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A bstract

Triostin A A^-demethylated (TANDEM) is a synthetic analogue of the natural product 

triostin A. Both compounds belong to an extended family of quinoxaline- and 

quinoline-functionalised cyclic octadepsipeptides, with an ability to bifunctionally 

intercalate DNA. TANDEM has recently been synthesised by Malkinson and co

workers by a solid-phase-based methodology. This strategy was chosen as it potentially 

allowed rapid synthesis of analogues where each amino acid residue could be altered, or 

the natural symmetry removed.

The aims o f this project were:

1) To further increase the efficiency of TANDEM synthesis, either by optimising 

various key stages of the existing method (e.g. depside bond formation, 

macrolactamisation), or by designing an alternative synthetic route;

2) To synthesise the natural product triostin A, and the analogue TACDEM (triostin A 

cysteine demethylated) using a solid-phase-based methodology;

3) To synthesise a series of TANDEM chromophore analogues, in order to investigate 

key structure-activity relationships.

Optimisation of on-resin depside bond formation was monitored using a retrospective 

RP-HPLC methodology, allowing quantitative assessment of yield using a range of 

reagents and solvents.

In order to synthesise TANDEM entirely by a solid-phase methodology, a novel 

aminothioacetal-based resin linker was designed to immobilise the peptide via the side 

chain of cysteine. Although synthesis of the linker and a cyclic nonapeptide were 

successful, the synthesis of TANDEM was hampered by a number of factors, including 

peptide-resin aggregation and difficulties with C-terminal carboxyl deprotection.

SPPS o f the linear TACDEM precursor was found to lead to quantitative 

diketopiperazine (DKP) formation, and although this side-reaction was thought to be 

less serious in the synthesis of triostin A, neither compound could be prepared via this 

route.

Ten chromophore analogues of TANDEM were synthesised via a solid-phase-based 

methodology, including examples where, for the first time, two different chromophores 

were installed on the same depsipeptide core. A bis-Z-protected precursor was also used 

to prepare a further two symmetrical analogues, introducing both chromophores in the 

final step.
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Chapter 1: Introduction to Peptide Synthesis
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1.1 Introduction

The machinery for peptide biosynthesis on Earth took approximately 900,000 years to 

evolve, resulting in the first DNA/protein-based life about 3.6 billion years ago.'’̂  The 

first chemical synthesis o f a peptide, benzoylglycylglycine (1, Figure 1.1), was 

unintentionally carried out by Theodor Curtius a mere 128 years ago,^ and by 1907 the 

synthesis of an octadecapeptide had been reported by Emil Fischer."^ Fifty-six years later 

R. Bruce Merrifield carried out the first solid-phase peptide synthesis (SPPS) of a 

tetrapeptide, after much diligent experimentation.^ The first synthesis of an enzyme 

followed after only six years.^

Modem developments in automated SPPS now allow rapid and efficient production of 

large and ‘difficult’ peptides, using commercially available orthogonally protected 

amino acid residues. It is sometimes easy to forget the challenges that these pioneers of 

peptide synthesis faced.

Figure 1.1: B enzoylglycylglycine.
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1.2 Peptide coupling

1.2.1 Early coupling methods

In order to couple two amino acids, the carboxylic acid o f one must be ‘activated’ by 

an electron-withdrawing atom or groupé in order to enable attack by the amine of the 

other. Early attempts at peptide coupling involved converting the carboxyl ic acid to an 

acyl azide* (Scheme 1.1) or an acid ch lo ride .^ 'T hese  are exceedingly powerful 

methods for acylation, yet are often described as ‘overactivation’ since the 

unnecessarily reactive electrophile imparts a predisposition for side-reactions, low 

stability and loss of optical purity.” For example, azide-based couplings are susceptible 

to Curtius rearrangement unless carried out at low temperatures’ ’̂'^ (Scheme 1.1) and 

acid chlorides can in some cases undergo cyclisation to the oxazolone, which facilitates 

potential racé m isa tio n .Early syntheses therefore often employed the mixed anhydride 

method, which proved to be easier practically, and provided reasonable y i e l d s . T h e  

acyl azide method is, however, still sometimes used in peptide synthesis (with some 

modification, see Section 1.2.8) whereas acid chlorides have generally fallen out of 

favour.

H H

P .. - N 2  P I . 0

R-0
N-C'

Schem e 1.1: Preparation o f  acyl azides, peptide coupling and Curtius rearrangement (boxed).

The mixed anhydride method was in fact how Curtius, albeit accidentally, synthesised 

the dipeptide (1), via the reaction of benzoyl chloride with the silver salt of glycine 

(Scheme 1.2).^ The mixed anhydride (2) is now recognised as the key intermediate, 

undergoing nucleophilic attack by the free amine of a second glycine residue, producing 

the protected dipeptide amongst other products.
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1

Schem e 1.2; Synthesis o f  benzoylglycylglycine via mixed anhydride.

The mixed anhydride approach has one obvious flaw, in that the nucleophile is able to 

equally attack both electrophilic centres, leading to an unwanted acylation product. 

Considerable research’  ̂ (beyond the scope of this brief introduction) has been carried 

out in this field to reduce the strength of the ‘undesirable’ electrophile and provide 

higher efficiency couplings. However, one elegant attempt at addressing this problem 

was provided by Leuchs,^* and involves converting the amino acid residue to the 

corresponding cyclic iV-carboxyanhydride (l,3-oxazolidine-2,5-dione, often referred to 

as an NCA or Leuchs’ anhydride) as demonstrated in Scheme 1.3. Nucleophilic attack 

on this intermediate is preferential for the amino acid carboxyl, and subsequant 

decarboxylation affords the completed peptide, with a free //-terminus. Unfortunately 

Leuchs’ anhydrides are extremely moisture-sensitive and prone to polymerisation even 

during refrigeration, thus great care has to be taken in their storage. In addition, the pH, 

reaction time and stirring speed of the coupling require strict control in order to avoid 

side-reactions such as double incorporation of the same amino acid residue.’̂  However, 

despite attracting little attention in stepwise peptide synthesis, NCAs have seen 

significant usage for the production of large linear and cyclic polypeptides since their 

discovery. This considerable quantity of research is summarised in the excellent review 

by Kricheldorf.^® Recent developments in the phosgene-free synthesis of these useful 

intermediates, and the current availability of A^-Boc and Fmoc protected NCAs may 

also promote a renewed interest in their use as building blocks for stepwise peptide 

synthesis.^'

,R'
( .0 HgN

HoN
R cocb y Î  H -CÜ2 R H

^  h,N -V ^ 'R '
o

Schem e 1.3: Formation o f  Leuchs’ anhydride using phosgene, and subsequent peptide coupling.
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1.2.2 Active esters

The simple alternative to the above methods is to activate the carboxyl group in a way 

which promotes selective acylation at the desired site, but with a lower electrophilicity 

than that of, for example, an acid chloride. However, the reactivity must be sufficiently 

high for coupling to occur within a reasonable period of time. The usage of aryl 

thioesters by a number of research groups^^’̂  ̂ prompted investigation into analogous 

conventional esters, with the discovery that further substitution with electron- 

withdrawing groups provides an appropriate level of carboxyl electrophilicity for 

peptide coupling. These so-called ‘active esters’ were thus used in, among others, the 

synthesis of oxytocin.^' '̂^^ Notable examples of pre-formed aryl active esters still in use 

today are the pentafluorophenyl (Pfp, 3) ester of Kovacs and co-workers^^’̂ * and the 

2,4,5-trichlorophenyl (Tcp, 4) ester of Pless and Boissonnas^^ (Figure 1.2).

Figure 1.2: Pfp and 2,4,5-Tcp active esters.

While the activity o f the aryl active esters is imparted by their electron-withdrawing 

potential, O-acyl hydroxy lamines contain a nitrogen atom adjacent to the ester oxygen, 

which is able to provide anchimeric assistance during the coupling reaction. This is 

demonstrated in Figure 1.3 by an A^-hydroxysuccinimide (NHS) ester,^° the only 

representative of this class which is currently available in its pre-formed state.

Figure 1.3: NHS ester undergoing attack by amine.

1.2.3 Carbodiimide reagents

The most common method for amino acid coupling in modem peptide synthesis is the 

use of ‘coupling reagents’. These allow the formation of an active ester in situ, 

eliminating the requirement for a separate activation step. Carbodiimides were
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described as early as 1893/' however it was not until 1955 that they were considered 

for peptide coupling, when Sheehan and Hess^^ suggested that 

dicyclohexylcarbodiimide (DCC, 5) could be used in a ‘one-pot’ process. Activation 

can occur by addition of the carboxylic acid to the imide (Scheme 1.4) with the 

formation of an 0-acylisourea (6).

A . A

O '  N H

0 ®0"^R
rV r

HoN.

-  R '^ N - ' * HO-^R

Schem e 1.4: (9-acyl isourea formation by DCC, undesired 0 -* N  acyl shift (A) and formation of  

symmetrical anhydride (B).

Although this intermediate is sufficiently active for nucleophilic attack by the amine 

component, it is also able to slowly rearrange via an O ^  N  acyl shift to form the 

unreactive A-acylisourea (7). This problem can be effectively circumvented by the 

addition of a second equivalent of the carboxyl component (Scheme 1.4 B), which can 

swiftly attack the 0-acylisourea, and form the symmetrical anhydride. Subsequent 

substitution with the amine component thus yields one equivalent of the completed 

peptide, and one equivalent of unchanged amino acid. Although an efficient coupling 

reagent, the use of DCC is complicated by the partial solubility o f its dicyclohexylurea 

by-product. This is often difficult to remove solely by filtration, and thus laborious 

purification of the product must be carried out. Newer reagents such as 

diisopropylcarbodiimide (DIC) and the water-soluble A-(3-dimethylaminopropyl)-iV- 

ethylcarbodiimide (EDC) have therefore generally superseded DCC.

Unfortunately, as a class of compound, the carbodiimides have a number of 

drawbacks when applied to peptide synthesis. Firstly, they are not entirely selective, and 

can react with amines, leading to guanidine derivatives.^^ This is obviously undesirable
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in amino acid couplings, and can be overcome by utilising a ‘pre-activation’ strategy. 

The carbodiimide is simply added to the carboxyl component, and the 0-acylisourea (or 

symmetrical anhydride if two equivalents of amino acid are used) is allowed to form, 

prior to the addition of the amino component.

HN

R'

Schem e 1.5; Potential abstraction o f  amino acid a-proton by 0-acylisourea basic centre.

The second problem is less easy to address, which is the propensity for this class of 

reagent to cause racémisation of the activated amino acid. This can be assumed to be the 

result of proton abstraction by the moderately basic nitrogen in the O-acylisourea 

intermediate (Scheme 1.5).^ The proton can subsequently be delivered to either face of 

the planar resonance-stabilised carbanion, leading to a loss of chiral purity.

1.2.4 Additives

The risk of racémisation is one reason why carbodiimides are sometimes avoided as 

coupling reagents. However, the problem can be partially resolved by the addition of a 

so-called ‘auxiliary nucleophile.’ The use of 1-hydroxybenzotriazole (HOBt, 8) by 

Konig and Geiger^'^ was the first incidence of such a strategy, and their compound is 

still the most popular additive (or ‘racémisation suppressant’) used today. Other 

examples (Figure 1.4) include 3-hydroxy-3,4-dihydro-1,2,3-benzotriazin-4-one 

(HOOBt, 9), l-hydroxy-6-chlorobenzotriazole (Cl-HOBt, 10), l-hydroxy-7- 

azabenzotriazole (HOAt, 11), 4-dimethylaminopyridine (DMAP, 12) and the previously 

mentioned #-hydroxysuccinimide (NHS, 13). These compounds all act in the same 

fashion: by substitution of the 0-acylisourea or symmetrical anhydride intermediate, 

forming the less reactive and thus less racemisation-prone active ester. Their use also 

has other benefits: firstly the lifetime o f the 0-acylisourea is significantly reduced, 

discouraging A^-acylurea formation. Secondly, they are able to increase the rate of the
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coupling since their regeneration during the reaction results in an almost constant 

concentration/

OH OH

N ”xx>
10

' N 'CcOH , p

N

11 12 13 

Figure 1.4; Commonly used coupling additives (auxiliary nucleophiles).

In addition to carbodiimides, the modern peptide chemist now has a large and often 

bewildering array of coupling reagents to choose from. A vast amount of research has 

been carried out in the development of such an arsenal, and an attempt to discuss its 

entirety here would not do this work justice. Instead, the most commonly used classes 

of coupling reagents will now be briefly discussed. However, for further information, 

this subject has been extensively reviewed in a number of publications.^’̂ '̂̂ *

1.2.5 Imidazolium and thiazolium coupling reagents

In an attempt to provide an alternative to carbodiimides, Staab developed the 

powerful coupling reagent carbonyldiimidazole (GDI, 14). This approach had the 

advantage of allowing simple product purification due to the relatively innocuous by

products (imidazole and CO2 , Scheme 1.6). Unfortunately, many imidazolium reagents 

(some of which are shown in Figure 1.5) are extremely susceptible to moisture, and this 

therefore limits their usage.^^”'̂®

The thiazolium reagents BEMT and BMTB'^’ are a more recent development in this 

category, and have been shown to effect efficient coupling in both solid and solution 

phases. The application of BEMT in coupling to A-alkylated amino acids is well 

demonstrated by Li and Xu in their total synthesis of cyclosporin
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Schem e 1.6: Activation via carbonyldiimidazole (CDI).

Cl

O  0  [ ® O T f ] ^  Ç, " N ^ N "  e

0 “ O  -C ï O *- '"ir Ü  ”■
GDI CBM IT CIP: X = P F g  CMBI

GIB: X = BF4

N B p f  B p f  B r ®

< f i  J i

BOI B E M T  BM TB

Figure 1.5: Examples o f  imidazolium and thiazolium coupling reagents. For clarity only abbreviations 

have been shown. For full nomenclature see List o f  Abbreviations.

1.2.6 Aminium, uronium and immonium coupling reagents

Following the introduction of HOBt as a coupling additive, the related compound O- 

(benzotriazol-1 -yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) was 

developed by Gross and co-workers.'*^ '̂ '̂  This paved the way for a new class of coupling 

reagents, often referred to as ‘uroniums’, although Carpino and co-workers corrected 

the general structure to an A^-guanidinium (aminium) approximately two decades 

later."^ ’̂"̂  ̂ Interestingly the authors also found that the uronium forms could be isolated 

via a simple modification o f the synthetic work-up; an important discovery since these 

compounds appeared to be superior coupling reagents. In order to avoid confusion, the 

erroneously labelled ‘uronium’ reagents such as HBTU will, from this point, be termed 

‘aminiums’.
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Figure 1.6: Examples o f  aminium and uronium coupling reagents. For clarity only abbreviations have 

been shown. For full nomenclature see List o f  Abbreviations.
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Schem e 1.7: Active ester formation in situ using HBTU in conjunction with HOBt.

Both aminium and uronium reagents have the advantage that substitution by the 

carboxyl component generates one equivalent of an auxiliary nucleophile; for example, 

in the case of HBTU, HOBt is released. Since one equivalent is also often included as 

an additive, the two-equivalent excess drives rapid active ester formation, reducing the 

risk of racémisation and increasing coupling efficiency (Scheme 1.7). Modification of 

the benzotriazole, 0-aminium/uronium moieties, and the specific counterion has led to a 

wide variety of analogues, some of which are shown in Figure 1.6.

Of these, the azabenzotriazole reagent HATU is particularly notable, since it is of 

great use in coupling to A-alkylated amino acids and macrocyclisations. This high
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efficiency is thought to be related to the basicity and anchimeric effect imparted by the 

pyridinyl nitrogen.

Further modification of the aminium reagents by replacing one of the substituted amino 

groups with various alkyl and aryl groups has led to another distinct class of compounds 

referred to as ‘immoniums’ (Figure 1.7). Some evidence suggests that these may be of 

higher efficiency than aminium reagents, perhaps resulting from a lower electron 

density on the electrophilic reaction centre.

e  O
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Figure 1.7: Examples o f  immonium coupling reagents. For clarity only abbreviations have been shown. 

For full nomenclature see List o f  Abbreviations.

1.2.7 Phosphonium reagents

The development of the phosphonium reagent benzotriazol-1- 

yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP) by Castro and co

workers pre-dates that of HBTU by approximately three years.'^^’̂® Unfortunately, it has 

one severe drawback: the toxic and suspected carcinogen hexamethylphosphoramide 

(HMPA) by-product is generated during coupling, and for this reason BOP is now 

seldom used. Substitution of pyrrolidino groups for the dimethylamino moieties resulted 

in the less hazardous reagent PyBOP, and its derivatives, PyCloP and PyBroP; these in 

turn encouraged a variety of similar analogues, some of which are listed in Figure 1.8.^ '̂

Phosphonium reagents act in a similar fashion to the aminiums discussed earlier, with 

the same advantage that nucleophilic attack generates one equivalent of an auxiliary 

nucleophile. They have the advantage of being more stable under basic conditions than 

aminium/uronium reagents, although the latter have been found to be more resistant to 

hydrolysis in the absence of base. "̂̂  In terms of reactivity, phosphonium reagents have
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been found to be slightly inferior to aminium/uronium salts, but are less likely to form 

guanidine derivatives. They are therefore more useful in situations where activation is 

slower, for example in hindered amino acids, fragment condensation and 

macrocyclisations.^^

® \ © '̂©k/ \ !—10-P(NMe2)3 PFe O'-Pn" '^ ^  PFs ]a:--.- ‘ ^ > 0  jo
B 0 P : X = C H  P y B O P :  X  =  CH  P y F 0 P : X  =  C p 3  P y C l o P :  X = Cl
A O P : X  =  N P y A 0 P : X = N  P y N O P :  X =  N O g  P y B r o P :  X  = Br

P y D O P P y T O PP y P O P

Figure 1.8: Examples o f  phosphonium coupling reagents. For clarity only abbreviations have been 

shown. For full nomenclature see List o f Abbreviations.

1.2.8 Organophosphorous reagents

In 1972, Yamada and co-workers demonstrated that a mixed carboxylic-phosphoric 

anhydride suffered less from the poor regioselectivity of nucleophilic attack found with 

conventional mixed anhydrides. The compound diphenylphosphorazidate (DPPA, 15, 

Scheme 1.8) was utilised to form the active intermediate, and this method was shown to 

offer reasonable yields and, in most cases, a low incidence of racémisation during the 

synthesis of a range of dipeptides.^^’̂  ̂ The technique was later used, with minor 

modifications, to synthesise a somatostatin analogue^^ and (-)-sandramycin (although 

this latter study found it to be less efficient than carbodiimide-mediated coupling 

methods).^^

Modification of DPPA has led to various analogues (Figure 1.9), including 

thiophosphinic-type reagents such as MPT A and MPTO, and phosphinic acid 

derivatives such as diphenylphosphinic chloride (DPP-Cl) and the more popular A,A- 

bis(2-oxo-3-oxazolidinyl)phosphinic chloride (confusingly referred to as BOP-Cl). This 

last compound was developed shortly after the work of Yamada, and has been found to 

be highly effective in difficult couplings such as macrocyclisations.^^
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Scheme 1.8: Activation via DPPA-mediated diphenylphosphinic mixed anhydride.
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Figure 1.9: Examples o f  organophosphorous coupling reagents. For clarity only abbreviations have been 

shown. For full nomenclature see List o f Abbreviations.

1.2.9 Acid fluorides

The difficulties encountered with activated aminoacyl chlorides, such as low stability 

and predisposition to racémisation are not shared by acid fluorides, due to their lower 

r e a c t i v i t y . H o w e v e r ,  it was precisely this low reactivity that discouraged the use 

of acid fluorides in organic chemistry, and they were therefore not investigated for the 

purpose of peptide coupling until the early 1990s.^’

Amino acid fluorides can either be prepared prior to their use in coupling, for example 

by treating the appropriate building block with cyanuric fiuoride^^ or 

(diethylamino)sulphur trifluoride (DAST),^^ or they can be formed in situ, by using 

reagents such as tetramethylfluoroformamidium hexafluorophosphate (TFFH).^"* TFFH
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has been recently used in the synthesis of an analogue of the cyclopeptide alkaloid C3- 

epimauritine D, where it was found to offer better yields than the reagents BOP-Cl, 

DPPA and BOP for the difficult macro lactam isation step.^^

I P ®
N-^N SF, 1

C y a n u r i c  f lu o r i d e  D A S T  T F F H

.  e  _ e

B T F F H  DFIH

Figure 1.10: Examples o f  reagents for the formation o f  amino acid fluorides. For clarity only 

abbreviations have been shown. For full nomenclature see List o f  Abbreviations.
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1.3 Protecting groups

1.3.1 Introduction

The bi- or trifunctional nature of the amino acid building blocks themselves means 

orthogonal protection may be required for the amine, carboxylic acid, and side-chain 

groups. The chosen protecting groups must be easily removed, without fragmentation of 

the peptide, or modification of the side-chain functionalities. Protecting group strategy 

must be carefully assessed, since fully-protected building blocks often have poor 

solubility. In some cases (for example the side-chains of methionine, asparagine and 

glutamine) a protecting group may not be required, due to low reactivity of the 

functionality under mild coupling conditions. In other cases it may be necessary to 

adopt a more ‘global’ strategy.

Due to the vast amounts of research dedicated to protecting groups in peptide 

synthesis, only the more common (both classical and modem) amino, carboxyl and 

side-chain protecting groups can be discussed here. However, more detailed 

information can be found in a number of publications.^’̂ ’̂̂ ’̂̂ ^

1.3.2 a-Amino protecting groups 

Amides

Early peptide syntheses utilised the simple formyl group for amino protection, and 

this was typically achieved by either heating with formic acid, or later by using coupling 

r eagent s . Unfor t unat e l y,  A“-formyl protected amino acids were found to be prone to 

racémisation, and this discouraged their wider use. Removal can be effected by, 

amongst others, strongly acidic conditions,^*^ hydrazine,^' or catalytic hydrogenation.^^

Most amide-type protecting groups are incompatible with peptide synthesis, due to the 

rigorous conditions required for their removal. Exceptions to this rule, such as the 

trifluoroacetyl and phthaloyl groups, have a number of alternative disadvantages. 

Finally, wide usage of more appropriate groups such as the carbamates appears to have 

dissuaded investigation into amide-type protection in peptide synthesis.

7V-aIkylation

Although monoalkylation usually allows an amine to retain its nucleophilic character, 

the inclusion of bulky moieties can hinder the group sufficiently to allow effective 

protection. Unlike most alkylating groups, A^-benzyl protection requires relatively mild
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conditions for its removal, and might be considered appropriate for peptide synthesis. 

Protection of the amine can be easily effected using benzyl bromide, and deprotection 

can be carried out using acidolysis, or catalytic hydrogenation.^^ However, the benzyl 

group is not sufficiently bulky to provide unequivocal protection, and has therefore 

never been widely used in peptide synthesis. In contrast, the triphenylmethyl (trityl or 

Trt) group completely removes the risk of acylation, and has been used for A^-terminal 

and side-chain protection intermittently since 1925.̂ "̂  Amino acid residues can be N- 

trityl protected, either via the methyl ester^^ (which provides superior yields, although 

the ester must be then cleaved), or via silyf^ or trityf^ esters generated in situ. The N- 

trityl protection has the distinct advantage of being removed under extremely mild 

acidic conditions, such as treatment with a 1% v/v solution of TFA in CH2Cl2 .̂ * More 

recent work proposes a combination strategy of this protecting group with the more 

common 9-fluorenylmethyl carbamate (Fmoc) to overcome diketopiperazine (DKP) 

formation at susceptible positions during solid phase peptide synthesis.^^’̂  ̂ The trityl 

group is also compatible with conditions for alkylation of amide bonds, as demonstrated 

by Domer and co-workers.^°

Unfortunately, although a few procedures have found success, the coupling of A/“-Trt 

amino acids is usually severely hindered by the large steric bulk of this protecting 

group.^^’̂ ’̂̂ ’ For this reason, the trityl group has not been extensively used for N- 

terminal protection in peptide synthesis. However, it has been found useful for 

protection of amino-functionalised side-chains (for example that o f lysine) in SPPS, due 

to excellent compatibility with A°-Fmoc p r o t ec t i on . Var i a t i ons  on the trityl group 

include the (4-methylphenyl)diphenylmethyl (Mtt), (4-methoxyphenyl)diphenylmethyl 

(‘methoxytrityP or Mmt) and phenylfluorenyl (PhFl) groups (Figure 1.11).

O M e

Trt Mtt M m t  P h F l

Figure 1.11: Examples o f  trityi-type protecting groups. For clarity only abbreviations have been shown. 

For full nomenclature see List o f  Abbreviations.
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Carbamates

The first effective carbamate-type group for protecting the amino functionality was 

the carbobenzoxy (Cbz, more recently referred to as the benzyloxycarbonyl or ‘Z’) 

group of Bergmann and Zervas/^ The introduction of the Z group encouraged the 

generation of a vast array of carbamate protecting groups, and itself is still widely used 

in organic chemistry. Deprotection can achieved using (among many other procedures) 

catalytic hydrogenation (Scheme 1.9 A) or acidolysis (Scheme 1.9 B), both of these 

methods generally being compatible with existing peptide bonds.*^

C L o H  "  H . N - "  •  C O .

o o^

— ► Û L . B .
' - ' ) Y  R  H B r /A c O H  R  H ' ^ Y ,  R

°  BY ° IHBr

e  ©
Br H3N.

R

Schem e 1.9: Deprotection o f Z group using catalytic hydrogenation (A) or aeidolysis (B).

In order to generate analogues which could be removed under milder acidic 

conditions, the benzyl moiety was replaced by functionalities more able to stabilise the 

carbocation intermediate. This resulted in (among others) the 4- 

methoxybenzyloxycarbonyl (Moz) and /-butyloxycarbonyl (Boc) groups.*^ The latter of 

these is now widely used in both solution-phase and Merrifield-type solid-phase peptide 

synthesis, and is cleanly removed using mild acidic conditions, including aqueous HCl 

or TFA at room temperature.^^’*̂

0 0 ' 0
M o z

o o
B p o cA d p o c B u m e o c

Figure 1.12: Examples o f  acid-labile carbamate protecting groups. For clarity only abbreviations have 

been shown. For full nomenclature see List o f  Abbreviations.
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Notable examples of similar carbamate protecting groups include the hyper acid-labile

1-methyl-l-(4-biphenylyl)ethoxycarbonyl (Bpoc)/^'^^ l-(3,5-di-/-butylphenyl)-l-meth- 

ylethoxycarbonyl (Bumeoc)^® and 1 -( 1 -adamantyl)-1 -methylethoxycarbony 1 (Adpoc)^' 

groups (Figure 1.12).

As shown in Scheme 1.9, the acidolysis of carbamates leads to the generation of a 

transient carbocation. This is not always ideal in peptide synthesis, since modification 

of the product by alkylation is sometimes a possibility.^ However, a variety of early 

studies suggested that base-mediated p-elimination was a plausible method for 

carbamate deprotection. In their work on the 9-fluorenylmethoxycarbonyl (Fmoc) 

group, Carpino and Han cite amongst their influences the work of Chattaway on a 1- 

nitro-2-trichloromethyl bis-substituted ethyl ester group which appeared to become 

deprotected under basic conditions, possibly via p-elimination.^^ Subsequent 

unpublished work by a colleague^^ applied the same compound for the carbamate 

protection of aniline, and this was found to undergo deprotection in good yield, using 

ammonia in benzene. Conclusions drawn from this work and consideration of 

theoretical studies on the P-elimination of benzhydryl and 9-fluorenyl thiocyanates led 

to the eventual production o f the Fmoc group.

The deprotection o f the Fmoc group most likely follows the somewhat rare Elcb p- 

elimination mechanism. The acidity of H-9 on the fluorenyl system allows removal by 

weak bases such as piperidine, forming a stable carbanion. This then eliminates to form 

the usual carbamic acid (which subsequently undergoes spontaneous decarboxylation to 

the free amine, rather than the ammonium cation) and the dibenzofulvene by-product 

(Scheme I.IO). '̂^

B a s e
Q  P i p e r id i n e  

H
H , N '  +  C O 20 '

Schem e 1.10: Fmoc deprotection via the E lcb  mechanism.

Unfortunately, the latter is an involatile solid, which is able to alkylate residual 

piperidine forming the tertiary amine adduct 15, and can also undergo polymerisation 

side-reactions.^^ Despite the suggestion of Carpino and Williams o f using a resin-bound
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secondary amine for the entire deprotection and dibenzofulvene capture process/"^ Fmoc 

is not commonly used in solution-phase syntheses, where the cleanly removed Boc and 

Z groups are preferred. In contrast, since intermediate purification is unnecessary in 

SPPS, the Fmoc group is now widely used, where it offers true orthogonality with the 

common acid-labile, base-stable side-chain protecting groups and resin linkers.^^ Fmoc 

is typically removed using a 20 -  25% v/v solution of piperidine in DMF, with a 

reaction time of approximately 20 minutes.^'^

F m o c Glim DC

0 , S

B s m o c B s p o c

B i m o c

0,i
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Figure 1.13: Examples o f  base-labile carbamate protecting groups. For clarity only abbreviations have 

been shown. For full nomenclature see List o f  Abbreviations.

Although the Fmoc group is now firmly established in solid-phase peptide synthesis, 

further modifications have led to the production of carbamates with more pronounced 

base-lability. Examples of these include the 2-chloro-3-indenylmethoxycarbonyl 

(Climoc), benz[/]inden-3-ylmethoxycarbonyl (Bimoc) and 1,1 -dioxobenzo[6]thiophene-

2-ylmethoxycarbonyl (Bsmoc) groups. (Figure 1.13). Considering the structure of these 

compounds, it is obvious that deprotection cannot occur via the Elcb mechanism of 

Fmoc, but rather by Michael addition of a nucleophile to the a,(3-unsaturated system, 

leading to ejection of the anion of the carbamic acid. The consequence is that Bsmoc, 

for example, only requires exposure to a 2 -  5% v/v solution of piperidine in DMF for 

deprotection to occur, with a reduction in reaction time to only seven minutes.^^ 

Carbamates can be introduced via a variety of methods. Use of the appropriate 

chlorocarbonate still remains popular for acylation with many groups, particularly Z, 

Moz or Fmoc, utilising classic Schotten-Baumann conditions.^ Introduction via the 

azide can be used for Boc protection,*^ although the pre-formed symmetrical anhydride 

is now a common (and more stable) alternative. In addition to these classical methods,
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the various coupling reagents or pre-formed active esters mentioned in Section 1.2.2 can 

also be used. For example, the hydroxysuccinimide esters of Fmoc or Z (Fmoc-OSu and 

Z-OSu) can be used for acylation under similar conditions to the chlorocarbonates.^^’̂ * 

In particular this has advantages for the preparation of 7V°-Fmoc amino acids, where use 

o f the chlorocarbonate (Fmoc-Cl) has been associated with the formation of dipeptide 

by-products.^^

Enamines

Originally developed for the side-chain protection of lysine in SPPS, the l-(4,4- 

dimethyl-2,6-dioxocyclohexylidine)ethyl (or Dde) group (16),’°° was rapidly adopted 

due to its apparent orthogonality to conventional Fmoc/rBu protection. It was 

subsequently used in a variety of syntheses in the 1990s, including those of the 

polyamine spider/wasp toxins.’°’ However, the Dde group is not completely stable to 

Fmoc-removal conditions, and has, in addition, been reported to undergo both 

intramolecular and intermolecular N  N' migration (‘scrambling’) during peptide 

synthesis.^^’’° ’̂’°̂  To address both issues, the sterically-hindered isovaleryl analogue 1- 

(4,4-dimethyl-2,6-dioxocyclohexylidine)-3-methylbutyl (Ddiv or ivDde) group (17) was 

developed, offering complete stability to Fmoc-deprotection conditions and displaying 

negligible propensity for migration.’°̂

Figure 1.14: Dde and ivDde protecting groups.

Until recently, the removal of Dde and ivDde groups (using a 2% v/v solution of 

hydrazine in DMF) could not be carried out without causing Fmoc deprotection. 

However, quantitative and selective removal of the Dde group has now been achieved 

using hydroxylamine hydrochloride in imidazole, NMP and CH2Cl2 .’°'’

Acylation with either group can occur in DMF (solid-phase Dde protection) or ethanol 

(solution-phase ivDde-protected building block synthesis) in the presence of a tertiary 

amine.’°’ ’°'
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1.3.3 Carboxyl protecting groups 

Benzyl and aryl esters

The difficulty in protecting the carboxyl group of an amino acid or peptide fragment 

as an aryl ester lies in the inherent activity of that ester towards nucleophilic attack. 

Referring back to the examples of active esters mentioned in Section 1.2.2 (Figure 1.2), 

it is obvious that many types of substituted phenyl esters are of limited use for 

protecting the carboxyl group against acylation. Exceptions to the rule include the 4- 

nitrophenyl,’®̂ and 2-benzyloxyphenyl e s t e r s , w h i c h  can both protect the carboxylic 

acid and also serve as an activating group. Selectivity for acylation using the former 

method is imparted by the low reactivity of the 4-nitrophenyl ester (the so-called 

‘backing o ff  approach) whereas the latter can be converted to the active form through 

reduction of the benzyl ether by catalytic hydrogenation.

In contrast, benzyl esters are highly useful semi-permanent protecting groups, which 

can be removed by either catalytic hydrogenation or acidolysis. The modification of 

sensitivity to the latter can be directly compared to the benzyloxycarbonyl-type 

carbamate protection for amines, where ortho/para substitution with electron- 

withdrawing groups can enhance acid lability by stabilisation of the transient 

carbocation product. For example, the difference in sensitivity between the benzyl and 

4-methoxybenzyl (PMB) e s t e r s i s  mirrored by the increased sensitivity of the Moz 

carbamate (Figure 1.12) compared to the Z group.

Since aryl esters are also analogous to the resin-bound linkers for solid-phase 

synthesis, this topic is further elaborated upon in Section 1.4.2.

Alkyl esters

Simple methyl and ethyl esters are rarely used in modem peptide synthesis, since the 

harsh conditions required for their saponification are generally incompatible with the 

amide bonds of the peptide backbone. Methyl esters can, however, be converted to the 

corresponding amide via ammonolysis, and this approach has been used in the synthesis 

of peptides with such functionality at the C-terminus.

In the same manner that the Boc carbamate (Figure 1.12) was discovered to have a 

higher acid lability than the Z group, so the r-butyl (rBu) ester was found to require 

milder conditions for its removal (dilute HCl or TFA), compared to the benzyl ester, 

which requires the use of HBr/AcOH or HF. Again, this can be attributed to the 

enhanced stability of the resulting carbocation.
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Unlike benzyl or other alkyl esters, the /Bu ester cannot be installed using the classic 

acid-catalysed condensation with the appropriate alcohol. Although Anderson and 

Callahan initially reacted the silver salt of the acid with r-butyl iodide (similar to the 

cesium salt/alkyl bromide methodology'®* of Wang and co-workers 17 years later), 

improved yields were achieved by treating the free acid with isobutene in the presence 

of H 2 SO4 to furnish the desired ester.

Finally, the allyl ester is of particular note, since it is stable to a wide variety of acidic 

and basic conditions, and is selectively cleaved using Pd[0] complexes, such as 

[Pd(PPh3)4] (tetrakis(triphenylphosphine)palladium). It has therefore found significant 

use in SPPS, especially in so-called ‘inverse’ (i.e. N  ^  C) SPPS"® and for on-resin 

macrocyclisations. ' ' '

Silyl esters

Early work involved the in situ simultaneous amino and carboxyl protection of an 

unfunctionalised (and thus poorly soluble) amino acid via the trimethylsilyl (TMS) 

group, formed using TMS-Cl in the presence of a tertiary base. This allowed 

solubilisation of the amino acid in non-polar solvents such as CH2CI2 , and subsequent 

coupling of the relatively nucleophilic silylamine could be carried out under a variety of 

c o n d i t i o n s . T h e  TMS ester can then be cleaved under very mild aqueous acidic 

conditions.

Although used by a few groups, silyl esters have remained unpopular in peptide 

synthesis until quite recently, where they have found use in the aforementioned inverse 

SPPS methodology. Johansson and co-workers have utilised the more stable Xvi-t- 

butoxysilyl ester for C-terminal protection, and synthesised five A-immobilised 

tripeptides using this approach. Cleavage of each silyl ester was achieved using a 5% 

v/v solution of TFA in CH2CI2 , followed by coupling via HATU/TMP. Although a small 

amount of racémisation was reported, this work shows that silyl esters still have some 

relevance in modem peptide synthesis."''

1.3.4 Side-chain protecting groups

Since both amino and carboxyl protecting groups are discussed above, this section 

will concentrate on the protection of the remaining functional groups relevant to the 

research discussed in this thesis, i.e. the hydroxyl and thiol groups.
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Hydroxyl protection

The hydroxyl side-chains of serine, threonine and tyrosine are not equal in their 

requirements for protection. While the primary hydroxyl of serine is prone to acylation 

under even relatively mild conditions, the hindered secondary alcohol side-chain of 

threonine, and the phenol of tyrosine are somewhat less reactive. Therefore, in cases 

where mild conditions are used for peptide coupling, it may be appropriate to leave 

these functionalities unprotected.’’ "̂’’^

Protection of the hydroxyl functionality by acylation is not widely recommended, due 

to the propensity of these groups to undergo O N  migration, especially for tyrosine. 

In addition, base-catalysed p-elimination can occur in serine and threonine residues 

where the acid component is a good leaving group (e.g. p-toluenesulfonate, TsOH).^’”  ̂

Alkyl- and benzyl-type ethers are currently in wide use in both solid and solution 

phase peptide synthesis. While unsubstituted methyl and ethyl ethers are in general not 

sufficiently labile, the t-Bu ether can be cleaved using anhydrous TFA or 

H B r / A c O H . T h i s  popular protecting group was used by Wiinsch and Wendlberger 

in their synthesis of glucagon,’̂ ’ and is now utilised extensively in SPPS where it is 

completely orthogonal to the A^-Fmoc protecting group. The seemingly appropriate 

substituted methyl and ethyl ethers such as the 2-methoxymethyl (MOM) and 2- 

methoxyethoxymethyl (MEM) groups do not enjoy the same level of popularity. In the 

case o f the MOM group, this is most likely due to the high carcinogenicity of the 

chloride (MOM-Cl) required for its introduction.

Introduction of the tBu ether can be achieved under similar conditions for the 

formation o f the analogous ester, i.e. acid catalysed reaction with isobutene.

The benzyl (Bzl or Bn) ether is slightly easier to form via direct alkylation with 

benzyl bromide in liquid ammonia, using the methodology of Murase and co- 

workers.’^̂  Unlike the tBu ether, it is stable to A“-Boc deprotection, and is therefore 

used considerably in Merrifield-type SPPS. It can be removed using HBr/AcOH, HF, or 

catalytic hydrogenation. Halo-substituted analogues have been found to be even more 

stable to acidolysis, and are more appropriate for the synthesis of longer peptides, where 

a gradual loss of O-Bn has been reported with repeated A“-Boc deprotections.

The triphenylmethyl (trityl, or Trt) group mentioned in Section 1.3.2 can also be used 

for the protection o f hydroxyl side-chains. It has the particular advantage, that not only 

is it orthogonal to A^-Fmoc protection, but it can also be removed under extremely mild 

conditions (1% v/v TFA in CH2CI2) that do not affect Z or Boc carbamates, benzyl or 

/Bu esters, or the majority of resin linkers. This allows facile functionalisation of (in
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particular) threonine and serine side-chains to form depsides or depsipeptides. Despite 

reservation about the steric effects of this bulky group on coupling efficiency coming 

from some quarters (c.f. iV“-Trt protection)/ the 0-Trt ether is now extensively used in 

peptide synthesis. In addition, it has been found to offer cleaner deprotection products 

than the corresponding /Bu ether.

In order to protect a hydroxy acid for SPPS, Kuisle and co-workers’̂  ̂ used the 

tetrahydropyranyl (THP) ether which had been previously utilised in prostaglandin 

syntheses two decades e a r l i e r . T h i s  group and a variety of analogues (Figure 1.15) 

can be simply and efficiently introduced and also deprotected using mildly acidic 

cond itions.T herefo re  it is surprising that the THP ether is not a more popular choice 

for side-chain protection in SPPS, considering its orthogonality with the Fmoc group. 

Perhaps the fact that protection via THP acetals introduces an additional chiral centre 

into the amino acid building block has dissuaded wider usage.

M e O .
. B rû: V .o ' ^ /  o " 7  0 s ' ^ /

T H P  B r T H P  M T H P  T H T P

Figure 1.15: Examples o f  pyranyl ether protecting groups. For clarity only abbreviations have been 

shown. For full nomenclature see List o f Abbreviations.

Some use has been made of silyl ethers in solid-phase peptide synthesis, in particular 

the popular f-butyldimethylsilyl (TBDMS) g r o u p . H o w e v e r ,  concerns have been 

raised about the stability of this group to A'^-Fmoc deprotection conditions.’̂ ^

Thiol protection

Due to the reactivity and base-lability of thioesters, the side-chain of cysteine is not 

usually protected via acylation, due to the risk o fS  / / migration.^ ’ Thus, protection 

via alkylation is one of the mainstays for thiol protection in peptide synthesis. The 

benzyl thioether has the advantage that it is only cleaved slowly by HF, and is thus 

appropriate for use with both Z and Boc groups. Removal can be effected by using HF 

containing a thiol (which accelerates the cleavage), or by Birch-type reduction using 

sodium in liquid ammonia.

The /-butyl (/Bu) group has also found use in the protection of thiols, although it is 

readily cleaved by HF and therefore not always appropriate for Merrifield-type SPPS.
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However, it is stable to TFA, and is of particular use when combined with other 

protecting groups (e.g. 5'-Acm and 5'-Trt; see below) in order to form disulfide bonds 

regioselectively.’^̂

Modification of the benzyl thioether resulted in the more labile 4-methoxybenzyl 

(Mob),’^̂  3,4-dimethylbenzyl (Dmb)’^̂  and triphenylmethyl (Trt)’^̂  thioethers amongst 

a number of others (Figure 1.16). 5'-Trt protection is particularly appropriate for modem 

methodologies, as it can be removed either by relatively mild acidolysis to afford the 

free thiol, or oxidation via h  in MeOH, or thallium (III) salts, forming the disulfide.

M e O .  . O M e  
M e  , O M e  Ti

"  / X r
M e

D m b  M o b  T m o b  T r t  R  =  H X a n
Mmt:  R  =  O M e

Figure 1.16: Thioether protecting groups. For clarity only abbreviations have been shown. For full 

nomenclature see List o f  Abbreviations.

It is worth mentioning that acidolysis of this and similar groups require the use of a 

scavenger (such as zPrgSiH or anisole) to ensure the reaction is irreversible, i.e. to 

prevent re-addition of the reactive carbocation to the free t h i o l . T h i s  group also has 

one disadvantage: recent work has shown that activation of A“-Fmoc, 6"-Trt protected 

cysteine with aminium reagents can lead to significant levels of racémisation. This can 

be circumvented by the use of DIC/HOBt for coupling, or addition of a hindered base 

such as TMP (collidine), 2,6-dimethylpyridine (lutidine) or 2,3,5,6-tetramethylpyridine 

(TEMP).’^̂ ’’ °̂

The extremely acid-labile methoxytrityl (Mmt) group mentioned in Section 1.3.2 is 

also useful for thiol protection, as removal only requires a 1% v/v solution of TFA in 

CH2CI2 , containing also 5% v/v /PrsSiH.''^’ At present, no studies investigating the 

levels of racémisation with this protecting group can be found.

The introduction of the acetamidomethyl (Acm) group by Veber and co-workers 

provided a welcome alternative to the thioethers commonly used at the time.*'^  ̂ This 

protecting group can be introduced very simply by adding A^-hydroxymethylacetamide 

to unprotected cysteine in HCl or TFA. Subsequent dehydration of the carbinolamine 

forms the stabilised cation (18) which can then undergo selective nucleophilic attack by 

the thiol (Scheme 1.11).’^̂ ’*'̂ ^
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Schem e 1.11: Acm protection under acidic conditions.

The resulting aminothioacetal is reported as being highly stable to acidic conditions, and 

thus has been used extensively in both solid- and solution-phase peptide synthesis. 

However, more recent work suggests that addition of thiol or silane scavengers or 

DMSO can reduce this stability somewhat, and thus acidolytic methods have been 

developed for cleavage of this g r o u p . H o w e v e r ,  the preferred method for Acm 

group removal is via oxidative procedures. Treatment with 1% in MeOH, thallium (III) or 

mercury (II) salts can form the corresponding disulfide. If silver (I) salts are used, either 

the free thiol or the disulfide can be obtained, by appropriate modification of the 

workup.

Preparation of Acm-protected cysteine has one drawback, in that a major by-product, 

thiazolidine-2-carboxylic acid, is formed. In order to avoid this troublesome outcome, 

various analogues of the Acm group have been produced, which do not appear to 

undergo this side-reaction during cysteine protection. These include the 

benzamidomethyl (Bam),''*^ trimethylacetamidomethyl (Tacm),''^^ and 

phenylacetamidomethyl (Phacm).’'*̂  These can be introduced under identical conditions 

to the Acm group, and offer the same level of acid stability.

A c m  T a c m  B a m  P h a c m

Figure 1.17: Aminothioacetal protecting groups. For clarity only abbreviations have been shown. For full 

nomenclature see List o f  Abbreviations.

Disulfide formation in peptide synthesis

Although mentioned briefly above, disulfide formation features extensively in the 

work described in this thesis, and should therefore be introduced in greater detail.

In the synthesis o f a peptide containing a single disulfide bond, formation of this 

moiety can often be simply effected by deprotection of both cysteine side-chains 

followed by exposure to air in a weakly basic aqueous s o l u t i o n . I n  this case, acid 

labile thioether protecting groups such as Trt and Mmt are particularly useful if the
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linear precursor is prepared via SPPS, since resin-cleavage and cysteine side-chain 

deprotection can be carried out simultaneously.’'̂® Unfortunately, air oxidation carries 

the disadvantage of long reaction times, and often an additional weak oxidising agent 

such as DMSO,’"’̂  or a mixture of reduced and oxidised glutathione’̂ ®’’^’ is required to 

increase the rate of disulfide formation.

In the case of thioacetal, and some thioether protecting groups (e.g. Trt, tBu), stronger 

oxidising agents such as h , thallium (III), mercury (II) or silver (I) salts can be used to 

deprotect both thiols and form the disulfide simultaneously (as previously mentioned). 

Whilst commonly used, these reagents may be unsuitable in the synthesis of certain 

sequences. For example Tyr, His and Tip residues can become iodinated’^̂  and 

unprotected Met and Trp side chains are susceptible to oxidation by Tl(III).’^̂

In peptides containing more than one disulfide, regioselective formation can be 

achieved by judicious use of orthogonal protecting groups for the cysteine thiol. 

Hargittai and Barany demonstrate this by using a combination of the xanthenyl (Xan) 

thioether and Acm aminothioacetal in their synthesis of all three disulfide regioisomers 

of a-conotoxin SI, a tridecapeptide containing two ‘interlocking’ disulfide bridges.’ '̂’ 

Another example is the regioselective formation of three disulfide bonds in the 

synthesis o f the insect peptide PMP-D2 by concurrent use of Mob, Trt and Acm 

protection.’'̂ ’

However, in the latter case, the authors note that their original synthesis of the 

peptide, which simultaneously formed all three disulfide bridges via air oxidation, 

resulted in a higher yield. Indeed, the slow nature of this method is reported to allow the 

equilibration of different confbrmers,’̂  ̂ resulting in the thermodynamic product. It 

would therefore seem that PMP-D2 exists as the thermodynamically favoured 

regioisomer, which is perhaps unsurprising given its natural origins.
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1.4 Introduction to solid-phase peptide synthesis (SPPSl

1.4.1 SPPS: a brief history

The principle of solid-phase peptide synthesis is based around the attachment of an 

amino acid or peptide substrate to an insoluble polymeric support, usually a polystyrene 

resin bead, which is functionalised with a suitable handle or linker. The resin beads are 

agitated with a solution of reagents, and on completion of the reaction, the solution 

filtered away. This method means that further purification of the intermediate peptide 

product(s) is either minimal or completely eliminated, as excess reagents remain in a 

separate phase.

The pioneer of solid-phase peptide synthesis (SPPS), Professor R. Bruce Merrifield, 

explored a variety of different methodologies, polymeric supports and protecting groups 

before publishing the first solid-phase synthesis of a peptide in 1963.^ ’^̂  The C- 

terminal amino acid (A^-Z valine) was attached via an ester linkage to chloromethylated 

polystyrene cross-linked with divinylbenzene (Figure 1.18) and nitrated or brominated. 

This polymer, in the form o f 200 -  400 mesh (37 -  75 pm sieve size) beads, was found 

to possess a porous gel structure, swelling in solvents such as dimethylformamide, and 

allowing the penetration of reagents. The resin beads were thus agitated with the 

coupling solution in a vessel fitted with a sintered glass filter frit. Once the estérification 

was complete, the reagent solution was removed by suction, the resin washed, and the 

immobilised amino acid ready for deprotection without any purification step.

Figure 1.18: 2% DVB/polystyrene copolymer used by Merrifield. (Chlorométhylation and 

nitration/bromination not shown).
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Scheme 1.12: The SPPS o f H-Leu-Ala-Gly-Val-OH by Merrifield.

Once deprotected, the free amine (detected by ninhydrin) was reacted with the 

activated carboxyiic aeid o f  an //"-protected amino acid, in this case, 7 / -Z  glycine 

(Scheme 1.12).

After completing all the necessary deprotection and coupling steps, the tetrapeptide 

product was removed from the resin by simple saponification with ethanolic sodium 

hydroxide. The only purification procedure in the synthesis then followed: isolation of 

the product by ion-exchange chromatography.^ ’^̂

This synthesis was not without its problems. For example, the conditions for the N- 

terminal Z group deprotection (HBr in glacial acetic acid) also cleaved the C-terminal 

benzyl ester linkage, as might be expected (see Section 1.3.3). Selectivity for TV-terminal 

deprotection was therefore promoted in a limited fashion by the slower cleavage rate of 

the C-terminal ester.^ In addition, coupling via the 4-nitrophenyl active ester was found 

to eause considerable racémisation o f  the alanine and leucine residues, and there was 

also ehromatographic evidence o f  incomplete deprotection and coupling reactions. The 

following year, Merrifield used an improved method to synthesise the nonapeptide 

hormone, bradykinin.'^^ The TV-terminal Z protection was replaced by the significantly 

more acid-labile Boc group, allowing milder deprotection conditions, thus leaving the 

benzyl ester linkage unaffected (see Section 1.3.3).*^’’^̂  The second major modification 

was the use o f  DCC for peptide eoupling, which was found in the previous study to 

cause a smaller degree o f  racémisation than the 4-nitrophenyl active ester. This 

methodology produced convincing results: o f  the material liberated from the resin, 51% 

was found to be pure bradykinin, indistinguishable from the natural product by
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electrophoresis and chromatography. An improved synthesis followed, with an overall 

yield of 68%; from the first deprotection, to the isolation of pure bradykinin took just 

eight days.’ *̂

It was not unapparent at the time that the simplicity of the solid phase approach was 

amenable to automation, and in 1965 Merrifield used a prototype instrument to 

complete the solid-phase synthesis of bradykinin in 32 h o u r s . W i t h  this equipment, 

the Merrifield group were able to rapidly synthesise first bovine i n s u l i n , t h e n  the 124 

residue bovine pancreatic ribonuclease A (RNase A) linear precursor.^ This synthesis 

demonstrated that 369 sequential chemical reactions could be carried out automatically 

without the requirement for intermediate purification steps. However, subsequent 

criticisms highlighted the low purity of the final cyclised product, and reservations were 

frequently aired regarding the application of SPPS for a total synthesis of peptides 

larger than 20 r e s i d u e s . N e v e r t h e l e s s ,  the accomplishments of Merrifield and co

workers paved the way for modem automated synthesisers, capable of producing large 

peptides in yields and purities significantly higher than manual SPPS, and significantly 

faster than solution-phase methods.

One problem with the Merrifield SPPS strategy was the highly acidic conditions 

required for A“-Boc deprotection (50% v/v TFA in CH2CI2) and cleavage of the peptide 

from the resin (anhydrous HP, anisole).^’ Aside from safety issues, repeated A“-Boc 

deprotections caused a small degree of resin cleavage over the course of a synthesis and 

some peptides were also found to be unstable to prolonged acidic treatment. The search 

for milder conditions led to interest in various hyper acid-labile //'-protecting groups 

such as the trityl (Trt) amine and biphenylisopropoxycarbonyl (Bpoc) carbamate groups 

mentioned in Section 1.3.2. These were used in conjunction with the acid-labile p- 

alkoxybenzyl alcohol resin-linker developed by Wang’̂  ̂ and the r-butyl ether- or ester- 

based groups^^’’’  ̂ for side-chain protection. However, problems with a lack of 

selectivity meant that this approach was not widely adopted, and the Boc/benzyl 

approach of Merrifield continued to prevail.

A plausible alternative was offered in 1972, when Carpino introduced the novel 

amino carbamate protecting group, 9-fluorenylmethyloxycarbonyl (Fmoc). In contrast 

to the range of acid-labile groups then known, this could be cleaved by mildly basic 

reagents such as piperidine, morpholine and ethanolamine.^'^ As mentioned previously, 

the major disadvantages regarding the dibenzofulvene by-product that effectively 

disqualified Fmoc from solution phase chemistry were of little consequence in SPPS 

methodology. Quite the opposite, this strongly UV-absorbing by-product provided an
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additional method to monitor deprotection. The Fmoc group thus enabled A/“-protection 

to be truly orthogonal to the C-terminal resin linkage, and any side-chain protection. In 

1978 Chang and Meienhofer demonstrated this by synthesising the 14 residue 

dihydrosomatostatin in 53% yield, using an Fmoc/fBu strategy, on the /7-alkoxybenzyl 

alcohol Wang linker developed five years e a r l i e r . T h e i r  strategy and that of 

Merrifield are the two major SPPS methodologies used today.

1.4.2 C-terminal protection/immobilisation in conventional C N  SPPS: resins 

and linkers

Resin linkers (often termed ‘handles’ can be classified either as integral, where the 

resin matrix forms part of the linker itself (e.g. the Merrifield resin) or non-integral, 

where the linker is a clearly defined separate entity grafted onto an appropriate solid 

support (e.g. the Wang l i n k e r ) . Ov e r  the course of forty or so years there has been a 

multitude of integral and non-integral solid-phase linkers developed, with a broad range 

o f applications. In essence, these compounds function both as a method of 

immobilisation and a C-terminal protecting group for the growing peptide. It is worth 

noting that, while it is feasible for peptides to be immobilised by the amino terminus or 

an appropriate s i d e - c h a i n , ' s u c h  strategies are generally in the minority. This 

seems to be due to the wide acceptance and ease of A^-Boc or Fmoc protection 

strategies, the perceived risk of racémisation, and the fact that temporary protecting 

groups for the C-terminal carboxyl have not been widely investigated.^^

Thus, while they must demonstrate the qualities of a protecting group appropriate for 

the synthetic strategy devised, C-terminal linkers must not sterically interfere with the 

SPPS of potentially very large peptides on a polystyrene matrix. In some cases, the non

integral type linkers are often thought to hold an advantage over integral linkers, due to 

their further separation from the polystyrene/DVB resin core.'^^

The following section will attempt to briefly review the vast range of linkers currently 

used, and the rationale behind their use. Where represented in a figure, the linker itself 

is shown in bold, to distinguish from the resin matrix or spacer groups. Further 

information can be found in a review of convergent SPPS by Giralt and co-workers,'^' 

or the more recent review of resins, linkers and cleavage conditions by Guillier and co- 

workers.'*^*
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Resins cleaved by strongly acidic conditions

Although Merrifield originally used the tétraméthylammonium salt o f  the amino acid, 

attachment o f  the first residue to his integral chloromethyl-poly(styrene-DVB) resin 

(Scheme 1.13) is better achieved using the corresponding cesium salt, in the same 

manner that Wang and co-workers later used for the formation o f  benzyl e s t e r s . A s  

discussed previously, cleavage from this resin requires relatively strongly acidic 

conditions, such as treatment with HF, TFA/HBr or TFMSA. A useful (and safer) 

alternative was proposed by Schlatter and Mazur, who discovered catalytic 

hydrogenation with palladium acetate could also result in resin c l e a v a g e .E th a n o l i c  

sodium hydroxide, as used originally by Merrifield, is now rarely used.

Early criticisms o f  solid-phase synthesis highlighted the possibility that the relatively 

small distance from the polymer matrix given by the simple Merrifield resin limited the 

application o f  SPPS to smaller peptides (< 20 residues in l e n g t h ) . T h i s  promoted the 

development o f  the phenylacetamidomethyl (PAM) linker which was used to ascertain 

the effect o f  increasing the distance of the C-terminus from the polystyrene support. 

This was achieved by synthesising a model tetrapeptide (H-Leu-Ala-Gly-Val-OH) on 

the linker, which could be then deprotected and cleaved using HF.

PA M  linker

0 - V a l - B o c

r e s in  c l e a v a g e

O - V a l - G l y - A l a - L e u - H

O - V a l - G l y - A l a - L e u

. 0 - V a l - G l y - A l a - L e uTlX r e s in  c l e a v a g e

, 0 - V a l - G l y - A l a - L e u - H

n

Scheme 1.13: Investigating the effect of distance from the resin matrix on coupling efficiency using the 

PAM linker.

Deletion sequences resulting from poor coupling efficiency were isolated and 

identified. The tetrapeptide synthesis was then repeated, but instead o f  cleaving after N-
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terminal deprotection, Boe-Val-(oxymethyl)phenylacetic acid was coupled and the 

tetrapeptide repeated. Deprotection and cleavage with HF could then reveal the 

propensity for deletion sequences with the extra distance from the resin matrix provided 

by the oxymethylphenylacetyl spacer and initial tetrapeptide (Scheme 1.13). This was 

repeated with increasing amounts o f  PAM linker incorporation, up to a chain length o f 

60 residues and a peptide to resin weight ratio o f  4:1. The results revealed that neither 

the distance from the resin nor peptide loading had any significant effect on synthetic 

efficiency using this linker.'^^ Aside from providing an answer to critics o f  SPPS, the 

PAM linker also demonstrated 100 to 200 times more stability to TFA than the 

Merrifield-type linker, due to the increased electron withdrawing effect o f  the 

acetamidomethyl group. The PAM linker therefore afforded a solution to the low levels 

o f  peptide-resin cleavage previously associated with repeated Boc-deprotections.'^^ '^  ̂

Finally, various groups have developed and used benzyhydryl-type linkers, such as 

the benzhydrylamine (BHA) of Pietta and Marshall'^* and the 4-methyl analogue 

(MBHA) o f  Matsueda and Stewart (Figure 1.19), the latter o f  which is still widely used 

in modern SPPS.'^^

BHA: R = H 
MBHA: R = M e

NHz

Figure 1.19: BHA and MBHA resins.

Resins cleaved by moderate or mild acidic conditions

In contrast to the above work, other laboratories were attempting to address problems 

with purity associated with degradation o f  the peptide product under the highly acidic 

conditions o f  resin c l e a v a g e . I n  addition, these conditions simultaneously removed 

many side-chain protecting groups, hindering subsequent solution-phase modification of 

the linear peptide. It was obvious that to increase acid lability, the linker must provide a 

higher stabilisation o f  the resulting cation (c.f. acidolysis o f  carbamates. Section 1.3.2). 

An attempt by Wang and Merrifield employed a strategy using a t- 

alkyloxycarbonylhydrazide resin linker (19, Figure 1.20) in combination with the highly 

acid-labile A^-Bpoc protection described in 1.3.2. Treatment with a solution o f  50% v/v 

TFA in CH 2 CI2 resulted in cleavage o f  the peptide hydrazide, which could subsequently 

be used for solution-phase fragment coupling s t e p s . I n  a following study, Wang 

investigated a p-alkoxybenzyloxybenzyl linker (now frequently referred to as the
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‘Wang’ linker) seemingly inspired by the alkoxy precursor (20) o f  the hydrazide. The 

linker (21) was found to have an acid lability similar to the /?-methoxybenzyl ester 

(PMB)'°^ and was again used with hyper acid-labile A^-Bpoc protection, but cleavage 

with a solution o f  50% v/v TFA in CH 2 CI2 this time yielded the free acid o f  the peptide. 

Extremely acid-resistant side-chain protecting groups such as Z carbamates, and benzyl 

ethers were shown to be left intact in this process.

19 20 21

Figure 1.20; The /-alkoxycarbonylhydrazide linker (19), its synthetic precursor (20) and the

alkoxybenzyloxybenzyl (Wang, 21) linker.

Despite providing a reasonable solution to the problems encountered with the highly 

acid-resistant linkers popular at this time, this strategy initially found little use. As 

mentioned in Section 1.4.1, it took the introduction o f  the Fmoc carbamate group by 

Carpino and Han '̂^ combined with the alkoxybenzyl linker o f  Wang'^^ to provide a truly 

viable alternative to the approach of M e r r i f i e l d . D e s p i t e  a large number o f  linkers 

being developed subsequently, the alkoxybenzyloxybenzyl resin o f  Wang is still 

considered the mainstay o f  modern FmocZ/Bu strategy SPPS.

Trityl chloride: R = R' = H
2-Chlorotr ity l  ch lor ide :  R = Cl, R' =: H
2 - Fluorotrityl  ch loride:  R = F, R' = H
4-Methyltrityl  ch loride:  R = H, R' = C H 3

4-M ethoxytr it y l  ch lor ide:  R = H, R' = O C H 3

4-Cyanotr it y l  ch lor ide :  R = H, R' = ON

Figure 1.21: Trityl-type resins.

At the far end o f  the spectrum in terms o f  acid lability are the highly useful integral 

trityl chloride-type resins (Figure 1.21), which release carboxyiic acids when treated 

with 0.5 -  5% TFA in

CK
HO

X)

Scheme 1.14: DKP formation as a result o f  C-terminal proline.
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Not only do these resins have the advantage o f  being cleaved under extremely mild 

conditions, but also loading can be achieved relatively easily using the 

diisopropylethylammonium salt o f  the amino acid, a procedure which has a relatively 

low incidence o f  racémisation. This is in comparison with the loading o f  alkoxybenzyl 

(Wang)-type resins, which usually require the use o f  a carbodiimide. In addition, the 

bulky nature o f  the trityl-type linker seems to prevent diketopiperazine (DKP) 

formation, a side-reaction which can occur if proline, or another A^-alkylated amino acid 

is present at the C-terminus. (Scheme 1 . 1 Interestingly,  a comparison of four 

trityl resins (unsubstituted, 2-chloro, 2-fluoro and 4-cyano) demonstrated that the 

presence o f  an ortho halo group provides further protection against DKP formation over 

the unsubstituted linker. In addition, all o f  the trityl resins were found to offer 

significantly better yields o f  a C-terminal proline tetrapeptide, when compared with the 

Wang linker.'^^ Figure 1.22 shows popular examples from the ever-increasing array o f  

resins cleaved by relatively mild acidic conditions. This includes the 

trialkyloxydiphenylmethylester linker o f  R i n k , t h e  xanthenyl linker o f  Sieber,'*^ and 

the SASRIN (super acid sensitive resin) linker o f  Mergler.'**

|x = O H , O T f ,  C l o r N H j

X O M e

Rink

" - " T O  - - T O
OH'T Ç C .

N H F m o c  O M e

S i e b e r  S A S R I N

Figure 1.22: Rink, Sieber, and SASRIN linkers.

Resins cleaved by basic conditions and nucleophiles

Saponification using NaOH is a classic method for benzyl ester deprotection; however 

in peptide synthesis these strongly basic conditions obviously present the risk of 

significant racémisation. The presence o f  electron-withdrawing groups in the ortho or 

para positions increases ester lability towards nucleophiles, as demonstrated by the 

active esters used for peptide coupling (Section 1.2.2).
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Figure 1.23: 4-Hydroxymethyl-3-nilrophenyl and HMBA linkers.

This principle has been used in solid-phase linkers such as the 4-hydroxymethyl-3- 

nitrophenyl resin (22) o f Fridkin and c o - w o r k e r s , a n d  the later 4-hydroxymethyl 

benzoic acid (HMBA) linker o f  Sheppard and Williams (23).'^° The latter can be 

cleaved by 1 M solutions o f  NaOH, zPriEtN/MeOH (yielding the methyl ester), 

hydrazine (to yield the hydrazide), or NHs/MeOH (to yield the carboxamide). Further 

lability to nucleophiles was demonstrated by the phenol-sulfide resin o f  Marshall and 

Liener. The authors immobilised via the carboxyl o f  the penultimate C-terminal amino 

acid (adjacent to the C-terminus o f  the completed sequence), and on completion of 

SPPS the linker was oxidised to the sulfone, using HiOi.

o
H

N aO '
R O

OH

N a O

Ax.
H , 0 ,

Ax;
o

o
X

O P e p t id e

O
X

O P e p t id e

Scheme 1.15: Simultaneous cleavage of phenol-sulfide ‘safety-catch’ resin and installation of C-terminal 

residue.

This transformation o f  the linker into an activating group allowed acylation with the 

amino group o f  the C-terminal residue, simultaneously cleaving the completed peptide 

from the resin. This elegant solution also allowed post-SPPS modifications o f  the linear 

sequence, since the acid-labile side-chain protection was left intact.'^* Despite being 

inappropriate for Fmoc synthesis, since even the reduced form is susceptible to cleavage 

by relatively low concentrations o f  piperidine, this methodology has led to the 

development o f  numerous so-called ‘safety-catch’ linkers. These include the

61



acylsulfonamide o f  Kenner (24)'^^ and the hydrazide o f  Wieland (25).'^^ The ‘safety- 

catch’ principle o f  these linkers is summarised in Schemes 1.15 and 1.16.

> v Y ' '

M e  R ' N H ,  H ^

R- Y
O 6 o o o °

24

X lï.,x.-^ ‘Tx..,i
25

Scheme 1.16: Safety-catch linkers o f Kenner (24) and Wieland (25).

The oxime linker o f  DeGrado and Kaiser (26) was designed as an alternative to the 

safety-catch linkers, which could only be used with a limited range o f  protecting groups 

and residues, due to incompatibility with the processes required for resin cleavage (e.g. 

H2 O 2 oxidation).'^' As total SPPS o f  peptides longer than 20 residues was still 

considered problematic, they proposed the primary use o f  their linker to be the synthesis 

o f  protected peptide fragments, which could then be cleaved to form the hydrazides, and 

subsequently coupled in s o l u t i o n . H o w e v e r ,  subsequent work showed that the 

linker was sufficiently labile to enable intramolecular aminolysis by the //-terminus, 

allowing simultaneous macrocyclisation and resin cleavage o f  a cyclic product. This 

linker was therefore used in the synthesis o f  a number o f  cyclopeptides including the 30 

residue tyrocidin A.'^^

N
H O H

2726

Figure 1.24: Oxime linker of Kaiser (26) and tluorene-based linker o f  Mutter (27).

Finally, Mutter and Bellof developed a linker (27) derived from 9-

(hydroxymethyl)fluorene-4-carboxylic acid, which could be cleaved by p-

elimination.’̂  ̂ Despite being stable to relatively strongly acidic conditions (e.g. 30% 

HBr/AcOH) and thus suitable for a Boc-based SPPS strategy, a small amount of 

cleavage was found to occur when treated with /Pr2 EtN used for neutralisation
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subsequent to A/“-deprotection. Improvements to increase base-stability have been made 

by Albericio and co-workers, by immobilising to a MBHA resin core via a succinamide 

tether/

1.4.3 Reaction monitoring in SPPS: colourimetric resin tests

One major drawback of solid-phase synthesis is the difficulty with which reactions 

can be monitored. Modem solutions include analytical techniques such as ‘magic angle’ 

spinning (MAS)-NMR,’^̂ ‘̂ °’ Fourier transform near infra red (FT-NIR) 

s p e c t r o s c o p y , a n d  electron paramagnetic resonance (EPR) spectroscopy^°^ to 

directly analyse functional groups present on the resin bead. However, the mainstays of 

SPPS reaction monitoring are the classical colourimetric resin tests, many of which are 

derived from those used for TLC visualisation. Many tests have the advantages of speed 

and ease of use, but often fail in areas such as accurate quantification and by-product 

detection. The common resin tests for amino, hydroxyl, and carboxyl groups are now 

briefly summarised, as these are most relevant to the research reported in this thesis. For 

further information, and the discussion of methods to detect other resin-bound 

functional groups, a recent review has been published by Taddei and co-workers.

Primary and secondary amines

The qualitative detection of the amino functionality is of vital importance in SPPS in 

order to assess the completion of coupling, and in some cases deprotection. The method 

most widely used is that of Kaiser and co-workers (known as the ‘Kaiser test’), and is 

based on the classical ninhydrin test for primary amines (Scheme 1.17).^°^ The 

ninhydrin method can be also be applied to the quantitative assessment of resin loading 

by following the spectrophotometric procedure of Sarin and co-workers.^°^

One disadvantage of this method is that it can only be used for the detection of 

primary amines, as secondary (and indeed, tertiary or aromatic) amines cannot form the 

highly conjugated dimer, thus affording an apparently negative result. The chloranil test 

of Vojkovsky^^^ (Scheme 1.18) can be used for the detection of both primary and 

secondary amines, however for distinction to be made between the two, an additional 

Kaiser test may be required.^^^ This method can also be used for detecting aromatic 

amines.
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Scheme 1.17: The reaction of ninhydrin with resin-bound primary amines.
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Scheme 1.18: The reaction of/7-chloranil with primary and secondary amines.

Less frequently used reagents for detecting primary and secondary amines include the 

nitrophenylisothiocyanate-O-trityl (NPIT) stain o f  Chu and R e i c h , t h e  4-Â ,Â '- 

dimethylaminoazobenzene-4'-isothiocyanate (DABITC) o f  Shah and co-workers, '"  and

the N F 3 1 p-nitrophenyl ester o f  De Clercq and co-workers (Figure 1.25). 2 1 2

O M e

NO2

O M e

NP IT

.̂ N N F 3 1

NO:
DA BITC

Figure 1.25: NPIT, DABITC and NF3I resin-staining reagents for detecting amino groups.
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Hydroxyl groups

There are two commonly used methods for rapid detection o f  resin-bound alcohols. 

The first is a modification o f  a TLC spot-test''^ used by Riguera and co-workers for 

their generic depsipeptide/depside synthesis methodology mentioned in Section 1.5.3.’"̂  

The alcohol is initially converted to the tosylate using /?-toluenesulfonyl chloride, which 

is then substituted with 4-(/?-nitrobenzyl)pyridine (PNBP), forming a deep blue/royal 

purple chromophore (Scheme 1.19). Riguera and co-workers describe that a negative 

test was achieved when the resin contained less than 1% free hydroxyl g r o u p s . T h e  

second method was developed specifically for solid-phase synthesis and uses 2,4,6- 

trichloro-[l,3,5]-triazine (TCT) to anchor a carboxyiic dye such as Alizarin R (‘Mordant 

Orange’) or fluorescein to the alcohol.^''^ This causes hydroxyl-functionalised resin 

beads to appear red or yellow respectively (Scheme 1.20).

9  9 (ii) Scheme 1.19: Tosylation method used by Kuisle

OH oTs and co-workers, (i) TsCl; (ii) (a) PNBP; (b) 10%

v /v  p i p e r i d i n e  in  C H C I 3 .

( p  (i) (ii) Ç ) Scheme 1.20: TCT method used by Attardi

OH O ^ N ^ C I  O ^ N ^ O ^ R  and co-workers (i) TCT, NMM, THF, 10

N .N N ^ N  O rnin, rt; (ii) Alizarin R (R = A) or

C l  C l  lluorescein (R = B).

OoN

OH
or

N
' ' N

HO'

B

Scheme 1.21: 9-anthronitrile test (i) 9-anthronitrile, quinuclidine, DMF, 

30 min, rt.

Although useful as rapid qualitative assessments, neither method can be used for 

quantitative analysis. The less common 9-anthronitrile test o f  Yan and co-workers
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(Scheme 1.21) can act as a fast colour test, but is equally applicable to quantitative

assessment o f  resin substitution by using a spectroscopic methodology. 215

Carboxyl groups

The only test specifically developed for the detection o f  resin-bound carboxyiic acids 

is the malachite green (MG) colourimetric test.^'^ Malachite green is apparently 

sensitive enough to detect as low as 1% resin-bound carboxylate, with the resulting 

green colour visible to the naked eye, or at less than 10 times magnification. 

Unfortunately, the coloured conjugate (Scheme 1.22) was found to be unstable when 

exposed to light, and thus accurate quantitative assessment by UV spectroscopy cannot 

be performed."'^

0 N —

o r r

G r e e n  c o a t e d  b e a d s

Scheme 1.22; Malachite green test.

66



1.5 Depsipeptide Synthesis

1.5.1 Introduction

Peptides are classified as homodetic or heterodetic, depending on the construction of 

the linear sequence. Whereas homodetic peptides consist solely of amide linkages, the 

sequence of heterodetic peptides can include functionalities other than the amide.

Depsipeptides are a class of heterodetic peptides containing one or more ester or 

‘depside’ linkages.^’̂ '^’̂ ’* This family of natural products is a valuable source of 

biologically active compounds, often demonstrating anti-microbial, anthelmintic, or 

anti-tumour properties.
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° V - N H
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A c t i n o m y c i n  D NH:
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O^^NH o H
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D i d e m n i n  A

rH3C(H2C)8x^N^X Xs^O
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Figure 1.26; Five examples o f  depsipeptide natural products.
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Examples include the enniatins,^'^’̂ ®̂ the actinomycins,^^' the didemnins,^^^ the 

quinoxaline antibiotics^^^ and lipodepsipeptides such as ramoplanin and daptomycin 

(Figure 1.26).^ '̂ ’̂̂ ^̂  Even this short list of examples contains compounds which are 

currently licensed for medicinal purposes (e.g. daptomycin (Cubicin®)), or which have 

previously been assessed in clinical trials (e.g. echinomycin), or are undergoing clinical 

trials at the time of writing (e.g. ramoplanin and thiocoraline). The synthesis of 

depsipeptides in both solution and solid-phases has thus been the subject of many years 

of research.^'*

Depside bonds are usually formed by the condensation o f the hydroxyl of a hydroxy 

acid or the side-chain hydroxyl of an amino acid such as serine, and the a-carboxyl of 

an amino acid residue. The coupling process is more difficult than the formation of an 

amide, due to the lower nucleophilicity of the alcohol, and thus the carboxyl component 

requires a higher degree of activation.^^^’̂ ^̂  The common methods used for depside 

coupling over the last 40 years are now briefly summarised.

1.5.2 Classical methods for depside coupling 

Acid halides and mixed anhydrides

Although acid halides are sufficiently reactive for depside bond formation,^^* the 

activated component can often undergo a significant degree of racemisation.^^^ 

Although acid halides can now be generated in situ (see section 1.2.9), avoiding the 

requirement for prior synthesis and storage of the moisture-sensitive intermediate, this 

method has generally been superseded by less troublesome procedures. However, in 

their synthesis of the anti-inflammatory cyclic depsipeptide halipeptin A, Ma and co

workers resorted to the use of an acid chloride for estérification, after other methods 

failed. Racémisation of the protected alanine residue was extensive even at 0 °C, and a 

further reduction to -15 °C was required in order to achieve an acceptable yield with 

retention of chirality

The benzene sulfonyl chloride method^^’ developed by Brewster and Ciotti Jr. 

(Scheme 1.23) was found by Shemyakin and co-workers to provide a sufficient level of 

activation for depside coupling in the synthesis of the enniatins^^® and valinomycin.^^^ 

Despite enjoying a certain degree of popularity, this method was also associated with 

poor yields and some degree of racémisation in a variety of subsequent syntheses,^^ '̂^^^ 

and has since fallen out of use, with the introduction of more efficient reagents.
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^ > P  ^  .V
Schem e 1.23: Benzene sulfonic-carboxylic anhydride in depside coupling.

While seeming like a step backwards from the above method (due to the relative 

ambiguity o f nucleophilic attack), mixed anhydrides have seen significant use in 

depside synthesis. For example, Jouin and co-workers used the mixed anhydride formed 

with isoprenyl chloroformate to good effect in the synthesis of the marine-derived 

cytotoxic agent nordidemnin Yamaguchi and co-workers also demonstrated that 

mixed anhydrides were sufficiently reactive to perform macrolactonisations, and 

identified the 2,4,6-trichlorobenzoic anhydride as the most efficient member of a series 

of similar acylating agents. However, the level of racémisation with this method was not 

determined at the time.^^^ With the advent of Fmoc/rBu strategy SPPS, it became 

necessary to identify methods for functionalising alkoxybenzyloxybenzyl-type resins 

without racémisation of the activated residue. Sieber used the procedure of Yamaguchi 

to couple a variety of protected amino acid residues to Wang linker-functionalised resin, 

with specific focus on the level of racémisation of susceptible amino acids such as 

histidine and cysteine.^^* Although this method was found in general to result in a lower 

degree of racémisation than the carbodiimide/DMAP method^^^ it has failed to obtain 

the same level of popularity either for resin loading or depsipeptide synthesis. This is 

probably because of the requirement for a separate activation step, which perhaps 

detracts from the rapidity and ease of solid phase synthesis.

After failure of carbodiimide reagents for the depside fragment condensation step in 

their synthesis of the marine-derived cytotoxic agent obyanamide, Zhang and co

workers successfully employed the protocol of Yamaguchi, with a reported yield of 

94%.̂ "̂ ® The trichlorobenzoic acid mixed anhydride has also been used for depside 

coupling in the synthesis of papuamide B, perhaps indicating an increasing use of this 

efficient estérification method in solution-phase depside coupling.^'*'

Active esters, imidazolium and azolide reagents

Various active esters have been identified as suitable for depside coupling, especially 

when imidazole is used as an additive.^^^’̂ '̂ ’̂̂ '*̂  Although the high levels of racémisation 

associated with base catalysts were not experienced with the use of this compound, it
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must be noted that only the simple alkyl side-chain amino acids such as alanine were 

used. Nevertheless, Stewart demonstrated that the use of this ‘accelerated active ester’ 

coupling method, using j9-nitrophenyl amino acid derivatives was capable of performing 

depside coupling within a few hours at room temperature.

The carbodiimidazole (GDI, Figure 1.27) reagent of Staab^^ has been used for the 

preparation of the depside functionality in solution, prior to the solid-phase synthesis of 

valinomycin, and was found to offer advantages in yield over the benzene sulfonyl 

chloride method used by Shemyakin and co-workers for preparing the same 

compound.^^^

0

GDI CIP

Figure 1.27; CDI and CIP imidazolium reagents.

The more recent 2-chloro-1,3-dimethylimidazolidinium hexafluorophosphate (CIP) 

was developed for the immobilisation of amino acids to Wang-type resinŝ "̂ *̂  and has 

been used to synthesise the depsipeptide dolastatin Whilst the imidazolium

reagents are extremely efficient and can provide yields equal to, or better, than more 

popular coupling reagents such as carbodiimides, the main drawback is their extreme 

sensitivity to moisture. The combination of this and the necessity for a prior activation 

step appears to have discouraged their use in both solid- and solution-phase 

depsipeptide synthesis.

As has been demonstrated above, the development of reagents for solid-phase depside 

coupling has been strongly driven by the need for reliable and racemisation-free 

methods for attachment of amino acid residues to Wang-type resins. The use of tri- and 

tetrazolide arenesulfonyl derivatives for the synthesis of phosphotriesters^"^^ and the 

loading of nucleoside succinates onto cellulose supports '̂^^ prompted their application to 

the solid-phase immobilisation of amino acids. Frank and co-workers utilised 1- 

mesity Isulfbny 1-3 -nitro-177-1,2,4-triazole (MSNT) in conjunction with N- 

methylimidazole (NMI) for coupling 20 different amino acids to hydroxy-functionalised 

cellulose and polystyrene supports, achieving reasonable yields, with minimal 

racémisation detected, even in cysteine, serine and histidine residues (Scheme 1.24).̂ "̂ *

It is unclear why this procedure has not been more widely used in solution and solid- 

phase peptide synthesis, but perhaps (like previous examples) the extra step required for
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activation o f  the carboxyl component is perceived to provide an additional opportunity 

for a reduction in yield, or detract from the simplicity and speed o f  SPPS. In addition, 

the procedure is almost certainly incompatible with automated peptide synthesisers and 

requires strict adherence to anhydrous conditions.^^^ However, some exceptions to the 

rule exist, such as the solution-phase synthesis o f  desmethoxycallipeltin and the 

SPPS o f  linear precursor analogues o f  hapalosin, a depsipeptide P-glycoprotein 

inhibitor.^^° In the latter case MSNT/NMl is successfully used for both the resin loading 

and depside coupling steps.

M e

Me' M e

.OH

Hj
o

O
0 2 N M e '  M e  ^

Scheme 1.24: MSNT/NMI method for coupling to hydroxyl-functionalised resins.

Mitsunobu Coupling

In 1967 Mitsunobu and Yamada reported that by using a combination o f  diethyl 

azodicarboxylate (DEAD) and triphenylphosphine they were able to perform an 

estérification'^' via the quaternary phosphonium salt and associated mechanism detailed 

in Scheme 1.25. This methodology was subsequently used by Barlos and co-workers^^" 

for the loading o f  A^-Trt- and Fmoc-protected amino acids to Wang and 

diphenylmethanol resins, but despite causing less racémisation than other reagents (e.g. 

DIC/DMAP), it has not found wider use in the SPPS o f  depsipeptides. This is perhaps 

due to the low yields reported by other groups.^''^ '^^

Neverthless, a number o f  groups have successfully used this method for solution- 

phase depside formation, for example in the synthesis o f  analogues o f  the anthelmintic 

cyclodepsipeptide PF1022A by Dutton and co-workers.'^'' Indeed, the Mitsunobu 

reaction appears to be sufficiently powerful to perform macrolactonisations, as 

demonstrated by Boger and co-workers in their parallel synthesis o f  a pharmacophore 

library based on the cell adhesion molecule inhibitor HUN-7293.^^^ This method was 

chosen over combinations o f  carbodiimide, phosphonium or organophosphorus 

reagents, which were found to either offer low yields (e.g. DPPA/NaHCO]), or 

significant racémisation (e.g. EDC/HOAt), or both (BOP/DMAP).
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Schem e 1.25: Mechanism of Mitsunobu estérification.

Carbodiimide coupling reagents

The overwhelming majority of solution and solid-phase depsipeptide syntheses 

employ a carbodiimide reagent for depside coupling. Whilst DCC had been used since 

1955 in the ‘one-pot’ amide coupling procedure introduced by Sheehan and Hess/® and 

had been used to prepare active intermediates such as the p-nitrophenyl ester/^^ this 

method was associated with variable yields, racémisation, A^-acylisourea formation and 

dehydration side-reactions.^^’̂ "̂̂ ’̂ ^̂  In order to address these problems, pyridine was 

often used in conjunction with DCC as it was known to provide a degree of increased 

activation via the acyl pyridinium ion, and this combination was therefore used for 

depside coupling in the synthesis of triostin A 7V-demethylated (TANDEM).^^*

The discovery that 4-dimethylaminopyridine (DMAP, 12 Figure 1.4) was a 

significantly more efficient acylation catalyst than pyridine^^^ prompted a study into the 

use o f a carbodiimide/DMAP combination for estérification. A second group, that of 

Hassner and Alexanian,^^® published their DCC/4-pyrrolidinopyridine method in the 

same year as the DCC/DMAP procedure of Neises and Steglich.^^^ Both laboratories 

concluded that the addition of the aminopyridine catalyst resulted in vastly improved 

yields over the uncatalysed reaction, and the shorter reaction time naturally resulted in a 

lower incidence of racémisation. The first application to the synthesis of depsipeptides

72



was reported in the following year, with the synthesis of five A^-Boc didepsipeptide 

benzyl esters/^^

The rather vague comments made regarding the level of racémisation with this 

method in all three papers were quantified by Olsen and co-workers after their second 

synthesis of TANDEM, which employed EDC/DMAP for depside coupling/^^ Their 

subsequent paper notes that by using this methodology for the fragment depside 

coupling, 43% of the activated valine residue was found to have racemised (i.e. 21.5% 

D-valine was isolated) when the hydrolysed depsipeptide was analysed by gas 

chromatography. However, estérification of a single A“-protected amino acid using 

EDC/DMAP appeared to only cause minor racémisation, although this was obviously 

more pronounced in susceptible residues such as serine and cysteine. The authors 

conclude that fragment coupling via a depside bond using these reagents risks 

significant racémisation and should be avoided.^^^

The wide use of SPPS in modem chemistry appears to have helped the popularity of 

the carbodiimide/DMAP method for depsipeptide synthesis, as the lack of a separate 

activation step obviously allows this coupling procedure to be easily incorporated into 

automated synthesisers.^^^ However, with the introduction o f a barrage of newer 

coupling reagents geared towards SPPS, it is perhaps surprising that this method is still 

so widely employed, considering the number of drawbacks associated with O- 

acylisourea/acyl pyridium activation. The following section discusses the reasons for 

this phenomenon.

1.5.3 Modern solid-phase depsipeptide synthesis: the application of newer 

coupling reagents to depside bond formation?

Relatively few studies have assessed the efficiency of depside coupling in solid-phase 

synthesis, which is due to intrinsic difficulties in monitoring reaction progression (see 

1.4.3). Davies and co-workers used a solution-phase methodology to study the 

efficiency of depside coupling to hydroxy acid benzyl esters, which were intended to 

mimic free hydroxyl groups (such as the side-chain of serine) immobilised on-resin. The 

advantage o f this approach over a solid-phase methodology was that the model reaction 

could be monitored in real-time by HPLC, and this allowed a relatively wide range of 

reagents and conditions to be assessed. The shortest time to reaction completion (one 

hour) was found using the isobutyl chloroformate mixed anhydride method of 

Yamaguchi; however this also led to the production of two by-products, and only a 45%
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yield. The combination of DCC/DMAP also led to significant by-product formation, 

with the reaction taking 24 hours to reach completion, and with only a 55% yield. 

Although aminium reagents were also found to be inefficient for this process, the 

phosphonium reagent PyBroP appeared to offer significantly higher yields and 

extremely good purity. The use of NCA amino acid derivatives gave equally good 

results, but with the added inconvenience of requiring prior preparation.^^^ In a 

subsequent paper, this group used a combination of PyBroP and DMAP for depside 

coupling in the SPPS of analogues of the cytotoxic agent dolastatin. Unusually, DMAP 

was used in equimolar quantities with respect to the phosphonium coupling reagent, in 

contrast to most procedures where it is only required in catalytic amounts.'^’

A later study by Riguera and co-workers monitored depside coupling during SPPS by 

using a colourimetric resin test for free hydroxyl groups based on that of Pomonis and 

co-workers (see Section 1.4.3).’^̂ ’̂ *̂  The authors recommend the use of the DIC/DMAP 

system, although no mention is made of any attempt to compare between coupling 

conditions. Perhaps some explanation is afforded by their subsequent paper, regarding 

the SPPS of a valinomycin analogue.^^"  ̂ Prior to solid-phase work, the authors report a 

solution-phase comparison study including DIG, HBTU, HATU and PyBroP with and 

without the additives HOBt, DMAP or 2,4,6-trimethylpyridine (collidine) for coupling 

protected hydroxyacids, similar to the study by Davies and co-workers.^^^ Interestingly, 

while both groups demonstrate the poor efficiency o f the aminium reagents, Riguera 

and co-workers also report poor yields with PyBroP, even using up to equimolar 

quantities of DMAP or collidine. Interestingly, yields could be increased with the 

aminium and phosphonium reagents when a 2.8-fold excess of base was used, although 

the authors note that this increased the incidence of racemisation.^^"^ The milder 

combination of DIG with catalytic quantities of DMAP was therefore used in the 

subsequent solid-phase synthesis.

Further interest in the area of depside bond formation has been promoted by the 

recently described ‘depsipeptide technique,’ or ‘O-acyl isopeptide method’ which uses 

the inclusion o f depside bonds in large aggregation-prone peptides to discourage p-sheet 

formation during SPPS.^^^'^^’ Fujii and co-workers attempt to investigate the ideal 

conditions for solid-phase depside coupling to a secondary alcohol, yet restrict their 

study to either DIG/DMAP, DIG/NMI or MSNT/NMI activation methods, reporting 11 

-  32% incidence of racemisation.^^^ Unsurprisingly, based on such studies the general 

consensus seems to be that pre-formation of the ‘0-acyl dipeptides’ in solution (often 

using a carbodiimide) and subsequent coupling of this unit to the resin-bound peptide
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(again, often using a carbodiimide) is superior to solid-phase depside coupling. In the 

synthesis of the difficult pentapeptide Ac-Val-Val-Thr-Val-Val-NHi, Kiso and co- 

workers^^^ attempt solid-phase depside coupling using DIC/DMAP or MSNT/NMI, 

reporting high levels of racémisation, most likely due to the long reaction time ( 2x16  

hour cycles). The preformed O-acyl dipeptide, (synthesised in solution using 

EDC/DMAP and a reaction time of 5 hours) was therefore coupled to the resin-bound 

peptide using DIC/HOBt, proposed by the same group as being an efficient 

‘racemisation-free’ method for segment condensation (Scheme 1.26 A).̂ '̂* This is 

perhaps in contrast to work by Boger and co-workers, who experience preferential (3- 

elimination when coupling to an analogous intermediate (28) in their synthesis of the 

Ramoplanin A2 aglycone (Scheme 1.26 B).“^̂
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Scheme 1.26: ‘Racemisation-free’ method for O-acyl isopeptide segment coupling (A) and ^-elimination 

of an analogous intermediate in the synthesis of the ramoplanin A2 aglycone (B).

In conclusion, the newer aminium and phosphonium reagents which are widely used 

in peptide synthesis have been reported as inefficient for depside coupling. Despite the 

wide variety of methods available, many modern syntheses use a carbodiimide reagent 

in conjunction with either DMAP or NMI for this process.
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1.6 The synthesis of cyclic peptides

1.6.1 Introduction

The increased conformational rigidity imparted by cyclisation often enables cyclic 

peptides and depsipeptides to have a higher affinity for receptor sites than their linear 

counterparts, and this, combined with a higher in vivo stability, frequently makes them 

potential lead compounds in drug d i s c o v e r y . ^ H e t e r o d e t i c  cyclic peptides can be 

found extensively in nature, an example being the macrocyclic hormone oxytocin 

(Figure 1.28), which contains a disulfide linkage between two cysteine residues. In the 

synthesis of this compound (and similar examples), it is often efficient to perform ring- 

closure via the disulfide, as well-established methods exist to protect and deprotect 

cysteine residues and to perform the necessary oxidative step.^^^’̂ ^̂ ’̂ *° Cysteine side- 

chain protection and disulfide formation has already been discussed in Section 1.3.4, 

and therefore the following discussion will concentrate on homodetic cyclopeptides and 

cyclic depsipeptides.

HN

H , N

O NHz 
O x y t o c i n

Figure 1.28: The cyclic nonapcptidc hormone oxytocin.

Cyclic depsipeptides contain one or more ester (depside) linkages, affording a choice 

between macrolactamisation and macrolactonisation reactions for ring closure. In 

practice, although not altogether unheard of,^^  ̂ purely chemical methods for 

macrolactonisation are rarely used due to the increased difficulty of ester (depside) bond 

formation. Therefore the following sections on macrocyclisation will focus primarily on 

macrolactamisation by chemical means (as opposed to enzymatic methods) with regards 

to solution- and solid-phase methodologies. However further information on various 

other macrocyclisation techniques (including thiol-mediated ligation, thioalkylation, 

ring-closing metathesis, and enzyme catalysed methods) can be found in reviews by 

Kopple,^^^ Wipf,^^* Humphrey and Chamberlain,^^ Lambert and co-workers,^^* and 

Davies,^'* among many others.
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1.6.2 Solution-phase macrolactamisation

Despite recent advances in solid-phase synthesis, solution-phase head-to-tail and side- 

chain-to-tail macrolactamisations remain the most common methodology for the 

preparation of cyclic peptides and depsipeptides. Like all macrocyclisations they are 

heavily reliant on the level of pre-organisation of the linear peptide, and the constraints 

imposed by cyclisation. For example, the macrolactamisation of cyclotetrapeptides is 

highly disfavoured by the highly strained dX\-trans arrangement required for the four 

amide bonds.^*^ Thus, in order to maximise yield, the site of ring closure must be 

carefully chosen, taking into account the following factors:

(i) Steric encumbrance by A^-alkyl, a,a-disubstituted and P-branched amino 

acids such as valine should be minimised at the cyclisation site;

(ii) Residues with opposing a-centre configuration should be chosen if possible, 

as this may aid the cyclisation;

(iii) Intra-chain hydrogen bonding may promote cyclisation by pre-organisation 

of the linear peptide. This might be identified by molecular modelling or X- 

ray crystallography;

(iv) The position of turn-inducing structures such as glycine, or alkylated amino 

acids must be considered, as these might influence the cyclisation.^^’̂ *̂

Solution-phase macrocyclisations should also be carried out at a reasonably high 

dilution ( 1 - 1 0  mM) in order to favour intramolecular condensation over (cyclo) 

oligomerisation. In addition, because macrolactamisation may require longer reaction 

times (depending on the level of peptide pre-organisation), the activated carboxyl must 

be sufficiently reactive for amide coupling, yet not susceptible to degradation by 

unimolecular or solvent-mediated mechanisms.^^’̂ ^̂ ’̂ ^̂  There are generally two 

approaches to carboxyl activation in macrolactamisation. The first separates activation 

and coupling into two discrete reactions, with the //-terminal remaining protected until 

required for the cyclisation. The HOSu, Tcp, Pfp and /?NP active esters are often used 

for this task, although the azide and mixed anhydride methods have also been utilised 

(see Section 1.2).^’̂ '*’̂ ^̂  Whilst avoiding interference of the A^-terminal amine in C- 

terminal activation, this methodology also has the disadvantage of requiring orthogonal 

N- and C-terminal protection. This is often difficult in situations where there are a 

significant number of protected side-chain functionalities, thus the majority of modem
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macrolactamisations now activate via what has been termed the ‘direct’ method, in 

other words by using a coupling reagent.

The ubiquitous carbodiimide method has been extensively used for this purpose, 

although the disadvantages of this approach are firstly degradation of the active O- 

acylisourea to the inactive //-acylisourea over time, and secondly the risk of 

racémisation. However, as mentioned in Section 1.2.4 these factors can be overcome by 

the use of a hydroxybenzotriazole- or hydroxysuccinimide-based additive, such as 

HOSu, HOBt, or HO At. Carpino and co-workers found the latter to be a highly efficient 

reagent in the head-to-tail cyclisation of linear pentapeptides,^*^ and the combination of 

DIC/HOAt is now widely used.

Various other reagents mentioned in Section 1.2 have also been successfully used for 

macrolactamisations, in particular the phosphonium agents such as PyBOP,^^^ the 

organophosphorous derivatives DPPA and BOP-Cl,^^ and the thiazolium BEMT."^  ̂

Finally, the use of aminium-based reagents (HBTU, TBTU, HATU, etc) is relatively 

common, although some authors have expressed some reservations regarding their 

predisposition for V-terminal guanidinium formation.’^’

1.6.3 Solid-phase macrolactamisation

The main disadvantage of carrying out macrocyclisations in solution is the high 

dilution required for promoting intramolecular over intermolecular condensation. 

Additionally, even at low concentrations some degree o f (cyclo)oligomerisation is 

almost inevitable, depending on the level of pre-organisation of the linear sequence. 

An alternative is to perform the macrocyclisation on a solid support where the 

occurance of intermolecular reactions is discouraged by the low probability of inter

chain interactions. This is often termed the ‘pseudodilution effect’, a phenomenon 

which can be further enhanced by reducing the degree of resin loading.^^*

On-resin macrocyclisation can be carried out by a number of methodologies. In the 

first, the peptide is immobilised via the C-terminus using a nucleophile-sensitive linker 

such as the oxime of Kaiser and c o - w o r k e r s , o r  one of the variety of ‘safety-catch’ 

linkers available.'S im ultaneous macrolactamisation and cleavage from the resin can 

be carried out after finishing the linear sequence, using the procedures mentioned in 

Section 1.4.2. While this is an attractive strategy for the synthesis of cyclic peptides, the 

lability o f the C-terminal immobilisation to nucleophiles often limits the choice of
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protecting group strategy. In addition, the efficiency o f  the cyclisation is limited by 

deactivated or sterically hindered amines.”'*

The second, and more popular, strategy for on-resin macrolactamisation involves the 

immobilisation o f  the peptide by the side chain o f  an A^/C"-orthogonally protected 

amino acid residue. The linear sequence is assembled by the usual SPPS methods, then 

both termini deprotected, and the cyclisation carried out. The macrocycle can then be 

removed from the resin and the remaining side-chain protection removed (Scheme 

1.27).

9
X

H

1. R e m o v a l  
of  P, P'

2.  Act iv at ion ,  o.
P' P e p t i d e  c o u p l in g P e p t id e

NH

R e s i n
c l e a v a g e

P e p t id e
NH

Scheme 1.27: Generalised side-chain immobilisation strategy. P, P' = orthogonal protecting groups.

The requirement for this methodology is obviously the presence o f  residues in the 

sequence which are appropriate for side-chain immobilisation. Previous work has 

utilised Asx or Glx residues,”*̂ '”** lysine or ornithine,^*^ and serine or tyrosine 

r e s i d u e s . I n  addition, the antitumour antibiotic sansalvamide has been synthesised 

using a silane ‘traceless linker’”*̂ ''”^̂  to immobilise the side-chain o f  phenylalanine onto 

a benzamidomethylpolystyrene-type resin (Scheme 1.28)."^^ The key to this strategy is 

the identification o f  an appropriate carboxyl protecting group which is orthogonal to the 

A^-amino and side-chain protection, and the resin linkage itself. It must also be easily 

removed on the solid-phase. The Pd[0]-cleaved allyl ester (See Section 1.3.3) used in 

the synthesis o f  sansalvamide, and the hydrazine-labile 4-{A-l-(4,4-dimethyl-2,6- 

dioxocyclohexylidene)-3-methybutyl]amino}benzyl (Dmab) esters (analogous to the 

ivDde enamine for amine protection) appear to fulfil the criteria stated above, and have 

been further utilised in a number o f  other syntheses.^^* ”*̂ ’̂ *̂
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Scheme 1.28; SPPS o f sansalvamide A via side-chain immobilised phenylalanine and a ‘traceless’ silane 

linker.

The ‘backbone amide linker’ (BAL) strategy o f  Barany and co-workers offers a third 

alternative for on-resin macrocyclisation."^^’̂ ^̂  The first amino acid (with appropriate a- 

carboxyl and side-chain protection) is immobilised via the amine by reductive 

amination o f  an aldehyde-functionalised resin (Scheme 1.29). This approach is
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analogous to the backbone amide protection used in solution-phase synthesis to 

overcome aggregated ‘difficult sequences’ by increasing fragment s o l u b i l i t y A f t e r  

the first amino acid is loaded in this way, the resulting immobilised secondary amine 

can undergo coupling with the second amino acid, and the linear sequence subsequently 

assembled by the usual SPPS methods. On completion o f  the linear peptide, C-terminal 

deprotection again allows macrocyclisation, with the product easily cleaved from the 

resin by treatment with TFA. The BAL strategy therefore has the same advantages 

afforded by side-chain immobilisation, but without the requirement for certain amino 

acids to be present in the peptide. However, one disadvantage o f  this technique is the 

predisposition for DKP formation on deprotection o f  the second amino acid; this may be 

avoided by the use o f  a highly acid-labile A"-amino protecting group such as 

trityl.'^^-^ '̂^^^
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Scheme 1.29: BAL strategy for on-resin macrocyclisation.
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Chapter 2: The Triostins
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2.1 Introduction

The triostins are a member of an extended family o f bisintercalator natural products 

broadly termed ‘quinoxaline antibiotics’, cyclic peptides which insert two planar 

chromophores between base pairs in the minor groove of duplex DNA to effect 

binding/^^ Related compounds include echinomycin (Figure 1.26),^°^ thiocoraline,^®^ 

sandramycin,^®^ quinaldopeptin,^®^ the luzopeptins^’® and the quinoxapeptins (Figure 

2.1).^” These compounds have been found to be potent anti-tumour agents, with 

echinomycin reaching phase II clinical trials in the early 1990s (although it was found 

to have disappointing efficacy).^’ '̂^’  ̂ Thiocoraline is currently in preclinical studies, 

prior to phase I clinical trials.^

The following sections will detail the isolation, structural elucidation, conformation, 

synthesis and biological activity of the triostins. Analogous information regarding other 

bis-intercalating cyclic depsipeptide natural products can be found in a recent review.^^^

83



M e S >
O  M e

0 y :  ^ s ° o ^

M e Ô  

T h io c o r a lin e

j T Y " '
MeO"^^==^N'

O  M e S ' ^

■^OH

I V H

O  M e O  ^

o  M e I

S a n d r a m y d n

M e O

M e O

dJ  g h”° Y ^

O  M e O

M e  0c%::̂
L u z o p e p tin  C

dJ  g H ° T ^
^ Y r ^ > f ^ " r Y  h

O  M e O

0  M e  O  ° ' Y ' °

,O M e

O
J , .  Q u in o x a p e p tin  A

°  V

0 y ^ n' ^ % ' ' 0
e ^  H N 0

O ’S ' T ^ ' ^ O
Q u in a id o p e p t in

Figure 2.1: Examples o f bis-intercalating natural products related to the triostins.

O M e

84



2.2 Isolation and structure elucidation of the triostins*

The triostins were isolated from a relative of Streptomyces aureus designated S-2-210 

in 1961.^’*’̂ '^ Early chromatographic^*^ and degradative^^^ studies showed that there 

were three similar quinoxaline components in the isolated mixture and these were 

named triostins A (29), B (30) and C (31), with the latter being the major component. 

Acidolysis also revealed that these antibiotics were structurally related, as had been 

implied by the results of infrared s pec t r o s copy . ^Tr i o s t i n  C was found to consist of 

2-quinoxaline carboxylic acid, D-serine, L-alanine, A^-methyl-L-cysteine and #,p- 

dimethyl-L-leucine residues.^^** Later NMR studies refined the configuration of this last 

amino acid as #,y-dimethyl-L-a//oisoleucine ((2̂ S', 3/?)-3,4-dimethyl-2-

methylaminopentanoic acid) and revealed that it was linked to the hydroxyl group of D - 

serine.^^*’̂ ^̂  Thus, the cyclic octadepsipeptide structure (31) with a disulfide cross-link 

was proposed (Figure 2.2).

_ / 0  Ri kg o“'to.Xs'jC
Rz

29: Ri Me, Rz = Me
30: Ri = Me, Rz = Et
31: Ri = Me, Rz = ;Pr
32: Ri H, Rz = Me

Figure 2.2: Triostin A (29), B (30), C (31) and TANDEM (32).

Triostin A (29) differs from this structure by one amino acid; A-methyl-L-valine 

instead o f A^,y-dimethyl-L-n://oisoleucine. Confirmation of this structure by NMR was 

disclosed in 1975, demonstrating the presence of the disulfide cross-link that had been 

theorised for triostin and which sets the triostins apart from the quinomycins (e.g. 

echinomycin. Figure 1.26), which utilise a thioacetal instead of a disulfide.^ '̂*

Apart from the isolation^*^ and structure elucidation by acid hydrolysis,^^** very little 

work on triostin B has been reported. In structure, this compound was reported to differ 

from triostin A only by one amino acid residue; #-methyl-L-isoleucine instead of N- 

methyl-L-valine,^^** This was later revised by the same authors to iV-methyl-L- 

a//oisoleucine.^^^

* Sections 2.2, 2.4 and 2.5 have been previously published.^^^
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2.3 Conformation of the triostins

Early investigations demonstrated the interconversion of triostin A between two 

symmetrical conformers, the equilibrium being sensitive to solvent polarity, with the 

non-polar (‘n ’) conformer predominating in carbon tetrachloride, and the polar (‘p’) 

conformer in DMSO.^^^ Theories attributing this to the reversal of disulfide chirality^^^" 

were contradicted by the discovery of Higuchi and co-workers that «S-benzyltriostin 

A (33), a benzyl-protected analogue lacking the disulfide, also existed as two 

conformers. In addition, the analogue TANDEM (Triostin A A-DEMethylated) (32) 

was shown to lack conformer isomerism in either CDCI3 or DMSO. The authors 

logically concluded that isomerism must result from the cis-trans interconversion of the 

A-methyl peptide groups and not from the disulfide.^^^’̂ ®̂ The NMR spectrum of a third 

analogue, ^-p-methylbenzyl-des-A-tetramethyltriostin A (34) (lacking both the disulfide 

and A-methyl groups) confirmed this by displaying the presence of only one 

conformer.^^®

^  ^  0  R

A. . 0  BnS /  oB n S

' ?
O

33: R = Me
34: R = H

Figure 2.3; 5-Benzyl-protected analogues o f  triostin A and TANDEM.

Later work by Alfredson and co-workers revealed a solvent-dependent equilibrium 

between at least four components explained by multiple solution conformations.^^* Two 

components corresponded with the previously described ‘n’ and ‘p ’ conformations, and 

these were again shown to slowly interconvert (e.g. 0.02 s'* at 25 °C in 

The second pair of conformers, designated ‘f  and ‘m ’, were found to be minor 

components, and developed slowly over a period of several hours in chloroform. It was 

demonstrated that the ‘1’ conformer predominated in pentane and rapidly equilibrated 

with the ‘p ’ conformer in methanol, in a manner analogous to the ‘n ’ conformer. The 

‘m’ fraction was found to be the minor conformer in polar solvents, although it failed to 

equilibrate with any o f the other conformers in methanol.^^* Further to this, interaction 

with a reverse-phase column revealed a variation in polarity, with the ‘m ’ conformer 

displaying greatest affinity, followed by ‘n’ and ‘p ’ conformers. On the basis that ‘m ’,
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‘n ’ and ‘p’ conformers of triostin A arose from the cis-trans isomerism of the A-MeCys 

and #-MeVal peptide b o n d s , i t  was surmised that the A^-methyl groups of the ‘m’ 

conformer must be directed outwards from the depsipeptide ring, in order to provide 

maximum hydrophobicity. Thus, the ‘p’ conformer must display the #-methyl groups in 

the reverse direction (towards the core of the molecule), and the ‘n’ conformer must 

contain both inwardly- and outwardly-projecting methyl groups. Therefore, if the ‘p’ 

conformer represented an d\\-trans configuration, the ‘m ’ conformer must have cis- 

peptide bonds and the ‘n ’ conformer a mixture of both.^^^’̂ ^̂ ’̂ ^̂

Finally, due to the large difference in its spectrum, the T’ conformer was considered 

to be the result o f a different interaction. One possibility raised was that in pentane, the 

NH of serine could form a hydrogen bond with N-1 of the quinoxaline ring (Figure 

2.4).^^’

V  |0 :
1 II I H

°  Me 0

M e O
P r o p o s e d  H -b o n d in g  
in '!' c o n fo r m e r

B o ld ;  A /-m e th y la te d  a m id e s  r e s p o n s ib le  
fo r  c i s - t r a n s  in te r c o n v e r s io n  a n d  th u s  
'm', 'n' a n d  'p' c o n f o r m e r s

Figure 2.4: Proposed conformational interconversion in the structure o f triostin A.

Various crystallographic and NMR-based studies^^ '̂^^^ have compared the structure of 

triostin A with the analogue TANDEM, in particular the effect that removal of the N- 

methyl groups has on the backbone rigidity. It is accepted that although the presence of 

the disulfide bridge makes the backbone rigid, there is some degree of flexibility, but 

this is decreased in TANDEM.^^'^ Déméthylation allows the amide NH of valine to form 

a weak hydrogen bond with the carbonyl of the opposing alanine residue, (Figure 2.5) 

leading to increased rigidity of the octadepsipeptide ring.^^ '̂^^  ̂ In addition, the Ala-Cys 

and Cys-Val amide bonds become orientated near to the plane of the depsipeptide ring, 

rather than perpendicular to it, as observed in triostin A.^^  ̂ Triostin C has also been 

shown to form intramolecular hydrogen bonds between the ester carbonyl and the 

adjacent serine NH group, due to rotation of the ester linkage.^^^
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Figure 2.5: Intramolecular cross-ring hydrogen bonding in TANDEM  increases rigidity.



2.4 Synthesis and biosynthesis of the triostins and related analogues

Soon after the isolation of echinomycin and the triostins, a number of groups 

investigated the synthesis and biological activity of simple alkyl quinoxaline analogues

with limited success. 337-339

O H  H O

" !  A
(i)

H
o

S A c m

B oc>

S A c m  . /

T V "  H

S A c m

36 + 37

T c e O

^ . Z  S A o m  Q . -
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(i) E D O , H O B t; (ii) TFA ; (iii) Z n , A cO H ;
(iv) E D O , H O Bt; (v )  (a) Z n /A cO H ;
(b ) TFA; (c )  D O G , N H S ; (v i) (a )  Ig, M eO H ;
(b ) H B r/A cO H ; (c )  q u in o x a l in e -2 -c a r b o n y l  c h lo r id e .

Schem e 2.1: Synthesis o f TANDEM by Ciardelli and Olsen.

In order to study structure-activity relationships in the triostins, Ciardelli and Olsen 

began an investigation into synthetic approaches to the natural product by focusing on 

TANDEM, the A^-demethylated analogue (32). The initial synthesis involved a linear 

route to a tetradepsipeptide precursor (35) in which the carbonyl of Boc-Cys(Acm)-Val- 

OH was coupled to Z-D-Ser-Ala-OTce through an ester (depside) bond to the side-chain 

hydroxyl o f serine. In a convergent approach, this tetrapeptide precursor was 

subsequently deprotected at either the cysteine a-amino group (36) or the alanine 

carboxyl group (37), then dimerised to give the linear octadepsipeptide (38)
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incorporating both ester bonds. Cyclisation of the deprotected precursor by treatment 

with dicyclohexylcarbodiimide/?V-hydroxysuccinimide (DCC/NHS) under basic 

conditions gave the macrocycle (39) and this was followed by Acm-deprotection and 

oxidation with iodine in methanol to form the disulfide bridge. Subsequent A“-Z 

deprotection and acylation with quinoxaline-2-carbony 1 chloride gave TANDEM. '̂^® 

This methodology was also used to produce a bis-L-serine analogue of TANDEM, 

which showed no appreciable binding to DNA.^^* A later investigation of a different 

route to TANDEM, which sought to avoid problems of racémisation on formation of the 

linear depsipeptide, showed little improvement in either yield or avoidance of 

racémisation.^^’

The subsequent synthesis of triostin A by Chakravarty and Olsen used a similar 

strategy to the above, but with significant modification to the method, due to the 

incorporation of A-methylamino acids. Difficulties related to this were encountered with 

the Tee ester of the linear octadepsipeptide, which could only be partially deprotected, 

with fragmention under more vigorous conditions.
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Schem e 2.2: Synthesis o f  triostin A by Chakravarty and Olsen.
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By cleaving the Tee ester earlier in the synthesis (at the tetradepsipeptide stage) and 

fragment coupling as in the TANDEM synthesis, the octadepsipeptide with a free 

carboxyl group (43) was obtained. Cyclisation with EDC/NHS, subsequent disulfide 

formation and introduction of the chromophores using quinoxaline-2-carbonyl chloride 

afforded the natural product.

Syntheses by Shin and co-workers of triostin A, TANDEM, and an iS',<S"-dibenzyl 

analogue (33) lacking the disulfide linkage^^^’̂ "̂ ’̂̂ "̂  ̂ involved protection of the C- 

terminal serine carboxyl as the Tee ester, which in the original synthesis o f triostin A 

had been difficult to remove from alanine at the octadepsipeptide stage.̂ "̂  ̂ However, in 

this case no such difficulties were encountered.

In order to further investigate the role of the alanine residues in the binding of 

TANDEM to DNA, an analogue (44) was synthesised that contained L-lactic acid rather 

than alanine. '̂ '̂  ̂ Ester bond formation between Z-D-Ser and L-lactic acid p- 

bromophenacyl ester was achieved using the DCC/DMAP methodology developed by 

the Hassner^^® and Steglich^^^ groups, and the synthesis continued to the final product in 

the usual manner.^^*

Azatriostin A (45, Figure 2.6) is an analogue of triostin A in which the D-serine 

residues are replaced by D-2,3-diaminopropionic acid (Dpr) residues, hence the two 

rotationally equivalent halves of the octapeptide ring are joined by amide linkages rather 

than esters. This compound was produced via a synthesis in which each synthetic 

intermediate could be purified by acid/base liquid-liquid extractions, with only the final 

compound requiring purification by column chromatography (Scheme 2.3).

0  R

44: R = H, X’) — 0 , Xg = 0
45: R = Me,Xi = NH,X2= NH
51: R = H. Xi = NH. Xg = NH

Figure 2.6: [Lac^, Lac^] TANDEM (44), azatriostin A (45), and des-A-(tetramethyl)azatriostin A (51).

The ease of this strategy thus opens the way for a combinatorial approach to the 

synthesis of a na l og u e s .Un l i ke  previously described syntheses, the first step is a 

coupling o f Boc-MeCys(Acm)-OH to the methyl ester o f A-methyl valine, followed by
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deprotection of the A^-terminus and coupling of Boc-Aia-OH. Orthogonally-protected D- 

Dpr was subsequently coupled to this protected tripeptide to form the appropriate 

tetrapeptide precursor (46). Deprotection and fragment coupling was followed by 

disulfide formation and cyclisation in that order, since reversal of these steps proceeded 

via the bis-Acm-protected macrocycle, which was found to be unstable to storage and 

purification conditions. In addition, this intermediate was found to be difficult to 

characterise due to conformational changes, presumably the result of the methylated 

amide cis-trans interconversion mentioned in Section 2.3.̂ "̂ ^
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Schem e 2.3; Synthesis o f azatriostin A by Boger and co-workers.

An alternative approach to combinatorial synthesis of these compounds is to use a 

solid-phase-based methodology. This would allow the rapid production of analogues in 

which each amino acid residue could be altered, or the symmetry of the natural 

compounds removed.^^^ The analogue TANDEM has been synthesised using a solid 

phase approach starting from Wang resin-bound A“-Fmoc-protected L-alanine (49) and 

assembling the depsipeptide in a stepwise linear fashion (Scheme 2.4). Each peptide 

coupling was carried out using HBTU and HOBt, in the presence of zPr2NEt. 

Estérification was achieved using DIC/DMAP and the chromophores were introduced 

using quinoxaline-2-carbonyl chloride. In contrast to previously described syntheses.
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each chromophore was attached prior to the estérification reaction, rather than after 

cyclisation. In the first generation synthesis, disulfide formation was achieved while the 

linear peptide was still on the resin, a strategy which virtually eliminates the risk of 

intermolecular disulfide formation."^^
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Scheme 2.4: Solid-phase-based synthesis o f the analogue TANDEM (32) by Malkinson and co-workers.

However, subsequent cyclisation o f  this compound once cleaved from the resin gave a 

very low yield, most likely due to steric constraints imposed by the disulfide. In the 

second generation synthesis, the linear peptide (50) was cleaved from the resin and then 

cyclised in solution, followed by disulfide formation. This procedure afforded a more 

satisfactory yield.^^^ This strategy has recently been used to synthesise [Lys'^, Lys^] 

TANDEM, an analogue o f  TANDEM where lysine was substituted for valine.^'^^

The solid-phase approach has also been used to synthesise des-A- 

(tetramethyl)azatriostin A (51), the demethylated analogue o f  azatriostin, although in
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this case the hyper acid-labile 2-chlorotrityl (2-CTC) resin was utilised. In addition to 

the original quinoxaline chromophores, this synthesis has allowed the production of 

various nucleobase-substituted analogues, which have yet to be evaluated in DNA 

binding studies.^"^^

The key step in synthesising the quinoxaline antibiotics, or analogues thereof, is the 

macrocyclisation procedure. In the studies mentioned so far, chemical methods have 

been used to effect solution-phase macrolactamisation, with varying degrees of success. 

As mentioned in Section 1.6.2, this strategy has the disadvantage of competing 

(cyclo)oligomerisation, the minimisation of which requires the use of dilute conditions. 

No attempts have yet been made at closing the macrocycle by macrolactonisation using 

purely chemical methods, presumably due to the expected risk of serine side-chain (3- 

elimination. However, a recent study has used an enzyme-catalysed solution-phase 

procedure for macro lactonisation of the linear TANDEM sequence, resulting in 

excellent (67%) yields. Echinomycin thioesterase (EcmTE) was found to efficiently 

convert the A-acetylcysteamine (SNAC) octadepsipeptide thioester (52) into TANDEM 

in less than 12 hours (Scheme 2.5). Co-incubation with DNA allowed capture of the 

bisintercalator, thus minimising depsipeptide hydrolysis and product inhibition of the
348enzyme.

o

52

Schem e 2.5: Ecm TE macrolactonisation o f the TAN DEM  SN AC-thioester precursor.

The variants of streptomycetes from which the triostins were originally isolated have 

also been used for their biosynthesis. '̂^ '̂^^^ Yoshida and Katagiri grew Streptomyces S- 

2-2 lOL in a sodium nitrate-maltose medium and, by supplementing with radiolabelled 

amino acids, demonstrated that the residues in triostins A and C were all derived from 

the appropriate L-amino acid. However, the point at which L-Ser is inverted into its D- 

enantiomorph was not fully determined.^"^^ In a similar manner, the source of the N- 

methyl groups on the valine and cysteine residues in triostin A was identified as 

methionine, and the quinoxaline chromophore derived from t r y p t o p h a n . T r i o s t i n s
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A and C were found to be produced simultaneously by Streptomyces S-2-210L '̂^^ and S. 

triostinicus?^^ However, unlike the original isolation s t u d y , t h e  majority of the 

mixture was found to consist o f triostin A.

Novel analogues of the triostins have been produced by supplementing Streptomyces 

triostinicus cultures with a variety of halo and amino-substituted quinoxaline-2- 

carboxylic acids, which were incorporated as the chromophores.^'^^’̂ ®̂ Additionally, a 

quinoline and a 6-fluoro-substituted quinoxaline analogue (53) have been generated by 

supplementing with quinoline-2-carboxylic acid and DL-5 -fluorotryptophan 

respectively/^^'^^^ This last discovery prompted the suggestion that C-5 of the indole 

ring of tryptophan forms C-6 the quinoxaline chromophore (Scheme 2.6) during its 

bacterial biosynthesis.^^'

 ̂ s. t r i o s t i n i c u s  
NH  b io s y n t h e s i s

.O H

M e

^ O  M e
H

6 ^  F

M e O  ^  

53

Schem e 2.6: Biosynthesis o f  fluorinated triostin A analogue.
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2.5 Biological activity of the triostins

2.5.1 Mechanism of DNA bis-intercalation

Initial studies demonstrated that the triostins had significant antibacterial and anti

tumour a c t i v i t y ^ a n d ,  similar to echinomycin and the quinomycins, further work 

proposed that their mechanism of action was via bifunctional intercalation into 

Although footprinting patterns are similar to echinomycin, triostin A 

displays less preference for (G + C)-rich DNA species^^" ’̂̂ ^̂  leading to the proposal that 

the quinoxaline chromophores are not solely responsible for sequence s pe c i f i c i t yT h e  

crystal structure solution of a DNA-triostin A complex showed that the depsipeptide 

ring adopts a roughly rectangular shape, with the disulfide bridge pointing away from 

the binding site.^^^ Previously, analogues of TANDEM in which the configuration of the 

D-Ser residue was inverted had been shown to have minimal or no binding to DNA.^ '̂  ̂

The triostin A complex showed that the orientation of the D-Ser amino group allows the 

chromophores to project parallel to each other at right angles from the peptide 

backbone, bracketing a CO base pair in the minor groove o f DNA/^^ In addition, the 

crystal structure of triostin A bound to DNA was found to be asymmetrical; the 

disulfide bond appeared skewed towards one end o f the molecule, and the valine 

carbonyl groups pointed in opposite directions. The valine side chains were found to lie 

at the opposite corners of the rectangle to the quinoxaline chromophores, with the N- 

methyl groups pointing in towards the nucleic acid surface. Both alanine residues (on 

the long sides of the rectangle) appeared to have their carbonyl groups and methyl side- 

chains pointing towards the DNA.^^ '̂^^°

Structural features that contribute to DNA binding have also been illuminated by 

comparison of triostin A with the synthetic, A-demethylated analogue TANDEM. While 

maintaining bifunctional intercalation, TANDEM binds with high affinity to AT-rich 

DNA,^^^ and later DNase I footprinting studies identified the exact binding site as 

TpA.^^' It was suggested that the structural change induced by removal of the A-methyl 

groups exposes the NH-amide groups of L-Ala and these could interact with the 2-keto 

groups o f thymine, resulting in this binding preference.^^^ Extensive studies have been 

carried out on both the solution and crystal structures of the partially-A-methylated 

analogue [W-MeCys^, A-MeCys^] TANDEM (CysMeTANDEM). CysMeTANDEM has 

been shown to bind in a very similar manner to TANDEM, in that it bisintercalates a 

TpA step with approximately the same a f f i n i t y . I t  has therefore been suggested 

that the A-methyl groups of cysteine play very little part in the binding to DNA, as they
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have been shown to project away from the minor groove. 3 6 2 -3 6 4 For example, an

analogue in which cysteine residues were replaced entirely by alanine (i.e. lacking a 

disulfide) showed identical DNA binding specificity to TANDEM, although with much 

lower affinity. This implies that the role of cysteine is purely to hold the structure rigid 

via the disulfide bridge, and hence improve binding strength by reducing unfavourable 

entropie effects.^^^’̂ '̂̂

Like triostin A in solution, CysMeTANDEM has been shown to adopt a symmetrical 

conformation when bound to DNA, stabilised as before by van der Waals forces, 

hydrogen bonding and stacking interactions.^^"^ The Ala methyl group again appears 

critical to stability, forming van der Waals interactions with C-1' and C-2' of thymine 

and 0-4 ' o f adenine, in a manner analogous to triostin A binding.^* '̂  ̂ In this analogue 

however, the valine side chains undergo less rotation and are able to form strong van der 

Waals interactions between one methyl group and 0-2  of thymine.^^"^’̂ ^̂  Hydrogen 

bonds essential to the binding of CysMeTANDEM are formed between the NH groups 

of both alanine residues and N-3 of the adenines.^ '̂ '̂^^^ An analogue of TANDEM with 

lactic acid substituted for L-Ala demonstrates this point by having very little affinity for 

DNA, even at concentrations over double that of TANDEM, and approaching the limits 

of its solubility.^^^’̂ ^̂  In contrast, the side chain of valine appears to play only a minor 

part in the binding of triostin A, TANDEM and CysMeTANDEM to DNA. An analogue 

of TANDEM where valine was replaced with lysine (54, Figure 2.7) displayed an 

identical sequence selectivity to the parent compound, but had between 15 and 50 times 

higher affinity for DNA, depending on the binding site. This was presumed to be a 

result o f ionic interactions between the positively charged lysine side-chain and the 

negatively charged phosphodiester backbone. '̂ '̂^

NH2

I ^ I  i

5 4

N H ,

F ig u re  2.7: [Lys'*, Lys*] T A N D E M  (54).
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To investigate the sequence specificity of both CysMeTANDEM and the natural 

product, Addess and Feigon studied the binding to DNA in which inosines are 

substituted for guanines.^^® It was expected that the removal o f guanine would eliminate 

binding of triostin A and favour binding of CysMeTANDEM, since the CpI step lacked 

exocyclic amino groups to form hydrogen bonds. NMR analysis demonstrated that this 

was indeed the case, supporting earlier findings that suggested both pairs of 

intermolecular hydrogen bonds were required for sequence-specific binding of triostin 

A to CpG.^^^’̂ ^̂  Binding to CpI was analogous to that with TpA, with hydrogen bonds 

between the NH group of Ala and N3 of inosine. In addition, the Ala methyl made van 

der Waals contacts with C -f  and C-2' of cytosine and 0-4 ' o f inosine.^^^

It appears however, that the reason for specificity o f the natural product and synthetic 

analogue is reliant on more than just hydrogen bonding. A second study confirmed the 

importance of the guanine 2-amino group in the binding of triostin A, but also showed 

that replacing adenine with diaminopurine caused triostin A to bind to TpD sites with 

greater strength than it does to CpG.^^^ This is in spite of the fact that both sequences 

contain the same number of hydrogen bonding sites. The 2-aminopurine group was also 

previously thought to prevent binding of TANDEM to CpG by hindering fitting of the 

depsipeptide backbone into the minor groove. However, the binding of TANDEM to 

TpA appears to be completely unaffected by the substitution of adenine with 

diaminopurine.^^^

The sequence context of binding for CysMeTANDEM is also important. Footprinting 

studies have shown that 5'-ATAT is the binding site with highest affinity for this 

compound.^^^ The lowest affinity site was 5'-TTAA while 5 -CTAG was among the 

highest affinity sites. Free energy simulations have shown that when faced with 

identical hydrogen bonding opportunities with the minor groove, these compounds 

intercalate at sites with the best stacking properties.^*^^ For example, CysMeTANDEM 

should intercalate TpA and CpI with equal strength, with respect to hydrogen bonding, 

but unfavourable stacking interactions with bases neighbouring CpI steps lead to weaker 

binding. This theory would also explain why binding of triostin A to CpG is less tight 

than the binding of TANDEM to TpA, even though the former is stabilised by four 

hydrogen bonds.^^^

The quinoxaline antibiotics have been shown to inhibit the action of a restriction 

enzyme.^^° Bacteriophage 0X714 DNA is usually digested by Hpal at three sites with a 

recognition sequence of GTTAAC. Bisintercalation by echinomycin, triostin A, triostin
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c , TANDEM and other synthetic analogues was shown to inhibit cleavage at two of the 

three sites, the first being AT-rich and the second GC-rich. The cleavage kinetics of the 

third site could not be measured.Tr ios t in  A showed roughly equal binding to both of 

the sites and TANDEM showed preference for the AT rich site, as one would expect. 

Interestingly, the bisquinoline analogue of triostin A showed preference of the GC-rich 

site over the AT-site; triostin C on the other hand bound much more weakly than triostin 

A, which is in contrast to previous fmdings.^^^ This suggests that restriction enzyme 

cleavage inhibition by triostins must also be affected by other factors apart from DNA 

binding strength and selectivity.

2.5.2 Anti-bacterial activity

Shortly after its isolation, the anti-bacterial properties of triostin C were briefly 

assessed.^This  compound was found to be effective in vitro against a wide range of 

gram-positive bacteria, yet ineffective against gram-negative bacteria (Table 2.1). A 

later study by Waring and co-workers^^^ examined the anti-bacterial activity of triostin 

A, C, and four chromophore analogues (Table 2.2). While reflecting the results of the 

previous study, this work also emphasised the higher efficacy of triostin C compared 

with triostin A. Interestingly, bromination at position 6 of both quinoxaline 

chromophores appeared to improve the anti-bacterial activity of triostin A. In contrast, 

chlorination at position 7, or substitution with a quinoline chromophore, decreased the 

e f f i c a c y . I n de e d ,  in the former example anti-bacterial properties are essentially 

abolished.

Unfortunately, the promising in vitro anti-bacterial activity of triostin C has not been 

reflected in in vivo studies, where it has been shown to have no therapeutic 

a c t i v i t y . ^ T h e  JV-demethylated analogue TANDEM has been assayed against 

Bacillus subtilis PCI-219, an organism which was found to be extremely susceptible to 

triostin C by Shoji and Katagiri (Table 2.1). TANDEM was found to offer no inhibition 

of growth, even at concentrations of 100 pg/mL.^'^
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Staphylococcus aureus 209P 0 . 1

Staphylococcus aureus Terashima 0 . 1

Bacillus subtilis PCI 219 0.05
Bacillus anthracis 0 . 1

Bacillus agri 0.05
Sarcina lu te a 0.05

Diploccus pneumoniae Type I 0 . 0 2

Diploccuspneumoniae Type II 0 . 0 2

Diploccus pneumoniae Type III 0 . 0 2

Corynebacterium diptheriae Tront 0 . 0 1

Corynebacterium diptheriae S 0 . 0 1

Streptococcus haemolyticus D 0 . 1

Streptococcus haemolyticus HA 0 . 1

Shigella dysentriae > 1 0 0

Shigella sonnei > 1 0 0

Salmonella typhosa > 1 0 0

Salmonella paratyphi A > 1 0 0

Escherichia coli > 1 0 0

Pseudomonas aeruginosa > 1 0 0

Klebsiella pneumoniae > 1 0 0

1 Mycobacterium tuberculosis var. hominis H3 7 RV 0 . 2

Table 2.1 : Anti-bacteria! activity ol triostin C. 19

Triostin Triostin Bis- Bis-6 - Bis-6 - Bis-7-
A C quinoline chloro bromo chloro

triostin A triostin triostin triostin
A A A

Staphylococcus 0.625 0.078 1 0 1.25 0.156 > 1 0 0

aureus
Bacillus 0.0625 0.0156 2 . 0 0.156 * > 1 0 0

subtilis
Streptococcus 0.078 0.03125 2 . 0 0.312 0.019 > 1 0 0

faecal is
Escherichia >100 >100 > 1 0 0 > 1 0 0 > 1 0 0 > 1 0 0

coli
Proteus >100 >100 > 1 0 0 > 1 0 0 > 1 0 0 > 1 0 0

mirabilis
Pseudomonas >100 >100 > 1 0 0 > 1 0 0 > 1 0 0 > 1 0 0

aeruginosa

Table 2.2; Anti-bacterial activity o f triostin A, C, and a number o f analogues. (* Not assessed).^
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2.5.3 Anti-tumour activity

In the original study o f  triostin C activity^'^ this compound was found to have a high 

in vitro toxicity to HeLa cells, yet low in vivo toxicity in mice. A second study^^“ 

demonstrated the inhibitory effect o f  an unrefined mixture o f  triostins on the growth of 

various mouse, rat, hamster and chicken tumours, and a subsequent study was carried 

out by Matsuura^^^ to specifically assess the the anti-tumour activity o f  triostin C in 

vivo. Mice with Ehrlich ascites carcinoma and rats with ascites hepatoma A H -130 were 

administered triostin C over ten days and the total packed cell volume (TPCV) then 

measured. The degree o f  inhibition o f  tumour growth was then assessed by comparing 

the TPCV o f  the treated group with a control group and the difference expressed as a 

ratio (i.e. a ratio o f  1.0 would imply no difference between treatment and control 

groups). This ‘tumour index’ and toxicity data is summarised in Table 2.3. Interestingly 

it was found that there was a ten-fold difference in the doses tolerated between mice and 

rats, although no explanation was offered for this. However, doses between 1,250 and 

5000 jig/kg/day in miee and 31.3 and 500 pg/kg/day in rats resulted in complete 

inhibition o f  tumour growth after ten days, with no mortality. Considering these results 

(albeit from a rather small study) it is perhaps unusual that no further work appears to 

have been carried out with regards to the in vivo anti-tumour activity o f  triostin C.

Dose No. Tumour Dose No. Tumour
(pg/kg/day) deaths index (pg/kg/day) deaths index
10,000 4/5 * 1,000 3/4 *

5,000 0/5 <0.01 500 0/4 OT^
2^!00 0/5 0.07 250 0/4 0.01
C250 0/5 0.07 125 0/4 OTC
625 0/5 0.48 6Z5 0/4 0.01
313 0/5 O J^ 31.3 0/5 0.05
156 0/5 0.60 15.6 0/5 0 J 3
78 0/5 0.79 7.8 0/5 o ^ a

m H É 3.9 0/5 0.92

Table 2.3: Anti-tumour activity o f triostin C in mice and rats: (Complete inhibition: tumour index = 0 -  

0.10, marked inhibition: tumour index = 0.11 -  0.30, moderate inhibition: tumour index = 0.31 -  0.50, 

slight inhibition: tumour index = 0.51 -  0.75, no inhibition: tumour index > 0.76. *High toxicity 

prevented assessment).
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Chapter 3: Results and Discussion

1 0 2



3.1 Aims and objectives

3.1.1 Solid-phase-based synthesis of TANDEM chromophore analogues

The analogue TANDEM has recently been synthesised by a solid-phase-based 

methodology/^^ Unlike previous solution-phase approaches, this methodology 

incorporated the quinoxaline chromophores separately, during the synthesis of the linear 

sequence. It became apparent that, for the first time, analogues possessing two different 

chromophores could potentially be accessed.

The initial aim of this project was therefore to use a solid-phase approach to 

synthesise a range of symmetrical and asymmetrical TANDEM chromophore analogues 

(55 -  67), summarised in Figure 3.1. These were chosen in order to investigate the 

importance of chromophore ring size and heteroatom substitution in the DNA binding 

strength and sequence-selectivity of TANDEM.

5 5 : X  = Y  =
5 6 :  X  = Y  =

6 7  : X = Y  =

5 7 :  X  =  M e .Y  =

66 : X =  Y  =

5 8 :  X =  Y  =  M e

6 5  : X  =  Y  =5 9 :  X =  Y  =

6 0  : X  =  Y  = 6 4 :  X  = Y  =

6 1 : X  =  Y  =

6 3  : X  = Y  =

Figure 3.1: Chromophore analogues o f  TANDEM.
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3.1.2 Optimisation of the TANDEM synthesis 

Depside bond formation

Due to the linear nature of SPPS, it is important to ensure all reactions reach 

completion, in order to achieve maximum yields of the completed sequence. Coupling 

to primary and secondary amines can be easily assessed for completion, respectively by 

using the Kaiser,^®  ̂ and chloraniP®^ colourimetric tests described in Section 1.4.3. 

However, the solid-phase synthesis of the TANDEM linear precursor involves the 

formation of two depside (ester) linkages which cannot be monitored by these methods. 

Unfortunately, the previously reported colourimetric tests'^^’̂ '"̂  for detecting free 

hydroxyl groups were found to be difficult to interpret in the synthesis of TANDEM.^^^

The second aim of this project was therefore to develop a method for monitoring 

completion of the first depside bond-forming step in the synthesis of TANDEM. 

Optimisation of the reagents and conditions could then be carried out to maximise the 

yield of the linear peptide.

Macrocyclisation

All chemical syntheses of triostin A, TANDEM and related analogues reported in the 

literature perform the key macrocyclisation step in solution (see Section 2.4). The key 

disadvantage of this procedure is the risk of competing (cyclo-)oligomerisation, and 

therefore high dilution conditions are frequently employed to favour intramolecular 

condensation. The highest yield for the macrolactamisation of the TANDEM linear 

sequence by chemical means is reported as 59%^^  ̂ and therefore this step represents a 

severe limitation on the quantities of final product produced.

The third aim of the project was therefore to optimise the macrolactamisation step in 

the synthesis of TANDEM, either by investigating the reagents, conditions and location 

for conventional solution-phase macrolactamisation, or by modification of the synthetic 

strategy to allow this step to be carried out on the solid-phase.

3.1.3 Solid-phase-based synthesis of triostin A and partially-A-methylated 

analogues

Noting the potential of using a solid-phase methodology to access both symmetrical 

and asymmetrical chromophore and sequence analogues of TANDEM, the final aim of 

this project was to apply a similar strategy to synthesise the natural product triostin A.
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In addition, the cysteine-demethylated analogue (triostin A cysteine demethylated, or 

TACDEM) was also proposed as a particularly interesting analogue to synthesise, as it 

was predicted by Waring and co-workers to possess the same CpG sequence-specificity 

as triostin A/^^
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3.2 Synthesis of TANDEM chromophore analogues

3.2.1 Synthesis of the first analogue series: overview

The first four chromophore analogues (55 -  58, Figure 3.1) were synthesised using a 

similar methodology to the solid-phase-based synthesis o f TANDEM reported by 

Malkinson and co-worker s . The i r  strategy prepared the linear sequence of TANDEM 

by SPPS, proceeding from the commercially available Fmoc-Ala-Wang resin and 

assembling the depsipeptide in a linear stepwise fashion using well-established manual 

procedures.^^ The resulting linear precursor was subsequently cyclised in solution under 

conditions of high dilution ( 1 - 2  mM), affording the bis-Acm-protected macrocycle. 

Quantitative transformation to the disulfide cross-linked product was then achieved 

using h  in MeOH.

3.2.2 Bis-(naphthalene-2-carbonyl)-substituted TANDEM ([Nap, Nap] 

TANDEM, 55)

This compound was synthesised in order to assess the effect of chromophore 

heteroatom removal on DNA binding strength and specificity.

Fmoc-Ala-Wang resin was deprotected using a 20% v/v solution of piperidine in DMF 

and the linear depsipeptide assembled using the methodology summarised in Scheme 

3.1. Each amide coupling was achieved using a 2.5-fold excess of the amino acid, 

HBTU and HOBt in the presence of a five-fold excess of zPr2NEt and repeated until a 

negative Kaiser test^°^ was obtained. oSer was introduced as the A/“-Fmoc protected 

residue with orthogonal 0-trityl protection of the side chain. The naphthalene 

chromophore was incorporated via the carboxylic acid (using HBTU/HOBt-mediated 

coupling) rather than the acid chloride, unlike the original SPPS of the TANDEM linear 

precursor. However, in concordance with previous studies,^^^ no difficulties were 

encountered when using this method.
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Scheme 3.1: Synthesis o f [Nap, Nap] TANDEM (I). SPPS reagents and conditions', (i) (a) 20% vA’ 

piperidine in DMF, 2 x 1 0  min; (b) Fmoc-DSer(Trt)-OH, HBTU, HOBt, /Pr^EtN, DMF, 2 x 30 min; (ii) 

(a) 20% v/v piperidine in DMF, 2 x 1 0  min; (b) naphthalene-2-carboxylic acid, HBTU, HOBt, /PrzEtN, 

DMF, 2 X 30 min; (iii) (a) TFA/yPr^Sin/CHiClz (1:5:94), 5 x 2  min; (b) Fmoc-Val-OH, DlC, DMAP, 

DMF, 3 X 1 h; (iv) (a) 20% vvv piperidine in DMF, 2 x 1 0  min; (b) Fmoc-Cys(Acm)-OH, HBTU, HOBt, 

/PriEtN, DMF, 2 x 30 min; (c) 20% v/v piperidine in DMF, 2 x 1 0  min; (d) Fmoc-Ala-OH, HBTU, HOBt, 

/PrzEtN, DMF, 2 x 3 0  min.

The 0-trityl protection o f  the D-serine side-chain was found to be stable to both Fmoc 

deprotection and chromophore coupling, and was subsequently subjected to acidolysis 

with a 1% v/v solution o f  TFA in CHiCF containing 5% v/v /PrgSiH scavenging agent. 

Formation o f  the depside bond ((iii) (b) Scheme 3.1) was achieved using a five-fold 

excess o f  jV“-Fmoc valine and DlC, and a catalytic quantity o f  DMAP (0.1 equivalents). 

Previous work showed that this procedure offered the best yields and purity when 

compared with the use o f  HBTU/FIOBt, introduction o f  the residue as the preformed 

symmetrical anhydride, activation with MSNT or the use o f  Mitsunobu conditions.^^^

1 0 7



68

(i)

O

(ii)

_  r %  o -

5 5

Schem e 3.2: Synthesis o f  [Nap, Nap] TANDEM (II). Reagents and conditions'. (!) (a) TFA//Pr3SIH/H20 

(95:2.5:2.5), 2 h, rt, 33% over 20 steps, based on manufacturer’s resin substitution; (b) EDC, NHS, 

NMM, DMF/THF (1:10), 6 h, 0 °C -  rt, 32%; (ii) I2 , MeOH, I h, rt, 75%.

Once the linear depsipeptide (68) was completed, removal from the resin was effected 

using a solution of TFA containing 2.5% v/v H2O and 2.5% v/v zPrsSiH to afford the 

linear sequence in 33% yield over 20 steps, based on the manufacturer’s resin 

substitution. Macrolactamisation (Scheme 3.2) was carried out using a 2 mM solution of 

the linear precursor, in a similar manner to Olsen and co-workers (Scheme 2.1),̂ "̂  ̂but 

with the water-soluble EDC instead of DCC, in conjunction with NHS.^^^ This 

procedure afforded the bis-acetamidomethyl (Acm)-protected cyclic intermediate in 

32% yield. Simultaneous removal of the Acm protection of cysteine and formation of 

the disulfide was carried out using a ten-fold excess of I2 in MeOH for 1 h at room 

temperature. The reaction mixture was quenched with a 1 M solution of Na2S20] and 

the product obtained in 75% yield by precipitation and subsequent filtration, with no 

further purification required. The overall yield of [Nap, Nap] TANDEM (55) was 

therefore 4.3%, which is comparable to the original solution-phase synthesis of 

TANDEM, '̂^® but significantly lower than the more recent solid-phase-based 

synthesis.^^^

Unsurprisingly, [Nap, Nap] TANDEM was found to possess similar chemical 

properties (for example, solubility and retention time on RP-HPLC), to TANDEM 

itself. In addition, NMR spectra obtained from the linear depsipeptide, cyclic
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intermediate and final product showed close similarities in terms of chemical shifts to 

spectra obtained with the corresponding intermediates in the synthesis of TANDEM.

It is also interesting to note that RP-HPLC analysis of the crude linear depsipeptide 

showed no detectable presence of the by-product resulting from p-elimination of the D- 

serine side chain. This is in contrast to the solid-phase-based synthesis of TANDEM, 

where the major by-product (69) was isolated, accounting for 3% of the crude 

product.^^^

Figure 3.2; Major by-product isolated from the SPPS o f  TANDEM by Malkinson and co-workers. N o  

corresponding by-product could be detected in the synthesis o f [Nap, Nap] TANDEM (55).

3.2.3 Mono-(naphthalene-2-carbonyl)-substituted TANDEM ([Nap, Qxc] 

TANDEM, 56)

Continuing logically from the previous analogue, this compound closely resembles 

TANDEM itself and was therefore expected to display similar binding properties. Solid- 

phase synthesis of the linear sequence was carried out in an identical manner to that 

described for [Nap, Nap] TANDEM, except that the quinoxaline chromophore was 

introduced via the acid chloride (i.e. using a 2.5-fold excess of quinoxaline-2-carbonyl 

chloride in the presence of zPr2NEt). The linear depsipeptide was afforded in a slightly 

lower yield (26%) than that of the corresponding intermediate of [Nap, Nap] TANDEM, 

and the reason for this was revealed by RP-HPLC analysis o f the crude material. This 

showed the presence of a significant by-product (70) which, after isolation and 

characterisation by NMR, was found to be the product o f chain termination at the 

second depside bond (proximal to the quinoxaline chromophore), due to p-elimination 

at the D-serine side-chain (Scheme 3.3). Interestingly, no by-product (71) resulting from 

the failure of the first depside coupling (proximal to the naphthalene chromophore) 

could be isolated.
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Scheme 3.3: Major by-product (70) isolated from the SPPS o f [Nap, Qxc] TANDEM (56). No 

dehydration appears to have occurred proximal to the naphthoyl moiety.

Since SPPS o f  the linear TANDEM precursor gave rise to a by-product resulting from 

dehydration o f  the first D-serine side-chain, as previously m e n t i o n e d , i t  was tempting 

at this stage to assume that the introduction or presence o f  the quinoxaline chromophore 

was related to this elimination side-reaction. Indeed, it is also important to note that no 

elimination by-products were observed in the synthesis o f  [Nap, Nap] TANDEM.
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Scheme 3.4: Synthesis o f [Nap, Qxc] TANDEM. Reagents and conditions: (1) (a) TFA//Pr3SiH/H20 

(95:2.5:2.5), 2 h, rt. 26% over 20 steps, based on manufacturer’s resin substitution; (b) EDC, NHS, 

NMM, DMF/THF (1:10), 6 h, 0 °C -  rt, 64%; (c) 1;, MeOH, 1 h, rt. 53%.

It was conceived that the removal o f  symmetry in this compound might in some way 

affect the pre-organisation o f  the linear sequence (72), leading to difficulties with 

macrolactamisation. However, the anticipated problems proved to be unfounded and the 

macrocycle was afforded in 64% yield. Unfortunately, and for unknown reasons, the 

usually efficient disulfide formation was low yielding (53%). [Nap, Qxc] TANDEM 

was thus produced in an overall yield o f  5.4%.
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3.2.4 Mono-acetyl-substituted TANDEM ([Ac, Qxc] TANDEM, 57)

Again, in a natural progression from the previous compounds, it seemed logical to 

synthesise an analogue possessing a single aromatic chromophore. SPPS was carried 

out in the same manner as that described for [Nap, Nap] TANDEM, except for the 

introduction of the acetyl moiety. Acétylation of the free a-amino group of D-serine 

(subsequent to Fmoc deprotection) was achieved by using a ten-fold excess of acetic 

anhydride in the presence of a 20-fold excess of /Pr2NEt. As with all couplings, this 

procedure was repeated until a negative Kaiser test result was achieved.

H

° o ^ V
0  _  ^ S A c m  O

O 
7 3

Figure 3.3: By-product (73) isolated from the SPPS o f  [Ac, Qxc] TANDEM (57).

Again, RP-HPLC analysis of the crude linear depsipeptide peptide indicated the 

presence of a major by-product. This was isolated and identified as the compound (73, 

Figure 3.3) resulting from ^-elimination at the D-serine residue proximal to the 

quinoxaline chromophore. In hindsight it may have been instructive to introduce the 

quinoxaline chromophore first (unlike the previous synthesis) in order to determine 

whether this would encourage dehydration at the first D-serine residue. Nevertheless, 

the solid phase assembly of the linear precursor gave a very satisfactory yield of 41%. 

Unfortunately, the subsequent macrolactamisation step proved to be rather slow; this is 

most likely due to the linear peptide adopting an unfavourable conformation, as 

predicted for the previous analogue. Poor solubility was also a problem with the cyclic 

intermediate, and this hindered efforts at purification by RP-HPLC. The bis-Acm- 

protected macrocycle was therefore isolated in a rather low yield of 21%. Fortunately, 

no problems were encountered with Acm deprotection/disulfide formation, which 

afforded 57 in a yield of 80%, and resulted in an overall yield of 3.9% for this 

compound.

I l l



9
o.

H ^  H
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Scheme 3.5: Synthesis o f [Ac, Qxc] TANDEM. Reagents and conditions: (i) (a) TFA//Pr3SlH/H20 

(95:2.5:2.5), 2 h, rt. 41% over 20 steps, based on manufacturer’s resin substitution; (b) EDC, NHS, 

NMM, DMF/THF (1:10), 6 h, 0 °C -  rt, 21%; (c) H, MeOH, 1 h, rt, 80%.

3.2.5 Bis-acetyl-substituted TANDEM ([Ac, Ac] TANDEM, 58)

In order lo provide a ‘negative controi’ for the DNA binding o f  the previous three 

analogues, it was thought useful to synthesise a compound which lacked either 

chromophore. Any association with DNA would therefore result purely from hydrogen 

bonding and van der Waals interactions with the peptide backbone. Introduction o f  both 

acetyl moieties was achieved using acetic anhydride, as utilised for the mono- 

quinoxaline analogue; all other stages were identical to previous syntheses. RP-HPLC 

analysis o f  the crude peptide showed no detectable quantity o f  any elimination by

product, again implying that the presence of a proximal quinoxaline chromophore 

promotes this side-reaction.

Considerable difficulties were encountered during the solution-phase steps, as a 

consequence o f  the poor solubility o f  each synthetic intermediate. Significant loss o f  

material occurred during preparative RP-HPLC, and the combined yield for solid-phase 

and cyclisation steps in the first synthesis attempt was only 5%. Due to the low quantity 

o f  material obtained, the synthesis was repeated and the linear depsipeptide was carried 

through to cyclisation without purification. This approach resulted in an improved yield 

o f  18% over the same steps, with no compromise in purity. This is perhaps unsurprising, 

since the high dilution conditions o f  macrolactamisation would be expected to disfavour 

intermolecular reactions, and therefore the presence o f  impurities in the linear 

depsipeptide is probably o f  little consequence to this step o f  the synthesis.

It is also important to note that, similar to the synthesis o f  [Nap, Nap] TANDEM (55), 

no by-products from the ^-elimination of the D-serine side-chain could be identified in
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the crude linear precursor. This further implied that the presence o f  the quinoxaline 

chromophore was in some way promoting this interesting side-reaction.

Acm deprotection and disulfide formation was carried out in a yield o f  62% and this 

afforded the final product (58) in an overall yield o f  7.1%. While this is yield is perhaps 

slightly disappointing (given the efforts made to avoid loss during intermediate 

purification), it is rather higher than the previous analogues. This synthesis also 

demonstrates that purification o f  the linear peptide may not be necessary prior to 

cyclisation.

T u f  " " T . „ .
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Scheme 3.6: Synthesis o f [Ac, Ac] TANDEM. Reagents and conditions: (1) (a) TFA//Pr3Sitt/H20 

(95:2.5:2.5), 2 h, rt; (b) EDC, NHS, NMM, DMF/THF (1:10), 6 h, 0 “C -  rt. 18% over 21 steps, based on 

m anufacturer’s resin substitution; (c) I2, MeOH, 1 h, rt. 62%.

3.2.6 Synthesis of the second analogue series: overview

Investigation o f  the DNA-binding assay results for the first four compounds 

synthesised revealed that the quinoxaline chromophore plays a large part in the strength 

and specificity o f  interaction with DNA. In particular, removal o f  heteroatoms from the 

chromophore (i.e. substitution with naphthalene) resulted in DNA binding being 

virtually a b o l i s h e d . F u r t h e r  discussion is carried out in Section 3.3, however it was 

felt that a series o f  symmetrical chromophore analogues (59 -  64) should be generated 

in order to further investigate the effects o f  chromophore modification on DNA binding 

strength and specificity. It would also be instructive to observe whether the same (3- 

elimination side-reaction would occur in the presence o f  a variety o f  heterocyclic 

chromophores.

To assess the importance o f  chromophore size with regards to DNA binding affinity, 

three analogues were synthesised using the commercially available six-membered 

picolinic, nicotinic and pyrazine carboxylic acids (Figure 3.4). In a further two 

analogues, the commercially available fused-ring heterocyclic acids, 3-quinoline and
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isoquinoline carboxylic acids, were also installed in order to investigate the effect o f  

nitrogen in positions ortho- and meta- to the carbonyl functionality.

o o O
P ico lin ic  a c id  
(p yr id in e-  
2 -c a r b o x y lic  ac id )

N ic o tin ic  a c id  P y r a z in e
(p y rid in e- c a r b o x y lic  a c id
3 -c a r b o x y lic  ac id )

Q u in o lin e -3-  
c a r b o x y lic  a c id

Iso q u in o lin e  
c a r b o x y lic  a c id

Figure 3.4: Single and fused-ring carboxylic acids used in the synthesis o f TANDEM analogues.

3.2.7 Bis-(pyridine-2-carbonyl)-substituted TANDEM ([Pic, Pic] TANDEM, 59)

Solid-phase synthesis was performed in the usual fashion, affording the linear 

depsipeptide in a rather disappointing yield o f  11%. More importantly, no dehydration 

by-products could be detected in the crude material, supporting earlier assumptions that 

the presence o f  the quinoxaline chromophore promotes p-elimination in some manner. 

Macrocyclisation was accompanied by significant cyclo-dimerisation, and this impacted 

somewhat on the yield (36%). Interestingly, the final product appeared to have some 

degree o f  aqueous solubility, which caused difficulties in the work-up o f  the disulfide 

bond formation. The completed compound therefore required purification by RP-HPLC, 

resulting in a rather low yield (59%). [Pic, Pic] TANDEM (59) was thus afforded in an 

overall yield o f  1.9%.
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Scheme 3.7: Synthesis o f [Pic, Pic] TANDEM. Reagents and conditions', (i) (a) TFA//Pr3SiH/H20 

(95:2.5:2.5), 2 h, rt, 11% over 20 steps, based on manufacturer’s resin substitution; (b) EDC, NHS, 

NMM, DMF/THF (1:10), 6 h, 0 °C -  rt. 38%; (c) E, MeOH, 1 h, rt, 59%.
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3.2.8 Bis-(pyridine-3-carbonyl)-substituted TANDEM ([Nie, Nie] TANDEM, 60)

SPPS of the linear precursor proceeded well until the coupling of the second D-serine 

residue, which proved to be extremely difficult. However, this did not appear to be a 

result of aggregation, since the characteristic visible adhesion of resin particles could 

not be observed. With incomplete coupling after three cycles, the remaining resin-bound 

amine was capped using a five-fold excess of acetic anhydride in the presence of a 10- 

fold excess of zPriEtN, to prevent contamination of the final product with deletion 

sequences.

Analysis of the crude linear peptide by RP-HPLC revealed significant contamination 

with a sequence identical in every respect to the desired product, apart from the absence 

of a single Acm protecting group. While 37.5 mg of the desired sequence was 

eventually isolated (representing a 12% yield), a comparable quantity (35.3 mg, 12%) of 

the mono-Acm-protected sequence was also isolated. Unfortunately, although the 

compound was extensively analysed using NOESY experiments, it could not be 

determined which Acm group had been removed.

Interestingly, a mono-Acm protected linear sequence was also identified and isolated 

as a by-product in the original solid-phase synthesis of TANDEM.^^^ In this case, it was 

the mid-chain cysteine residue which was determined to have undergone «S-Acm 

deprotection, and this was assumed to occur during TFA-mediated resin cleavage. 

Although the acetamidomethyl aminothioacetal is reported as being stable to highly 

acidic c o n d i t i o n s , a  number of studies have shown this not to be the case.''^^’̂ '̂̂  In 

particular, Singh and co-workers''^'^ demonstrated that increasing the water content of a 

standard TFA-based cleavage mixture led to higher amounts of the ftee-thiol by

product, most likely the result of hydrolysis following oxidation of the thioacetal.

It is unusual that this side-reaction was not observed until the synthesis of this 

analogue, considering that the previous chromophore analogues had been prepared in an 

identical manner. In addition, the mono-Acm-protected by-product only accounted for 

6% of the crude peptide yield in the synthesis of TANDEM by Malkinson and co

workers, significantly less than in this instance (where it accounted for 49% of the crude 

yield). Without any further investigation, it can only be assumed that the substitution of 

the pyridine-3-carbonyl chromophore in some way increased the susceptibility of the 

Acm group to acidolytic cleavage.
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Cyclisation of this compound also proved to be relatively inefficient (10%), with a 

major by-product accounting for approximately 50% of the yield. This was isolated and 

identified by *H-NMR and mass spectrometry as the trifluoroacetylated linear sequence. 

Again, this side-reaction had not been encountered during the synthesis of previous 

chromophore analogues, and therefore the presence of the pyridine-3-carbonyl 

chromophore was suspected to have contributed to this phenomenon.
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- ® ® O ^ C F ,  NM M  F a C ^ ^ X  F a C ^ N ' ' ^P e p t id e  0  C F 3

O.A

' -  o
OF

Schem e 3.8: Potential trifluoroacetate activation and subsequent acylation o f  the A^-terminus o f [Nic, Nic] 

TAN DEM  linear precursor during macrolactamisation.

One contributing factor might be protonation of the pyridine nitrogen during the 

highly acidic conditions of resin cleavage, resulting in a trifluoroacetate salt. Since both 

chromophores would be expected to behave in such a manner, in addition to the free A“- 

amino group, the linear sequence would potentially be associated with three equivalents 

of trifluoroacetate anion. Although the linear sequence was purified by RP-HPLC prior 

to macrocyclisation, the mobile phase is acidified with TFA, so complete desalting 

might not occur. In addition, subsequent preparation of the peptide from the RP-HPLC 

solvents by lyophilisation means that the formation of a trifluoroacetate salt is likely. 

The trifluoroacetate anion might therefore be available for carbodiimide activation and 

potential A-terminal amine acylation (Scheme 3.8).

However, without determining the degree of protonation of the chromophore, the 

validity of this explanation remains uncertain.

Despite these setbacks, disulfide formation appeared to progress normally, but as in 

the case of [Pic, Pic] TANDEM, the work up was hampered by significant aqueous 

solubility o f the product. Compound 60 was therefore purified by RP-HPLC, and 

isolated in 55% yield for this final step. This resulted in a somewhat disappointing 

overall yield of 0.9%.
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Scheme 3.9: Synthesis o f [Nic, Nic] TANDEM. Reagents and conditions: (i) (a) TFA/fPr^SiH/HiO 

(95:2.5:2.5), 2 h, rt, 12% over 20 steps, based on manufacturer’s resin substitution; (b) EDC, NHS, 

NMM, DMF/THF (1:10), 6 h , 0 “C - r t ,  10%; (c) E, MeOH, 1 h, rt, 55%.

3.2.9 Bis-(pyrazinecarbonyl)-substituted TANDEM ([Pyr, Pyr] TANDEM, 61)

In contrast to the problematic synthesis o f  [Nic, Nic] TANDEM, the SPPS o f  the 

linear precursor o f  compound 61 proceeded without difficulty. Since both syntheses 

were carried out in parallel, reagent contamination or degradation can probably be 

eliminated as a cause o f  inefficient coupling in the previous synthesis. The significant 

Acm-deprotection thought to occur during resin acidolysis in the synthesis o f  60 was 

also absent in this case. It was again interesting to note the lack o f  any apparent p- 

elimination during the SPPS o f  this compound, as determined by analysis o f  the crude 

material by RP-HPLC. Considering the similarity o f  this chromophore to the 

quinoxaline chromophore o f  the natural product, it was perhaps unusual that this did not 

occur.
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Scheme 3.10: Synthesis o f [Pyr, Pyr] TANDEM. Reagents and conditions: (1) (a) TFA/zPr^SiH/HzO 

(95:2.5:2.5), 2 h, rt; (b) EDC, NHS, NMM, DMF/THF (1:10), 6 h, 0 °C -  rt. 15% over 21 steps, based on 

manufacturer’s resin substitution; (c) L, MeOH, 1 h, rt, 53%.

Minor problems were encountered in the purification o f  the crude linear precursor, 

due to its extremely short retention time. However, a small quantity was afforded in
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sufficient purity to allow identification by NMR and MS analysis. The remaining crude 

material was carried through to macrolactamisation without further purification, as in 

the synthesis o f  [Ac, Ac] TANDEM (58). Macrolactamisation was achieved without 

difficulty, and the cyclic intermediate was afforded in 15% yield over the solid-phase 

and cyclisation steps.

Disulfide formation was successfully achieved, with only minor difficulties in the 

work-up o f  the latter, again due to unexpected aqueous solubility o f  the final compound. 

RP-HPLC purification afforded [Pyr, Pyr] TANDEM in a yield o f  53%, and thus an 

overall yield o f  1%.

3.2.10 Bis-(quinoline-3-carbonyI)-substituted TANDEM ([3-Qn, 3-Qn] TANDEM, 

62)

Considering the very low DNA binding affinity o f  [Nap, Nap] TANDEM (55), it 

seemed logical to investigate the importance o f  the nitrogen heteroatom in the 

chromophores, particularly in positions ortho- and meta- to the carbonyl moiety.

SPPS o f  the linear precursor (74) proceeded without difficulty, and afforded the 

product in 20% yield. Considering the similarity o f  this chromophore to quinoxaline, it 

was anticipated that its presence might promote the p-elimination side reaction observed 

in previous syntheses. However, on analysis o f  the crude peptide by RP-HPLC, no 

characteristic peak associated with this by-product could be identified. Although 

surprising, this supports the evidence so far that the p-elimination side-reaction is 

specific to the quinoxaline chromophore, for reasons as yet unknown.
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Scheme 3.11: Synthesis o f [3-Qn, 3-Qn] TANDEM. Reagents and conditions', (i) (a) TFA//Pr3 SiH/H2 0  

(95:2.5:2.5), 2 h, rt, 20% over 20 steps, based on manufacturer’s resin substitution; (b) EDC, NHS, 

NMM, DMF/THF ( 1:10), 6  h, 0 °C -  rt, 25%; (c) I2 , MeOH, 1 h, rt, 91%.



Macrolactamisation appeared to be accompanied by significant by-product formation 

(most likely cyclo-oligomerisation), and this was reflected in the disappointing yield of 

25%. In contrast, disulfide formation proceeded well, with an excellent yield o f  91%. 

[3-Qn, 3-Qn] TANDEM was therefore afforded in an overall yield o f  3.8%.

3.2.11 Bis-(isoquinoIinecarbonyl)-substituted TANDEM ([Iqn, Iqn] TANDEM, 63)

Solid-phase synthesis o f  75 via the usual methods again appeared to proceed without 

difficulty, and resulted in a similar yield o f  the linear depsipeptide (17%) to that o f  the 

previous analogue (74, 20%) after 19 solid-phase steps and resin cleavage. It was again 

interesting to note the absence o f  any ^-elimination side-products in the crude peptide 

mixture, when analysed by RP-HPLC. It was also observed that the structural similarity 

with the corresponding linear precursor o f  compound 62 was not reflected in their RP- 

HPLC retention times, which differ significantly (15.67 min for the [Iqn, Iqn] 

TANDEM linear precursor compared with 13.95 min for the corresponding [3-Qn, 3- 

Qn] TANDEM sequence). The lower polarity o f  the isoquinolinecarbonyl-substituted 

analogue is probably unsurprising, given the proximity o f  the aromatic ring nitrogen to 

the carbonyl moiety.
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Scheme 3.12; Synthesis o f [Iqn, Iqn] TANDEM. Reagents and conditions: (i) (a) TFA/fPr^SiH/IEO 

{95:2.5:2.5), 2 h, rt, 17% over 20 steps, based on manufacturer’s resin substitution; (b) EDC, NHS, 

NMM, DMF/THF (1:10), 6  h ,0 ° C -r t ,  14%; (c) I2 , MeOH, I h, rt, 85%.

Macrocyclisation was again accompanied by significant cyclo-oligomerisation, 

although to a much greater degree than in the previous synthesis, resulting in a 

particularly low yield (14%). As has been stated previously, the success o f  this reaction 

is highly dependent on the conformation o f  the linear sequence, and this seems to be 

greatly affected by the chromophores present. The ease o f  work-up in the final oxidation
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step was aided by the low polarity of this compound, affording [Iqn, Iqn] TANDEM 

(63) in 85% yield, resulting in an overall yield of 1.2%.

3.2.12 Bis-(anthraquinone-2-carbonyl)-substituted TANDEM ([Anth, Anth] 

TANDEM, 64)

The final compound in the second analogue series was designed to assess the effect of 

a known intercalator on DNA binding affinity and sequence specificity, if it was 

installed on the peptide backbone. This is not a novel proposition, having been achieved 

by Helbecque and co-workers^^^ in their synthesis of a bis-acridinyl analogue of 

TANDEM called BASACV (bis-[(9-acridinyl)-D-seryl-L-alanyl-L-cysteinyl-L-valine] 

dilactone disulfide). Although the compound was assessed by spectroscopy to be a 

bisintercalator of DNA, subsequent sequence selectivity experiments were not 

forthcoming.

The anthraquinone ring system is a common motif in anti-tumour intercalating drugs, 

for example in anthracyclins such as doxorubicin.^^^'^^^ Since anthraquinone-2- 

carboxylic acid is a commercially available building block, it was decided that this was 

an appropriate choice of chromophore.

H:r«
o

BASACV

OMe O OH 0.,,^ O .^ IV Ie  

*0H
Doxorubicin NH,

Figure 3.5: BASACV (an analogue o f  TANDEM) and doxorubicin, an anthracyciin anti-tumour agent.

Unfortunately the installation of this chromophore during SPPS was significantly 

hampered by its low solubility, and RP-HPLC analysis o f the crude linear depsipeptide 

revealed a large number of by-products. Indeed, anthraquinone-2-carboxylic acid was 

isolated from the crude mixture, implying incomplete removal of excess reagent from 

the resin during SPPS, even with repeated washing. It was therefore unsurprising that 

the yield of linear precursor was exceedingly low (3%). Macrolactamisation appeared to 

proceed well, with very little evidence of oligomerisation. Unfortunately, purification 

was exceedingly troublesome, due to the low solubility o f the macrocycle. Nevertheless, 

this intermediate was isolated in a satisfactory yield o f 40%. Acm deprotection and
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disulfide formation appeared straightforward; however, the extremely small quantities 

o f  the product hindered workup, and the final product required purification by RP- 

HPLC. [Anth, Anth] TANDEM was therefore isolated in a 30% yield for this step, 

resulting in an overall yield o f  0.2%.
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Scheme 3.13: Synthesis o f lAnth, Anth] TANDEM. Reagents and conditions', (i) (a) TFA//Pr3 SiH/H: 0  

(95:2.5:2.5), 2 h, rt, 3% over 20 steps, based on manufacturer's resin substitution; (b) EDC, NHS, NMM, 

DMF/THF ( 1:10), 6  h, 0 °C -  rt, 40%; (c) b, MeOH, 1 h, rt, 30%.

3.2.13 Synthesis of the third analogue series: overview

While installing the chromophores during the solid-phase portion o f  the synthesis may 

have increased the ease and yield o f  the coupling procedure, the overall process of 

generating a significant number of analogues was found to be time-consuming. In 

addition, the presence o f  different chromophores altered the solubility profile o f  the 

various synthetic intermediates, in some cases causing difficulties in work-up, 

purification, and NMR analysis. More importantly, the outcome o f  the critical 

macrolactamisation step was also unpredictable, as the chromophores appeared to play a 

large part in the conformation o f  the linear sequence. Finally, the presence o f  a 

quinoxaline chromophore seemed to promote a significant p-elimination side-reaction 

during SPPS o f  the linear TANDEM sequence.

Therefore, it was decided that the final two chromophore analogues (66 and 67) 

should be generated using an approach more suitable for this purpose. Dietrich and 

Diederichsen used a solid-phase based approach in their synthesis o f  nucleobase- 

substituted, A^-demethylated azatriostin A analogues, immobilising the linear sequence 

on 2-CTC r e s i n . T h i s  enabled the orthogonally-protected A^-Boc, M-Fmoc D- 

diaminopropionic acid residue to be introduced into the linear sequence and undergo
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selective M-Fmoc deprotection and coupling to A/^-Fmoc-protected valine. Completion 

of the linear precursor, resin-cleavage, macrolactamisation and disulfide bond-forming 

steps were then carried out, leaving the A/“-Boc protection of both D-diaminopropionic 

acid residues intact. The bis-Boc-protected cyclopeptide was then deprotected via 

acidolysis and coupled to the appropriate nucleobase derivatives.

Unfortunately, to synthesise a TANDEM precursor via this method would require an 

A/“-Boc-protected D-serine building block with protection for the side-chain primary 

hydroxyl that is orthogonal to the hyper-acid-labile resin linkage. Whilst a silyl ether 

such as 0-TBDMS would be appropriate, this protecting group has been found to have 

limited stability to coupling conditions,̂ *̂ "* and the corresponding building block is also 

not commercially available. Inspiration was derived from the recent synthesis of 

oxathiocoraline by Albericio and co-workers,^^* whereby a /?-nitrobenzyloxycarbamate 

(pNZ) protecting group was installed on the a-amino group of D-serine during SPPS, 

via the chloroformate. This approach therefore allowed the use of the commercially 

available Fmoc-DSer(Trt)-OH building block. However, because the stability of the 

pNZ  carbamate to the Na2 S2Û3 workup of the U/MeOH-mediated disulfide formation 

was unknown, it was decided that a safer alternative was to use the classical 

benzyloxycarbonyl (Z) group.

3.2.14 Bis-Zrprotected TANDEM ([Z, Z] TANDEM, 65)

SPPS was carried out in an identical manner to the previous syntheses, but in this case 

installation of the chromophore subsequent to D-serine A“-Fmoc deprotection was 

replaced by A“-protection as the benzyl carbamate using a five-fold excess of benzyl 

chloroformate in the presence of a 10-fold excess of /Pr2NEt. On completion of the 

linear sequence, the resin cleavage was effected using two 30 minute treatments with a 

solution containing 40% v/v TFA and 10% v/v H2O in CH2 CI2 due to the instability of 

the Z group to the usual conditions.^^^ The bis-Z-protected linear precursor was 

therefore afforded in 17% yield.

Due to the large quantity of linear precursor, macrolactamisation was carried out a 

number of times on a 44 pmol scale (approximately 50 mg of the linear depsipeptide) 

and this procedure proved to be relatively efficient with an average yield of 43%. 

Attempts to increase the scale of this reaction led, inexplicably, to significant 

oligomerisation. Work-up after disulfide formation was again complicated by the slight 

aqueous solubility of this product, and there was no other alternative but to purify this
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compound by RP-HPLC. Loss on purification therefore probably contributed somewhat 

to the unsatisfactory yield (40%). Nevertheless bis-Z-protected TANDEM (65) was 

afforded in sufficient quantities for further elaboration, with an overall yield of 3.6%.

9OyO

O  A c m S -  O  Y  >  °  O ^ ' ^ y ’’

6 5

Scheme 3.14: Synthesis o f [Z, Z] TANDEM. Reagents and conditions'. (I) (a) TFA//Pr3 SIH/H2 0  

(95:2.5:2.5), 2 h, rt, 17% over 20 steps, based on manufacturer’s resin substitution; (b) EDC, NHS, 

NMM, DMF/THF (1:10), 6  h, 0 °C -  rt, 43%; (c) E, MeOH, 1 h, rt, 40%.

3.2.15 Bis-benzoyl-substituted TANDEM ((Bz, Bz] TANDEM, 66) and bis- 

(quinoIine-2-carbonyl)-substituted TANDEM ([2-Qn, 2-Qn] TANDEM, 67)

Preliminary studies had demonstrated that removal o f  the benzyloxycarbamate o f  65 

using TFA/thioanisole-mediated acidolysis^'^^ was incomplete even after 10 hours, and 

that the presence o f  the trifluoroacetate salt was found to interfere in the subsequent acid 

chloride coupling step. Catalytic hydrogenation obviously led to reduction o f  the 

disulfide, leading to catalyst poisoning by the free thiol product and resulting in 

incomplete A^-Z-deprotection o f  the D-serine residue. Fortunately, acidolysis via the 

HBr/AcOH methodology o f  Ciardelli and Olsen '̂ '̂  ̂ was found to result in efficient 

deprotection after approximately 1 hour.

In order to maximise yield, the bis-bromide salt (76) was acylated without further 

purification, using benzoyl chloride or quinoline-2-carbonyl chloride in an identical 

manner to the procedure o f  Ciardelli and 01sen,^"^° affording 66 and 67 in respective 

yields o f  36 and 25% over both deprotection and acylation steps. The corresponding 

overall yields were therefore 1.0 and 0.7%.
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Scheme 3.15: Synthesis o f  [Bz, Bz] and [2-Qn, 2-Qn] TANDEM analogues. Reagents and conditions: (i) 

30% w/v HBr, AcOH, 1 h, rt; (ii) benzoyl chloride or quinoline-2-carbonyl chloride, EtsN, 5 h, 0 °C -  rt, 

36% (6 6 ) and 25% (67) over both steps.

3.2.16 Synthesis of TANDEM chromophore analogues: discussion 

p-Elimination side-reaction

p-Elimination appears to be a major side-reaction in the SPPS of TANDEM and 

analogues containing a quinoxaline chromophore; indeed it seems only to occur on the 

D-serine residue proximal to this moiety. During the synthesis of the ramoplanin A2 and 

ramoplanose aglycons by Boger and co-workers, p-elimination was found to occur 

preferentially on a depsipeptide subunit during coupling via the a-carboxyl.^^^ This was 

attributed to the lability of the depside bond, and the increased acidity of the a-methine 

caused by both carboxylate activation, and the presence of an vV-acyl moiety. In 

addition, it was found that depside bond cleavage occurred when the completed 

macrocycle was exposed to 5 % v/v piperidine in DMF at 0 °C for 20 minutes. This 

procedure was used to remove the A°-Fmoc protection of the residue adjacent to the 

depside alcohol component, and the resulting instability of the product appears to be a 

result of the free amine at this position.^^^ The difficulties reported by Boger and co

workers thus demonstrate the fragility of the depside functionality, especially in the 

presence of electron-withdrawing groups either side of the acidic a-methine. Since 

dehydrated by-products were not observed in RP-HPLC analysis of any of the crude 

linear depsipeptides without the quinoxaline chromophore, this side-reaction is unlikely 

to be a result o f proton abstraction by the weakly basic ring nitrogens. If this were the 

case, then it would have been observed in the presence of other heterocycles, in 

particular the closely analogous pyrazine system. It is more likely that p-elimination is a 

result of the electron-withdrawing effect of the quinoxaline chromophore itself. This has 

been further investigated, and the results are reported in Section 3.4.
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Macrocyclisation

The solution-phase macrolactamisation of the linear depsipeptide remains the yield- 

limiting step in the synthesis of TANDEM analogues via this methodology. Despite 

being carried out at low concentrations ( 1 - 2  mM), monitoring of the reaction by RP- 

HPLC frequently revealed significant by-product formation, most likely oligomers 

and/or cyclo-oligomers, which were isolated on a number of occasions. More 

importantly, the pre-organisation of the linear sequence, and therefore the corresponding 

predisposition for successful macrolactamisation, appeared to be significantly altered by 

the presence of different chromophores. Although this was in part overcome by 

introducing the chromophores in the final step, it was mere serendipity that the bis-Z- 

protected linear sequence underwent macrolactamisation in reasonable yields.

The effect of different chromophores on linear sequence pre-organisation appears not 

to be simply a function of steric bulk; as Graph 3.1 shows, the [Anth, Anth] TANDEM 

linear precursor was cyclised in yields approaching that of the corresponding 

intermediate for [Ac, Ac] TANDEM. This comparison also demonstrates that loss of 

product on RP-HPLC purification is unlikely to be a reason for lower yields, since 

compounds with poor aqueous solubility would be expected to fare worse than those 

with a higher polarity. For example, while the bis-Acm-protected [Anth, Anth] 

TANDEM macrocycle displayed the worst solubility profile of all the cyclic 

intermediates, it was also isolated in reasonable yields.

Linear p recursor for TANDEM chrom ophore analogue

Graph 3.1: Comparison o f  symmetrical chromophore analogue macrolactamisation yields.
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It is, however, interesting to compare the macrolactamisation yields of the bis- 

heterocycle-substituted analogues. For example, the [Nic, Nic], [Pyr, Pyr] and [Iqn, Iqn] 

TANDEM analogues all have inferior yields for this step, in contrast to [Pic, Pic] 

TANDEM. Whilst it is tempting to conclude that the common positioning of ring 

nitrogens in the pyridine-3-carbonyl and pyrazinecarbonyl systems alters the pre

organisation of the linear sequence to disfavour macrolactamisation (for example by 

hydrogen-bonding with the peptide backbone), this is not supported by the behaviour of 

the bis-(quinoline-3-carbonyl)-substituted analogue, or indeed by the TANDEM 

precursor itself, which was cyclised in reasonable (40 -  59%) yields.^^^ In addition, the 

low yield of the [Nic, Nic] TANDEM analogue was determined to be a result of 

significant A^-terminal trifluoroacetylation of the linear sequence, and although this was 

not observed in the RP-HPLC analysis of other macrolactamisations, it should not be 

discounted as a reason for the low yields of some of the other analogues. It is likely that 

a combination of factors, such as the ability for aggregation via intermolecular tu-tc 

stacking and the pK& of the chromophore heteroatoms (i.e. the degree of trifluoroacetate 

salt formation) which interfere with solution-phase macrolactamisation of the linear 

precursors.

In order to increase the yield for macrocyclisation of TANDEM and associated 

analogues, it would be useful to carry out the procedure on-resin, via a side-chain 

immobilisation strategy. This approach has been investigated, and is detailed in Section 

3.6.
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3.3 Biological testing of TANDEM chromophore analogues

3.3.1 DNA binding activity

Compounds 55 -  58 were subjected to a footprinting assay using HexB, a multi-site 

DNA substrate containing all possible symmetrical hexanucleotide sequences. This 

work was carried out by Andrew J. Hampshire and Professor Keith R. Fox at the School 

of Biological Sciences, University of Southampton and has recently been reported in the 

l i t e r a t u r e . T h e  DNA binding activity of the remaining analogues is currently being 

assessed using a similar method.

[Nap, Nap] TANDEM (55)

Binding of this compound to DNA was observed only on one sequence consisting of 

a long series of TpA steps (Figure 3.6). This was an extremely weak interaction, 

occurring only at ligand concentrations of 500 pM and above, effectively representing a 

virtual abolition of DNA binding. Although structurally very similar to TANDEM itself, 

the low binding activity of [Nap, Nap] TANDEM was perhaps unsurprising, since it has 

previously been suggested that the mechanism of bis-intercalation of this class of 

compounds is strongly dependent on the n-n stacking interactions of the chromophores 

with the surrounding base pairs.^^^ In addition, an analogue o f sandramycin where the 

quinoline chromophore was replaced by naphthalene has also been reported to have a 

low DNA binding affinity.

[Nap, Qxc] TANDEM (56)

While the low binding affinity of the previous compound was perhaps anticipated, it 

was unknown what effect removal of the natural symmetry would have on bis- 

intercalation, since no similar compounds have been previously reported in the 

literature. Figure 3.6 shows that [Nap, Qxc] TANDEM does indeed bind to DNA, 

although with a lower affinity than the parent compound. This was confirmed by 

carrying out a footprinting plot for a 5'-ATAT site in MS2, a universal sequence 

containing every possible tetranucleotide sequence (Figure 3.7). It is, however, 

interesting to note that while 56 demonstrates similar sequence selectivity to TANDEM, 

it also fails to bind to some sequences which TANDEM binds strongly, such as 

AATATT. Although it would require a more detailed study to ascertain the molecular
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justification for this behaviour, it is suggested that the failure to bind to these sites is due 

to the neighbouring sequences discouraging bis-intercalation in some way.

Nevertheless, the behaviour of this analogue demonstrates that symmetry is not an 

absolute requirement for the bis-intercalation of DNA by this class of compounds.

[Lys'.Lysl
TANDEM TANDEM 56 55

Figure 3.6: DNase I footprinting patterns showing the interaction o f [Nap, Nap] TANDEM (55) and 

[Nap, Qxc] TANDEM (56) with HexB, a multi-site DNA substrate containing all possible 

symmetrical hexanucleotide sequences. The concentration o f  ligand (pM) is shown at the top o f each 

gel lane. Tracks labelled ‘G A ’ are Maxim-Gilbert markers specific for purines, while ‘Con' indicates 

cleavage in the absence o f  the added ligand.^'’®

[Ac, Qxc] TANDEM (57) and [Ac, Ac] TANDEM (58)

Although quinoxaline itself does not possess the ability to intercalate DNA, it was 

suggested that hydrogen bonding and van der Waals forces between the peptide 

backbone and the minor groove of DNA might stabilise the intercalation of [Ac, Qxc] 

TANDEM. Although an extremely weak interaction was observed at concentrations 

higher than 500 pM (gel not shown) this compound failed to bind to DNA at lower 

concentrations, indicating that although hydrogen bonding and van der Waals forces 

stabilise the peptide-DNA complex to some degree, these interactions are overshadowed 

by the more important n-n stacking interaction of the chromophores with the
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surrounding nucleobases. This was further demonstrated by [Ac, Ac] TANDEM, which 

completely failed to bind to DNA.
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F igure 3.7: Footprinting plots showing the concentration dependence o f  the footprints produced by 

(a) TANDEM  and (b) [Nap, Qxc] TANDEM  (56), at a 5'-ATAT site in M S2, a universal footprinting 

sequence that contains all possible tetranucleotide sequences. The lines fitted to the points are simple 

binding curves with C 5 0  values o f  6.4 ± 2.2 pM (TANDEM ) and -2 5  pM ([Nap, Qxc] TANDEM , 

56).̂ ""

Summary

Replacing both quinoxaline chromophores with naphthalene (i.e. replacement of the 

chromophore nitrogen atoms with carbon) resulted in DNA binding affinity being 

virtually abolished. Removal of the natural symmetry of TANDEM by replacing one 

chromophore with naphthalene (compound 56) led to a reduction in binding affinity, 

although not to the same extent as observed with [Nap, Nap] TANDEM. While the 

sequence specificity of [Nap, Qxc] TANDEM was similar to the parent compound, it 

failed to bind to a number of sites which TANDEM binds strongly. Removal of one or 

both chromophores effectively abolished DNA binding affinity.

These results support previously reported free energy simulations, which suggest that 

the binding of this family of compounds to DNA is strongly modulated by the 

hydrophobic n-n stacking geometries of the chromophores with the surrounding base 

pairs.^^^ The importance of these interactions might be enhanced in A-demethylated 

compounds such as TANDEM, since hydrogen bonding between the peptide backbone 

and the minor groove appears to be less efficient, as demonstrated by the failure of

TANDEM to bind to CpI 366
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3.3.2 In vitro cytotoxicity

Compounds 55 -  57, 59 -  63 and 65 -  67 were tested for cytotoxicity against the 

human promyelocytic leukaemia (HL-60) cell line using an MTS (3-(4,5- 

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2//-tetrazolium)- 

based assay, and the data processed using GraphPad Prism®. This work was carried out 

by Lesley Howell under the supervision o f  Mark Searcey at the School o f  Chemical 

Sciences and Pharmacy, University o f  East Anglia, and the results are summarised in 

Table 3.1.

Doxorubicin - 0.04

Echinomycin - 0.000543

TANDEM 32 > 100

[Nap, Nap] TANDEM 55 4.78

[Nap, Qxc] TANDEM 56 > 100

[Ac, Qxc] TANDEM 57 > 100

[Pic, Pic] TANDEM 59 > 100

[Nic, Nic] TANDEM 60 > 100

[Pyr, Pyr] TANDEM 61 > 100

[3-Qn, 3-Qn] TANDEM 62 > 100

[Iqn, Iqn] TANDEM 63 2.7

[Z, Z] TANDEM 65 3.4

[Bz, Bz] TANDEM 66 > 100

[2-Qn, 2-Qn] TANDEM 67 1.3

Table 3.1: IC50 values for chromophore analogues against the HL-60 cell line.

Firstly, it is interesting to note the lack o f  activity o f  TANDEM in this assay. 

Although early studies demonstrated the low anti-bacterial activity o f  this compound,^'^ 

no details o f  a cytotoxicity study can be found in the literature. While it is probably 

unsurprising that TANDEM appears not to exert an inhibitory effect in this assay, the 

results achieved with a number o f  the chromophore analogues are particularly unusual. 

In the DNA footprinting assay [Nap, Nap] TANDEM was found to have virtually no 

binding affinity, yet this compound displayed a moderate inhibitory effect in the MTS
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assay with an IC50 value of 4.78 pM. In contrast, the [Nap, Qxc] TANDEM analogue, 

which demonstrated an ability to bifunctionally intercalate DNA (although with 

approximately four times less affinity than TANDEM) was found to have an IC50 value 

larger than 100 These results perhaps indicate that the compounds tested may be

able to interact with the components of the MTS assay itself, and therefore the 

inhibition o f tetrazole reduction may not correspond to actual cytotoxicity. 

Alternatively, these compounds may be demonstrating biological activity via an 

unanticipated mechanism. It might therefore be prudent to use a cell counting technique 

in conjunction with the MTS assay in order to further assess the cytotoxicity of these 

analogues.
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3.4 Investigation into depside bond formation in the SPPS of TANDEM using a 

RP-HPLC-based methodology

3.4.1 Overview

The ability to carry out efficient solid-phase depside coupling is of high importance in 

the synthesis of TANDEM, since this functionality must be incorporated twice into the 

structure. Furthermore, in order to assess the variety o f reagents and conditions 

available for this task, an effective way of assessing reaction efficiency was required.

Few total syntheses fully explore procedures for solid-phase depside (i.e. ester) bond 

f o r m a t i o n , a n d  of these, the yield and purity o f crude product is often used to 

guide optimisation (see Section 1.5). Exceptions include a study by Riguera and co- 

workers'^^ which was dedicated to developing a generic procedure for this task, further 

elaborated in a subsequent paper detailing the automated synthesis of a valinomycin 

analogue.^^"^ Davies and co-workers also attempt to apply conclusions from a solution- 

phase RP-HPLC study to a solid-phase synthesis, with limited success.

Unfortunately, real-time monitoring of SPPS is often based around colourimetric tests 

(see Section 1.4.3) which are obviously subject to variance in operator perception, and 

do not lend themselves well to quantification. Alternative solutions for analysing solid- 

phase reactions in real-time, such as ‘magic angle’ spinning (MAS)-NMR,'^^'^®' Fourier 

transform near infra red (FT-NIR) s p e c t r o s c o p y , a n d  electron paramagnetic 

resonance (EPR) spectroscopy,^®^ require equipment and/or expertise that are often 

unavailable.

Therefore, it was decided that the efficiency of depside incorporation into the 

TANDEM sequence should be monitored in a retrospective manner, by RP-HPLC 

analysis of the crude peptide product after resin cleavage. By comparison with pure 

reference standards, the study aimed to analyse the quantity o f time required to bring the 

reaction to completion under standard conditions and identify any by-products. 

Following this, depside bond formation could be studied using a variety of coupling 

reagents and conditions.

3.4.2 Study 1: investigation into reaction progression

Although TANDEM and analogues 55 -  58 had at this point been synthesised by the 

solid-phase methodology detailed previously,^^^ the conditions for the depside bond 

formation had only been investigated briefly. The conclusion from this was that 

carbodiimide-mediated activation, using a five-fold excess of the amino acid and DIC,
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in the presence of catalytic (0.1 equivalents) DMAP was the superior method, based on 

the purity and quantity of linear octadepsipeptide produced.^^^ In addition, although 

three couplings of one hour length were used for this purpose, difficulties were 

encountered using the PNBP resin test of Riguera and co - wor ke r s , me an i ng  that 

reaction completion could not be fully assessed.

This first study therefore had two main objectives: to monitor the progress of the 

reaction under standard conditions, and to detect any occurrence of by-products. This 

would be carried out by removing aliquots of resin throughout the reaction and 

analysing the cleavage products.

Racémisation has been found to be a significant problem with the DIC/DMAP method 

for loading hydroxyl-functionalised resins, and severity is increased if the amino acid to 

be coupled contains an electron-withdrawing side chain such as a protected thiol or 

hydroxyl.^^*’̂ "̂ *’̂ *̂  For example when Fmoc-Cys(/Bu)-OH was loaded as the 

symmetrical anhydride (with 0.1 equivalents DMAP) onto hydroxyl-functionalised 

cellulose discs, over 10% conversion to the D-isomer was observed.^'^^ During the solid- 

phase synthesis of the TANDEM linear sequence, the depside linkage is formed 

between the side-chain of D-serine and the a-carboxyl of valine. Even though the a- 

carboxyl is activated as the 0-acyl isourea during coupling, (thus increasing the acidity, 

and facilitating removal of the a-methine proton) valine was thought unlikely to 

racemise, due to the relatively inert nature of the aliphatic side-chain. In contrast, some 

level of D-serine racémisation was anticipated, despite the a-carboxyl already being 

incorporated into the peptide-resin.

Additionally, during the original solid-phase synthesis of TANDEM,^^^ a major by

product was isolated, which was identified as the dehydroalanine-containing dipeptide 

chromophore conjugate (69). During the synthesis of the [Nap, Qxc] TANDEM (56) 

and [Ac, Qxc] TANDEM (57) analogues, the major by-products in both cases were 

identified as the respective dehydrated hexadepsipeptide bis-chromophore conjugates 70 

and 73.
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Figure 3.8: Products o f  an apparent ^-elimination side-reaction in the synthesis o f  TANDEM, [Nap, Qxc] 

TANDEM, and [Ac, Qxc] TANDEM.

As previously mentioned (Section 3.2.16), it seemed that dehydration (i.e. (3- 

elimination) of the D-serine side chain only occurred when an adjacent quinoxaline 

chromophore was present, since no by-products resulting from dehydration of the D- 

serine proximal to either the naphthalene chromophore or acetate moiety could be 

isolated. Deliberate attempts to dehydrate the free hydroxyl side-chain of D-serine after 

this residue was incorporated into the linear peptide met with failure, even when 

relatively harsh conditions were used (e.g. treatment with a 10-fold excess of /PrgEtN 

and five equivalents of DIC). These observations suggested that dehydration was 

occurring at a later stage in the synthesis, possibly during depside bond formation.

Initially, a procedure was developed in which A“-acetyl-protected valine would be 

used in the depside coupling, since the stability of A“-Fmoc protection to the strongly 

acidic conditions of resin cleavage was uncer t a in . However ,  this was immediately 

found to be an unsuitable substrate for the reaction, with preliminary RP-HPLC analysis 

showing a complete failure of coupling under standard conditions, possibly due to 

competing oxazolone formation (Scheme 3.16). The substrate was therefore changed to 

A/“-Fmoc protected valine, and despite the aforementioned reservations, the resulting N- 

terminal carbamate appeared to have adequate acid-stability for our purposes.
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Schem e 3.16: Possible oxazolone formation by Ac-Val-OH under standard depside coupling conditions.

In order to assess the occurance of racémisation, pure standards (Figure 3.9) of both 

diastereoisomers of the 0-trityl deprotected dipeptide (77 and 78) and tridepsipeptide 

(79 and 80) quinoxaline conjugates were synthesised using the solid-phase and 

purification methodologies previously reported.^^^ Since all attempts to deliberately 

synthesise the appropriate dehydrated dipeptide quinoxaline conjugate (69) by 

modification of conditions met with failure, the original by-product from the synthesis 

of TANDEM was used as a reference standard. These compounds were found to have 

sufficient differences in their retention times (see Section 5.3.4) allowing meaningful 

observations to be made about the degree of racémisation and (3-elimination in the 

reaction to be monitored.

HO HOH O

HO

7 7 :  * =  (R ) 
7 8 :  * = (S )

F m o c H N 7 9 : * =  ( R )  
8 0 :  * =  (S )

Figure 3.9: RP-HPLC standards.

Solid-phase synthesis of the ‘correct’ O-trityl deprotected dipeptide diastereoisomer 

77, (i.e. containing D-serine) was carried out on a 0.4 mmol scale, and it was 

immediately subjected to the standard depside coupling conditions (five-fold excess of 

Fmoc-Val-OH, five-fold excess of DIC, 0.1 equivalents DMAP, DMF, three couplings 

of one hour). Aliquots of resin of approximately 100 mg wet mass were removed after 

every 10 minutes for the first 60 minutes, then at t = 90, 120 and 180 minutes. Reagents 

were replaced at r = 60 and 120 minutes, using standard manual SPPS protocols.^^ In 

addition, the quantities of fresh reagents added were adjusted to (approximately) take 

into account the mass of resin removed during each coupling cycle.

Each resin aliquot was dried, desiccated and the peptide cleaved in the manner 

previously described in Section 3.2.2. The crude peptide mixtures were then extracted
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into a 1:1 mixture of 0.02% v/v TFA in H2O (RP-HPLC solvent ‘A ’) and 0.016% v/v 

TFA in 9:1 MeCN/H20 (RP-HPLC solvent ‘B’) and 5 |xL of these solutions injected in 

chronological sequence, immediately following the injection o f the reference standards.

Analysis of the resulting chromatograms (see Section 5.3.4) and comparison to the 

pure reference standards showed that the product of the reaction after 180 minutes was 

exclusively the desired depsipeptide diastereoisomer (79). In addition, no racémisation 

o f the starting material or presence of dehydration products could be detected 

throughout the reaction. This was somewhat surprising, and suggested that p- 

elimination was perhaps occurring at an even later point in the synthesis.

This study was designed for qualitative assessment of the reaction progression, and as 

such, the quantity of depsipeptide formed over the course of the reaction cannot be 

measured, since each aliquot of resin taken from the reaction varied in mass. However, 

the peak area corresponding to the alcohol starting material and depsipeptide product 

(i.e. 77 and 79 respectively, after cleavage) can still be used as a measure of reaction 

completion, if it is represented as a percentage of total peak area. Graph 3.2 shows the 

variation of this data with time, although admittedly with a certain degree of error. For 

example, despite showing complete depletion of starting material by 180 min, a small 

quantity of compound 77 could be observed on the final chromatogram.
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Graph 3.2: Peak area for the alcohol starting material (77) and ester product (79) as a percentage o f total 

chromatogram area, versus time.
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However, the concentration of this compound was so low that accurate peak 

integration could not be carried out with the software available, and thus the product 

peak (using this method of analysis) accounted for the total peak area. Therefore, 

considering the negligible quantity of starting material remaining, it would appear that 

three one hour couplings are indeed sufficient to bring this reaction to completion.

It is worth attempting to describe the kinetics of this reaction using the data available. 

The reaction of the resin-bound alcohol with the activated amino acid acyl pyridinium 

salt, under normal solution-phase conditions, might be expected to follow a second- 

order model, due to the bimolecular nature of the addition-élimination mechanism.^ 

However, considering that the carboxylic acid and carbodiimide are in excess (five 

equivalents with respect to the resin-bound alcohol) and the catalytic nature of DMAP, 

the concentration of activated conjugates (0-acylisourea, symmetrical anhydride, or 

acyl pyridinium) might be assumed to remain approximately constant. In addition, the 

five-fold excess of reagents is probably an underestimate for a large proportion of the 

reaction, since the quantity of resin-bound alcohol decreases as the reaction proceeds 

towards completion. The reaction should therefore follow pseudofirst-order kinetics, 

with respect to the resin-bound alcohol. Assuming the concentration of the alcohol is 

proportional to its percentage of total peak area (A) at time /, the pseudofirst-order rate 

laŵ *'̂  (Equation 1) should be obeyed:

Equation 1 dA! d t -  -kA
\nA = -k t  + In A^

Thus, if the reaction is pseudofirst-order, a plot of In {A/Aq) against time should result in 

a straight line, with gradient of -k. Due to the paucity of data-points after 60 minutes, 

only the first coupling cycle was analysed, and Graph 3.3 demonstrates that this data 

does indeed produce a straight line when transformed.

However, looking at Graph 3.2 in more detail, the rate of product formation can be 

seen to increase on addition of fresh coupling reagents and carboxylic acid substrate at 

60 minutes. This is not in concordance with the pseudofirst-order model, and indicates 

that the previous assumptions may be erroneous.
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Graph 3.3: In ( A/ Aq) versus time.

One explanation might be that there is an insufficient excess of reagents to allow a 

pseudofirst-order model to be applied. Even if, for example, the reaction reaches 70% 

completion after one hour (i.e. 0.3 equivalents free resin-bound alcohol remaining), the 

addition of fresh reagents (five equivalents compared to the original quantity of starting 

material) only results in a 16.7 fold-excess (5.0/0.3) over the alcohol at this point. The 

‘isolation method’ for determining a complex rate law typically uses a much larger 

excess (about 20 -  100 equivalents) of all but one reagent to force the true rate law into 

pseudofirst-order fbrm.^ '̂^

Taking this into consideration, there is probably insufficient excess of coupling 

reagents and carboxylic acid substrate to allow true pseudofirst-order kinetics to be 

obeyed in our reaction. In addition, another contributing factor may be that the reaction 

has been oversimplified. There are potentially three reactive species (0-acylisourea, 

symmetrical anhydride and acyl pyridinium) present which can react with the resin- 

bound alcohol, most likely at different rates. Degradation o f these intermediates over the 

coupling cycle is also likely to have some impact, since anhydrous conditions were not 

used. It has also been assumed that the in situ activation o f the carboxylic acid (i.e. two 

or more consecutive reactions) is not rate-determining. Finally, the substitution of 

percentage total peak area for substrate concentration probably incorporates some level 

o f inaccuracy.

Therefore, while not truly obeying the rate law, there does appear to be a pseudofirst- 

order element to this reaction, with respect to the resin-bound alcohol. However,
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considering the small amount o f  data available, it is unlikely that the true rate law can 

be determined without further work.

In summary, despite a minute quantity o f  starting material remaining after three one 

hour couplings, it seems reasonable to assume these conditions are sufficient to allow 

completion o f  this reaction. Importantly, the predicted racémisation and ^-elimination 

side-reactions were not observed under these conditions.

3.4.3 Study 2: investigation into reagents for depside bond formation

The aim o f  this study was to perform a number o f  small-scale depside couplings using 

a variety o f  conditions, and cleave the resulting Fmoc-protected tridepsipeptide, 79. The 

crude product would be analysed by RP-HPLC, and the quantity o f  desired product 

determined using a calibration curve. As mentioned, the first study demonstrated that 

depside bond formation was effectively complete within three couplings o f  one-hour 

length using DIC/DMAP, and this was therefore used as a benchmark.

The D-trityl-deprotected dipeptide quinoxaline conjugate 81 was synthesised on a

1.08 mmol scale as previously reported“^̂  and the resin dried and desiccated. 50 mg 

aliqots o f  this resin were then allowed to swell in DMF and subjected to the depside 

coupling conditions (Scheme 3.17) as detailed in Table 3.2.

9 HO^O

H O '  °  F m o c H N ^  . Q

81 7 9

Scheme 3.17: Depside bond formation. Reagents and conditions', (i) (a) Various, see Table 3.2; (b) 

TFA/zPrjSiH/HzO (95:2.5:2.5) 2 h, rt, 0 -  69.8% over 7 steps, based on RP-HPLC calibration data and 

manufacturer’s resin substitution (see Table 3.2).

The resin aliquots were then washed, dried and desiccated, and cleaved using the 

procedure described in Section 3.2.2. The crude peptide mixtures were subsequently 

dissolved in a known volume o f  a 1:1 mixture o f  RP-HPLC solvents ‘A ’ and ‘B ’ in 

preparation for analysis.
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G raph  3.4: Study 2: calibration curve o f  mean peak area versus quantity o f  depsipeptide 79 (pmoi). Error 

bars represent standard error values.

In addition, a larger quantity of Fmoc-protected depsipeptide 79 was synthesised using 

standard conditions (DIC/DMAP), cleaved from the resin, purified and characterised. 

Eight concentrations (ranging from 0.0728 -  1.75 mM) of the pure depsipeptide were 

analysed in triplicate by RP-HPLC (System C, for details see Section 5.1.2), to produce 

a range of 5 to 120% of the peak area resulting from preliminary analysis of a 4 pL 

injection of the peptide mixture obtained from Reaction 1, which used the benchmark 

DIC/DMAP conditions. The data were then used to construct the calibration curve 

(Graph 3.4).

Immediately following the calibration injections, all the reaction aliquots were 

analysed once in sequence by RP-HPLC (System C), and the product peak area 

measured. From this, the total quantity of depsipeptide 79, and thus the percentage yield 

of each synthesis were calculated using the calibration curve. These results are 

summarised in Table 3.2 and Graph 3.5.

140



1 5 eq AA, 5 eq DIC, 
0.1 eq DMAP, 
DMF

12855807 0.0141 21.2 69.8 12 1.6

2 10 eq AA, 5 eq 
DIC, O.I eq 
DMAP, DMF

8959070 0.00979 14.7 48.4 3.7 0

3 5 eq AA, 5 eq DIC, 
0.5 eq DMAP, 
DMF

11229660 0.0123 18.5 60.9 3.9 0

4 5 eq AA, 5 eq DIC, 
5 eq HOAt, DMF

309170 0.000183 0.274 0.9 94 0

5 5 eq AA, 5 eq 
HATU, 5 eq HOAt, 
DMF

674570 0.000586 0.880 2.9 91 0

6 5 eq AA, 5 eq 
HCTU, 5 eq Cl- 
HOBt, DMF

0 0 0 0 93 6.9

7 5 eq AA, 5 eq 
HBTU, 5 eq 
HOOBt, DMF

0 0 0 0 100 0

8 5 eq AA, 5 eq 
HATU, 5 eq HOAt, 
5 eq DIEA, DMF

0 0 0 0 100 0
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9 5 eq AA, 5 eq HCTU, 5 
eq Cl-HOBt, 5eq DIEA, 
DMF

491116 0.000385 0.577 1.9 94 0

10 5 eq AA, 5 eq HBTU, 5 
eq HOOBt, 5 eq DIEA, 
DMF

0 0 0 0 100 0

11 5 eq AA, 5 eq PyBOP, 5 
eq HOAt, 5 eq DIEA, 
DMF

0 0 0 0 100 0

12 5 eq AA-OPfp, 0.1 eq 
DMAP, DMF

531880 0.000430 0.645 2.1 93 0

13 5 eq AA-OPfp, DMF 0 0 0 0 100 0
14 5 eq AA, 5 eq MSNT, 5 

eq NMI, DMF
9759052 0.0107 16.03 52.8 8.5 0

15 5 eq AA, 10 eq 
Triphenylphosphine, 10 
eq DEAD, THF

7421762 0.00809 12.13 40 7.3 36

Table 3.2: Reagents and conditions for depside coupling, the calculated yield o f product (79) and percentage total peak area corresponding to the remaining alcohol 

starting material (77) and by-products.

142



^  80

w 30

y  20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Reaction n um ber

G raph  3.5: Yield o f  depsipeptide product 79 for each synthesis.

It is important to note that the new resin substitution of desiccated resin-bound 

precursor 81 required calculation in order to take into account the mass difference 

between this and the original Fmoc-Ala-Wang resin. This was achieved by comparison 

of the total dry resin mass before and after synthesis of this compound, using Equations 

2 and 3:

Equation 2 

Equation 3

^o rig in a l  ^  ^ o r ig in a l
corrected mfinal

• V —  V V  yyj
aliquot corrected aliquot

Where S  = resin substitution (mmol g"'), m = resin mass (g), Y = theoretical yield 

(mmol). NB: Original mass and substitution refers to that of the commercial Fmoc-Ala- 

Wang resin, and final mass refers to the dessicated resin after 0-Trt deprotection (i.e. 

precursor 81).

The results summarised in Table 3.2 and Graph 3.5 are discussed below.

Aminium reagents/(aza)benzotriazole additives

The study by Riguera and co-workers^* "̂  ̂ found HBTU, HATU or PyBroP used with 

2,4,6-trimethylpyridine gave extremely poor yields (3 -  6%) for depside coupling,
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although this was increased significantly (to 50 -  60%) by the addition of 0.1 

equivalents of DMAP, After reporting poor yields when HOBt was used with DIC, and 

attributing this to the water content of the commercial material, the same authors 

decided not to investigate a combination of this reagent with HBTU. Since combining 

aminium reagents with DMAP is a little unorthodox, we decided to investigate the 

efficiency of the aminium reagents with their corresponding benzotriazole auxiliary 

nucleophiles; with and without the presence of a tertiary amine. As Graph 3.5 clearly 

demonstrates (reactions 5 -  11), this resulted in either an extremely low yield, or 

complete reaction failure. Furthermore, since anhydrous reagents were used in these 

reactions, it would appear that the low efficiency of this method is unrelated to the water 

content of the commercial material. The failure of the aminium/benzotriazole reagents 

in this reaction is relatively unsurprising, since it supports the results of previous 

work.’^'’̂ ^̂  In addition, benzotriazole active esters are known to be insufficiently 

reactive for most secondary amine couplings,^^ due to the hindered nature of the 

nucleophile. In the reaction studied here, a similar situation exists: the nucleophile (a 

primary hydroxyl) is less reactive than a primary amine, and therefore reacts slowly 

with the insufficiently active benzotriazole ester.

Bearing this in mind, it is worth noting the failure o f the newer azabenzotriazole- 

based reagents (HATU/HOAt), which have shown to be superior in coupling secondary 

amino acids.^'^’̂ ^̂  It might be expected that the azabenzotriazole moiety could perform 

the general base catalysis/anchiomeric assistance for estérification as it can for the 

coupling of secondary amines (Scheme 3.18), however this is either not the case, or it 

does not have a significant effect on the rate of reaction.

R’v H.e

o} N-V
V ° '« 'o

Scheme 3.18: General base catalysis/anchiomeric assistance o f  secondary amide formation by 

azabenzotriazole moiety (boxed). Possible mechanism for similar action in estérification.
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The carbodiimide DIC and the phosphonium reagent PyBOP

In contrast to the results found with the aminium reagents, the carbodiimide reagent 

DIC was shown to offer the best yield (69.8%), when combined with catalytic quantities 

o f DMAP. This was reduced to 48.4% if activation was via the symmetrical anhydride 

intermediate (achieved by using a two fold excess of the amino acid over the 

carbodiimide). This is in concordance with work by Hudson, which found that 

activation via the symmetrical anhydride appeared to be less efficient for standard 

amide coupling than if the 0-acylisourea was used.^*^

Surprisingly, the combination of carbodiimide with HOAt, a method often used for 

difficult couplings and macrolactamisations was found to be extremely inefficient for 

this reaction.’ Carbodiimide-mediated solid-phase hydroxyl group acylation 

is described by Albericio and co-workers in their automated depsipeptide synthesis 

protocoP^^ as requiring ‘more potent carboxy-activating reagents than HOBt.’ The 

authors therefore substitute DMAP as the auxiliary nucleophile, although admit that this 

is mainly for purposes of convenience. However, as mentioned previously, the 

azabenzotriazole ester seems to be no more suitable than the benzotriazole analogue for 

the purposes of depside coupling, which perhaps explains these results. Thus, it is worth 

noting at this point the complete failure of the phosphonium reagent PyBOP, when used 

in conjunction with HOAt. This is in some ways at odds with work by Davies and co- 

workers,^^^ which found the brominated analogue bromotrispyrrolidinophosphonium 

hexafluorophosphate (PyBroP), when used by itself, to be the one of the most efficient 

reagents tested for depside bond formation. However, it seems likely that in our study 

the azabenzotriazole active ester would probably have already formed before addition to 

the reaction vessel, during pre-activation. Therefore, since it has already been 

established that this ester is insufficiently active to permit depside coupling, the 

phosphonium reagent has probably been given an incomplete assessment. Further work 

should therefore investigate the use of phosphonium reagents without the addition of an 

auxiliary nucleophile. However, it is unlikely to hold any advantage over the 

carbodiimide method, since (as mentioned in Section 1.5.3) the SPPS of dolastatin 

analogues by Davies and co-workers’^’ required equimolar quantities of DMAP with 

PyBroP for successful depside coupling. This poor efficiency was also demonstrated in 

subsequent work by Riguera and co-workers.^^'’
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Azolide reagents and Mitsunobu conditions

The MSNT/NMI method for estérification reported by Blankemeyer-Menge and co- 

workers^'^* and later used by Hermann and co-workers^^^ appears to be almost as 

efficient as the DIC/DMAP method for depside coupling, and affords a good level of 

purity (no by-products were detected). When briefly trialled by Malkinson and co- 

workers^^^ this method was found to offer both inferior yields and purity, suggesting 

that there may be some variability in reaction outcome. The procedure for preparing the 

activated amino acid (detailed in Section 5.3.2) probably contributes to this variability, 

since it is a good deal more convoluted than the straightforward carbodiimide approach, 

and requires diligent maintenance of anhydrous conditions.

Mitsunobu conditions'^' used by Fancelli and co-workers^*^ also afforded a 

comparable yield to the carbodiimide approach. However, in concordance with previous 

work,^^^ a number of by-products were detected, including the now-familiar product of 

p-elimination.

The most effective reagents of those trialled for this reaction are clearly a combination 

of DIC and DMAP, calculated to afford the depsipeptide product in a yield of 70% 

(over six solid-phase steps and resin cleavage). Importantly, it appears that activation 

via the symmetrical anhydride rather than the DMAP conjugate leads to a large decrease 

in yield, most likely due to the increased stability of this intermediate.^*^ It has also been 

comprehensively demonstrated that the benzotriazole-type active esters are 

insufficiently reactive to acylate the hydroxyl side-chain of the dipeptide conjugate 81, 

in concordance with previous studies.^^^

3.4.4. Study 3: investigation into solvents for depside bond formation

The results of the first two studies demonstrated that three one-hour couplings using 

the carbodiimide reagent DIC in conjunction with DMAP afforded the best yield and 

purity of the depsipeptide product.

However, in all cases (apart from when Mitsunobu conditions were used) the reaction 

was carried out in DMF. Since this solvent has been associated with decreased 

efficiency in carbodiimide-mediated act ivat ion,^i t  was anticipated that the yield of 

depside bond formation might be increased by substitution with an alternative solvent.

Therefore, the aim of this final study was to assess the efficiency of the DIC/DMAP 

method with three solvents commonly used in SPPS: DMF, CH2CI2 and THF. The
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method chosen was identical in all respects to that described in Section 3.4.3, including 

the generation of the calibration curve (Graph 3.6).

25 n

20  -

y = 1E+09X + 277334  
= 0.996415 -

s  °
10 -
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A m ount of dep sip ep tid e  (pmoi)

0.015 0.02

Graph 3.6: Study 3: calibration curve o f mean peak area versus quantity o f  depsipeptide 79 (pmoi). Error 

bars represent standard error.

The depsipeptide was synthesised using 50 mg aliquots of the same dipeptide- 

functionalised resin used in the second study (i.e. 81). The dessicated resin was swollen 

in the solvent to be assessed for one hour prior to the coupling. The same solvent was 

then used in the pre-activation, coupling and washing steps. On completion of the 

reaction, the product was cleaved, prepared and analysed by RP-HPLC in an identical 

manner to that described in Section 3.4.3. However, since the number of samples to 

process was significantly smaller than the previous study, it was in this case possible to 

analyse each sample in triplicate, in order to provide some insight into the 

reproducibility of the RP-HPLC method. Thus, using the calibration curve, the yield of 

each reaction was calculated and compared to the corrected theoretical yield, as 

described in Section 3.4.3. These results are summarised in Graph 3.7. Although the 

effect is slight, it can clearly be seen that the solvent used in the depside coupling does 

appear to affect the outcome o f the reaction. This seems to be a function of polarity, 

with depsipeptide yield largest in CH2CI2 and smallest in DMF.

Solvent choice in SPPS must take into account two factors: the efficiency of the 

activation/coupling step, and peptide-resin solvation. In their synthesis of the peptide 

CGRP(8-37), Taylor and co-workers^^° found that higher peptide-resin solvation had a
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direct and beneficial influence on product yield and purity. Optimum results were 

achieved in solvents with the best hydrogen-bonding properties, and these were not 

necessarily the same solvents that gave optimum solvation to underivatised resin, since 

the peptide component imparted a considerable degree o f  polarity. CH 2 CI2 was found to 

offer the worst peptide-resin solvation, to the extent that a synthesis was not attempted 

using this solvent. DMF, however, provided superior peptide-resin solvation, and the 

best yield o f  their target compound.

e  95

Solvent

Graph 3.7; Yield o f depsipeptide product 79 from SPPS in three solvents. Error bars represent standard 

error of three RP-HPLC injections.

The differences o f  the Taylor synthesis with our depside coupling study are obvious; 

peptide-resin solvation is greatly reduced in lower-polarity solvents during the SPPS of 

long peptides such as CGRP(8-37), and thus solvents such as DMF and DMSO offer an 

advantage. In contrast, the dipeptide quinoxaline conjugate-derivatised resin (81) is 

unlikely to have significantly different swelling characteristics to underivatised resin. 

Based on this fact alone, it could be anticipated that the depside coupling would be 

equally efficient in all three solvents. However, this ignores the activation and coupling 

processes themselves. Results o f  a study by Hudson assessing the optimisation of 

carbodiimide-mediated amide coupling appear to indicate that increasing the proportion 

o f  DMF retarded formation o f  the 0-acylisourea, and possibly facilitated rearrangement 

to the inactive A^-acylisourea.^*^ This inefficiency o f  carbodiimide activation in polar 

solvents is now widely accepted; however in many syntheses the use o f  DMF is
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unavoidable, due to poor solubility of amino acids or peptide fragments in CH2 Cl2 .̂ ’̂̂ ’̂ 

It would therefore seem that this factor probably caused a slight decrease in the yield of 

the depside coupling, when it was carried out in DMF. THF has previously been used as 

a solvent for this reaction by Kuisle and c o - w o r k e r s , a n d  seems to offer adequate 

resin swelling characteristics. In addition, this solvent has not been reported to promote 

/'/-acylisourea formation.

In summary, it seems that the efficiency of solid-phase depside coupling in the 

synthesis of compound 79 is not greatly affected by the solvent in which it is carried 

out. This is most likely due to the small size o f the resin-bound starting material 

allowing similar peptide-resin swelling in both high- and low-polarity solvents. The 

same outcome would probably not be expected with a larger peptide, which most likely 

would require the use of DMF for adequate peptide-resin solvation. In addition, the 

increased efficiency of carbodiimide activation is probably the driving force behind the 

small advantage apparently offered by CH2 CI2 . However, the significance of this effect 

cannot be assessed without repeating each coupling a number of times in order to 

ascertain experimental repeatability (as opposed to the reproducibility of the analytical 

method, which appears relatively sound). Due to the similarity of the yields obtained 

with each solvent, this course of action would probably have limited value.

3.4.5. Investigation into on-resin depside bond formation using an RP-HPLC- 

based methodology: summary

This study shows that it is indeed possible to accurately monitor the depside bond 

formation using a retrospective RP-HPLC methodology. In addition, we have been able 

to accurately quantify the yield of depsipeptide product, using a calibration curve 

constructed from known concentrations of a reference standard.

It has been shown that the carbodiimide reagent DIC in conjunction with DMAP 

afforded the best yields and purities of the depsipeptide product, compared with a range 

o f standard coupling reagents. This method of activation was also determined to afford 

a slightly better yield when the reaction was carried out in CH2CI2 , compared to DMF 

and THF. Monitoring o f the reaction also demonstrated that it was effectively complete 

after three coupling cycles of one-hour length.

However, there does appear to be some variability in this methodology. For example 

the best yield of compound 79 in the second study (Section 3.4.3, Table 3.2) is 

calculated as approximately 70%, yet when this is repeated under identical conditions in 

the third study (Section 3.4.4, Graph 3.7) the yield is closer to 80%. It is likely that a
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combination of factors contributes to this variability, related both to the analytical 

technique and the reaction itself. For example, the degree of solvent evaporation in the 

samples analysed is almost certainly different. It is also important to note that the 

reproducibility of depside coupling has not been assessed, and thus might be expected 

to introduce some variability. In addition, this retrospective method for reaction 

monitoring has one distinct disadvantage, in that it is an indirect observation. While N^- 

Fmoc deprotection of the depsipeptide product during resin-cleavage has been 

dismissed as a confounding factor, there may be a number of other side-reactions 

occurring during this step which have not been detected. It is also likely that the 

cleavage step and subsequent recovery of product(s) is, to some degree, incomplete.

Despite some drawbacks, this approach has the obvious benefits of higher precision 

and reproducibility than colourimetric methods for reaction monitoring. It also provides 

an opportunity to quantitatively assess the yield and degree of racemisation/by-product 

formation. The process of removing, desiccating and cleaving resin aliquots is perhaps 

slightly laborious, and probably incorporates a certain degree of error, due to either 

degradation or modification of the depsipeptide product. However, this technique used 

is (at present) more accessible to a peptide chemist than analytical methods such as 

MAS-NMR, FT-NIR or EPR spectroscopy.
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3.5 Attempted SPPS of the natural product triostin A, the analogue triostin A 

cysteine demethvlated (TACDEM) and a solution-phase study of diketopiperazine 

formation

3.5.1 Triostin A/TACDEM SPPS: oyeryiew

Following the solid-phase-based synthesis of TANDEM, it was envisaged that the 

same methodology could be applied to the natural product triostin A, and partially-A- 

methylated analogues such as triostin A cysteine demethylated (TACDEM, 82). The 

latter compound was chosen as it was predicted by Waring and co-workers^^^ to have 

the same CpG sequence selectivity as triostin A, but had never been synthesised.

: H :

8 2

Figure 3.10: Triostin A cysteine demethylated (TACDEM, 82).

/— ^  Me Me Me

^  0 ^ Fmoc"̂ Ŷ SBam
COgH COgH COgH COgH
8 3 8 4

Schem e 3.19: Synthesis o f Fmoc-MeCys(Bam)-OH: Reagents and conditions: (i) NHs/Na, 6 h, -70 “C, 

64%; (ii) HO-Bam, TFA, 1.5 h, rt, 81%; (iii) Fmoc-OSu, NazCO,, THF/HzO, 4 h, 10 °C -  rt, 86%.

The synthesis of triostin A required a suitably-protected A^-methylated cysteine 

residue, the precursor o f which was prepared from i?-(-)-thiazolidine-4-carboxylic acid 

(83) using the procedure originally devised by Blondeau and co-workers^^’ in a highly 

satisfactory yield o f 64%. Protection of the thiol and amine as the 5'-benzamidomethyl 

aminothioacetal (Bam) and Fmoc carbamate respectively using a previously reported 

procedure^^^ was carried out in a further two steps to yield Fmoc-Cys(Bam)-OH (84) in 

45% overall yield.
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With this subunit in hand, the solid-phase synthesis of triostin A was carried out in an 

almost identical manner to the procedure as described previously for the TANDEM 

chromophore analogues (see Section 3.2), with two exceptions. Firstly, HATU and 

HOAt were substituted for HBTU and HOBt in coupling to the ^-methylated amino 

acids, as the azabenzotriazole-based reagents have been shown to be significantly more 

reliable for this task. '̂*'^^  ̂ Secondly, these couplings were monitored using the chloranil 

resin test,^°^ as the Kaiser test is unsuitable for detecting the presence of secondary 

amines (see Section 1.4.3).

Unfortunately, analysis of the crude peptide by RP-HPLC revealed a mixture of 

products; with a significant presence of the now-familiar dehydroalanine-containing 

dipeptide quinoxaline conjugate (Scheme 3.20, 69). Initially, this was thought to be a 

result o f increased peptide lability to the highly acidic conditions of resin-cleavage, 

perhaps via the oxazolone-type mechanism proposed by Urban and co-workers (Scheme 

3.21 However, when the synthesis was repeated on chlorotrityl resin'*'

(requiring significantly milder acidolytic cleavage conditions), the result was identical. 

In addition, difficulties were encountered during the synthesis of the analogue 

TACDEM, when the resin yielded a negative Kaiser test after A“-Fmoc deprotection of 

the first cysteine residue. The combination of these observations led us to believe that 

the basic deprotection conditions may have promoted intramolecular depside bond 

aminolysis by the A^-terminus, forming a diketopiperazine (DKP) which was 

subsequantly removed on resin washing. This would, in theory, leave the dipeptide- 

chromophore conjugate (Scheme 3.20, 81) bound to the resin. Since it has already been 

shown that standard coupling conditions (HBTU/HOBt) are insufficient for depside 

bond formation, repeated treatment with base over the remaining couplings may have 

caused ^-elimination to form the dehydroalanine-containing dipeptide detected in the 

crude peptide material. Alternatively, this product may have been formed via the p- 

elimination side-reaction encountered during the synthesis of TANDEM, [Nap, Qxc] 

TANDEM and [Ac, Qxc] TANDEM (Section 3.2), which appeared to be promoted by 

the presence of a quinoxaline moiety proximal to the depside bond. In either case, 

however, this theory did not explain the normal chloranil and Kaiser test results 

achieved subsequently to this step in the synthesis of triostin A.
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Scheme 3.20: Proposed depside bond cleavage under basic conditions, via a DKP intermediate. 

TACDEM synthesis: R = H, R' = Acm. Triostin A synthesis: R = Me, R' = Bam.
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Scheme 3.21: Acidolysis o f A-alkyiated peptides via the oxazolone (A) and DKP (B) mechanisms. X, X' 

= peptide.

The mechanism for peptidolysis under acidic conditions via a DKP intermediate 

(Scheme 3.21 B) was initially proposed by Anteunis and Van der Auwera/^^ and since 

then this has become recognised as a major side-reaction in the SPPS of A^-methyl-rich 

peptides.^ '̂* It is also known that A-terminally deprotected dipeptides with an N- 

alkylated amino acid or proline at the C-terminus, anchored to the resin via an ester, are
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prone to DKP formation/^ It would therefore be logical to propose that our vV-alkylated 

tetradepsipeptide behaves in the same manner.

3.5.2 RP-HPLC analysis of TACDEM SPPS

In order to study this interesting side-reaction, the synthesis o f  TACDEM was 

repeated on a 0.43 pmol scale, i.e. utilising 0.6 g o f  Fmoc-Ala-Wang resin with 0.72 

mmol g'' substitution (Scheme 3.22). Resin aliquots were removed after the O-trityl 

deprotection o f  the D-serine side-chain, after each hour o f  the depside bond formation, 

after A^-Fmoc deprotection o f  the A-terminal MeVal residue and during the coupling of 

Fmoc-Cys(Acm)-OH.
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Scheme 3.22: Analysis o f TACDEM synthesis.

RP-HPLC analysis (System C, for details see Section 5.1.3) o f the crude peptide 

products from each o f  these aliquots revealed what appeared to be exclusive formation 

o f  the desired product at each stage, with no evidence o f  by-product formation. The 

washings from the subsequent A^-Fmoc deprotection o f  85 were then collected, yet the
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proposed DKP by-product (86) could not be isolated. The remaining resin was subjected 

to acidolysis, and RP-HPLC analysis (System C) of the crude peptide obtained revealed 

a single peptide product virtually identical in retention time to the quinoxaline dipeptide 

conjugate (77). After purification by RP-HPLC (System D, for details see Section 

5.1.3), ’H-NMR spectra of this compound was compared with that of the RP-HPLC 

kinetics standard (77) and found to be identical. This was further confirmed by mass 

spectrometry. Although the proposed DKP by-product could not be isolated, this result 

confirmed that depside bond cleavage was occurring during A/“-Fmoc deprotection at 

the first cysteine residue. In order to investigate further, a model study was proposed in 

which the appropriate Fmoc-protected dipeptide benzyl ester (87) would be synthesised 

by a solution-phase methodology. Treatment of this with a solution of 20% vA 

piperidine in CH2CI2 should therefore reveal the propensity for this sequence to cyclise 

to form the diketopiperazine.

3.5.3 Synthesis of the model A“-Fmoc-protected dipeptide benzyl ester 87

A°-Boc protected MeVal was esterified by using the Cs2C0 3 /BnBr method developed 

by Wang and co-workers (Scheme 3.23).'^^ Analysis by ’H- and ’^C-NMR revealed that 

compound 88 appeared to exist in two distinct conformations, in an exact 1:1 ratio, most 

likely due to steric interactions between the bulky protecting groups and the alkyl side- 

chain preventing free rotation about one or more sigma bonds. Removal of the A/“-Boc 

protection using a 50% v/v solution of TFA in CH2CI2 generated the corresponding 

secondary amine (89) which was found to exist in solution as only a single conformer.

(ii) Y
B o c N '  B o c N ^ Y ° ^ "

M e  O  M e O  M e O

88 8 9

O
('■') ,  F m o c H N ^ ^ ^ ^  O B n (iv)

NH

S A c m
86

Acms" °
8 7

Scheme 3.23: Synthesis o f  model A'“-Fmoc-protected dipeptide benzyl ester (87) and corresponding DKP 

(8 6 ). Reagents and conditions', (i) (a) CS2 CO3 , MeOH, 1.5 h, 0 °C -  rt; (b) BnBr, DMF, 15 h, rt, 87% over 

two steps; (ii) 50% v/v TFA in CH2 CI2 , 1 h, rt, 8 8 %; (iii) Fmoc-Cys(Acm)-OH, EDC, HOAt, 

CH2 CI2 /DMF, -10 °C, 10 min, then 0 °C, 4 h, 71%; (iv) 20% v/v piperidine in CH2 CI2 , 30 min, rt, 

quantitative.
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Coupling of Fmoc-Cys(Acm)-OH to this subunit was carried out using EDC/HOAt, 

with no added base, to reduce the risk of racémisation. The dipeptide 87 was thus 

obtained in 71% yield, and subsequently subjected to A“-Fmoc deprotection conditions 

using a 20% v/v solution of piperidine in CH2CI2 . Total consumption of the starting 

material was observed by TLC analysis after 30 min; however there was no obvious 

presence of the deprotected dipeptide. Indeed, the major product was isolated and 

identified by NMR and high resolution MS experiments as the DKP (86), which was 

afforded in quantitative yield.

3.5.4 Modelling of the A“-Fmoc deprotection of dipeptide benzyl ester 87

The surprisingly strong propensity of the A°-deprotected model dipeptide to undergo 

cyclisation to the DKP prompted a brief investigation into the energetics of this 

transformation. This work was carried out by Dr Mire Zloh at the the School of 

Pharmacy. It must be noted that the results of this investigation are only preliminary 

findings, and some abnormalities exist. In particular, attention is drawn to the higher 

energy of the products when compared to the original reactants, which suggests an 

endothermie reaction. Since this is almost certainly not the case, the phenomenon was 

rationalised by the absence of solvent representation during modelling experiments. It 

was suggested that further work would be necessary to optimise the method used for 

these calculations.^^^

The modelling of the reaction and location of transition states were carried out using 

ChemBioOffice v.l 1, Macromodel v.8.5 and MOPAC (Molecular Obital Package) v.7. 

Initial 2D structures of reactants were built using Chemdraw and were converted into 

the 3D structures by Chem3D. The structures were then saved as a mol2 file and 

imported into Maestro, the graphical user interface for Macromodel. The 

conformational search was carried out on the whole system o f reactants (including the 

species that did not change at the end of reactions). The Merck Molecular Force Field 

(MMFF) was used and the solvent was represented implicitly by the Generalised Bom 

Surface Area (GB/SA) method. The lowest energy complex was used to prepare the 

MOPAC input file for system optimisation using the PM6 parameter optimisation 

me t hod^a nd  without solvent consideration.
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Schem e 3.24: A^-Fmoc deprotection and DKP formation. Structures correspond to those modelled in 

Figures 3.9 to 3.15 (transition state 3 not shown).

The most important steps of the reactions were predicted by consideration of the 

mechanisms for A^-Fmoc deprotection and subsequent cyclisation, and each step was 

thus created by breaking appropriate bonds and rearranging atoms to create tentative 

systems containing intermediates and final products. Each system was minimised using 

the MOPAC and PM6 method, and the final heat of formation was recorded for each 

step. The transition states between each step were generated using MOPAC. The heat of 

formation was determined for each of the resulting intermediate structures, and the 

difference between the heat of formation for the reactant and the transition state for each 

step corresponds to the activation energy of the step.^^^

Scheme 3.24 shows the A“-Fmoc deprotection of 87 (Figure 3.11), resulting in 

transition state 1 (Figure 3.12) which resolves in Figure 3.13 to the piperidinyl 

carbamate salt (90). After proton transfer to transition state 2 (Figure 3.14) and again to
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Figure 3.15, decarboxylation results in immediate attack of the free amine on the benzyl 

ester to yield transition state 3 depicted in Figure 3.16. Small adjustments in 

conformation yield the final DKP product (86) in Figure 3.17. It is interesting to note 

that in Figures 3.12 to 3.15 the A^-terminus is in no position to attack the benzyl ester via 

the accepted Biirgi-Dunitz trajectory (approximately 105® ± 5° to the C = 0 bond).^^ '̂^^^ 

Indeed, the desired conformation obviously requires C -N  bond rotation of the dipeptide 

amide to the cis form, in order for the two termini to be in close proximity.

F igure 3.11: N“-Fmoc protected dipeptide benzyl ester (87) in the presence o f piperidine.

>  /

Figure 3.12: A^-Fmoc deprotection tiansition state 1,
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F igure 3.13: A/"-deprotected carbamate-piperidine salt (90) and dibenzofulvene by-product.

F igure 3.14: A'"-deprotected carbarnic acid (ti ansition state 2).
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Figure 3.15: /V“-deprotected carbamate zwitterion (R -N H 2*-C 00 ).

F igure 3.16: DKP (transition state 3).
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Figure 3.17: DKP pixxluct (86), benzyl alcohol, CO 2 , dibenzofulvene and piperidine.

-50  -
Transition state 1

-100

P  -150  -

-200 Transition state 2 Transition state 3

Carbamic acid DKP-250  J Protected N-deprotected
dipeptide dipeptide

Reaction stage

G raph 3.8: Energy diagram for modelled A^-Fmoc deprotection and DKP formation.

This might explain in part why DKP formation is not a reported side-reaction in the 

SPPS of TANDEM, since non-alkylated amides can less easily adopt the sterically 

hindered cis conformât i o n . A n a l y s i s  o f the theoretical activation energies, 

summarised by Graph 3.8, also shed further light on the driving force behind DKP 

formation. It is immediately apparent that the limiting step o f the entire reaction is the 

initial Fmoc deprotection, which has a transition state significantly higher in energy 

than the remaining transformations. In particular, the energy required for the trans to cis 

rotation of the dipeptide amide bond appears to be several orders smaller than this.
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3.5.5 Intermediate summary

The quantitative DKP formation found on A^-Fmoc deprotection of the model 

dipeptide (87) perhaps explained the complete failure of TACDEM SPPS at such an 

early stage. Modelling experiments also demonstrated that the energy requirements for 

trans to cis interconversion of the amide bond and cyclisation appeared to be several 

orders smaller than that required by the deprotection itself.

However, as previously mentioned, this theory appeared to be at odds with the results 

of colourimetric resin tests taken throughout the attempted synthesis of triostin A. At no 

point did these indicate the undesired DKP formation, as detected during the synthesis 

of TACDEM, implying that failure of the triostin A synthesis was due to a rather less 

well-defined cause. While it would have been instructive to carry out an RP-HPLC 

study, it was felt that the remaining quantity of Fmoc-MeCys(Bam)-OH would be better 

used in synthesising a model dipeptide, in the same manner as before. A direct 

comparison could therefore be made regarding the propensity for each sequence to 

cyclise.

3.5.6 Synthesis of the model A“-Fmoc-protected dipeptide benzyl ester (91)

The procedure (Scheme 3.25) for the synthesis of 91 was identical in all respects to 

that o f the previous model dipeptide (87), apart from utilising the Fmoc-MeCys(Bam)- 

OH subunit originally synthesised for the SPPS of triostin A.

Me  O

O B n  (i) ^  O B n  ______ ^ ^  O

8 9  91  1 ^
°  B a r n s '^ ’  °  O '  Y  M e

S B a m  

9 2

Schem e 3.25: Synthesis o f  model -Fmoc-protected dipeptide benzyl ester (91) and corresponding DKP 

(92). Reagents and conditions: (i) Fmoc-MeCys(Bam)-OH, EDC, HOAt, CH2 CI2 /DMF, -10 °C, 10 min, 

then 0 °C, 4 h, 64%; (ii) 20% v/v piperidine in CH2 CI2 , rt, 30 min, 35%.

On A/“-Fmoc deprotection of the dipeptide (91), TLC analysis indicated complete 

consumption of the starting material after 30 minutes. Unlike the previous synthesis 

however, it appeared that this resulted in two products of similar polarity. Poor aqueous 

solubility prevented separation by RP-HPLC, and flash chromatography proved 

exceedingly troublesome. However, the compound of lower polarity was isolated and 

identified by NMR and high resolution MS analysis as the diketopiperazine (92), which
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was afforded in 35% yield. The compound of higher polarity could not be further 

purified (despite multiple attempts) but was identified by 'H-NMR of the crude material 

as the A^-Fmoc-deprotected linear dipeptide benzyl ester, contaminated with 92. Using 

integration, it was calculated that the A^-Fmoc-deprotected linear dipeptide and DKP 

were present in this mixture in an approximate ratio of 5:1. If the quantity of DKP in the 

crude material is estimated using this ratio and added to the pure quantity of 92, the total 

yield of this product is increased from 35% to 46%. Therefore, although the yield for 

the formation o f the DKP is not strictly accurate (since not all was evidently recovered), 

this sequence does seem to have a lower propensity for cyclisation compared to the 

previous dipeptide. In hindsight, this is relatively unsurprising, since the potential for 

nucleophilic attack by A^-methylated amines is largely hindered by their increased steric 

bulk. These observations might explain why the SPPS of the linear triostin A sequence 

appeared to be successful, based on colourimetric resin tests. If the sequence behaved in 

the same manner as the model dipeptide, resin tests subsequent to the A^-Fmoc 

deprotection of the first methyl cysteine residue would probably not have been sensitive 

enough to detect the decrease in yield due to partial diketopiperazine formation. 

However, the second methyl cysteine A^-Fmoc deprotection was also the last step of the 

linear depsipeptide synthesis, and thus even partial diketopiperazine formation would 

leave only a small quantity of the desired product remaining on the resin. Since this side 

reaction can also be acid-catalysed,^^^ further degradation might also have occurred 

during the acidic conditions of resin-cleavage.

3.5.7 Attempted SPPS of TACDEM via an A“-Fmoc/Trt protection strategy

Extensive work by Albericio and co-workers has shown that the use of A“-Trt- 

protected amino acids in appropriate positions can allow the synthesis of sequences 

previously susceptible to DKP formation,^^’̂ ’̂'̂ °® '̂ °’ since acidolytic deprotection avoids 

the presence of a free A-terminal amine. It was therefore decided that this strategy 

should be adopted for the synthesis of TACDEM.

Despite lower yields than other reported methods,"^®̂  the more rapid ‘one-pot’ 

synthesis of Mutter and Hersperger^^ was chosen for production of the appropriate 

cysteine residue. In this procedure, H-Cys(Acm)-OH was treated with Trt-Cl in the 

presence of Et]N for approximately five hours. Unfortunately, the trityl ester 

intermediate appeared to be extremely resistant to the reported methanolysis conditions, 

and thus an 80% v/v solution of MeCN in H2O was successfully utilised instead.
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Subsequent purification by flash chromatography afforded Trt-Cys(Acm)-OH (93) in a 

yield of 48% over both steps (Scheme 3.26)

, S A c m  ^ S A c m  ^ S A c m

TrtHN^'Y®^^ TrtH N^Y°^
0 0 O

9 3

Schem e 3.26: Synthesis o f  Trt-Cys(Acm)-OH. Reagents and conditions: (1) Trt-Cl, EtsN, CH2 CI2 , 5 h, 

reflux; (ii) M eCN/H20, 15 h, rt, 48% over two steps.

Solid-phase synthesis of TACDEM was attempted on a 0.25 mmol scale in the 

manner reported in Section 3.2. However, significant difficulty was found in coupling 

the A“-Trt protected cysteine residue (93) to the resin-bound secondary amino group of 

valine, using the standard conditions of HATU/HOAt in the presence of zPrzEtN. No 

improvement was found using DIC/HOAt, PyB OP/HO At, or HATU in the presence of 

iPriEtN,"^®’ and since the chloranil test of the peptide-resin indicated that a large 

proportion of free amine remained, the synthesis was terminated at this point.

3.5.8 Summary

Although neither of the proposed diketopiperazine by-products from the solid-phase 

synthesis of triostin A nor TACDEM could be retrieved, it has been shown that both 

sequences have a relatively high predisposition for this side-reaction, based on the 

behaviour of the model dipeptides 87 and 91. It is unfortunate that there was insufficient 

time to carry out modelling experiments of both dipeptides and compare activation 

energies.

Interestingly, while this work was being completed, Albericio and co-workers 

published their solid-phase synthesis of oxathiocoraline, a depsipeptide analogue of the 

marine-derived bis-intercalator thiocoraline (Figure 3.18), closely related in structure to 

triostin A.^^* They describe the difficulties encountered during conventional C N  

SPPS of the linear octadepsipeptide precursor, and attribute the failure of this approach 

to DKP formation, involving a similar dipeptide motif to those which are described 

here. This problem was solved by forming the disulfide linkage on-resin at the 

tetradepsipeptide stage, between two adjacent strands.
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Figure 3.18; Thiocoraline and the unnatural analogue oxathiocoraline.

The authors propose that the subsequent reduction of chain flexibility limited 

diketopiperazine formation, allowing resin-cleavage and ring closure steps to be carried 

out without further complications.^^*

To produce triostin A and TACDEM via the current methodology (i.e. SPPS of the 

linear octadepsipeptide followed by solution-phase macrocyclisation and disulfide 

formation) obviously requires some modification of the synthesis. Although the use of 

A“-Trt-protected cysteine seemed to be a viable solution to the problem, as 

demonstrated in the literature,^^’̂ ’̂'̂ ®̂’'̂ ®* we found that coupling of this building block to 

the secondary amino group of valine was simply too inefficient to justify continuation 

of SPPS.

While it is likely that adopting a conventional Boc-based strategy for solid-phase 

synthesis o f the linear sequence would avoid significant DKP formation, this usually 

requires the use o f HF for resin-cleavage. However, there are a number of viable (and 

safer) alternatives. Interestingly, a significant diketopiperazine side-reaction has 

recently been reported by Carpino and co-workers during development of their SPPS 

depsipeptide methodology for difficult sequences.^^° This was overcome by the use of 

A“-Bsmoc-protected amino acids in positions where DKP formation was prevalent, 

probably because this protecting group requires significantly milder cleavage conditions 

(2% v/v piperidine in DMF for 3 minutes). It is possible that the use of Bsmoc- 

Cys(Acm)-OH in our synthesis might therefore avoid this suspected side-reaction. An 

alternative strategy would be to utilise the hyper acid-labile Bpoc group, which might 

allow acidolytic deprotection without significant resin-cleavage.*^ Since both Bsmoc 

and Bpoc are moderately bulky carbamate protecting groups, it is anticipated that 

coupling o f the protected building block would be considerably more efficient than the 

corresponding A“-Trt-protected residue.
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However, the subsequent solution-phase macrocyclisation step requires long reaction 

times in the presence of a tertiary amine base, and since cysteine is again at the N- 

terminus, significant DKP formation is anticipated. It would seem that the successful 

solid-phase-based synthesis of these compounds may require an entirely different 

approach.
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3.6 Side-chain immobilisation strategy for potential total SPPS of TANDEM, 

triostin A and related analogues

3.6.1 Introduction to strategy

It had not escaped attention that the difficult macrolactamisation step o f  the 

TANDEM synthesis was severely limiting the overall yield. Intermolecular side- 

reactions are a common problem, sometimes overcome by decreasing the concentration 

o f  the substrate.^^^ However, even at 1 -  2 mM dilutions, significant oligomerisation 

was observed during this step. As mentioned previously, it also seemed that the 

approach o f  Malkinson and co-workers for the SPPS o f  the linear octadepsipeptide was 

inappropriate for triostin A and TACDEM, due to apparent diketopiperazine formation. 

It was realised that both problems could potentially be eliminated through the use of a 

side-chain immobilisation strategy.

Many cyclic peptides have been synthesised in this manner, typically immobilising 

via the side chain o f  a Glx or Asx residue,^^^'^^^ a lysine or ornithine,"*^ or a serine or 

tyrosine residue.“^̂ ’“ °̂ (see Section 1.6.3). This has a distinct advantage over solution- 

phase macrocyclisation, in that the occurance o f  intermolecular reactions is virtually 

eliminated due to the so-called ‘pseudodilution effect’

Since TANDEM lacks the side-chains conventionally used for this approach, it was 

decided to develop a linker which could be attached to the side-chain of cysteine. This 

might have the additional benefit o f  potentially eliminating the diketopiperazine side- 

reaction in the synthesis o f  triostin A and TACDEM; particularly if an A^-Boc or N^- 

Fmoc/Boc combination strategy could be employed. The use o f  A^-Boc protection at 

certain stages (Scheme 3.27) might prevent predicted DKP formation, since its removal 

only requires brief acidic treatment. In situ neutralisation could be employed during 

subsequent coupling to the free amine, and although DKP formation would almost 

certainly result, its prevalence might be minimised.

O Me
X.

9  9
Q /  Me O

O Me O Me * Me 0  ^

Scheme 3.27; Suggested SPPS o f triostin A using a cysteine side-chain linker and /V“-Fmoc/Boc, D-Trt 

combination protecting group strategy. X = orthogonal C-terminal protecting group.
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Therefore, not only was the linker required to be stable to the basic conditions of A^- 

Fmoc removal and subsequent coupling, but also the highly acidic conditions of A^-Boc 

deprotection. In addition this would also mean that it could be utilised in the synthesis 

o f other peptides where acidolysis was required for side-chain deprotection.

Previously in this laboratory'^®  ̂ attempts had been made to synthesise a suitable linker 

based on the acetamidomethyl (Acm)*'^  ̂ or phenylacetamidomethyl (Phacm)'"^^ 

aminothioacetal protecting groups for the cysteine side-chain (Scheme 3.28, 94 and 95 

respectively). This approach would allow simultaneous resin cleavage and disulfide 

formation on oxidative treatment of the cyclic resin-bound depsipeptide, for example by 

using a solution o f I2 .

D d eH N ^ ^ ^ N H s  X — ► DdeHN_^^%^x.^N^OH

O O
94

O2N

NH 'OH

NH2 .OH

O
96

Schem e 3.28: Hydroxymethyl installation in Acm, Phacm and Barn-based linker designs.

In addition, the aminothioacetal protecting groups also have reasonable stability to 

harshly acidic conditions, making them ideal candidates for investigation. However, the 

synthesis o f this linker was found to be rather more difficult than anticipated, due to 

inefficient installation of the necessary A-hydroxymethyl functionality.'^®^ Fortunately, 

success was met when this procedure was carried out on 4-nitrobenzamide, in effect 

modelling the linker (96) on the benzamidomethyl (Bam) protecting group previously 

used in Section 3.5 for the side-chain protection of A-methyl cysteine.

Taking into account the results of this past work, it was decided that 4-nitrobenzamide 

was a worthy starting material; it was relatively inexpensive, and could be transformed 

into a plausible linker with a few simple manipulations. Retrosynthetic analysis 

(Scheme 3.29) o f the target compound (97) indicated a seemingly straightforward initial 

disconnection to yield the intermediate 98 and succinic anhydride. The aniline could be 

derived in a straightforward manner from the 4-nitro compound, with the final
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disconnections yielding the starting materials for the A^-hydroxymethyl installation, i.e. 

4-nitrobenzamide and formaldehyde.

o

'  '  v ° ”97 O 98
NHz

Ky
9 o

H H

=  H O  N 
H

NO2 ^^'^N02
96

Schem e 3.29; Retrosynthesis o f  proposed solid-phase linker (97).

3.6.2 Linker and building-block synthesis

The commercially available starting material 4-nitrobenzamide was subjected to 

overnight treatment with a 37% solution of formaldehyde (a 1.4-fold excess) in the 

presence of 0.14 equivalents K2C0 3 ."̂®̂ This yielded a product which was 

chromatographically very similar to the remaining starting material and could only be 

visualised as a separate entity by developing the TLC plate at least three times. Since 

column chromatography would inevitably prove difficult, the crude material was used 

in the following TBDMS ether protection step without further purification. This enabled 

chromatographic separation o f the protected vV-hydroxymethylbenzamide from the 

benzamide starting material, and compound 99 was afforded in 66% yield over the two 

steps (Scheme 3.30). Reduction of the nitro functionality was achieved using palladium- 

catalysed hydrogenation in THF overnight, yielding quantitative amounts of the 4- 

amino intermediate (100). Unfortunately the aniline functionality was found to be 

extremely unreactive, and subsequent coupling to succinic anhydride was unsuccessful. 

Condensation with methyl succinyl chloride appeared to be a feasible option and 

produced reasonable yields of the amide. However, saponification of the methyl ester 

was found to be incompatible with the TBDMS ether. Mono-benzyl succinate was 

therefore synthesised by the procedure of Linstead and co-workers'^^^ and coupled to the 

aniline using EDC in the presence of catalytic quantities of DMAP. This afforded the 

bis-protected linker precursor (101) in 75% yield. Subsequent removal of the benzyl 

ester protection using identical catalytic reduction conditions to those for the nitro 

reduction was straightforward and afforded compound 102 in 94% yield.
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Schem e 3.30: Synthesis o f  solid-phase linker for immobilisation via the cysteine side-chain. Reagents 

and conditions: (i) (a) HCHO, K2 CO3 , dioxane/H2 0 , 35 h, rt; (b) TBDMSCI, DMF, 15 h, rt, 6 6 % over 

both steps; (ii) H2 , Pd/C, 20 h, rt, quantitative; (iii) methyl succinyl chloride, /Pr2 EtN, THF, 4 h, rt, 60%; 

(iv) mono-benzyl succinate, EDC, DMAP, THF/DMF (1:1), 20 h, rt, 75%; (v) H2 , Pd/C, 15 h, rt, 94%.

In order to protect the carboxyl ic acid of the side-chain immobilised cysteine, the ally! 

ester was chosen, since it is completely orthogonal to the Fmoc carbamate and was 

anticipated to withstand the highly acidic conditions required for the thiol protection. 

Once again, the mild estérification conditions of Wang and co -w o rk ers(S ch em e 

3.31) were used to prepare the appropriate orthogonally tri-protected cysteine (103) 

from the commercially available free acid. The methoxytrityl (Mmt) thioether 

deprotection required slightly more aggressive conditions than previously reported*"  ̂

(see Section 1.3.4), nevertheless, the free thiol building block (104) was afforded in a 

reasonable overall yield of 74%.

F m o c H N

S M m t  

O H  

O
F m o c H N

S M m t

OAII

S H

(ii)
F m o c H N

OAII

O
103

O
104

Schem e 3.31: Synthesis o f  Fmoc-Cys-OAIl. Reagents and conditions: (I) (a) CS2 CO3 , MeOH, 1.5 h, 0 °C 

-  rt; (b) AlIBr, DMF, 3 h, rt, 78% over both steps; (ii) 2% v/v TFA, CH2 CI2 , rt, 3 h, 95%.
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3.6.3 Cysteine side-chain immobilised SPPS: first loading method

Once the linker had been synthesised, the strategy for resin loading and attachment to 

the cysteinyl building block (104) was considered. MBHA resin (see Section 1.4.2) was 

chosen due to wide availability; it is also easily functionalised using aminium coupling 

reagents and stable to conditions required for A“-Boc deprotection. In the initial 

methodology (Scheme 3.32), the TBDMS-protected linker (102) was attached to the 

resin using standard HBTU/HOBt-mediated coupling. TBDMS deprotection was 

effected using a 1 M solution of TBAF in THF and the resin was then washed 

thoroughly with THF and DMF as poor solvation had been reported subsequent to this

step. 131

M e

HN
N O T B D M S  
H

M e

H N

OAII

N H F m o c

M e

HN
N OH  
H

105

Scheme 3.32: First resin loading method. Reagents and conditions: (i) 102, HBTU, HOBt. /PriEtN, 2 x 2  

h, rt; (ii) TBAF, THF, 2 x 3 0  min, rt; (iii) 104, TFA, 2 x 1 h, rt.

The resin was then treated with a solution of 104 in TFA, using two couplings of one 

hour length to yield the resin-bound protected amino acid 105. Fmoc deprotection using 

standard conditions yielded a moderately strong Kaiser test, and although there was 

some reservation about the degree of resin loading, it was decided to continue with a 

synthesis of TANDEM. Couplings were carried out in an identical fashion to the 

previously reported synthesis,^^^ and although these appeared to proceed successfully, 

progressively weaker Kaiser test results suggested that resin substitution was 

exceedingly low. In order to ascertain the purity of the C-terminally protected 

depsipeptide, approximately 50 mg resin was subjected to trial cleavage conditions (15 

equivalents h  in DMF, two hours). RP-HPLC analysis (System C, for details see 

Section 5.1.2) of the organic fraction following workup revealed the presence of
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multiple compounds, although ES MS analysis o f  the crude material did confirm the 

presence o f  the expected allyl-protected linear depsipeptide (with disulfide).

o

O  Y  !
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Scheme 3.33; First attempted SPPS of TANDEM via side-chain immobilisation strategy. Reagents and 

conditions: (i) Standard SPPS conditions (see Section 3.2); (ii) (a) Pd(PPh3)4 , PhSiH^, CH2CI2 , 3 x 1 5  

min, rt; (b) DlC, HOAt, /Pr2EtN, 2 x 1 h, rt; (iii) E, DMF, 2 h, rt. (MBHA and linker structures omitted 

to aid clarity).

Although it seemed unlikely to succeed, the synthesis was continued, in order to 

investigate conditions for allyl ester removal and macrolactamisation. The final allyl 

ester deprotection was effected using 0.1 equivalents o f  Pd(PPh3 ) 4  with 10 equivalents 

PhSiH], in anhydrous CHiCE, following the procedure o f  Albericio and co-workers.'" 

Following this, macrolactamisation was attempted, using the popular DIC/HOAt 

method.^^® Subsequent Kaiser test o f  the resin yielded a negative result, although 

obviously a strong emphasis was not placed on this, due to the weakness o f  the positive 

results during the synthesis. Resin cleavage and workup were carried out using the 

conditions reported for the test cleavage, and unfortunately, no product could be 

isolated.

It was difficult to attribute the failure o f  this synthesis to any specific factor, since a 

number o f  the reactions could not be easily monitored. Firstly, the resin substitution 

appeared to be extremely poor, based on the weak Kaiser test result after the A"-Fmoc 

deprotection o f  105. This problem was compounded by the inability to ascertain the 

successfulness o f  resin loading until after this step, by which point the only option was
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to continue the synthesis. Although the PNBP-based resin test o f  Riguera and co- 

workers’^̂  for free hydroxyl groups was used to assess the completion of TBDMS ether 

cleavage, it was found difficult to interpret.

Secondly, there was no accurate method to detect completion o f  the allyl ester 

deprotection. A resin test for free carboxylic acids does exist (see Section 1.4.3), 

however the reported sensitivity (1% R-COOH on resin provides a positive result"’'̂ ) 

would have been unhelpful in assessing reaction progression, considering our lack o f  

experience with this method. In addition, the compatibility o f  the depsipeptide bond 

with the allyl deprotection conditions was unknown, although in their synthesis o f  

oxathiocoraline, Albericio and co-workers successfully remove an Alloc group under 

similar conditions without any reported difficulty.^^* Thirdly, and finally, the efficiency 

o f  the simultaneous disulfide formation/resin cleavage was difficult to assess, due to the 

influence o f  the above factors.

3.6.4 Cysteine side-chain immobilised SPPS: second loading method

The development o f  this side-chain immobilisation methodology was carried out in 

three stages. The first stage modified the loading procedure and assessed the resin 

cleavage conditions. This was carried out as follows: the TBDMS-protected compound 

(102) was treated with TBAF, and the subsequent free hydroxymethyl linker used to 

selectively protect the thiol o f  Fmoc-Cys-OAll (104) in solution (Scheme 3.34).

OAII
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OH N H F m o c
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Scheme 3.34: Synthesis o f [Nap-Cys-OAIIjz: Reagents and conditions (all steps carried out at rt): (i) (a) 

TBAF, AcOH, THF, 1 h; (b) 104, TFA, 1 h, 53% over two steps (from 103); (ii) (a) MBHA- 

copoly(styrene-1% DVB), HBTU, HOBt, /Pr^EtN, 2 x 1 h; (b) AcjO, /PrzEtN, 2 x 20 min; (iii) (a) 20% 

v/v piperidine in DMF, 2 x 1 0  min; (b) naphthalene-2-carboxylic acid, HBTU, HOBt. /PrzEtN, 3 x 30 

min; (c) b, DMF, 2 h. Overall yield: 33% over five steps.
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The resulting amino acid-linker building block (106) was afforded in 84% yield, and 

this was loaded onto the MBHA resin, using identical conditions to the previous 

synthesis. This process could therefore be monitored by the Kaiser test, and if 

necessary, repeated until complete. However, in order to functionalise any remaining 

free amine undetected by this test, the resin was capped using acetic anhydride, using 

the procedure described in Section 3.2.8. A^-Fmoc deprotection o f  105 and subsequent 

coupling o f  naphthalene-2-carboxylic acid were carried out using standard SPPS 

protocols, again described previously. Once coupled, the resin was then cleaved using I2 

in DMF (as before), to afford [Nap-Cys-OAll]] (107) in 33% yield.

3.6.5 Cysteine side-chain immobilised SPPS: synthesis of a test peptide.

The aim o f  this study was to simultaneously assess the efficiency o f  peptide coupling 

using the aminothioacetal linker, and also investigate conditions for allyl deprotection. 

Since it was not known how stable the depside bond was to allyl deprotection 

conditions, it was thought sensible to initially attempt the synthesis o f  a cyclic peptide 

which did not contain this potentially labile moiety. The sst4 -selective somatostatin 

agonist'*®* H-Tyr-Cys-Phe-Ala-Trp-Lys-Thr-Phe-Cys-OH (disulfide) (108) seemed a 

logical candidate, since in addition to the prerequisites o f  containing a C-terminal 

cysteine residue and an intramolecular disulfide bond, it is also commercially available. 

Therefore, if the synthesis was successful, the product(s) could be compared against a 

known standard.

(i)
9

^OtBu (ii)

AIIO
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S A c m

O t B u  

O  O '

1 0 9

%
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Scheme 3.35; SPPS o f the linear sequence o f peptide 108. Reagents and conditions (all steps carried out 

at rt): (i) (a) 20% v/v piperidine in DMF, 2 x 1 0  min; (b) Fmoc-Phe-OH, HBTU, HOBt, /Pr^EtN, DMF, 2 

X 30 min; (c) 20% v/v piperidine in DMF, 2 x 10 min; (d) Fmoc-Thr(/Bu)-OH, HBTU, HOBt. /PrzEtN, 

DMF, 4 X 45 min, incomplete; (e) AczO, /Pr2 EtN, 2 x 20 min; (ii) (a) Coupling and A“-Fmoc deprotection 

(under standard conditions detailed above) of: Fmoc-Lys(Boe)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Ala-OH, 

Fmoc-Phe-OH, Fmoc-Cys(Acm)-OH; (b) Coupling o f Fmoc-Tyr(/Bu)-OH.
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The resin loading and SPPS (Scheme 3.35) were carried out in an identical manner to 

that described in Section 3.6.4; however an unforeseen problem was encountered almost 

immediately. Significant adhesion and shrinking of the resin matrix, an indication of 

peptide-resin a g g re g a tio n ,w a s  observed following A^-Fmoc deprotection of the first 

Phe residue. The subsequent coupling of Fmoc-Thr(rBu)-OH was found to be 

exceedingly inefficient, and despite four 45 min cycles, could not be forced to 

completion. In hindsight it may have been instructive at this point to utilise the ‘magic 

mixture’ o f CH2 CI2/DMF/NMP (1:1:1) with Triton XlOO and 2 M ethylenecarbonate at 

55 °C proposed by Zhang and co-workers to increase peptide solvation during 

aggregation."^'® However, our experience with this process was limited, and it was not 

known what effect it might have on the subsequent deprotection and coupling steps.

OtBu NH

: H 11 : H "

'

NHBoc

NHBoc

S H O " ^  N

= H S I  " & W

NH:

n  >  Q
OH iog

Schem e 3.36: Final steps towards peptide 108. Reagents and conditions (all steps carried out at rt): (i) 

(a) Pd(PPh3 )4 , PhSiH], CH2 CI2 , 2 x 45 min; (b) 20% v/v piperidine in DMF; (c) h , DMF, 2 h; (ii) 

TFA/zPr3SiH/H20 (95:2.5:2.5), 2 h. Overall yield: 3.8% over 21 steps.

This was also the case with the use of chaotropic salts such as potassium 

thiocyanate"" ' and lithium chloride,"^'^ which can also be used for overcoming peptide-
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resin aggregation. The course of action chosen at the time was to cap unreacted peptide- 

resin with AC2 O as detailed, to avoid deletion sequences, and continue peptide 

synthesis. Fortuitously this problem did not occur in subsequent couplings.

Since the desired compound contained no ester linkage, it was decided that more 

aggressive allyl deprotection conditions could be used (compared to the first generation 

loading methodology) in order to ensure reaction completion. The quantities of 

Pd(PPh3 )4  and PhSiHa were increased to 0.25 and 24 equivalents respectively, and the 

reaction time increased to 45 minutes, including an additional five minute pre-treatment 

with PhSiH].'*^^ The reaction was repeated once, followed by a quenching procedure 

using a 0.5% v/v solution of sodium diethyldithiocarbamate in DMF. The resin was then 

washed thoroughly with CH2 CI2 and DMF.

Unlike the previous synthesis, A-terminal Fmoc deprotection was carried out after 

allyl deprotection to remove any chance of A-alkylation during the latter procedure. The 

simultaneous disulfide formation/resin cleavage was then carried out in the same 

manner as in the previous synthesis, to afford the crude side-chain protected peptide 

(111). This material was then exposed to strongly acidic conditions (a solution of TFA 

containing 2.5% v/v H2O and 2.5% v/v zPrgSiH) in order to remove the side-chain 

protection, and the resulting product purified by RP-HPLC (System B, for details see 

Section 5.1.2). Compound 108 was isolated in a disappointing overall yield of 3.8%, 

and due to the extremely low quantities of peptide, it was difficult to fully characterise 

by NMR. Tandem mass spectrometry (MS/MS) produced a distinctive fragmentation 

pattern, with the disulfide seeming to be considerably more robust than expected; to the 

point that peptide sequencing could only be carried out on the mid-section (i.e. Phe-Ala- 

Trp-Lys-Thr-Phe). Identical experiments were then carried out on commercially 

available material,'^producing near-identical spectra and fragmentation patterns to that 

of 108 (See Section 5.5).

3.6.6 Cysteine side-chain immobilised SPPS: interm ediate summary

Despite low yields of the final product, it was evident that the second methodology 

for resin loading was significantly more effective, and easier to monitor, than the first 

strategy. In addition, the oxidative method used for simultaneous resin cleavage, Acm 

deprotection and disulfide formation did not appear to lead to oligomerisation, based on 

RP-HPLC analysis of crude material. This also demonstrated an absence of any obvious
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diastereomeric by-products which could potentially have resulted from racémisation of 

the susceptible C-terminal cysteine residue.

Unfortunately, the synthesis of 108 revealed a propensity for aggregation using this 

side-chain immobilisation strategy. Since this phenomenon typically occurs 6-12 

residues into a s y n th e s is '^ 'i t s  appearance at such an early stage in our synthesis was 

somewhat unusual, and perhaps caused by interactions of the dipeptide with the linker 

itself. The ‘depsipeptide technique’ (also known as the ‘O-acyl isopeptide method’, see 

Section 1.5.3) is a recent development in the synthesis of difficult sequences prone to 

aggregation.^^^'^^' This involves the introduction of an O-acyl moiety (i.e. depside 

bond) typically on the side-chain of serine or threonine, which disrupts the regular 

pattern of amide bonds and thus peptide folding, inter-chain hydrogen bonding and the 

resulting P-sheet formation^^^’̂ '̂  ̂ associated with aggregation. The subsequent increase 

in peptide solvation therefore restores coupling efficiency.

Therefore, due to inclusion of the depside motif, it was suggested that a synthesis of 

TANDEM using the cysteine side-chain immobilisation method might not be subject to 

the aggregation experienced during the synthesis of the cyclic nonapeptide 108. On the 

basis of this theory, it was decided that a second attempt should be made to synthesis 

TANDEM using this methodology.

3.6.7 Cysteine side-chain immobilised SPPS: attempted synthesis of TANDEM

The side-chain immobilised cysteine building block (105) was subjected to A“-Fmoc 

deprotection and subsequent SPPS (Scheme 3.37) was carried out using the conditions 

described in Section 3.2. Unfortunately, the weak positive result of the Kaiser test after 

A“-Fmoc deprotection of the first valine residue implied that the depside coupling had 

not proceeded as efficiently as hoped. Nevertheless, the synthesis was continued, with 

the eventual on-resin macrolactamisation carried out using DIG and HOBt in the 

presence of /Pr2 EtN. A negative Kaiser test was achieved after only one hour, implying 

that the resin substitution of the desired compound was low. Subsequent oxidative resin 

cleavage was carried out using identical conditions to the synthesis of 108, but RP- 

HPLC analysis of the crude peptide material revealed a complex mixture of compounds, 

with no obvious major product. Due to the small quantity of material (approximately 11 

mg) and the high number of discrete entities, no purification was attempted.
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Scheme 3.37: Second attempted SPPS o f TANDEM via side-chain immobilisation strategy. Reagents and 

conditions: (i) (a) 20% v /v  piperidine in DMF, 2 x 1 0  min; (b) Fmoc-Ala-OH, HBTU, HOBt, /Pr2 EtN, 

DMF, 2 X 30 min; (c) 20% v /v  piperidine in DMF, 2 x 10 min; (d) Fmoc-DSer(Trt)-OH, HBTU, HOBt, 

/Pr^EtN, DMF, 2 x 30 min; (e) 20% v /v  piperidine in DMF, 2 x 1 0  min; (0 quinoxaline-2-carbonyl 

chloride, /ProEtN, DMF, 2 x 30 min; (ii) (a) TFA//Pr3 SiH/CH2 CE (1:5:94). 5 x 2 min; (b) Fmoc-Val-OH, 

D ie , DMAP, DMF, 3 x 1 h; (c) 20% vT piperidine in DMF, 2 x 10 min; (b) Fmoc-Cys(Acm)-OH, 

FIBTU, FlOBt, /Pr2 EtN, DMF, 2 x 3 0  min; (iii) Repeat steps (i) -  (ii) (b); (iv) (a) Pd(PPh]^i, PhSiH,, 

CH2 CI2 , 2 X 45 min; (b) 20% v /v  piperidine in DMF; ( v )  (a) DIG, HOBt, 3 h; (b) I2 , DMF, 2 h. R = 2- 

quinoxaline.

3.6.8 Side-chain immobilisation: summary

Despite the ability o f  this methodology to produce a small amount o f  a disulfide- 

closed cyclic nonapeptide (108), there are evidently a number o f  significant problems 

still remaining with the procedure. Although the incidence o f  aggregation was evident 

during the synthesis o f  108, the characteristic matrix shrinkage and adhesion were not 

observed during the second attempted synthesis o f  TANDEM, implying this problem 

may be related to the peptide sequence. However, difficulties in the depside coupling 

indicate that some degree o f  aggregation may have been occurring, sufficient to reduce 

the efficiency o f  this procedure. In addition, it is unusual that aggregation occurred at 

such an early stage o f  the synthesis o f  108, since this is usually a problem associated 

with peptides o f  6 to 12 residues in length. It is therefore envisaged that there are a
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number o f  possible faetors causing inefficient coupling. Firstly, this might be the result 

o f  an unfavourable tt-tt stacking interaction between the MBHA resin handle and the 

dipeptide-linker conjugate, a problem which might be addressed by substitution of 

another polystyrene-based resin. Alternatively, this might be the result o f  inter-chain 

hydrogen bonding, hydrogen bonding between the aminothioacetal linker and the 

peptide chain (Figure 3.19 A), or hydrogen bonding o f  the linker with itself (Figure 

3.19 B).

A

A .  ^OAII

Figure 3.19: Potential hydrogen bonding interactions o f the resin-bound peptide with the aminothioacetal 

linker (A) and the resin linker with itself (B).

The resulting aggregation may be remedied by the use o f  ‘magic mixtures’ or 

chaotropic salts mentioned previously, or by modification o f  the resin itself. Low 

loading polystyrene resins would obviously increase the distance between adjacent 

peptide chains, and possibly discourage any inter-chain hydrogen bonding. 

Alternatively, polyethylene glycol (PEG)-based resins have recently been shown to 

offer advantages in the synthesis o f  difficult sequences, and this has been attributed to 

their amphiphilic n a t u r e . ' ^ F i n a l l y ,  increasing the length o f  the succinamide tether 

might confer a greater level o f  linker flexibility and would increase the distance from 

the resin matrix, perhaps discouraging potential tu-ti stacking interactions.

There is also some uncertainty about the compatibility o f  the depside linkage with 

allyl ester deprotection conditions. Since A-terminal deprotection o f  the linear sequence 

was carried out after this procedure, the low level o f  resin-bound linear peptide 

(indicated by a weak Kaiser test result) could have been caused either by depside 

degradation on exposure to Pd(PPh3 )4 , or may simply be the result o f  the poor efficiency 

o f  depside coupling.

The iodine method for oxidative cleavage o f  the linker and simultaneous disulfide 

formation carries a major drawback in that large quantities o f  L (15 equivalents) are 

required for this reaction, and thus work-up is often difficult. Quenching of L was 

carried out with a 1 M solution o f  sodium thiosulfate, added dropwise after removal of
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the resin by filtration. The solvent was then evaporated under reduced pressure, the 

residue re-dissolved in chloroform and washed repeatedly with water to remove 

inorganic salts. The organic fraction was then evaporated under reduced pressure and 

the crude product (often containing significant quantities of thiosulfate) was purified by 

RP-HPLC. Obviously, this method is unsuitable for products of higher polarity/low 

chloroform solubility, and two other procedures were investigated: adsorption of L with 

activated charcoal"^and extraction with hexane. Unfortunately, both methods were 

found to be inferior to the thiosulfate method at removing U. Carbon tetrachloride"^^^ can 

also be used for extraction of h  but has long been associated with severe health 

risks.""''"::"

An alternative solution is to replace iodine with another suitable oxidant. 

Simultaneous thioacetal removal and disulfide formation could also be carried out using 

thallium (III) salts'^^ such as T^CFsCOi)] or silver trifluoromethanesulfonate followed 

by treatment with HCl-DMSO.""^ However, it has not escaped our attention that both 

methods again utilise highly toxic compounds.

However, once the methodology is optimised, it is anticipated that the linker will be 

sufficiently stable to highly acidic conditions, and thus potentially allow acidolytic side- 

chain deprotection to occur on-resin. This approach was not taken in the synthesis of 

108, since (as mentioned previously) successful work-up depended on the product 

having adequate chloroform solubility.
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Chapter 4: Conclusions and Further Work
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4.1 Synthesis of TANDEM chromophore analogues

4.1.1 Synthetic methodology

Introduction of the chromophore during SPPS of the TANDEM analogue linear 

precursors was found to result in a number of problems. The p-elimination side-reaction 

reported in the original solid-phase-based synthesis of TANDEM was found to be 

associated with the presence of the quinoxaline chromophore. This was clearly 

demonstrated in the synthesis of the [Nap, Qxc] TANDEM and [Ac, Qxc] TANDEM 

linear precursors, where by-products 70 and 73 were isolated, respectively. In both 

cases, dehydration of the D-serine side-chain appeared to have occurred preferentially 

on the residue proximal to the quinoxaline chromophore, and in neither case could any 

by-products be observed in the crude material where dehydration had occurred proximal 

to the other chromophore or acetyl group.

HO.

N

•SAcm /  O&HN
H

70

H

.SAcm  /Vy.
73

Figure 4.1; By-products o f ^-elimination side-reaction apparently promoted by the presence o f a 

quinoxaline chromophore adjacent to the D-serine residue.

This finding was in some part reinforced by the apparent absence of p-elimination 

products in any of the crude linear sequences of the remaining chromophore analogues. 

However, without detailed analysis, it remained unknown at which precise stage 

dehydration of the D-serine side-chain was occuring.

A number of other side-reactions were observed during analogue synthesis which also 

appeared to be related to the presence of specific chromophores. The pyridine-3- 

carbonyl (Nic) chromophore seemed to exert three different effects. SPPS of the linear 

precursor of [Nic, Nic] TANDEM was found to be particularly difficult, with inefficient 

coupling of the second D-serine residue. Since there was no evidence of peptide-resin 

aggregation (e.g. matrix shrinkage), this could perhaps have been the result of the linear 

sequence adopting a conformation unfavourable for coupling to the A“-amino group of
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the second alanine residue. However, it is interesting that this effect was not observed 

when either the pyridine-2-carbonyl (Pic) or pyrazinecarbonyl (Pyr) chromophores were 

present, considering the similarity of these moieties to the pyridine-3-carbonyl 

chromophore.

Cleavage of the completed [Nic, Nic] TANDEM linear sequence from the resin 

revealed the presence of a mono-Acm-protected by-product, which was isolated in 

approximately equal amounts to the desired bis-Acm-protected compound. Again, S- 

Acm cleavage was not observed in the resin acidolysis of either the [Pic, Pic] or [Pyr, 

Pyr] TANDEM analogue linear precursors, despite the latter undergoing acidolysis at 

the same time and using the same batch of reagents. This evidence indicated that the 

Acm group removal was a direct effect of the pyridine-3-carbonyl chromophore, 

although no mechanism can be proposed without carrying out further investigation.

Subsequent macrocyclisation of the [Nic, Nic] TANDEM linear sequence was 

associated with significant trifluoroacetylation of the A^-amino group. This was 

proposed to be due to the formation of a trifluoroacetate salt o f the pyridine-3-carbonyl 

chromophore during resin cleavage and RP-HPLC purification. Potentially three 

equivalents of trifluoroacetate anion could be associated with the pure linear sequence 

(i.e. protonation of both chromophores and the A^-amino group) and it was envisaged 

that this anion could undergo carbodiimide activation and subsequent intermolecular 

reaction with the neutralised 7V“-amino group under the conditions of 

macrolactamisation. However, the accuracy of this theory depends on the degree of 

protonation of the chromophore after RP-HPLC purification and subsequent 

lyophilisation.

Introduction o f the chromophores during the solid-phase portion of the synthesis also 

resulted in a variety of solubility problems. Anthraquinone-2-carboxylic acid was found 

to associate strongly with the polystyrene resin during SPPS, despite repeated washing 

with DMF (in which it demonstrated poor solubility). Since this compound was isolated 

as a by-product of SPPS, it is likely that its continued presence during solid-phase 

coupling steps led to a number of chain-termination by-products. In addition, all 

synthetic intermediates of [Anth, Anth] TANDEM were found to have exceptionally 

low solubility, leading to difficulties in purification of these compounds by RP-HPLC.

Enhanced aqueous solubility was observed in completed TANDEM analogues 

containing smaller chromophores, such as [Pic, Pic], [Nic, Nic] and [Pyr, Pyr] 

TANDEM. This resulted in a difficult work-up for the final oxidation step, which relies
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on precipitation of the depsipeptide from water, in order to remove iodide salts, 

tetrathionate and excess thiosulfate.

. In order to circumvent the problems encountered by introducing the chromophores 

during SPPS, and to facilitate the faster generation of symmetrical analogues, the 

existing synthesis was modified to allow both chromophores to be introduced in a final 

solution-phase coupling to the cyclodepsipeptide core. This required the SPPS of a bis- 

Z-protected linear precursor. Unfortunately, the introduction of the benzyl carbamate 

moiety using benzyl chloroformate appeared to be associated with a number of 

uncharacterised side-reactions, leading to a reduction in purity of the crude compound. 

This could be easily overcome by prior synthesis of an A^-Z, 0-Trt protected D-serine 

building block, which would remove the somewhat convoluted A^-Fmoc deprotection 

and subsequent A^-Z protection of this residue during SPPS. The stability of the Z- 

group during resin cleavage was also uncertain. Preliminary studies indicated almost 

50% of material became deprotected when exposed to the usual conditions for Wang 

resin acidolysis (TFA/zPrgSiH/H20, 95:2.5:2.5, two hours), and whilst modification of 

the conditions appeared to minimise this, there remained some undesired acid lability.

In addition to problems with the Z-carbamate introduction and stability, difficulties 

were paradoxically encountered with the TFA-mediated method '̂^^ for its deprotection, 

which was found to be incomplete after 10 hours. Another drawback was that the 

trifluoroacetate counterion also appeared to interfere with subsequent coupling to the 

chromophore acid chloride, meaning that deprotection required the use of HBr/AcOH. 

Care therefore had to be taken during work-up of this reaction to ensure the deprotected 

depsipeptide remained as the hydrobromide salt, i.e. no RP-HPLC purification of this 

intermediate was performed.

Future work should certainly investigate the possibility of using the hyper acid-labile 

2-CTC resin for SPPS of a linear TANDEM precursor. The D-serine amine could 

therefore be A“-Boc-protected, facilitating subsequent solution-phase deprotection 

(using HCl/EtOAc). This approach has been taken by Boger and co-workers in their 

synthesis of a library of sandramycin chromophore analogues.^^° However, in the case 

of TANDEM, appropriate orthogonal protection for the hydroxyl side-chain of D-serine 

would be required in order to use this methodology. The TBDMS ether has been utilised 

by Davies and co-workers,'^’ yet there is some uncertainty to the lability of this group 

during SPPS.'^^ It would therefore probably be prudent to carry out an appropriate RP- 

HPLC-based study in order to assess the suitability of this protecting group prior to its 

use in SPPS.

184



4.1.2 DNA binding activity, cytotoxicity, SAR and further work

The chromophore analogues 55 -  58 were subjected to a footprinting assay using 

HexB, a multi-site DNA substrate containing all possible symmetrical hexanucleotide 

sequences. Replacement of both quinoxaline chromophores with naphthalene (i.e. 

compound 55) appeared to virtually eliminate DNA binding affinity. However, the 

asymmetrical [Nap, Qxc] TANDEM analogue (56) appeared to be slightly more active, 

but demonstrated approximately four times less affinity than TANDEM for the 5'- 

ATAT binding site. Interestingly, this modification also appeared to alter the sequence 

selectivity slightly, resulting in a failure to bind to some sites bound strongly by 

TANDEM. Removal of one chromophore ([Ac, Qxc] TANDEM, 57) or both 

chromophores ([Ac, Ac] TANDEM, 58) essentially eliminated any interaction with 

DNA, demonstrating the importance of tt- tt stacking interactions of the chromophores 

with the surrounding nucleobases in stabilising the DNA-depsipeptide complex.

Analogues 55 -  57, 59 -  63 and 65 -  67 were assessed for cytotoxicity against the 

human promyelocytic leukaemia (HL-60) cell line using an MTS assay and compared to 

doxorubicin, echinomycin and TANDEM. While this study revealed TANDEM to be 

inactive, a number of the chromophore analogues ([Nap, Nap] TANDEM (55), [Iqn, 

Iqn] TANDEM (63), [Z, Z] TANDEM (65) and [2-Qn, 2-Qn] TANDEM (67)) were 

found to exert a moderate inhibitory effect, with IC50 values ranging from 1.3 -  4.8 pM. 

However, the mechanism of this inhibition seems uncertain, given that [Nap, Nap] 

TANDEM failed to bind to DNA at concentrations under 100 pM. Further work should 

therefore attempt to assess the cytotoxicity of these compounds using a cell-counting 

method, in conjunction with the current MTS assay, and DNA footprinting.

It would also be useful to assess the naturally occurring chromophores present in 

other DNA bis-intercalators, which are substituted in the 3 and 6  positions (Figure 4.4). 

It is anticipated that these could be easily introduced onto the depsipeptide core of 

TANDEM (via the bis-Z-protected precursor) using standard peptide coupling reagents.

Q u in o x a p e p t in sS a n d r a m y c in ,  th io c o r a l in e  L u z o p e p tin s
a n d  q u in a ld o p e p t in

Figure 4.2: Chromophores present on other naturally-occurring DNA bis-intercalators.
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The current solid-phase-based strategy would also allow the facile synthesis of 

TANDEM sequence analogues. In particular, it would be useful to assess the effect of 

decreasing macrocycle rigidity by replacing either cysteine or D-serine with their longer 

side-chain homologues (i.e. homocysteine and D-homoserine). In addition, the N- 

demethylated analogues of triostins B and C have yet to be synthesised.

No reports in the literature can be found which investigate the recognition of 

TANDEM (or indeed triostin A) for molecules other than DNA. It is envisaged that the 

coupling o f biotin to the lysine side chains of [Lys" ,̂ Lys®] TANDEM would allow 

attachment of this analogue to streptavidin-coated beads. This might provide a simple 

method for assessing the potential binding of TANDEM to an array of biologically 

significant targets.
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4.2. Investigation into depside bond formation in the SPPS of TANDEM using 

an RP-HPLC-based methodology

4.2.1 Depside bond formation: reaction progression

The conditions used for depside bond formation in the original solid-phase-based 

synthesis of TANDEM were assessed by using an RP-HPLC methodology. Resin 

aliquots were removed at key stages of the reaction, subjected to resin cleavage and the 

crude products compared against pure standards.

Three important observations were made. Firstly, the reaction was demonstrated to be 

almost complete after the second coupling cycle. Furthermore, negligible starting 

material remained at the end of the third coupling cycle, indicating that the reaction was 

essentially complete by this point. Secondly, there was no evidence of a diasteromeric 

mixture at the end of the depside bond formation, indicating that racémisation had not 

occurred during this procedure. Finally, no product of the expected p-elimination side- 

reaction could be detected. This last point is particularly interesting, as it demonstrates 

that P-elimination is unlikely to be occuring during the depside bond formation, or 

during any step prior to this (for example during coupling o f the quinoxaline 

chromophore). This is perhaps surprising; although elimination of hydroxide does not 

occur in E2 reactions, it can act as a leaving group via an Elcb type mechanism, which 

is predicted to be the case here (Scheme 4.1). However, attempts to deliberately 

dehydrate the side-chain of D-serine when incorporated into the resin-bound peptide met 

with failure, even using large excesses of tertiary amine and DIC as a potential 

dehydrating agent. It is more likely that the completed depsipeptide structure would 

provide a more efficient leaving group. Indeed, the depside of TANDEM has been 

proven to be reasonably labile, prone to solvolysis when exposed to nucleophiles such 

as MeOH over a number of weeks."̂ ®̂

Considering the by-products (70 and 73, Figure 4.1) which have been isolated, and the 

results of this RP-HPLC study, it would seem that p-elimination of the depside moiety 

may be occurring either during A“-Fmoc deprotection of valine, coupling o f the adjacent 

cysteine residue or subsequent A“-Fmoc deprotection. It is unusual that this appears to 

occur preferentially on the depside adjacent to a quinoxaline chromophore, and this is 

possibly a result of the electron-withdrawing properties of this moiety. This might 

promote tautomérisation of the D-serine A“-amide to the corresponding imidate, 

allowing greater stabilisation of the p-elimination transition state through conjugation 

(Scheme 4.1).
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Schem e 4.1: Possible mechanism for ^-elimination side-reaction.

Finally, it is important to note that the possibility of a diketopiperazine (DKP)- 

mediated depsipeptide cleavage cannot be eliminated as a reason for the presence of 

DHA-containing byproducts. Certainly, it is interesting that the dehydrated by-product 

(69) o f the TANDEM synthesis^^^ was also the main product of the triostin A linear 

sequence SPPS, and this was proposed to be a result of ^-elimination of the D-serine 

free hydroxyl side-chain after repeated treatment with base. However, while DKP 

formation almost certainly occurs during the SPPS of the TACDEM and triostin A 

linear precursors (Section 4.3), the greater double bond character of the unmethylated 

valine 7V°-amide bond in the TANDEM linear precursor is likely to pose a much larger 

energy barrier for the necessary trans cis interconversion. In addition, the 

significance of an adjacent quinoxaline chromophore to the site of potential DKP 

formation cannot be rationalised.

Therefore, without further investigation, the precise step in the synthesis at which 

these by-products are formed, and the effect o f the quinoxaline chromophore cannot be 

definitively stated. It is anticipated that analysis of the relevant A“-Fmoc deprotection 

and coupling steps via an RP-HPLC methodology might further clarify this matter.

4.2.2 Investigation into reagents and solvents for depside bond formation

Various reagent combinations and three different solvents were investigated via 

small-scale solid-phase depside couplings in order to further optimise conditions for this 

reaction.

This study assessed a range of commerically available aminium/benzotriazole 

combinations, achieving poor results across the spectrum. Since the combination of DIC
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and HOAt also proved inefficient for our purposes, it can be concluded that the 

(aza)benzotriazole-type in situ active esters are not sufficiently active for depside 

coupling in this instance. The phosphonium reagent PyBOP was also found to be 

inefficient in depside coupling, although it was assessed only in combination with 

HOAt. Considering that the azabenzotriazolyl ester has been demonstrated to have 

insufficient activity for depside coupling and the fact that this would most likely be the 

predominant species after pre-activation, it was felt that this was an inadequate 

assessment of PyBOP. Further work should therefore further investigate the 

phosphonium reagents without the addition of an (aza)benzotriazole-type auxiliary 

nucleophile. This might shed light on the discrepancies between the findings of 

Riguera^^'^ and Davies^^^ regarding the efficiency of this class of coupling reagent for 

depside coupling.

While some level of success was achieved with azolide reagents (MSNT/NMI) and 

the conditions of Mitsunobu and Yamada, they afforded lower yields of the 

depsipeptide product, and/or increased by-product formation.

The enduring carbodiimide/DMAP system of Alexanian and Steglich has been shown 

to offer reasonable (70 -  80%) yields for the synthesis of depsipeptide 79, without 

resulting in the expected racémisation and ^-elimination by-products. However, 

considering the linear nature of this SPPS strategy, and the fact that the depside motif is 

twice incorporated into the structure of TANDEM, this yield is still far from 

satisfactory. It would therefore be prudent to use this RP-HPLC analytical technique to 

further explore the vast range of coupling reagents currently available to the peptide 

chemist, including those which have not yet been assessed for depside bond formation.

Solvent effects on depside coupling seemed to be minimal. Although CH2CI2 

appeared to offer superior yields over THF and DMF, this effect is very slight, and the 

improved solubility of most substrates in DMF should also be a consideration. In 

addition, for larger peptides, the use of lower-polarity solvents may not permit adequate 

peptide-resin solvation.

4.2.3 R P-H PLC  methodology: evaluation

The RP-HPLC-based method for the monitoring o f solid-phase reactions has a 

number o f disadvantages. Certainly, the requirement for repeated small-scale resin 

cleavages is somewhat labour-intensive. More importantly, it is a retrospective method, 

and while useful in terms of a detailed study into reaction optimisation, it is a 

cumbersome method for routine use during a synthesis. The indirect nature of this
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methodology may also incorporate a certain level of inaccuracy, since product 

modification during resin cleavage and work-up cannot be excluded. Finally, 

quantitative assessment of reaction yield is subject to variability due to factors such as 

loss of crude product on glassware, and solvent evaporation from sample vials.

However, this method of SPPS reaction monitoring is also readily accessible to an 

organic chemist, as it only requires common laboratory equipment. Quantitative 

assessment, while subject to the factors mentioned above, appears to be sufficiently 

accurate for direct comparison of reagents in terms of efficiency. This is in contrast to 

colourimetric tests, where quantitative assessment is often difficult to achieve with an 

acceptable degree of accuracy and reproducibility.
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4.3 Attempted SPPS of the natural product triostin A, the analogue 

TACDEM, and a solution-phase study of diketopiperazine formation

4.3.1 Synthesis of triostin A and the analogue TACDEM via a solid-phase- 

based methodology

The synthesis of triostin A was attempted using the same solid-phase-based 

methodology as used for the synthesis of TANDEM^^^ and the chromophore analogues. 

Solid-phase synthesis of the linear precursor appeared to proceed normally, based on 

Kaiser and chloranil resin tests. However, cleavage of the crude peptide from the resin 

revealed a complex mixture of products, including the dehydrated dipeptide 69. 

Repeating the synthesis on the hyperacid-labile 2-CTC resin led to the same result, 

implying that the failure to isolate the desired product was not due to peptide 

fragmentation under the highly acidic conditions of resin cleavage.^^"^

Furthermore, the synthesis of the linear TACDEM sequence using the same 

methodology encountered difficulties on A“-Fmoc deprotection of the first cysteine 

residue. This synthesis was subsequently investigated via an RP-HPLC methodology, 

which identified the major product after this step as the dipeptide quinoxaline conjugate 

with free hydroxyl D-serine side-chain (77).

This observation implied that a large degree of depside bond cleavage was occurring 

during A^-Fmoc deprotection of the first cysteine residue, perhaps via the 

diketopiperazine (DKP).

4.3.2 Synthesis of model dipeptides for investigation of the diketopiperazine side- 

reaction

In order to study this interesting side-reaction, the analogous dipeptide benzyl ester 

(87) underwent A“-Fmoc deprotection in solution, resulting in quantitative formation of 

the DKP (86), and supporting the theory that this side-reaction was occurring in the 

immobilised depsipeptide (Scheme 4.2A). Molecular modelling experiments revealed 

that the rate limiting step of this side-reaction appeared to be the A^-Fmoc deprotection 

itself, which required significantly more energy than the subsequent amide trans —> cis 

rotation and internal nucleophilic attack. A“-Fmoc deprotection of the analogous 

dipeptide benzyl ester (91) in solution resulted in a mixture of the DKP product (92) and 

the free amine o f the dipeptide (Scheme 4.2B). The decreased predisposition for 

cyclisation is most likely due to the lower reactivity of the A^-terminal secondary amino 

group, as alkylation provides some degree of steric hindrance.
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Schem e 4.2: A/“-Fmoc deprotection o f dipeptide benzyl esters (87 and 91) analogous to resin-bound 

depsipeptide.

This perhaps explains the results of the colourimetric resin tests during SPPS of the 

triostin A linear precursor, since some free amino groups would have been present for 

detection by chloranil after A“-Fmoc deprotection o f the first cysteine residue. However, 

it is probable that the cumulative effect of a second DKP side-reaction (after A“-Fmoc 

deprotection of the second cysteine residue) would leave very little of the desired 

product on the resin.

It is, however, rather unusual that the majority of remaining material on the resin after 

the attempted synthesis of the triostin A linear sequence was not the dipeptide 

quinoxaline conjugate with free hydroxyl D-serine side-chain (77) but the corresponding 

dehydrated compound (69). As previously stated, one plausible explanation is that 

repeated treatment with base and agents such as DIC over the remaining SPPS steps 

may have resulted in gradual p-elimination. However, this cannot be verified without 

further investigation.

4.3.3 Attempted SPPS of TACDEM via an A“-Trt, iS-Acm-protected cysteine 

residue

Since the base-mediated Fmoc deprotection of cysteine was found to be the cause of 

DKP formation, it was proposed that substitution with an acid-labile protecting group 

might avoid this side-reaction, as has been previously demonstrated.^^’'̂ °® The A^-Trt, 6"- 

Acm-protected cysteine residue was prepared via a previously established route,^^ 

however, coupling of this unit was found to be exceedingly inefficient (Scheme 4.3). 

This is most likely due to the steric hindrance imposed by the bulky triphenylmethyl
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moiety, and the disadvantageous electronic effects exerted by the unconjugated 

amino group.*'

‘̂ X z . ' . X ' O

M e O
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Scheme 4.3: Failure o f jV"-Trt, ^-Acm-protected cysteine residue (93) to couple efficiently during SPPS.

Further work could investigate the synthesis o f  both TACDEM and triostin A via a 

Boc-based strategy, or by using either A^-Bsmoc or Bpoc carbamate protection for both 

cysteine residues, in conjunction with an Fmoc-based strategy. Bsmoc protection has 

been previously used in positions prone to DKP f o r m a t i o n , s i n c e  it requires 

significantly milder basic cleavage conditions. The hyper acid-labile A^-Bpoc protection 

is also predicted to avoid this side reaction. However, it is important to note that, even if 

successful, this strategy will nevertheless result in a linear sequence with an A^-terminal 

cysteine residue. Subsequent macrolactam isation is therefore predicted to be 

accompanied by significant DKP formation, particularly in the case o f  triostin A, where 

the desired cyclisation might be retarded by poor coupling o f  the methylated amino 

group, leading to extended reaction times.

S  O '

Figure 4.3: Potential macrocyclisation sites (A -  D) in the synthesis o f TANDEM.

In order to circumvent this issue, further work could investigate other potential sites 

for ring-closLire, and these are summarised in Figure 4.3. Site ‘A ’ was the location of 

macrolactamisation chosen by Ciardelli and Olsen in their original synthesis o f  

TANDEM, and despite the low yields reported (26 -  43%) this site was also used by
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Malkinson and co-workers, for a number of reasons. While ring closing at site ‘D’ 

would avoid DKP formation, it requires the activation of cysteine on two separate 

occasions, during resin-loading and macrolactamisation. This is well- 

documented^^*’̂ '̂ *’̂ *̂ ’'̂ '̂̂ ’'̂ ^̂  to be associated with a high risk of racémisation, particularly 

if extended reaction times or highly active intermediates are used. Site ‘C’ might also 

lead to similar problems, since serine is also predisposed to racémisation.

Macrolactonisation (site ‘B’) was anticipated to require powerful coupling conditions, 

risking racémisation of the C-terminal valine residue and perhaps p-elimination of D- 

serine. However, as mentioned in Section 1.5.2, Boger and co-workers perform a 

macrolactonisation in the synthesis of a pharmacophore library based on the cell 

adhesion molecule inhibitor HUN-7293 via a Mitsunobu reaction.^^^ Significantly, these 

conditions resulted in lower racémisation than many other reagent combinations, 

including EDC/HOAt.

Considering the absence of by-products relating to P-elimination in the RP-HPLC 

study of solid-phase depside bond formation, it might be interesting to further 

investigate macrolactonisation as a route to triostin A and TACDEM.
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4.4 Side-chain immobilisation strategy for potential total SPPS of TANDEM, 

triostin A and related analogues

4.4.1 Strategy and linker synthesis

In order to facilitate the synthesis of TANDEM and perhaps allow access to the 

natural product triostin A and the analogue TACDEM via a solid-phase-based 

methodology, a side-chain immobilisation strategy was proposed.

It was envisaged that an aminothioacetal-based linker would allow simultaneous 

disulfide bond formation and resin-cleavage, while remaining orthogonal to the Fmoc 

carbamate, trityl ether and allyl ester protecting groups proposed for the synthesis. In 

addition, it was predicted to be orthogonal to A^-Boc protection, potentially allowing 

the use of this protecting group at locations where A“-Fmoc deprotection had been 

found to promote DKP formation. Therefore this strategy might also afford access to 

triostin A and the analogue TACDEM.

The desired resin linker was therefore synthesised in a satisfactory yield, without the 

difficulties previously encountered during A-hydroxymethyl moiety installation in 

analogous compounds.

4.4.2 Resin loading and synthesis of a cyclic nonapeptide

Initial attempts at resin loading involved coupling of the silyl ether-protected linker 

(102) to MBHA resin and subsequent silyl deprotection. Coupling of the thiol side- 

chain of the A“-Fmoc, cysteine allyl ester (104) was then achieved under acidic 

conditions. Unfortunately subsequent A“-Fmoc deprotection and detection of the 

resulting free amino groups by the Kaiser test revealed a disappointing level of resin 

substitution. The modified loading procedure involved silyl deprotection of compound 

102, followed by coupling in solution to the free thiol side-chain of 104. Loading of this 

entire unit onto the MBHA resin could therefore be monitored by the Kaiser test, 

affording a greater degree of certainty as to the level of resin substitution (i.e. loading 

completion).

While the loading of the resin appeared to be successful, the subsequent synthesis of a 

nonapeptide (108) seemed to be inhibited by aggregation, with the characteristic resin 

particle adhesion observed. Because this occurred at a very early stage (A“-Fmoc 

deprotection of the second residue), it was concluded that this was a result of either 

interaction of the dipeptide-linker conjugate with the MBHA resin (perhaps via tt- tt 

stacking), or hydrogen-bonding of the linker to the dipeptide.
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Synthesis of the linear sequence was completed without further problems, and 

simultaneous resin-cleavage/Acm deprotection/disulfide bond formation appeared to be 

free from oligomeric by-products, based on RP-HPLC analysis of the crude product. 

Unfortunately compound 108 was afforded in an extremely low yield, and this was 

proposed to be a result of the low coupling efficiency caused by aggregation.

Nevertheless, this product was determined to be identical to the commercial 

material'^ by MS/MS sequencing experiments. Furthermore, this synthesis 

demonstrates the first reported use of an aminothioacetal-based linker for the side-chain 

immobilisation of a cysteine residue.

4.4.3 Attempted synthesis of TANDEM via a side-chain immobilisation 

strategy

The ‘depsipeptide technique’ (or ‘O-acyl isopeptide method’) is a method developed 

for the SPPS of sequences where aggregation prevents efficient coupling. Since the 

incorporation of a depside moiety has been found to disrupt the (3-sheet formation 

responsible for aggregation, it was suggested that the synthesis of TANDEM via our 

side-chain immobilisation strategy might not encounter the same difficulties 

experienced during the synthesis of compound 108. Unfortunately this theory proved 

unfounded; although the characteristic resin-particle adhesion was not observed, the 

weak Kaiser test result obtained after A/“-Fmoc deprotection of the first valine residue 

implied depside coupling had not reached completion under the standard conditions.

It was concluded that further work should attempt to reduce the propensity of this 

strategy towards aggregation. Initial attempts could investigate the effect of substituting 

MBHA resin with another suitable polystyrene-based resin, in order to increase the 

distance o f the linker from the polymer and therefore reduce potential tc-tt interactions. 

Alternatively, a polyethylene glycol (PEG)-based resin could be used, since these have 

been found to offer superior solvation in the SPPS o f aggregated peptides."^’ Finally, 

the aminothioacetal linker itself could be modified. It is suggested that increasing the 

length of the succinamide tether might confer a greater degree of linker flexibility and 

would also increase the distance of the peptide from the resin matrix.

Difficulties were also experienced during the C-terminal deprotection in both 

syntheses, due to the lack of ability to monitor this reaction. Recent work in our 

laboratory has assessed the range of published methods for solid-phase allyl ester 

deprotection methods, using a retrospective RP-HPLC study.'^^  ̂ This demonstrated that
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the procedure of Papini and co-workers'*’  ̂ allowed complete C-terminal allyl ester 

deprotection of a side-chain immobilised dodecadepsipeptide related to daptomycin. 

Although this was the same procedure used in the synthesis of compound 108, two 

points must be made. Firstly, the success of this reaction is probably strongly influenced 

by the peptide sequence, and work in our laboratory has demonstrated variable success 

with a large number of reported procedures.” 3 .4 2 7 ,428 .4 29 secondly, the RP-HPLC 

study showed that the procedure of Papini and co-workers required prior drying and 

dessication o f peptide-resin, and this was not carried out in the synthesis of compound 

108, or TANDEM.

Further work should therefore monitor the allyl deprotection in the synthesis of 

TANDEM using an RP-HPLC methodology, in order to ascertain completion of this 

reaction. This process might also indicate any degree o f depside bond cleavage under 

these conditions.

M e'
M e

M e
NH

D m a b

Figure 4.4: The 4-{[l-(4,4-dim ethyl-2,6-dioxocyclohexylidene)-3-methylbutyl]amino}benzyl (Dmab) 

group.

An alternative solution would be to further investigate other appropriate protecting 

groups for this functionality. Currently there is a poor choice of temporary carboxyl 

protecting groups that are appropriate for use in solid phase synthesis, due to an 

apparent lack of interest in this area.^^ However, one viable option is the 4-{[l-(4,4- 

dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl]amino} benzyl (Dmab) group 

(Figure 4.3) developed by Chan and Bycroft which is quasi-orthogonal to the Fmoc 

carbamate.'*^’ Whilst stable to 20% v/v piperidine, Dmab can be cleaved by brief 

treatment with a 2% v/v solution of hydrazine in DMF, in an identical manner to the 

analogous ivDde enamine. Again, there is some uncertainty as to the stability of the 

depside bond under these conditions, and further work should attempt to monitor the 

deprotection using RP-HPLC.

It is anticipated that, once optimised, this strategy could also be used for the synthesis 

of the triostins by using Boc for A“-amino group protection at locations predisposed to 

DKP formation.
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Chapter 5: Experimental
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5.1. General analytical methods, solvents and reagents

5.1.1 Spectroscopic methods

Nuclear Magnetic Resonance characterisation was carried out using a Bruker Avance 

Spectrometer operating at 400 MHz. Data was processed using Bruker NMR Suite 3.5 

in conjunction with Topspin 1.3 software. Chemical shifts (5) are given in p.p.m. 

downfield from TMS, and were calibrated to the residual proton peak of the deuterated 

solvent. Signals are reported as singlets (s), broad singlets (brs), doublets (d), double 

doublets (dd), triplets (t), or multiplets (m). Coupling constants {J), are expressed in Hz. 

Assignment of spectra was assisted using COSY (Correlation Spectroscopy), TOCSY 

(Total Correlation Spectroscopy), HMQC (Heteronuclear Multiple Quantum 

Coherence), HMBC (Heteronuclear Multiple Bond Coherence) and NOESY (Nuclear 

Overhauser Effect Spectroscopy) experiments. Multiplicities were obtained using ’^C 

DEPT (Distortionless Enhancement by Polarisation Transfer) experiments. Mass spectra 

were obtained using electropray (ES) or MALDI-TOF analysis. Electrospray 

experiments were carried out on a Finnigan Navigator Single Quadrapole Mass 

Spectrometer (low resolution) or Waters Q-TOF Global Ultima® (high resolution (HR) 

and MS/MS peptide sequencing). MALDI-TOF spectra were recorded using an Applied 

Biosystems Voyager DE-PRO® .

5.1.2 Purification/analytical RP-HPLC methods: systems A and B

Peptide purification was achieved using preparative RP-HPLC on a Waters Atlantis 

dCi8 OBD™ 10 pm prep-LC column (250 x 19 mm) in conjunction with an Applied 

Biosystems 400 solvent delivery system and 783A absorbance detector. Solvents were 

0.02% v/v TFA in water (Solvent A) and 0.016% v/v TFA in 90% MeCN (Solvent B), 

run at 5 -  8 mL m in '\ For linear peptides, separation was initiated by running 10% 

Solvent B for 20 min, then continued using a linear gradient o f 10% B to 70% B over 

120 min (System B). The separation procedure for the Bis-Acm-protected cyclic 

precursors of TANDEM analogues and respective final products was identical, except 

initiation was at 20% and 40% B respectively. Absorbance was measured at 254 nm or 

214 nm. Fractions were manually collected and analysed by RP-HPLC using a Waters 

Atlantis dCig 5 pm analytical column (250 x 4.6 mm) in conjunction with a Waters 717 

autosampler, 600S controller, 616 pump and 486 detector. The resulting data was 

managed using Waters Millenium™ Version 2.15 software. Separation was achieved
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using the same solvents as System B, running a linear gradient of 0% B to 100% B over 

20 min then 100% B for 5 min and finally 100% B to 0% B over 7 min (System A).

5.1.3 Purification/analytical RP-HPLC methods: systems C and D

Peptide purification was achieved using preparative RP-HPLC on a Waters Atlantis 

dCi8 OBD™ 10 pm prep-LC column (250 x 19 mm or 250 x 10 mm) in conjunction 

with a Waters 600 controller, Delta 600 pump and 2487 detector. Solvents were 

identical to 5.1.2 and run at 20.4 mL min'' (250 x 19 mm column) or 6.0 mL min ' (250 

X 10 mm column). All peptides were separated using a linear gradient of 0% B to 100% 

B over 40 or 60 min then 100% B for 5 min and finally 100% B to 0% B over 7 min 

(System D). Absorbance was measured in all cases at 214 nm. Fractions were manually 

collected and analysed by RP-HPLC using a Waters Atlantis dCig 5 pm analytical 

column (250 x 4.6 mm) in conjunction with a Waters 717 autosampler, 600S controller, 

616 pump and 486 detector. The resulting data was managed using Waters Empower™ 

2 Pro software. Separation was achieved using the same solvents as System D, running 

a linear gradient of 0% B to 100% B over 20 min then 100% B for 5 min and finally 

100% B to 0% B over 7 min (System C).

5.1.4 Solvents for RP-HPLC, solution- and solid-phase chemistry

HPLC-grade water and acetonitrile were obtained from Fisher Scientific, 

Leicestershire, UK, as were reagent-grade hexane, diethyl ether, ethyl acetate, acetone, 

and methanol. Chloroform, dichloromethane, and tetrahydrofuran were obtained from 

VWR, Leicestershire, UK. Anhydrous solvents were obtained from Sigma-Aldrich, 

Dorset, UK, or were dried according to established protocols"^^ and distilled 

immediately prior to use. Peptide synthesis-grade dimethylformamide was obtained 

from Rathbum, Walkerbum, Scotland. Deuterated solvents for NMR were obtained 

either from Sigma-Aldrich, or Cambridge Isotope Laboratories Inc., Andover, UK.

5.1.5 Reagents for solution- and solid-phase chemistry

Protected amino acid building blocks and resins for SPPS were obtained from Merck 

(Novabiochem®), Nottingham, UK, apart from Fmoc-DSer(TBDMS)-OH, and H-Tyr- 

Cys-Phe-Ala-Trp-Lys-Thr-Phe-Cys-OH (disulfide bridge) which were obtained from 

Bachem, Weil am Rhein, Germany. HATU, HCTU, Cl-HOBt, HOAt, HOOBt and
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HOBt was obtained from GL Biochem, Shanghai, China and HBTU from Merck 

(Novabiochem®). MgS0 4 , NaCl, NaHCOg, silica gel, acetic and hydrochloric acids 

were obtained from BDH Prolabo®, Leicestershire, UK. All other reagents were 

obtained from Sigma-Aldrich.

5.1.6 Melting points and thin layer chromatography (TLC)

Melting points were recorded using a Stuart SMP3 melting point apparatus. Plates for 

TLC (aluminium-backed silica gel 60 F2 5 4) were obtained from Merck, Damstadt, 

Germany. Common visualisation reagents were:

- Phosphomolybdic acid (PMA): 5% w/v in abs EtOH;

- Ninhydrin: 1.5 g in 500 mL 95% EtOH containing 5 mL AcOH;

- Bromocresol green: 0.04% w/v in abs EtOH, then 0.1 M NaOH added until 

permanent blue colouration.

Details of other visualisation reagents are outlined in subsequent experimental data.

5.2 Synthesis of TANDEM chromophore analogues

5.2.1. Peptide synthesis: general procedures

Solid-phase peptide synthesis was performed on Wang resin preloaded with A°-Fmoc 

protected alanine. The procedure continued in a stepwise fashion using a manual 

technique until the linear peptide was complete. A“-Fmoc deprotection was effected 

using a 20% v/v solution of piperidine in DMF (2 x 1 0  min). O-Trityl protection of the 

serine/D-serine side chain was removed using a 2% v/v TFA solution in dry CH2CI2 

containing 5% v/v zPrgSiH (5 x 2  min).

Peptide couplings: A/“-Fmoc protected cysteine and alanine residues were introduced 

using 2.5 equiv of amino acid, HBTU and HOBt in DMF, with 5 equiv zPr2NEt 

(amounts compared to manufacturer’s resin substitution). Couplings were carried out 

for 30 min and repeated once. Completion was determined using the Kaiser test for free 

amines; unsuccessful couplings were repeated until a negative Kaiser test was obtained. 

The introduction o f D-serine was identical, apart from the first D-serine residue, which 

was coupled for 40 -  60 min.

Acétylation of D-serine a-amino group and chromophore coupling: Acétylation 

was carried out in DMF using 10 equiv acetic anhydride in the presence of 20 equiv 

zPr2NEt. The 2-quinoxaline chromophore was introduced using 2.5 equiv of
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quinoxaline-2-carbonyl chloride in DMF in the presence of 5 equiv /Pr2NEt (2 x 10 

min). Remaining chromophores were coupled on-resin using 2.5 equiv of the 

appropriate carboxylic acid, HBTU and HOBt in DMF, with 5 equiv /Pr2NEt. Coupling 

was carried out for 20 min and repeated once. Solution-phase chromophore couplings 

are detailed where relevent. Carboxybenzyl (Z) protection was carried out using 5 equiv 

benzyl chloroformate in the presence of 10 equiv zPr2NEt (2 x 20 min).

Side chain esterifîcation of D-serine (depside bond formation): The free p- 

hydroxyl o f D-serine was esterified in DMF using 5 equiv of A^-Fmoc-valine and DIG, 

with 0.1 equiv DMAP (3 x 1 h).

Peptide cleavage and isolation: On completion of the linear peptide (with free amino 

terminus), the resin was washed with DMF, CH2CI2 and 50% v/v MeOH in CH2CI2 and 

dried in vacuo over KOH for 24 hours or until constant weight. The peptide was cleaved 

from the resin using a TFA solution containing 2.5% v/v water and 2.5% v/v zPrsSiH (2 

h at room temperature). The resulting solution was filtered, evaporated, and the crude 

peptide precipitated from cold diethyl ether. Extraction was into 95% v/v acetic acid and 

the extract lyophilised.

Peptide cyclisation: To a solution of the bis-Acm-protected linear depsipeptide in 

one part anhydrous DMF at 0 °C was added 1 equiv NMM and 4 equiv NHS. The 

mixture was then diluted with 10 parts anhydrous THF (volumes of solvent calculated 

to achieve an approx 1 -  2 mM concentration of linear depsipeptide), cooled to 0 °C and 

3 equiv EDO added. This was then stirred under Ar for 1 h at 0 °C, and subsequently at 

room temperature until the reaction was complete (completion detected by RP-HPLC, 

System A or C). The residue remaining after evaporation of solvents under reduced 

pressure was taken up in ca. 60% v/v aqueous MeCN and lyophilised.

Disulfide bridge formation: To a solution of the bis-Acm-protected depsipeptide in 

anhydrous MeOH was added an approx 20 mM solution of I2 (10 equiv in sufficient 

anhydrous MeOH) dropwise over 60 min at room temperature. Analysis by RP-HPLC 

(System A or C) was used to detect reaction completion. The mixture was then cooled 

to 0 °C and a 1 M aqueous solution of Na2S20] added dropwise until the colouration 

was discharged. Solvents were removed under reduced pressure and the product 

precipitated in a small volume of water. The precipitate was then filtered and washed 

with water. The depsipeptide was taken up in ca. 90% v/v aqueous MeCN, diluted with 

water and lyophilised. Unless stated (i.e. in cases of partial aqueous solubility), no 

further purification was required.
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5.2.2 Characterisation of chromophore analogues and intermediates

Numbering system: Each linear peptides is numbered from the N- to C-terminus, for 

example ‘Cys 1’ refers to the TV-terminal cysteine. In the case of the asymmetrical 

chromophore analogues and their cyclic intermediates, the numbering is carried through 

from the respective linear peptide, in order to discriminate between non-identical amino 

acid residues. Side-chain protecting groups (where it was possible to differentiate) carry 

the number of the residue to which they are attached, for example ‘Acm 1’ refers to the 

Acm protection of Cys 1. Aromatic numbering follows standard convention.

Bis-Acm-protected linear [Nap, Nap] TANDEM. Synthesised on 0.24 mmol scale 

(0.35g Fmoc-Ala-Wang, 0.67 mmol g"’ substitution). SPPS, cleavage, isolation and 

purification as described above, affording the depsipeptide as a white solid (91.2 mg; 

33% based on manufacturer’s substitution). ES MS (C5 6H72N 10O 15S2) 1188.46 m/z (%)

1189.2 [M + H]* (55). RP-HPLC (System A): R, = 16.13 min. 'H-NMR (CD3OH): 8 

0.67 (d, 3H, J  = 8.0, yH, Val 6 ), 0.68 (d, 3H, J  = 7.7, yHt Val 6 ), 0.75 (d, 3H, J  = 7.2, 

yHa Val 2), 0.77 (d, 3H, J  = 7.2, yHb Val 2), 1.25 (d, 3H, J  = 7.4, pH Ala 4), 1.32 (d, 

3 H ,y = 7 .3 , pH Ala 8 ), 1.79 (s, 3H, CHjAcm 5), 1.88 (s, 3H, CHjAcm 1), 1.96 (m, IH, 

PH Val 6 ), 2.13 (m, IH, pH Val 2), 2.69 (dd, IH, J  = 15.7, 10.3, PH. Cys 1), 2.78 (dd, 

IH, /  = 14.5, 10.4, pH. Cys 5), 3.03 (m, IH, pHy Cys 5), 3.07 (m, IH, pHy Cys 1), 4.01 

(dd, IH, y =  14.0, 5.7, CH. Acm 1), 4.10 (dd, IH, J =  14.0, 6.3, CH. Acm 5), 4.15 (m, 

IH, aH Val 6 ), 4.24 -  4.27 (m, 3H, CHy Acm 5, aH Ala 4, aH Cys 1), 4.27 -  4.36 (m, 

2H, aH Val 2, aH Ala 8 ), 4.40 (m, IH, (3Ha DSer 7), 4.42 -  4.51 (m, 3H, pHaDSer 3, 

PHbDSer 3, pHyOSer 7), 4.51 -  4.61 (m, IH, CHy Acm 1), 7.47 (m, 4H, CHAr), 7.7 (d, 

IH, J  -  8 .6 , NH Val 6 ), 7.78 -  7.88 (m, 8 H, CHAr), 8.16 (d, IH, J  = 7.9, NH Cys 5),

8.20 (d, IH, J  -  8.5, NH Val 2), 8.23 (d, IH, J  -  7.2, NH Ala 8 ), 8.32 (s, 2H, CH Nap), 

8.42 (t, IH, J  = 6.4 NH Acm 5), 8.56 -  8.61 (m, 2H, NH Ala 4, NH Acm 1), 8 . 6 6  (d, 

IH, J  = 7.9, NH DSer 7), 8.78 (d , IH, 7  = 6.9, NH DSer 3). "C-NMR: 8 17.8 (pC Ala),

18.2 (pC Ala, yCa Val 2), 18.6 (yC. Val 6 ), 19.4 (yCy Val 6 ), 19.6 (yCy Val 2), 21.0 

(CHj Acm 1), 22.9 (CH; Acm 5), 31.6 (PC Val 6 , pC Val 2 ), 33.0 (pC Cys 1), 33.4 (pC 

Cys 5), 40.8 (CHz Acm 1), 41.9 (CHz Acm 5), 51.4 (aC Ala 4), 53.6 (aC Cys 1), 54.4 

(aC DSer 3), 54.8 (aC DSer 7), 59.4 (aC Val 6 ), 59.5 (aC Val 2), 65.2 (pC DSer 3), 65.6 

(pC DSer 7). 125.1 (CHAr), 125.2 (CHAr), 128.0 (CHAr), 128.1 (CHAr), 128.9 

(CHAr), 129.1 (CHAr), 129.2 (CHAr), 129.4 (CHAr), 129.5 (CHAr), 129.6 (CHAr),

130.2 (CHAr), 131.8 (CAr), 132.2 (CAr), 133.9 (CAr), 134.0 (CAr), 136.5 (CAr),

136.5 (CAr), 169.8 (CO), 170.4 (CO), 170.6 (CO), 171.6 (CO), 172.5 (CO Val 2, CO
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Val 6), 173.0 (CO), 173.8 (CO Acm 5), 174.7 (CO Acm 1), 175.3 (CO Ala 4), 175.7

(CO Ala 8).

Bis-Acm-protected cyclic [Nap, Nap] TANDEM. Cyclisation and purification as 

described above. Carried out on 25 mg (20.7 pmol) and 34 mg (28.8 pmol) of the linear 

depsipeptide, affording the cyclic product after purification as a white solid (in both 

instances 7.8 mg; 32 and 23% respectively). ES MS (C5 6H70N 10O 14S2) 1170.45 m/z (%)

1171.2 [M + n t  (10), 1193.1 [M + N a f  (100). RP-HPLC (System A): Rt = 19.42 min. 

'H-NMR (CD3OH): 5 0.87 (d, 12H, J  = 7.2, yH Val), 1.45 (d, 6 H, J  = 7.3, pH Ala),

I.92 (s, 6 H, CHa Acm), 2.20 (m, 2H, pH Val), 3.01 (dd, 2H, J  = 13.9, 9.3, pH Cys),

3.10 (dd, 2H, J  = 13.9, 5.2, pH Cys'), 4.28 -  4.29 (m, 4H, CHz Acm), 4.29 -  4.38 (m, 

2H, aH Val), 4.40 -  4.47 (m, 2H, aH Ala), 4.50 (m, 2H, pHg DSer), 4.64 -  4.69 (m, 6 H, 

PHb DSer, PH Cys), 7.52 -  7.60 (m, 4H, CHAr), 7.87 -  7.96 (m, 8 H, CHAr), 8.07 (d, 

2H, J  = 8.3, NH Val), 8.41 (s, 2H, CHAr), 8.42 (m, 2H, NH Ala), 8.50 (d, 2H, J  = 6 .6 , 

NH Cys), 8.56 (t, 2H, J  = 6.1, NH Acm), 8 . 6 8  (d, 2H, J  = 6.2, NH DSer). '^C-NMR: 5

18.09 (pC Ala), 19.06 (yC Val), 22.8 (CH3 Acm), 31.8 (pC Val), 32.9 (pC Cys), 42.1 

(CH2 Acm), 51.6 (aC Ala), 54.8 (aC DSer), 55.9 (aC Cys), 59.8 (aC Val), 65.1 (pC 

DSer), 124.9 (CHAr), 128.0 (CHAr), 128.8 (CHAr), 129.1 (CHAr), 129.4 (CHAr),

129.5 (CHAr), 130.1 (CHAr), 131.9 (CAr), 134.0 (CAr), 136.5 (CAr), 170.0 (CO),

171.7 (CO), 172.0 (CO), 173.1 (CO), 173.6 (CO), 175.2 (CO), 175.2 (CO).

[Nap, Nap] TANDEM (55). Disulfide bridge formation and purification as described 

above. Carried out on 12 mg (10.3 pmol) of the cyclic precursor, affording [Nap, Nap] 

TANDEM as a white solid (10.4 mg, 75%). ES MS (C5 0H 58N 8O 12S2) 1026.36 m/z (%):

1025.2 [M -  H] (20). RP-HPLC (System A): R, = 21.12 min. 'H-NMR (CDCI3): 8 1.02 

(d, 6 H, J  = 7.4, yHa Val), 1.04 (d, 6 H, J  = 7.3, yHt Val), 1.34 (d, 6 H, 7  = 7.1, pH Ala), 

2.56 (m, 2H, pH Val), 2.90 (m, 4H, pH Cys), 4.47 (m, 2H, aH Ala), 4.68 (dd, 2H, J  =

II.4, 2.5, PH. DSer), 4.77 -  4.80 (m, 2H, aH Val), 4.80 -  4.85 (m, 2H, aH DSer), 4.89 

(dd, 2 H ,7 =  11.2, 2.4, pHbDSer), 5.69 (m, 2H, aH Cys), 6.51 (d, 2H, 7  = 5.0, NH Ala), 

7.25 (m, NH Cys), 7.59 (m, 4H, CHAr), 7.78 (d, 2H, 7  = 4.6, NH Val), 7.85 -  7.98 (m, 

8 H, CHAr), 8.40 (s, 2H, CHAr), 8.72 (d, 2H, 7  = 10.0, NH DSer). '^C-NMR: 5 17.4 

( y C a  Val), 18.2 (pC Ala), 18.9 ( y C b  Val), 31.7 (pC Val), 45.9 (pC Cys), 49.8 (aC Ala),

53.5 (aC Cys), 55.9 (aC Val), 57.2 (aC DSer), 65.6 (pC DSer), 123.1 (CHAr), 127.1 

(CHAr), 127.8 (CHAr), 128.3 (CAr), 128.9 (CHAr), 129.2 (CHAr), 129.4 (CAr), 132.6
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(CAr), 135.2 (CAr), 167.8 (Nap C-2), 168.1 (CO Val), 170.7 (CO Nap), 172.8 (CO

Ala).

Bis-Acm-protected linear [Nap, Qxc] TANDEM. Synthesised on 0.34 mmol scale 

(0.5 g Fmoc-Ala-Wang, 0.67 mmol g'* substitution). SPPS, cleavage, isolation and 

purification as described above, affording the depsipeptide as a white solid (103.1 mg; 

26% based on manufacturer’s substitution). ES MS (C54H70N 12O 15S2) 1190.45 m/z (%):

1191.0 [M + H]^(75). RP-HPLC (System A): Rt = 15.17 min. 'H-NMR (CD3OH): 5 

0.81 (d, 3H, J  -  3.7, yHa Val 6 ), 0.82 (d, 3H, J  = 3.5, yHb Val 6 ), 0.91 (d, 3H, J  = 7.2, 

yHa Val 2), 0.94 (d, 3H, J  = 7.2, yHb Val 2), 1.38 (d, 3H, J  -  7.4, pH Ala 4), 1.43 (d, 

3H, J  = 7.4, PH Ala 8 ), 1.94 (s, 3H, CH3 Acm 1), 2.00 (s, 3H, CH3 Acm 5), 2.10 (m, IH, 

PH Val 6 ), 2.23 (m, IH, pH Val 2), 2.73 (dd, IH, J  = 16.0, 10.6, pHa Cys 1), 2.81 (dd, 

IH, J  = 14.8, 10.2, PHa Cys 5), 3.07 (dd, IH, 14.8, 4.0, pHb Cys 5), 3.15 (dd, IH, J  = 

15.8, 3.0, PHb Cys 1), 4.06 (dd, J  -  14.0, 5.2, IH, CHa Acm 1), 4.22 -  4.27 (m, 2H, aH 

Val 6 , CHa Acm 5), 4.32 -  4.42 (m, 3H, aH Ala 4, CHb Acm 5, aH Cys 1), 4.42 -  4.49 

(m, 2H, aH Val 2, aH Ala 8 ), 4.51 -  4.57 (m, IH, pHaDSer 7), 4.59 -  4.64 (m, 2H, pHa 

DSer 3, pHbDSer 7), 4.65 (m, IH, aH Cys 5), 4.75 (m, IH, CHb Acm 1), 7.52 -  7.62 (m, 

2H, CHAr), 7.85 (d, IH, J  = 8 .6 , NH Val 6 ), 7.86 -  8.02 (m, 6 H, CHAr), 8.17 (m, IH, 

NH Val 2), 8.25 (d, IH, J  = 7.9, NH Cys 5), 8.45 (m, IH, NH Ala 8 ), 8.55 (t, IH, J  =

6.3, NH Acm 5), 8 . 6 8  -  8.75 (m, 3H, NH Acm 1, NH DSer 7, NH Ala 4), 9.27 (d, IH, J  

= 7.6, NH DSer 3), 9.50 (s, IH, Qxc H-3). '^C-NMR: 5 17.2 (pC Ala 4), 17.3 (yCa Val

2), 17.7 (pC Ala 8 ), 17.8 (yCa Val 6 ), 19.5 (yCb Val 2), 19.6 (yCb Val 6 ), 22.9 (CH3 

Acm), 31.5, 31.6 (pC Val), 32.8 (pC Cys 1), 33.2 (pC Cys 5), 40.5 (CH2 Acm 1), 41.8 

(CH2 Acm 5), 49.8 (aC Ala 8 ), 51.4 (aC Ala 4), 53.4 (aC Cys 1), 54.0 (aC DSer 3), 54.3 

(aC DSer 7), 54.8 (aC Cys 5), 59.3, 59.4 (aC Val 2, aC Val 6 ), 64.0, 64.1 (pC DSer 7, 

pC DSer 3), 125.2 (CHAr), 127.9 (CHAr), 128.8 (CHAr), 129.0 (CHAr), 129.4 (CHAr),

130.1 (CHAr), 130.2 (CHAr), 130.9 (CAr), 132.3 (CHAr), 132.6 (CHAr), 133.5 

(CHAr), 134.0 (CHAr), 133.5 (CAr), 136.4 (CAr), 141.7 (CAr), 144.8 (Qxc C-3), 144.9 

(CAr), 166.1 (CO Qxc), 169.5 (CO Cys 1), 170.4 (CO), 170.7 (CO), 170.8 (CO), 172.4 

(CO Cys 5), 172.9 (CO Acm), 173.9 (CO Ala 4), 174.7 (CO), 175.9 (CO)

Bis-Acm-protected cyclic [Nap, Qxc] TANDEM. Cyclisation and purification as 

described above. Carried out on 51.3 mg (43.1 pmol) and 39.1 mg (32.9 pmol) of the 

linear depsipeptide, affording the cyclic product after purification as a white solid 

(combined total 56.8 mg; 64%). ES MS (C5 4H68N 12O 1 4S2) 1172.44 m/z (%): 1172.2
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[M]+ (53). RP-HPLC (System A): 18.48 min. 'H-NMR (*-DMSO): 5 0.82 (d, 6 H, J  =

6.7, yH Val 2), 0.83 (d , 6 H, J  =  6.7, yH Val 6 ), 1.32 (d , 3H, /  =  4.8, pH Ala 4), 1.33 (d, 

3H, y  = 5.1, pH Ala 8 ), 1.84 (s, 6 H, CH; Acm, CH; Acm' ), 2.13 (m, 2H, PH Val 2, pH 

Val 6 ), 2.79 (d d , IH, J  =  13.6, 9.0, pH. Cys 5), 2.85 (d d , IH, J  =  13.6, 9.1, pH. Cys 1),

2.94 (d d , IH, J  =  13.6, 5.7, pHt Cys 1), 2.99 (d d , IH, J  =  13.7, 5.8, pHy Cys 5), 4.15 -

4.21 (m, 2H, CHa Acm, CHa Acm'), 4.21 -  4.29 (m, 4H, aH Val 2, aH Val 6 , CHy Acm, 

CHb Acm'), 4.29 -  4.36 (m, 2H, aH Ala 8 , pHa DSer 7), 4.36 -  4.42 (m, 2H, aH Ala 4, 

pHa DSer 3), 4.54 (m, 2H, pHy DSer 3, pHy DSer 7), 4.64 (m, 2H, aH Cys 1, aH Cys 5), 

4.85 (m, aH DSer 7), 4.93 (m, aH DSer 3), 7.60 (m, 2H, CHAr), 7.84 (d, IH, J  = 8.3, 

NH Val 2), 7.90 (m, IH, NH Val 6 ), 7.97 (m, 6 H, CHAr), 8.11 (m, IH, CHAr), 8.20 (m, 

2H, NH Ala 8 , CHAr), 8.29 (m, IH, NH Ala 4), 8.38 (d, IH, J  = 7.2, NH Cys 5), 8.42 

(d, IH, J  = 6 .6 , NH Cys 1), 8.45 (s, IH, CHAr), 8.59 (m, 2H, NH Acm, NH Acm'), 8.67 

(m, IH, NH DSer 7), 8.91 (d, IH, J  -  7.6, NH DSer 3), 9.46 (s, IH, Qxc H-3). *̂ C- 

NMR: 5 17.8 (yC Val 2), 18.0 (pC Ala 8 ), 18.1 (pC Ala 4), 18.8 (yC Val 6 ), 22.5 (CH3 

Acm), 29.9 (pC Val 6 , pC Val 2), 30.0 (pC Cys 1, pC Cys 5), 40.2 (CH2 Acm), 49.2 (aC 

Ala 4, aC Ala 8 ), 52.3 (aC DSer 3), 53.4 (aC DSer 7), 57.7 (aC Val 2, aC Val 6 ), 124.1 

(CHAr), 125.4 (CHAr), 126.8 (CHAr), 127.6 (CHAr), 127.8 (CHAr), 128.8 (CHAr),

129.1 (CHAr), 129.3 (CHAr), 130.8 (CAr), 131.4 (CHAr), 132.2 (CHAr), 143.1 (CAr),

143.3 (CAr), 143.4 (Qxc C-3), 162.8 (CO Qxc), 166.4 (CO Nap), 168.2 (CO DSer 3),

168.9 (CO), 169.7 (CO), 169.9 (CO), 170.4 (CO Acm, CO Acm'), 170.8 (CO Val 2, CO 

Val 6), 172.3 (CO Ala 4, CO Ala 8).

[Nap, Qxc] TANDEM (56). Disulfide bridge formation and purification as described 

above. Carried out on 40.5 mg (34.5 pmol) of the cyclic precursor, affording [Nap, Qxc] 

TANDEM as a white solid (18.8 mg, 53%). ES MS (C4 8H56N,oO,2 S2) 1028.35 m/z (%):

1029.1 [M + H f  (100), 1051 [M + N a f  (12). RP-HPLC (System A): Rt= 20.12 min. 

'H-NMR (CDCI3): 5 0.94 (d , 3H, J  = 6.9, yH, Val 6 ), 0.97 (d , 3H, J  = 6.9, yHb, Val 6 ),

1.04 (d , 3H, J  = 6 .8 , yHa Val 2), 1.08 (d , 3H, J  = 6 .8 , yHb Val 2) 1.28 (d , 3H, J  = 2.7, 

pH Ala 4), 1.29 (d , 3H, J  = 2.8, pH Ala 8 ), 2.48 (m , 2H, pH Val 2, pH Val 6 ), 2.83 (m , 

4H, PH Cys 1, PH Cys 5), 4.43 (m , IH, aH Ala 8 ), 4.49 (m , IH, aH Ala 4), 4.56 (m, IH, 

pH. DSer 3), 4.63 (m , IH, pH. DSer 7), 4.71 (m , IH, aH DSer 7), 4.72 -  4.79 (m, 2H, aH 

Val 2, aH Val 6 ), 4.79 -  4.83 (m, 2H, pHt DSer 7, aH DSer 3), 4.90 (d d , IH, /  = 11.1,

2.0, PHb DSer 3), 5.62 (m, 2H, aH Cys 1, aH Cys 5), 6.37 (d , IH, J  = 6.1, NH Ala 8 ),

6.48 (m, IH, NH Ala 4), 7.19 (m, IH, NH Cys 5), 7.29 (m, IH, NH Cys 1), 7.51 (m, 

2H, CHAr), 7.73 (d , IH, J  = 4.4, NH DSer 7), 7.85 (m, 6 H, CHAr), 8.04 (m, IH,
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CHAr), 8.15 (m, IB, CHAr), 8.32 (s, IH, Nap H-1), 8.50 (d, IH, J  = 9.9, NH Val 2), 

8.69 (d, IH, J  = 10.0, NH Val 6), 8.75 (d, IH, 7 =  6.5, NH DSer 3), 9.57 (s, IH, Qxc H- 

3). '^C-NMR: 5 17.4 (yC, Val 6), 18.0 (yC, Val 2), 18.3, 18.4 (pC Ala 4, pC Ala 8),

18.9 (yCb Val 6), 19.0 (yCt Val 2), 31.8 (pC Val 6), 32.2 (pC Val 2), 46.1 (pC Cys 1, pC 

Cys 5), 49.5 (aC Ala 8), 49.8 (aC Ala 4), 53.4 (aC Cys 1, aC Cys 5), 54.6 (aC oSer 3),

56.0 (aC DSer 7), 57.2 (aC Val 6), 57.6 (aC Val 2), 65.1 (pC DSer 3), 65.6 (pC DSer 7),

123.1 (CHAr), 127.1 (CHAr), 127.8 (CHAr), 128.3 (CHAr), 128.9 (CHAr), 129.2 

(CHAr), 129.5 (CHAr), 129.6 (CHAr), 131.3 (CHAr), 132.6 (CAr), 135.2 (CAr), 140.4 

(CAr), 142.2 (Qxc C-2), 143.4 (Qxc C-3), 144.1 (CAr), 164.2 (CO Qxc), 167.8 (CO 

Nap), 170.7 (CO Cys 5), 173.0 (CO Ala 8), 173.3 (CO Ala 4).

Nap-DSer(Qxc-DHA-Ala-Cys(Acm)-Val)-Ala-OH (70). Major by-product of SPPS 

of compound (56) linear precursor. Synthesis of desired compound was on a 0.34 mmol 

scale (0.5 g Fmoc-Ala-Wang, 0.67 mmol g''substitution). SPPS, cleavage, isolation and 

purification as described above, affording the by-product as a white solid ( 1 2 . 6  mg; 

4.1% based on manufacturer’s substitution). ES MS ( C 4 3 H 4 9 N 9 O 1 1 S ] )  899.33 m/z (%):

900.0 [M + H]^(39), 921.9 [M + Na]^ (23). RP-HPLC (System A): Rt= 18.08 min. ’H- 

NMR (4-DMSO): 5 0.78 (d, 6 H, J  = 6 .8 , yH Val), 1.29 (d, 3H, J  = 7.2, (3H Ala 6 ), 1.35 

(d, 3H, J  = 7.2, PH Ala 2), 1.85 (s, 3H, CH3 Acm), 2.04 (m, IH, pH Val), 2.72 (dd, IH, 

J  = 13.9, 9.9, PHa Cys), 2.94 (dd, IH, J  -  14.0, 4.1, pHy Cys), 4.19 -  4.29 (m, 3H, CHa 

Acm, aH Val, aH Ala 6 ), 4.31 -  4.40 (m, 2H, CHy Acm, PHaDSer), 4.44 -  4.53 (m, 2H, 

aH Ala 2, pHy DSer), 4.58 (m, IH, aH Cys), 4.98 (m, IH, aH DSer), 5.97 (s, IH, pHa 

DHA), 6.58 (s, IH, pHy DHA), 7.60 (m, 2H, CHAr), 7.87 (d, IH, J  = 8.4, NH Val),

7.95 -  8.07 (m, 6 H, CHAr), 8.17 -  8.26 (m, 3H, NH Cys, CHAr), 8.47 (d, IH, J =  7.4, 

NH Ala 6 ), 8.49 (s, IH, Nap H-1), 8.56 (t, IH, J =  6.4, NH Acm), 8.74 (d, 2H, J =  8.1, 

NH DSer, NH Ala 2), 9.55 (s, IH, Qxc H-3), 10.5 (s, IH, NH DHA). "C-NMR: 5 17.3 

(pC Ala 6 ), 17.7 (pC Ala 2), 18.8 (yC Val), 22.5 (CH, Acm), 29.9 (pC Val), 32.1 (pC 

Cys), 40.3 (CHz Acm), 47.7 (aC Ala 6 ), 49.2 (aC Ala 2), 52.1 (aC DSer), 52.6 (aC 

Cys), 57.0 (aC Val), 64.3 (PC DSer), 103.8 (CHz DHA), 124.3 (CHAr), 126.7 (CHAr),

127.6 (CHAr), 127.7 (CHAr), 127.9 (CHAr), 128.8 (CHAr), 129.1 (CHAr), 129.5 (Nap 

C-1), 131.2 (CAr), 131.6 (CHAr), 132.0 (CAr), 133.6 (CAr), 134.2 (aC DHA), 139.4 

(CAr), 143.3 (CAr), 161.3 (CO), 163.0 (CO DHA), 166.5 (CO DSer), 168.2 (CO Val),

170.1 (CO), 170.5 (CO Acm), 171.1 (CO Cys), 172.1 (CO Ala 2), 173.7 (CO Ala 6).
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Bis-Acm-protected linear [Ac, Qxc] TANDEM. Synthesised on 0.24 mmol scale 

(0.35 g Fmoc-Ala-Wang, 0.67 mmol g"' substitution). SPPS, cleavage, isolation and 

purification as described above, affording the depsipeptide as a white solid (102.4 mg; 

41% based on manufacturer’s substitution). ES MS (C4 5 H66N 12O 15S2) 1078.42 m/z (%):

1079.2 [M + H]* (25), 539.9 [M + 2H]^* (11). RP-HPLC (System A): R, = 13.15 min. 

'H-NMR (CD3OH); 6  0.83 (d, 3H, J  = 4.6, yH. Val 6 ), 0.85 (d, 3H, J  = 4.6, yHb Val 6 ), 

0.92 (d, 3H, J  = 7.2, yHa Val 2), 0.96 (d, 3H, J  = 7.1, yHb Val 2), 1.39 (d, 3H, J  = 7.3, 

PH Ala 4), 1.44 (d, 3H, J  = 7.3, PH Ala 8 ), 1.99 (s, 3H, CH, acetyl), 2.01 (s, 3H, CH3 

Acm), 2.03 (s, 3H, CH3 Acm'), 2.10 (m, IH, pH Val 6 ), 2.23 (m, IH, pH Val 2), 2.75 

(dd, IH, J  = 16.0, 10.6, pH. Cys 1), 2.86 (dd, IH, J  = 14.8, 10.3, pH. Cys 5), 3.11 (dd, 

1 H ,J=  13.4,3.5, PHb Cys 5), 3.15 (dd, IH, 15.7, 3.1, pHb Cys 1), 4.07 (dd, 1H ,J = 

14.0, 5.4, CHa Acm), 4.19 -  4.23 (m, IH, aH Val 6 ), 4.25 -  4.32 (m, 2H, pHa DSer 7, 

pHa DSer 3), 4.32 -  4.42 (m, 4H, aH Ala 4, aH Cys 1, CHa Acm', pHy DSer 7), 4.42 -

4.49 (m, 3H, PHy DSer 3, aH Val 2, aH Ala 8 ), 7.86 (d, IH, J  = 8 .6 , NH Val 6 ), 7.99 

(m, 2H, CHAr), 8.22 (m, 3H, NH Val 2, CHAr), 8.30 (d, IH, J  = 7.4, NH Ala 4), 8.34 

(d, IH, J  = 7.8, NH Cys 5), 8.38 (d, IH, J  = 8.0, NH DSer 7), 8.61 (t, IH, J  = 6.5, NH 

Acm'), 8.75 (m, 2H, NH Ala 8 , NH Acm), 9.32 (d, IH, J  = 7.6, NH DSer 3), 9.53 (s, 

IH, Qxc H-3). '^C-NMR: Ô 17.8 (pC Ala 4, pC Ala 8 , yC, Val 2), 18.1 (yC, Val 6 ), 19.5 

(yCb Val 6 ), 19.6 (yCy Val 2), 22.7 (CH3 Acm, CH3 Acm'), 22.9 (CH3 acetyl), 31.49 (pC 

Val 6 ), 31.54 (pC Val 2), 32.8 (pC Cys I), 33.2 (pC Cys 5), 40.4 (CH2 Acm), 41.7 (pC 

DSer 3), 49.0 (aC Ala 4), 51.4 (aC Ala 8), 53.4 (aC Cys 1), 53.5 (aC DSer 3), 54.1 (aC 

DSer 7), 54.7 (aC Cys 5), 59.3 (aC Val 2, aC Val 6 ), 130.2 (CHAr), 130.9 (CHAr),

132.6 (CHAr), 133.5 (CHAr), 141.8 (CAr), 144.7 (CHAr), 144.9 (CAr), 165.7 (CO 

Qxc), 169.5 (CO Cys 1), 170.6 (CO DSer 3), 170.8 (CO DSer 7), 172.3 (CO), 172.5 

(CO), 172.9 (CO Cys 5), 173.6 (CO Acm'), 173.9 (CO acetyl), 174.7 (CO Acm), 175.2 

(CO Ala 8), 175.7 (CO Ala 4).

Bis-Acm-protected cyclic [Ac, Qxc] TANDEM. Cyclisation and purification as 

described above. Carried out on 54.5 mg (50.6 pmol) o f the linear depsipeptide, 

affording the cyclic product after purification as a white solid (9.8 mg; 21%). ES MS 

(C45H64N,20mS2) 1060.41 m/z {Vo): 1061.1 [M + H f  (55), 1083.1 [M + N a f  (100). RP- 

HPLC (System A): Rt =  17.30 min. Ĥ-NMR (Jy-DMSO): 5 0.68 (d, 3H, J  =  4.0, yHa 

Val 2), 0.69 (d, 3H, J  = 4.0, yHy Val 2), 0.73 (d, 6 H, J  = 6.7, yH Val 6 ), 1.18 (d, 3H, J  

-  2.4, PH Ala 4), 1.19 (d, 3H, J  = 2.3, pH Ala 8 ), 1.72 (s, 3H, CH3 Acm), 1.73 (s, 3H, 

CH3 Acm'), 1.76 (s, 3H, CH3 acetyl), 2.00 (m, 2H, pH Val 2, pH Val 6 ), 2.70 (m, 2H,
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pHa Cys 1, pHa Cys 5), 2.82 (m, 2H, PHy Cys 1, pHy Cys 5), 3.93 (dd, IH, J  = 10.6, 4.0, 

PHa DSer 7), 4.02 -  4.10 (m, 4H, aH Val 2, CH] Acm, CH: Acm', pHy DSer 7), 4.10 -  

4.24 (m, 3H, aH Val 6 , aH Ala 4, aH Ala 8 ), 4.41 -  4.52 (m, 4H, aH Cys 1, aH Cys 5, 

PHy DSer 3, aH DSer 7), 4.77 (m, IH, aH DSer 7), 7.65 (d, \ U , J =  7.7, NH Val 6 ), 7.72 

(d, IH, J  = 7.7, NH Val 2), 7.88 -  7.91 (4H, NH DSer 7, NH Ala 8 , CHAr), 8.02 (m, 

IH, CHAr), 8.10 (m, IH, CHAr), 8.17 (d, IH, J  -  5.9, NH Ala 4), 8.28 (d, IH, J  = 7.8, 

NH Cys 1), 8.34 (d, IH, J =  8.0, NH Cys 5), 8.44 (t, IH, 6.2, NH Acm), 8.47 (t, IH, 

J  -  6.2, NH Acm'), 8.79 (d, IH, J  -  7.5, NH DSer 3) 9.37 (s, IH, Qxc H-3). '^C-NMR: 

Ô 17.9 (yCa Val 6 ), 18.0 (yCa Val 2), 18.1 (pC Ala 4, pC Ala 8 ), 18.8 (yCy Val 6 ), 18.9 

(yCy Val 2), 22.48 (CH3 Acm, CH3 Acm'), 22.5 (CH3 acetyl), 29.8, 30.1 (pC Val 2, pC 

Val 6 ), 31.5 (pC Cys 1, pC Cys 5), 40.1 (CH2 Acm, CH2 Acm') 48.8, 49.2 (aC Ala 4, 

aC Ala 8 ), 51.6, 51.9 (aC DSer 3, aC DSer 7), 53.4 (aC Cys 1, aC Cys 5), 57.7 (aC Val 

6 ), 57.9 (aC Val 2), 63.8 (pC DSer 3, pC DSer 7), 129.2 (CHAr), 131.6 (CHAr), 139.6 

(CHAr), 143.4 (C-3 Qxc), 162.9 (CO Qxc), 168.8 (CO), 169.5 (CO DSer 3), 169.7 

(CO), 169.9 (CO), 170.0 (CO), 170.1 (CO), 170.3 (CO), 170.4 (CO acetyl), 172.3 (CO 

Ala 8 ), 172.4 (CO Ala 4).

[Ac, Qxc] TANDEM (57). Disulfide bridge formation and purification as described 

above. Carried out on 12 mg (11.3 pmol) of the cyclic precursor, affording [Ac, Qxc] 

TANDEM as a white solid (8.3 mg; 80%). ES MS (C3 9H52N 10O 12S2) 916.32 m/z (%):

917.4 [M + H]^ (40), 939.4 [M + Na]^ (20). RP-HPLC (System A): Rt = 16.75 min. 'H- 

NMR (CDCI3): 5 0.91 (d, 3H, J  = 4.7, yHa Val 6 ), 0.93 (d, 3H, J  = 4.7, yHy Val 6 ), 1.07 

(d, 3H, J  = 6.9, yHa Val 2), 1.10 (d, 3H, J  = 6 .8 , yHy Val 2), 1.29 (d, 3H, J  = 7.2 pH 

Ala 4), 1.33 (d, 3H, J -  7.1, pH Ala 8 ), 2.01 (s, 3H, CH3 acetyl), 2.36 (m, IH, pH Val

6 ), 2.49 (m, IH, pH Val 2), 2.81 (m, 4H, pH Cys 1, pH Cys 5), 4.35 (m, IH, aH Ala 8 ),

4.39 (m, IH, aH Ala 4), 4.47 (m, IH, aH DSer 7), 4.50 -  4.55 (m, 2H, PHaDSer 7, PHy 

DSer 7), 4.58 (m, IH, PHaDSer 3), 4.71 (dd, IH, 10.0, 4.1, aH Val 6 ), 4.77 (dd, IH, 

J =  10.0, 4.8, aH Val 2), 4.81 (m, IH, aH DSer 3), 4.92 (dd, IH, J =  11.5, 2.9, pHyDSer 

3), 5.60 (m, 2H, aH Cys 1, aH Cys 5), 6.27 (d, IH, J  = 6.4, NH Ala 4), 6.39 (d, IH, J  = 

5.9, NH Ala 8 ), 6.54 (d, IH, J  -  5.0, NH DSer 7), 6.72 (d, IH, J  = 10.0, NH Cys 5), 

6.90 (d, IH, J  = 10.1, NH Cys 1), 7.84 (m, 2H, CHAr), 8.04 (m, IH, CHAr), 8.16 (m, 

IH, CHAr), 8.46 (d, IH, 10.0, NH Val 2), 8.51 (d, 1H, J -  10.0, NH Val 6 ), 8.72 (d, 

IH, J  = 6.7, NH DSer 3), 9.60 (s, IH, Qxc H-3). "C-NMR: ô 17.4 (yC, Val 6 ), 18.0 

(yCa Val 2), 18.2 (pC Ala 8 ), 18.3 (pC Ala 4), 18.9 (yCb Val 6 ), 19.0 (yCb Val 2), 23.2 

(CH; acetyl), 32.2 (pC Val 6 ), 32.3 (pC Val 2), 46.1 (pC Cys 1, pC Cys 5), 49.5 (aC
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Ala 4), 49.6 (aC Ala 8), 53.4 (aC Cys 1, aC Cys 5), 54.5 -  54.7 (aC DSer 3, aC DSer 7),

57.3 (aC Val 6), 57.7 (aC Val 2), 65.1 (pC DSer 3, pC DSer 7), 129.6 (CHAr), 129.7 

(CHAr), 131.3 (CHAr), 140.3 (CAr), 142.1 (CAr), 143.2 (Qxc C-3), 144.2 (CAr), 160.1 

(CO), 164.2 (CO), 167.8 (CO), 167.9 (CO), 170.3 (CO), 170.9 (CO acetyl), 172.7 (CO 

Ala 4), 172.9 (CO Ala 8).

Bis-Acm-protected linear [Ac, Ac] TANDEM. First synthesised on 0.24 mmol scale 

(0.35 g Fmoc-Ala-Wang, 0.67 mmol g"' substitution). Repeated on a 0.31 mmol scale 

(0.46 g Fmoc-Ala-Wang, 0.67 mmol g'' substitution). SPPS, cleavage, isolation and 

purification as described above, affording the depsipeptide as a white solid (First 

synthesis: 47 mg; 21% based on manufacturer’s substitution; second attempt carried 

through to cyclisation without purification). ES MS (C3 gH64NioO]5 S2) 964.40 m/z (%):

965.1 [M + H]+ (100), 987.2 [M + Na]^ (10). RP-HPLC (System A): Rt = 11.43 min. 

'H-NMR (CDjOH): 8 0.96 (d , 3H, J  =  7.2, yH. Val 6), 0.97 (d , 3H, 7  =  8.1, yHb Val 6),

1.00 (d, 3H, 7  = 7.1, yHa Val 2), 1.01 (d , 3H, 7  = 7.1, yHb Val 2), 1.41 (d, 6H, J  = 7.4, 

pH Ala 4, pH Ala 8), 2.00 (s, 3H, CH3 Acm 5), 2.02 (s, 3H, CH3 acetyl), 2.05 (s, 6 H, 

CH3 Acm 1, CH3 acetyl'), 2.25 (m, 2H, pH Val 6 , PH Val 2), 2.78 (dd, IH, J  = 9.6, 9.6, 

PHa Cys 1), 2.82 (dd, IH, J =  10.1,8.0, PHaCys 5), 3.09 (dd, IH, 14.7, 4.0, pHyCys 

5), 3.19 (dd, IH, y -  15.8, 3.1, PHy Cys 1), 4.12 (dd, J  = 13.9, 5.3, CHa Acm 1), 4.24 

(m, CHa Acm 5), 4.28 (m, PHaDSer 3), 4.30 -  4.33 (m, pHaDSer 7, aH Val 6 ), 4.35 (m, 

aH Cys 1), 4.36 -  4.42 (m, aH Ala 4, aH Ala 8 , pHy DSer 7), 4.42 -  4.53 (m, pHy DSer 

3, CHy Acm, aH Val 2), 4.70 (m, aH DSer 7), 4.78 (m, aH DSer 3), 7.92 (d, IH, J  = 8.5, 

NH Val 6 ), 8.25 (d, IH, J  = 8 .6 , NH Val 2), 8.29 (d, IH, J  -  7.9, NH Cys 5), 8.33 (d, 

IH, J  = 7.4, NH Ala 4), 8.39 (d, IH, J  = 8.0, NH DSer 3), 8.44 (d, IH, J  = 7.3, NH 

DSer 7), 8.46 (d, IH, J  = 6 .8 , NH Ala 8 ), 8.61 (t, IH, J  = 6.5, NH Acm), 8.80 (t, IH, J  

= 6 . 6  NH Acm'). ’^C-NMR: 5 17.8 (pC Ala 4, 18.0 (pC Ala 8 ), 19.56 -  19.6 (yC Val 2, 

yC Val 6 ), 22.7, 22.9 (CH3 Acm, CH3 Acm', CH3 acetyl, CH3 acetyl'), 31.5, 31.6 (pC 

Val 2, pC Val 6 ), 32.8 (pC Cys 1), 33.3 (pC Cys 5), 40.5 (CH2 Acm 1), 41.6 (CH2 Acm 

5), 50.9 (aC Ala 4, aC Ala 8 ), 53.4, 53.6 (aC Cys 1, aC Cys 5), 53.9 (aC DSer 3), 54.5 

(aC DSer 7), 59.3 (aC Val 2), 59.4 (aC Val 6 ), 65.3 (pC DSer 7), 65.6 (pC DSer 3),

169.6, (CO DSer 7), 170.6 (CO Val 2), 171.1 (CO Val 6 ), 172.36 (CO), 172.41 (CO),

173.1 (CO Ala 4), 173.6 (CO), 173.7 (CO), 173.9 (CO), 174.7 (CO Ala 8 ), 175.1 (CO),

175.8 (CO)
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Bis-Acm-protected cyclic [Ac, Ac] TANDEM. Cyclisation and purification as 

described above. First synthesised using 22.7 mg (24.0 pmol) of the linear depsipeptide, 

affording the cyclic product after purification as a white solid (10.3 mg; 45%). Second 

synthesis used 54.1 mg and 165.6 mg of crude linear depsipeptide affording after 

purification 51.9 mg (54.9 pmol) in total o f the cyclic product (18% yield over solid 

phase and cyclisation steps). ES MS (C3 8H62N 10O 14S2) 946.39 m/z (%): 947.1 [M + H]^ 

(15), 969,2 [M + Na]* (100). RP-HPLC (System A): R, = 12.83 min. 'H-NMR (* -  

DMSO): 5 0.86 (d, 6 H, J  = 6.1, yH Val), 0.88 (d, 6 H, J  = 5.8, yH Val), 1.27 (d, 6 H, J  =

7.1, PH Ala), 1.85 -  1.87 (m, 12H, CH3 Acm, CH3 acetyl), 2.12 (m, 2H, pH Val), 2.80 

(dd, 2H, y  = 13.6, 8.9, PH. Cys), 2.91 (dd, 2H, 7  = 13.7, 6.1, pHt Cys), 4.05 (dd, 2H, J  

= 10.6,4.5, PH. DSer), 4.13 -  4.19 (m, 4H, aH Val, CH. Acm), 4.19 -  4.23 (m, 4H, pHb 

DSer, CHb Acm), 4.26 (m, 2H, aH Ala), 4.54 (m, 4H, aH Cys, aH DSer), 7.82 (d, 2H, J  

= 8 .6 , NH Val), 8.00 (d, 2H, J  = 6.2, NH Ala), 8.04 (d, 2H, J  -  7.3, NH DSer), 8.33 (d, 

2H, J  = 7.8, NH Cys), 8.56 (t, 2H, J  -  6.4, NH Acm). '^C-NMR: Ô 18.0 (yCa Val), 18.1 

(PC Ala), 18.9 (yCb Val), 22.5 (CH3 Acm, CH3 acetyl), 22.9 (pC Val), 31.5 (pC Cys),

40.1 (CH2 Acm), 48.8 (aC Ala), 51.6 (aC DSer), 53.4 (aC Cys), 57.9 (aC Val), 63.6 (pC 

DSer), 168.8 (CO DSer), 169.6 (CO acetyl), 169.7 (CO acetyl), 170.1 (CO Acm), 170.3 

(CO Cys), 172.3 (CO Ala).

[Ac, Ac] TANDEM (58). Disulfide bridge formation and purification as described 

above. Carried out on 14.6 mg (15.4 pmol) and 19.1 mg (20.2 pmol) of the cyclic 

precursor, affording [Ac, Ac] TANDEM as a white solid (combined total 17.6 mg; 

62%). ES MS (C3 2H50N 8O 12S2) 802.30 m/z (%): 803.0 [M + H]^ (70), 825.2 [M + N a f 

(100). RP-HPLC (System A): Rt = 16.75 mins. ^H-NMR (4-DMSO): 6  0.95 (d, 6 H, J  -

6 .8 , yH Val), 0.97 (d, 6 H, J  = 6 .8 , yH Val), 1.34 (d, 6 H, J  = 7.3, pH Ala), 1.98 (s, 6 H, 

CH3 acetyl), 2.27 (m, 2H, pH Val), 2.69 (m, 2H, pHaCys), 2.91 (m, 2H, PHbCys), 4.19 

(dd, 2H, J  = 11.0, 3.0, PHa DSer), 4.28 (m, 2H, aH Val), 4.31 (m, 2H, pHb DSer), 4.45 

(m, 2H, aH Ala), 4.54 (m, 2H, aH DSer), 5.30 (m, 2H, aH Cys), 7.81 (d, 2H, J  = 7.1, 

NH Ala), 7.97 (d, 2H, J  = 8.1, NH DSer), 8.18 (d, 2H, J  = 9.9, NH Val), 8.79 (d, 2H, J  

-  9.5, NH Cys). ’^C-NMR: 5 18.1 (pC Ala), 18.2 (pC Ala’), 19.0 (yC Val) 22.7 (CH3 

acetyl), 30.3 (pC Val), 44.0 (pC Cys), 48.0 (aC Ala), 52.4 (aC DSer), 52.8 (aC Cys), 

58.4 (aC Val), 65.4 (pC DSer), 167.9 (CO DSer), 169.4, 169.6 (CO acetyl, CO Cys, CO 

Val), 173.2 (CO Ala).
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Bis-Acm-protected linear [Pic, Pic] TANDEM. Synthesised on 0.29 mmol scale 

(0.4 g Fmoc-Ala-Wang, 0.72 mmol g'* substitution). SPPS, cleavage, isolation and 

purification as described above, affording the depsipeptide as a white solid (35.8 mg; 

11% based on manufacturer’s substitution). MALDI-TOF MS (C4 6H66N 12O 15S2)

1091.22 m/z (%): 1113.43 [M + Na]* (97). RP-HPLC (System C): R ,= 13.78 min. 'H- 

NMR ( C D 3 O H ) :  8 0.83 (m, 6H, yH Val 6), 0.91 (d, 3H, J =  7.5, yH, Val 2), 0.94 (d, 3H, 

y  = 7 .5 , yHb Val 2), 1.42 (d, 6H, 6.4, pH Ala 4, pH Ala 8), 1.97 (s, 3H, CH] Acm 1),

2.02 (s, 3H, CH] Acm 5), 2.13 (m, IH, pH Val 6), 2.20 (m, IH, pH Val 2), 2.77 (m, IH, 

pHa Cys 1), 2.82 (m, IH, pHa Cys 5), 3.07 (m, IH, pHy Cys 5), 3.19 (m, IH, PHy Cys 

1), 4.11 (m, IH, CHa Acm 5), 4.25 -  4.29 (m, 2H, aH Val 6, CHa Acm 1), 4.35 -  4.44 

(m, 5H, aH Ala 4, aH Ala 8, CHy Acm 1, aH Cys 1, aH Val 2), 4.52 (m, 2H, pH DSer

7), 4.58 (m, 2H, pH DSer 3), 4.77 (m, IH, CHy Acm 5), 4.94 (m, IH, aH DSer 3), 4.99 

(m, IH, aH DSer 7), 7.59 (m, 2H, Pic H-5), 7.85 (d, IH, J=  8.6, NH Val 6), 7.99 (t, 2H, 

y  = 8.2, Pic H-4), 8.12 (m, 2H, Pic H-3), 8.20 (d, IH, J =  8.4, NH Val 2), 8.28 (d, IH, J  

= 7.8, NH Cys 5), 8.52 (m, 2H, NH Ala 8, NH Acm 1), 8.61 (d, IH, J =  6.4, NH Ala 4), 

8.66 (m, 2H, Pic H-6), 8.72 (m, IH, NH Acm 5), 9.09 (d, IH, J =  7.8, NH DSer 7), 9.16 

(d, IH, y  = 7.3, NH DSer 3). ’^C-NMR: 5  17.7 ( y C a  Val 2), 17.8 ( y C a  Val 6), 18.1 (pC 

Ala 4), 18.6 (pC Ala 8), 19.4 ( y C y  Val 6), 19.5 ( y C y  Val 2), 22.9 (CH] Acm 1, CH] Acm 

5), 31.5 (pC Val 2), 31.6 (pC Val 6), 32.8, 33.1 (pC Cys 1, pC Cys 5), 40.5 (CH] Acm 

5), 41.7 (CH] Acm 1), 51.2 (aC Ala 4, aC Ala 8), 53.5 (aC Cys 1, aC Cys 5), 53.7 (aC 

DSer 7), 54.0 (aC DSer 3), 59.4 (aC Val 2, aC Val 6), 64.6 (pC DSer 7), 65.7 (pC DSer 

3), 123.4 (Pic C - 3 ) ,  128.1, 128.2 (Pic C - 5 ) ,  138.9 (Pic C - 4 ) ,  149.9, 150.4 (Pic C - 6 )  

166.7 (CO Pic), 169.5 (CO Cys 1), 170.4 (Pic C - 2 ) ,  170.8 (CO DSer 7), 172.4 (CO Cys 

5), 172.9 (CO Val 2, CO Val 6), 173.9 (CO Acm 1), 174.7 (CO Acm 5), 175.1 (CO Ala

8), 175.8 (CO Ala 4).

Bis-Acm-protected cyclic [Pic, Pic] TANDEM. Cyclisation and purification as 

described above. Carried out on 22.8 mg (20.9 pmol) of the linear depsipeptide, 

affording the cyclic product after purification as a white solid (8.0 mg; 38%). MALDI- 

TOF MS (C4 6 H64N,]Oi4 S]) 1072.41 m/z (%): 1095.58 [M + Na]^ (100). RP-HPLC 

(System C): 16.60 min. 'H-NMR (CD3OH): 8 0.86 (d, 12H, J  = 7.4, yH Val), 1.49 (d, 

6H, J  = 7.4 PH Ala), 1.93 (s. 6H, CH, Acm), 2.32 (m, 2H, pH Val), 2.95 (m, 2H, pH. 

Cys), 3.07 (m, IH, pHt Cys), 4.22 (m, 2H, CH. Acm), 4.25 -  4.32 (m, 4H, aH Val, aH 

Ala), 4.38 -  4.40 (m, 2H, CHy Acm), 4.48 (m, 2H, pH DSer), 7.59 (m, 2H, Pic H-5), 

7.98 (m, 2H, Pic H-4), 8.13 (m, 4H, NH Val, Pic H-3), 8.46 (m, 2H, NH Ala), 8.56 -
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8.60 (m, 4H, NH Cys, Pic H-6 ), 8.64 (m, 2H, NH Acm), 9.12 (d, 2H, J=  6.5, NH DSer). 

'^C-NMR: 5 17.8 (pC Ma), 19.3 (yC, Val), 19.9 (yCy Val), 22.7 (CH3 Acm), 31.4 (pC 

Val), 32.3 (pC Cys), 42.1 (CH2 Acm), 52.0 (aC Ma), 56.6 (aC DSer), 60.2 (aC Val),

65.3 (pC DSer), 123.3 (Pic C-3), 128.2 (Pic C-5), 138.9 (Pic C-4), 149.8 (Pic C-6 ),

166.6 (CO Pic), 171.4 (CO Val), 171.8 (CO DSer), 173.6 (CO Acm), 175.1 (CO Ala).

[Pic, Pic] TANDEM (59). Disulfide bridge formation as described above. Carried out 

on 10.0 mg (9.3 jxmol) of the cyclic precursor; however compound failed to precipitate 

sufficiently well in H2O. [Pic, Pic] TANDEM thus afforded as a white solid (5.1 mg, 

59%) after purification by RP-HPLC (System C). MALDI-TOF MS (C4oH52N]oOi2 S2)

929.03 m/z (%): 929.50 [M + H]+ (87), 951.52 [M + Na]^ (100). RP-HPLC (System C):

17.62 min. ‘H-NMR (CD3 OH); 5 1.04 (d, 12H, J  = 7.1, yH Val), 1.39 (d, 6 H, J  = 7.2, 

PH Ala), 2.39 (m, 2H, pH Val), 2.98 (m, 4H, pH Cys), 4.48 -  4.55 (m, 6 H, aH Val, aH 

Ala, PHaDSer ) 4.68 (m, 2H, pHy DSer), 5.40 (m, 2H, aH Cys), 7.61 (m, 2H, Pic H-5),

8.01 (t, 2H, J =  8.0, Pic H-4), 8.07 (d, 2H, J =  6.0, NH Ala), 8.14 (m, 2H, Pic H-3), 8.47 

(d, 2H, 10.0, NH Val), 8.67 (m, 4H, NH Cys, Pic H-6 ), 9.05 (d, 2H, J =  7.6, NH 

DSer). ’^C-NMR: Ô 18.1 (pC Ala), 18.8 (yCa Val), 19.6 (yCy Val), 32.6 (pC Val), 45.4 

(PC Cys), 50.7 (aC Ala), 54.8 (aC Cys), 54.9 (aC DSer), 59.9 (aC Val), 66.4 (pC DSer)

123.5 (Pic C-3), 128.3 (Pic C-5), 139.0 (Pic C-4), 149.7 (Pic C-6 ) 150.5 (Pic C-2),

167.0 (CO Pic), 170.8 (CO DSer), 171.4 (CO Val), 172.4 (CO Cys), 175.2 (CO Ala).

Bis-Acm-protected linear [Nic, Nic] TANDEM. Synthesised on 0.29 mmol scale 

(0.4 g Fmoc-Ala-Wang, 0.72 mmol g*' substitution). SPPS, cleavage, isolation and 

purification as described above, affording the depsipeptide as a white solid (37.5 mg; 

12% based on manufacturer’s substitution). MALDI-TOF MS (C4 6H66N 12O15S2)

1091.22 »i/z(%): 1113.67 [M + Naf(100). RP-HPLC (System C): R,= 11.93 min. 'H- 

NMR (CD3 OH): Ô 0.87 (d, 6 H, y  = 7.4, yH Val 6 ), 0.96 (d, 3H, 7  = 7.3, yH, Val 2), 0.99 

(d, 3H, y =  7.3, yHb Val 2), 1.42 (m, 6 H, pH Ala 4, pH Ala 8), 1.96 (s, 3H, CH3 Acm 1),

2.03 (s, 3H, CH3 Acm 5), 2.13 (m, IH, pH Val 6 ), 2.27 (m, IH, pH Val 2), 2.78 (m, IH, 

PHa Cys 1), 2.83 (m, IH, pH, Cys 5), 3.10 (dd, IH, 7  = 14.8, 4.0, pHy Cys 5), 3.18 (dd, 

lH ,y =  15.9, 3.0, pHbCys 1), 4.12 (dd, 1H ,7=  14.0, 5.3, CH, Acm 5), 4 .2 1 -4 .2 8  (m, 

2H, aH Val 6 , CHa Acm 1), 4.35 -  4.48 (m, 5H, aH Ala 4, aH Ala 8 , CHy Acm 1, aH 

Cys 1, aH Val 2), 4.52 -  4.59 (m, 4H, pH DSer 3, pH DSer 7), 4.76 (m, IH, CHy Acm

5), 7.59 (m, 2H, Nic H-5), 7.82 (d, IH, J =  8.4, NH Val 6 ), 8.21 (d, IH, 8.0, NH Cys

5), 8.24 (d, m , J =  8.7, NH Val 2), 8.34 (m, 2H, Nic H-4), 8.44 (d, IH, / =  7.3, NH Ala
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8 ), 8.55 (t, IH, J =  6.4, NH Acm 1), 8.65 (d, IH, J =  6.5, NH Ala 4), 8.74 (m, 3H, NH 

Acm 5, 2 X Nic H-6 ), 8 . 8 6  (d, IH, J =  7.9, NH DSer 7), 8.98 (d, IH, J =  7.0, NH DSer 

3). "C-NMR: g 17.8 (pC Ala 4, pC Ala 8 ), 18.2 (yC» Val 6 ), 18.6 (yCa Val 2), 19.4,

19.6 (yCb Val 2, yCy Val 6 ), 22.8, 22.9 (CH; Acm 1, CH; Acm 5), 31.5 (pC Val 2, pC 

Val 6 ), 32.9 (pC Cys 1), 33.4 (pC Cys 5), 40.6 (CH; Acm 5), 41.8 (CH; Acm 1), 49.8 

(aC Ala 8 ), 51.2 (aC Ala 4), 53.5 (aC Cys 1), 54.2 (aC DSer 7), 54.6 (aC DSer 3, aC 

Cys 5), 59.4 (aC Val 6 ), 59.5 (aC Val 2), 65.0, 65.3 (pC DSer 3, pC DSer 7), 125.3 (Nic 

C-5), 131.4 (Nic C-3), 137.8 (Nic C-4), 149.3 (Nic C-2), 149.4 (Nic C-2), 152.6 (Nic C-

6 ), 152.9 (Nic C-6 ), 167.9 (CO Nic), 168.1 (CO Nic), 169.6 (CO Cys 1), 170.4 (CO 

DSer 7), 171.1 (CO DSer 3), 172.5 (CO Val 2, CO Val 6 ), 173.0 (CO Cys 5), 173.8 (CO 

Acm 1), 174.7 (CO Acm 5), 175.1 (CO Ala 4), 175.9 (CO Ala 8 ).

Bis-Acm-protected cyclic [Nic, Nic] TANDEM. Cyclisation and purification as 

described above. Carried out on 34.2 mg (31.3 pmol) of the linear depsipeptide, 

affording the cyclic product after purification as a white solid (3.3 mg; 10%). MALDI- 

TOF MS (C46H64N,20i4S2) 1073.20 m/z (%): 1095.61 [M + Na]^ (100). RP-HPLC 

(System C): 14.03 min. 'H-NMR (CDjOH): 8  0.88 (m, 12H, yH Val), 1.44 (d, 6 H, J  =

7.1, pH Ala), 1.94 (s, 6 H, CH; Acm), 2.16 (m, 2H, PH Val), 2.81 (m, 2H, pH, Cys),

3.03 (dd, 2H, J  = 14.3, 5.2, pHy Cys), 4.31 (m, CH2 Acm, aH Val), 4.45 (m, aH Ala, 

PHaDSer), 4.68 (m, 2H, PHyDSer), 7.60 (m, 2H, 2 xN ic H-5), 8.01 (d, 2H, J =  8.3, NH 

Val), 8.32 (d, 2H, J =  8.7, Nic H-4), 8.39 (d, 2H, J =  6.9, NH Cys), 8.47 (m, 2H, NH 

Ala), 8.53 (m, 2H, NH Acm), 8.74 (m, IH, CHAr), 8.78 (d, 2H, J =  6.5, NH DSer), 9.10 

(m, IH, CHAr). ’^C-NMR: 5 18.1 (pC Ala), 19.0 (yCa Val), 19.5 (yCy Val), 22.8 (CH3 

Acm), 31.6 (pC Val), 33.0 (pC Cys), 41.9 (CH2 Acm), 51.7 (aC Ala), 54.6, 55.4 (aC 

DSer, aC Cys), 60.0 (aC Val), 64.8 (pC DSer) 125.0 (Nic C-5), 138.4 (Nic C-4), 148.9 

(CHAr), 152.2 (CHAr) 167.4 (CO Nic), 171.2 (CO), 171.9 (CO), 173.1 (CO Cys),

173.6 (CO Acm), 175.3 (CO Ala).

[Nic, Nic] TANDEM (60). Disulfide bridge formation as described above. Carried 

out on 4.8 mg (4.5 pmol) of the cyclic precursor; however compound failed to 

precipitate sufficiently well in H2O. [Nic, Nic] TANDEM thus afforded as a white solid 

(2.3 mg; 55%) after purification by RP-HPLC (System C). MALDI-TOF MS 

(C4oH52NioO]2 S2) 928.03 m/z (%): 929.12 [M + H]^ (78), 951.11 [M + Na]+ (100). RP- 

HPLC (System C): 14.13 min. 'H-NMR (CD;OH): 8  0.99 (d, 6 H, J = 7 .1 ,  yH Val), 1.00 

(d, 6 H, J  = 7.0, yH Val), 1.40 (d, 6 H, J  = 7.3, pH Ala), 2.31 (m, 2H, pH Val), 2.98 (m,
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4H, pH Cys), 4.50 (m, 4H, aH Val, aH Ala), 4.57 (m, 4H, pH DSer), 5.33 (m, 2H, aH 

Cys), 7.64 (m, 2H, Nic H-5), 8.06 (d, 2H, J =  6.0, NH Ala), 8.13 (d, 2H, J =  10.0, NH 

Val), 8.33 (d, 2H, 8.4, CHAr), 8.62 (d, 2H, J =  7.2, NH DSer), 8.82 (d, 2H, J =  9.4,

NH Cys). "C-NMR: 5 18.1 (pC Ala), 18.7 (yCa Val), 19.6 (yCb Val), 32.4 (pC Val),

44.9 (pC Cys), 50.9 (aC Ala), 55.0 (aC Cys), 59.9 (aC Val), 66.1 (PC DSer), 149.3 

(CHAr), 153.0 (CHAr), 167.9 (CO Nic), 170.4 (CO DSer), 171.5 (CO Val), 172.3 (CO 

Cys), 175.7 (CO Ala).

Bis-Acm-protected linear [Pyr, Pyr] TANDEM. Synthesised on 0.29 mmol scale 

(0.4 g Fmoc-Ala-Wang, 0.72 mmol g"' substitution). SPPS, cleavage and isolation as 

described above. Purification proved troublesome, and yielded only 6.5 mg (2.1%) of 

pure depsipeptide as a white solid, after repeated preparative RP-HPLC. The remainder 

(26.2 mg) contained significant amounts of by-product and was carried through to 

cyclisation without further purification. MALDI-TOF MS (C4 6H66N 12O 1 5S2) 1093.19 

m/z (%): 1094.13 [M + H^lOO), 1115.10 [M + N a f  (100). RP-HPLC (System D): R,=

12.80 min. 'H-NMR (CD3OH): 8  0.86 (m, 6 H, yH Val 6 ), 0.95 (m, 6 H, yH Val 2), 1.42 

(m, 6 H, pH Ala 4, pH Ala 8 ), 1.99 (s, 3H, CH3 Acm 1), 2.03 (s, 3H, CHj Acm 5), 2.13 

(m, IH, PH Val 6 ), 2.22 (m, IH, pH Val 2), 2.76 (m, IH, pH, Cys 1), 2.80 (m, IH, pH. 

Cys 5), 3.05 (dd, IH, J =  15.0, 3.4, pHt Cys 5), 3.17 (m, IH, PHb Cys 1), 4.10 (dd, IH, 

J =  13.9, 5.1, CHa Acm 5), 4.25 -4 .2 9  (m, 2H, aH Val 6 , CHa Acm 1), 4.37 (m, IH, aH 

Cys 1), 4.43 (m, 4H, aH Ala 4, aH Ala 8 , CHy Acm 1, aH Val 2), 4.52 -  4.60 (m, 4H, 

PH DSer 3, pH DSer 7), 4.78 (m, IH, CHy Acm 5), 7.93 (d, IH, J =  8 .8 , NH Val 6 ), 8.21 

(d, IH, J =  8 .6 , NH Val 2), 8.28 (d, IH, J =  7.8, NH Cys 5), 8.56 (m, 2H, NH Acm 1, 

NH Ala 8 ), 8.65 (d, IH, J =  6.7, NH Ala 4), 8.72 -  8.78 (m, 3H, NH Acm 5, CHAr),

8.84 (m, 2H, CHAr), 9.07 (d, IH, J=  7.8, NH DSer 7), 9.15 (d, IH, J =  7.5, NH DSer 3), 

9.27 (s, 2H, Pyr H-3). '^C-NMR: 5 17.8 (pC Ala 4, pC Ala 8 ), 18.1 (yCa Val 2), 18.5 

(yCa Val 6 ), 19.5 (yCy Val 2, yCy Val 6 ), 22.9 (CH3 Acm 1, CH3 Acm 5), 31.5,31.6 (pC 

Val 2, pC Val 6 ), 32.8, 33.0 (pC Cys 1, pC Cys 5), 40.5 (CH2 Acm 5), 41.6 (CH2 Acm 

1), 49.8 (aC Ala 8 ), 51.2 (aC Ala 4), 53.4 (aC DSer 7), 53.7 (aC Cys 1), 53.9 (aC DSer

3), 54.6 (aC Cys 5), 59.3 (aC Val 2, aC Val 6 ), 65.4, 65.6 (pC DSer 3, pC DSer 7),

144.9 (Pyr C-3, CHAr), 145.7 (Pyr C-2), 148.9 (CHAr), 149.0 (CHAr), 165.2 (CO Pyr 

proximal to DSer 7), 165.4 (CO Pyr proximal to DSer 3), 169.5 (CO Cys 1), 170.1 (CO 

DSer 7), 170.6 (CO DSer 3), 172.4 (CO Cys 5), 172.8 (CO Val 2, CO Val 6 ), 173.9 (CO 

Acm 1), 174.7 (CO Acm 5), 175.1 (CO Ala 4), 175.9 (CO Ala 8 ).
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Bis-Acm-protected cyclic [Pyr, Pyr] TANDEM. Cyclisation and purification as 

described above. Carried out on 26.2 mg (24.0 pmol) of the crude linear depsipeptide, 

affording the cyclic product after purification as a white solid (3.8 mg; 15% over solid 

phase and cyclisation steps). MALDI-TOF MS (C4 4H62N 1 4 0 1 4 8 2 ) 1075.18 m/z (%):

1076.38 [M + H]^ (20), 1097.35 [M + N a f  (100). RP-HPLC (System C): 15.04 min. 

'H-NMR (CD3OH): g 0.90 (m, 12H,YHVal), 1.49 (d, 6 H, J  = 7.4, pH Ala), 1.95 ( s , 6 H, 

CH] Acm), 2.30 (m, 2H, pH Val), 2.96 (dd, 2H, 7 =  14.1, 9.1, pH. Cys), 3.08 (dd, 2H, J  

= 14.1, 5.3, pHb Cys), 4.26 (dd, J =  13.9, 6.2, CHa Acm), 4.40 (m, 6 H, aH Val, aH Ala, 

CHb Acm), 4.52 (dd, 2H, J =  11.2, 2.4, pHa DSer), 4.68 (m, 2H, aH Cys) 4.72 (m, 2H, 

PHaDSer), 8.16 (d, 2H, J =  9.5, NH Val), 8.44 (d, 2H, / =  3.9, NH Ala), 8.58 (m, 4H, 

NH Acm, NH Cys), 8.70 (m, 2H, Pyr H-5), 8.83 (m, 2H, Pyr H-6 ), 9.05 (d, 2H, 7.0,

NH DSer), 9.28 (s, 2H, Pyr H-3). ’^C-NMR: Ô 17.9 (pC Ala), 19.2 (yCa Val), 19.8 (yCb 

Val), 22.7 (CH3 Acm), 31.6 (pC Val), 32.5 (pC Cys), 42.2 (CH2 Acm), 51.8 (aC Ala),

54.3 (aC DSer), 56.4 (aC Cys), 59.9 (aC Val), 65.1 (pC DSer) 144.8, 144.9 (Pyr C-3, 

Pyr C-5), 145.6 (Pyr C-2), 149.0 (Pyr C-6 ), 165.2 (CO Pyr), 171.1 (CO Cys), 171.8 (CO 

DSer), 173.1 (CO Val), 173.6 (CO Acm), 175.1 (CO Ala).

[Pyr, Pyr] TANDEM (61). Disulfide bridge formation carried out as above, with the 

exception that 95% AcOH was used instead of MeOH, and the reaction was stirred for a 

further 2 h at rt after dropwise addition of the I2 solution. Carried out on 6.1 mg (5.7 

pmol) of the cyclic precursor; however compound failed to precipitate sufficiently well 

in H2 O. [Pyr, Pyr] TANDEM thus afforded as a white solid (2.8 mg; 53%) after 

purification by RP-HPLC (System C). MALDI-TOF MS (C38H 50N 12O 12S2) 931.01 m/z 

(%): 932.15 [M + H f  (98), 953.17 [M + Na]^ (90). RP-HPLC (System C): 15.78 min. 

'H-NMR (CD3OH); 6  1.00 (m, 12H, yH Val), 1,37 (d, 6 H, J  = 7.3, pH Ala), 2.34 (m, 

2H, PH Val), 2.94 (m, 4H, pH Cys), 4.52 (m, 6 H, aH Val, aH Ala, pH» DSer), 4.66 (m, 

2H, PHb DSer), 4.82 (m, 2H, aH DSer), 5.36 (m, 2H, aH Cys), 8.07 (d, 2H, J =  6.4, NH 

Ala), 8.43 (d, 2H, J =  9.9, NH Val), 8 . 6 6  (d, 2H, J=  9.6, NH Cys), 8.70 (m, 2H, CHAr), 

8.82 (m, 2H, CHAr), 8.95 (d, 2H, J =  8.0, NH DSer), 9.27 (s, 2H, Pyr H-3). ' ’C-NMR: 5

17.9 (pC Ala), 18.8 (yC. Val), 19.6 (yCb Val), 32.5 (pC Val), 45.2 (pC Cys), 50.8 (aC 

Ala), 54.7 (aC Cys), 55.0 (aC DSer), 59.8 (aC Val), 66.4 (pC DSer), 144.7 (Pyr C-3, 

CHAr), 144.9 (CHAr), 148.9 (CHAr), 165.7 (CO Pyr), 170.6 (CO DSer), 171.7 (CO 

Val), 172.4 (CO Cys), 175.3 (CO Ala).
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Bis-Acm-protected linear [3-Qn, 3-Qn] TANDEM. Synthesised on 0.29 mmol scale 

(0.4 g Fmoc-Ala-Wang, 0.72 mmol g'’ substitution). SPPS, cleavage, isolation and 

purification as described above, affording the depsipeptide as a white solid (68.4 mg; 

20% based on manufacturer’s substitution). MALDI-TOF MS (C54H70N 12O 15S2 )

1191.34 m/z (%): 1213.64 [M + Na]*(98). RP-HPLC (System C): R ,=  13.95 min. ‘H- 

NMR (CD3 OH): 8  0.85 (d, 6 H, J =  7.4, yH Val 6 ), 0.97 (m, 6 H, yH Val 2), 1.38 (d, 6 H, 

7 = 6 .4 , pH Ala 4, pH Ala 8 ), 1.93 (s, 3H, CH, Acm 1), 2.01 (s, 3H, CH, Acm 5), 2.11 

(m, IH, PH Val 6 ), 2.27 (m, IH, pH Val 2), 2.78 (m, IH, pH. Cys 1), 2.86 (m, IH, pH. 

Cys 5), 3.09 (m, IH, pHb Cys 5), 3.17 (m, IH, pHy Cys 1), 4.11 (m, IH, CHa Acm 5), 

4.19 -  4.26 (m, 2H, aH Val 6 , CHa Acm 1), 4.35 -  4.53 (m, 5H, aH Ala 4, aH Ala 8 , 

CHb Acm 1, aH Cys 1, aH Val 2), 4.60 (m, 4H, pH DSer 7, pH DSer 3), 4.73 (m, IH, 

CHb Acm 5), 4.94 (m, IH, aH DSer 7), 5.10 (m, IH, aH DSer 3), 7.77 (m, 2H, CHAr),

7.84 (d, m , J =  8 .6 , NH Val 6 ), 7.94 (m, 2H, CHAr), 8.11 (m, 4H, CHAr), 8.22 (d, IH, 

J =  7.9, NH Cys 5), 8.27 (d, IH, J =  8 .6 , NH Val 2), 8.50 (m, 2H, NH Ala 4, NH Acm 

1), 8.72 (m, 2H, NH Ala 8 , NH Acm 5), 8.95 (s, IH, 3-Qn H-4), 9.01 (m, 2H, 3-Qn H-4, 

NH DSer 3), 9.15 (d, IH, J =  6.1, NH DSer 7), 9.30 (s, IH, 3-Qn H-2), 9.34 (s, IH, 3-Qn 

H-2). "C-NMR: 8  17.8, 19.2 (yC. Val 2, yC, Val 6 ), 18.3 (pC Ala 4, pC Ala 8 ), 19.5,

19.6 (yCb Val 6 , yCb Val 2), 22.8, 22.9 (CH, Acm 1, CH, Acm 5), 31.5 (pC Val 2, pC 

Val 6 ), 32.9 (pC Cys 1), 33.4 (pC Cys 5), 40.7 (CH, Acm 5), 41.8 (CH, Acm 1), 49.0 

(aC Ala 4), 51.2 (aC Ala 8 ), 53.5 (aC Cys 1), 54.3 (aC DSer 3), 54.6 (aC Cys 5), 54.7 

(aC DSer 7), 59.4, 59.5 (aC Val 2, aC Val 6 ), 65.0 (pC oSer 7), 65.4 (pC DSer 3), 127.9 

(CAr), 128.2 (CHAr), 128.3 (CAr), 128.4 (CAr), 128.6 (CHAr), 129.4 (CHAr), 130.5 

(CHAr), 130.6 (CHAr), 133.6 (CHAr), 133.7 (CHAr), 139.5 (3-Qn C-4), 149.5 (3-Qn 

C-2), 149.6 (3-Qn C-2), 167.6 (CO 3-Qn), 168.0 (CO 3-Qn), 169.6 (CO Cys 1), 170.5 

(CO DSer 3), 171.2 (CO DSer 7), 172.5 (CO Cys 5), 173.0 (CO Acm 1), 173.7 (CO 

Acm 5), 174.7 (CO Val 6 ), 175.2 (CO Ala 8 ), 175.9 (CO Ala 4).

Bis-Acm-protected cyclic [3-Qn, 3-Qn] TANDEM. Cyclisation and purification as 

described above. Carried out on 28.7 mg (24.1 pmol) of the linear depsipeptide, 

affording the cyclic product after purification as a white solid (7.2 mg; 25%). MALDI- 

TOF MS (C5 4H68N 12O 14S2) 1172.44 m/z (%): 1194.90 [M + Na]^ (100). RP-HPLC 

(System C): 15.95 min. 'H-NMR (CD3OH): 5 0.92 (m, 12H, yH Val), 1.50 (d, 6 H, J  -

7.0 PH Ala), 1.91 (s, 6 H, CH3 Acm), 2.17 (m, 2H, pH Val), 2.80 (m, 4H, pH Cys), 4.20 

(m, IH, CHa Acm), 4.28 (m, IH, aH Val), 4.36 (m, IH, CHy Acm), 4.46 (m, 6 H, pH 

DSer, aH Ala), 7.73 (m, 2H, CHAr), 7.92 (m, 2H, CHAr) 8.02 (m, 2H, CHAr), 8.11 (m,
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4H, NH Val, CHAr), 8.44 (d, 2H, / =  6.6, NH Cys), 8.52 (m, 2H, NH Acm), 8.65 (m, 

2H, NH Ala), 8.81 (m, 4H, NH DSer, CHAr), 9.32 (s, 2H, 3-Qn H-2). '^C-NMR: 5 18.1 

(pC Ala), 19.1 (yCa Val), 19.5 (yCt Val), 22.8 (CHj Acm), 31.5 (pC Val), 31.8 (PC 

Cys), 41.9 (CHz Acm), 52.0 (aC Ala), 59.8 (aC Val), 65.0 (pC DSer) 128.9 (CHAr),

129.3 (CHAr), 130.5 (CHAr), 133.5 (CHAr) 139.0 (3-Qn C-3), 150.0 (3-Qn C-2), 166.5 

(CO 3-Qn), 171.6 (CO Val) 173.3 (CO Acm), 175.2 (CO Ala).

[3-Qn, 3-Qn] TANDEM (62). Disulfide bridge formation and purification as 

described above. Carried out on 14.0 mg (11.9 pmol) o f the cyclic precursor, affording 

[3-Qn, 3-Qn] TANDEM as a white solid (11.2 mg; 91%) MALDI-TOF MS 

(C4 «H56N,oO|2 S2) 1029.15 m/z (%): 1029.65 [M + H f  (48), 1051.66 [M + N a f  (100). 

RP-HPLC (System C): 17.31 min. 'H-NMR (CDjOH): 5 0.99 (d, 12H, 7 = 7.1, yH Val),

1.40 (d, 6H, J  = 7.3, PH Ala), 2.32 (m, 2H, pH Val), 2.98 (m, 4H, PH Cys), 4.51 (m, 

4H, aH Ala, aH Val) 4.60 (m, 4H, pH DSer), 5.34 (m, 2H, aH Cys), 7.77 (m, 2H, 

CHAr), 7.96 (m, 2H, CHAr), 8.10 -  8.24 (m, 8H, NH Ala, NH Val, CHAr), 8.77 (d, 2H, 

7 =  7.4, NH DSer), 8.80 (d, 2H, 7 =  9.4, NH Cys), 8.93 (s, IH, 3-Qn H-4), 8.94 (s, IH, 

3-Qn H-4), 9.31 (s, IH, 3-Qn H-2), 9.32 (s, IH, 3-Qn H-2). '^C-NMR: 5 18.1 (pC Ala),

18.8 (yCa Val), 19.7 (yCt Val), 32.5 (pC Val), 44.9 (pC Cys), 50.9 (aC Ala), 55.0, 55.1 

(aC Cys, aC DSer), 59.9 (aC Val), 66.1 (pC DSer) 128.7 (CHAr), 129.5 (CHAr), 130.5 

(CHAr), 133.7 (CHAr), 139.0 (3-Qn C-4), 149.4 (3-Qn C-2), 167.8 (CO 3-Qn), 170.4 

(CO DSer), 171.5 (CO Val), 172.4 (CO Cys), 175.8 (CO Ala).

Bis-Acm-protected linear [Iqn, Iqn] TANDEM. Synthesised on 0.29 mmol scale 

(0.4 g Fmoc-Ala-Wang, 0.72 mmol g '’ substitution). SPPS, cleavage, isolation and 

purification as described above, affording the depsipeptide as a white solid (58.1 mg; 

17% based on manufacturer’s substitution). MALDI-TOF MS (C54H7oN]20i5S2)

1191.34 m/z (%): 1213.57 [M + Naf(96). RP-HPLC (System C): R t= 15.67 min. ’H- 

NMR (CD3OH): 5 0.81 (d, 6 H, m, yH Val 6 ), 0.90 (d, 3H, 7.6, yHa Val 2), 0.94 (d,

3H, 7.5, yHb Val 2) 1.42 (d, 6 H, J =  6.2, pH Ala 8 , pH Ala 4), 1.95 (s, 3H, CH3 Acm

1), 2.01 (s, 3H, CH3 Acm 5), 2.12 (m, IH, pH Val 6 ), 2.22 (m, IH, pH Val 2), 2.78 (m, 

IH, PHa Cys 1), 2.85 (m, IH, pHa Cys 5), 3.10 (m, IH, PHb Cys 5), 3.18 (m, IH, PHb 

Cys 1), 4.08 (m, IH, CHa Acm 5), 4.24 -  4.28 (m, 2H, aH Val 6 , CHa Acm 1), 4.35 -

4.38 (m, 2H, aH Ala 8 , aH Cys 1), 4.43 -  4.45 (m, 3H, aH Ala 4, aH Val 2, CHb Acm 

1), 4.55 (m, 2H, pH DSer 7), 4.61 (m, 2H, pH DSer 3), 4.75 (m, IH, CHb Acm 5), 7.84 

(m, 4H, CHAr), 7.89 (m, IH, NH Val 6 ), 8.07 (m, 2H, CHAr), 8.15 (m, 2H, CHAr),
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8.21 (d, IH, J =  8 .6 , NH Val 2), 8.32 (d, IH, 7.6, NH Cys 5), 8.51 (m, IH, NH Acm

1), 8,53 (s, 2H, Iqn H-3) 8.56 (d, IH, J =  7.4, NH Ala 8 ), 8 . 6 6  (d, IH, J =  6.2, NH Ala

4), 8.70 (m, IH, NH Acm 5), 9.26 (m, 3H, NH DSer 7, Iqn H-8 ), 9.31 (d, IH, J =  7.3, 

NH DSer 3). '^C-NMR: 5 17.8 (PC Ala 4, pC Ala 8 ), 18.1 (yC, Val 2, yC» Val 6 ), 19.5,

19.6 (yCb Val 2, yC„ Val 6 ), 22.9 (CH3 Acm 1, CH3 Acm 5), 31.5, 31.6 (pC Val 2, pC 

Val 6 ), 32.9, 33.2 (pC Cys 1, pC Cys 5), 40.6 (CH; Acm 5), 41.7 (CH; Acm 1), 49.9,

51.2 (aC Ala 4, aC Ala 8 ), 53.5 (aC Cys 1), 53.8, 54.1 (aC DSer 3, aC DSer 7), 54.7 

(aC Cys 5), 59.3 (aC Val 6 ), 59.4 (aC Val 2), 65.7 (pC DSer 3), 65.8 (pC DSer 7), 121.7 

(Iqn C-3), 121.8 (Iqn C-3), 129.0 (CHAr), 129.2 (CHAr), 130.6 (CHAr), 130.7 (CHAr),

131.3 (CAr), 132.7 (CHAr), 137.1 (CAr), 144.0 (Iqn C-2), 153.0 (Iqn C-8 ), 167.2 (CO 

Iqn), 169.5 (CO Cys 1), 170.4 (CO DSer 7), 171.0 (CO DSer 3), 172.4 (CO Val 6 , CO 

Val 2), 172.9 (CO Cys 5), 173.8 (CO Acm 1), 174.7 (CO Acm 5), 175.1 (CO Ala 4),

175.8 (CO Ala 8 ).

Bis-Acm-protected cyclic [Iqn, Iqn] TANDEM. Cyclisation and purification as 

described above. Carried out on 19.1 mg (16.0 pmol) of the linear depsipeptide, 

affording the cyclic product after purification as a white solid (2.7 mg; 14%). MALDI- 

TOF MS (C5 4H6 8N 12OMS2) 1173.32 m/z (%): 1195.85 [M + Na]^ (100). RP-HPLC 

(System C): 19.25 min. 'H-NMR (CD3OH): ô 0.87 (m, 12H, yH Val), 1.51 (d, 6 H, J  =

7.3, PH Ala), 1.94 (s, 6 H, CH3 Acm), 2.35 (m, 2H, pH Val), 3.02 (dd, 2H, J -  14.0, 9.6, 

PHa Cys), 3.11 (dd, 2H, 14.1, 4.9, pHy Cys), 4.26 -  4.33 (m, CHa Acm, aH Val),

4.39 -  4.44 (m, 4H, CHy Acm, aH Ala), 4.54 (m, 4H, pH DSer), 4.67 (m, 2H, aH Cys), 

7.78 (t, 2H, J =  7.7, CHAr), 7.86 (t, 2H, J =  8.0, CHAr) 8.10 (m, 4H, Iqn H-7, Iqn H-8 ), 

8.16 (d, 2H, J =  9.4, NH Val), 8.52 (m, 2H, NH Ala), 8.59 (m, 4H, NH Acm, Iqn H-3),

8.62 (d, 2H, J =  7.4, NH Cys), 9.24 (s, 2H, Iqn H-8 ), 9.33 (d, 2H, J =  6 .6 , NH DSer). 

'^C-NMR: 8  17.7 (pC Ala), 19.3 (yC, Val), 19.9 (yCb Val), 22.7 (CH, Acm), 31.4 (pC 

Val), 32.4 (pC Cys), 42.1 (CH; Acm), 52.0 (aC Ala), 54.5 (aC DSer), 56.5 (aC Cys),

60.3 (aC Val), 65.3 (pC DSer), 121.7 (Iqn C-3), 128.9, 129.2 (Iqn C-7, Iqn C-4), 130.7 

(CHAr), 131.4 (CAr), 132.7 (CHAr), 137.2 (CAr), 152.9 (Iqn C-8 ), 167.2 (CO Iqn),

171.9 (CO Val), 173.2 (CO DSer), 173.6 (CO Acm), 175.2 (CO Ala).

[Iqn, Iqn] TANDEM (63). Disulfide bridge formation and purification as described 

above. Carried out on 5.0 mg (4.3 pmol) of the cyclic precursor, affording [Iqn, Iqn] 

TANDEM as a white solid (3.7 mg; 85%). MALDI-TOF MS (C4 8H56N 10O 1 2S2) 1029.15 

m/z (%): 1051.53 [M + N a f  (100). RP-HPLC (System C): 20.48 min. 'H-NMR
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(CDsOH): ô 1.06 (m, 12H, yH Val), 1.38 (d, 6 H, J  = 7.3, pH Ala), 2.39 (m, 2H, pH 

Val), 2.95 (m, 4H, pH Cys), 4.52 (m, 6 H, aH Ala, aH Val, PHaDSer), 4.95 (m, 2H, pHy 

DSer), 5.41 (m, 2H, aH Cys), 7.79 (m, 2H, CHAr), 7.81 (m, 2H, CHAr), 8.05 (d, 2H, J  

= 6.7, NH Ala), 8.09 (m, 2H, CHAr), 8.19 (m, 2H, CHAr), 8.47 (d, 2H, J =  10.0, NH 

Val), 8.57 (s, 2H, Iqn H-3), 8.63 (d, 2H, 9.8, NH Cys), 9.19 (d, 2H, J =  8.0, NH

DSer), 9.30 (s, 2H, Iqn H-8 ). ’^C-NMR: ô 18.1 (pC Ala), 18.9 (yCa Val), 19.6 (yCy Val),

32.6 (pC Val), 45.5 (pC Cys), 50.7 (aC Ala), 54.9 (aC DSer, aC Cys), 60.0 (aC Val),

66.5 (pC DSer), 121.9 (Iqn C-3), 129.1 (CHAr), 129.2 (CHAr), 130.7 (CHAr), 131.5 

(CAr), 131.8 (CAr), 132.8 (CHAr), 137.4 (CAr), 152.9 (Iqn C-8 ), 167.4 (CO Iqn), 171.0 

(CO DSer), 171.5 (CO Val), 172.5 (CO Cys), 175.2 (CO Ala).

Bis-Acm-protected linear [Anth, Anth] TANDEM. Synthesised on 0.29 mmol scale 

(0.4 g Fmoc-Ala-Wang, 0.72 mmol g'' substitution). SPPS and cleavage as above. 

Crude depsipeptide washed with MeOH and filtered to remove insoluble material. The 

supernatant was then evaporated to dryness under reduced pressure, the residue re

dissolved in 95% v/v aqueous AcOH, and lyophilised. Purification then continued as 

described above. Depsipeptide afforded as an off-white solid (11.0 mg; 2.8% based on 

manufacturer’s substitution). MALDI-TOF MS (C5 4H7 0N 12O 15S2) 1349.44 m/z (%): 

1372.48 [M + Na]"^(65). RP-HPLC (System C): R,= 16.67 min. 'H-NMR (*-DMSO): 8  

0.79 (d, 3H, J =  2.8, yH, Val 6 ), 0.80 (d, 3H, 7 =  2.8, yHb Val 6 ), 0.85 (d, 3H, 7 =  6 .8 , 

yHa Val 2), 0.88 (d, 3H, 7 =  6 .8 , yHt Val 2), 1.24 (d, 3H, 7  = 7.0, pH Ala 4), 1.29 (d, 

3H, 7 =  7.2, PH Ala 8 ), 1.84 (s, 3H, CHj Acm), 1.89 (s, 3H, CH; Acm'), 2.03 (m, IH, 

PH Val 6 ), 2.09 (m, IH, pH Val 2), 2.68 (m, IH, pH, Cys 5), 2.78 (dd, IH, 7 =  14.5, 9.3, 

PHaCys 1), 2.91 (dd, 1H ,7=  13.9,3.8, pHt C y s5), 3.00 (dd, 1H ,7=  14.5,3.8, pHy Cys

1), 4.13 -  4.20 (m, 3H, CHa Acm, CHa Acm', aH Cys 1), 4.21 (d, IH, 7 =  5.5, aH Val

6 ), 4.25 (m, IH, aH Ala 8 ), 4.31 -  4.40 (m, 5H, aH Ala 4, CHb Acm, aH Val 2, PHa 

DSer 3, PHa DSer 7), 4.40 -  4.52 (m, 3H, CHb Acm', pHb DSer 3, PHb DSer 7), 4.57 (m, 

IH, aH Cys 5), 4.98 (m, 2H, aH DSer 3, aH DSer 7), 7.86 (d, IH, 7 =  8.5, NH Val 6 ), 

7.97 (m, 4H, Anth H-7, Anth H-8 ), 8.19 (d, IH, 7 =  8.1, NH Cys 5), 8.25 (m, 4H, Anth 

H-6 , Anth H-9), 8.27 (m, 2H, CHAr), 8.37 (m, 2H, CHAr), 8.40 (d, IH, 7 =  8.5, NH Val

2), 8.44 (d, IH, 7 =  7.5, NH Ala 4), 8.51 (d, IH, 7 =  7.4, NH Ala 8 ), 8.56 (t, IH, 7 =  6.5, 

NH Acm), 8.70 (m, 3H, Anth H-1, NH Acm'). '^C-NMR: 5 , 17.2 (pC Ala 8 ), 17.6 ( y C a  

Val 2, y C a  Val 6 ), 18.4 (pC Ala 4), 18.8 ( y C b  Val 2, y C b  Val 6 ), 22.5 (CH; Acm, CH; 

Acm'), 29.9 (PC Val 2, pC Val 6 ), 33.8 (PC C y s  1, pC Cys 5), 47.7 (aC Ala 8 ), 48.2 (aC 

Ala 4), 51.6, 52.3 (aC DSer 3, aC DSer 7, aC Cys 5), 57.0 (aC Val 6 ), 57.3 (aC Val 2),
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64.1 (pC DSer 3, pC DSer 7), 125.9 (Anth C-1), 127.0 (Anth C-6, Anth C-9, CHAr),

133.0 (CHAr), 133.2 (CHAr), 134.7 (Anth C-7, Anth C-8), 138.6 (CHAr), 165.5 (CO 

Anth), 167.4 (CO Cys 1), 168.2 (CO DSer 7), 171.0 (CO Acm, CO Acm'), 173.6 (CO 

Ala 4), 175.5 (CO Ala 4), 182.1 (Anth C-5, Anth C-10).

Bis-Acm-protected cyclic [Anth, Anth] TANDEM. Cyclisation and purification as 

described above. Carried out on 11.0 mg (8.2 pmol) of the linear depsipeptide, affording 

the cyclic product after purification as a white solid (4.3 mg; 40%). MALDI-TOF MS 

(C6 4H7oN,oOi8 S2) 1331.43 m/z (%): 1354.58 [M + Na]^ (100). RP-HPLC (System C): 

19.12 min. ' H-NMR (c/g-DMSO): 5 0.86 (m, 12H, yH Val), 1.31 (d, 6H, J  = 7.0, pH 

Ala), 1.85 (s, 6H, CH3 Acm), 2.12 (m, 2H, pH Val), 2.81 (dd, 2H, L =  13.5, 9.0, pHa 

Cys), 2.98 (dd, 2H, J =  13.8, 5.8, pHy Cys), 4.18 (dd, 2H, J=  13.5, 6.4, CHa Acm), 4.27 

(m, 4H, CHb Acm, aH Val), 4.33 (m, 4H, aH Ala, pHa DSer), 4.48 (m, 2H, pHy DSer), 

4.65 (m, 2H, aH Cys), 4.87 (m, 2H, aH DSer), 7.98 (m, 6 H, NH Val, Anth H-7, Anth H-

8 ), 8.21 (d, 2H, J =  5.9, NH Ala) 8.26 (m, 6 H, Anth H-6 , Anth H-9, CHAr), 8.32 (m, 

4H, NH Cys, CHAr), 8.60 (m, 4H, NH Acm, Anth H-1), 9.00 (d, 2H, J=  7.5, NH DSer). 

’^C-NMR: 5 18.0 (pC Ala), 18.2 ( y C a  Val), 18.9 ( y C y  Val), 22.1 (CH3 Acm), 30.4 (pC 

Val), 30.8, 32.4 (pC Cys, CH2 Acm), 49.2 (aC Ala), 58.0 (aC Val), 63.5 (pC DSer)

125.9 (Anth C-1), 126.9 (CHAr), 132.1 (CHAr), 133.1 (CHAr), 134.0, 134.7 (Anth C-7, 

Anth C-8 ), 168.8 (CO Anth), 170.3 (CO Acm), 171.4 (CO), 173.1 (CO Ala).

[Anth, Anth] TANDEM (64). Disulfide bridge formation and purification as 

described above. Carried out on 3.4 mg (2.6 pmol) of the cyclic precursor affording 

[Anth, Anth] TANDEM as a white solid (0.9 mg, 30%) after purification by RP-HPLC 

(System D). MALDI-TOF MS (C6 4H7oN,oO,gS2) 1190.37 m/z (%): 1212.07 [M + N a f  

(20). RP-HPLC (System C): 21.12 min. 'H-NMR (t/^-DMSO): 8  0.94 (d, 6 H, J  = 6.5, 

YH,Val), 1.01 (d, 6H ,/= 6 .5 ,T H bV al), 1.29 (d, 6 H, y  = 7.2, PH Ala), 2.35 (m, 2H, pH 

Val), 2.69 (m, 2H, pH, Cys), 2.91 (m, 2H, pHb Cys), 4.33 (m, 4H, aH Val, pH, DSer),

4.50 (m, 4H, aH Ala, PHy DSer), 4.78 (m, 2H, aH Cys), 5.36 (m, 2H, aH DSer), 7.99 

(m, 4H, Anth H-7, Anth H-8 ), 8.03 (d, 2H, J =  7.4, NH Ala), 8.22 (d, 2H, J =  10.0, NH 

Val), 8.28 (m, 4H, Anth H-6 , Anth H-9), 8.35 (m, 4H, Anth H-3, Anth H-4), 8.63 (s, 

2H, Anth H-1), 8.75 (d, 2H, J  = 7.6, NH DSer), 8.79 (d, 2H, J  = 9.5, NH Cys). 

Insufficient material for ’^C-NMR analysis.
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Bis-Acm-protected linear [Z, Z] TANDEM. Synthesised on a 1.44 mmol scale (2.0 

g Fmoc-Ala-Wang, 0.72 mmol g'  ̂ substitution). SPPS, cleavage and isolation as 

described above, affording the depsipeptide as a white solid (285.3 mg; 17% based on 

manufacturer’s substitution). MALDI-TOF MS (C5oH72N]oOi7 S2) 1148.45 m/z (%): 

1170.76 [M + N af(100). RP-HPLC (System D): Rt= 15.69 min. ^H-NMR (de-DMSO): 

5 0.83 (m, 6 H, yH Val 6 ), 0.87 (m, 6 H, yH Val 2), 1.19 (d, 3H, J =  7.0, pH Ala 4), 1.25 

(d, 3H, 7.2, PH Ala 8 ), 1.84 (s, 3H, CH] Acm 5), 1.88 (s, 3H, CH] Acm 1), 2.03 (m,

IH, PH Val 6 ), 2.10 (m, IH, pH Val 2), 2.66 (dd, IH, J =  13.8, 10.5, PHa Cys 5), 2.80 

(dd, IH, J =  14.5, 9.3, pHa Cys 1), 2.93 (dd, IH, J =  13.9, 3.7, pHb Cys 5), 3.03 (dd, IH, 

J =  14.6, 3.8, pHb Cys 1), 4.11 -  4.26 (m, 7H, PHaDSer 3, PHaDSer 7, aH Cys 1, aH 

Ala 8 , CHa Acm 5, CHa Acm 1, aH Val 6 ), 4.30 -  4.36 (m, 5H, pHb DSer 3, pHb DSer 7, 

aH Val 2, aH Ala 4, CHb Acm 5), 4.40 -  4.48 (m, 3H, aH DSer 7, aH DSer 3, CHb Acm 

1), 4.57 (m, IH, aH Cys 5), 5.03 (m, 4H, CH2 benzyl), 7.35 (m, lOH, CHAr benzyl), 

7.54 (d, IH, J =  8 .8 , NH DSer 7), 7.58 (d, IH, J =  8.3, NH DSer 3), 7.89 (d, IH, J =  8 .6 , 

NH Val 6 ), 8.22 (m, IH, NH Cys 5), 8.24 (m, IH, NH Ala 4), 8.37 (m, IH, NH Ala 8 ),

8.39 (m, IH, NH Val 2), 8.58 (t, IH, J =  6.3, NH Acm 5), 8.70 (t, IH, J =  6.4, NH Acm 

1). ’^C-NMR: Ô 17.2 (pC Ala 8 ), 17.5 (yCa Val 2), 17.6 (yCa Val 6 ), 18.6 (pC Ala 4),

18.8 (yCb Val 6 ), 18.9 (yCb Val 2), 22.5 (CH] Acm 1, CH] Acm 5), 29.9 (pC Val 6 ),

30.0 (pC Val 2), 31.7 (pC Cys 1) 32.0 (pC Cys 5), 40.1 (CH2 Acm 1, CH2 Acm 5), 47.7 

(aC Ala 8 ), 48.1 (aC Ala 4), 51.6 (aC Cys 1), 52.4 (aC Cys 5), 53.4 (aC DSer 3, aC 

DSer 7), 56.9 (aC Val 6 ), 57.1 (aC Val 2), 64.6 (pC DSer 3, pC DSer 7), 65.8 (CH2 

benzyl), 127.8, 128.3 (CHAr benzyl), 136.7 (benzyl C-1), 155.9 (CO benzyl 

carbamate), 167.7, 168.2 (CO DSer 3, CO DSer 7), 170.2 (CO Acm 5), 170.4 (CO),

170.5 (CO), 170.7 (CO Acm 1), 170.8 (CO), 172.0 (CO Ala 4), 173.6 (CO Ala 8 ).

Bis-Acm-protected cyclic [Z, Z] TANDEM. Cyclisation and purification as 

described above. Carried out on 350 mg (7 x 50 mg (43.5 pmol) scale reactions) of the 

linear depsipeptide, affording the cyclic product after purification as a white solid 

(147.1 mg; 43%). MALDI-TOF MS (C50H70N 10O 16S2) 1131.28 m/z (%): 1153.44 [M + 

Na]* (100). RP-HPLC (System C): 18.78 min. 'H-NMR (rfs-DMSO); 5 0.84 (m, 12H, 

yH Val), 1.24 (d, 6 H, J  = 7.0, pH Ala), 1.85 (s, 6 H, CH; Acm), 2.13 (m, 2H, pH Val),

2.80 (dd, 2H, J =  13.6, 8.2, pH, Cys), 2.88 (dd, 2H, J =  13.5, 6.9, pHt Cys), 4.03 -  4.09 

(m, 2H, pHa DSer), 4.13 -  4.23 (m, 6 H, CH2 Acm, aH Val), 4.23 -  4.30 (m, 4H, pHb 

DSer, aH Ala), 4.31 -  4.38 (m, 2H, aH DSer), 4.60 (m, 2H, aH Cys), 5.04 (m, 4H, CH2 

benzyl), 7.35 (m, lOH, CHAr benzyl), 7.47 (d, 2H, J  = 7.1, NH DSer), 7.89 (d, 2H, J  =
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8 .6 , NH Val), 7.95 (d, 2H, J =  4.8, NH Ala), 8.36 (d, 2H, 7.3, NH Cys), 8.57 (t, 2H,

J  = 6.3, NH Acm). "C-NMR: 5 18.1 ((3C Ala, yC. Val), 18.9 (yCb Val), 22.5 (CHj 

Acm), 29.8 (pC Val), 31.5 (pC Cys), 40.0 (CHi Acm), 48.7 (aC Ala), 53.2 (aC Cys),

53.7 (aC DSer), 57.9 (aC Val), 64.0 (pC DSer), 65.9 (CHj benzyl) 127.8 (CHAr 

benzyl), 128.3 (CHAr benzyl), 136.6 (benzyl C-1), 155.7 (CO benzyl carbamate), 168.7 

(CO Val), 169.8 (CO DSer), 170.0 (CO Acm), 170.3 (CO Cys), 172.4 (CO Ala).

[Z, Z] TANDEM (65). Disulfide bridge formation and purification as described 

above. Carried out on 147.1 mg (13.1 pmol) of the cyclic precursor, affording [Z, Z] 

TANDEM as a white solid (51.1 mg, 40%) after purification by RP-HPLC (System D). 

MALDI-TOF MS (C4 4H58N 8O 14S2) 986.35 m/z (%): 1009.66 [M + Na]^ (100). RP- 

HPLC (System C): 19.88 min. 'H-NMR (<4-DMSO): 5 0.92 (d, \ m , J =  5.6, yH Val), 

1.33 (d, 6H, J  = 7.2, pH Ala), 2.20 (m, 2H, pH Val), 2.88 (m, 4H, pH Cys), 4.39 -  4.44 

(m, 4H, PHaDSer, aH Val), 4.48 -  4.50 (m, 2H, aH DSer), 4.53 -  4.64 (m, 4H, aH Ala, 

pHb DSer), 5.10 (m, 4H, CH2 benzyl), 5.47 (m, 2H, aH Cys), 6.64 (m, 2H, NH DSer), 

7.29 -  7.39 (m, lOH, CHAr benzyl), 7.49 (d, 2H, 6.1, NH Ala), 7.88 (d, 2 H ,J=  9.6,

NH Cys), 8.39 (d, 2H, 7  = 9.6, NH Val). '^C-NMR: 5 18.5 (yCa Val), 18.8 (PC Ala),

19.5 (yCb Val), 32.0 (pC Val), 45.8 (pC Cys), 49.6 (aC Ala), 54.3 (aC Cys), 55.9 (aC 

DSer), 59.5 (aC Val), 66.5 (pC DSer), 67.4 (CH; benzyl) 128.9 (CHAr), 129.3 (CHAr),

137.8 (benzyl C-1), 156.8 (CO benzyl carbamate), 169.1 (CO DSer), 170.6 (CO Ala).

[Bz, Bz] TANDEM (66). 20 mg (20.3 pmol) of [Z, Z] TANDEM (65) was dissolved 

in 1 mL of a 30% w/v solution of HBr in AcOH and stirred under Ar for approximately 

1 h at room temperature. Ice cold Et20 was added until the deprotected depsipeptide 

hydrobromide salt was completely precipitated and the mixture was then centrifuged at 

3000 rpm for 5 min at 20 °C. The supernatant was decanted, the precipitate triturated 

with ice cold diethyl ether and re-centrifuged. The process of washing and centrifuging 

was repeated until the supernatant remained colourless and the precipitate subsequently 

dried and dessicated overnight. The deprotected depsipeptide was redissolved in 1.5 mL 

anhydrous DMF, stirred at 0 °C under Ar, and 5.7 pL (40.5 pmol, 2.0 equiv) EtgN 

added. 6.8 pL (48.6 pmol, 2.4 equiv) Et]N and 5.7 pL (48.6 pmol, 2.4 equiv) benzoyl 

chloride were then added sequentially in three portions over 15 min and the mixture 

stirred at 0 °C for 1 h, then for 5 h at room temperature. The residue remaining after 

evaporation of solvents under reduced pressure was taken up in ca. 60% v/v aqueous 

MeCN and lyophilised. [Bz, Bz] TANDEM was afforded as a white solid (6.7 mg; 36%
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over two steps) after purification by RP-HPLC (System D). MALDI-TOF MS 

(C4 2H54N8O 12S2) 927.06 m/z (%): 928.18 [M + H]* (20), 950.24 [M + Na]* (100),

966.21 [M + K]+ (25). RP-HPLC (System C): 18.35 min. 'H-NMR (^6-acetone): Ô 0.99 

(m, 12H, yH Val), 1.34 (d, 6 H, J  = 7.3, pH Ala), 2.34 (m, 2H, pH Val), 2.93 (m, 4H, pH 

Cys), 4.54 (m, 4H, PHaDSer, aH Val), 4.61 (m, 2H, aH Ala), 4.74 (dd, 2H, 11.2,

3.1, PHb DSer), 4.88 (m, 2H, aH DSer), 5.56 (m, 2H, aH Cys), 7.49 (m, 4H, Bn H-3, Bn 

H-5), 7.57 (m, 2H, Bn H-4), 7.69 (d, 2H, J =  6.5, NH Ala), 7.87 (m, 6 H, NH DSer, Bn 

H-2, Bn H-6 ), 8.03 (d, 2H, J =  9.7, NH Cys), 8.48 (d, 2H, J =  9.9, NH Val). '^C-NMR: 

5 18.4 (pC Ala), 18.6 (yCa Val) 19.6 (yCy Val), 32.0 (pC Val), 45.9 (pC Cys), 49.9 (aC 

Ala), 54.3 (aC Cys), 54.4 (aC DSer), 59.1 (aC Val), 66.7 (pC DSer), 128.3 (Bn C-2, Bn 

C-6 ), 129.3 (Bn C-3, Bn C-5), 132.6 (Bn C-4), 134.9 (Bn C-1), 167.7 (CO Bn), 170.9 

(CO Cys), 171.6 (CO DSer), 174.5 (CO Ala).

[2-Qn, 2-Qn] TANDEM (67). 32.1 mg (32.5 |imol) of [Z, Z] protected TANDEM 

(65) was dissolved in 1.5 mL of a 30% w/v solution of HBr in AcOH and the 

deprotection carried out in an identical manner to compound 6 6 . The Z-deproteeted 

depsipeptide was redissolved in 2.5 mL anhydrous DMF, stirred at 0 °C under Ar, and

9.1 |iL (65.4 pmol, 2 equiv) EtgN added. 10.9 pL (78.0 pmol, 2.4 equiv) Et]N and 15.0 

mg (78.0 pmol, 2.4 equiv) quinoline-2-carbonyl chloride were then added sequentially 

in three portions over 15 min and the mixture stirred at 0 °C for 1 h, then for 5 h at room 

temperature. The residue remaining after evaporation of solvents under reduced 

pressure was taken up in ca. 60% v/v aqueous MeCN and lyophilised. [2-Qn, 2-Qn] 

TANDEM was afforded as a white solid (8.3 mg; 25% over two steps) after purification 

by RP-HPLC (System D). MALDI-TOF MS (C4 8H56N 10O 12S2) 1028.35 m/z (%):

1030.10 [M + U Ÿ  (18), 1051.11 [M + N a f  (100), 1067.07 [M + K]^ (32). RP-HPLC 

(System C): 20.74 min. 'H-NMR ((/e-acetone): 5 1.12 (d, 6 H, J =  6 .8 , yHa Val), 1.15 (d, 

6 H, J =  6 .8 , yHb Val), 1.33 (d, 6 H, J  -  7.3, pH Ala), 2.47 (m, 2H, pH Val), 2.92 (m, 4H, 

pH Cys), 4.59 (m, 4H, pHa DSer, aH Val), 4.66 (m, 2H, aH Ala), 4.89 (m, 4H, pHb 

DSer, aH DSer), 5.62 (m, 2H, aH Cys), 7.75 (m, 4H, NH Ala, 2-Qn H-6 ), 7.90 (m, 2H, 

2-Qn H-7), 7.97 (d, 2 H ,J =  9.9, NH Cys), 8.10 (m, 4H, 2-Qn H-5, 2-Qn H-8 ), 8.26 (d, 

2H, J =  8.5, 2-Qn H-3), 8.51 (d, 2H, J =  10.0, NH Val), 8.59 (d, 2H, J =  8.5, 2-Qn H-4),

8.92 (d, 2H, y  = 8.0, NH DSer). "C-NMR: 5 18.2 (pC Ala), 19.0 (yC. Val) 19.7 (yCb 

Val), 32.5 (pC Val), 46.2 (pC Cys), 50.0 (aC Ala), 54.4, 54.6 (aC Cys, aC DSer), 59.2 

(aC Val), 66.7 (pC DSer), 119.5 (2-Qn C-3), 129.0, 129.2 (2-Qn C-5, 2-Qn C-6 ), 130.2
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(2-Qn C-8), 130.4 (CAr), 131.5 (2-Qn C-7), 138.8 (2-Qn C-4), 147.3 (CAr), 150.4 

(CAr), 165.4 (CO 2-Qn), 169.3 (CO DSer), 171.0 (CO Cys, CO Val), 174.5 (CO Ala).

5.3 Investigation into on-resin depside bond formation using an RP-HPLC- 

based methodology

5.3.1 Study 1: investigation into reaction progression

Synthesis of RP-HPLC standards; Peptide couplings, D-serine side chain 

deprotection and estérification, resin cleavage and purification were carried out in the 

same manner as reported in Sections 5.1 and 5.2. Four standards were synthesised 

(Compounds 77 -  80). The fifth standard (69) was isolated from a previous synthesis of 

TANDEM. Characterisation of these compounds is detailed in Section 5.3.3.

SPPS methodology: Qxc-DSer-Ala-Wang functionalised resin was synthesised on a 

0.4 mmol scale (1 g Fmoc-Ala-Wang, 0.4 mmol g’’ substitution) and the D-serine side 

chain esterified with Fmoc-Val-OH, using the method reported in Section 5.2.1. 

Aliquots o f resin (equivalent to approx 80 -  100 mg in dry weight) were removed 

during the estérification at t = 0, 10, 20, 30, 40, 50, 60, 90, 120 and 180 min. Quantities 

o f fresh reagents for each coupling cycle were re-calculated to (approximately) take into 

account the mass of resin removed in the previous cycle.

The resin aliquots were cleaved using the previously reported method, and the crude 

peptides extracted into approximately 5 mL of solvent ‘B’ (see Section 5.1.2). 300 pL 

of each solution was taken and the volume made up to 600 pL with solvent ‘A ’.

RP-HPLC methodology: Approximately 1 mg of each RP-HPLC standard was 

dissolved in 600 pL of a 1:1 mixture of solvents ‘A ’ and ‘B.’ 10 pL of this solution was 

injected and analysed using System A (see Section 5.2.1). Immediately following this, 5 

pL o f each reaction time point solution was analysed, under the same conditions.

Data management: Percentage total peak area was calculated using the standard 

integration method of Waters Millenium® version 2.15. Graphical representation of this 

data was carried out using Microsoft® Office Excel (2003).

5.3.2 Studies 2 and 3: investigation into reagents and solvents for depside bond 

formation

Synthesis of depsipeptide RP-HPLC calibration standard and resin-bound 

dipeptide precursor: Methods (peptide couplings, D-serine side chain deprotection and 

estérification, resin cleavage and isolation) for synthesising the tridepsipeptide
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quinoxaline conjugate calibration standard (79), and the dipeptide precursor (77) were 

carried out in the same manner as reported in Section 5.2.1.

Test-scale reactions for reagent assessment (Study 2): Depside bond formation was 

carried out on 50 mg aliquots o f Qxc-oSer-Ala-W ang resin (81), using conditions and 

reagents detailed in Table 5.1. Cleavage from the resin was carried out as detailed in 

Section 5.2.1, and the crude peptide dissolved in 6 mL o f a 1:1 mixture o f RP-HPLC 

solvents ‘A ’ and ‘B ’. All stoichiometric excesses are with reference to the resin 

substitution quoted by the manufacturer.

1 5 eq Fmoc-Val-OH, 5 eq DIC, 0.1 eq DMAP DMF
2 10 eq Fmoc-Val-OH, 5 eq DIC, 0.1 eq DMAP DMF
3 5 eq Fmoc-Val-OH, 5 eq DIC, 0.5 eq DMAP DMF
4 5 eq Fmoc-Val-OH, 5 eq DIC, 5 eq HOAt DMF
5 5 eq Fmoc-Val-OH, 5 eq HATU, 5 eq HOAt DMF
6 5 eq Fmoc-Val-OH, 5 eq HCTU, 5 eq Cl-HOBt DMF
7 5 eq Fmoc-Val-OH, 5 eq HBTU, 5 eq HOOBt DMF
8 5 eq Fmoc-Val-OH, 5 eq HATU, 5 eq HOAt, 5 eq DIEA DMF
9 5 eq Fmoc-Val-OH, 5 eq HCTU, 5 eq Cl-HOBt, 5 eq 

DIEA
DMF

10 5 eq Fmoc-Val-OH, 5 eq HBTU, 5 eq HOOBt. 5 eq DIEA DMF
11 5 eq Fmoc-Val-OH, 5 eq PyBOP, 5 eq HOAt, 5 eq DIEA DMF
12 5 eq Fmoc-Val-OPfp, 0.1 eq DMAP DMF
13 5 eq Fmoc-Val-OPfp DMF
14 5 eq Fmoc-Val-OH, 5 eq MSNT, 5 eq NMI DMF
15 5 eq Fmoc-Val-OH, 10 eq triphenylphosphine, 10 eq 

DEAD
THF

Table 5.1; Reagents assessed for synthesis of depsipeptide (79).

Procedure for pre-activation of Fmoc-Val-OH for reactions 1 -  13: 61.1 mg (0.18 

mmol, 5 equiv) o f Fmoc-Val-OH and the quantity o f  coupling reagent(s) detailed in 

Table 5.1 were dissolved in approximately 4 mL DMF and added to the reaction vessel 

containing the peptide-resin after approximately thirty seconds. All other details are 

identical to those described in Section 5.2.1.

Procedure for pre-activation of Fmoc-Val-OH for reaction 14: 61.1 mg (0.18 

mmol, 5 equiv) o f Fmoc-Val-OH and 11.1 mg (0.135 mmol, 3.75 equiv) o f N M l  were 

dissolved in 1.8 mL anhydrous DMF under Ar. This solution was then transferred under 

anhydrous conditions to a flask containing 53.3 mg (0.18 mmol, 5 equiv) o f  MSNT. The
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mixture was then immediately added to the reaction vessel containing the peptide-resin, 

and depside bond formation carried out under Ar. All other details are identical to those 

described in Section 5.2.1.

Procedure for pre-activation of Fmoc-Val-OH for reaction 15: 61.1 mg (0.18 

mmol, 5 equiv) o f  Fmoc-Val-OH and 94.4 mg (0.36 mmol, 10 equiv) Phs? were 

dissolved in approximately 6 mL anhydrous THF, and added to the reaction vessel 

containing the peptide-resin. The vessel was then cooled to 5 °C and a solution o f 56.7 

fiL (0.36 mmol, 10 equiv) DEAD in 0.6 mL anhydrous THF was then added dropwise. 

The vessel was brought to room temperature and depside bond formation carried out 

under Ar. All other details are identical to those described in Section 5.2.1.

Test-scale reactions for solvent assessment (Study 3): Depside bond formation was 

carried out on 50 mg aliquots o f Qxc-oSer-A la-W ang resin, using conditions and 

reagents detailed in Table 5.2. Cleavage from the resin was carried out as detailed in 

section 5.2.1, and the crude peptide dissolved in 6 mL o f a 1:1 mixture o f RP-HPLC 

solvents ‘A ’ and ‘B ’. All stoichiometric excesses are with reference to the resin 

substitution quoted by the manufacturer.

DMF5 eq Fmoc-Val-OH, 5 eq DIC, 0.1 eq DMAP
5 eq Fmoc-Val-OH, 5 eq DIC, 0.1 eq DMAP
5 eq Fmoc-Val-OH, 5 eq DIC, 0.1 eq DMAP

THF

Reaction
number

Reagents Solvent

Table 5.2: Solvents assessed tor synthesis o f depsipeptide (79).

Calibration curve construction and RP-HPLC methodology: Analysis o f  a 4 |iL

aliquot o f  reaction 1 and comparison o f the peak area with a known concentration o f the 

calibration standard (79, 10 pL injection) afforded an approxim ate value o f the yield for 

the estérification using standard conditions. This observation was used to select the 

standard concentrations detailed in Table 5.3 (in a 1:1 mixture o f RP-HPLC solvents 

‘A ’ and ‘B ’) by serial dilution o f a 5 mg/mL stock solution.

Analysis o f  the reaction aliquots immediately followed the calibration solutions. 4 pL 

aliquots were injected and analysed, using RP-HPLC system C (see Section 5.2.2)
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Data management: All peak areas were calculated using Waters Empower™  2 Pro 

Apex-Trak method. The calibration curve, corresponding linear regression formulae and 

subsequant charts were generated using Microsoft® Office Excel (2003).

5 0.0728 10 (1728
10 0.146 10 1.46
20 &292 10 2.92
40 0.584 10 5.84
60 0.876 10 8 J 6
80 1.17 10 11.2
100 1.46 10 14.6
120 1.75 10 17.5

Table 5.3: Concentrations o f calibration standard (79) used for Studies 2 and 3.

Correction of theoretical yield: Resin substitution was corrected from that quoted by 

the m anufacturer in order to take into account the quantity o f dipeptide quinoxaline 

conjugate (77) bound to the resin. This was achieved using Equation 2:

Equation 2
^orif;inal ^  ^ o r ig in a l

correcleJ mfin a l

: .S corrected

0.720x1.50

Ë78
= 0.607 mmolg"

Where S = substitution (mmol g '')  and m = total dry resin mass (g).

The corrected substitution was then used to calculate the theoretical yield using 

Equation 3:

Equation 3 Y  — S* X vKialiquot corrected  aliquot

L ,,. .  = 0.607 X 0.0500 = 0.0304 g

Where S = substitution (mmol g"'), niaiiquoi = mass o f  resin aliquot (g) and YaUquot = 

theoretical yield per aliquot o f resin (mmol).
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5.3.3 RP-HPLC data tables (where not shown in Chapter 3)

Study 1: Peak areas corresponding to compounds 77 and 79 over time

0 5266577 100 0 0
10 1080818 7&98 2876918 21.02
20 5287946 60.56 3443765 39.44
30 3837674 48.41 4089572 51.59
40 5752506 39^8 8965532 60.92
50 4570795 33.51 9070344 66.49
60 2896408 2&64 7217957 71.36
90 1930108 12.52 13487182 8T48
120 639358 3.62 17003219 9638
180 0 0 14419663 100

Table 5.4: Peak area o f starting material (77) and produet (79) over time.
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Study 2: Calibration of peak area for compound 79

0.0728 0.000728 613359
0.0728 0.000728 632494 621455 9901.161 5716.438
0.0728 0.000728 618512
0.146 0.00146 1287019
0.146 0.00146 1280463 1287954 7999.587 4618.564
0.146 0.00146 1296380
0.292 0.00292 2962803
0.292 0.00292 2955074 2959317 3919.809 2263.103
0.292 0.00292 2960075
0.584 0.00584 5502606
0.584 0.00584 5512454 5511019 7795.647 4500.819
0.584 0.00584 5517998
0.876 0.00876 8023521
0.876 0.00876 8035028 8034691 11005.37 6353.953
0.876 0.00876 8045524
1.17 0.0117 10878854
1.17 0.0117 10904382 10892998 12986.09 7497.523
1.17 0.0117 10895760
1.46 0.0146 13329010
1.46 0.0146 13324584 13330377 6584.355 3801.479
1.46 0.0146 13337538
1.75 0.0175 15397442
1.75 0.0175 15897630 15620345 254489.8 146929.8
1.75 0.0175 15565963

Table 5.5: Calibration data for Study 2.

Linear regression (Graph 3.4) afforded Equation 5:

y  = [(9x10')%]+ 144793

, (} /-  144793 )

E quations 9 x 1 0

Where X = amount o f  depsipeptide 79 (pmol) an d y  = mean peak area.
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Study 3: Calibration of peak area for compound 79

I H H I H
0.0728 0.000728 639913
0.0728 0.000728 663335 666904 28941.02 16709.11
0.0728 0.000728 697464
0.146 0.00146 1912839
0.146 0.00146 1936142 1899073 45540.15 26292.62
0.146 0.00146 1848238
0.292 0.00292 3911663
0.292 0.00292 3793911 3860249 60278.04 34801.54
0.292 0.00292 3875174
0.584 0.00584 6723254
0.584 0.00584 6571599 6627141 83572.21 48250.44
0.584 0.00584 6586570
0.876 0.00876 9573422
0.876 0.00876 9567899 9574898 7841.881 4527.51
0.876 0.00876 9583373
1.17 0.0117 13967610
1.17 0.0117 14261193 13913076 378343.3 218436.6
1.17 0.0117 13510425
1.46 0.0146 16041140
1.46 0.0146 15941792 16029801 82923.46 47875.88
1.46 0.0146 16106472
175 0.0175 19086446
1.75 0.0175 19137397 19218342 186077 107431.8
1.75 0.0175 19431182

Table 5.6: Calibration data tor Study 3.

Linear regression (Graph 3.6) afforded Equation 6:

y  = [( lx l0 ‘’)x j+ 277334

Equation 6
, ( y - 277334)

1x10'

Where % = amount o f depsipeptide 79 (pmol) a n d y  = mean peak area.

231



Study 3: Aliquot data

■ ■ QjjjjHH■ HlHH
16198807 0.015921 23.88221 78.50833

DMF 16192257 0.015915 23.87238 78.47602 7&8 0.591739 0.341641
16403307 0.016126 24.18896 79.51671
17329073 0.017052 25.57761 83.91414

CH2CI2 17573072 0.017296 25.94361 85.11490 8A5 0.602302 0.347349
17434142 0.017157 25.73521 84.43120
16849584 0.016572 24.85838 81.23088

THF 16961656 0.016684 25.02648 81.78021 81.7 0.383523 0.221427
17000205 0.016723 25.08431 81.96917

Table 5.7; Aliqot data for Study 3.

5.3.4 Chromatograms for Study 1

77 78 ' 69

Unkiunvn 
coittaminant o f 69

Figure 5.1: Overlay o f  chromatograms for RP-HPLC standards 69, 77 -  80.
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Figure 5.2: Depside bond formation at / = 0 min.
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Figure 5.3: Overlay o f reaction at / = 0 min with RP-HPLC standards 77 and 78.
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Figure 5.5: Depside bond formation at / = 120 min.
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Figure 5.7: Overlay o f reaction at / = 180 min with RP-HPLC standards 79 and 80.

5.3.5 Characterisation of RP-HPLC standards

Qxc-oSer-Ala-OH (77). Synthesised on 0.14 mmol scale (0.21 g Fmoc-Ala-Wang, 

0.67 mmol g"' substitution). SPPS, cleavage, isolation and purification as described 

above afforded the peptide as a white solid (15.3 mg; 32% based on m anufacturer’s 

substitution). ES MS (C,5H,6N4 0 5 ) 332.31 m/z (%) 332.9 [M + H]" (24) 354.9 [M + 

Na]" (25). RP-HPLC (System A): R, = 12.32 min. 'H -N M R  (t/ô-DMSO): 5 1.31 (d, 3H,
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J =  7.3, pH Ala), 3.80 (m, 2H, pH DSer), 4.26 (m, IH, aH Ala), 4.66 (m, IH, aH DSer),

8.02 (m, 2H, Qxc H-6 , Qxc H-7), 8.20 -  8.30 (m, 2H, Qxc H-5, Qxc H-8 ), 8.48 (d, IH, 

J =  7.4, NH Ala), 8.73 (d, IH, J =  8.2, NH DSer), 9.52 (s, IH, Qxc H-3). ^^C-NMR: 5

17.2 (pC Ala), 47.7 (aC Ala), 54.7 (aC DSer), 61.9 (pC DSer), 129.1, 129.5 (Qxc C-5, 

Qxc C-8 ), 131.4, 132.1 (Qxc C-6 , Qxc C-7), 139.6, 143.1 (Qxc C-4a, Qxc C-8 a), 143.5 

(Qxc C-3), 143.6 (Qxc C-2), 162.3 (CO Qxc), 169.1 (CO DSer), 173.9 (CO Ala).

Qxc-Ser-Ala-OH (78). Synthesised on 0.16 mmol scale (0.24 g Fmoc-Ala-Wang, 

0.67 mmol g‘' substitution). SPPS, cleavage, isolation and purification as described 

above afforded the peptide as a white solid (21.2 mg; 40% based on manufacturer’s 

substitution). ES MS (C 15H 16N4 O5) 332.31 m/z (%): 332.9 [M + H]^ (32) 354.9 [M + 

Na]^ (30). RP-HPLC (System A): R* = 12.73 min. 'H-NMR (c^-DMSO): Ô 1.31 (d, 3H, 

J =  7.3, pH Ala), 3.81 (m, 2H, pH Ser), 4.30 (m, IH, aH Ala), 4.66 (m, IH, aH Ser),

8.02 (m, 2H, Qxc H-6 , Qxc H-7), 8.20 -  8.22 (m, 2H, Qxc H-5, Qxc H-8 ), 8.43 (d, IH, 

J =  7.4, NH Ala), 8.76 (d, m ,  J  = 8.2, NH Ser), 9.51 (s, IH, Qxc H-3). '^C-NMR: 5

17.3 (pC Ala), 47.7 (aC Ala), 55.0 (aC Ser), 61.8 (pC Ser), 129.1, 129.5 (Qxc C-5, Qxc 

C-8 ), 131.4, 132.0 (Qxc C-6 , Qxc C-7), 139.7, 143.1 (Qxc C-4a, Qxc C-8 a), 143.5 (Qxc 

C-3), 143.7 (Qxc C-2), 162.6 (CO Qxc), 169.0 (CO Ser), 173.8 (CO Ala).

Qxc-DHA-Ala-OH. (69). Isolated as white solid ( 8  mg, 3% of crude product) from 

the synthesis of TANDEM by Malkinson and co-workers. ES MS (C 15H 14N4O4) 314.30 

m/z (%) 315.0 [M + H]^ (8 6 ), 336.9 [M + Na]^ (83). RP-HPLC (System A): Rt = 15.87 

min. 'H-NMR (4-DMSO): 5 1.42 (d, 3H, J =  7.4, pH Ala), 4.39 (m, IH, aH Ala), 5.98 

(s, IH, pHa DHA), 6.65 (s, IH, pHb DHA), 8.03 (m, 2H, Qxc H-6 , Qxc H-7), 8.23 (m, 

2H, Qxc H-5, Qxc H-8 ), 8.94 (d, IH, J =  7.1, NH Ala), 9.56 (s, IH, Qxc H-3), 10.5 (s, 

IH, NH DHA). '^C-NMR: 5 16.6 (pC Ala), 48.5 (aC Ala), 103.4 (CH2 DHA), 129.1,

129.5 (Qxc C-5, Qxc C-8 ), 131.6, 132.4 (Qxc C-6 , Qxc C-7), 133.4, 139.4 (Qxc C-4a, 

Qxc C-8 a), 143.3 (Qxc C-3), 143.6 (Qxc C-2), 161.3 (CO Qxc), 163.0 (CO DHA),

173.6 (CO Ala).

Qxc-DSer(Fmoc-VaI)-Ala-OH (79). Synthesised on 0.08 mmol scale (0.20 g Fmoc- 

Ala-Wang, 0.4 mmol g'' substitution). SPPS, cleavage, isolation and purification as 

described above afforded the depsipeptide as a white solid (6 . 6  mg; 13% based on 

manufacturer’s substitution). ES MS (C3 5H3 5N5O8) 653.68 m/z (%): 652.5 [M -  H]‘ (5). 

RP-HPLC (System A): Rt = 20.67 min. 'H-NMR ((/g-DMSO): 5 0.81 (d, 3H, J =  3.5,
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yHa Val), 0.82 (d, 3H, J=  3.5, yHb Val), 1.29 (d, 3H, J =  7.3, PH Ala), 2.03 (m, IH, PH 

Val), 3.94 (m, IH, aH Val), 4.19 (m, 3H, CH] Fmoc, CH Fmoc), 4.25 (m, IH, aH Ala),

4.41 (dd, IH, J =  11.3, 4.0, pHa DSer), 4.60 (dd, IH, J =  11.3, 6.1, pHy DSer), 4.96 (m, 

IH, aH DSer), 7.29 (m, 2H, CHAr Fmoc), 7.39 (m, 2H, CHAr Fmoc), 7.66 (m, 3H, 

CHAr Fmoc, NH Val), 7.86 (d, 2H, 7.5, CHAr Fmoc), 7.98 (m, 2H, Qxc H-6 , Qxc

H-7), 8.22 (m, 2H, Qxc H-5, Qxc H-8 ), 8 . 6 6  (d, IH, J =  7.3, NH Ala), 8.91 (d, IH, J  =

8.2, NH DSer), 9.48 (s, IH, Qxc H-3). "C-NMR: 8  17.1 (pC Ala), 18.1 (yC, Val), 18.8 

(yCb Val), 29.6 (pC Val), 46.6 (CH Fmoc), 47.9 (aC Ala), 51.6 (aC DSer), 59.5 (aC 

Val), 64.3 (pC DSer), 65.7 (CH] Fmoc), 120.0 (CHAr Fmoc), 125.2 (CHAr Fmoc),

127.0 (CHAr Fmoc), 127.6 (CHAr Fmoc), 128.5 (CHAr Fmoc), 129.2, 129.4 (Qxc C-5, 

Qxc C-8 ), 131.4, 132.1 (Qxc C-6 , Qxc C-7), 140.6 (Qxc C-3), 156.3 (CAr Qxc), 165.5 

(CO DSer), 171.6 (CO Ala), 173.6 (CO Val).

Qxc-Ser(Fmoc-Val)-Ala-OH (80). Synthesised on 0.08 mmol scale (0.20 g Fmoc- 

Ala-Wang, 0.4 mmol g '’ substitution). SPPS, cleavage, isolation and purification as 

described above afforded the depsipeptide as a white solid (6.7 mg; 13% based on 

manufacturer’s substitution). ES MS (C35H35N 5O8) 653.68 m/z (%): 652.7 [M -  H]’ (5). 

RP-HPLC (System A): R, = 18.95 min. 'H-NMR ( r7b - D M S O ) :  5  0.83 (d, 3H, 7  = 3.4, 

yH. Val), 0.84 (d, 3H, 3.4, yHb Val), 1.31 (d, 3H, 7 =  7.3, PH Ala), 2.07 (m, IH, pH

Val), 3.96 (dd, IH, 7 =  8.4, 6.0, aH Val), 4.05 -  4.17 (m, 3H, CHz Fmoc, CH Fmoc), 

4.28 (m, 1H, aH Ala), 4.43 (dd, 1H, 7  = 11.2, 7.1, pH» Ser), 4.60 (dd, 1H, 7  = 11.2, 4.2, 

pHb Ser), 4.97 (m, IH, aH Ser), 7.29 (m, 2H, CHAr Fmoc), 7.32 (m, 2H, CHAr Fmoc), 

7.64 (m, 2H, CHAr Fmoc), 7.70 (d, IH, J =  8.4, NH Val), 7.87 (d, 2H, J =  7.5, CHAr 

Fmoc), 7.96 (m, 2H, Qxc H-6 , Qxc H-7), 8.18 (m, 2H, Qxc H-5, Qxc H-8 ), 8.64 (d, IH, 

7 =  7.3, NH Ala), 9.0 (d, IH, 7 =  8.4, NH Ser), 9.49 (s, IH, Qxc H-3). '^C-NMR: 8  17.0 

(pC Ala), 18.0 (yCa Val), 18.9 (yCy Val), 29.6 (pC Val), 46.5 (CH Fmoc), 47.8 (aC 

Ala), 51.7 (aC Ser), 59.7 (aC Val), 63.9 (pC Ser), 65.7 (CH; Fmoc), 120.0 (CHAr 

Fmoc), 125.2 (CHAr Fmoc), 127.0 (CHAr Fmoc), 127.6 (CHAr Fmoc), 129.0, 129.4 

(Qxc C-5, Qxc C-8 ), 131.4, 132.1 (Qxc C-6 , Qxc C-7), 140.6 (Qxc C-3), 156.2 (CAr 

Qxc), 162.8 (CO Ser), 167.6 (CO Ala), 173.6 (CO Val).
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5.4 Attempted SPPS of triostin A, TACDEM and solution-phase study of 

diketopiperazine formation: characterisation data.

Qxc-oSer-Ala-OH (77). Major product recovered from resin after A“-Fmoc 

deprotection of the first Cys residue in the RP-HPLC study of TACDEM (82) synthesis. 

SPPS, cleavage, isolation and purification as described above, affording the peptide as a 

white solid (unable to accurately report yield, as resin aliquots removed throughout 

synthesis). ES MS (C,5Hi6N4 0 5 ) 332.31 m/z (%) 331.2 [M -  H]^ (52). RP-HPLC 

(System A): Rt = 12.80 min. 'H-NMR (i/g-DMSO): 5 1.31 (d, 3H, J =  7.3, pH Ala), 3.81 

(m, 2H, pH DSer), 4.28 (m, IH, J=  7.3, aH Ala), 4.66 (m, IH, aH DSer), 5.13 (brs, IH, 

OH DSer), 8.03 (m, 2H, Qxc H-6 , Qxc H-7), 8.19 -  8.28 (m, 2H, Qxc H-5, Qxc H-8 ),

8.49 (d, IH, J =  7.3, NH Ala), 8.74 (d, IH, 8.2, NH DSer), 9.53 (s, IH, Qxc H-3). 

'^C-NMR: 5 17.2 (pC Ala), 47.7 (aC Ala), 54.8 (aC DSer), 61.9 (PC DSer), 129.1, 129.5 

(Qxc C-5, Qxc C-8 ), 131.5, 132.1 (Qxc C-6 , Qxc C-7), 139.6, 143.1 (Qxc C-4a, Qxc C- 

8 a), 143.5 (Qxc C-3), 143.6 (Qxc C-2), 162.4 (CO Qxc), 169.1 (CO DSer), 173.9 (CO 

Ala).

Boc-MeVal-OBn (8 8 ). 1 g (4.32 mmol) of Boc-Val-OH was dissolved in 30 mL 

MeOH and stirred at 0 °C. 0.70 g (2.16 mmol, 0.5 equiv) CS2CO3 was dissolved in 8  mL 

of wet MeOH and added dropwise to the amino acid solution over 30 min. The mixture 

was then warmed to room temperature, while stirring for a further hour. The solution 

was evaporated to dryness under reduced pressure, co-evaporating with toluene, 

benzene and hexane. The resulting residue was re-dissolved in anhydrous DMF. To this 

solution was added 6 6 8  pL (5.62 mmol, 1.3 equiv) benzyl bromide and the mixture was 

stirred at room temperature for 15 hours under Ar. The solution was then evaporated to 

dryness under reduced pressure, re-dissolved in CHCI3 , washed twice with H2O and the 

aqueous phases back-extracted once with CHCI3 . The combined organic phases were 

dried over MgS0 4 , evaporated and purified by flash chromatography ( 1 0 0 % hexanes to 

hexanes/EtOAc 7:3) to yield the title compound as a light yellow oil (1.12 g; 81%). Rf= 

0.29 (hexanes/EtOAc 9:1). ES MS (C]gH27N 0 4 ) 321.41 m/z (%): 322.2 [M + H f  (92),

344.1 [M + Na]^. 'H-NMR (CDCI3 , 1:1 ratio of rotamers): 5 0.82 (d, 6 H, J  = 6 .6 , yH 

MeVal), 0.88 (d, 6 H, J  = 6 .6 , yH MeVaf), 1.35 (s, 9H, CH3 Hoc), 1.38 (s, 9H, CH3 

Boc'), 2.13 (m, 2H, PH MeVal, pH MeVal'), 2.69 (s, 3H, AMe MeVal), 2.76 (s, 3H, 

TVMe MeVal'), 4.07 (d, IH, J =  10.4, aH MeVal), 4.43 (d, IH, J =  10.4, aH MeVal'),

5.08 (m, 4H, CH2 benzyl), 7.26 (m, 9H, CHAr benzyl, CHAr benzyl'). '^C-NMR: 5 18.8 

(yCa MeVal), 19.1 (yCy MeVal), 19.8 (yC« MeVal'), 20.0 (yCb MeVal'), 27.7, 27.8 (PC
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MeVal, pC MeVal'), 28.3 (CH3 Boc, CH3 Boc'), 30.5 (VMe MeVal, VMe MeVal'), 63.3 

(aC MeVal'), 65.1 (aC MeVal), 66.2 (CH2 benzyl), 66.3 (CH2 benzyl), 79.9, 80.2 (Cq 

Boc, Cq Boc'), 128.1, 128.5 (CHAr benzyl, CHAr benzyl').

H-MeVal-OBn (89). 1.06 g (3.30 mmol) Boc-Val-OBn was dissolved in 50 mL 

TFA/CH2CI2 (1:1) containing 1 % v/v /Pr3 SiH, and stirred at room temperature for 1 h. 

The solution was then evaporated under reduced pressure, re-dissolved in EtOAc, and 

washed three times with 5% w/v NaHC0 3 . The aqueous phases were back-extracted 

once with EtOAc, the combined organic phases dried over MgS0 4  and evaporated 

under reduced pressure to yield the title compound as a pale yellow oil (0.64 g; 8 8 %) 

requiring no further purification. R f = 0.42 (hexanes/EtOAc 3:7). ES MS (C 13H 19NO2) 

221.30 m/z (%): 222.4 [M + H]^ (100), 244.4 [M + N a]\ 'H-NMR (CDCI3): 5 0.94 (d, 

3H, J =  2.7, yHa MeVal), 0.96 (d, 3H, J=  2.7, yHb MeVal), 1.55 (br s, IH, NH MeVal), 

1.94 (m, IH, PH MeVal), 2.38 (s, 3H, NMe MeVal), 2.97 (d, IH, J =  6.1, aH MeVal), 

5.23 (s, 2H, CH2 benzyl), 7.33 -  7.43 (m, 5H, CHAr benzyl). '^C-NMR: 18.7 (yCy 

MeVal), 19.2 (yC, MeVal), 31.6 (pC MeVal), 35.3 (NMe MeVal), 66.2 (CH2 benzyl),

69.4 (aC MeVal), 128.3 (CHAr benzyl), 128.6 (CHAr benzyl), 135.9 (CAr benzyl), 

174.9 (CO MeVal).

Fmoc-Cys(Acm)-MeVal-OBn (87). 0.85 g (2.04 mmol, 1.5 equiv) Fmoc-Cys(Acm)- 

OH was added to 15 mL anhydrous CH2CI2 , and anhydrous DMF added dropwise until 

complete dissolution. 0.31 g (2.04 mmol, 1.5 equiv) HOAt, and 0.39 g (2.04 mmol, 1.5 

equiv) EDC was added, and the mixture stirred at -10 °C for 10 min under Ar. 0.30 g H- 

MeVal-OBn was dissolved in 5 mL anhydrous CH2CI2 and added to the mixture, which 

was stirred at -10 °C for 4 h under Ar. The resulting yellow solution was poured into 

ice-cold 1 M HCl, the organic phase separated, and the aqueous phase extracted three 

times with EtOAc. The combined organic phases were washed three times with 5% w/v 

NaHC0 3  and twice with a saturated solution of NaCl. The combined organic phases 

were then dried over MgS0 4 , evaporated and purified by flash chromatography 

(hexanes/EtOAc 7:3 to hexanes/EtOAc 4:6) to yield the title compound as a white foam 

(0.59 g; 71%). R f = 0.26 (hexanes/EtOAc 3:7). M.p. = 63 -  69 °C. ES MS 

(C34H39N3O6 S) 617.75 m/z (%) 618.9 [M + (100), 640.5 [M + Na]* (53). 'H-NMR

(CDCb): S 0.87 (d, 3H, J =  6.6, yH. MeVal), 1.04 (d, 3H, J =  6.4 yHb MeVal), 1.99 (s, 

3H, CH; Actn), 2.29 (m, IH, pH MeVal), 2.72 (dd, IH, 14.4, 7.1, pH, Cys), 2.87 

(dd, IH, 14.3, 6.1, PHb Cys), 3.03 (s, 3H, NMe MeVal), 4.23 -  4.29 (m, 2H, CH,
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Acm, CH Fmoc), 4.36 -  4.57 (m, 3H, CHy Acm, CH2 Fmoc), 4.85 (m, IH, aH Cys),

4.92 (d, IH, aH MeVal), 5.18 (dd, 2H, J=  32.0, 12.1, CH2 benzyl), 5.73 (d, IH, J =  8.9, 

NH Cys), 6.60 (m, IH, NH Acm), 7.22 -  7.44 (m, 9H, CHAr benzyl, CHAr Fmoc), 7.61 

(m, 2H, CHAr Fmoc), 7.79 (m, 2H, CHAr Fmoc). ’^C-NMR: 5 18.7 (yCy MeVal), 19.8 

(yCa MeVal), 23.2 (CH3 Acm), 27.2 (pC MeVal), 31.6 (NMe MeVal), 35.0 (pC Cys),

42.2 (CH2 Acm), 47.1 (CH Fmoc), 50.9 (aC Cys), 62.3 (aC MeVal), 66.9 (CH2 benzyl),

67.3 (CH2 Fmoc), 120.0 (CHAr Fmoc), 125.1 (CHAr Fmoc), 127.1, 128.7 (CHAr Fmoc, 

CHAr benzyl), 135.3 (CAr benzyl), 141.3 (CAr Fmoc), 143.7 (CAr Fmoc), 170.1 (CO),

170.2 (CO), 171.7 (CO).

c y c I o [ C y s ( A c m ) - M e V a l ]  ( 8 6 ) .  0.1 g (0.16 mmol) o f Fmoc-Cys(Acm)-MeVal-OBn 

was dissolved in 10 mL of a 20% v/v solution of piperidine in CH2CI2 and stirred for 30 

min at room temperature. The solvent was then evaporated under reduced pressure and 

the compound purified by flash chromatography (100% CHCI3 to CHCb/MeOH 20:1) 

to yield the title compound as a white film (47.5 mg; quant). RP-HPLC (System A): Rt 

= 11.83 min. ES MS ( C 1 2 H 2 1 N 3 O 3 S )  287.13 m/z (%): 288.2 [M + H]^ (28), [M + N a f  

(100). HR MS (ES) calcd for C 1 2 H 2 2 N 3 O 3 S  [M + H]^ 288.1376, found 288.1376. ’H- 

NMR (4-DMSO): 5 0.92 (d, 3H, 6.9, yHa MeVal), 1.06 (d, 3H, J =  7.0 yHy MeVal),

1.84 (s, 3H, CH3 Acm), 2.16 (m, IH, pH MeVal), 2.83 (dd, IH, J =  13.6, 7.6, pHa C y s ) ,  

2.87 (s, 3H, NMe MeVal), 3.05 (dd, IH, J  = 13.6, 4.4, pHy Cys), 3.74 (d, IH, J =  4.5, 

aH MeVal), 4.09 (m, IH, aH Cys), 4.16 (dd, IH, J=  13.5, 6.0, CHa Acm), 4.30 (dd, IH, 

J =  13.5, 6 .6 , CHy Acm), 8.12 (d, IH, J=  2.6, NH Cys), 8.45 (t, IH, J =  6.0, NH Acm). 

' ^ C - N M R :  Ô 18.0 (yCa MeVal), 19.8 (yCy MeVal), 22.5 (CH3 Acm), 30.9 (pC MeVal),

33.8 (VMe MeVal), 35.6 (pC Cys), 40.7 (CH2 Acm), 54.6 (aC Cys), 66.5 (aC MeVal),

164.8 (CO Cys), 165.6 (CO MeVal), 169.4 (CO Acm).

H-MeCys-OH. 400 mL liquid ammonia was stirred at -70 °C and sodium added in 

small portions until a permanent dark blue colouration was visualised. To this solution 

was added approximately 0.10 g P-(-)-thiazolidine-4-carboxylic acid (83), leading to an 

immediate discharge o f colouration. Sodium was then added in small portions until 

permanent colouration returned. Approximately another 0.10 g of the compound was 

added, and the process repeated until a total of 6 . 6 6  g (50.0 mmol) had been used. The 

reaction was then quenched with ammonium chloride and the ammonia evaporated at 

room temperature. The resulting white solid was dissolved in the minimum volume of 

H2O, acidified to pH 2 with cone HCl and evaporated. The residue was extracted
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repeatedly with EtOH and evaporated to yield the title compound as a white solid (5.5 

g; 64%), Rf = 0.22 (butanol/AcOH/H2 0  10:2:3). Treatment of TLC plate with Ellman 

reagent (0.01 M 5,5'-dithiobis(2-nitrobenzoic acid), DTNB) followed by 0.1 M 

tris(hydroxymethyl)aminomethane buffer solution yielded an immediate yellow 

colouration, indicating the presence of thiol functionality. M.p. = 161 -  165 °C. ES MS 

(C4H9NO2 S) 135.18 m/z (%): 158.2 [M + N a f  (11). ‘H-NMR (CD3OD): 5 2.80 (s, 3H, 

NMe), 3.21 (m, 2H, pH), 4.20 (m, IH, aH). "C-NMR: 8  24.0 (pC), 32.5 (NMe), 63.6 

(aC), 169.7 (CO).

H-MeCys(Bam)-OH. 5.35 g (31.2 mmol) of H-MeCys-OH HCl and 4.72 g (31.2 

mmol) jV-hydroxymethylbenzamide were dissolved in 45 mL anhydrous TEA and 

stirred under Ar at room temperature. After 1.5 h the solvent was evaporated under 

reduced pressure, the residue triturated with Et%0, filtered and washed with Et2 0 , then 

dissolved in MeOH and the solvent evaporated under reduced pressure to yield the title 

compound as a white solid (9.64 g; 81%) requiring no further purification. Rf = 0.16 

(CHCb/MeOH/AcOH 8:2:0.1). M.p. = 153 -  157 °C. ES MS (C 12H 16N2O3 S) 268.33 m/z 

(%): 291.7 [M + Na]^ (100). ' H-NMR (^6-DMSO): 5 2.62 (s, 3H, NMe MeCys), 3.28 

(d, 2H, y  = 5.4, pH MeCys), 4.28 (t, IH, J =  5.4, aH MeCys), 4.52 (m, 2H, CH2 Bam), 

7.45 -  7.58 (m, 3H, CHAr Bam), 7.91 (m, 2H, CHAr Bam), 9.37 (t, IH, J =  6.2, NH 

Bam). ’^C-NMR: Ô 29.6 (pC MeCys), 31.6 (NMe MeCys), 41.9 (CH2 Bam), 59.7 (aC 

MeCys), 127.3 (CHAr Bam), 128.4 (CHAr Bam), 131.6 (CHAr Bam), 133.6 (CHAr 

Bam), 166.3 (CO Bam) 168.8 (COOH).

Fmoc-MeCys(Bam)-OH (84). 5.00 g (13.1 mmol) of H-MeCys(Bam)-OH 

triftuoroacetate salt was suspended in 57 mL THF/H2O (10:9), 4.00 g (37.5 mmol, 2.86 

equiv) Na2C0 3  added and the suspension stirred at 10 °C. 4.60 g (13.8 mmol, 1.05 

equiv) Fmoc-OSu was dissolved in 15 mL THF, and added dropwise to the suspension 

over 1 h. The suspension was then stirred at room temperature for 3 h, after which a 

further 0.88 g (2.62 mmol, 0.2 equiv) Fmoc-OSu was added in a minimal volume of 

THF, and the mixture stirred for 15 h. The reaction mixture was then diluted with 24 

mL H2O and 40 mL EtOAc, stirred at room temperature for 15 min, then acidified to pH 

2 with conc. HCl. The organic phase was washed twice with H2O, and once with a 

saturated solution of NaCl. The aqueous phases were back-extracted twice with EtOAc, 

and the combined organic phases dried over MgS0 4 , evaporated and purified by flash 

chromatography (CHCI3 to CHCb/MeOH (9:1)) to yield the title compound as a white
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foam (5.5 g; 8 6 %). Rf = 0.25 (CHCb/MeOH/AcOH 15:1:0.1). M.p. = 72 -  80 °C. HR 

MS (ES) calcd for C2 7H27N2O5 S [M + H]^ 491.1635, found 491.1614. ^H-NMR {de- 

DMSO, 2:1 ration of rotomers, signals of major component reported): 5 2.79 -  2.83 (s, 

3H, NMe MeCys), 3.03 (m, IH, pHa MeCys), 3.26 (m, IH, pHy MeCys), 4.21 (m, IH, 

CH Fmoc), 4.33 (m, 3H, CH2 Fmoc, CHa Bam), 4.54 (m, IH, CHy Bam), 4.81 (m, IH, 

aH MeCys), 7.32 (m, 2H, CHAr Fmoc), 7.48 (m, 5H, CHAr Bam), 7.66 (d, 2H, J=  7.4, 

CHAr Fmoc), 7.88 (m, 4H, CHAr Fmoc), 9.17 (m, IH, NH Bam), 13.01 (brs, IH, 

COOH). "C-NMR: 8  29.5 (pC MeCys), 31.4 (NMe MeCys), 40.7 (CHz Bam), 46.5 

(CH Fmoc), 58.3 (aC MeCys), 67.0 (CH; Fmoc), 120.1 (CHAr Fmoc), 125.1 (CHAr 

Fmoc), 127.1, 128.3 (CHAr Fmoc, CHAr Bam), 131.4 (CHAr Bam), 133.9 (CAr Bam),

140.7 (CAr Fmoc), 143.7 (CAr Fmoc), 166.2 (CO Bam) 171.3 (COOH).

Fmoc-MeCys(Bam)-MeVal-OBn (91). 0.67 g (1.36 mmol, 1.5 equiv) Fmoc- 

MeCys(Bam)-OH (84) was added to 10 mL anhydrous CH2CI2 , and anhydrous DMF 

added dropwise until complete dissolution. 0.21 g (1.36 mmol, 1.5 equiv) HOAt, and 

0.26 g (1.36 mmol, 1.5 equiv) EDC was added, and the mixture stirred at -10 °C for 10 

min under Ar. 0.20 g (0.90 mmol) H-MeVal-OBn (89) was dissolved in 3 mL 

anhydrous CH2 CI2 and added to the mixture, which was stirred at -10 °C for 4 h under 

Ar. The resulting yellow solution was poured into cold 1 M HCl, the organic phase 

separated, and the aqueous phase extracted three times with EtOAc. The combined 

organic phases were washed twice with 5% w/v NaHCOg and once with a saturated 

solution of NaCl. The aqueous phases were back-extracted once with EtOAc. The 

combined organic phases were then dried over MgS0 4 , evaporated and purified by flash 

chromatography (hexanes/EtOAc 9:1 to hexanes/EtOAc 7:3) to yield the title compound 

as a white foam (0.38 g; 64%). Rf = 0.55 (hexanes/EtOAc 4:6). M.p. = 46  -  50 °C. ES 

MS (C4 0H43N 3O6 S) 693.85 m/z (%): 694.3 [M + H]^ (100). 'H-NMR (CDCI3 , 2:1 ratio 

of rotamers, signals of major component reported): 5 0.78 (d, 3H, J =  6.7, yHa MeVal), 

0.99 (d, 3H, J =  6.5, yHy MeVal), 2.20 (m, IH, pH MeVal), 2.65 (s, 3H, NMe MeCys), 

2.76 (s, 3H, NMe MeVal), 2.86 (m, IH, pHa MeCys), 3.05 (dd, \ U , J =  14.6, 7.5, pHy 

MeCys), 4.23 (t, IH, J =  6.2, CH Fmoc), 4.32 (dd, IH, J =  14.0, 4.8, CHa Bam), 4.54 

(dd, IH, J =  17.9, 6.3, CH2 Fmoc), 4.72 (m, IH, CHy Bam), 4.82 (d, IH, J =  10.6, aH 

MeVal), 5.08 (m, 2H, CH2 benzyl), 5.21 (m, IH, aH Cys), 7.24 -  7.32 (m, 3H, CHAr 

benzyl), 7.37 -  7.43 (m, 6H, CHAr Fmoc, CHAr Bam), 7.46 (m, IH, CHAr Bam), 7.49 

-  7.57 (m, 4H, NH Bam, CHAr benzyl), 7.78 (m, 4H, CHAr Fmoc), 7.91 (m, 2H, CHAr 

Bam). ' ’C-NMR: 5 18.8 (yC, MeVal), 19.9 (yCt MeVal), 27.3 (pC MeVal), 29.2, (NMe
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MeCys), 31.2 (NMe MeVal), 31.8 ((3C MeCys), 43.1 (CHz Bam), 47.4 (CH Fmoc), 55.6 

(aC MeCys), 62.5 (aC MeVal), 66.7 (CH2 benzyl), 67.6 (CH2 Fmoc), 120.0 (CHAr 

Fmoc), 124.8 (CHAr benzyl), 127.1 (CHAr Bam), 127.4 (CHAr Bam), 127.8, 128.6 

(CHAr Bam, CHAr Fmoc, CHAr benzyl), 131.6 (CHAr Bam), 141.4 (CAr Fmoc, CAr 

Bam), 143.6 (CAr benzyl), 166.9 (CO Bam), 169.7 (CO MeVal), 170.0 (CO MeCys, 

CO benzyl).

cyclo[M[eCys(Bam)-MeVal] (92). 0.1 g (0.15 mmol) Fmoc-MeCys(Bam)-MeVal- 

OBn (91) was dissolved in 10 mL of a 20% v/v solution of piperidine in CH2CI2 and 

stirred at room temperature for 30 min. The solvent was then evaporated under reduced 

pressure and the residue purified by flash chromatography (CHCb/MeOH 100:1) to 

yield the title compound as a clear colourless film (19.3 mg; 35%). RP-HPLC (System 

A): Rt = 15.63 min. ES MS (CiAsNgOaS) 363.47 m/z (%) 363.4 [M]^ (100). HR MS 

(ES) calcd for C 18H26N 3O3 S [M + H]^ 364.1689, found 364.1686. 'H-NMR (4-DMSO): 

5 0.98 (d, 3H, J =  6.9, yHa MeVal), 1.11 (d, 3H, / =  6.9 yHy MeVal), 2.17 (m, IH, (3H 

MeVal), 2.95 (dd, IH, J =  15.3, 4.0, PHa MeCys), 2.98 (s, 3H, NMe MeCys), 2.99 (s, 

3H, NMe MeVal) 3.26 (dd, IH, 7 =  15.2, 4.9, PHb MeCys), 3.71 (d, IH, 5.0, aH 

MeVal), 4.23 (t, IH, J  = 4.4, aH Cys), 4.56 (dd, IH, 14.0, 5.6, CHa Bam), 4.88 (dd, 

IH, J =  13.9, 7.0, CHb Bam), 7.40 -  7.55 (m, 3H, CHAr Bam), 7.89 -  7.96 (m, 2H, 

CHAr Bam), 8.38 (m, IH, NH Bam). '^C-NMR: 5 18.8 (yCa MeVal), 19.8 (yCb MeVal),

32.3 (pC MeVal), 32.4, (NMe MeCys), 34.8 (NMe MeVal), 36.9 (pC MeCys), 43.9 

(CH2 Bam), 64.8 (aC MeCys), 68.2 (aC MeVal), 127.3 (CHAr Bam), 128.5 (CHAr 

Bam), 131.7 (CHAr Bam), 133.7 (CAr Bam), 164.1 (CO MeCys), 166.6 (CO MeVal),

169.4 (CO Bam).

Trt-Cys(Acm)-OH (93). 1.96 g (9.34 mmol) H-Cys(Acm)-OH was suspended in 60 

mL anhydrous CH2 CI2 and 5.70 g (20.6 mmol, 2.2 equiv) Trt-Cl and 5.09 mL (37.4 

mmol, 4.0 equiv) Et3N were added. A calcium chloride drying tube was fitted and the 

mixture refluxed for 5 h. The solvent was evaporated under reduced pressure, the 

residue redissolved in 70 mL of an 80% v/v solution of MeCN in H2O and stirred 

overnight. The solvent was then evaporated under reduced pressure and the residue 

purified by flash chromatography (100% CHCI3 to CHC^/MeOH (30:1)) to yield the 

title compound as an off-white powder (1.92 g; 47%). Rf= 0.29 (CHCb/MeOH 10:1). 

M.p. = 142 -  147 °C. ES MS (C2 5H26N2O3 S) 434.16 m/z (%): 435.1 [M + H]^ (13), HR 

MS (ES) calcd for C2 5H27N2O3 S [M + H]^ 435.1742, found 435.1758. 'H-NMR {d^-
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DMSO): 8  1.87 (s, 3H, CH; Acm), 2.68 (dd, IH, 7  = 13.2, 6.4, pH, Cys), 2.76 (dd, IH, 

J =  13.2, 4.6, PHb Cys), 3.38 (m, IH, oH Cys), 4.22 (m, 2H, CH; Acm), 7.26 (m, 3H, 

CHAr), 7.34 (m, 6 H, CHAr), 7.49 (m, 6 H, CHAr). '^C-NMR: 8  22.6 (CH; Acm), 35.6 

(PC Cys), 41.0 (CH; Acm), 55.8 (aC Cys), 70.7 (C-(Ph);), 126.4 (CHAr), 127.8 

(CHAr), 128.2 (CHAr), 145.9 (CAr), 169.1 (CO Acm), 174.1 (CO Cys).

5.5 Characterisation of Fmoc-Cvs(SuBam)-OA!I. intermediates, and ssti- 

selective somatostatin (SRIF) agonist

A^-(Hydroxymethyl)-4-nitrobenzamide. 10 g (60.2 mmol) 4-nitrobenzamide and

1.17 g (8.4 mmol, 0.14 equiv) were added to 150 mL dioxane, and water added 

dropwise to effect complete dissolution. 6.9 mL (1.4 equiv) of a 37% v/v aqueous 

solution of formaldehyde was added and the mixture stirred at room temperature for 15 

h. Reaction found to be incomplete by TLC, thus a further 0.2 equiv of formaldehyde 

was added to the mixture, and this was stirred at room temperature for a further 2 0  h. 

Solvents were then evaporated under reduced pressure and the crude material carried 

through to the next step without purification.

Â -((z‘er/'-Butyldimethylsilyloxy)methyl)-4-nitrobenzamide (99). 11.8 g of crude N- 

(hydroxymethyl)-4-nitrobenzamide, 10.9 g (72.2 mmol, approx 1.2 equiv) TBDMS-Cl, 

and 10.3 g (150.5 mmol, approx 2.5 equiv) EtgN were dissolved in 100 mL DMF and 

stirred at room temperature for 20 hours. The mixture was then evaporated to dryness, 

re-dissolved in CHCI3 and purified by flash chromatography (100% hexanes to 

hexanes/EtOAc 7:3) to yield the title compound as an off-white powder (12.3 g; 6 6 % 

over two steps). Rf = 0.68 (hexanes/EtOAc 2:8). M.p. = 158 -  163 °C. HR MS (ES) 

calcd for Ci4 H23N 2 0 4 Si [M + H]^ 311.1422, found 311.1419. 'H-NMR (CDCI3): ô 0.16 

(s, 6 H, CH3 TBDMS), 0.91 (s, 9H, /Bu TBDMS), 5.11 (d, 2H, J =  6.4, CH2), 6.84 (m, 

IH, NH), 7.96 (m, 2H, benzamide H-2, benzamide H-6 ), 8.30 (m, 2H, benzamide H-3, 

benzamide H-5). '^C-NMR: 5 -5.14 (CH3 TBDMS), 25.8 (/Bu TBDMS), 65.5 (CH2),

123.9 (benzamide C-2, benzamide C-6 ), 128.2 (benzamide C-3, benzamide C-5), 139.7 

(benzamide C-4), 149.8 (benzamide C-1), 165.0 (CO benzamide).

4-Amino-A-((i'er^butyldimethylsiIyloxy)methyl)benzamide (100). 12.1 g (0.0389 

mmol) of 99 was dissolved in 100 mL THE, and 1.2 g (10% by mass) 10% Pd on 

carbon added. The mixture was stirred at room temperature under H2 for 20 hours, and

244



filtered through celite. The solution was then evaporated, re-dissolved in CHCI3 and 

purified by flash chromatography (hexanes/EtOAc 4:6), to yield the title compound as 

an orange oil, solidifying over approx 3 weeks to a pink waxy solid (12.0 g; quant). Rf = 

0.56 (hexanes/EtOAc 2:8). M.p. 83 -  89 °C. ES MS (C 14H24N2O2 SO 280.44 m/z (%)

280.9 [M + H]^ (100). HR MS (ES) calcd for C,4H25N202Si [M + H]^ 281.1680, found 

281.1692. ' H-NMR (4-acetone): Ô 0.12 (s, 6 H, CH3 TBDMS), 0.88 (s, 9H, fBu 

TBDMS), 5.01 (d, 2H, 6.7, CH2), 5.13 (brs, 2H, Ar-NH2), 6 . 6 8  (m, 2H, benzamide

H-2, benzamide H-6 ), 7.70 (m, 2H, benzamide H-3, benzamide H-5), 8.06 (m, IH, NH 

benzamide). ‘^C-NMR: Ô -4.81 (CH3 TBDMS), 26.2 (/Bu TBDMS), 65.3 (CH2), 114.0 

(benzamide C-2, benzamide C-6 ), 123.3 (benzamide C-4), 129.8 (benzamide C-3, 

benzamide C-5), 152.6 (benzamide C-1), 167.1 (CO benzamide).

M o n o - b e n z y l  s u c c i n a t e .  30 g succinic anhydride (0.30 mmol) was added to 31.6 mL 

(0.306 mmol, 1.0 equiv) benzyl alcohol and the mixture heated to effect dissolution of 

the solid. The resulting solution was stirred at 155 °C for 15 hours, and then cooled to 

room temperature. The mixture was diluted with Et2 0  and the insoluble succinic acid 

removed by filtration. The filtrate was extracted repeatedly with a saturated solution of 

Na2C0 3 , and the aqueous phase acidified to pH 2 by drop-wise addition of conc. HCl. 

The acidic solution was then extracted repeatedly with Et2 0  and the combined organic 

phases dried over MgS0 4 . Filtration and evaporation of solvent yielded the title 

compound as an off-white solid (40.6 g; 65%). Rf = 0.45 (CHCb/MeOH 10:1). M.p. = 

57 -  60 °C. HR MS (ES) calcd for Ci,His0 4 Na [M + Na]^ 231.0633, found 231.0639.

’H-NMR (CDCI3) Ô 2.70 (m, 4H, CH2 succinate), 5.16 (s, 2H, CH2 benzyl), 7.30 -  7.37 

(m, 5H, CHAr benzyl). ’^C-NMR: ô 28.9 (CH2 succinate), 66.7 (CH2 benzyl), 128.2 

(benzyl C-2, benzyl C-6 ), 128.3 (benzyl C-4), 128.6 (benzyl C-3, benzyl C-5), 135.7 

(benzyl C-1), 172.0 (COOBn), 178.0 (COOH).

B e n z y l  4- ( 4- ( ( / e / ' / - b u t y I d i m e t h y l s i I y I o x y ) m e t h y l c a r b a m o y l ) p h e n y l a m i n o ) - 4-  

o x o b u t a n o a t e  ( 101) .  11.3 g (54.1 mmol, 3 equiv) of mono-benzyl succinate was 

dissolved in 400 mL THF/DMF (1:1). 10.4 g (54.1 mmol, 3 equiv) of EDC and 220 mg 

(1.80 mmol, 0.1 equiv) DMAP were added and the mixture stirred at room temperature 

for 1 min. 5.1 g (18.0 mmol) of 100 was dissolved in 50 mL THF and added to the 

reaction mixture. The reaction was then allowed to stir at room temperature for 20 h. 

The solvent was evaporated under reduced pressure and the residue re-dissolved in 

CHCI3 , washed three times with a 0.01% w/v solution of citric acid (approximately pH
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5) and three times with a 5% w/v solution of NaHCO]. The aqueous phases were back- 

extracted once with CHCI3 , the organic phases combined, dried over MgS0 4  and 

evaporated. The residue was dissolved in CHCI3 and purified by flash chromatography 

(100% hexanes to hexanes/EtOAc 6:4) to yield the title compound as an off-white 

powder (6.4 g; 75%). Rf = 0.56 (hexanes/EtOAc 2:8). M.p. = 1 1 5 -1 1 9  °C. ES MS 

(C2 5H34N2 0 5 S1) 470.63 m/z (%): 469.0 [M -  H]' (41). HR MS (ES) calcd for 

C2 5H34N 2 0 5 SiNa [M + Na]^ 493.2135, found 493.2130. 'H-NMR (CDCI3): 5 0.15 (s, 

6 H, CH3 TBDMS), 0.91 (m, 9H, fBu TBDMS), 2.70 (m, 2H, CH2 succinyl), 2.81 (m, 

2H, CH2 succinyl), 5.09 (d, 2H, J =  6.4, R-CH2 -OTBDMS), 5.15 (s, 2H, CH2 benzyl), 

6.79 (t, IH, J  = 6.2, NH benzamide), 7.33 (m, 5H, CHAr benzyl), 7.53 (m, 2H, 

benzamide H-2, benzamide H-6 ), 7.72 (m, 2H, benzamide H-3, benzamide H-5), 7.95 

(br s, IH, NH succinamide) '^C-NMR: 5 -5.1 (CH3 TBDMS), 18.2 (Cq TBDMS), 25.8 

(CH3 tBu TBDMS), 29.5 (CH2 succinamide), 32.2 (CH2 succinamide), 65.3 (R-ÇH2- 

OTBDMS), 66.9 (CH2 benzyl), 119.2 (benzamide C-2, benzamide C-6 ), 128.1 

(benzamide C-3, benzamide C-5), 128.2 -  129.5 (CHAr benzyl), 130.7 (benzamide C- 

1), 135.6 (benzyl C-1), 141.1 (benzamide C-4), 166.4 (CO benzamide), 170.0 (CO 

succinamide), 173.0 (CO benzyl).

4-(4-((/^/t-Butyldimethylsilyloxy)methylcarbamoyl)phenylamino)-4-oxobutanoic 

acid (102). 5.3 g (11.2 mmol) of 101 was dissolved in 100 mL THE and 529 mg (10% 

by mass) 10% Pd on carbon added. The mixture was stirred at room temperature under 

H2 for 15 hours, then filtered through double filter-paper and the Pd/C thoroughly 

washed with acetone (product poorly soluble in THE). The resulting solution was 

evaporated to yield the title compound as a white foam (4.1 g; 94%) requiring no further 

purification. Rf = 0.45 (CHCb/MeOH 10:3). M.p. = 4 4 - 5 4  °C. ES MS (CigH28N 2 0 5 Si) 

380.51 m/z (%): 380.7 [M]^ (30). HR MS (ES) calcd for CigH29N2 0 5 Si [M + H f  

381.1840, found 381.1856. 'H-NMR (CDCI3): 5 0.10 (s, 6 H, CH3 TBDMS), 0.87 (s, 

9H, tBu TBDMS), 2.43 (t, 2H, J  = 6.7, CH2 succinyl), 2.57 (t, 2H, J  = 6.7, CH2 

succinyl), 4.91 (d, 2H, J=  6.4, R-CH2 -OTBDMS), 7.70 (d, 2H, J =  8.7, benzamide H-2, 

benzamide H-6 ), 7.84 (d, 2H, J =  8.7, benzamide H-3, benzamide H-5), 9.17 (t, IH, J  = 

6.5, NH benzamide), 10.7 (s, IH, NH succinamide). '^C-NMR: 5 -5.1 (CH3 TBDMS),

17.8 (Cq tBu TBDMS), 25.7 (CH3 tBu TBDMS), 31.0 (CH2 succinyl), 32.6 (CH2 

succinyl), 64.1 (R-ÇH2 -OTBDMS), 118.0 (benzamide C-2, benzamide C-6 ), 127.9 

(benzamide C-1), 128.2 (benzamide C-3, benzamide C-5), 142.4 (benzamide C-4),

165.7 (CO benzamide), 171.5 (CO succinamide), 176.1 (COOH).
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4-(4-(Hydroxymethylcarbamoyl)phenylamino)-4-oxobutanoic acid (‘HO- 

SuBam’). 2 g (5.26 mmol) of 102 was dissolved in 80 mL THF. 451 |xl (7.89 mmol, 1.5 

equiv) AcOH and 15.8 mL (3.0 equiv) of a 1 M solution of TBAF in THF were then 

added. The solution was stirred at room temperature for 1 h, evaporated and purified by 

flash chromatography (CHClg/MeOH 30:1 to CHCb/MeOH 10:1) to yield 2.5 g off- 

white foam. Analysis by NMR revealed considerable quantities of residual TBAF, 

present in approximately 1:1 ratio with the product. Further attempts at purification met 

with no success, therefore the crude mixture was carried through to the next step 

without further purification.

Fmoc-Cys(Mmt)-OAII (103). 4.0 g (6.50 mmol) of Fmoc-Cys(Mmt)-OH was 

dissolved in 80 mL MeOH, stirred at 0 °C and a solution of CS2CO3 in 16 mL water- 

saturated MeOH added dropwise over 30 min. The solution was warmed to room 

temperature whilst stirring for a further hour, and the solvent then evaporated under 

reduced pressure. The resulting white powder was dissolved in 80 mL anhydrous DMF, 

731 pL (8.45 mmol, 1.3 equiv) of AllBr was added and the mixture stirred at room 

temperature under Ar for 3 hours. The solution was then evaporated to dryness, re

dissolved in CH2CI2 , washed twice with water and the aqueous phase back-extracted 

once with CH2 CI2 . The combined organic phases were dried over MgS0 4 , evaporated, 

and purified by flash chromatography (100% hexanes to hexanes/EtOAc 8:2) to yield 

the title compound as a pale green/white foam (3.3 g; 78%). Rf 0.33 (hexanes/EtOAc 

7:3). M.p. = 53 - 5 7  °C. MALDI-TOF MS (C14H37NO5S) 655.80 m/z (%): 656.15 [M + 

H]^ (19), HR MS (ES) calcd for CuH 37N0 5 SNa [M + Na]^ 678.2290, found 678.2307. 

’H-NMR (CDCI3): 5 2.60 (m, 2H, (3H Cys), 3.69 (s, 3H, Ar-OMe Mmt), 4.16 (t, IH, J  = 

7.0, CH Fmoc), 4.30 -  4.24 (m, 3H, CH2 Fmoc, aH Cys), 4.54 (m, 2H, OCH2 allyl), 

5.16 -  5.25 (m, 3H, vinyl CH2 allyl, NH Cys), 5.80 (m, IH, vinyl CH allyl), 6.72 (m, 

2H, CHAr Mmt ortho to OMe), 7 .10-7 .13  (m, 2H, CHAr Mmt), 7.17 -  7.24 (m, CHAr 

Mmt, CHAr Fmoc), 7.30 -  7.33 (m, CHAr Mmt, CHAr Fmoc), 7.52 (m, 2H, CHAr 

Fmoc), 7.68 (m, 2H, CHAr Fmoc). ’^C-NMR: 34.2 (pC Cys), 47.1 (CH Fmoc), 53.0 

(aC Cys), 55.2 (Ar-OMe Mmt), 66.3 (OCH2 allyl), 67.2 (CH2 Fmoc), 113.3 (CHAr 

Mmt ortho to OMe), 118.8 (vinyl CH2 allyl) 120.0 (CHAr Fmoc), 125.2 (CHAr Fmoc),

126.9 (CHAr Mmt), 127.1 (CHAr Fmoc), 127.7 (CHAr Mmt), 128.0 (CHAr Mmt),

129.4 (CHAr Fmoc), 130.8 (CHAr Mmt), 131.4 (vinyl CH allyl), 136.3 (CAr Mmt),
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141.3 (CAr Fmoc), 143.8 -  143.9 (CAr Fmoc, CAr Mmt), 144.6 (CAr Mmt), 158.2 

(CAr Mmt).

Fmoc-Cys-OAll (104). 3.3 g (5.03 mmol) of Fmoc-Cys(Mmt)-OAll (95) was 

dissolved in 120 mL of a solution containing 1% vA TFA and 5% v/v zPrsSiH in 

anhydrous CH2 CI2 . The resulting solution was stirred under Ar for 3 h at room 

temperature, TLC showed the reaction was incomplete and the concentration of TFA 

was increased to 2% v/v. Completion was detected within 20 minutes. The solvent was 

evaporated under reduced pressure and the product precipitated, filtered and washed 

with hexane, yielding 1.2 g white solid. This was carried through to the next step 

without further purification, due to instability on silica.

Fmoc-Cys(SuBam)-OAll (106). 1.2 g (approx 3.14 mmol) of Fmoc-Cys-OAll and 

1.67 g (6.28 mmol, 2 equiv crude material due to contamination with TBAF) of the 

crude ‘HO-SuBam’ were dissolved in 25 mL TFA and stirred under Ar at room 

temperature for 1 h. The solution was then evaporated, precipitated, filtered and washed 

repeatedly with Et2 0  to yield the title compound as an off-white powder (1.67 g; 53% 

over two steps, from 103) requiring no further purification. Rf = 0.49 (CHCIs/MeOH 

10:3). M.p. = 1 5 9 - 164 °C. ES MS (C33H33N3O8S) 631.70 m/z (%): 630.5 [M -  H] (5) 

HR MS (ES) calcd for C3 3H34N 3O8 S [M + H]^ 632.2061, found 632.2059. 'H-NMR (4 -  

DMSO): 5 2.52 (m, 2H, CH2 succinyl), 2.57 (m, 2H, CH2 succinyl), 2.92 (dd, IH, J  = 

13.7, 9.7, PHa Cys), 3.10 (dd, IH, J =  13.8, 5.1, pHy Cys), 4.22 (t, IH, J =  6.9, CH 

Fmoc), 4.30 (m, 2H, CH2 Fmoc), 4.40 (m, 2H, aH, CHa SuBam), 4.51 (dd, IH, J =  13.6, 

6.4, CHb SuBam), 4.59 (m, 2H, -OCH2- allyl), 5.18 (m, IH, vinyl CHa allyl), 5.32 (m, 

IH, vinyl CHy allyl), 5.88 (m, IH, vinyl CH allyl), 7.33 (t, 2H, J  = 7.4, CHAr Fmoc),

7.42 (t, 2H, J =  7.4, CHAr Fmoc), 7.67 (m, 4H, CHAr Fmoc, CHAr SuBam), 7.82 (m, 

2H, CHAr SuBam), 7.91 (m, 3H, CHAr Fmoc, NH Cys), 9.03 (t, IH, J  = 6.2, NH 

benzamide), 10.2 (s, IH, NH succinamide), 12.1 (brs, R-COOH). '^C-NMR: 5 28.6 

(CH2 succinyl), 31.1 (CH2 succinyl), 31.7 (pC Cys), 41.3 (CH2 SuBam), 46.6 (CH 

Fmoc), 54.1 (aC Cys), 65.0 (-OCH2 - allyl), 65.8 (CH2 Fmoc), 117.6 (vinyl CH2 allyl), 

118.0 (CHAr SuBam), 120.1 (CHAr Fmoc), 125.2 (CHAr Fmoc), 127.0 (CHAr Fmoc),

127.6 (CHAr Fmoc), 128.2 (CHAr SuBam), 132.2 (vinyl CH allyl), 140.7 (CAr Fmoc),

143.7 (CAr Fmoc), 165.7 (CO Fmoc), 170.5 (CO succinamide), 173.7 (R-COOH).
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[Nap-Cys-OAll] 2  (107). Synthesised on a 28.5 |xmol scale (0.05 g of MB HA resin, 

0.57 mmol g'* substitution). Fmoc-Cys(SuBam)-OAll was loaded onto the resin using

2.5 equiv amino acid, HBTU and HOBt in DMF in the presence of 5.0 equiv /Pr2NEt 

(amounts compared to manufacturer’s resin substitution). The coupling was carried out 

for 1 h and repeated once. Completion was determined using the Kaiser test for free 

amines. The resin was then capped with 10 equiv acetic anhydride in the presence of 20 

equiv /Pr2NEt (2 x 20 min). Fmoc deprotection was effected using a 20% v/v solution of 

piperidine in DMF ( 2 x 1 0  min). Following this, the free amine was coupled with 2.5 

equiv naphthalene-2-carboxylic acid, HBTU and HOBt in DMF, with 5 equiv /Pr2NEt 

(2 X 20 min). Simultaneous disulfide formation and resin cleavage was carried out using 

15 equiv h  in DMF for 2 h at room temperature. The resin particles were removed from 

by filtration and the filtrate cooled to 0 °C, and a 1 M solution of Na2 S2 0 ] added drop- 

wise until the colouration was discharged. The solution was then evaporated under 

reduced pressure, dissolved in CHCI3 and washed repeatedly with H2O. The combined 

organic phases were evaporated under reduced pressure to yield the title compound as a 

clear white film (5.9 mg; 33% based on manufacturer’s substitution) requiring no 

further purification. RP-HPLC (System C): Rt = 23.27 min. ES MS (C34H32N2O6 S2)

628.17 m/z (%): 629.3 [M + H]+ (57). HR MS (ES) calcd for C34H33N2O6 S2 [M + H]^ 

629.1774, found 629.1778. 'H-NMR (CDCb) S 3.43 (d, 4H, J =  5.1, PH Cys), 4.65 (m, 

4H, OCH2 allyl), 5.16 (m, 2H, aH Cys), 5.30 (m, 4H, vinyl CHz allyl), 5.93 (m, 2H, 

vinyl CH allyl), 7.27 (m, 2H, NH Cys), 7.52 (m, 4H, CHAr Nap), 7.78 -  7.87 (m, 8 H, 

CHAr Nap). 8.33 (s, 2H, H-3 Nap). '^C-NMR 5 41.1 (pC Cys), 51.7 (aC Cys), 65.7 

(OCH2 allyl), 118.8 (vinyl CH2 allyl) 119.3 (vinyl CH2 allyl’), 122.5 -  128.0 (CHAr 

Nap), 131.1 (vinyl CH allyl), 132.5 (CAr Nap), 134.9 (CAr Nap), 167.1 (CO Nap),

169.2 (CO Cys).

H-Tyr-Cys-Phe-Ala-Trp-Lys-Thr-Phe-Cys-OH disulfide bridge (108).

Synthesised on a 57 pmol scale (0.1 g of MB HA resin, 0.57 mmol g*’ substitution). 

Resin loading, capping and Fmoc deprotection as for 107 above. Amino acids were 

coupled using 2.5 equiv amino acid, HBTU and HOBt in DMF, with 5 equiv /Pr2NEt (2 

X 30 min), with the exception of Fmoc-Thr(/Bu)-OH, which was subjected to 4 

couplings o f 45 minutes, and followed by the aforementioned capping procedure. 

Coupling completion was determined using the Kaiser test for free amines. C-Terminal 

allyl deprotection was carried out under Ar using 24 equiv PhSiH in anhydrous CH2 CI2 

with the addition o f 0.25 equiv Pd(PPh3 )4  in anhydrous CH2CI2 after 5 min, and the
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reaction continued for 40 min. This procedure was repeated once, followed by washing 

with a 0.5% w/v solution of sodium diethyldithiocarbamate in DMF ( 2 x 5  min), DMF 

( 3 x 2  min) and CH2CI2 ( 3 x 2  min). Simultaneous disulfide formation, resin cleavage 

and work-up were identical to 107 above, yielding 13.5 mg pale yellow solid, which 

was dissolved in 5 ml TFA containing 2.5% v/v zPrgSiH and 2.5% v/v H2O, and stirred 

at room temperature for 2 h. The solvent was then evaporated under reduced pressure, 

the residue precipitated and washed with Et20, then redissolved in 95% v/v AcOH and 

lyophilised. Purification was by RP-HPLC (System D) yielding the title compound as a 

white solid (2.5 mg; 3.8%). RP-HPLC (System C): Rt = 13.88 min. MALDI-TOF MS 

(C57H7 iN]iOi2 S2) 1166.37 w/z (%): 1166.98 [M + H]^ (98). MS/MS peptide sequencing 

results shown in Table 5.8, and corresponding spectra in Figure 5.8. Figures 5.10 -  5.13 

directly compare the spectra of 108 and the commercial material obtained from 

Bachem.'^ '̂^
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[M + HI" YCFAWKTFC (disulfide) 1167.56
y"8 CFAWKTFC 1005.43'
y” 7 FAWKTFC 902.44
y"5 WKTFC 684.33
y"4 KTFC 498.25
y” 2 FC 269.10
b6 YCFAWK 799.36
b5 YCFAW 671.25
b4 YCFA 485.20
b2 YC 267.09
a8 YCFAWKTF 1019.48'
a? YCFAWKT 872.41'
a6 YCFAWK 771.37'
a5 YCFAW 643.27'
a4 YCFA 457.19'
a3 YCF 386J5 '
a2 YC 239.09'
al Y 136.08'
1 FAWKTF 781.42
11 FAWKT 634.35
111 AWKTF 634.35
IV WKTF 563.31
V FAWK 533.30
VI AWKT 487.28
Vll WKT 416.24
VIII FAW 405.20
IX AWK 386.10
X CFA 322J6
XI WK 315.19
Xll AW 258J3
XllI TF 249.13
XIV FA 219.12

Table 5.8; MALDI-TOF MS/MS data tbr compound 108 (C 5 7 H7 1N 11O 12S2 ). Mass window = 0.30 amu. 
Theoretical figure reported (low intensity prevented effective visual observation).
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SD S39/2 CONE
071211QT7679SH 77 (3.294) Cm (69:83) TOP MSMS 583.70ES+

298 1599 2.53e3100

380.1679

159.0930
221.1325

441.1348

498.2457530.2259 6 3 4 .3 5 6 4  746,2965

I [I I 1 , , I I I  , if7 4 5 .2 8 2 2 Y 966.3965

071211QT7679SH 57 (2.440) Cm (49:65) TOP MSMS 583.70ES+
315.1897 2.62e3100

380.1679
298.1599

136.0765

221.1325
405.1995

634.3458
,441 1348

762.3041530.2259
746.2908- .790.2933

,791.2902
1003.4384

.1020.4399

071211QT7679SH 33 (1.416) Cm (29:46) TOP MSMS 583.70ES+
583.7555 2.84e3

569.7531 584 2530

1003.4384315.1859 380.1679
980.4223 1019.4366136.0765 221.1325

790.2875386.0923 634.3512 1020 4399
762 3099- 902.4442

552.7372- 
501.2112 1038.4049791.2902635.3458

852.3281 1039.4108
.1040.4031

^  m/z 
1100100 200 300 700 800 900 1000400 500 600

Figure 5.8: MS/MS peptide sequencing spectra tbr compound 108.
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H-Tyr-Cys-Phe-Ala-Trp-Lys-Thr-Phe-Cys-OH disulfide bridge^'^ RP-HPLC 

(System C) R, = 13.93 min. MALDI-TOF MS (C 5 7 H7 1N H O 12S2 ) 1166.37 m/z (%):

1166.49 [M| (60). MS/MS peptide sequencing results shown in Table 5.9. Spectra are 

compared to compound 108 in Figure 5.9. Figures 5.10 -  5.13 directly compare the 

spectra o f  108 and the commercial material obtained from Bachem.'*’'̂

[M]" YCFAWKTFC (disulfide) 1166.49
y" 8 CFAWKTFC 1005.43'
y” 7 FAWKTFC 902.49
y” 5 WKTFC 684.37
y” 4 KTFC 498.27
y ” 2 FC 269.10*
b6 YCFAWK 799.36'
b5 YCFAW 671.25
b4 YCFA 485.20
b2 YC 267.10
aS YCFAWKTF 1019.49
a7 YCFAWKT 872.41'
a 6 YCFAWK 771.37'
a5 YCFAW 643.27'
a4 YCFA 457.19'
a3 YCF 3 8 6 J 5 '
a2 YC 239.09'
al Y 136.08'
1 CFAWKTF 884.41'
11 FAWKTF 781.40'
111 CFAWKT 737.34'
IV FAWKT 634.38
V AWKTF 634.38
VI WKTF 563.30'
Vll FAWK 533.29'
Vlll AWKT 488.25'
IX WKT 416.23'
X FAW 405.22
XI AWK 386.1 1
XII CFA 322H6
Xlll WK 315.20
XIV AW 258.14
XV TF 249.13
XVI KT 230H5'
XVII FA 219.12

Table 5.9: MALDI-TOF MS/MS data for commercial material"^'*^ (C 57H71N 11O 12S2). Mass window 
0.30 amu. ‘Theoretical figure reported (low intensity prevented effective visual observation).
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S D  S R I F s s t 4
080125QT0182SH 71 (3.041) Cm (64:71) TOF MSMS 583.70ES+

298.1719 2.47e3100 -

380.1891

159.0996
136.0802

441.1571

498.2737 530,2448 634.3816
746.334484.0858

0801250T0182SH 35 (1 503) Cm (34 40) TOF MSMS 583 70ES+
2  2 5 e 3WK

315.2019100 -

380.1851
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Figure 5.9: MS/MS peptide sequencing spectra for commercial m aterial/
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Figure 5.10: MS/MS sequencing spectra overlay (top: commercial material/'"^ bottom: compound 108).
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256



SDSRiFssM

■3$H5^:.U2; -1,19 55;

50 100 150 200 250 300 450 500 550 600 700 750 850 950

Figure 5.12: MS/MS sequencing spectra overlay (top: commercial material,'"'' bottom: compound 108).

257



SDSRIFsst4

'3817 M4 3626 746 7623441

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050

Figure 5.13; MS/MS sequencing spectra overlay (top: commercial material/''^ bottom: compound 108).

258



Bibliography

259



1 Joyce, G. F. Nature, 2002, 418, 214-221 .
2 Tamura, K.; Alexander, R. W. Cell Mol. Life Soi. 2004, 61, 1317 -  1330.
3 Curtius, T. J. Prakt Chemie, 1881, 24, 239 -  240.
4 Fischer, E. Ber. Dtsch. Chem. Ges., 1907, 40, 1754 -  1767.
5 Merrifield, R. B. J. Am. Chem. Soc., 1963, 85, 2149 -  2154.
6  Gutte, B.; Merrifield, R. B. J. Am. Chem. Soc., 1969, 97, 501 -  508.
7 Bodanszky, M. Principles o f  peptide synthesis', 2"  ̂Ed, Springer-Verlag:

Berlin, 1993.
8  Curtius T. Ber. Dtsch. Chem. Ges., 1902, 35, 3226 -  3223.
9 Fischer, E. Ber. Dtsch. Chem. Ges., 1903, 36, 2094 -  2106.
10 Fischer, E.; Otto, E., Ber. Dtsch. Chem. Ges. 1903, 36, 2106 -  2116.
11 Brenner, M. In Proceedings o f  the Eighth European peptide symposium, 

Nordwijk, Beyerman, H. C.; van de Linde, A.; Maasen van den Brink, Eds.; 
North Holland, Amsterdam, 1966.

12 Curtius, T., Ber. Dtsch. Chem. Ges. 1890, 23, 3023 -  3033.
13 Smith, P. A. S. Org. React., 1946, 3, 337 -  449.
14 Carpino, L. A.; Beyermann, M.; Weschuh, H.; Bienert, M. Acc. Chem. Res.,

1996, 29, 2 6 8 -2 7 4 .
15 Wieland, T.; Bernhard, H. Liebigs Ann. Chem., 1951, 572, 190 -  194.
16 Boissonnas, R. A. Helv. Chim. Acta., 1951, 34, 874 -  879.
17 For extensive review of this subject see: (a) Albertson, N. F. Org. Reactions,

12, Wiley: New York, 1962; p 157; (b) Tarbell, D. S.; Acct. Chem. Res. 1969,
2, 2 9 6 -3 0 0 .

18 Leuchs, H. Ber. Dtsch. Chem. Ges., 1907, 39, 857-861 .
19 Denkewalter, R. G.; Schwam, H.; Strachan, R. G.; Beesley, T. E.; Veber, D.

F.; Schoenewaldt, E. F.; Barkemeyer, H.; Paleveda, W. J. Jr.; Jacob, T. A.; 
Hirschmann, R. J. Am. Chem. Soc., 1966, 88, 3163-3164.

20 Kricheldorf, H. R.; Angew. Chem. Int. Ed., 2006, 45, 5752 -  5784.
21 Lagrille, O.; Danger, G.; Boiteau, L.; Rossi, J.-C.; Taillades, J. Amino Acids,

2009, 56,341 -3 4 7 .
22 Wieland, T.; Schafer, W.; Bokelmann, E. Liebigs Ann. Chem., 1951, 575, 99 -  

104.
23 Farrington, J. A.; Kenner, G. W.; Turner, J. M. Chem. Ind., 1955, 601.
24 Bodanszky, M. Nature, 1955,175, 685 -  6 8 6 .
25 Bodanszky, M.; du Vigneaud, V. Nature, 1959,183, 1324 -  1325.
26 Bodanszky, M.; du Vigneaud, V. J. Am. Chem. Soc., 1959, 81, 5688 -  5691.
27 Kovacs, J.; Kisfaludy, L.; Ceprini, M. Q.; J. Am. Chem. Soc., 1967, 89, 183 -

184.
28 Kisfaludy, L.; Roberts, J. E.; Johnson, R. H.; Mayers, G. L.; Kovacs, J. J. Org. 

Chem.,\91Q, 35, 3563-3565.
29 Pless, J.; Boissonas, R. A.; Helv. Chim. Acta., 1963, 46, 1609 -  1625.
30 Anderson, G. W.; Zimmermann, J. E.; Callahan, F. M. J. Am. Chem. Soc., 1963, 

85, 3039.
31 Chancel, F. Compt. Rend., 1893,116, 329 -  330.
32 Sheehan, J. C.; Hess, G. P.; J. Am. Chem. Soc., 1955, 77, 1067 -  1068.
33 Rink, H.; Riniker, B.; Helv. Chim. Acta., 1974, 57, 831 -  835.
34 Konig, W.; Geiger, R. Chem. Ber., 1970,103, 788 -  798.
35 Humphrey, J. M.; Chamberlain, A. R. Chem. Rev., 1997, 97, 2243 -  2266.
36 Albericio, F.; Chinchilla, R.; Dodsworth, D. J.; Najera, C. Org. Prep. Proc. 

m ,  2001, 55, 203-303 .

260



37 Chan, W. C,; White, P. D, In Fmoc Solid Phase Synthesis, a Practical 
Approach 2"  ̂Ed; Chan, W. C.; White. P. D., Eds.; Oxford University Press: 
Oxford, 2003; pp 52 -  59.

38 Han, S.-Y.; Kim, Y.-A. Tetrahedron 2 0 0 4 ,  60, 2447 -  2467.
39 Staab, H. A.; Liebigs Ann. Chem., 1 9 5 7 ,  609, 75 -  83.
40 Anderson, G. W.; Paul, R. J. Am. Chem. Soc., 1 9 5 8 ,  80, 4423.
41 Wischnat, R.; Rudolph, J.; Hanke, R.; Kaese, R.; May, A.; Theis, H.; Zuther,

U. Tetrahedron Lett., 2 0 0 3 ,  44, 4393 -  4394.
42 Li, P.; Xu, J. C. J. Org. Chem., 2 0 0 0 ,  65, 2951 -  2958.
43 Dourtoglou, V.; Ziegler, J.-C.; Gross, B. Tetrahedron Lett., 1 9 7 8 ,  1269 -  1272.
44 Dourtoglou, V.; Ziegler, J.-C.; Gross, B. Synthesis 1 9 8 4 ,  572 -  574.
45 Abdelmoty, 1.; Albericio, P.; Carpino, L. A.; Foxman, B. M.; Kates, S. Lett.

Pept. Sci., 1 9 9 4 , 1, 57 -  67.
46 Carpino, L. A.; Imazumi, H.; El-Faham, A.; Ferrer, F. J.; Zhang, C.; Lee, Y.; 

Foxman, B. M.; Henklein, P.; Hanay, C.; Miigge, C.; Wenschuh, H.; Klose, J.; 
Beyermann, M.; Bienert, M. Angew. Chem. Int. Ed., 2 0 0 2 ,  41, 441 -  445.

47 Li, P.; Xu, J.-C. Tetrahedron Lett., 2 0 0 0 ,  4 / 721 -  724.
48 Li, P.; Xu, J.-C. Tetrahedron, 2 0 0 0 ,  56, 4437 -  4445.
49 Castro, B.; Dormoy, J.-R.; Elvin, G.; Selve, C. Tetrahedron Lett., 1 9 7 5 ,  1219 

-  1222.

50 Castro, B.; Dormoy, J.-R.; Dourtoglou, B.; Elvin, G.; Selve, C.; Ziebler, J.-C. 
Synthesis, 1 9 7 6 ,  751 -  752.

51 Coste, J.; Le-Nguyen, D.; Castro, B. Tetrahedron Lett., 1 9 9 0 ,  31, 205 -  208.
52 Hoeg-Jensen, T.; Jakobsen, M. H.; Holm, A. Tetrahedon Lett., 1 9 9 1 ,  32, 6387 

-6390 .
53 Frérot, E.; Coste, J.; Pantaloni, A.; Dufour, M.-N.; Jouin, P. Tetrahedron, 1991, 

4 7 ,2 5 9 -2 7 0 .
54 Albericio, F.; Bofill, J. M.; El-Faham, A.; Kates, S. A. J. Org. Chem., 1998,

63, 9678-9683.
55 Takeuchi, Y.; Yamada, S.-l. Chem. Pharm. Bull, 1 9 7 4 ,  22, 832 -  840.
56 Shiori, T.; Yamada, S.-L Chem. Pharm. Bull, 1 9 7 4 ,  22, 849 -  854.
57 Brady, S. F.; Freidinger, R. M.; Paleveda, W. J.; Colton, C. D.; Homnick, C.

F.; Whitter, W. L.; Curley, P.; Nutt, R. F.; Veber, D. F. J. Org. Chem., 1987,
52, 764 -  769.

58 Boger, D. L.; Chen, J.-H.; Saionez, K. W.; J. Am. Chem. Soc., 1 9 9 6 , 118,
1629- 1644.

59 Sherkenbeck, J.; Plant, A.; Harder, A.; Mencke, N.; Tetrahedron, 1 9 9 5 ,  51,
8459 -  8470.

60 Carpino, L. A.; Sadat-Aalaee, D.; Chao, H. G.; DeSelms, R. H. J. Am. Chem. 
5'oc., 1 9 9 0 ,  772, 9651 -9652.

61 Bertho, J.-N.; Loffet, A.; Pinel, C.; Reuther, F.; Sennyey, G. Tetrahedron Lett., 
1 9 9 1 , 5 2 ,  1303- 1306.

62 Olah, G. A.; Nojima, M.; Kerekes, 1. Synthesis, 1 9 7 3 ,  487 -  488.
63 Kaduk, C.; Wenschuh, H.; Beyermann, M.; Fomer, K.; Carpino, L. A.;

Bienert, M. Lett. Peptide Scl, 1 9 9 6 ,  2, 285 -  288.
64 Carpino, L. A.; El-Faham, A. J. Am. Chem. Soc., 1 9 9 5 , 117, 5401 -  5402.
65 Kim, Y.-A.; Shin, H.-N.; Park, M.-S.; Cho, S.-H.; Han, S.-Y. Tetrahedron Lett., 

2 0 0 3 ,  44, 2557-2560.
6 6  Gross, E. The Peptides: Analysis, Synthesis and Biology', Academic Press: New 

York, 1981; Vol 3, p 1 -302 .
67 Albericio, F. Biopolymers (Peptide Science), 2 0 0 0 ,  55, 123 -  139.
6 8  Fischer, E.; Warburg, O. Ber. Dtsch. Chem. Ges., 1 9 0 5 ,  38, 3997-4005.

261



69 Muramatsu, L; Itoi, M.; Tsuji, M.; Hagitani, A. Bull. Chem. Soc. Jpn., 1964,
37, 756.

70 Sheehan, J. C.; Yang, D.-D. H. J. Am. Chem. Soc., 1958, 80, 1154 -  1158.
71 Geiger, R.; Seidel, W. Chem. Ber., 1968, 101, 3386 -  3391.
72 Losse, G.; Zonnchen, W. Justus Liebigs Ann. Chem.. 1960, 636, 140 -  143.
73 Gray, B. D.; Jeffs, P. W. J. Chem. Soc., Chem. Commun., 1987, 1329 -  1330.
74 Helferich, B.; Moog, L.; Jiinger, A. Ber. Dtsch. Chem. Ges., 1925, 58, 872 -  

886 .

75 Zervas, L.; Theodoropoulos, D. J. Am. Chem. Soc., 1956, 78, 1359 -  1363.
76 Barlos, K.; Papaioannou, D.; Theodoropoulos, D. J. Org. Chem., 1982, 47, 

1324 - 1326.
77 Mutter, M.; Hersperger, R. Synthesis 1989, 198 -  200.
78 Barlos, K.; Mamos, P.; Papaioannou, D.; Patrianakou, S.; Sanida, C.; Schafer, 

W. Liebigs Ann. Chem., 1987, 1025 -  1030.
79 Gairi, M.; Lloyd-Williams, P.; Albericio, P.; Giralt, E.; Tetrahedron Lett., 1990, 

31, 7363 -  7366.
80 Dorner, B.; Husar, G. M.; Ostresh, J. M.; Houghten, R. A. Bioorg. Med.

Chem., 1996, 4, 709-715 .
81 Stelakatos, G. C.; Theodoropoulos, D. M.; Zervas, L. J. Am. Chem. Soc., 1959, 

<57,2884-2887.
82 Aletras, A.; Barlos, K.; Gatos, D.; Koutsogianni, S.; Mamos, P. Int. J. Pept. 

Protein Res., 1995, 45, 488 -  496.
83 Bolton, R.; Chapman, N. B.; Shorter, J. J. Chem. Soc., 1964, 1895 -  1906.
84 Kadereit, D.; Deck, P.; Heinemann, I.; Waldmann, H. Chem. Eur. J., 2001, 7, 

1 1 8 4 - 1193.
85 Bergmann, M.; Zervas, L. Ber. Dtsch. Chem. Ges., 1932, 65, 1192 -  1201.
8 6  Ben-Ishai, D.; Berger, A. J. Org. Chem., 1952, 77, 1564 -  1570.
87 Carpino, L. A. J. Am. Chem. Soc., 1957, 79, 98 -  101.
8 8  Sieber, P.; Islin, B.; Helv. Chim. Acta., 1968, 57, 622 -  632.
89 Kemp, D. S.; Fotouhi, N.; Boyd, J. G.; Carey, R. I.; Ashton, C.; Hoare, J. Int.

J. Peptide Prot. Res., 1988, 57, 359-372 .
90 Voelter, W.; Mueller, J. Liebigs Ann. Chem. 1983, 248 -  260.
91 Kalbacher, H.; Voelter, W. Angew. Chem. Int. Ed. Engl., 1978, 77, 944 -  945.
92 Chattaway, F. D. J. Chem. Soc., 1936, 355 -  358.
93 Crowley, P. J. Thesis, University of Massachusetts, Amhurst, 1958.
94 Carpino, L. A.; Han, G. Y. J. Org. Chem., 1972, 57, 3404 -  3409.
95 Sheppard, R. J. Pept. Sci., 2003, 9, 545 -  552.
96 Carpino, L. A.; Williams, J. R.; Lopusihska, A. J. Chem. Soc. Chem.

Commun., 1978, 450 -  451.
97 Frankel, M.; Ladkany, D.; Gilon, C.; Wolman, Y. Tetrahedron Lett., 1966, 7, 

4765 -  4768.
98 Paquet, A. Can. J. Chem., 1982, 60, 976 -  980.
99 Sigler, G. F.; Fuller, W. D.; Chaturvedi, N. C.; Goodman, M.; Verlander, M.

Biopolymers 1983, 22, 2157-2162.
100 Bycroft, B. W.; Chan, W. C.; Chhabra, S. R.; Hone, N. D. J. Chem. Soc.

Chem. Commun., 1993, 778 -  779.
101 Nash, I. A.; Bycroft, B. W.; Chan, W. C. Tetrahedron Lett., 1996, 57, 2625 -  

2628.
102 Augustyns, K.; Kraas, W.; Jung, G. In 24'* Symposium o f  the European 

Peptide Society, 1996, 399.
103 Chhabra, S. R.; Hothi, B.; Evans, D. J.; White, P. D.; Bycroft, B. W.; Chan,

W. C. Tetrahedron Lett., 1998, 39, 1603 -  1606.

262



104 Diaz-Mochon, J. J.; Bialy, L.; Bradley, M. Org. Lett., 2004, 6, 1127 -  1129.
105 Wieland, T.; Heinke, B. Liebigs Ann. Chem., 1958, 615, 184 -  202.
106 Jones, J. H.; Young, G. T. J. Chem. Soc. C, 1968, 436 -  441.
107 Stelakatos, G. C.; Argyropoulos, N. J. Chem. Soc. C, 1970, 964 -  967.
108 Wang, S-S.; Gisin, B. F.; Winter, D. P.; Makofske, R.; Kulesha, 1. D.;

Tzougraki, C.; Meienhofer, J. J. Org. Chem., 1977, 42, 1286 -  1290.
109 Anderson, G. W.; Callahan, F. M. J. Am. Chem. Soc., 1960, 82, 3359 -  3363.
110 Thieret, N.; Guibé, F.; Albericio, F. Org. Lett., 2000, 2, 1815- 1817.
111 Bayo-Puxan, N.; Fernandez, A.; Tulla-Puche, J.; Riego, E.; Cuevas, C.;

Alvarez, M.; Albericio, F. Chem. Eur. J., 2006,12, 9001 -  9009.
112 Kricheldorf, H. R. Liebigs Ann. Chem., 1972, 763, 1 7 -3 8 .
113 Roeske, R. W. In The Peptides’, Gross, E.; Meienhofer, J.; Eds.; Academic:

New York, 1981; Vol 3, pp 101 -  136.
114 Johansson, A.; Âkerblom, E.; Ersmark, K.; Lindeberg, G.; Hallberg, A. J.

Comb. Chem., 2000, 2, 496 -  507.
115 Sheehan, J. C.; Goodman, M.; Hess, G. P. J. Am. Chem. Soc., 1956, 78, 1367

-  1369.
116 Okawa, K. Bull. Chem. Soc. Jpn., 1956, 29, 488 -  489.
117 Fischer, P. M.; Retson, K. V.; Tyler, M. I.; Howden, M. E. Int. J. Pept. Protein 

Res., \9 9 l, 38, 491 -4 9 3 .
118 Stewart, J. M. In The Peptides’, Gross, E.; Meienhofer, J.; Eds; Academic: New 

York, 1981; Vol 3, pp 169-201.
119 Callahan, F. M.; Anderson, G. W.; Paul, R.; Zimmerman, J. E. J. Am. Chem.

Soc , 1963, 85, 201 -2 0 7 .
120 Beyerman, H. C.; Heiszwolf, G. L. J. Chem. Soc., 1963, 755 -  756.
121 Wiinsch, E.; Wendlberger, G. Chem. Ber., 1968,101, 3659 -  3663.
122 Murase, Y.; Okawa, K.; Akabori, S. Bull. Chem. Soc. Jpn., 1960, 33, 123 -

124.
123 Yamashiro, D. J. Org. Chem., 1977, 42, 523 -  525.
124 Barlos, K.; Gatos, D.; Koutsogianni, S.; Schafer, W.; Stavropoulos, G.;

Wenging, Y. Tetrahedron Lett., 1991, 32, 471 -  474.
125 Barlos, K.; Gatos, D.; Koutsogianni, S. J. Pept. Res., 1998, 51, 194 -  200.
126 Kuisle, O.; Quinoa, E.; Riguera, R. Tetrahedron Lett., 1999, 40, 1203 -  1206.
127 Alvarez, F. S.; Wren, D.; Prince. J. Am. Chem. Soc., 1972, 94, 7823 -  7827.
128 Bemady, K. F.; Floyd, M. B.; Poletto, J. F.; Weiss, M. J. J. Org. Chem., 1979, 

44, 1438- 1447.
129 Scwalm, R.; Binder, H.; Funhoff, D. J. Appl. Polym. Sci., 2000, 78, 208 -  216.
130 Corey, E. J.; Venkateswarlu, A. J. Am. Chem. Soc., 1972, 94, 6190 -  6191.
131 Davies, J. S.; Howe, J.; Jayatilake, J.; Riley, T. Lett. Pept. Sci., 1997, 4, 441 -  

445.
132 Dobson, C. M.; Barany, G.; Majerle, R. S. Proc. Am. Pep. Symp., 2005, 9, 194 

-195].
133 Hiskey, R. G. In The Peptides’, Gross, E.; Meienhofer, J.; Eds, Academic: New 

York, 1981; Vol 3, pp 1 3 7 - 167.
134 Yamamoto, D.; Upson, D. A.; Linn, D. K.; Hruby, V. J. J. Am. Chem. Soc.,

1977, 99, 1564- 1570.
135 Akaji, K.; Fujino, K.; Tatsumi, T.; Kiso, Y. J. Am. Chem. Soc., 1993,115, 

11384- 11392.
136 Erickson, B. W.; Merrifield, R. B. J. Am. Chem. Soc., 1973, 95, 3750 -  3756.
137 Yamashiro, D.; Noble, R. L.; Li, C. H. J. Org. Chem., 1973, 38, 3561 -  3565.
138 Hiskey, R. G.; Adams, J. B. J. Org. Chem., 1965, 30, 1340.
139 Han, Y.; Albericio, F.; Barany, G. J. Org. Chem., 1997, 62, 4307 -  4312.

263



140 Angell, Y. M.; Alsina, J.; Barany, G.; Albericio, F. J. Pept. Res., 2002, 60,
292 -  299.

141 Kellenberger, C.; Hietter, H.; Luu, B. Pept. Res., 1995, 8,321 -  321.
142 Veber, D. P.; Milkowski, J. D.; Varga, S. L.; Denkewalter, R. G.; Hirschmann,

R. J. Am. Chem. Soc., 1972, 94, 5456 -  5461.
143 Koide, T.; Otaka, A.; Fujii, N. Chem. Pharm. Bull, 1993, 41, 1030 -  1034.
144 Singh, P. R.; Rajopadhye, M.; Clark, S. L.; Williams, N. E. Tetrahedron Lett., 

1996,57,4117-4120.
145 Chakravarty, P. K.; Olsen, R. K. J. Am. Chem. Soc., 1978, 43, 1270 -  1271.
146 Kiso, Y.; Yoshida, M.; Fujiwara, Y.; Kimura, T.; Shimokura, M.; Akaji, K. 

Chem. Pharm. Bull, 1990, 38, 673 -  675.
147 Royo, M.; Alsina, J.; Giralt, E.; Slomcyznska, U.; Albericio, F. J. Chem. Soc. 

Perkin Trans. 1, 1995, 1095 -  1102.
148 Albericio, F. In Fmoc Solid Phase Synthesis, a Practical Approach 2"  ̂Ed;

Chan, W. C.; White. P. D., Eds.; Oxford University Press: Oxford, 2003; pp 
5 2 -5 9 .

149 Tam, J. P.; Wu, C.-R.; Liu, W.; Zhang, J.-W. J. Am. Chem. Soc., 1991,113,
6657 -  6662.

150 Ahmed, K. A.; Schaffer, S. W.; Wetlaufer, D. B. J. Biol. Chem., 1975, 250,
8477 -  8482.

151 Yajima, H.; Fujii, N. J. Am. Chem. Soc., 1981,103, 5867 -  5871.
152 Sieber, P.; Kamber, B.; Riniker, B.; Rittel, W. Helv. Chim. Acta., 1980, 63, 

2358-2363.
153 Fujii, M.; Otaka, A.; Funakoshi, S.; Bessho, K.; Watanabe, T.; Akaji, K.;

Yajima, H. Chem. Pharm. Bull, 1987, 55, 2339 -  2347.
154 Hargittai, B.; Barany, G. J. Pept. Res., 1999, 54, 468 -  479.
155 Marshall, G. R. J. Pept. Scl, 2003, 9, 534 -  544.
156 Merrifield, R. B. J. Am. Chem. Soc., 1964, 86, 304 -  305.
157 Carpino, L. A. J. Am. Chem. Soc., 1957, 79, 4427 -  4431.
158 Merrifield, R. B. Biochemistry, 1964, 5, 1385 -  1390.
159 Merrifield, R. B. Nature, 1965, 207, 522 -  523.
160 Merrifield, R. B. Science, 1965,150, 178 -  185.
161 Marglin, A.; Merrifield, R. B. J. Am. Chem. Soc., 1966, 88, 5051 -  5052.
162 Wünsch, E. Angew. Chem. Int. Ed., 1971, 10, 786 -  795.
163 Mitchell, A. R. Biopolymers (Peptide Science) 2008, 90, 215 -  233.
164 Sheppard, R. J. Pept. Scl, 2003, 9, 545 -  552.
165 Wang, S.-S. J. Am. Chem. Soc., 1973, 95, 1328 -  1333.
166 Chang, C. D.; Meienhofer, J. Int. J. Peptide Prot. Res., 1978, I I ,  246 -  249.
167 Barany, G.; Merrifield, R. B. In The Peptides', Gross, E.; Meienhofer, J.; Eds; 

Academic Press: New York, 1979; Vol 2, p 57.
168 Guillier, F.; Orain, D.; Bradley, M. Chem. Rev., 2000 ,100, 2091 -  2157.
169 Gutheil, W. G.; Xu, Q. Chem. Pharm. Bull, 2002, 50, 6 8 8  -  691.
170 Johansson, A.; Âkerblom, E.; Ersmark, K.; Lindeberg, G.; Hallberg, A. J. Comb.

C&m., 2000, 2, 496-507 .
171 Lloyd-Williams, P.; Albericio, F.; Giralt, E. Tetrahedron, 1993, 49, 11065 -  

11133.
172 Gisin, B. F. Helv. Chim. Acta., 1973, 56, 1476 -  1482.
173 Wang, S-S.; Gisin, B. F.; Winter, D. P.; Makofske, R.; Kulesha, I. D.;

Tzougraki, C.; Meienhofer, J. J. Org. Chem., 1977, 42, 1286 -  1290.
174 Schlatter, J. M.; Mazur, R. H. Tetrahedron Lett., 1977, 33, 2851 -  2852.
175 Sarin, V. K.; Kent, S. B. H.; Mitchell, A. R.; Merrifield, R. B. J. Am. Chem.

^oc., 1984, 706, 7845 -  7850.

264



176 Mitchell, A. R.; Kent, S. B. H.; Engelhard, M.; Merrifield, R. B. J. Org.
Chem., 1978, 43, 2845-2852.

177 Mitchell, A. R.; Erickson, B. W.; Ryabtsev, M. N.; Hodges, R. S.; Merrifield,
R. B. J. Am. Chem. Soc., 1976, 98, 7357 -  7362.

178 Pietta, P. G.; Marshall, G. R. Chem. Commun., 1970, 650 -  651.
179 Matsueda, G. R.; Stewart, J. M. Peptides, 1981, 2, 45 -  50.
180 Wang, S.- S.; Merrifield, R. B. J. Am. Chem. Soc., 1969, 91, 6488 -  6491.
181 Barlos, K.; Gatos, D.; Kallitsis, J.; Papaphotiu, G.; Sotiriu, P.; Wenqing, Y.;

Schafer, W. Tetrahedron Lett., 1989, 30, 3943 -  3946.
182 Barlos, K.; Gatos, D.; Kapolos, S.; Papaphotiu, G.; Schafer, W.; Wenqing, Y. 

Tetrahedron Lett., 1989, 30, 3947 -  3950.
183 Khosla, M. C.; Smeby, R. R.; Bumpus, F. M. J. Am. Chem. Soc., 1972, 94,

4721 -4724 .
184 Chiva, C.; Vilaseca, M.; Giralt, E.; Albericio, F. J. Pept. Set., 1999, 5, 131 -  

140.
185 Zikos, C.; Livaniou, E.; Leondiadis, L.; Ferderigos, N.; Ithakissios, D. S.; 

Evangelatos, G. J. Pept. Set., 2003, 9 , 4 1 9 -  429.
186 Rink, H. Tetrahedron Lett., 1987, 28, 3787 -  3790.
187 Sieber, P. Tetrahedron Lett., 1987, 28, 2107 -  2110.
188 Mergler, M.; Tanner, R.; Gosteli, J.; Grogg, P. Tetrahedron Lett., 1988, 29, 

4005.
189 Fridkin, M.; Patchornik, A.; Katchalski, E. J. Am. Chem. Soc., 1968, 90, 2953 

-  2957.
190 Sheppard, R. C.; Williams, B. J. Int. J. Pept. Protein Res., 1982, 20, 451 -  454.
191 Marshall, D. L.; Liener, I. E. J. Org. Chem., 1970, 35, 867 -  8 6 8 .
192 Kenner, G. W.; McDermott, J. R.; Sheppard, R. C. Chem Commun., 1971, 636 

- 6 3 7 .
193 Wieland, T.; Lewalter, J.; Birr, C. Liebigs Ann. Chem., 1970, 740, 31 -4 7 .
194 DeGrado, W. F.; Kaiser, E. T. J. Org. Chem., 1980, 45, 1295 -  1300.
195 DeGrado, W. F.; Kaiser, E. T. J. Org. Chem., 1982, 47, 3258 -  3261.
196 Osapay, G.; Profit, A.; Taylor, J. W. Tetrahedron Lett., 1990, 31, 6121 -  

6124.
197 Mutter, M.; Bellof, D. Helv. Chim. Acta., 1984, 67, 2009 -  2016.
198 Rabanal, F.; Giralt, E.; Albericio, F. Tetrahedron, 51, 1449 -  1458
199 Andrew, E. R.; Bradbury, A.; Eades, R. G. Nature, 1959, 183, 1802 -  1803.
200 Anderson, R. C.; Jarema, M. A.; Shapiro, M. J.; Stokes, J. P.; Ziliox, M. J.

Org. Chem., 1995, 60, 2650 -  2651.
201 Dhalluin, C.; Boutillon, C.; Tartar, A.; Lippens, G. J. Am. Chem. Soc., 1997, 

119, 10494- 10500.
202 Larsen, B. D.; Christensen, D. H.; Holm, A.; Zillmer, R.; Nielsen, O. F.; J.

Am. Chem. Soc., 1993,115, 6247 -  6253.
203 Yan, B.; Kumaravel, G.; Anjaria, H.; Wu, A.; Fetter, R. C.; Jewell, C. F., Jr.; 

Wareing, J. R. J. Org. Chem., 1995, 60, 5736 -  5738.
204 Russell, K.; Cole, D. C.; McLaren, F. M.; Pivonka, D. E. J. Am. Chem. Soc., 

1996,775, 7941 -7945.
205 Cilli, E. M.; Marchetto, R.; Schreier, S.; Nakaie, C. R. Tetrahedron Lett., 1997, 

5 5 ,5 1 7 -5 2 0
206 Gaggini, F.; Porcheddu, A.; Reginato, G.; Rodriquez, M.; Taddei, M. J.

Comb. Chem., 2004, 6, 805 -  810.
207 Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, P. I. Anal. Biochem., 1970, 

34, 595 -  598.

265



208 Sarin, V. K.; Kent, S. B. H.; Tam, J. P.; Merrifield, R. B. Anal. Biochem., 1981, 
117, 1 4 7 - 157.

209 Vojkovsky, T. Pept. Res., 1995, 8, 236 -  237.
210 Chu, S. S.; Reich, S. H. Bioorg. Med. Chem. Lett., 1995, 5, 1053 -  1058.
211 Shah, A.; Rahman, S. S.; de Biasi, V.; Camilleri, P. Anal. Commun., 1997, 34, 

3 2 5 -328 .
212 Madder, A.; Farcy, N.; Hosten, N. G. C.; De Muynck, H.; De Clercq, P. J.; 

Barry, J.; Davis, A. P. Eur. J. Org. Chem., 1999, 2787 -  2791.
213 Pomonis, J. G.; Severson, R. P.; Freeman, P. J. J. Chromatogr., 1969, 40, 78 -

84.
214 Attardi, M. E.; Falchi, A.; Taddei, M. Tetrahedron Lett., 2000, 41, 7395 - 7399
215 Yan, B.; Liu, L.; Aster, C. A.; Tang, Q. Anal. Chem., 1999, 71, 4564 -  4571.
216 Attardi, M. E.; Porcu, G.; Taddei, M. Tetrahedron Lett., 2000, 41, 7391 -  7394.
217 lUPAC. Compendium o f Chemical Terminology, 2nd Ed. (the “Gold Book”); 

McNaught, A. D.; Wilkinson, A. Eds; Blackwell Scientific Publications:
Oxford; 1997.

218 Davies, J. S. J. Pept. Sci., 2003, 471 -5 0 1
219 Plattner, P.; Nager, U. Experientia, 1947, 3, 325 -  326.
220 Shemyakin, M. M.; Ovchinnikov, Y. A.; Ivanov, V. T.; Kiryushkin, A. A. 

Tetrahedron, 1963, 79, 581 -  591.
221 Lackner, H. Tetrahedron Lett., 1975,15, 1921 -  1924.
222 Rinehart, K. L. Jr.; Shaw, P. D.; Shield, L. S.; Gloer, J. B.; Harbour, G. C.;

Moustapha, E. S.; Samain, S.; Schwartz, R. E.; Tymiak, A. A.; Weller, D. L.;
Carter, G. T.; Munro, M. H.; Hugues, R. G. Jr.; Renis, H. E.; Swynenberg, E.
B.; Stringfellow, D. A.; Vavra, J. J.; Coats, J. H.; Zurenco, G. E.; Kuentzel, S. 
L.; Li, L. H.; Bakus, G. J.; Brusca, R. C.; Craft, L. L.; Young, D. N.; Conner,
J. L. Pure Appl. Chem., 1981, 53, 795 -  817.

223 Dawson, S.; Malkinson, J. P.; Paumier, D.; Searcey, M. Nat. Prod. Rep., 2007, 
24, 1 0 9 - 126.

224 Cavalleri, B.; Pagani, H.; Volpe, G.; Selva, E.; Parenti, F. J. Antibiot., 1984,
37, 3 0 9 -3 1 7 .

225 Jiang, W.; Wanner, J.; Lee, R. J.; Bounaud, P.-Y.; Boger, D. L. J. Am. Chem. 
Soc., 2003,125, 1877- 1887.

226 Stewart, F. H. C. Aust. J. Chem., 1968, 21, 1639 -  1649.
227 Davies, J. S.; Howe, J.; Le Breton, M. L. J. Chem. Soc. Perkin Trans. 2 , 1995,

2335-2339 .
228 Schemyakin, M. M. Angew. Chem., 1960, 342 -  345.
229 Gilon, C.; Klausner, Y.; Hassner, A. Tetrahedron Lett., 1979, 49, 3811 -  3814.
230 Yu, S.; Pan, X.; Lin, X.; Ma, D. Angew. Chem. Int. Ed., 2005, 44, 135 -  138.
231 Brewster, J. H.; Ciotti Jr., C. J. J. Am. Chem. Soc., 1955, 77, 6214 -  6215.
232 Shemyakin, M. M.; Aldanova, N. A.; Vinogradova, E. L; Feigina, M. Y. 

Tetrahedron Lett., 1963, 28, 1921 -  1925.
233 Theodoropoulos, D.; Gazapoulos, J. J. Org. Chem., 1962, 27, 2091 -  2093.
234 Ondetti, M. A.; Thomas, P. L., J. Am. Chem. Soc., 1965, 87, 4373 -  4380.
235 Gisin, B. F.; Merrifield, R. B.; Tosteson, D. C. J. Am. Chem. Soc., 1969, 91, 

2691 -2 695 .
236 Jouin, P.; Poncet, J.; Dufour, M.-N.; Pantaloni, A.; Castro, B. J. Org. Chem., 

1989, 5 4 ,6 1 7 -6 2 7 .
237 Inanaga, J.; Hirata, K.; Saeki, H.; Katsuki, T.; Yamaguchi, M. Bull. Chem.

Soc. Jpn., 1979, 52, 1989- 1993.
238 Sieber, P. Tetrahedron Lett., 1987, 49, 6147 -  6150.

266



239 Pederoso, E.; Grandas, A.; Saraleugi, M. A.; Giralt, E.; Granier, C.; Van 
Rietschoten, J. Tetrahedron, 1982, 58, 1183 -  1192.

240 Zhang, W,; Ma, Z.-H.; Mei, D.; Li, C.-X,; Zhang, X.-L.; Li, Y.-X, Tetrahedron, 
2006, 62, 9966 -  9972.

241 Xie, W.; Ding, D.; Zi, W.; Li, G.; Ma, D. Angew. Chem. Int. Ed., 2008, 47,
2844 -  2848.

242 Mazur, R. H. J. Org. Chem., 1963, 28, 2498.
243 Wieland, T.; Vogeler, K. Angew. Chem., 1962, 74, 904.
244 Akaji, K.; Kuriyama, N.; Kimura, T.; Fujiwara, Y.; Kiso, Y. Tetrahedron Lett., 

1992, 55, 3177-3180.
245 Akaji, K.; Hayashi, Y.; Kiso, Y.; Kuriyama, N. J. Org. Chem., 1999, 64, 405 -  

411.
246 Ohtsuka, E.; Ikehara, M.; Soil, D. Nucleic Acids Res., 1982,10, 6553 -  6570.
247 Frank, R.; Heikens, W.; Heisterberg-Moutsis, G.; Blocker, H. Nucleic Acids

1983, 77, 4365-4377.
248 Blankemeyer-Menge, B.; Nimtz, M.; Frank, R. Tetrahedron Lett., 1990, 31,

1701 -  1704.
249 Krishnamoorthy, R.; Richardson, B. L.; Lipton, M. A. Bioorg. Med. Chem. 

Ie//.,2007, 77, 5136-5138.
250 Hermann, C.; Giamassi, C.; Geyer, A.; Maier, M. E. Tetrahedron, 2001, 57, 

8999-9010.
251 Mitsunobu, O.; Yamada, M. Bull. Chem. Soc. Jpn., 1967, 40, 2380 -  2382.
252 Barlos, K.; Gatos, D.; Kallitsis, J.; Papaioannou, D.; Sotiriou, P.; Schafer, W. 

Liebigs Ann. Chem., 1987, 72, 1031 -  1035.
253 Malkinson, J. P.; Anim, M. K.; Zloh, M.; Searcey, Hampshire, A. J.; Fox, K.

R. J. Org. Chem., 2005, 70, 7654 -  7661.
254 Dutton, F. E.; Lee, B. H.; Johnson, S. S.; Coscarelli, E. M.; Lee, P. H. J. Med. 

Chem., 2003, 46, 2057 -  2073.
255 Chen, Y.; Bilban, M.; Foster, C. A.; Boger, D. L. J. Am. Chem. Soc., 2002,

124, 5431 -5440 .
256 Elliot, D. F.; Russel, D. W. Biochem J., 1957, 66, 49P.
257 Neises, B.; Steglich, W. Angew. Chem. Int. Ed., 1978, 77, 522 -  524.
258 Ciardelli, T. L.; Chakravarty, P. K.; Olsen, R. K. J. Am. Chem. Soc., 1978,

100, 7684-7690 .
259 Steglich, W.; Hofle, G. Angew. Chem Int. Ed., 1969, 8, 981
260 Alexanian, V.; Hassner, A. Tetrahedron Lett., 1978, 46, 4475 -  4478.
261 Dhaon, M. K.; Gardner, J. H.; Olsen, K. Tetrahedron 1982, 58, 5 7 -6 1 .
262 Dhaon, M. K.; Olsen, R. K.; Ramasamy, K. J. Org. Chem., 1982, 47, 1962 -

1965.
263 Spengler, J.; Koksch, B.; Albericio, F. Biopolymers (Peptide Science) 2007,

88, 823 -  828.
264 Kuisle, O.; Quinoa, E.; Riguera, R. J. Org. Chem., 1999, 64, 8063 -  8075.
265 Narita, M.; Honda, S.; Umeyama, H.; Ogura, T. Bull. Chem. Soc. Jpn., 1988,

61, 1 2 0 1  -  1206.
266 Milton, R. C. de L.; Milton, S. C. F.; Adams, P. A. J. Am. Chem. Soc., 1990,

112, 6039-6046 .
267 Carpino, L. A.; Krause, E.; Sferdean, C. D.; Schumann, M.; Fabian, H.;

Bienert, M.; Beyermann, M. Tetrahedron Lett., 2004, 45, 7519 -  7523.
268 Sohma, Y.; Sasaki, M.; Hayashi, Y.; Kimura, T.; Kiso, Y. Chem. Commun., 

2004, 1 2 4 - 125.
269 Sohma, Y.; Sasaki, M.; Hayashi, Y.; Kimura, T.; Kiso, Y. Tetrahedron Lett., 

2004, 45, 5965 -  5968.

267



270 Coin, L; Dolling, R.; Krause, E.; Bienert, M.; Beyermann, M.; Sfredean, C.
D.; Carpino, L. J. Org. Chem., 2006, 71, 6171 -  6177.

271 Coin, L; Schmieder, P.; Bienert, M.; Beyermann, M.; J. Pept. Sci., 2008,14, 
2 9 9 -3 0 6 .

272 Tamamura, H.; Kato, T.; Otaka, A.; Fujii, N. Org. Biomol. Chem., 2003 ,1, 
2468-2473 .

273 Sohma, Y.; Taniguchi, A.; Skwarczynski, M.; Yoshiya, T.; Fukao, F.;
Kimura, T.; Hayashi, Y.; Kiso, Y. Tetrahedron Lett., 2006, 47, 3013 -  3017.

274 Yoshiya, T.; Sohma, Y.; Kimura, T.; Hayashi, Y.; Kiso, Y. Tetrahedron Lett., 
2006, 47, 7905 -  7909.

275 Jiang, W.; Wanner, J.; Lee, R. J.; Bounard, P.-Y.; Boger, D. L. J. Am. Chem. 
S o c . , im i ,  124, 5288-5290.

276 Kopple, K. D. J. Pharm. Soi., 1972, 61, 1345 -  1356.
277 Kessler, H. Angew. Chem. Int. Ed., 1982, 27, 512 -  523.
278 Lambert, J. N.; Mitchell, J. P.; Roberts, K. D. J. Chem. Soc. Perkin Trans. 1,

2001,471 -4 8 4 .
279 Bodanszky, M.; du Vigneaud, V. J. Am. Chem. Soc., 1959, 81, 2504 -  2507.
280 Eichler, J.; Houghton, R. A. Protein Pept. Lett., 1997, 4, 157 -  164.
281 Wipf, P. Chem. Rev., 1995, 93,2115-2134.
282 Cavelier-Frontin, F.; Pépe, G.; Verducci, J.; Siri, D.; Jacquier, R. J. Am.

Chem. Soc., 1992,14, 8885 -  8890.
283 Ehrlich, A.; Heyne, H.-U.; Winter, R.; Beyermann, M.; Haber, H.; Carpino,

L. A.; Bienert, M. J. Org. Chem., 1996, 61, 8831 -  8838.
284 Lôpez-Maciâ, A.; Jiménez, J. C.; Royo, M.; Giralt, E.; Albericio, F. J. Am.

Chem. Soc., 2001, 123, 11398- 11401.
285 Delforge, D.; Dieu, M.; Delaive, E.; Art, M.; Gillon, B.; Deuveese, B.; Raes,

M.; van Beeumen, J.; Remacle, J. Lett. Pept. Sci., 1996, 3, 89 -  97.
286 Kates, S. A.; Sole, N. A.; Johnson, C. R.; Hudson, D.; Barany, G.; Albericio,

F. Tetrahedron Lett., 1993, 34, 1549- 1552.
287 Cudic, M.; Wade, J. D.; Otvos, L. Jr. Tetrahedron Lett., 2000, 41, 4527 -  4531.
288 Stawikowski, M.; Cudic, P. Tetrahedron Lett., 2006, 27, 8587 -  8590.
289 Romanovskis, P.; Spatola, A. F. J. Pept. Res., 1998, 52, 356 -  374.
290 Cabrele, C.; Langer, M.; Beck-Sickinger, A. G. J. Org. Chem., 1999, 64, 3095.
291 Plunkett, M. J.; Ellman, J. A. J. Org. Chem., 1995, 60, 6006 -  6007.
292 Chenera, B.; Finkelstein, J. A.; Veber, D. F. J. Am. Chem. Soc., 1995,117, 

11999- 12000.
293 Plunkett, M. J.; Ellman, J. A. J. Org. Chem., 1997, 62, 2885 -  2893.
294 Newlander, K. A.; Chenera, B.; Veber, D. F.; Yim, N. C. F.; Moore, M. L. J.

Org. Chem., 1997, 62, 6726 -  6732.
295 Hu, Y.; Porco, J. A. Jr.; Labadie, J. W.; Gooding, O. W. J. Org. Chem., 1998,

63, 4518-4521 .
296 Lee, Y.; Silverman, R. B. Org. Lett., 2000, 2, 3743 -  3746.
297 Jensen, K. J.; Alsina, J.; Songster, M. F.; Vagner, J.; Albericio, F.; Barany, G.

J. Am. Chem. Soc., 1998, 120, 5441 -  5452.
298 Alsina, J.; Jensen, K. J.; Albericio, F.; Barany, G. Chem. Eur. J., 1999, 5, 2787

-2795 .
299 Weygand, F.; Steglich, W.; Bjamason, J.; Akhtar, R.; Khan, N. M. Tetrahedron 

Lett., 1966, 29, 3483-3487.
300 Narita, M.; Fukunaga, T.; Wakabayashi, A.; Ishikawa, K.; Nakano, H. Int. J. 

Peptide Protein Res., 1984, 23, 306 -  314.
301 Blaakmeer, J.; Tijsse-Klasen, T.; Tesser, G. I. Int. J. Peptide Protein Res., 1991,

37, 5 5 6 -5 6 4 .

268



302 Johnson, T.; Quibell, M.; Owen, D.; Sheppard, R. C. J. Chem. Soc. Chem. 
Commun., 1993, 369 -  372.

303 Quibell, M.; Turnell, W. G.; Johnson, T. Tetrahedron Lett., 1994, 35, 2237 -  
2238.

304 Quibell, M.; Packman, L. C.; Johnson, T. J. Am. Chem. Soc., 1995,117,
11656- 11668.

305 Wakelin, L. P.O. Med. Res. Rev. 1986, 6, 275 -  340.
306 Corbaz, R.; Ettlinger, L.; Gaumann, E.; Keller-Schierlein, W.; Kradolfer, P.; 

Neipp, L.; Prelog, V.; Reusser, P.; Zahner, H. Helv. Chim. Acta., 1957, 40,
199.

307 Romero, P.; Espliego, P.; Baz, J. P.; de Quesada, T. G.; Gravalos, D.; de la 
Galle, P.; Pemandez-Puentes, J. L.; Elipe, M. V. S. J. Antibiot., 1997, 50, 738 
-7 4 1 .

308 Matson, J. A.; Bush, J. A. J. Antibiot. 1989, 42, 1763 -  1767.
309 Toda, S.; Sugawara, K.; Nishiyama, Y.; Ohbayashi, M.; Ohksuka, N.; 

Yamamoto, H.; Konishi, M.; Oki, T. J. Antibiot., 1990, 43, 796 -  808.
310 Ohkuma, H.; Sakai, P.; Nishiyama, Y.; Ohbayashi, M.; Imanishi, H.; Konishi, 

M.; Miyaki, T.; Koshiyama, H.; Kawaguchi, H. J. Antibiot., 1980, 33, 1087 -  
1097.

311 Lingham, R. B.; Hsu, A. H. M.; O’Brien, J. A.; Sigmund, J. M.; Sanchez, M.; 
Gagliardi, M. M.; Heimbuch, B. K.; Genilloud, O.; Martin, I.; Diez, M. T.; 
Hirsch, C. P.; Zink, C. D. L.; Liesch, J. M.; Koch, G. E.; Gartner, S. E.;
Garrity, G. M.; Tsou, N. N.; Salituro, G. M. J. Antibiot., 1996, 49, 253 -  259.

312 [Muss, B.; Blessing, J. A.; Malfetano, J. Am. J. Clin. OncoL, 1990,13, 191]
313 Muss, B.; Blessing, J. A.; Baker, V. V.; Barnhill, D. R.; Adelson, M. D. Am.

J. Clin. OncoL 1990, 13, 299-301 .
314 Taylor, S. A.; Metch, B.; Balcerzak, S. P.; Hanson, K. H. Invest. New Drugs, 

1990, 5,381 -3 8 3 .
315 Schilsky, R. L.; Paraggi, D.; Korzun, A.; Vogelzang, N.; Ellerton, J.; Wood,

W.; Henderson, I. C. Invest. New Drugs, 1991, 9, 269 -  272.
316 Taylor, S. A.; Crowley, J.; Townsend, J.; Vogel, P. S.; Eyre, H.; Braun, J. J.; 

Goodwin, J. W. J. Neuro-OncoL, 1993,15, 181 -  184.
317 http://www.pharmamar.com/en/pipeline/preclinical.cfm, accessed November 

2008.
318 Kuroya, M.; Ishida, N.; Katagiri, K.; Shoji, T.; Yoshida, T.; Mayama, M.; Sato, 

K.; Matsuura, S.; Niinome, Y.; Shiratori, O. J. Antibiot., 1961,14, 324 -  329.
319 Shoji, J.; Katagiri, K. J. Antibiot., 1961, A14, 335 -  339.
320 Otsuka, H.; Shoji, J. J. Antibiot., 1963,^76, 5 2 -5 4 .
321 Otsuka, H.; Shoji, J. Tetrahedron, 1965, 21, 2931 -  2938.
322 Shoji, J.; Toria, K.; Otsuka, H. J. Org. Chem., 1965, 30, 2772 -  2775.
323 Otsuka, H.; Shoji, J. J. Antibiot., 1976, 29, 107 -  110.
324 Dell, A.; Williams, D. H.; Morris, H. R.; Smith, G. A.; Peeney, J.; Roberts, G.

C. K. J. Am. Chem. Soc., 1975, 97, 2497 -  2502.
325 Otsuka, H.; Shoji, J. J. Antibiot., 1965, A18, 134.
326 Blake, T. J.; Kalman, J. R.; Williams, D. H. Tetrahedron Lett., 1977, 30, 2621 

-  2624.
327 Lee, J. S.; Waring, M. J. Biochem. J., 1978, 173, 115 -  128.
328 Kalman, J. R.; Blake, T. J.; Williams, D. H.; Peeney, J.; Roberts, G. C. K. J. 

Chem. Soc. Perkin Trans. 1, 1979, 1313- 1321.
329 Kyogoku, Y.; Higuchi, N.; Watanabe, M.; Kawano, K. Biopolymers, 1981,

20, 1957- 1970.

269

http://www.pharmamar.com/en/pipeline/preclinical.cfm


330 Higuchi, N.; Kyogoku, Y.; Shin, M.; Inouye, K. Int. J. Peptide Protein Res., 
1983, 21, 541 -5 4 5 .

331 Alfredson, T. V.; Maki, A. H.; Waring, M. J. Biopolymers, 1991, 31, 1689 -  
1708.

332 Alfredson, T. V.; Bruins, P. W.; Maki, A. H.; Excoffier, J. L. J. Chromatogr.
5cz., 1994, 32, 1 32 - 138.

333 Viswamitra, M. A.; Kennard, O.; Cruse, W.; Egert, E.; Sheldrick, G.; Jones,
P.; Waring, M. J.; Wakelin, L. P. G.; Olsen, R. K. Nature, 1981, 289, 817 -  
819.

334 Hossain, M. B.; van der Helm, D.; Olsen, R. K.; Jones, P. G.; Sheldrick, G.
M.; Egert, E.; Kennard, G.; Waring, M. J. Viswamitra, M. A. J. Am. Chem.
Soc., i m ,  104, 3401 -3408.

335 Hyde, E.; Kalman, J. R.; Williams, D. H.; Reid, D. G.; Olsen, R. K. J. Chem.
Soc. Perkin Trans. 1 ,1982, 4, 1041 -  1048.

336 Sheldrick, G. M.; Heine, A.; Schmidt-Bâse, K.; Pohl, E. Acta Cryst., 1995,
B51, 987 -  999.

337 Koppel, H. C.; Honigberg, I. L.; Springer, R. H.; Cheng, C. C. J. Org. Chem., 
1963, 28, 1119- 1122.

338 Gerchakov, S.; Whitman, P. J.; Schultz, H. P. J. Med. Chem., 1966, 9, 266 -  
268.

339 Gerchakov, S.; Schultz, H. J. Med. Chem., 1969,12, 141 -  142.
340 Ciardelli, T. L.; Olsen, R. K.; J. Am. Chem. Soc., 1977, 99, 2806 -  2807.
341 Chakravarty, P. K.; Olsen, R. K. Tetrahedron Lett., 1978, 19, 1613- 1616.
342 Shin, M.; Inouye, K.; Otsuka, H. Bull. Chem. Soc. Jpn., 1984, 57, 2203 -  2210.
343 Shin, M.; Inouye, K.; Higuchi, N.; Kyogoku, Y. Bull. Chem. Soc. Jpn., 1984,

57, 2211 -2215 .
344 Olsen, R. K.; Ramasamy, K.; Bhat, K. L.; Low, C. M. L.; Waring, M. J. J. Am. 

Chem. Soc., 1986,108, 6032 -  6036.
345 Boger, D. L.; Lee, J. K. J. Org. Chem., 2000, 65, 5996 -  6000.
346 Hampshire, A. J.; Rusling, D. A.; Bryan, S.; Paumier, D.; Dawson, S. J.; 

Malkinson, J. P.; Searcey, Fox, K. R. Biochemistry, 2008, 47, 7900 -  7906.
347 Dietrich, B.; Diederichsen, U. Eur. J. Org. Chem., 2005, 147 -  153.
348 Koketsu, K.; Oguri, H.; Watanabe, K.; Oikawa, H. Chemistry and Biology,

2008,15, 818-828 .
349 Yoshida, T.; Katagiri, K. Biochemistry, 1969, 6, 2645 -  2651.
350 Cornish, A.; Fox, K. R.; Waring, M. J. Antimicrob. Agents Chemother., 1983,

23, 221 -2 3 1 .
351 Comish, A.; Fox, K. R. Santikarn, S.; Waring, M. J.; Williams, D. H. J. Gen. 

Microbiol, 1985,131, 561 -  570.
352 Glund, K.; Schlumbohm, W.; Bapat, M.; Keller, U. Biochemistry, 1990, 29, 

3522-3527.
353 Waring, M. J.; Wakelin, L. P. G.; Lee, J. Biochim. Biophys. Acta., 1975, 407, 

2 0 0 - 212 .
354 Lee, J. S.; Waring, M. J. Biochem. J., 1978, 173, 115 -  128.
355 Low, C. M. L.; Olsen, R. K.; Waring, M. J. FEBS, 1984,176, 414 -  420.
356 Wang, A. H.-J.; Ughetto. G.; Quigley, G. J.; Hakoshima, T.; van der Marel,

G. A.; van Boom, J. H.; Rich, A. Science, 1984, 225, 1115- 1121.
357 Lee, J.; Waring, M. J. Biochem. J., 1978, 173, 129 -  144.
358 Ughetto, G.; Wang, A. H.-J.; Quigley, G. J.; van de Marel, G. A.; van Boom,

J. H.; Rich, A. Nucleic Acids Res., 1985, 13, 2305 -  2323.
359 Takusagawa, F. J. J. Antibiot., 1985, 38, 1596 -  1604.
360 Addess, K. J.; Feigon, J.; Biochemistry, 1994, 33, 12386 -  12396.

270



361 Waterloh, K.; Olsen, R. K.; Fox, K. R. Biochemistry, 1992, 31, 6246 -  6253.
362 Low, C. M.; Fox, K. R.; Olsen, R. K.; Waring, M. J. Nucleic Acids Res., 1986, 

14, 2015-2033.
363 Addess, K. J.; Gilbert, D. E.; Olsen, R. K.; Feigon, J. Biochemistry, 1992, 31, 

3 3 9 -3 5 0 .
364 Addess, K. J.; Sinsheimer, J. S.; Feigon, J. Biochemistry, 1993, 32, 2498 -  2508.
365 Addess, K. J.; Feigon, J. Biochemistry, 1994, 33, 12397 -  12404.
366 Bailly, C.; Waring, M. J. Biochem. J., 1998, 330, 81 -8 7 .
367 Olsen, R. K.; Ramasamy, K.; Bhat, K. L.; Low, C. M. L.; Waring, M. J. J. Am. 

Chem. Soc., 1986,108, 6032 -  6036.
368 Lavesa, M.; Fox, K. R. Anal. Biochem., 2001, 293, 246 -  250.
369 Marco, E.; Negri, A.; Luque, F. J.; Gago, F. Nucleic Acids Res., 2005, 33, 6214 

-  6224.
370 Malcolm, A.; Moffatt, J. R.; Fox, K. R.; Waring, M. J. Biochim. Biophys. Acta., 

1982, dPP, 2 1 1 -216 .
371 Katagiri, K.; Yoshida, T.; Sato, K. In Antibiotics. Mechanism o f  action o f  

antimicrobial and antitumour agents; Corcoran, J. W.; Hahn, F. E.; Eds; 
Springer: Berlin 1975; Vol 3, pp 234-251 .

372 Katagiri, K.; Sugiura, K. Antimicrob. Agents Chemother., 1961, 162 -  168.
373 Matsuura, S. J. Antibiot., 1965 AIS,  43 -  46.
374 Akaji, K.; Tatsumi, T.; Yoshida, M.; Kimura, T.; Fujiwara, Y.; Kiso, Y. J. Am. 

Chem. Soc., 1992, 7/4 ,4137-4143 .
375 Helbecque, N.; Bernier, J.-L.; Hénichart, J.-P. Biochem. J., 1985, 225, 829 -  

832.
376 Weiss, R. B.; Semin. Oncol., 1992, 19, 670 -  686.
377 Minotti, G.; Menna, P.; Salvatorelli, E.; Cairo, G.; Gianni, L. Pharmacol. Rev., 

2004, 56, 185-229 .
378 Tulla-Puche, J.; Bayo-Puxan, N.; Moreno, J. A.; Francesch, A. M.; Cuevas,

C.; Alvarez, M.; Albericio, F. J. Am. Chem. Soc. (Communication), 2007,129, 
5322-5323 .

379 Shin, D.; Rew Y.; Boger, D. J. Am. Chem. Soc., 2002 ,124, 5288 -  5290.
380 Boger, D. L.; Chen, J.-H.; Saionz, K. W.; Jin, Q. Bioorg. Med. Chem., 1998,

6, 85 -  102.
381 Howell, L. Unpublished results.
382 Bematowicz, M. S.; Kearney, T.; Neves, R. S.; Koster, H. Tetrahedron Lett., 

1989, 30, 4341 -4344 .
383 Greene, T. W.; Wuts, P. G. M. Protective Groups in Organic Synthesis, 4th 

Ed, John Wiley and Sons: New York, 2007, p 1022.
384 Atkins, P.; de Paula, J. Physical Chemistry, 8̂  ̂Ed, Oxford University Press: 

Oxford, 2006.
385 Carpino, L. A. J. Am. Chem. Soc., 1993,115, 4397 -  4398.
386 Hudson, D. J. Org. Chem., 1988, 53, 617 -  624.
387 Boger, D. L.; Ichikawa, S. J. Am. Chem. Soc., 2000 ,122, 2956 -  2957.
388 Carpino, L. A.; El-Faham, A. Tetrahedron, 1999, 55, 6813 -  6830.
389 Fancelli, D.; Fagnola, M. C.; Severino, D.; Bedeschi, A. Tetrahedron Lett.,

1997, 38, 2311 -2314.
390 Taylor, C. K.; Abel, P.W.; Hulce, M.; Smith, D. D. J. Pept. Res., 2005, 65,

84 -  89.
391 Blondeau, P.; Ber se, C.; Gravel, D. Can. J. Chem., 1967, 45, 49 -  52.
392 Liu, J. ; Tang, X. ; Jiang, B. Synthesis, 2002, 11, 1499 -  1501.
393 Urban, J.; Vaisar, T.; Shen, R.; Lee, M. S. Int. J. Peptide Protein Res., 1996,

47, 1 8 2 - 189.

271



394 Teixidô, M.; Albericio, F.; Giralt, E. J. Pept. Res., 2005, 65, 153 -  166.
395 Anteunis, M. J. O.; Van der Auwera, C. Int. J. Pept. Prot. Res., 1988, 31, 301

-3 1 0 .
396 Zloh, M. Unpublished data.
397 Stewart, J. P. J. Mol. Model, 2007,13, 1173 -  1213.
398 Bürgi, H. B.; Dunitz, J. D. J. Am. Chem. Soc., 1973, 95, 5065 -  5067.
399 Bürgi, H. B.; Lehn, J. M.; Wipff, G. J. Am. Chem. Soc., 1974, 96, 1956 -  1957.
400 Alsina, J.; Giralt, E.; Albericio, P.; Tetrahedron Lett., 1996, 37, 4195 -  4198.
401 De la Torre, B. G.; Marco, M. A.; Eritja, R.; Albericio, F. Lett. Pept. Sci., 2002, 

5, 331 -3 3 8 .
402 Schuresko, L. A.; Lokey, R. S. Angew. Chem. Int. Ed., 2007, 46, 3547 -  3549.
403 Lee, J.; Griffin, J. H. J. Org. Chem., 1996, 61, 3983 -  3986.
404 Krishnamoorthy, R.; Vazquez-Serrano, L. D.; Turk, J. A.; Kowalski, J. A.;

Benson, A. G.; Breaux, N. T.; Lipton, M. A. J. Am Chem Soc., 2006,128, 
15392- 15393.

405 Malkinson J. P. Unpublished data.
406 Barlin, G. B.; Davies, L. P.; Ireland, S. J.; Ngu, M. M. L.; Zhang, J. Aust. J. 

Chem., 1992, 45, 731 -749 .
407 Linstead, R. P.; Weedon, B. C. L.; Wladislaw, B. J. Chem. Soc., 1955, 1097 -  

1100.
408 Erchegyi, J.; Waser, B.; Schaer, J-C.; Cescato, R.; Brazeau, J. F.; Rivier, J.; 

Reubi, J. C. J. Med. Chem., 2003, 46, 5597 -  5605.
409 Tam, J. P.; Lu, Y.-A. J. Am. Chem. Soc., 1995,117, 12058 -  12062.
410 Zhang, L.; Goldammer, C.; Henkel, B.; Zuhl, F.; Jung, G.; Bayer, E. In

Innovations and perspectives in solid phase peptide synthesis; International 
Symposium', Epton, R.; Ed.; Mayflower Worldwide Ltd: Birmingham, 1994;
p711.

411 Klis, W. A.; Stewart, J. M. In Peptides: chemistry, structure and biology; 
Proceedings o f  the 7 /^  American Peptide Symposium’, Rivier, J. E.;
Marshall, G. R.; Eds.; ESCOM: Leiden, 1990, p 904.

412 Thaler, A.; Seebach, D.; Cardinaux, F. Helv. Chim. Acta., 1991, 74, 628 -  643.
413 Alcaro, M. C.; Sabatino, G.; Uziel, J.; Chelli, M.; Ginanneschi, P. R.; Papini,

A. J. Peptide Sci., 2004, 7 0 ,2 1 8 - 228.
414 Bachem item H-6092, CAS ref: 647016-22-6.
415 Bedford, J.; Hyde, C.; Johnson, T.; Jun, W.; Owen, D.; Quibell, M.;

Sheppard, R. C.; Int. J. Peptide Protein Res., 1992, 40, 300 -  307.
416 Quibell, M.; Johnson, T. In Fmoc Solid Phase Synthesis, a Practical

Approach 2"  ̂Ed; Chan, W. C.; White. P. D., Eds.; Oxford University Press:
Oxford, 2003; p 116.

417 Garcla-Martin, F.; Quintanar-Audelo, M.; Garcia-Ramos, Y.; Cruz, L. J.; 
Gravel, C.; Furic, R.; Côté, S.; Tulla-Puche, J.; Albericio, F. J. Combi. Chem., 
2006, 8, 213-220 .

418 Garcia-Martin, F.; White, P.; Steinauer, R.; Côté, S.; Tulla-Puche, J.;
Albericio, F. Biopolymers, 2006, 84, 566 -  575.

419 Sahal, D. J. Peptide Res., 1999, 55, 91 -  97.
420 Chen, L.; Bauerova, H.; Slaninova, J.; Barany, G. Peptide Res., 1996, 9, 11 4 -

122 .

421 Calvert, D. N.; Brody, T. M.; J. Pharmacol. Exper. Therap., 1958,124, 
2 7 3 -2 8 1 .

422 Recknagel, R. O.; Litteria, M. Am. J. Pathol, 1960, 36, 521 -  531.
423 Tamamura, H.; Otaka, A.; Nakamura, J.; Okubo, K.; Koide, T.; Ikeda, K.;

Ibuka, T.; Fujii, N. Int. J. Pept. Protein Res., 1995, 45, 312 -  319.

272



424 Kovacs, J.; Mayers, G. L.; Johnson, R. H.; Cover, R. E.; Ghatak, U. R. J. Org. 
Chem., 1970, 35, 1810- 1815.

425 Kovacs, J.; Hsieh, Y. J. Org. Chem., 1982, 47, 4996 -  5002.
426 Ezeigwe, E. Unpublished data.
427 Trzeciak, A.; Bannwarth, W. Tetrahedron Lett., 1992, 33, 4557 -  4560.
428 Bastiaans, H. M. M.; van der Baan, J. L.; Ottenheijm, H. C. J. Tetrahedron 

Lett.,\99S, 36,5963-5966.
429 Zhang, W.; Taylor, J. W. Tetrahedron Lett., 1996, 37, 2173 -  2176.
430 Guibé, F. Tetrahedron, 1998, 54, 2967 -  3042.
431 Chan, W.C.; Bycroft, B. W.; Evans, D. J.; White, P. D. J. Chem. Soc. Chem. 

Commun., 1995, 2209-2210.
432 Armarego, W. L. P.; Chai, C. L. L. Purification o f Laboratory Chemicals, 5*'̂  

Ed.; Butter worth Heinemann: London, 2003.

273


