution was washed with aqueous 2M sodium thiosulfate (100 mL), dried 

(Na2S04) and the solvent removed in vacuo. Purification by flash chromatography (SiOa, 

eluting with a gradient from hexane to 50% EtzO/hexane) furnished the title compound as 

a colourless, viscous oil (299.1 mg, 79%). 

RF (Hexane:Et20 1:1): 0.58. 

GC: retention time 9.11 min. 

m/z (EI+): 364.9 (2%, M+); 237.1 (100%, [M-I]+); 223.1 (22%, [M-CHzI]^); 163.1 (63%, 

[M-I-MesC-HzO]"); 75.2 (22%, CgHj"). 
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5h (CDCI3, 400 MHz): 7.63 (IH, d, J 9, H'); 6.99 (IH, d,J3, H^); 6.54 (IH, dd, J 9, 3, 

H^); 4.61 (2H, s, H^); 0.99 (9H, s, H^°); 0.21 (6H, s, tf). 

6c (CDCI3, 100 MHz): 156.6 (C )̂; 143.9 (C )̂; 139.8 (C )̂; 121.4 (C )̂; 120.8 (C )̂; 86.6 

(C )̂; 69.3 (C )̂; 25.8 (C °̂); -4.3 (C )̂. 

d J 3 

TBDMSO 
H H 

TBDMSO TBDMSO 

M H 

TBDMSO. 

H H 

OH 

d d J 3 , 9 H 

dd J 9 

Figure 5.2 Assignment of iodination regiochemistty by 2D NMR techniques. Protons linked 

by blue indicate direct coupling through a spin system with coupling constants as indicated. 

Areas of red indicate long-range HMBC coupling; only the most relevant couplings have been 

included to aid clarity. 

5.3.20 Methanesulfonic acid 5-fert-Butyldimethylsilanyloxy-2-iodobenzyl ester 164' 

O-S-CH3 

The methanesulfonate ester was prepared using the procedure outlined by Crossland and 

Servis.̂ ^^ Thus, 5-ter/-butyldimethylsilanyloxy-2-iodobenzyl alcohol 164 (5.12 g, 14.1 

mmol) was dissolved in anhydrous CH2CI2 (69.0 mL) and NEts (2.94 mL, 21.1 mmol). 

The mixture was cooled to 0°C and then a solution of methanesulfonyl chloride (1.20 mL, 

15.5 mmol) in CH2CI2 (1.0 mL) was added over 10 min. The reaction was stirred for an 

additional 20 min and then washed with water (100 mL), cold IM HCl (100 mL), 

saturated NaHCOs solution (100 mL) and brine (100 mL). The organic layer was dried 

(!VIgS04) and solvent removed in vacuo affording the title compound as a colourless, 

viscous oil (6.016 g, 94%). 

5H (CDCI3, 400 MHz): 7.69 (IH, d,J9, H'); 6.99 (IH, d, J 3 , H^); 6.62 (IH, dd, J 9 , 3, 

H^); 5.20 (2H, s, H^); 3.03 (3H, s, H^'); 0.99 (9H, s, H^°); 0.21 (6H, s, H^). 
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6c (CDCI3, 100 MHz): 156.6 (C )̂; 140.5 (C'); 137.1 (C"); 123.0 (C^; 122.6 (C''); 87.6 

(C )̂; 74.9 (C )̂; 38.3 (C^̂ ); 25.9 (C^°); -4.3 (C )̂. 

Title compound had limited stability and was used directly in the next reaction. 

5.3.21 (5-te/t-Butyldimethylsilanyloxy-2-iodobenzyl)triphenylphosphonium methane 

sulfonate 165 

Methanesulfonic acid 5-fert-butyldimethylsilanyloxy-2-iodobenzyl ester 164' (6.016 g, 

13.6 mmol) and triphenylphosphine (3.92 g, 15.0 mmol) were dissolved in /"-xylene (150 

mL) with a minimum volume of CH2CI2 and heated to 80°C. The reaction mixture was 

stirred overnight, cooled and the precipitate filtered off. The precipitate was washed with 

cold ^-xylene (500 mL) and hexane (500 mL) and dried in vacuo. The title compound 

proved impossible to purify and was used crude in the next reaction. 

5.3.22 4-lodo-3-(2-pyridin-3-yl-vinyl) phenol 167 

The title compound was prepared using the procedure outlined by Harrowven. Sodium 

hydride (60% dispersion in mineral oil; 745.9 mg, 18.6 mmol) was stirred in dry hexane 

(50 mL) for 1 h. The suspension was allowed to settle and the solvent decanted under 

nitrogen. Anhydrous THF (50 mL) was added and the mixture cooled to 0°C before (5-

ter^-butyldimethylsilanyloxy-2-iodobenz;yl)triphenylphosphonium mesylate 165 (crude, 

assumed 12.4 mmol) was added in one portion. The mixture was stirred at RT for 2 h until 
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a deep red colour formed. The mixture was again cooled to 0°C and 3-

pyridinecarboxaldehyde (1.07 mL, 11.2 mmol) was added. The reaction was allowed to 

warm to RT and stirred for 15 h. Water (50 mL) was added carefully and the THF 

removed in vacuo. The aqueous fraction was extracted with EtOAc (3 x 50 mL) and the 

combined organics were washed with brine (100 mL), dried (MgS04) and the solvent 

removed in vacuo. Purification by flash chromatography (SiOz, eluting with a gradient 

from hexane to 50% EtiO/hexane) afforded the title compound as a mixture of geometric 

isomers (3.44 g, 94%, &Zratio 1:1; yield from 164 75%). 

Z-4-lodo-3-(2-pyridin-3-yl-vinyl) phenol 167 

Rp (EtzO): 0.30. 

m/z (ES+): 323.9 (100%, [M + (HR-ES+): 323.9882 (calculated for CisHnINO 

323.9880). 

V (ATR FT-IR)/cm-\ 2926 (md, alkene CH). 

6H (CD30D/(CD3)2C0), 400 MHz): 8.35 (IH, dd, J5 , 2, H '̂); 8.31 (IH, dd, 73, 1, H '̂); 

7.70 (IH, d, J9, H )̂; 7.55 (IH, ddd, J8, 2, 2, H '̂); 7.29 (IH, ddd, J8, 5, 1, H '̂); 6.69 (IH, 

d, y 12, H )̂; 6.63 (IH, d, / 12 , H )̂; 6.60 (IH, d, 73, H )̂; 6.54 (IH, dd, 79, 3, H )̂. 

6c (CD30D/(CD3)2C0), 100 MHz): 159.3 (C )̂; 150.4 (C^ ); 148.6 (C^ ); 143.2 (C )̂; 141.2 

(C )̂; 137.8 (C'''); 137.4 (C )̂; 134.1 (C^ ); 128.0 (C )̂; 124.8 (C^'); 118.3 (C )̂; 117.9 (C )̂; 

85.9 (C*). 

£-4-lodo-3-{2-pyridin-3-yl-vinyl) phenol 167 

Rp (EtzO): 0.23. 

m/z (ES+): 324.0 (100%, [M + H]^; (HR-ES+): 323.9882 (calculated for C13H11INO 

323.9880). 

V (ATRFT-IR)/cm-^: 2922 (md, alkene CH). 

6H (CD30D/(CD3)2C0), 400 MHz): 8.68 (IH, d, J2, H '̂); 8.42 (IH, dd, J5 , 2, H '̂); 8.05 

(IH, ddd, J 8, 2, 2, H*'); 7.62 (IH, d, J9, H )̂; 7.42 (IH, dd, J 8, 5, H '̂); 7.34 (IH, d, 716, 

H )̂; 7.15 (IH, d, 73, H )̂; 7.03 (IH, d, 716, H )̂; 6.54 (IH, dd, J9 , 3, H )̂. 
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5C (CD30D/(CD3)2C0), 100 MHZ): 159.5 (C^); 149.4 ( C ' ) ; 149.1 (C^); 141.6 (C'); 141.3 

(C )̂; 135.9 (C"̂ ); 134.8 (C* ); 134.6 (C^ ); 128.5 (C )̂; 125.4 (C^ ); 118.9 (C )̂; 114.5 (C )̂; 

87.8 (C^. 

5.3.23 4-lodo-3-(2-pyridin-3-yl-ethyl) phenol 141b 

The title compound was prepared using a procedure outlined by Harrowven.^^^ 4-Iodo-3-

(2-pyridin-3-yl-vinyl) phenol 167 (3.4 g, 10.5 mmol) was dissolved in THF/H2O (1:1; 500 

mL). To this stirring solution was added/7-toluenesulfonyl hydrazide (11.76 g, 63.1 mmol) 

and sodium acetate (8.59 g, 63.1 mmol). The reaction was refluxed for 120 hours and then 

saturated potassium carbonate (200 mL) was added. The THF was removed under reduced 

pressure and the remaining aqueous fraction extracted with CH2CI2 (3 x 250 mL). The 

combined organics were dried (MgS04) and the solvent removed in vacuo. Purification by 

flash chromatography (Si02, eluting with a gradient from hexane to 50% EtaO/hexane) 

afforded the title compound as a white crystalline solid (1.808 g, 53%). 

RF (EtzO): 0.21. 

m/z (ES+): 326.1 (100%, [M + H]+); (HR-ES+): 326.0035 (calculated for C13H13INO 

326.0037). 

5h (CD3OD/CDCI3, 400 MHz): 8.34-8.32 (2H, m, H^' and H^'); 7.61 (IH, ddd, J 8, 2, 2, 

H^'); 7.55 (IH, d, J9 , H'); 7.29 (IH, dd, J8 , 5, H''); 6.64 (IH, d, J 3 , H'); 6.41 (IH, dd, J 

9, 3, H^); 2.90 and 2.89 (4H, overlapping t, J 6, H^ and H^). 

5c (CD3OD/CDCI3, 100 MHZ): 158.2 (C^); 149.4 and 147.0 (C^' and C^'); 144.6 (C^); 

140.5 (C )̂; 138.0 (C^ ); 137.9 (C*); 124.5 (C^); 117.6 (C )̂; 116.4 (C )̂; 87.4 (C'̂ ) 42.7 

(C )̂; 33.9 (C )̂. 
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5.3.24 3-{2-[2-lodo-5-(Polystyrene-Wang)-phenyl]-ethyl}-pyridine 171 

4-Iodo-3-(2-pyridin-3-yl-ethyI) phenol 141b (1.76 g, 5.4 mmol) and potassium tert-

butoxide (606.0 mg, 5.4 mmol) were dissolved in anhydrous THF (100 mL) under Nz and 

stirred for 1 h at RT. Bromomethyl-Wang polystyrene resin 170 (1.5 g, 1.8 mmol) was 

washed with anhydrous THF (2x30 mL) and added to the stirring solution. The mixture 

was shaken for 15 h at RT. The resin was washed with TEDF (250 mL), H2O (250 mL), 

CH2CI2 (250 mL), MeOH (250 mL) and EtaO (150 mL) and dried in vacuo. The loading 

was assessed by cleavage of a portion of the dried resin (100 mg) with 75% TFA/CH2CI2 

(1 mL). The cleavage solvent was removed in vacuo affording 9.8 mg of 141b (loading 

0.3 mmolg'^; 35% conversion). 

5H ( H R - M A S with C P M G sequence, CDCI3, 400 MHz, spin-rate 5000 Hz); 8.45 (H^ and 

H^'); 7.63 (H^'); 7.43 (H^); 7.28 (H^'); 6.75 (H^); 6.53 (H^); 2.90 and 2.83 (H^ and H^). 

5c (HR-MAS, CDCI3, 100 MHz, spin-rate 5000 Hz): 159.1(C^); 149.9 and 147.5 (C '̂ and 

C^'); 144.2 (C^); 139.9 (C^); 136.2 (C^ ); 135.9 (C'̂ '); 123.2 (C^ ); 116.6 (C^); 114.9 (C^); 

89.1 (C^42.4(C^); 33.4 (C^). 

5.3.25 Radical cyclisation 

HO. HO. HO. 

172 173 174 

Cyclisation precursor 171 (500 mg, 0.15 mmol) was swollen in solvent (5 mL, DMF or 

toluene) and tributyltin hydride (5.38 mL, 20 mmol) added. The mixture was heated to 

80°C and AIBlSf (656.8 mg, 4.0 mmol) was added at 10 min intervals (65.6 mg aliquots) 
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for 90 min and the reaction stirred for 15 h. The addition of tributyltin hydride and AIBN 

was repeated and the reaction left stirring at 80°C for a further 15 h. The resin was then 

washed with CH2CI2 (250 mL), DMF (250 mL), acetone (250 mL), THF (250 mL), 

acetone/THF (250 mL), MeOH (250 mL) and Et20 (250 mL) and dried in vacuo. 

Purification by flash chromatography (Si02, eluting with a gradient from hexane to 25% 

EtjO/hexane) afforded 172 as off-white crystals (31.5 mg, 53% contaminated with 

residual hexane and an unknown trace aromatic compound) and compounds 173 and 174 

as an inseparable mixture (9.1 mg, 9% and 5% respectively by crude NMR). 

5,6-Dihyclro-benzo[/}]quinolin-8-ol 172 

RF (EtzO): 0.43 

m/z (ES+); 198.0 (100%, [M + H]0; (HR-ES+): 198.0913 (calculated for C13H12NO 

198.0913). 

5h (CD30D/(CD3)2C0, 400 MHz); 8.36 (IH, dd, J 5 , 2, H^); 8.01 (IH, d, J 9, H^°); 7.65-

7.58 (IH, m, H*); 7.15 (IH, dd, J 8 , 5, H^); 6.78 (IH, dd, J9, 3, H^); 6.70 (IH, d, J3 , H^); 

2.93-2.80 (4H, m, H^ and H^). 

6c (CDCI3, 100 MEIz): 160.0 (C )̂; 154.0 (C '̂'); 148.1 (CP); 141.8 (C^̂ ); 137.2 (C )̂; 132.8 

(C^^); 132.4 (C^^); 127.5 (C^°); 122.6 (C^); 115.5 (C^); 115.1 (C^); 29.2 and 29.1 (C^ and 

C^). 

H N 

0.1% 

HO 

0 . 1 % 

NOE enhancements are illustrated with arrows: the arrow tail indicates the perturbed proton 

and the head the enhanced signal; NOE enhancements were also observed due to scalar 

coupling in the GOESY experiments and these have been omitted for clarity. 
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173 174 

173:RF(Et20): 0.13 

m/z (ES+): 198.0 (100%, [M + H]+); (HR-ES+): 198.0912 (calculated for C13H12NO 

198.0913). 

174: Rp (EtzO): 0.21 

m/z (ES+): 200.0 (100%, [M + H]"); (HR-ES+): 200.1069 (calculated for C13H14NO 

200.1070). 

192 



5.4 Experimental for chapter 4 

5.4.1 Benzaldehyde-4-oxypolystyrene resin 168 

II I ° 

Merrifield resin 79 (3.5 g, 4.69 mmol) was suspended in anhydrous MeCN (100 mL) and 

4-hydroxybenzaldehyde (11.5 g, 93.8 mmol), potassium carbonate (12.96 g, 93.8 mmol) 

and sodium iodide (7.03 g, 46.9 mmol) were added. The reaction was heated to reflux and 

stirred gently for 48 h. The resin was filtered off and washed with water (500 mL), DMF 

(500 mL), CH2CI2 (500 mL), MeOH (500 mL) and EtzO (500 mL) and dried in vacuo. 

MAS NMR presented in chapter 4 (Figure 4.14). 

5.4.2 1-(Hydroxymethyl)phenyl-4-oxypolystyrene resin 169 

Benzaldehyde-4-oxypolystyrene resin 168 (assume 4.5 mmol) was swollen in THF (20 

mL). Sodium borohydride was cautiously dissolved in MeOH/THF (80 mL, 1:1 v/v) and 

added to the resin at 0°C. The resin was shaken at RT for 15 h and washed with water (500 

mL), DMF (500 mL), MeOH (500 mL), CH2CI2 (500 mL) and Et20 (500 mL) and dried in 

vacuo. 

MAS NMR presented in chapter 4 (Figure 4.14). 
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5.4.3 Preparation of resin 175 

Q ^ ' o 

o 

O" 
NHFmoc 

Fmoc-Ala-OH (0.31 g, 1.0 mmol) and DMAP (2.4 mg, 20 jumol) were dissolved in 

CH2CI2 (1 mL) and DIC (156.6 |jL, 1.0 mmol) was added. The reaction mixture was 

stirred for 10 min and added to resin 169 (100 mg, assume a maximum loading of 2 

mmolg"\ thus 200 pimol). The mixture was shaken for 2 h at RT and the resin filtered and 

washed with DMF (3x10 mL), CH2CI2 (3x10 mL), MeOH ( 3 x 1 0 mL) and Et20 (3x10 

mL). The couplings and wash steps were repeated and the resin was dried in vacuo. 

MAS NMR presented in chapter 4 (Figure 4.14). 

5.4.4 Preparation of resin 176 

OH 

Bromomethyl Wang resin 170 (1.0 g, 1.2 mmol) was suspended in anhydrous MeCN (20 

mL) and 3-hydroxybenzyl alcohol 161 (2.98 g, 24.0 mmol), potassium carbonate (3.34 g, 

24.0 mmol) and sodium iodide (1.80 g, 12.0 mmol) were added. The reaction was heated 

to reflux and stirred gently for 48 h. The resin was filtered off and washed with water (250 

mL), DMF (250 mL), CH2CI2 (250 mL), MeOH (250 mL) and Et20 (250 mL) and dried in 

vacuo. 
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5.4.5 Preparation of resin 177 

o r < 

IBX (1.47 g, 5.25 mmol) was dissolved in DMSO (15 mL) with stirring and gentle 

heating. Resin 176 (1.0 g, assume 1.05 mmolg'^) was preswollen in CH2CI2 (10 mL) and 

then dried by perfusion with N2. The IBX solution was added to the swollen resin and 

shaken at RT for 15 h. The resin was washed with DMSO (100 mL), H2O (100 mL), DMF 

(100 mL), CH2CI2 (100 mL) and MeOH (100 mL). A fine suspension of insoluble IBX by-

products was decanted off during the MeOH washes and the above wash cycle repeated. 

The resin was finally washed with Et20 (100 mL) and dried in vacuo. The loading was 

assessed as 0.82 mmolg"^ by mass recovery following TFA cleavage fi^om 40 mg resin. 

MAS NMR presented in chapter 4 (Figure 4.22). 

5.4.6 Triphenylpyridin-3-ylmethyl phosphonium chloride 179 

' c 

3-Chloromethylpyridine hydrochloride (4.00 g, 24.38 mmol) and triphenylphosphine (6.40 

g, 24.38 mmol) were dissolved in DMF (30 mL) and heated to 120°C for 20 h. On cooling 

to RT, the precipitate was filtered off, washed with Et20 (250 mL) and dried in vacuo. The 

title compound was isolated as a hygroscopic, white solid (9.76 g, 94%). 

m/z (ES+); 356.2 (100%, [M+H]^). 
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5h (CDCI3, 400 MHz): 8.57 (IH, ddd, J 5 , 2, 1, H^); 8.27 ( IH, dd, J2, 2, H'); 7.97-7.89 

(3H, m, H''); 7.82-7.71 (12H, mH*', H'', H^' and H ' ) ; 7.68 (IH, ddd, J 8 , 5, 2, H^); 7.47 

(IH, ddd, / 8 , 2, 2, H^); 5.18 (2H, d, J16, H^). 

6c (CDCI3, 100 MHz): 150.4 (d, J6, C )̂; 148.8 (d, J3, C^; 142.5 (d, V5, C )̂; 136.8 (d, J 

3, C"'); 135.4 (d, J10 , C '̂ and C"'); 131.4 (d, 713 , C '̂ and C^'); 127.4 (d, / 8, C )̂; 126.2 

(d, 73 , C'*); 117.4 (d, 789, C'̂ '); 27.8 (d, 749, C"̂ ). 

6p (CDCI3, 162 MHz); 25.0 referenced to 85% H3PO4. 

5.4.7 Wittig reaction to generate resin 180 

Triphenylpyridin-3-ylmethyl phosphonium chloride 179 (2.73g, 6.4 mmol) was dissolved 

in dry THF (10 mL) and potassium /ert-butoxide (718.2 mg, 6.4 mmol) was added at 0°C 

under N2. The solution was stirred for 30 min and then resin 177 (780 mg, 0.64 mmol) 

was added and the reaction was refluxed for 72 h. The resin was washed with CH2CI2 (100 

mL), DMF (100 mL), MeOH (100 mL) and Et20 (100 mL) and dried in vacuo. 

MAS NMR presented in chapter 4 (Figure 4.22). 

5.4.8 3-(2-Pyridin-3-yl-vlnyl)-phenol 181 

The title compounds were released from resin 180 by treatment with 75% TFA in CH2CI2 

for 2 h at RT furnishing a mixture of geometric isomers (88.3 mg, 70%, E:Z ratio 1; 1). 
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Z-3-(2-Pyridin-3-yl-vinyl)-phenol 

Rp (EtzO): 0.25. 

m/z (ES+): 198.0 (100%, (HR-ES+): 198.0914 (calculated for C13H12NO 

198.0913). 

6H ((CD3)2C0, 400 MHz): 8.44 (IH, d, 7 2 , H^'); 8.38 (IH, dd, J 5 , 2, H '̂); 7.59 (IH, ddd, 

J 8, 2, 2, H^'); 7.23 (IH, ddd, J 8, 5, 1, H^'); 7.11 (IH, dd, 7 8 , 8, H )̂; 6.74 (IH, d, J 1 2 , 

H '̂); 6.73-6.69 (3H, m, H ,̂ H^ and H^); 6.59 (IH, d, J12, H^). 

6c ((CD3)2C0, 100 MHz): 158.4 (C^); 150.7 (C^); 148.8 (C'̂ '); 139.0 (C^); 136.5 (C'*'); 

133.9 (C^ ); 133.3 (C''); 130.5 (C^); 127.3 (C^); 124.0 (C^); 120.7, 116.1, 115.5 (C^ C* 

and C®). 

£-3-(2-Pyridin-3-yl-vinyl)-phenol 

RF(Et20): 0.18. 

m/z (ES+): 198.0 (100%, [M+H]^; (HR-ES+): 198.0914 (calculated for C13H12NO 

198.0913). 

6H ((CD3)2C0, 400 MHz): 8.76 (IH, d, J 2 , H^'); 8.45 (IH, dd, J 5 , 2, H^'); 8.00 (IH, ddd, 

J 8, 2, 2, H^'); 7.36 (IH, ddd, 7 8 , 5, 1, H^'); 7.31 (IH, d, J 16, H^); 7.22 (IH, ddd, J 8, 8, 

1, H^); 7.21 (IH, d, J16, H^); 7.12-6.90 (2H, m, H^ and H^); 6.79 (IH, m, H^). 

6c ((CD3)2C0, 100 MHz): 158.6 (C^); 149.4 (C^); 149.3 (C^ ); 139.4 (C^); 134.0 (C^ ); 

133.3 (C'̂ '); 131.6 (C^); 130.6 (C^); 125.8 (C^); 124.4 (C^ ); 119.1 (C^); 116.1 (C'̂ ); 114.1 

(C). 
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Chapter 6 Appendix 

6.1 Crystallographic data for poststerone 37 

Table 1. Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
6* range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 23.25° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
F ina l ind ices > 2o(f^)] 
R indices (all data) 
Absolute structure parameter 
Extinction coefficient 
Largest diff peak and hole 

OOSIWClOlr 
C21H34O6.50 
390.48 
150(2) K 
Cr71073 j l 
Orthorhombic 
C222i 
a = 7.7269(3) A 
6 = 10.825(2) A 
c = 46.8630(4) A 
3919 (%7);^ 
8 
1.323 Mg/m^ 
0.097 mm'* 
1696 
Colourless plate 
0.20 X 0.20 X 0.07 MM^ 

3.24-23.25° 
- 8 < A < 7, -12 < A: < 12, - 52 < Z ^ 52 
9359 
2690 0.1176] 
97.5=4 
0.9933 and 0.9809 
Full-matrix least-squares on 
2 6 9 0 / 0 / 2 5 3 
L018 

= 0.0590, = 0.1330 
7(7 = 0.0849, = 0.1469 
not reliably determined 
0.0004(9) 
0.288 and -0.247 e A"^ 

Diffractometer: Enraf Nonius KappaCCD area detector {(/> scans and co scans to fill Ewald sphere). Data collection and 
cell refinement: DenzoP" Absorption correction: SORTAV?^^' Program used to solve structure: SHELXS97P^ 
Program used to refine structure: SHELXL97P^ 

Special details: All hydrogen atoms were placed in idealised positions and refined using a riding model. 
Relative chirality C2 = S, C3 = R, C5 = R C9 = R, CIO = R, C13 = R, C14 = S, C17 =S 
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Table 2. Atomic coordinates [x lO'*], equivalent isotropic displacement parameters [A^ x 
10^] and site occupancy factors. Ueq is defined as one third of the trace of the 
orthogonalized if^ tensor. 

Atom X J' z [4 , S.o.f. 

CI 4419(6) 3082(5) 1814(1) 48C0 1 
C2 5002(8) 1978(5) 1985(1) 58C0 1 
C3 6822(8) 2084(4) 2082(1) 47(2) 1 
C4 8035(6) 2327(4) 1835(1) 35(1) 1 
C5 7473(5) 3477(4) 1667(1) 23(1) 1 
C6 8717(6) 3686(4) 1425(1) 26(1) 1 
C7 8395(6) 2993(4) 1160(1) 27(1) 1 
C8 6944(5) 2368(3) 1115(1) 23(1) 1 
C9 5437(5) 2372(4) 1323(1) 25(1) 1 
CIO 5596(5) 3391(4) 15590) 24(1) 1 
C l l 3627(5) 2385(4) 1175(1) 32(1) 1 
C12 3486(6) 1562(4) 910(1) 27(1) 1 
C13 4955(6) 1830(3) 701(1) 24(1) 1 
C14 6700(6) 1553(4) 855(1) 23(1) 1 
C15 8018(6) 1590(4) 615(1) 29(1) 1 
C16 7065(6) 1013(4) 360(1) 3 0 0 ) 1 
C17 5139(5) 964(3) 435(1) 23(1) 1 
CIS 5109(7) 4664(4) 1439(1) 47(1) 1 
C19 4919(6) 3175(3) 6000) 33(1) 1 
C20 3910(6) 1259(4) 190(1) 29(1) 1 
C21 2005(5) 1207(4) 250(1) 3 4 0 ) 1 
0 2 3912(6) 1820(5) 2229(1) 93(2) 1 
OIW 891(4) 5 4 a p ) 2246(1) 47(1) 1 
0 3 7006(4) 3073(3) 2290(1) 39(1) 1 
02W 0 4355(4) 2500 68^0 1 
0 6 9983(4) 4373(3) 1450(1) 35(1) 1 
014 6742(4) 278(2) 948(1) 3 0 0 ) 1 
020 4442(4) 1526(3) -47(1) 35(1) 1 

199 



Table 3. Bond lengths [A] and angles [°]. 

(: i-C2 1 5()7(8) (:SL_(:iO 1.5619(5) 
(:i-4cio 1.538(6) 1.535(6) 
C% -̂02 1432(5) C11-C12 1531(6) 
(:2--c:3 1.48:2(7) (:i:z-(:i3 1.530(6) 
C3-03 1.456(5) C13-C19 1.532(5) 
C%L-C4 1.511(7) C13-C14 1.559(6) 
C%L-C5 1.536(6) C13-C17 1.565(5) 
(:5--C6 1 5(X2(6) (:i/L-()l/l 1.449(5) 
(:5-(:i() 1.538(6) (:i4[--(:i5 1.516(6) 
C6-06 1.234(5) C15-C16 1.537(6) 
C6-C7 1.473(6) C16-C17 1.530(6) 
C7-C8 1.327(5) C17-C20 1.521(6) 
C8-C14 1.517(5) C20-020 1.219(5) 
C8-C9 1.518(5) C20-C21 1.499(6) 
C9-C11 1.561(6) 

C2-C1-C10 114.1(4) C1-C10-C9 110.4(4) 
02-C2-C3 108.8(4) C5-C10-C9 110.4(3) 
02-C2-C1 110.2(5) C12-C11-C9 114.7(3) 
C3-C2-C1 112.7(4) C13-C12-C11 111.0(3) 
03-C3-C2 110.7(4) C12-C13-C19 111.4(3) 
03-C3-C4 108.9(4) C12-C13-C14 107.9(3) 
C2-C3-C4 111.6(4) C19-C13-C14 109.9(3) 
C3-C4-C5 111.0(4) C12-C13-C17 117.8(3) 
C6-C5-C4 109.1(3) C19-C13-C17 109.0(3) 
C6-C5-C10 111.5(3) C14-C13-C17 100.1(3) 
C4-C5-C10 112.7(4) 014-C14-C15 103.5(3) 
06-C6-C7 121.4(4) 014-C14-C8 107.9(3) 
06-C6-C5 121.8(4) C15-C14-C8 119.8(3) 
C7-C6-C5 116.8(4) 014-C14-C13 110.0(3) 
C8-C7-C6 122.5(4) C15-C14-C13 103.5(3) 
C7-C8-C14 122.0(4) C8-C14-C13 111.6(3) 
C7-C8-C9 123.0(3) C14-C15-C16 104.1(3) 
C14-C8-C9 115.0(4) C17-C16-C15 107.5(3) 
C8-C9-C11 113.8(3) C20-C17-C16 115.3(3) 
C8-C9-C10 113.3(3) C20-C17-C13 114.6(3) 
C11-C9-C10 112.2(3) C16-C17-C13 104.5(3) 
C18-C10-C1 109.6(4) 020-C20-C21 120.6(4) 
C18-C10-C5 107.3(3) 020-C20-C17 121.7(4) 
C1-C10-C5 108.5(3) C21-C20-C17 117.7(4) 
C18-C10-C9 110.7(3) 
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Table 4. Anisotropic displacement parameters [A^x 10 ]̂. The anisotropic displacement 
factor exponent takes the form: + ••• + 2 h k a * b* ]. 

Atom U'' ^ 3 f / 3 jjU 

CI 320!) 82^0 3 0 0 ) - 2 8 0 ) 1600 - 1 8 0 ) 
C2 81(5) 70(4) 2 4 0 ) - 1 8 0 ) 2 5 0 ) -48(4) 
C3 89(5) 3 3 0 ) 20(2) 0(2) 11(3) 0 0 ) 
C4 50CO 2 9 0 ) 2 6 0 ) -1(2) - lOO 7(2) 
C5 27(3) 25(2) 16(2) -5(2) - 4 ( 2 ) 2(2) 
C6 2%3) 3 1 0 ) 21(2) 0(2) - 1 0 0 -5(2) 
C7 30P) 35(2) 15(2) -3(2) 7(2) -4(2) 
C8 2 7 0 ) 2400 1700 4(2) 3(2) 6(2) 
C9 23(3) 32(2) 20(2) -$(2) 1(2) 1(2) 
CIO 20Q^ 2 9 0 ) 2 2 0 ) -10(2) 4(2) 4(2) 
C l l 310)) 4405 20(2) -6(2) 6(2) 0(2) 
C12 2700 3 5 0 ) 21(2) -2(2) - 4 ( 2 ) 1(2) 
C13 27(3) 23(2) 23O0 1(2) 3(2) 2(2) 
CM 29(3) 2400 18(2) 2(2) 1(2) 0(2) 
C15 3 0 0 ) 3 8 0 ) 18(2) 5(2) 9(2) 2(2) 
C16 3 5 0 ) 3 1 0 ) 24C0 -3(2) -1 (2 ) 0(2) 
C17 27(3) 28C0 14(2) 2(2) 0(2) 7(2) 
CIS 54(3) 37(3) 5 0 0 ) -19(2) -24(3) 20(3) 
C19 3 7 0 ) 3 9 0 ) 23O0 2(2) -4 (2 ) 7(2) 
C20 39(3) 2 6 0 ) 22(2) -2(2) -3 (2 ) -2(2) 
C21 3 2 0 ) 4 9 0 ) 22O0 2(2) -1(2) 5(2) 
0 2 108(3) 150(4) 1900 -28(2) 31(2) - 1 0 4 0 ) 
OIW 33C0 51(2) 57(2) 5(2) -6 (2 ) - 9 0 ) 
0 3 59(2) 42C0 16(1) 1(1) 2(2) 0(2) 
02W 78B0 3 9 0 ) 87(4) 0 10(3) 0 
0 6 36(2) 44(2) 25(2) -4(1) 1(2) -10(2) 
014 38O0 33(2) 18(2) 3(1) 3(2) 6(2) 
020 44(2) 44(2) 17(2) 7(1) -2 (2 ) -1(2) 
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Table 5. Hydrogen coordinates [x lO'*] and isotropic displacement parameters [A^ x 10^]. 

Atom X y z [4 , 

HIA 4366 3809 1942 58 1 
HIB 3234 2925 1742 58 1 
H2 4898 1226 1862 70 1 
H3 7165 1288 2174 57 1 
H4A 8047 1602 1707 42 1 
H4B 9224 2450 1909 42 1 
H5 7551 4204 1798 27 1 
H7 9259 2994 1016 32 1 
H9 5504 1565 1426 30 1 
H l l A 2746 2117 1315 38 1 
H U B 3349 3245 1119 38 1 
H12A 3532 683 969 33 1 
H12B 2360 1708 816 33 1 
HI 5 A 9059 1103 665 34 1 
H15B 8369 2450 573 34 1 
H16A 7246 1520 187 36 1 
H16B 7508 170 323 36 1 
H17 4878 104 499 28 1 
HI 8 A 3918 4641 1367 71 1 
f n s B 5898 4877 1283 71 1 
FHSC 5201 5286 1590 71 1 
HI 9 A 5876 3318 466 50 1 
H19B 5042 3726 764 50 1 
H19C 3817 3343 504 50 1 
H21A 1364 1413 76 51 1 
H21B 1715 1801 400 51 1 
H21C 1691 373 312 51 1 
H2A 2870 1872 2180 139 1 
H3A 6484 2879 2441 58 1 
H14 6387 233 1117 44 1 
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6.2 Crystallographic data for dihydropoststerone 36 

Table 1. Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
6* range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 6= 25.00° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final indices > 2 o ( ^ ) ] 
R indices (all data) 
Absolute structure parameter 
Extinction coefficient 
Largest diff peak and hole 

93.256(2)° 

OOSOTlOl 
C21H32O5. H2O 
382 48 
150(2) K 
0.71073 A 
Monoclinic 
f2 i /c 
a = 6.1999(3) A 
6 = 12.9070(6) A 

12.2971(8) A 
982.45(9) A^ 
2 
1.293 Mg/m^ 
0.093 
416 
Colourless plate 
0.20 X 0.20 X 0.05 MM^ 

3.29 - 25.02° 
- 7 ^ / z ^ 7 , - 1 5 < A < 1 4 , - 1 4 ^ / < 14 
5554 
3246 [#,%, = 0.0370] 
99 0 94 
0.9954 and 0.9816 
Full-matrix least-squares on 
3246/ 1 /381 
0 987 
^7 = 0.0398, = 0.0719 
^7 = 0.0615, = 0.0787 
Not reliably determined 
0.0159(18) 
0.158 and-0.156 eA"^ 

Diffractometer: Enraf Nonius KappaCCD area detector scans and co scans to fill Ewald sphere). Data collection and 
cell refinement: Denzo?^° Absorption correction: SORTAV}^^'Program used to solve structure: SHELXSP?"^ 
Program used to refine structure: SHELXL97P^ 

Special details: All hydrogen atoms were located from the difference map and fully refined. 
Chirmy: C2=R,C3 = S,C5 = S,C9 = S,C10 = S.C13 = S,C14 = R,C17 = R.C20 =S 
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Table 2. Atomic coordinates [x 10^|, equivalent isotropic displacement parameters [A^ x 
10 ]̂ and site occupancy factors. Ueq is defined as one third of the trace of the 
orthogonalized t / ' tensor. 

Atom X y z f/sg 

CI 1699(4) -916(2) 628(2) 21(1) 
C2 3438(4) -386(2) lOCO 23(1) 
C3 2496(4) 377(2) -830(2) 24(1) 
C4 1068(5) 1162(2) -284(2) 25(1) 
C5 -671(4) 635(2) 382(2) 22(1) 
C6 -1953(4) 1471(2) 897(2) 23(1) 
C7 -1211(4) 1845(2) 1971(2) 26(1) 
C8 487(4) 1421(2) 2528(2) 22(1) 
C9 1661(4) 470(2) 2122(2) 21(1) 
CIO 315^0 -135(2) 1234(2) 21(1) 
Cl l 2561(5) -241(2) 3050(2) 28(1) 
C12 3664(5) 329(2) 4020(2) 29(1) 
C13 2136(4) 1144(2) 4448(2) 23(1) 
C14 1574(4) 1916(2) 3527(2) 23(1) 
C15 454(5) 2791(2) 4109(2) 29(1) 
C16 1824(5) 2886(2) 5194(3) 360) 
C17 3169(5) 1869(2) 5331(2) 26(1) 
CIS -1530(4) -741(2) 1718(2) 24(1) 
C19 70(5) 642(2) 4831(3) 31(1) 
C20 3306(5) 1491(2) 6505(2) 300) 
C21 4985(7) 2106(3) 7165(3) 44(1) 
02 4810(3) -1107(1) -510(2) 28(1) 
OIW 2967(4) 4371(2) 2279(2) 33(1) 
03 1273(3) -160(1) -1682(2) 31(1) 
06 -3499(3) 1880(1) 373(2) 300) 
014 3601^) 2313(1) 3163(2) 29(1) 
020 3701(3) 389(1) 6595(1) 31(1) 
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Table 3. Bond lengths [A] and angles [°]. 

C1-C2 1.517(3) C9-C10 1.5/17(3) 
Cl-ClO 1.543(3) C10-C18 1.533(3) 
(:2--C)2 1.436(3) C:il-C:i2 1.5:»9(4) 
(:2--c:3 1.5210(3) (:i:2-(:i3 1.530(4) 
C3-03 1.436(3) C13-C19 1.533(4) 
C3-C4 1.526(4) C13-C14 1.533(4) 
C4-C5 1.548(3) C13-C17 1.545(4) 
C5-C6 1.501(3) C14-014 1.451(3) 
C5-C10 1.545(3) C14-C15 1.525(4) 
C6-06 1.242(3) C15-C16 1.545(4) 
C6-C7 1.456(4) C16-C17 1.559(4) 
C7-C8 1.340(4) C17-C20 1.522(4) 
C8-C14 1.510(3) C20-020 1.447(3) 
C8-C9 1.525(3) C20-C21 1.509(4) 
C9-C11 1.544(3) 

C2-C1-C10 112.22(19) C1-C10-C9 112.2(2) 
02-C2-C1 112.74(19) C5-C10-C9 109.3(2) 
02-C2-C3 109.4(2) C12-C11-C9 114.6(2) 
C1-C2-C3 112.1(2) C11-C12-C13 110.0(2) 
03 -C3-C2 110.5(2) C12-C13-C19 111.1(2) 
03 -C3-C4 110.2(2) C12-C13-C14 108.2(2) 
C2-C3-C4 109.9(2) C19-C13-C14 110.0(2) 
C3-C4-C5 112.4(2) C12-C13-C17 114.7(2) 
C6-C5-C10 112.0(2) C19-C13-C17 111.1(2) 
C6-C5-C4 108.0(2) C14-C13-C17 101.2(2) 
C10-C5-C4 112.4(2) 014-C14-C8 104.63(18) 
06 -C6-C7 121.6(2) 014-C14-C15 108.0(2) 
06-C6-C5 119.9(2) C8-C14-C15 120.1(2) 
C7-C6-C5 118.2(2) 014-C14-C13 107.1(2) 
C8-C7-C6 121.8(2) C8-C14-C13 113.5(2) 
C7-C8-C14 123.0(2) C15-C14-C13 103.0(2) 
C7-C8-C9 122.5(2) C14-C15-C16 102.8(2) 
C14-C8-C9 114.1(2) C15-C16-C17 106.9(2) 
C8-C9-C11 113.3(2) C20-C17-C13 118.1(2) 
C8-C9-C10 112.9(2) C20-C17-C16 111.9(2) 
C11-C9-C10 112.3(2) C13-C17-C16 103.6(2) 
C18-C10-C1 107.58(19) 020-C20-C21 111.5(3) 
C18-C10-C5 108.4(2) 020-C20-C17 112.8(2) 
C1-C10-C5 107.6(2) C21-C20-C17 110.0(2) 
C18-C10-C9 111.6(2) 
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Table 4. Anisotropic displacement parameters [A^x 10 ]̂. The anisotropic displacement 
factor exponent takes the form: + ••• +2hka* b* ]. 

Atom f / 3 U'' ^ 2 

CI 25C0 19(1) 21(2) 0(1) 5(1) -1(1) 
C2 24C0 18(1) 2 6 0 ) -7(1) 5(1) 1(1) 
C3 24C0 29(1) 18(1) -3(1) -1 (1 ) -5(1) 
C4 28(2) 23(1) 2400 7(1) 2(1) -4(1) 
C5 23C0 21(1) 2 0 0 ) 1(1) -1 (1 ) -3(1) 
C6 25(1) 180) 26(2) 2(1) 5(1) -3(1) 
C7 29(2) 190) 31(2) -3(1) 5(1) 3(1) 
C8 28(2) 18(1) 20(1) 1(1) 7(1) -1(1) 
C9 23(2) 18(1) 21(2) -2(1) 3(1) 0(1) 
CIO 2300 190) 21(2) 0(1) 4(1) -1(1) 
C l l 38C0 20(1) 25O0 -1(1) -5 (1 ) 12(1) 
C12 36(2) 27(1) 2400 -2(1) -3 (1 ) 7(1) 
C13 25(2) 18(1) 2400 -4(1) 0(1) -1(1) 
CM 23(1) 21(1) 25(2) -1(1) 5(1) 2(1) 
C15 35C0 2300 28(2) -4(1) 5(1) 2(1) 
C16 49C0 28(1) 30(2) -3(1) 5(2) 2(2) 
C17 32(2) 23(1) 2300 -2(1) 2(1) -4(1) 
CIS 2300 21(2) 30(2) 2(1) 7(1) 0(1) 
C19 3400 28(2) 3100 -1(1) 7(2) -3(1) 
C20 44(2) 23(1) 2400 -3(1) 6(1) -6(1) 
C21 6701) 3700 2600 1(2) -5 (2 ) -19(2) 
0 2 3(K1) 22(1) 35(1) -6(1) 12(1) -2(1) 
OIW 29(1) 40(1) 31(1) 5(1) 5(1) 2(1) 
0 3 3 0 0 ) 42(1) 23(1) -2(1) 2(1) -8(1) 
0 6 27(1) 25(1) 36(1) :%i) -3 (1 ) 4(1) 
014 32(1) 26(1) 29(1) 3(1) 7(1) -5(1) 
020 39(1) 26(1) 27(1) 3(1) -1 (1 ) -5(1) 
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Table 5. Hydrogen coordinates [x lO'*] and isotropic displacement parameters [A^ x 10^]. 

Atom X y z Ueq 

HOI 1640(60) 4530(30) 2070(30) 68(13) 1 
HIA 2400(40) -1426(19) 1140(20) 23(7) 1 
HIB 650(40) -1290(20) 70(20) 32(7) 1 
H2 4560(40) 23(19) 540(20) 33(8) 1 
H02 3720(70) 4160(30) 1750(30) 97(16) 1 
H2A 4230(50) -1700(20) -490(20) 44(10) 1 
H3 3840(40) 783(18) -1157(18) 24(7) 1 
H3A 2080(60) -100(30) -2290(30) 95(14) 1 
H4A 2060(40) 1640(17) 235(19) 20(6) 1 
H4B 400(40) 1562(19) -890(20) 24(7) 1 
H5 -1650(30) 252(16) -134(17) 8(5) 1 
H7 -1870(50) 2450(20) 2210(20) 43(8) 1 
H9 3010(40) 787(19) 1832(18) 23(6) 1 
H l l A 1330(40) -640(20) 3299(19) 17(6) 1 
EH IB 3680(40) -694(19) 2754(19) 20(6) 1 
H12A 4100(40) -150(19) 4600(20) 24(7) 1 
H12B 5140(40) 700(20) 3760(20) 36(8) 1 
H14 3340(50) 2920(20) 2920(30) 57(11) 1 
H15A -1130(40) 2596(16) 4229(18) 130% 1 
H15B 450(40) 3480(20) 3620(20) 32(7) 1 
H16A 800(50) 2900(20) 5780(20) 38(8) 1 
H16B 2880(50) 3490(20) 5210(20) 500% 1 
H17 4660(40) 2033(19) 5150(19) 21(7) 1 
H18A -1020(40) -1330(20) 2140(20) 34(8) 1 
H18B -2580(40) -1053(19) 1120(20) 30(7) 1 
tH8C -2510(40) -250(20) 2160(20) 34(7) 1 
H19A -720(40) 1130(20) 5220(20) 33(8) 1 
H19B -950(40) 420(20) 4150(20) 33(7) 1 
H19C 370(50) 20(20) 5360(20) 56(9) 1 
H20 1840(40) 1609(19) 6834(18) 23(7) 1 
H20A 5240(60) 240(30) 6780(30) 81(12) 1 
H21A 4630(50) 2820(30) 7080(20) 52(S0 1 
H21B 6500(50) 1970(20) 6920(20) 49(10) 1 
H21C 5210(60) 1920(30) 7960(30) 76(12) 1 
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Table 6. Hydrogen bonds [A and °]. 

D—H'"A d(D-H) d(H-A) d(p-"A) Z ( D m ) 

OlW-HOl 03' 0.87(4) L88^0 2.757(3) 177(3) 
01W-H02 02" 0.86(4) 185^0 2.712(3) 171(4) 
02-H2A 06"' 0.85(3) 1.90(3) :L731(3) 16%2) 
03 -H3A 020^ 0.93(4) 185^0 2.760(3) 16%2) 
014-H14-01W 0.85(3) 2.04(3) 2.889(3) 175p) 
020-H20A-01W'' 0.99(4) 1.92(4) 2.754(3) 140(3) 

Symmetry transformations used to generate equivalent atoms: 
(i) -x,y+l/2,-z (ii) -x+l,y+l/2,-z (iii) -x,y-l/2,-z 
(iv) x,y,z-l (v) -x+l,y-l/2,-z+l 

C21 
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6.3 Crystallographic data for 2,3-isopropylldenedihydropoststerone 99 

Table 1. Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
6 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 6*= 27.50° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final ^ indices > 2 o ( ^ ) ] 
R indices (all data) 
Absolute structure parameter 
Largest diff peak and hole 

a =90° 
103.38(3)= 

X = 90° 

00sot044 
C24H36O5 
404.53 
150(2) K 
0.71073 A 
Monoclinic 

a = 7.6089(15) A 
6 = 12.533(3) A 
c = 11.684(2) A 
1083.9(4) A^ 
2 
1.239 Mg/m^ 
0.085 mm~̂  
440 
Plate; colourless 
0.28x0.13 X 0.04 mm^ 
2 .92-27 .50° 
- 9 < / ; ^ 9 , - 1 6 ^ A : < 1 5 , - 1 5 ^ / ^ 15 
11202 
4412 [&»f = 0.0500] 
99.5% 
Semi-empirical from equivalents 
0.9966 and 0.9770 
Full-matrix least-squares on 
4 4 1 2 / 1 / 2 6 7 
1.049 
^7 = 0.0462, = 0.1053 
^7 = 0.0623, w.R2 = 0.1130 
0.9(9) 
0.216 and -0 .404 e A"^ 

Diffractometer: Enraf Nonius KappaCCD area detector {(/> scans and co scans to fill Ewald sphere). Data collection and 

cell reflnement: DenzoP^ Absorption correction: SORTAVP^' ^ Program used to solve structure: SHELXS97^^^ 

Program used to refine structure: SHELXL97P* 
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Table 2. Atomic coordinates [x 10^|, equivalent isotropic displacement parameters [A^ x 
10^] and site occupancy factors. Ueq is defined as one third of the trace of the 
orthogonalized tensor. 

Atom X y z 

0 1 3880(2) 6525(1) 8611(1) 26(1) 
0 2 -2287(2) 6407(1) 9059(1) 24(1) 
0 3 -3508(3) 9491(1) 12351(1) 38(1) 
0 4 -4662(2) 6071(1) 14226(1) 27(1) 
0 5 -2720(2) 4668(1) 14278(1) 30(1) 
C20 2550(3) 7224(2) 7921(2) 24(1) 
C21 2430(3) 7059(2) 6621(2) 33(1) 
C17 704(3) 7080(2) 8225(2) 22(1) 
C16 -694(3) 7924(2) 7620(2) 25(1) 
C15 -1843(3) 8220(2) 8509(2) 25(1) 
C14 -1346(3) 7375(2) 9472(2) 21(1) 
C13 676^) 7161(2) 9541(2) 21(1) 
CIS 1825(3) 8119(2) 10105(2) 25(1) 
C12 1187(3) 6147(2) 10263(2) 23(1) 
CLL 84&P) 6269(2) 11500(2) 25(1) 
C9 -1012(3) 6724(2) 11566(2) 21(1) 
C8 -1661(3) 7601(2) 10672(2) 20(1) 
C7 -2513(3) 8475(2) 10924(2) 25(1) 
C6 -2954(3) 8633(2) 12062(2) 26(1) 
C5 -2775(3) 7669(2) 12849(2) 23(1) 
CIO -1027(3) 7055(2) 12847(2) 22(1) 
C19 559(3) 7796(2) 13384(2) 3 0 0 ) 
C I -974(3) 6089(2) 13659(2) 26(1) 
C2 -2591(3) 5344(2) 13312(2) 26(1) 
C3 -4401(3) 5923(2) 13060(2) 26(1) 
C4 -4472(3) 6982(2) 12434(2) 26(1) 
C22 -4057(3) 5101(2) 14847(2) 27(1) 
C23 -5586(4) 4312(2) 14721(2) 39(1) 
C24 -3215(4) 5381(2) 16102(2) 37(1) 

S.o.f. 
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Table 3. Bond lengths [A] and angles [°]. 

01-C20 1.436(3) C12-C11 1.534(3) 
02-C14 L434Cy C11-C9 1.544(3) 
03-C6 1.230(3) C9-C8 1.517(3) 
04-C3 1.434(2) C9-C10 1.555(3) 
04-C22 1.436(3) C8-C7 1.341(3) 
05-C2 1.434(3) C7-C6 1.458(3) 
05-C22 1.443(3) C6-C5 1.505(3) 
C20-C21 1.515(3) C5-C4 1.534(3) 
C20-C17 1.537(3) C5-C10 1.537(3) 
C17-C13 1.547(3) ClO-Cl 1.533(3) 
C17-C16 1.549(3) C10-C19 1.537(3) 
C16-C15 1.550(3) C1-C2 1.522(3) 
C15-C14 1.529(3) C2-C3 1.524(3) 
C14-C8 1.503(3) C3-C4 1.511(3) 
C14-C13 1.546(3) C22-C24 1.5()0(3) 
C13-C12 1.525(3) C22-C23 1.5()7(3) 
C13-C18 1.541(3) 

C3-04-C22 105.77(15) C14-C8-C9 114.14(16) 
C2-05-C22 108.97(15) C8-C7-C6 122.41(19) 
01-C20-C21 110.48(17) 03-C6-C7 122.3(2) 
01-C20-C17 111.23(16) 03-C6-C5 121.45(18) 
C21-C20-C17 111.67(17) C7-C6-C5 116.19(18) 
C20-C17-C13 116.47(16) C6-C5-C4 107.87(17) 
C20-C17-C16 112.50(17) C6-C5-C10 110.86(17) 
C13-C17-C16 104.06(16) C4-C5-C10 112.55(17) 
C17-C16-C15 106.99(16) C1-C10-C19 108.59(16) 
C14-C15-C16 104.23(17) C1-C10-C5 107.02(16) 
02-C14-C8 107.38(15) C19-C10-C5 107.16(17) 
02-C14-C15 108.64(16) C1-C10-C9 112.29(17) 
C8-C14-C15 119.40(17) C19-C10-C9 111.99(16) 
02-C14-C13 106.50(16) C5-C10-C9 109.55(16) 
C8-C14-C13 110.84(16) C2-C1-C10 114.55(17) 
C15-C14-C13 103.39(16) 05-C2-C1 110.57(17) 
C12-C13-C18 111.51(16) 05-C2-C3 102.07(16) 
C12-C13-C14 107.25(16) C1-C2-C3 113.49(18) 
C18-C13-C14 110.27(17) 04-C3-C4 110.43(17) 
C12-C13-C17 115.78(17) 04-C3-C2 101.29(16) 
C18-C13-C17 109.81(16) C4-C3-C2 116.13(18) 
C14-C13-C17 101.69(15) C3-C4-C5 114.04(17) 
C13-C12-C11 111.14(17) 04-C22-05 105.25(15) 
C12-C11-C9 116.13(16) 04-C22-C24 108X%K18) 
C8-C9-C11 112.87(16) 05-C22-C24 110.53(19) 
C8-C9-C10 113.26(16) 04-C22-C23 110.85(18) 
C11-C9-C10 110.97(16) 05-C22-C23 108.62(19) 
C7-C8-C14 123.27(18) C24-C22-C23 113.21(19) 
C7-C8-C9 122.53(17) 

Symmetry transformations used to generate 
equivalent atoms: 
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Table 4. Anisotropic displacement parameters [A^x 10^]. The anisotropic displacement 
factor exponent takes the form; + ••• + 2hka* b* ]. 

Atom ^ 2 ^ 3 ^ 3 f / 3 

0 1 170) 29(1) 33(1) 1(1) 8(1) 1(1) 
0 2 190) 24(1) 3 0 0 ) -4(1) 6(1) -2(1) 
0 3 58(1) 21(1) 42(1) 1(1) 26(1) 100) 
0 4 3 0 0 ) 24(1) 31(1) 4(1) 12(1) 2(1) 
0 5 3 9 0 ) 21(1) 35(1) 7(1) 18(1) 4(1) 
C20 22(1) 23(1) 3 0 0 ) 2(1) 7(1) 0(1) 
C21 36(1) 3 8 0 ) 3 0 0 ) 6(1) 14(1) 8(1) 
C17 20(1) 23(1) 24(1) 1(1) 6(1) 2(1) 
C16 27(1) 27(1) 23(1) 2(1) 7(1) 3(1) 
C15 26(1) 24(1) 24(1) 1(1) 5(1) 4(1) 
C14 190) 18(1) 24(1) 1(1) 4C0 1(1) 
C13 190) 21(1) 23(1) 2(1) 6(1) 1(1) 
CIS 24(1) 25(1) 26(1) 0(1) 6(1) -3(1) 
C12 21(1) 21(1) 27(1) 2(1) 8(1) 2(1) 
C l l 25(1) 24(1) 26(1) 6(1) (%1) 5(1) 
C9 20(1) 190) 25(1) 2(1) 5(1) -1(1) 
C8 18(1) 18(1) 24(1) 0(1) 4(1) -1(1) 
C7 28(1) 21(1) 28(1) 4(1) 10(1) 1(1) 
C6 27(1) 21(1) 32(1) 0(1) 11(1) 2(1) 
C5 26(1) 18(1) 24(1) 1(1) 7(1) 1(1) 

CIO 22(1) 22(1) 23(1) 1(1) 7(1) -1(1) 
C19 29(1) 35(1) 26(1) -3(1) 6(1) -6(1) 
CI 22(1) 29(1) 26(1) 4(1) 5(1) 3(1) 
C2 31(1) 20(1) 29(1) SKI) 11(1) 3(1) 
C3 24(1) 30(1) 24(1) -1(1) 7(1) ^ ( 1 ) 
C4 23(1) 26(1) 29(1) 4(1) 6(1) 0(1) 
C22 33(1) 20(1) 32(1) 3(1) 13(1) 3(1) 
C23 44(2) 36(1) 42(1) 4(1) 19(1) -12(1) 
C24 44(1) 34(1) 32(1) 3(1) 8(1) 5(1) 
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Table 5. Hydrogen coordinates [x 10"̂ ] and isotropic displacement parameters [A^ x 10^]. 

Atom X y z S.o.f. 

HI 4855 6621 8440 39 1 
H2 -3369 6486 9019 37 1 
H20A 2946 7959 8116 29 1 
H21A 3597 7171 6459 50 1 
H21B 1583 7̂ 556 6174 50 1 
H21C 2035 6344 6405 50 1 
H17 240 6375 7943 27 1 
HI 6 A -1458 7633 6906 30 1 
H16B -83 8550 7415 30 1 
HI 5 A -1542 8929 8827 29 1 
H15B -3122 8195 8138 29 1 
HI 8 A 1604 8257 10868 38 1 
H18B 1505 8737 S#15 38 1 
H18C 3081 7961 10183 38 1 
H12A 2454 5989 10324 27 1 
H12B 482 5553 9865 27 1 
H l l A 1777 6730 11953 30 1 
H U B 986 5574 11876 30 1 
H9 -1878 6137 11361 25 1 
H7 -2835 9001 10352 30 1 
H5 -2729 7910 13654 27 1 
HI 9 A 341 8127 14079 45 1 
H19B 672 8337 12823 45 1 
H19C 1654 7388 13585 45 1 
HIA 117 5685 13669 31 1 
HIB -903 6344 14452 31 1 
H2 -2488 4912 12631 31 1 
H3 -^345 5451 12617 31 1 
H4A -^#11 7378 12550 31 1 
H4B -4644 6851 11597 31 1 
H23A -6433 4561 15156 59 1 
H23B -5116 3631 15021 59 1 
H23C -6184 4243 13905 59 1 
H24A -2200 5843 16131 55 1 
H24B -2816 4741 16537 55 1 
H24C —4088 5737 16443 55 1 
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6.4 Crystallographic data for 3-[2-(5-benzyloxy-2-bromobenzyl)-vinyl]-

pyridine 144a 

Table 1. Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
7̂ (1900 
Crystal 
Crystal size 
9 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 0= 25.02° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final ^ indices [7^ > 2o(7^)] 
R indices (all data) 
Extinction coefficient 
Largest diff peak and hole 

H2O 

yg= 91.9320(10)° 

01SOT146 
CioHieBrOMT . CF 
420.72 
120(2) K 
0.71073 A 
Monoclinic 
f2 i /» 
a = 5.8848(2) A 
6 = 19.1268(6) A 
c = 16.2550(6) A 
1828.58(11) A^ 
4 

1.528 Mg/m^ 
2.407 mm"* 
856 
? ;? 
0.10 X 0.07 X 0.07 mm^ 
3 .29-25 .02° 
—6 < /Z < 6, —21 < A < 22, —19 < / < 19 

5559 
3125 0.0285] 
97.2% 
0.8496 and 0.7948 
Full-matrix least-squares on 
3 1 2 5 / 0 / 3 0 3 
1.049 

= 0.0317, = 0.0644 
Tgy = 0.0496, ^7(2 = 0.0705 
0.0027(4) 
0.431 and -0.379 eA"^ 

Diffractometer: Nonius KappaCCD area detector scans and a scans to fill Ewald sphere). Cell determination: DirAx.^ Data 
collection: Collect (Collect: Data collection software, R. Hooft, Nonius B.V., 1998). Data reduction and cell refinement: Denzo. 

Absorption correction: SORTAV. Structure solution: SHELXS97. Structure refinement: SHELXS97. Graphics: 
Cameron - A Molecular Graphics Package. (D. M. Watkin, L. Pearce and C. K. Prout, Chemical Crystallography Laboratory, 
University of Oxford, 1993). 

Special details: All hydrogen atoms were located from the difference map and fully refined. 
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Table 2. Atomic coordinates [x 10^|, equivalent isotropic displacement parameters [A^ x 
10^] and site occupancy factors. Ueq is defined as one third of the trace of the 
orthogonalized tensor. 

Atom % y z Ueq 

CI -7026(5) 3636(2) 9050(2) 24(1) 
C2 -8446(5) 3977(2) 9585(2) 28(1) 
C3 -10517(5) 4241(2) 9299(2) 28(1) 
C4 -11169(5) 4166(2) 8482(2) 25(1) 
C5 -9762(5) 3822(1) 7947(2) 22(1) 
C6 -7679(4) 3557(1) 8227(2) 19(1) 
C7 -6136(5) 3203(2) 7634(2) 25(1) 
C8 -4502(4) 2073(1) 7429(2) 20(1) 
C9 -2977(4) 2335(2) 6879(2) 21(1) 
CIO -1295(4) 1904(1) 6545(2) 19(1) 
C l l -1233(4) 1207(1) 6790(2) 20(1) 
C12 -2800(5) 940(2) 7330(2) 23(1) 
C13 -4435(5) 1368(2) 7645(2) 23(1) 
C14 342(5) 2199(2) 5974(2) 21(1) 
C15 181(5) 2818(2) 5609(2) 21(1) 
C16 1857(4) 3115(1) 5064(2) 18(1) 
C17 3655(5) 2745(2) 4733(2) 25(1) 
CIS 5211(5) 3076(2) 4248(2) 26(1) 
C19 4989(5) 3776(2) 4093(2) 23(1) 
C20 1682(5) 3821(2) 4861(2) 20(1) 
N1 3234(4) 4127(1) 4400(1) 21(1) 
0 1 -6127(3) 2464(1) 7805(1) 25(1) 
Brl 967(1) 567(1) 6391(1) 26(1) 
Cll 3413(1) 5653(1) 3820(1) 22(1) 
OIW 8449(4) 4971(1) 3733(1) 35(1) 

S.o.f. 
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Table 3. Bond lengths [A] and angles [°]. 

C1-C6 1.388(4) C10-C14 1.473(4) 
c;i--c:2 1.3139(4) (:i i-<:i:2 1.392(4) 
C2-C3 1.385(4) Cl l -Br l 1.909(3) 
C:3--C4 l.TrnSt/O (:i2t-C13 137/1(4) 
C4-C5 1.387(4) C14-C15 1.326(4) 
C5-C6 1.388(4) C15-C16 1.463(4) 
C6-C7 1.507(4) C16-C20 1.393(4) 
C7-01 1.439(3) C16-C17 1.397(4) 
C8-01 1.374(3) C17-C18 1.382(4) 
C8-C9 1.382(4) C18-C19 1.369(4) 
C8-C13 1.393(4) C19-N1 1.342(3) 
C9-C10 1.411(4) C20-N1 1.335(3) 
ClO-Cll 1.391(4) 

C6-C1-C2 120.1(3) C12-C11-C10 121.3(2) 
C3-C2-C1 120.2(3) C12-Cll-Brl 116.8(2) 
C4-C3-C2 119.9(3) ClO-Cll-Brl 121.9(2) 
C3-C4-C5 120.1(3) C13-C12-C11 120.3(3) 
C6-C5-C4 120.5(3) C12-C13-C8 119.7(3) 
C5-C6-C1 119.2(3) C15-C14-C10 125.8(3) 
C5-C6-C7 120.0(3) C14-C15-C16 125.3(3) 
C1-C6-C7 120.8(3) C20-C16-C17 116.8(2) 
01-C7-C6 108.4(2) C20-C16-C15 118.3(2) 
01-C8-C9 124.5(2) C17-C16-C15 124.9(3) 
01-C8-C13 115.4(2) C18-C17-C16 120.9(3) 
C9-C8-C13 120.0(3) C19-C18-C17 119.5(3) 
C8-C9-C10 121.1(3) N1-C19-C18 119.4(3) 
C11-C10-C9 117.5(2) N1-C20-C16 120.7(3) 
C11-C10-C14 122.4(2) C20-N1-C19 122.6(3) 
C9-C10-C14 120.0(3) C8-01-C7 116.5(2) 
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Table 4. Anisotropic displacement parameters [A^x 10^]. The anisotropic displacement 
factor exponent takes the form; + ••• -^2hka* b* ]. 

Atom t / " ^ 3 f /3 

CI 23C0 23^0 2600 1(1) -1(1) -1(1) 
C2 39^0 26C0 18(2) -1(1) 1(1) -7(1) 
C3 31(2) 19(2) 34(2) -3(1) 13(2) -4(1) 
C4 24C0 16(2) 36(2) 3(1) 3(1) 1(1) 
C5 25(2) 20^0 1900 4(1) 0(1) -2(1) 
C6 20CO 13(2) 2300 0(1) 5(1) -2(1) 
C7 28(2) 18(2) 3000 4(1) 8(1) -2(1) 
C8 20(1) 21(2) 2000 -1(1) 4(1) -1(1) 
C9 27C0 14(2) 2300 2(1) 3(1) -1(1) 
CIO 22C0 19(2) 17(2) 0(1) 3(1) -3(1) 
Cll 22^6 20GO 19(2) -1(1) -1(1) -1(1) 
C12 28C0 16(2) 2400 5(1) 0(1) -1(1) 
C13 27^0 23^0 21(2) 2(1) 8(1) -4(1) 
CM 22(2) 1800 2300 -3(1) 5(1) 1(1) 
C15 20(2) 19(2) 2500 -2(1) 6(1) 3(1) 
C16 20(1) 16(2) 1900 -1(1) 3(1) -2(1) 
C17 29(2) 1700 3000 0(1) 7(1) 2(1) 
CIS 24(2) 23(2) 33(2) -1(1) 11(1) 3(1) 
C19 22(2) 24p) 2400 2(1) 7(1) -3(1) 
C20 22C9 2200 16(2) -2(1) 4(1) 2(1) 
N1 23(1) 16(1) 24(1) 1(1) 2(1) -3(1) 
01 29(1) 18(1) 29(1) 1(1) 14(1) 1(1) 
Brl 26(1) 19(1) 32(1) 2(1) 7(1) 3(1) 
Cll 21(1) 18(1) 27(1) 3(1) 1(1) (%1) 
OIW 30(1) 25(1) 50(2) -2(1) 8(1) -3(1) 
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Table 5. Hydrogen coordinates [x lO'*] and isotropic displacement parameters [A^ x 10^]. 

Atom X z [4, 

HIW 6970(90) 5320(30) 3760(30) 140(20) 1 
H2W 9700(80) 5260(20) 3630(30) 112(17) 1 
HI -5580(40) 3463(14) 9232(16) 24(7) 1 
HIN 3250(50) 4600(16) 4291(19) 39(10) 1 
H2 -7970(50) 4034(15) 10144(18) 31(8) 1 
H3 -11540(50) 4480(14) 9653(18) 33(8) 1 
H4 -12590(50) 4381(14) 8290(17) 32(8) 1 
H5 -10270(40) 3789(13) 7377(17) 19(7) 1 
H7A -6670(40) 3273(13) 7057(17) 17C0 1 
H7B -4630(40) 3383(14) 7716(16) 23C0 1 
H9 -3030(40) 2802(13) 6735(15) 11(7) 1 
H12 -2820(40) 454(15) 7487(17) 30(8) 1 
H13 -5500(40) 1190(13) 8015(16) 21(7) 1 
H14 1470(40) 1932(15) 5841(17) 25(8) 1 
H15 -1050(40) 3065(14) 5703(17) 24(8) 1 
H17 3940(40) 2260(15) 4846(17) 2%%) 1 
HIS 6400(40) 2829(14) 4017(16) 20(7) 1 
H19 6040(40) 4046(14) 3783(16) 22(7) 1 
H20 560(40) 4095(13) 5050(16) 16C0 1 
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Table 6. Hydrogen bonds [A and °]. 

D-R-A d(R-A) dip-A) /.{DBA) 

OlW-HlW-Cl l 1.10(5) 2.19(5) 3.246(2) 159(4) 
01W-H2W-C11' 0.94(5) 2.32(5) 3.198(2) 155(4) 
N l -HIN-Cl l 0.92(3) 2.16(3) 3.070(3) 170(3) 

Symmetry transformations used to generate equivalent atoms: 
(i) x+l,y,z 

en 

01 

Br1 

The hydrogen bonds propagate to form infinite one-dimensional chains along the a axis. 
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6.5 Crystallographic 

pyridine 144a 

data for 3-[2-(5-benzyloxy-2-bromobenzyl)-vinyl]-

Table 1. Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
d range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 25.01° 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final J? indices [7^ > 2o(^)] 
R indices (all data) 
Absolute structure parameter 
Largest diff peak and hole 

01SOT085 
CaoHieINO 
413.24 
296(2) K 
0.71073 A 
Orthorhombic 
f2i2i2i 
a = 4.9214(10) A 
6 = 8.9663(18) A 
c = 38.358(8) A 
1692.6(6) Â  
4 
1.622 Mg/m^ 
1.896 mm"^ 
816 
Colourles rod 
0.50 X 0.10 X 0.10 mm^ 
3.11-25.01° 
-3 < A <5,-10^;;: <5, ^ 5 < / < 4 5 
3494 
2045 [̂ ,;̂  = 0.0372] 
77.2% 
0.8331 and 0.4508 
Full-matrix least-squares on 
2045 / 0 / 208 
0.926 
^7 = 0.0276, = 0.0495 
^7 = 0.0405, = 0.0535 
-0.04(2) 
0.191 and-0.203 e A"̂  

Data 
230 

Diffractometer: Nonius KappaCCD area detector scans and ® scans to fill Ewald sphere). Cell determination: DirAx. 
collection: Collect (Collect: Data collection software, R. Hooft, Nonius B.V., 1998). Data reduction and cell refinement: Denzo. 
A b s o r p t i o n correction: SORTAVP^'^^^ structure solution: SHELXS97p'^ Structure refinement: SHELXS97F'^ Graphics: 
Cameron - A Molecular Graphics Package. (D. M. Watkin, L. Pearce and C. K. Prout, Chemical Crystallography Laboratory, 
University of Oxford, 1993). 

Special details: All hydrogen atoms were placed in idealised positions and refined using a r iding model. 
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Table 2. Atomic coordinates [x 10^|, equivalent isotropic displacement parameters [A^ x 

10 ]̂ and site occupancy factors. Ueq is defined as one third of the trace of the 

orthogonalized tensor. 

Atom X y z [4, 

CI 5361(11) 980(6) 9845(2) 71(2) 1 

C2 4002(14) -15(6) 10063(2) 84C0 1 

C3 1965(14) -877(6) 9936(2) 90(2) 1 

C4 1223(14) -790(6) 9596(2) 89(2) 1 

C5 2547(12) 202(7) 9378(2) 75(2) 1 

C6 4614(11) 1097(5) 9505(2) 65(2) 1 

C7 6144(13) 2125(5) 9264(2) 81(2) 1 

C8 6081(13) 4674(5) 9079(2) 590) 1 

C9 4967(9) 6085(6) 9127(1) 62(1) 1 

CIO 5895(12) 7222(5) 8916(2) 66C9 1 

c n 7917(10) 6997(5) 8671(2) 58(2) 1 

C12 9116(10) 5592(4) 8633(1) 520) 1 

C13 8128(10) 4447(5) 8848(2) 58C0 1 

C14 11203(10) 5299(4) 8376(1) 58(1) 1 

C15 12457(9) 4023(5) 8318(1) 58(1) 1 

C16 14547(9) 3716(5) 8061(1) 53(1) 1 

C17 15406(12) 4694(5) 7801(2) 6700 1 

CIS 17442(11) 4283(6) 7578(2) 69(2) 1 

C19 18574(11) 2893(5) 7616(2) 66(2) 1 

C20 15858(11) 2350(4) 8068(2) 60(1) 1 

N1 17840(9) 1925(4) 7856(1) 69(1) 1 

01 4941(6) 3584(3) 9286(1) 70(1) 1 

11 8953(1) 8837(1) 8364(1) 84(1) 1 
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Table 3. Bond lengths [A] and angles [°]. 

C1-C6 1.362(7) C11-C12 1.399(6) 
C1-C2 1.393(8) Cl l -I l 2.090(5) 
C2-C3 1.356(8) C12-C13 1.403(6) 
(:3--C>4 1.358(9) (:12»-C1'4 1.4/19(6) 
(:4k-C5 1.383(t)) (:i4k-(:i5 1.319(5) 
C5-C6 1.384(7) C15-C16 1.451(6) 
C6-C7 1.507(7) C16-C20 1.385(6) 
C7-01 1.438(5) C16-C17 1.394(7) 
C8-C13 1.358(7) C17-C18 1.367(7) 
C8-01 1.377(6) C18-C19 1.373(6) 
C8-C9 1.391(6) C19-N1 1.315(6) 
C9-C10 1.380(7) C20-N1 1.326(6) 
ClO-Cll 1.382(7) 

C6-C1-C2 119.7(6) C12-C11-I1 123.3(4) 
C3-C2-C1 120.3(7) C11-C12-C13 116.9(5) 
C2-C3-C4 120.8(7) C11-C12-C14 122.2(4) 
C3-C4-C5 119.4(7) C13-C12-C14 120.8(4) 
C4-C5-C6 120.5(7) C8-C13-C12 122.1(4) 
C1-C6-C5 119.4(6) C15-C14-C12 127.2(5) 
C1-C6-C7 120.1(6) C14-C15-C16 127.6(5) 
C5-C6-C7 120.5(6) C20-C16-C17 115.4(5) 
01-C7-C6 108.3(4) C20-C16-C15 119.0(4) 
C13-C8-01 124.9(4) C17-C16-C15 125.6(4) 
C13-C8-C9 121.0(5) C18-C17-C16 120.0(5) 
01-C8-C9 114.2(5) C17-C18-C19 118.3(5) 
C10-C9-C8 117.7(5) N1-C19-C18 124.2(5) 
C9-C10-C11 121.9(4) N1-C20-C16 125.8(5) 
C10-C11-C12 120.4(4) C19-N1-C20 116.1(4) 
ClO-Cll-Il 116.3(3) C8-01-C7 116.3(4) 
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Table 4. Anisotropic displacement parameters [A^x 10 ]̂. The anisotropic displacement 

factor exponent takes the form; + ••• + 2hk a* ]. 

Atom f /3 ^13 ^ 2 

CI 69^0 72(3) 72(5) -4(3) 9(4) 5(3) 

C2 97^^ 87(4) 68(5) 1500 11(5) 16(4) 

C3 88C0 6600 11600 60) 38(5) 1100 

C4 73(4) 76(4) 11700 -17(4) 12(6) 1(3) 

C5 7400 82(4) 68(5) -10(4) 3(4) 2600 

C6 6800 5900 69(5) 5(3) 14(4) 1900 

C7 860) 71(3) 86(5) 9(3) 32(4) 2900 

C8 60P) 64(3) 53(4) 7(3) -1(4) 1500 

C9 69(3) 72(3) 4500 -7(3) 1000 2100 

CIO 75(4) 5600 6800 1(3) 8(4) 20(3) 

Cll 60P) 5400 60(4) 8(2) 6(3) 10(2) 

C12 51C0 62(3) 4200 0(2) 0(3) 15(2) 

C13 62(4) 5800 54(4) 6(2) 9(3) 21(2) 

CM 68C0 55(2) 5100 4(3) 7(4) 11(2) 

C15 60P) 6000 5300 5(3) 1400 9(2) 

C16 5600 5200 5O0O 5(2) 5(3) 2(2) 

C17 77(4) 6400 58(4) 8(3) 1000 1600 

CIS 82(4) 73(4) 51(4) 5(3) 15(4) 0(3) 

C19 7300 6500 61(4) -1500 17(4) 1(3) 

C20 68(3) 49(2) 61(4) 5(2) 18(4) 8(3) 

N1 80(3) 56(2) 71(4) -2(2) 22(3) 11(2) 

01 75(2) 66(2) 69(3) 10(2) 1900 18(2) 

11 109^) 60(1) 82(1) 11(1) 26(1) 22(1) 
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Table 5. Hydrogen coordinates [x lO'*] and isotropic displacement parameters [A^ x 10 ]̂. 

Atom % y z 

HI 6772 1561 9932 85 1 

H2 4493 —88 10297 101 1 

H 3 1066 -1535 10084 108 1 

H4 -163 -1391 9510 107 1 

H5 2044 268 9145 90 1 

H7A 8042 2170 9331 97 1 

H7B 6041 1758 9026 97 1 

H9 3642 6256 9295 75 1 

H I O 5139 8168 8939 79 

H 1 3 8898 3502 8831 70 1 

H 1 4 11716 6099 8236 69 1 

H I S 11940 3226 8458 69 1 

H I ? 14594 5625 7778 80 1 

HIS 18045 4929 7405 83 1 

HI 9 19948 2618 7463 79 1 

H20 15298 1671 8236 71 1 
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6.6 Crystallographic data for 4-lodo-3-(2-pyridin-3-yi-vinyl) phenol 167 

Table 1. Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
Frooo; 
Crystal 
Crystal size 
(9 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to <9= 27.49° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final ^ indices > 2 o ( ^ ) ] 

R indices (all data) 
Extinction coefficient 
Largest diff peak and hole 

(Z=90° 
;g= 90.8450(10)= 
/ = 90° 

01soU92 
CisHioINO 
323.12 
120(2) K 
0.71073 A 
Monoclinic 

a = 4.9937(2) A 
6 = 19.9740(7) A 

11.5358(5) A 
1150.50(8) Â  
4 
1.865 Mg/m^ 
2.760 mm"̂  
624 
Rod; colourless 
0.18 X 0.06 X 0.02 mm^ 
3.53 -27.49° 
- 6 < / ? < 6 , - 2 5 ^ A : < 2 5 , - 1 4 < / ^ 14 
12517 
2632 0.0842] 
99.4% 
Semi-empirical from equivalents 
0.9469 and 0.6364 
Full-matrix least-squares on 
2632/0 /146 
1.040 
^7 = 0.0371, = 0.0866 
R1 = 0.0544, m>R2 = 0.0959 
0.0027(6) 
1.400 and -1.048 e A"̂  

Diffractometer: Enraf Nonius KappaCCD area detector {ip scans and a scans to fill Ewald sphere). Data collection 

and cell refinement: DenzoP'^ Absorption correction: SORTAVP^' Program used to solve structure: 

SHELXS97P^ Program used to refine structure: SHELXL97P^ 
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Table 2. Atomic coordinates [x lO'*], equivalent isotropic displacement parameters [A^ x 

10 ]̂ and site occupancy factors. Ueq is defined as one third of the trace of the 

orthogonalized t / ' tensor. 

Atom X y z 

CI -1607(6) 3153(2) -570(3) 24(1) 1 

C2 -350(7) 3104(2) -1638(3) 27(1) 1 

C3 -1135(7) 3500(2) -2557(3) 27(1) 1 

C4 -3254(7) 3950(2) -2423(3) 27(1) 1 

C5 -4436(7) 4010(2) -1347(3) 25(1) 1 

C6 -3618(6) 3620(2) -395(3) 23(1) 1 

C7 -4962(7) 3703(2) 724(3) 26(1) 1 

C8 -6838(7) 4152(2) 969(3) 25(1) 1 

C9 -8285(7) 4222(2) 2050(3) 24(1) 1 

CIO -7878(9) 3825(2) 3033(4) 46(1) 1 

Cll -9462(11) 3937(3) 3981(4) 66C0 1 

C12 -11387(8) 4424(2) 3964(3) 44(1) 1 

C13 -10303(7) 4702(2) 2117(3) 25(1) 1 

N1 -11839(6) 4808(1) 3041(2) 28(1) 1 

01 -4069(5) 4308(1) -3367(2) 31(1) 1 

11 -308(1) 2471(1) 720(1) 29(1) 1 
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Table 3. Bond lengths [A] and angles [°]. 

C1-C6 
C1-C2 
Cl-I l 
C2-C3 
C2-H2 
C3-C4 
C3-H3 
C4-01 
C4-C5 
C5-C6 
C5-H5 
C6-C7 
C7-C8 
C7-H7 

1.387(5) 
1.394(5) 
2.113(3) 
1.376(5) 
0.9500 
1.399(5) 
0.9500 
1361^0 
1.387(5) 
1.403(5) 
0.9500 
1.473(4) 
1.330(5) 
0.9500 

C8-C9 
C8-H8 
C9-C10 
C9-C13 
ClO-Cll 
CIO-HIO 
C11-C12 
C l l - H l l 
C12-N1 
C12-H12 
C13-N1 
C13-H13 
01-H10.8400 

1.457^) 
0.9500 
1.396(5) 
1.395(5) 
1.377(6) 
0.9500 
L367#0 
0.9500 
1J29CD 
0.9500 
L339^0 
0.9500 

C6-C1-C2 
C6-C1-I1 
C2-C1-I1 
C3-C2-C1 
C3-C2-H2 
C1-C2-H2 
C2-C3-C4 
C2-C3-H3 
C4-C3-H3 
01-C4-C5 
01-C4-C3 
C5-C4-C3 
C4-C5-C6 
C4-C5-H5 
C6-C5-H5 
C1-C6-C5 
C1-C6-C7 
C5-C6-C7 
C8-C7-C6 
C8-C7-H7 
C6-C7-H7 
C7-C8-C9 
C7-C8-H8 

120.8(3) 
123.1(2) 
116.1(2) 
121.0(3) 
119.5 
119.5 
119.4(3) 
120J 
120 3 
123.0(3) 
117.8(3) 
119.2(3) 
12L9^^ 
119 0 
119 0 
117.6(3) 
122.9(3) 
119.5(3) 
126.4(3) 
116 8 
116 8 
127.3(3) 
11&3 

C9-C8-H8 
C10-C9-C13 
C10-C9-C8 
C13-C9-C8 
C11-C10-C9 
Cll-ClO-HIO 
C9-C10-H10 
C12-C11-C10 
C12-C11-H11 
ClO-Cll-Hll 
N1-C12-C11 
N1-C12-H12 
C11-C12-H12 
N1-C13-C9 
N1-C13-H13 
C9-C13-H13 
C12-N1-C13 
C4-01-H1 

116 3 
116.2(3) 
125.0(3) 
118.8(3) 
l l&3fO 
120 9 
120 9 
121100 
11&4 
119 4 
122.2(4) 
11&9 
11&9 
125.1(3) 
1174 
117/1 
117.0(3) 
109 5 

Symmetry transformations used to generate 
equivalent atoms: 

229 



Table 4. Anisotropic displacement parameters [A^x 10̂ ]. The anisotropic displacement 
factor exponent takes the form: -27r\]^a*^U^^ + ••• +2hka* b* ]. 

Atom ^ 3 ^13 ^2 

CI 23(2) 22(2) 28(2) 3(1) 1(1) -2(1) 
C2 23(2) 24(2) 35(2) -5(2) 5(2) 0(1) 
C3 25(2) 33(2) 22(2) -5(1) 6(2) -5(2) 
C4 26(2) 30(2) 26(2) ^ ( 2 ) 3(2) -6(2) 
C5 20(2) 28(2) 27(2) -3(2) 5(1) 3(1) 
C6 18(2) 24(2) 28(2) -2(1) 1(1) -4(1) 
C7 24(2) 26(2) 27(2) 4(1) 0(2) -1(1) 
C8 24(2) 28(2) 23(2) 1(1) 0(1) -2(2) 
C9 24(2) 27(2) 22(2) 0(1) 3(2) -1(2) 
CIO 46(3) 58(3) 35(2) 14(2) 15(2) 31(2) 
Cll 77(4) 84(4) 38(3) 30(3) 25(3) 46(3) 
C12 43(2) 60(3) 29(2) 12(2) 16(2) 17(2) 
C13 27(2) 25(2) 24(2) 1(1) 2(2) -1(1) 
N1 28(2) 33(2) 24(2) 0(1) 3(1) 3(1) 
01 32(1) 37(1) 23(1) 1(1) 6(1) 8(1) 
11 28(1) 23(1) 34(1) 4(1) 4(1) 1(1) 
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6.7 Crystallographic data for 3-[2-{5-benzyloxy-2-bromobenzyl)-ethyl]-

pyridine 141b 

Table 1. Crystal data and structure refinement. 

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 

Crystal 
Crystal size 
6* range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to 6= 27.44° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final ̂  indices [7̂ ^ > 2o(f^)] 
R indices (all data) 
Extinction coefficient 
Largest diff peak and hole 

02sot025 
C13H12INO 
325.14 
120(2) K 
0.71073 A 
Monoclinic 
f2i /» 
a = 7.41370(10) A 
6 = 21.6223(4) A 
c = 7.91870(10) A 
1191.55(3) Â  
4 
1.812 Mg/m^ 
2.665 mm~̂  
632 
Rod; colourless 
0.45 X 0.14 X 0.10 mm^ 
3.08-27.44° 
- 9 < A < 9 , - 2 8 ^ A : ^ 2 & 
10033 
2650 0.0427] 
97.2% 
Semi-empirical from equivalents 
0.7764 and 0.3801 
Full-matrix least-squares on 
2650/0/147 
1.024 

= 0.0230, = 0.0568 
^7 = 0.0261, = 0.0586 
0.0078(5) 
1.000 and -0.829 e A"̂  

a =90° 
yg= 110.1680(10)' 
y = 90° 

- 9 < / < 1 0 

Diffractometer: Enraf Nonius KappaCCD area detector {(j> scans and co scans to fill Ewald sphere). Data collection and 

cell refinement; Denzo™ Absorption correction: SORTAVP^' Program used to solve structure: SHELXS97P^ 

Program used to refine structure: SHELXL97?^'^ 
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Table 2. Atomic coordinates [x 10^|, equivalent isotropic displacement parameters [A^ x 

10 ]̂ and site occupancy factors. Ueq is defined as one third of the trace of the 

orthogonalized tensor. 

Atom X y z .y.o/ 

CI 10770(3) 1218(1) 8734(3) 14(1) 1 

C2 9674(3) 1752(1) 8566(3) 16(1) 1 

C3 8800(3) 1897(1) 9816(3) 18(1) 1 

C4 9015(3) 1513(1) 11271(3) 18(1) 1 

C5 10095(3) 973(1) 11468(3) 17(1) 1 

C6 10962(3) 834(1) 10215(3) 17(1) 1 

C7 11762(3) 1029(1) 7440(3) 16(1) 1 

C8 13770(3) 1318(1) 7916(3) 18(1) 1 

C9 14843(3) 1066(1) 6758(3) 160) 1 

CIO 14505(3) 1275(1) 5013(3) 190) 1 

C12 16854(3) 562(1) 4772(3) 18(1) 1 

N1 17179(2) 342(1) 6437(2) 18(1) 1 

C13 16183(3) 5970) 7382(3) 170) 1 

Cll 15535(3) 1022(1) 4020(3) 21(1) 1 

01 10228(2) 595(1) 12874(2) 22(1) 1 

11 9237(1) 2364(1) 6383(1) 21(1) 1 
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Table 3. Bond lengths [A] and angles [°]. 

C1-C2 
C1-C6 
C1-C7 
C2-C3 
C2-I1 
C3-C4 
C3-H3 
C4-C5 
C4-H4 
C5-01 
C5-C6 
C6-H6 
C7-C8 
C7-H7A 
C7-H7B 

1.391(3) 
1.403(3) 
1.509(3) 
1.393(3) 
211100 
1.384(3) 
0.9500 
1.395(3) 
0.9500 
L35%3) 
1.389(3) 
0.9500 
1 536^) 
0.9900 
0.9900 

C8-C9 
C8-H8A 
C8-H8B 
C9-C13 
C9-C10 
ClO-Cll 
CIO-HIO 
C12-N1 
C12-C11 
C12-H12 
%n-ci3 
C13-H13 
Cl l -Hl l 
01-HI 0.8400 

1.508(3) 
0.9900 
0 9900 
1387P) 
1.392(3) 
1.383(3) 
0.9500 
1.343(3) 
1.378(3) 
0.9500 
1.338(3) 
0.9500 
0.9500 

C2-C1-C6 
C2-C1-C7 
C6-C1-C7 
C1-C2-C3 
C1-C2-I1 
C3-C2-I1 
C4-C3-C2 
C4-C3-H3 
C2-C3-H3 
C3-C4-C5 
C3-C4-H4 
C5-C4-H4 
01-C5-C6 
01-C5-C4 
C6-C5-C4 
C5-C6-C1 
C5-C6-H6 
C1-C6-H6 
C1-C7-C8 
C1-C7-H7A 
C8-C7-H7A 
C1-C7-H7B 
C8-C7-H7B 
H7A-C7-H7B 
C9-C8-C7 
C9-C8-H8A 

117.31(19) 
124.37(19) 
118.32(19) 
121.2(2) 
121.23(15) 
117.53(15) 
120.5(2) 
119.7 
119.7 
119.5(2) 
12&2 
1202 
122.4(2) 
118.25(19) 
119.4(2) 
122.0(2) 
119 0 
119 0 
112.44(17) 
109 1 
109.1 
109.1 
109 1 
1078 

111.98(17) 
10&2 

C7-C8-H8A 
C9-C8-H8B 
C7-C8-H8B 
H8A-C8-H8B 
C13-C9-C10 
C13-C9-C8 
C10-C9-C8 
C11-C10-C9 
Cll-ClO-HIO 
C9-C10-H10 
N1-C12-C11 
N1-C12-H12 
C11-C12-H12 
C13-N1-C12 
N1-C13-C9 
N1-C13-H13 
C9-C13-H13 
C12-C11-C10 
C12-C11-H11 
ClO-Cll-Hll 
C5-01-H1 

109.2 
109.2 
109.2 
1079 
117.0(2) 
120.7(2) 
122.3(2) 
119 300 
120 3 
120 3 
122.7(2) 
11&7 
118 7 
117.21(19) 
124.6(2) 
117.7 
117.7 
119.2(2) 
120 4 
120 4 
109 5 

Symmetry transformations used to generate 
equivalent atoms: 
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Table 4. Anisotropic displacement parameters [A^x 10 ]̂. The anisotropic displacement 

factor exponent takes the form; + ••• +2hka* b* ]. 

Atom t/" ^ 3 [yl3 ^ 2 

CI 11(1) 18(1) 140) -3(1) 3(1) -3(1) 

C2 13(1) 18(1) 140) -1(1) 4(1) -3(1) 

C3 140) 18(1) 21(1) -2(1) 6(1) 0(1) 

C4 160) 24(1) 18(1) -4(1) 10(1) 1(1) 

C5 140) 22(1) 160) -2(1) 4(1) -2(1) 

C6 13(1) 18(1) 18(1) 0(1) 5(1) 1(1) 

C7 16(1) 20(1) 140) -4(1) 7<1) -1(1) 

C8 14(1) 21(1) 190) -4(1) 6(1) -2(1) 

C9 14(1) 170) 170) -5(1) 6(1) -4(1) 

CIO 21(1) 18(1) 190) 2(1) 7(1) 1(1) 

C12 16(1) 21(1) 22(1) -7(1) 12(1) -6(1) 

N1 14(1) 20(1) 19(1) -2(1) 6(1) -1(1) 

C13 14(1) 23(1) 16(1) -1(1) 6(1) -2(1) 

Cll 26(1) 22(1) 16(1) 1(1) 9(1) -3(1) 

01 23(1) 27(1) 20(1) 7{1) 13(1) 8(1) 

11 23(1) 20(1) 18(1) 3(1) 5(1) 1(1) 

234 



235 



References 

1 B. Jandeleit, D. J. Schaefer, T. S. Powers, H. W. Turner, W. H. Weinberg, Angew. 

CAe/». W. Ewg/. 1999, 2494-2532. 

2 Y. Uozumi, J. Synth. Org. Chem. Jpn. 2002, 60, 434-441. 

3 N. K. Terrett, M. Gardner, D. W. Gordon, R. J. Kobylecki, J. Steele, Tetrahedron 

1995 ,8135-8173 . 

4 P.-P. Kung, R. Bharadwaj, A. S. Eraser, D. R. Cook, A. M. Kawasaki, P. D. Cook, 

^ CAg/M. 1998, 1846-1852. 

5 S. Cheng, D. D. Comer, J. P. Williams, P. L. Myers, D. L. Boger, J. Am. Chem. 

jbc. 1996, 2567-2573. 

6 C. Blackburn, Biopoly. 1998, ¥7, 311-351. 

7 D. C. Sherrington, Chem. Commun. 1998, 2275-2286. 

8 M. Delgado, K. D. Janda, Curr. Org. Chem. 2002, 6, 1031-1043. 

9 B. Renneberg, J. W. Labadie, Chim. Oggi-Chem. Today 1999, 77, 7-9. 

10 F. Guillier, D. Grain, M. Bradley, Chem. Rev. 2000,100, 2091-2157. 

11 I. W. James, Tetrahedron 1999, 55, 4855-4946. 

12 H. M. Eggenweiler, DrugDiscov. Today 1998, i, 552-560. 

13 S. Erase, Chim. Oggi-Chem. Today 18, 14-19. 

14 R. B. Merrifield, J. Am. Chem. Soc. 1963, 85, 2149-2154. 

15 R. L. Letsinger, M. V, J. Am. Chem. Soc. 1965, 87, 3527-3527. 

16 F. Rasoul, F. Ercole, Y. Pham, C. T. Bui, Z. M. Wu, S. N. James, R. W. Trainor, 

G. Wickham, N. J. Maeji, Biopoly. 2000, 55, 207-216. 

17 S. A. Kates, B.F. Mcguinness, C. Blackburn, G. W. Griffin, N. A. Sole, G. 

Barany, F. Albericio, Biopoly. 1998, 47, 365-380. 

18 The Fine Art of Peptide Synthesis (Eds.: P. White, B. Dorner, R. Steinauer), 

Calbiochem-Novabiochem, 2002 

19 H. K. Smith, M. Bradley, J. Comb. Chem. 1999,1, 326-332. 

20 A. R. Mitchell, B. W. Erickson, M. N. Ryabtsev, R. S. Hodges, R. B. Merrifield, J. 

1976, pg, 7357-7362. 

21 S. S. Wang, 1973, P5, 1328-1333. 

22 G. Lu, S. Mojsov, J. P. Tam, R. B. Merrifield, J. Org. Chem. 1981, 46, 3433-3436. 

23 I. R. Marsh, H. Smith, M. Bradley, Chem. Commun. 1996, 941-942. 

236 



24 H. Rink, TefraAgaBro/? ZeA 1987, 2 ,̂ 3787-3790. 

25 M. J. Plunkett, J. A. Ellman, J. Org. Chem. 1995, 60, 6006-6007. 

26 B. Chenera, J. A. Finkelstein, D. F. Veber, J. Am. Chem. Soc. 1995, 117, 11999-

12000. 

27 M. Patek, M. Lebl, 1998, -̂ 7, 353-363. 

28 M. Davies, M. Bradley, Tetrahedron 1999, 55, 4733-4746. 

29 M. Davies, M. Bradley, Tetrahedron Lett 1997, 38, 8565-8568. 

30 M. Davies, M. Bradley, Angew. Chem. Inl Ed. Engl. 1997, 36, 1097-1099. 

31 T. L. Graybill, S. Thomas, M. A. Wang, Tetrahedron Lett 2002, 43, 5305-5309. 

32 V. Swali, M. Bradley, Anal. Comm. 1997, 34, 15-18. 

33 V. Swali, N. J. Wells, G. J. Langley, M. Bradley, J. Org. Chem. 1997, 62, 4902-

4903. 

34 N. J. Wells, M. Davies, M. Bradley, J. Org. Chem. 1998, 63, 6430-6431. 

35 N. J. Wells, A. Basso, M. Bradley, Biopoly. 1998, 47, 381-396. 

36 A. Basso, B. Evans, N. Pegg, M. Bradley, Chem. Commun. 2001, 697-698. 

37 A. Basso, B. Evans, N. Pegg, M. Bradley, Tetrahedron Lett 2000, 41, 3763-3767. 

38 A. Basso, N. Pegg, B. Evans, M. Bradley, Eur. J. Org. Chem. 2000, 3887-3891. 

39 S. Lebreton, S. Monaghan, M. Bradley, Aldrichimica Acta 2001, 34, 75-83. 

40 S. Monaghan, D. Griffith-Johnson, I. Matthews, M. Bradley, Arkivoc 2001, 2, 

U42-U49. 

41 J. K. Cho, D. W. Kim, J. Namgung, Y. S. Lee, Tetrahedron Lett 2001, 42, 7443-

7445. 

42 A. Mahajan, S. R. Chhabra, W. C. Chan, Tetrahedron Lett 1999, 40, 4909-4912. 

43 R. A. Houghten, Proc. Natl Acad. Sci. U. S. A. 1985, 82, 5131-5135. 

44 A. M. Bray, D. S. Chiefari, R. M. Valerio, N. J. Maeji, Tetrahedron Lett 1995, 36, 

5081-5084. 

45 C. T. Bui, N. J. Maeji, F. Rasoul, A. M. Bray, Tetrahedron Lett 1999, 40, 5383-

5386. 

46 C. T. Bui, A. M. Bray, F. Ercole, Y. Pham, F. A. Rasoul, N. J. Maeji, Tetrahedron 

ZaA 1999, ^0, 3471-3474. 

47 B. A. Bunin, M. J. Plunkett, J. A. Ellman, Proc. Natl Acad. Sci. U. S. A. 1994, 91, 

4708-4712. 

48 N. J. Ede, A. M. Bray, Tetrahedron Lett 1997, 38, 7119-7122. 

237 



49 S. Y. Stevens, B. A. Bunin, M. J. Plunkett, P. C. Swanson, J. A. Ellman, G. D. 

Glick, ^ CAe/w. 6'oc. 1996, 77,9, 10650-10651. 

50 T. Takahashi, H. Inoue, S. Tomida, T. Doi, A. M. Bray, Tetrahedron Lett. 1999, 

40,7843-7846. 

51 R. M. Valerio, A. M. Bray, H. Patsiouras, Tetrahedron Lett. 1996, 57, 3019-3022. 

52 A. A. Virgilio, A. A. Bray, W. Zhang, L. Trinh, M. Snyder, M. M. Morrissey, J. A. 

Ellman, Tetrahedron 1997, 53, 6635-6644. 

53 C. J. Andres, R. T. Swann, K. Grant-Young, S. V. D'andrea, M. S. Deshpande, 

Comb. Chem. High Throughput Screen 1999, 2, 29-32. 

54 K. C. Nicolaou, X. Y. Xiao, Z. Parandoosh, A. Senyei, M. P. Nova, Angew. Chem. 

W ^ E/zgZ. 1995, 54, 2289-2291. 

55 K. C. Nicolaou, N. Winssinger, D. Vourloumis, T. Ohshima, S. Kim, J. 

Pfefferkorn, J. Y. Xu, T. Li, J. Am. Chem. Soc. 1998, 120, 10814-10826. 

56 S. H. Shi, X. Y. Xiao, A. W. Czamik, Biotechnol. Bioeng. 1998, 61, 7-12. 

57 N. Hird, I. Hughes, D. Hunter, M. Morrison, D. C. Sherrington, L. Stevenson, 

Tetrahedron 1999, 55, 9575-9584. 

58 J. A. Tripp, J. A. Stein, F. Svec, J. M. J. Frechet, Org. Lett. 2000, 2, 195-198. 

59 A. R. Vaino, K. D. Janda, Proc. Natl. Acad. Sci. U. S. A. 2000, 97, 7692-7696. 

60 B. Atrash, M. Bradley, R. Kobylecki, D. Cowell, J. Reader, Angew. Chem. Int. Ed. 

2001, 40, 938-941. 

61 D. Vetter, A. Thamm, G. Schlingloff, A. Schober, Mo/. Divers. 2000, 5, 111-116. 

62 A. L. Zheng, D. X. Shan, X. L. Shi, B. H. Wang, ^ Org. CAew. 1999, 64, 7459-

7466. 

63 B. Chitkul, B. Atrash, M. Bradley, Tetrahedron Lett. 2001, 42, 6211-6214. 

64 B. Atrash, M. Bradley, Chem. Commun. 1997, 1397-1398. 

65 S. V. Ley, L R. Baxendale, R. N. Bream, P. S. Jackson, A. G. Leach, D. A. 

Longbottom, M. Nesi, J. S. Scott, R. L Storer, S. J. Taylor, J. Chem. Soc. Perkin 

7 2000, 3815-4195. 

66 M. Botta, F. Corelli, E. Petricci, C. Seri, Heterocycles 2002, 56, 369-377. 

67 J. Eames, M. Watkinson, Eur. J. Org. Chem. 2001, 1213-1224. 

68 H. C. Guo, X. Y. Shi, M. Wang, frog. 2002, 74, 391-397. 

69 A. J. Mendonca, F. P. Warner, A. F. Coffey, J. W. Davies, P. A. Marsh, Abstr. 

fop. CAe/M. 2002, 224, 141-ORGN. 

70 K. Parang, Bioorg. Med. Chem. Lett. 2002, 12, 1863-1866. 

238 



71 Y. K. Yun, J. A. Porco, J. Labadie, Synlett 2002, 739-742. 

72 K. D. Janda, Proc. Natl. Acad. Set. U. S. A. 1994, 91, 10779-10785. 

73 J. C. Chabala, Curr. Opin. Biotechnol. 1995, 6, 632-639. 

74 H. P. Nestler, P. A. Bartlett, W. C. Still, J. Org. Chem. 1994, 59, 4723-4724. 

75 J. J. Baldwin, J. J. Burbaum, I. Henderson, M. H. J. Ohlmeyer, J. Am. Chem. Soc. 

1995, 777, 5588-5589. 

76 J. M. Kerr, S. C. Banville, R. N. Zuckermann, J. Am. Chem. Soc. 1993, 115, 2529-

253L 

77 Z.-J. Ni, D. Maclean, C. P. Holmes, M. M. Murphy, B. Ruhland, J. W. Jacobs, E. 

M. Gordon, M. A. Gallop, J. Med. Chem. 1996, 39, 1601-1608. 

78 M. C. Needels, D. G. Jones, E. H. Tate, G. L. Heinkel, L. M. Kochersperger, W. J. 

Dower, R. W. Barrett, M. A. Gallop, Proc. Natl. Acad. Sci. U. S. A. 1993, 90, 

10700-10704. 

79 B. J. Egner, S. Rana, H. Smith, N. Bouloc, J. G. Frey, W. S. Brocklesby, M. 

Bradley, Chem. Commun. 1997, 735-736. 

80 B. Yan, P. C. Martin, J. Lee, J. Comb. Chem. 1999,1, 78-81. 

81 E. J. Moran, S. Sarshar, J. F. Cargill, M. M. Shahbaz, A. Lie, A. M. M. Mjalli, R. 

W. Armstrong, J. Am. Chem. Soc. 1995,117, 10787-10788. 

82 B. Yan, J. B. Fell, G. Kumaravel, J! Org. C/ze/M. 1996, (̂ 7, 7467-7472. 

83 B. Yan, Q. Sun, J. R. Wareing, C. F. Jewell, J. Org. Chem. 1996, 61, 8765-8770. 

84 B. Yan, H. Gstach, Tetrahedron Lett. 1996, 57, 8325-8328, 

85 W. Li, B. Yan, Tetrahedron Lett 1997, 37, 6485-6488. 

86 B. Yan, G. Kumaravel, Tetrahedron 1996, 52, 843-848. 

87 T. Y. Chan, R. Chen, M. J. Sofia, B. C. Smith, D. Glennon, Tetrahedron Lett. 

1997, jg, 2821-2824. 

88 B. J. Egner, G. J. Langley, M. Bradley, J. Org. Chem. 1995, 60, 2652-2653. 

89 R. S. Youngquist, G. R. Fuentes, M. P. Lacey, T. Keough, J. Am. Chem. Soc. 1995, 

777, 3900-3906. 

90 H. M. Geysen, C. D. Wagner, W. M. Bodnar, C. J. Markworth, G. J. Parke, F. J. 

Schoenen, D. S. Wagner, D. S. Kinder, Chem. Biol 1996, 3, 679-688. 

91 C. L. Brummel, J. C. Vickerman, S. A. Carr, M. E. Hemling, G. D. Roberts, W. 

Johnson, J. Weinstock, D. Gaitanopoulos, S. J. Benkovic, N. Winograd, Anal 

1996, 237-242. 

92 V. Swali, G. J. Langley, M. Bradley, Curr. Opin. Chem. Biol 1999, 3, 337-341. 

239 



93 X. H. Cheng, J. Hochlowski, Anal. Chem. 2002, 74, 2679-2690. 

94 K. S. Lam, M. Lebl, V. Krchnak, Chem. Rev. 1997, 97, 411-448. 

95 J. S. Fruchtel, G. Jung, Angew. Chem. Int. Ed. Engl. 1996, 35, 17-42. 

96 F. Balkenhohl, C. Bussche-Hunnefeld, A. Lansky, C. Zechel, Angew. Chem. Int 

1996, 2288-2337. 

97 S. H. Dewitt, A. W. Czamik, Acc. Chem. Res. 1996, 29, 114-122. 

98 R. W. Armstrong, A. P. Combs, P. A. Tempest, S. D. Brown, T. A. Keating, Acc. 

C/fgTM. 1996, 29, 123-131. 

99 J. A. Ellman, Acc. Chem. Res. 1996, 29, 132-143. 

100 E. M. Gordon, M. A. Gallop, D. V. Patel, Acc. Chem. Res. 1996, 29, 144-154. 

101 N. P. O. Green, G. W. Stout, D. J. Taylor, Biological Science, Vol 1, 2nd ed. (Ed.; 

R. Soper), Cambridge University Press, 1990 

102 V. B. Wigglesworth, Nature 1935,136, 338. 

103 V. B. Wigglesworth, Quart. J. Micr. Sci 1936, 79, 91-121. 

104 V. B. Wigglesworth, J. Exp. Biol 1948, 25, 1-14. 

105 N. P. O. Green, G. W. Stout, D. J. Taylor, Biological Science, Vol 2, 2nd ed. (Ed.: 

R. Soper), Cambridge University Press, 1990 

106 T. W. Goodwin, D. H. S. Horn, P. Karl son, J. Koolman, K. Nakanishi, W. E. 

Robbins, J. B. Siddal, T. Takemoto, Nature 1978, 272, 122. 

107 D. H. S. Horn, R. Bergamasco, in Comparative Insect Physiology, Biochemistry 

and Pharmacology, Vol 7 (Eds.: G. I. Kerkut, L. I. Gilbert), Melbourne, 1985, pp. 

185-248. 

108 J. P. Girault, R. Lafont, J. Insect Physiol 1988, 34, 701-706. 

109 L. I. Gilbert, N. A. Granger, R. M. Roe, Insect Biochem. Mol Biol 2000, 30, 617-

644. 

110 J. B. Siddal, J. P. Marshall, A. Bowers, A. D. Cross, J. A. Edwards, J. H. Fried, J. 

CAg/M. 1966, 379-380. 

111 J. B. Siddal, A. D. Cross, J. H. Fried, J. Am. Chem. Soc. 1966, 88, 862-863. 

112 A. Furlenmeier, A. Fiirst, A. Langemann, G. Waldvogel, P. Hocks, U. Kerb, R. 

Wiechert, Experienta 1966, 22, 573-. 

113 A. Furlenmeier, A. Furst, A. Langemann, G. Waldvogel, P. Hocks, U. Kerb, R. 

Wiechert, J/g/w. 1967, JO, 2387-2396. 

114 H. Mori, K. Shibata, K. Tsuneda, M. Sawai, Tetrahedron 1971, 27, 1157-1166. 

115 H. Mori, K. Shibata, Chem. Pharm. Bull 1969,17, 1970-1973. 

240 



116 D. H. R. Barton, P. G. Feakins, J. P. Poyser, P. G. Sammes, J. Chem. Soc. 1970, 

1584-1591. 

117 T. Kametani, M. Tsubuki, mEcdysone: From Chemistry to Mode of Action (Ed.: J. 

Koolman), Thieme Verlag, 1989, pp. 74-96. 

118 U. Hedtmann, P. Welzel, Tetrahedron Lett 1985, 26, 2773-2774. 

119 U. Hedtmann, K. Hobert, R. Klintz, P. Welzel, J. Frelek, M. Strangmanndiekmann, 

A. Klone, O. Pongs, Angew. Chem. Int. Ed. Engl. 1989, 25, 1515-1518. 

120 U. Hedtmann, R. Klintz, K. Hobert, J. Frelek, T. Vlahov, P. Welzel, Tetrahedron 

1991, 47, 3753-3772. 

121 P. Roussel, PhD thesis. University of Exeter 1994. 

122 P. G. Roussel, V. Sik, N. J. Turner, L. N. Dinan, J. Chem. Soc. Perkin Trans. 1 

1997, 2237-2246. 

123 H. H. Rees, 'mEcdysone: From Chemistry to Mode of Action (Ed.: J. Koolman), 

Thieme Verlag, 1989, pp. 28-38. 

124 R. Lafont, D. H. S. Horn, va.Ecdysone: From Chemistry to Mode of Action (Ed.: J. 

Koolman), Thieme Verlag, 1989, pp. 39-64. 

125 G. W. Ware, An Introduction to Insecticides, 1999, 

http: //ipmworld. umn. edu/chapters/ware .htm. 

126 C. A. Henrick, m Agrochemicals from Natural Products (Ed.: C. R. A. Godfrey), 

Marcel Dekker, Inc, New York, 1995, pp. 63-146. 

127 J. R. Bloomquist, Insecticides: Chemistries and Characteristics, 1999, 

http://ipmworld.umn.edu/chapters/bloomq.htm. 

128 R. W. Addor, m Agrochemicals from Natural Products (Ed.: C. R. A. Godfrey), 

Marcel Dekker, Inc, New York, 1995, pp. 1-62. 

129 M. Londershausen, Pestic. Sci. 1996, 48, 269-292. 

130 C. A. Henrick, m Agrochemicals from Natural Products (Ed.: C. R. A. Godfrey), 

Marcel Dekker, Inc, New York, 1995, pp. 147-214. 

131 K. G. Davey, Insect Biochem. Mol. Biol 2000, 30, 663-669. 

132 K. D. Wing, R. A. Slawecki, G. R. Carlson, Science 1988, 241, 470-472. 

133 T. S. Dhadialla, G. R. Carlson, D. P. Le, Annu. Rev. Entomol 1998, 43, 545-569. 

134 L. Dinan, R. E. Hormann, T. Fujimoto, J. Comput Aided Mol Des. 1999,13, 185-

207. 

135 S. Charoensuk, B. E. Yingyongnarongkul, A. Suksamrarn, Tetrahedron 2000, 56, 

9313-9317. 

241 

http://ipmworld.umn.edu/chapters/bloomq.htm


136 T. Honda, M. Katoh, Heterocycles 1998, 47, 481-490. 

137 T. Kametani, M. Tsubuki, H. Nemoto, Tetrahedron Lett. 1981, 22, 2373-2374. 

138 N. V. Kovganko, Chem. Nat. Compd. 1998, 34, 111-127. 

139 K.-D. Spindler, J. Koolman, F. Mosora, H. Emmerich, J. Insect Physiol. 1977, 23, 

441-444. 

140 A. Suksamrarn, P. Pattanaprateep, Tetrahedron 1995, 57, 10633-10650. 

141 A. Suksamrarn, B. E. Yingyongnarongkul, Tetrahedron 1996, 52, 12623-12630. 

142 A. Suksamrarn, S. Charoensuk, B. E. Yingyongnarongkul, Tetrahedron 1996, 52, 

10673-10684. 

143 A. Suksamrarn, B. E. Yingyongnarongkul, Tetrahedron 1997, 53, 3145-3154. 

144 A. Suksamrarn, B. E. Yingyongnarongkul, N. Promrangsan, Tetrahedron 1998, 54, 

14565-14572. 

145 A. Suksamrarn, B. Yingyongnarongkul, S. Charoensuk, Tetrahedron 1999, 55, 

255-260. 

146 B. E. Yingyongnarongkul, A. Suksamrarn, Tetrahedron 1998, 54, 2795-2800. 

147 D. Guedin-Vuong, Y. Nakatani, G. Ourisson, Croat. Chem. Acta 1985, 58, 547-

557. 

148 M. N. Galbraith, D. H. S. Horn, E. J. Middleton, R. J. Hackney, Aust. J. Chem. 

1969,22, 1517-1524. 

149 A. F. Abdelmagid, K. G. Carson, B. D. Harris, C. A. Maryanoff, R. D. Shah, J. 

Org. CAg/M. 1996, 67, 3849-3862. 

150 P. Botti, T. D. Pallin, J. P. Tam, J. Am. Chem. Soc. 1996, 118, 10018-10024. 

151 E. Atherton, R. C. Sheppard, Solid Phase Peptide Synthesis: A Practical 

Approach, IRL Press, 1989. 

152 D. A. Evans, K. T. Chapman, E. M. Carreira, J. Am. Chem. Soc. 1988,110, 3560-

3578. 

153 C. Y. Clement, D. A. Bradbrook, R. Lafont, L. Dinan, Insect Biochem. Mol. Biol 

1993, 23, 187-192. 

154 R. F. Borch, M. D. Bernstein, H. D. Durnst, J. Am. Chem. Soc. 1971, 93, 2897-

2904. 

155 C. F. Lane, Synthesis 1975, 135-146. 

156 P. J. Kocienski, Protecting Groups (Eds.; D. Enders, R. Noyori, B. M. Trost), 

Thieme Verlag, 1994 

157 P. J. Garegg, H. Hultberg, Carbohydr. Res. 1981, Pi, ClO-11. 

242 



158 P. J. Garegg, H. Hultberg, S. Wallin, Carbohydr. Res. 1982,108, 97-101. 

159 A. Liptak, 1. Jodal, P. Nanasi, Carhohydr. Res. 1975, 44^ 1-11. 

160 R. L. Danheiser, J. M. Morin, E. J. Salaski, J. Am. Chem. Soc. 1985,107, 8066-

8073. 

161 R_ A/L \V^ilianis,]P.]P.]3tu-licli, Mf. J.lHhenckix; Orgr CAwam,. 1!)87, Jj", 

2615-2617. 

162 C. L. Barney, E. W. Huber, J. R. Mccarthy, Tetrahedron Lett. 1990, 31, 5547-

5550. 

163 R. J. Mattson, K. M. Pham, D. J. Leuck, K. A. Cowen, J. Org. Chem. 1990, 55, 

2552-2554. 

164 P. A. Harland, P. Hodge, Synthesis 1984, 941-943. 

165 D. Landini, M. Penso, Syn. Comm. 1988,18, 791-800. 

166 B. Shimizu, Y. Nakagawa, K. Hattori, K. Nisliirnura, N. Kurihara, T. Ueno, 

Steroids 1997, 62, 638-642. 

167 M. F. Hawthorne, W. D. Emmons, K. S. Mccallum, J. Am. Chem. Soc. 1958, 80, 

6393-6398. 

168 M. F. Hawthorne, W. D. Emmons, J. Am. Chem. Soc. 1958, 80, 6398-6404. 

169 S. S. C. Koch, A. R. Chamberlain, Syn. Comm. 1989, 19, 829-833. 

170 H. H. Wasserman, J. L. Ives, J. Org. Chem. 1985, 50, 3573-3580. 

171 T. A. Lessen, D. M. Demko, S. M. Weinreib, Tetrahedron Lett. 1990, 31, 2105-

2108. 

172 R. Paul, W. A. Hallett, J. W. Hanifm, M. F. Reich, B. D. Johnson, R. H. Lenhard, 

J. P. Dusza, S. S. Kerwar, Y. Lin, W. C. Pickett, C. M. Seifert, L. W. Torley, M. E. 

Tarrant, S. Wrenn, J. Med. Chem. 1993, 36, 2716-2725. 

173 H. Bredereck, F. Effenberger, G. Simchen, Angew. Chem. Int Ed. Engl. 1962,1, 

331-332. 

174 B. Giese, Radicals in Organic Synthesis: Formation of Carbon-Carbon Bonds, 

Pergamon Press, 1986. 

175 J. E. Baldwin, J. Chem. Soc. Chem. Commun. 1976, 734-736. 

176 A. L. J. Beckwith, C. H. Schiesser, Tetrahedron 1985, 41, 3925-3941. 

177 D. C. Lathbury, P. J. Parsons, I. Pinto, J. Chem. Soc. Chem. Commun. 1988, 81-82. 

178 A. D. Borthwick, S. Caddick, P. J. Parsons, Tetrahedron 1992, 48, 10655-10666. 

179 M. H. Todd, C. Ndubaku, P. A. Bartlett, J. Org. Chem. 2002, 67, 3985-3988. 

243 



180 B. Giese, B. Kopping, T. Gobel, J. Dickhaut, G. Thoma, K. J. Kulicke, F. Trach, 

Organic Reactions 1996, 48, 301-. 

181 D. Crich, J. T. Hwang, J. Org. Chem. 1998, 63, 2765-2770. 

182 E. J. Enholm, J. S. Cottone, Org. Lett 2001, 5, 3959-3962. 

183 A. Routledge, C. Abell, S. Balasubramanian, Synlett 1997, 61-62. 

184 S. Berteina, S. Wendeborn, A. De Mesmaeker, Synlett 1998, 1231-1232. 

185 S. Berteina, A. De Mesmaeker, S. Wendeborn, Synlett 1999, 1121-1123. 

186 H. Miyabe, H. Tanaka, T. Naito, Tetrahedron Lett 1999, 40, 8387-8390. 

187 G. F. Jia, H. lida, J. W. Lown, 2000, 603-606. 

188 S. Wendeborn, A. De Mesmaeker, W. K. D. Brill, S. Berteina, Accounts Chem. 

2000, jj , 215-224. 

189 X. H. Du, R. W. Armstrong, Tetrahedron Lett 1998, 39, 2281-2284. 

190 D. C. Harrowven, M. I. T. Nunn, Tetrahedron Lett 1998, 39, 5875-5876. 

191 D. C. Harrowven, B. J. Sutton, S. Coulton, Tetrahedron Lett 2001, 42, 9061-9064. 

192 D. C. Harrowven, B. J. Sutton, S. Coulton, Tetrahedron 2002, 58, 3387-3400. 

193 D. C. Harrowven, B. J. Sutton, S. Coulton, Tetrahedron Lett 2001, 42, 2907-2910. 

194 J. Cossy, L. Tresnard, D. G. Pardo, Eur. J. Org. Chem. 1999, 1925-1933. 

195 D. Sperandio, H. J. Hansen, Helv. Chim. Acta 1995, 78, 765-771. 

196 G. Labbe, S. Leurs, I. Sannen, W. Dehaen, Tetrahedron 1993, 49, 4439-4446. 

197 S. K. Pollack, B. C. Raine, W. J. Hebre, 1981, 6308-6313. 

198 D. C. Harrowven, M. I. T. Nunn, N. J. Blumire, D. R. Fenwick, Tetrahedron 2001, 

4447-4454. 

199 C. H. Heathcock, R. Ratcliffe, J. Am. Chem. Soc. 1971, 93, 1746-1757. 

200 G. A. Olah, S. C. Narang, B. G. B. Gupta, R. Malhota, J. Org. Chem. 1979, 44, 

1247-1251. 

201 J. S. Bajwa, J. Vivelo, J. Slade, O. Repic, T. Blacklock, Tetrahedron Lett 2000, 

6021-6024. 

202 D. L. Hughes, Organic Reactions 1992, 42, 335-656. 

203 J. C. Lindon, J. K. Nicholson, I. D. Wilson, J. Chromatogr. B 2000, 748, 233-258. 

204 J. Chin, J, B. Fell, M. Jarosinski, M. J. Shapiro, J. R. Wareing, J. Org. Chem. 1998, 

386-390. 

205 P. A. Keifer, S. H. Smallcombe, E. H. Williams, K. E. Salomon, G. Mendez, J. L. 

Belletire, C. D. Moore, J. Comb. Chem. 2000, 2, 151-171. 

206 P. J. H^duk, R. P. Meadows, S. W. Fesik, g. 1999, 32, 211-240. 

244 



207 J. Fejzo, C. A. Lepre, J. W. Peng, G. W. Bemis, Ajay, M. A. Murcko, J. M. Moore, 

C/ze/M. 1999, 755-769. 

208 C. A Lepre, DrugDiscov. Today 2001, (5, 133-140. 

209 M. F. Lin, M. J. Shapiro, J. R. Wareing, J. Org. Chem. 1997, 62, 8930-8931. 

210 K. Bleicher, M. F. Lin, M. J. Shapiro, J. R. Wareing, J. Org. Chem. 1998, 63, 

8486-8490. 

211 H. Sternlicht, G. L. Kenyon, E. L. Packer, J. Sinclair, J. Am. Chem. Soc. 1971, 93, 

199-208. 

212 R. Epton, P. Goddard, K. J. Ivin, Polymer 1980, 21, 1367-1371. 

213 E. Giralt, J. Rizo, E. Pedroso, Tetrahedron 1984, 40, 4141-4152. 

214 D. Stones, D. J. Miller, M. W. Beaton, T. J. Rutherford, D. Gani, Tetrahedron Lett. 

1998, 39, 4875-4878. 

215 A. Svensson, K. E. Bergquist, T. Fex, J. Kihlberg, Tetrahedron Lett 1998, 39, 

7193-7196. 

216 A. G. Ludwick, L. W. Jelinski, D. Live, A. Kintanar, J. J. Dumais, J. Am. Chem. 

1986, 6493-6496. 

217 C. R. Johnson, B. R. Zhang, Tetrahedron Lett 1995, 36, 9253-9256. 

218 M. J. Shapiro, J. S. Gounarides, Biotechnol. Bioeng. 2000, 71, 130-148. 

219 T. D. W. Claridge, High-Resolution Nmr Techniques in Organic Chemistry, 1st 

ed., Pergamon, 1999. 

220 P. Grice, A. G. Leach, S. V. Ley, A. Massi, D. M. Mynett, J. Comb. Chem. 2000, 

2,491-495. 

221 P. Rousselot-Pailley, N. J. Ede, G. Lippens, J. Comb. Chem. 2001, 3, 559-563. 

222 J. S. Fruchart, G. Lippens, C. Kuhn, H. Gras-Masse, O. Melnyk, J. Org. Chem. 

2002, <̂ 7, 526-532. 

223 A. E. Derome, Modern Nmr Techniques for Chemistry Research, Pergamon Press, 

1987 

224 M. Frigerio, M. Santagostino, Tetrahedron Lett 1994, 35, 8019-8022. 

225 M. Frigerio, M. Santagostino, S. Sputore, J. Org. Chem. 1999, 64, 4537-4538. 
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