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Abstract

The synthesis o f lanthionine residues bearing photolabile protecting groups and 

the use o f these compounds for the synthesis o f lanthionine-containing peptides is 

described in this thesis. A new orthogonal approach has been developed towards bridged 

peptidomimetics such as sandostatin analogs.

Several synthetic pathways were followed to synthesise these lanthionine residues 

and several types o f photolabile groups were also tried. The final route involves the 

making o f (R, R) lanthionine residues bearing NV and NVOC groups from (^-serine  and 

(R, i?)-cyStine. The intermediates (i^)-cysteine and (7^)-3-iodoalanine were synthesised 

with the appropriate protecting groups. The iodoalanine intermediates were obtained in 

high yields as mixtures o f rotamers. They were subsequently used to synthesise the final 

lanthionine residues following a high-yielding and fast route. The formation o f small 

amounts o f diastereoisomers was observed. These were easily separated from the final 

compounds.

Photolabile cleavages studies o f NV and NVOC groups were carried out and 

optimised in solution before SPPS. Finally, several attempts at synthesising a sandostatin 

analog were carried out on a resin, incorporating the lanthionine residues into cyclic 

octapeptides. Difficulties were encountered during photolabile cleavages on a polystyrene 

support. However, efficient photolabile cleavage was finally obtained on Tentagel resin.

Other sections o f this thesis describe the large family o f lanthionine-containing 

peptide lantibiotics and synthetic routes leading to lanthionine residues as well as the 

different strategies elaborated for the cyclisation o f small peptides.



Abbreviations

Al: ally]

Ala: alanine

Alloc: allyloxycarbonyl

APCI: atmospheric pressure chemical ionisation

Arg: arginine

Asn: asparagine

Asp: aspartic acid

ATP: adenosine 5'-triphosphate

AviCys: 2-aminovinylcysteine

B: base

BAL: backbone amide linker 

Bn: benzyl

Boc: r^r/-butyloxycarbonyl

BOP: benzotriazol-1 -yloxy-tris(dimethylamino)phosphonium hexafluorophosphate 

Bom: benzyloxymethyl 

Bzl: benzyl

Cbz: benzyloxycarbonyl

CIZ: 2-chlorobenzyloxycarbonyl

COSY : correlated spectroscopy

Cys: cysteine

DBF: dibenzofulvene

DBU: l,8-diazabicyclo[5.4.0]undec-7-ene

DCM: dichloromethane

Dde: l-(4,4-dimethyl-2,6-dioxocyclohex-l-ylidine)ethyl 

Ddz: a,a-dimethyl-3,5-dimethoxybenzyloxycarbonyl 

DEAD: diethyl azodicarboxylate 

Dha: 2,3-didehydroalanine 

Dhb: 2,3-didehydrobutyrine
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DIG: diisopropylcarbodiimide

DIE A: diisopropylethylamine

DM AD: dimethyl azodicarboxylate

Dmb: 2,4-dimethoxybenzyl

DMF: #-dimethyIformamide

DMSO: dimethyl sulfoxide

El: electron impact

eq.: equivalent

ESP: electrospray

FAB: fast atom bombardment

FLECl: 1-(9-fluorenyl)ethyl chloroformate

FLEOC : 1 -(9-fluorenyl)ethyloxycarbonyl

Fm: 9-fluorenylmethyl

Fmoc: 9-fluorenylmethyloxycarbonyl

FmocCl: 9-fluorenylmethyl chloro formate

Glu: glutamic acid

Gin: glutamine

Gly: glycine

His: histidine

HATU: 0-(7-azabenzotriazol-l-y l)-l,1,3,3-tetramethyluronium hexafluorophosphate

HBTU : 0-(benzotriazol-l-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate

hC T: human calcitonin

HMPA: hexamethylphosphoramide

HOAt: 1 -hydroxy-7-azabenzotriazole

HOBt: 1-hydroxybenzotriazole

HPLC: high-performance liquid chromatography

HyAsp: 3-hydroxyaspartic acid

lie: isoleucine

I.R.: infrared

Lan: mgjo-lanthionine

LC-MS: liquid chromatography-mass spectroscopy



Leu: leucine 

Lys: lysine

LysN-Ala: lysinoalanine 

MBHA: 4-methylbenzhydrylamine 

Me: methyl

MeLan: 3-methyllanthionine

mesyl: methanesulfonyl

Met: methionine

Ms: methanesulfonyl

NBS: A-bromosuccinimide

NMM: A-methylmorpholine

n.m.r.: nuclear magnetic resonance

NV: 6-nitroveratryl or 4,5-dimethoxy-2-nitrobenzyl

NVOC: 6-nitroveratryloxycarbonyl or 4,5-dimethoxy-2-nitrobenzyloxycarbonyl 

NVOCCl: 6-nitroveratryl chloro formate or 4,5 -dimethoxy-2-nitrobenzyl chloroformate 

OxRes: oxime resin 

p: para  

Pac: phenaeyl

PAC: j9-alkoxybenzyl alcohol

PAL: 5-(4-aminomethyl-3,5-dimethoxyphenoxy)valeric acid 

PCOR: peptide cyclisation on an oxime resin 

PEG: polyethylene glycol 

Phe: phenyalanine

Phenoc : 4-methoxyphenacyloxycarbonyl 

Pro: proline 

PS: polystyrene

PyAOP: 7-azabenzotriazol-1 -yl-oxy-tris(pyrrolidino)phosphonium hexafluorophosphate 

PyBOP: benzotriazol-1 -yl-oxy-tris(pyrrolidino)phosphonium hexafluorophosphate 

SAR: structure-activity relationship 

Ser: serine

SPPS: solid-phase peptide synthesis



tBu: tert-h\x\.y\ 

terV. tertiary 

TEA: triethylamine 

TEA: trifluoroacetic acid 

th.: theoretical 

THF: tetrahydrofuran 

Thr: threonine

t.l.c.: thin layer chromatography

TMS: trimethylsilyl

TMSCl: trimethylsilyl chloride

tosyl: toluenesulfonyl

trityl: triphenylmethyl

Trt: triphenylmethyl

Trp: tryptophan

Tyr: tyrosine

U.V.: ultraviolet

Val: valine

VT : variable temperature 

Xaa: amino acid 

Z: benzyloxycarbonyl
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1. Lanthionine and lantibiotics

1. Background

1 .1 . Lanthionine

Lanthionine is an unusual amino acid, a monosulfide analogue o f cystine first 

isolated from sodium carbonate-treated wool in 1941,' then found in human hair, chicken 

feathers and lactalbumin shortly aftertwards^’̂  (Figure 1). {S, R) or (D , L) Lanthionine is 

the natural isomer but other diastereoisomers such as (R, R) lanthionine have been 

synthesised.

HoN CO2 H H2N
CO2H H2N 

S ,R

CO2H H2N 
R ,R

CO2 H

Figure 1: (5", R) Lanthionine and (R, R) lanthionine.

Lanthionine is quite abundant naturally, present in bacterial cell walls'' as well as 

in a large family o f peptides exhibiting antibiotic properties, the lantibiotics.

When lanthionine residues are incorporated into peptides, they give rigidity and 

constraints to their backbone and form monosulfide bridges that make lanthionine- 

containing peptides more stable towards enzymatic degradation.^ These bridges are also 

less prone to reduction than the disulfide bridges (present in cystine-containing peptides).

Such interesting properties have led to extensive studies o f lantibiotics in recent 

years and to the developments o f several pathways for the synthesis o f lanthionine- 

containing peptides, compounds o f prime interest as peptidomimetics.^
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1. 2. Characteristics of lantibiotics

The first 1 antibiotic was discovered in 1928/'^ as a substance limiting lactic 

fermentation. This particular substance has since then been acknowledged as nisin,^ and 

today, about thirty other lantibiotics have also been identified and their structure 

determined. Among the most studied ones and in chronological order o f discovery are 

subtilin, ancovenin, epidermin, gallidermin, Pep5, cinnamycin, duramycin, mersacidin. 

They are all peptides produced by certain Gram-positive bacteria which inhibit the 

growth o f other Gram-positive bacteria and they all contain monosulfide bridges. The 

main characteristics o f some lantibiotics are summarised in Table 1: nisin Z varies in one 

residue from nisin A (His 27 replaced by Asn), duramycin C presents also small 

variations in residues from duramycin.

Lantibiotic Origin and molecular mass (Da) Lan Melan Dha Dhb Others

Type A

N isin A L actococcus lactis 3353 1 4 2 1 0

N isin  Z L actococcus lactis 3330 1 4 2 1 0

Subtilin B acillus subtilis 3317 1 4 2 1 0

Epidermin Staphylococcus epiderm idis 2164 2 1 0 1 A viC ys

Gallidermin Staphylococcus gallinarum 2164 2 1 0 1 A viC ys

Pep5 Staphylococcus epiderm idis 3488 2 1 0 2 Oxobutyry]

Epilancin K7 Staphylococcus epiderm idis 3032 2 1 2 2 Hydroxypropionyl

Type B

Cinnamycin Streptom yces cinnam oneus 2042 4 2 0 0 HyA sp, L ysN -A la

Duramycin Streptom yces cinnam oneus 2014 4 2 0 0 HyA sp, LysN -A la

Duramycin C Streptom yces griseolu teus 2008 4 2 0 0 HyA sp, LysN -A la

Table 1: Characteristics o f some lantibiotics.

Lantibiotics are polycyclic peptides o f 19 to 34 amino acids. They are fairly small 

peptides (< 4 kDa). All lantibiotics contain rings made o f me^o-lanthionine (Lan), 3- 

methyllanthionine (MeLan), 2-amino vinylcysteine (AviCys) or lysinoalanine (LysN-Ala)
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and other unusual amino acids such as 2,3-didchydroalaninc (Dha), 2,3-

didchydrobutyrinc (Dhb) and 3-hydroxyaspartic acid (HyAsp)/^ (Figure 2).

CO-
-H N ‘ 'CO- D \  /  Z

CO- -HNCO- -HN

{2S, 6 /?)-lanthionine, me^o-lanthionine 2,3-didehydroalanine 5'-[(Z)-2-aniinovinyI]-D-cysteine

H.C,

D \  /  ^
CO- -HN

CO-
-HN' CO-

CH

CO- -HN

(2S,3S  6/?)-3-m ethyllanthionine (Z)-2,3-didehydrobutyrine 5-[(Z)-2-am inovinyl]-3-m ethyl-D-cysteine

O

-HN

OH

(ÇH2)3

CO- -H N-"^"'"//H  

CO­

HO'

(2S, ^5)-lysinoa!anine 

Figure 2: Unusual am ino acids in lantibiotics’’’’^

H/ / / , „ . .

- H N ^  'CO- 

g/y/Aro-3-hydroxy-L-aspartic acid

Studies o f conformations and structural features o f lantibiotics led Jung^^ to 

classify them into two types, type A and type B (Table 1). Lantibiotics o f type A arc 

strongly cationic peptides o f relatively large molecular mass (over 2100 Da). They have a 

close similarity in the number and position o f the monosulfide bridges and the types of 

unusual amino acids found in them. Type-A lantibiotics are screw-shaped peptides which 

act mainly by forming pores in the cytoplasmic membrane o f the target cell. '̂^

Lantibiotics of type B are weakly cationic peptides o f smaller molecular mass. 

They are also structurally related and the presence of side-chain-to-tail bridges in their 

structure make them more globular than lantibiotics of type A. Some type-B lantibiotics 

are inhibitors o f enzymes such as angiotensin-converting enzyme and phospholipase A 

and may consequently have therapeutic uses. Nisin and Pep 5 are typical lantibiotics o f

type A whereas duramycin and cinnamycin represent type B (Figure 3).
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1
CH]
CHz 
I

H ,C - ■CH,

10 . 15
C~CO-Ala-Gly-Pro-Ala-Ile-Arg-Ala-NH-CH-CO-Val-Lys-Gln-NH-CH-CO-Gln-Lys-Dhb-Leu-Lys — / /  

O
HzC---------------------------- S--------------------------- CHz

//—  Ala-Dhb-Arg-Leu-Phe-NH-ÇH-CO-Val-NH-CH-CO-NH-CH-CO-Lys-Gly-Lys-/?sn-Gly-NH-CH-CO-Lys

Type A: Pep 5

H]CHC- ■CH,

■CH,

T ype B: Cinnam ycin

H-NH-CH-CO-Arg-G ln-NH -CH -CO-NH-CH -CO-NH-CH -CO -Phe-G ly-Pro

H 2 C -S -C H C H 3 H,C S CHCH

H 2 C - S  -CH,

HO OC -C H -N H -CG -C H -N H -Asn-G ly-CG -C H -N H -CO -C H -N H -Val-Phe-CO -C H -N H -Phe
I 10

HO-CH
I
COOH

Figure 3: Type A and type B lantibiotics.'"'

Nisin was first produced in a large scale in the fifties and has been used 

since then as a natural food preservative. It also exhibits interesting antibacterial activities 

such as antimalarial potency but its physical properties such as poor solubility have so far 

prevented further developments as a drug.^^

It is a fairly large peptide o f 34 amino acids presenting 5 monosulfide bridges, A, 

B, C, D, E (Figure 4): A from a lanthionine residue, B, C, D and E from four 3- 

methyllanthionine residues. Three other unusual amino acids are incorporated into the 

molecule (two dehydroalanine residues and one dehydrobutyrine residue).
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H,C- CH2 H3CHC-

R in g  A

CH; H3 CHC 'C H ,

R in g  B R in g  C  

15
H -Ile-D hb-N H -C H -C O -Ile-D ha-L eu-N H -C H -C O -N H -C H -C O -Pro-G ly-N H -C H -C O -L ys-N H -C H -C O -G iy-A la-L eu-M et-G ly-N H -C H -C O  — / /

H 3 C H C -C H ,

20

R in g  D 
25 30

/ / — A sn-M et-L ys-N H -C H -C O -A la-N H -C H -C O -N H -C H -C O -H is-N H -C H -C O -Ser-Ile-H is-V al-D ha-L ys-O H

R in g  E

H 3 C H C - -C H ,

Figure 4: Nisin

The structure and conformation o f nisin were first revealed by Gross et al. in 

1971.'^’̂  ̂ Most o f its sequence could be determined by Edman degradation. However, 

new methods had to be developed to determine the presence o f some unusual amino acids 

such as 2,3-didehydroalanine.^'

For example, spontaneous oxidative deamination o f the resulting ^-term inal Dha 

residue occurs, leading to the formation o f a pyruvyl group, which blocks the sequence 

determination. With mild acid hydrolysis, a peptide amide and pyruvyllysine are obtained 

(Figure 5).

©
Ho c m / H ©

H (H 2 O )

H2O
O  C H 3 ) H

H O 

O
H O

nis in  1-32 a m id e

V a l'
/ \

N H n
o H.C .H

n ^  p y ru v y lly s in e

II \

©

Figure 5: Acid hydrolysis o f nisin at Dha 33 gives a peptide amide and pyruvyllysine.’^
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New determination methods o f Dha and Dhb were carried out using addition of 

benzylthiol and mercaptoethylamine. Also, oxidative cleavage or desulfurization with 

Raney nickel was performed on lanthionine and methyllanthionine bridges to give 

alanine and aminobutyric acid residues. The correct structure o f nisin was perfectly 

determined with these thorough methods, as later confirmed by n.m.r. analyses.

Subtilin has structural features and antibacterial properties very close to the ones 

shown by nisin. Elucidation o f its conformation therefore followed closely the work 

carried out on nisin.^^ Ancovenin was then studied by Shiba et a l.  '*

At about the same time, an extensive study o f epidermin (Figure 6) and 

gallidermin was carried out by Jung et a l  After having divided epidermin (made o f 

22 residues) into two large parts called PI and P2 (fragment PI residues 1 to 13, fragment 

P2 residues 14 to 22), they elucidated its sequence using mass spectrometry, n.m.r. 

spectroscopy, gas-phase sequencing and synthetic methods. Epidermin and gallidermin 

only differ from each other in position 6, occupied by He in epidermin and by Leu in 

gallidermin. They are both good therapeutic agents against acne. They can be used to 

replace the antibiotic erythromycin to treat juvenile acne without any side-effects.'^

HoC- CH2 H3CHC ■CH,

Ring A Ring B

10 13
H-Ile-Ala-NH-CH-CO -Lys-Phe-Ile-NH-CH-CO -NH-CH-CO -Pro-Gly-NH-CH-CO -Ala-Lys — / /

Hx /CH3
C

HoC- ■CHo

15
Ring C

20
/ / — N H-C-CO-G ly-NH -CH -CO-Phe-Asn-NH -CH -CO-Tyr-NH-CH -CO -NH-CH

H.C-

Ring D

 s — ■CH

Figure 6 : Epidermin

Today, conformations and structures o f most o f the known lantibiotics are 

determined or being studied. New methods are now available for this purpose, such as 

n.m.r. analyses'"^ or automated sequential Edman degradation coupled to direct detection 

by electrospray-ionization mass spectrometry.^^
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1. 3. Biosynthesis of lantibiotics

A major breakthrough in the studies of 1 antibioties was made by Jung et al.^^ 

when they elucidated some biological mechanisms which are involved in the natural 

making o f lantibiotics. Lantibiotics are made from ribosomally synthesised precursor 

p e p t i d e s , w h e r e a s  most other peptide antibiotics are formed from large 

multienzyme complexes.^^

The “structural gene” for each lantibiotic codes a linear peptide, a lantibiotic 

prepeptide, o f two distinct parts: a leader peptide and a prolantibiotic. The structural 

genes o f the most common type-A lantibiotics have been identified. ' ’ The prolantibiotic 

contains only the 20 proteinogenic amino acids. It subsequently undergoes post- 

translational modifications as follows. Dehydrations at the serine and threonine residues 

create a  and (3 unsaturated double bonds. To them are added stereospecifieally thiol 

groups o f neighbouring cysteine residues to form sulfide rings (Figure 7).

/ O H  "zO HS.
RHÇ J CHR

V f — — ^
d e h y d ra tio n  i f  - I  a d d itio n

-HN CO- -HN CO- -HN CO- -HN

Figure 7: Dehydration and addition steps taking place during the biosynthesis o f lantibiotics/" If  

R=H, L-serine is transform ed into 2,3-didehydroalanine then m eso-lanthionine is made, if  R=CH 3 , L- 

threonine is transformed into (Z)-2,3-didehydrobutyrine then {2S, 3S, 6i?)-3-m ethyllanthionine is 

made.

These additions are followed by cleavage o f the leader peptide by a signal 

peptidase and oxidative decarboxylation o f some residues to give unusual amino acids. 

These chemical processes are carried out by modifying enzymes. These processes have 

been identified but their mechanisms are still to be discovered. For example, the 

stereospecificity o f the lanthionine residues obtained remains unexplained.

Lantibiotics have very interesting properties for drug design because o f the high 

number o f  unusual amino acids found in these polycyclic peptides. It is very likely that 

the monosulfide bridges are there to give local rigidity and protease stability to the 

structure and the unsaturated amino acids might increase local reactivity. ’ '
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So far, nisin remains the most attractive lantibiotic for its use in the food industry. 

Very recent work has focused on structure activity relationships studies o f nisin, 

especially the importance o f the bridges^^ or the fact that nisin is actually much more 

active when used in interaction with a membrane-anchored lipid, lipid II. Indeed, the high 

activity o f this antibiotic appears to be closely related to the presence o f lipid II, as 

studies o f model membrane suggest. This would make nisin “a special case” among pore- 

forming antibiotics.^^

It is still very challenging to understand all the processes involved in the synthesis 

and mode o f action o f 1 antibiotics. Therefore two routes are opened for future therapeutic 

uses o f these peptides. Once the biosynthesis o f the lantibiotics is fully understood, 

mutant producing strains may be developed, leading to new antibiotics. Alternatively, 

when direct and high yielding synthetic pathways are created, new lantibiotics can be 

invented.

1. 4. Synthetic lanthionine-containing peptides

Until now, nisin is the only lantibiotic to have been successfully synthesised by 

Shiba et a / . i n  an overall yield o f 10 %. The synthesised nisin was identical in all 

aspects to the naturally occurring peptide. It was made by condensation o f four main 

segments in solution. The whole synthesis took nearly ten years and remains a prodigious 

achievement that cannot be easily reproduced to synthesise more lantibiotics quickly and 

as cheaply as possible.

However, the synthesis o f smaller lanthionine-containing peptides was met with 

wider success, especially for SAR studies o f active compounds^ and for conformational 

s tu d ie s .S A R  studies o f peptides and enzymes have been extensively developed in the 

past 20 y e a r s . M o s t  peptides are very flexible and adopt numerous conformations 

depending on their environment. Artificial constraints such as disulfide^^ or monosulfide 

bridges reduce the flexibility o f the active peptides studied and in some cases increase the 

potency and specificity of the constrained analogs or peptidomimetics compared to the 

“free” species.
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Lanthionine bridges have therefore been incorporated into small peptides for SAR 

studies. Goodman et al synthesised lanthionine-bridged opioid e n k e p h a l i n ^ a s  well 

as lanthionine-somatostatin analogs."^^’"̂  ̂ Both these compounds were made again by 

Jarosinski"^^ later on using new synthetic methods. Goodman et al. also worked on the 

synthesis o f cyclolanthionine/"^ '̂  ̂ to determine its conformation and structure, comparing 

with cyclo-cystine, also used as constraints in the design o f peptidomimetics.

Opioid enkephalins and their receptors are present in the mammalian brain and 

intestine. Extensive studies have been carried out to determine the receptor specificity 

and activity o f these enkephalins. So far, three types o f opiate receptors have been 

identified and the enkephalins appear to be selective to 5 receptors. However, naturally 

occurring enkephalins such as [Leu^] enkephalin^^ are too flexible for conformational 

studies, so more rigid enkephalin analogs had to be designed. Lanthionine-bridged opioid 

enkephalins were therefore synthesised (Figure 8).

H-Tyr-Gly-Gly-Phe-Leu/M et

enkephalin

Tyr-D -N H -C H -C 0-G ly-Phe-N H -C H -C 0-N H 2

lanthionine-bridged enkephalin analog

Figure 8 : Design of a constrained enkephalin analog.

An increase in activity but no change in selectivity were observed when this 

lanthionine-bridged analog was tested on Ô re c e p to rs .H o w e v e r, further studies with 

p,P-dimethylated lanthionine enkephalin analogs'^^ revealed that some o f these molecules 

showed high potency and ô selectivity along with high activity.

The cyclic tetradecapeptide hormone somatostatin has recently been extensively 

studied"^^’"̂  ̂ especially for its role in neural transmission. Several somatostatin analogs 

were synthesised and their activities studied, among them synthetic sandostatin and 

lanthionine-sandostatin analogs (Figure 9). Replacing the disulfide bridge with a 

monosulfide bridge led to increased selectivities o f the analogs for somatostatin 

receptor s.
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H-Ala-Gly-NH-CH-CO-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-NH-CH-CO-OH

somatostatin-14

H-D-Phe-NH-CH-CO-Phe-D-Trp-Lys-Thr-NH-CH-CO-Thr-ol

sandostatin

H-D-Phe-NH-CH-CO-Phe-D-Trp-Lys-Thr-NH-CH-CO-Thr-ol

lanthionine-bridged sandostatin analog 

Figure 9: Design o f constrained som atostatin and sandostatin analogs/^

Finally, cyclolanthionine analogs have been synthesised to study their 

conformation and draw comparisons with c y c l o - c y s t i n e . A s  both these constrained 

structures are incorporated into peptidomimetics, it is o f prime interest to know their 

spatial arrangements. The crystal structure and conformation in solution of 

cyclolanthionine (Figure 10) as well as |3,p-dimethylcyclolanthionine peptides were 

elucidated.

-HN

O

-N'
H

cyclo-cystine

'CO- -HN' C  N

I I  ^
O

cyclolanthionine

CO-

Figure 10: Cyclo-cystine and cyclolanthionine peptides. 34,45

Conformation studies o f the four stereoisomeric cyclolanthionine residues 

(Figure 11) showed that the amide bond in the ring is in a cis conformation and that there 

is nearly no deviation from the planarity in all four stereoisomers."^^
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Figure 11: ORTEP view of the four stereoisomeric cyclolanthionine derivatives. The atoms are

drawn with 30 % probability ellipsoids.45
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2. Synthesis of lanthionine

2. 1. Desulfurisation of disulfides

One o f  the oldest methods for the preparation o f lanthionine was developed by 

Gleason and Harpp/ '̂"^ '̂"^^ Their work on small-ring sulfur compounds led them to use 

selective desulfurisation, i.e. desulfurisation o f only one sulfur out o f the two, to make 

monosulfide compounds, using tris(diethylamino)phosphine, (Et2N )3 ?. Carboxy groups 

have to be protected as they can react with (Et2 N )3 ?, giving amides. This reaction was 

then extended to a wide range o f disulfides and the first lanthionine derivative was 

synthesised with a high yield (96 %) (Figure 12).

S

R ,H N

CO2 R2 RiHN

(EtzN)]?

S

R .H N

CO2R2 R ]H N

Figure 12: Synthesis o f lanthionine by desulfurisation o f cystine.'** Rj = COCF 3  or C O 2 CH 2 C 6 H 5  and 

R 2  — CH 3  or C 2 H 5

This is a stereospecific desulfurisation, an inversion o f configuration taking place 

at one of the carbon atoms a  to the disulfide bond (Figure 13).

■R

r ; NEto

Figure 13: M echanism  o f desulfurisation

H
/

R S C;^'IIR,

+
NEt2

S = P . ^ N E t 2

NEt2

The major drawback o f this method is the synthesis o f numerous by-products with 

unsymmetrical substituted disulfides. Indeed, with these reagents, three products can be

expected"^  ̂(Figure 14).
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R, ■R.

R , S  R, Ri

R i S  R i

■Ri

Figure 14: Lanthionine residues made from desulfurisation o f unsym m etrically substituted cystine 

residues/*

Unsymmetrical lanthionine residues have been synthesised with this method, 

purifying the final product by medium pressure liquid chromatography,"^^ but the yields 

were fairly low (58 %). An interesting way to overcome the problem is to link both the 

carboxy functions o f cystine together with ethylene glycol temporarily, so that only one 

compound is made from desulfurisation of this eyclic c y s tin e .U n sy m m e tr ic a l 

lanthionine residues were obtained with quantitative yields, without racemization, nor 

dimerization. The most famous illustration o f this method is the synthesis o f each ring o f 

nisin by Shiba et a l  As each ring is synthesised like a cyclic cystine, only one main 

lanthionine residue was obtained after each desulfurisation, in a reasonable yield (Figure 

15).

H3CHC s------------s------ CH2

Boc-NH-CH-CO-Ala-NH-CH-CO-NH-CH-CO-His-NH-CH-COOMe

HjCHC- -CH,

H3CHC

P(NEt2)3

-CHo

Boc-NH-CH-CO-Ala-NH-CH-CO-NH-CH-CO-His-NH-CH-COOMe

H3CHC- ■CHo

Figure 15: Synthesis of ring D and ring E of nisin. 18
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The four big segments synthesised this way (ring A, ring B, ring C, ring D + ring 

E) were then assembled in solution to make the final nisin.

Desulfurisation is a fast and efficient method and avoids racémisation, but it can 

lead to several by-products and is not easily compatible with base-labile protecting 

groups. Therefore, new synthetic pathways were explored to make lanthionine, from 

cysteine and serine residues. Three main strategies exist, depending partly on the 

protecting groups used, with dehydroalanine, serine p-lactone or halogenoalanine as P- 

alanyl cation equivalent (Figure 16).

PiH N

CO2P2 P3HN
CO2P4

P]HN CO2P2

P-alanyl cation equivalent

P,HN CO2P2

dehydroalanine

P.HN-

P-lactone

O

P3HN CO2P4

P,HN  CO2P2

halogenoalanine (X = Cl, I , ...)

Figure 16: Retrosynthetic pathways to synthesise lanthionine from cysteine and serine residues. P ,, 

? 2 , ? 3  and ? 4  are protecting groups.

2. 2. Dehydroalanine as p-alanyl cation equivalent

Residues o f protected lanthionine were successfully synthesised^^ by Michael 

addition o f a cysteine residue on a dehydroalanine residue, with an excellent yield of 

72%, using cesium carbonate as a catalyst (Figure 17).
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BocUN
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R, R
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CO.Mê mocHN

5, R

BocHN CO.Me
+

SH

c
FmocHN' C

^  I I
O

Figure 17: Synthesis o f lanthionine residues using a dehydroalanine intermediate.

Although this method is high-yielding, it is not stereospecific: how ever, the two 

diastereoisom ers could easily be separated afterwards by HPLC. tert- 

Butyloxycarbonyldehydroalanine methyl ester was synthesised by action o f

carbodiim ides on /e/7-butylserine methyl ester with CuCl as a catalyst^^ (several other

routes to dehydroalanine residues have been published.53,54,55,56,57
)•

This pathway gave very good results in peptide synthesis, m im icking the 

biosynthesis o f  lanthionine rings in lantibiotics. Lanthionine-bridged enkephalin analogs 

were synthesised with this method on a solid support by the attack o f  a cysteine anion on

a dehydroalanine residue (Figure 18).^^

Cbz-'ryr(Bzl)-I)ha-Gly-Phe-Cys(Fm)-MBHA 

piperidine

O
Cbz-Tvr(Bzl)-NH-C-CO-Gly-Phe-NIi-C-CO-MBHA

I
CHz ^

-  S

o

Cbz-['yr(Bzl)-NH-C-CO-Gly-Phe-NH-C-CO-MBHA

ir II o
•s-

Figurc 18: Synthesis of an enkephal in analog on solid-support  via a dehydroa lanine intermediate.^



The lanthionine ring obtained is (S, R), which is the favoured lanthionine 

conformation in l a n t ib io t i c s I t  appears that there is no problem of diastereoisomers 

when the natural pathway for lanthionine-containing peptides is followed.

2. 3. Serine p-lactone as P-alanyl cation equivalent

This pathway has given lanthionine residues in high yields and excellent 

stereoselectivities, from the attack o f a serine P-lactone by a cysteine residue, using 

cesium carbonate as a catalyst. Vederas et al. developed a methodology using 

dimethylazodicarboxylate and triphenyIphosphine as catalysts to transform TV-protected 

serine residues into serine p-lactones in THF.^^ Improvements o f this Mitsunobu 

reaction,^^ carrying out the experiment in acetonitrile for example, led to yields o f 70- 

80 o/q 6 0 ,6 1 ,6 2  Qoodman et al.^ made an efficient synthesis o f lanthionine residues from 

serine P-lactone, using this methodology (Figure 19).

.OH

ZHN

DMAD/PPh

CH3CN
CO2H

CSnCO]

CO2CH

ZHN

COoH BocHN

CO2CH3

BocHN

Figure 19: Synthesis o f serine P-lactone and lanthionine residues

The advantage of this method is that the opening o f the p-lactones leads to 

stereochemically pure compounds, however, the yield o f the formation o f lanthionine is 

fairly low (50 %) as there is a competing reaction taking place, in where a thioester is 

formed.^ Cesium acts as a counteranion for the thiolate and the salt therefore formed 

attacks the p-lactone following two pathways, a or b (Figure 20).
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When p,p-dimethylcysteine analogs are used, P,P-dimethyl lanthionine residues^’̂  

are made without by-products with an excellent yield o f 92 % (Figure 20, when R = H, 

both pathways a (0-acyl fission) and b (0-alkyl fission) occur, when R = CH3, pathway a 

does not occur). Indeed, the bulky alkyl groups prevent the 0-acyl fission.^ Efficient 

synthetic pathways have been studied to make p ,P-dimethyleysteine analogs.

NHZ

BocHN

ZHN

ZHN

BocHN

thioester

CO2CH3

CO2CH3

CO2H BocHN  

lanthionine

Figure 20: Com petitive reactions when a thiolate residue attacks a serine P-lactone.

Another way to influence the outcome o f the reaction has been reported 

re c e n tly .P re n y la te d  cysteine residues were synthesised via the opening o f p-lactones 

after attack o f prenyl thiolates using sodium hydride or triethylamine as basic reagents 

(Figure 21).

H3C

N H B oc

a. TEA

b. NaH

CH2R

S

B ocHN

thioesterHO

BocHN CH2R

CO2 H
prenylated  cysteine

Figure 21: Synthesis of prenylated cysteine from serine P-lactone, R = C,oH,7 or CigHzg.
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These bases were the determinant factors for the major products obtained as 

sodium hydride led mainly to prenylated cysteine derivatives, whereas triethylamine led 

mainly to thioester derivatives.

Finally, the nature o f the protecting groups on the residues are very important. 

Indeed, when Bradley et al.^^ attempted the synthesis o f lanthionine residues with serine 

P-lactone and #-Fm oc-cysteine allyl ester, no reaction took place.

This synthetic pathway has been successfully followed to synthesise lanthionine 

residues that were later used for the synthesis o f lanthionine-bridged opioid enkephalin,"^' 

lanthionine-bridged sandostatin^^ and cyclolanthionine analogs.

2. 4. Halogenoalanine residues and other p-alanyl cation equivalents

The most successful approach to lanthionine residues was discovered by Dugave 

and Ménez^^ in 1997 and involves the use o f an iodoalanine residue as p-alanyl cation 

equivalent. This work derives from thorough searches o f the best P-alanyl cation 

equivalent available.

Chloroalanine was added to a cysteine thiolate made from cystine treated with 

ammonia and sodium then potassium hydroxide in the first lanthionine synthesis by du 

Vigneaud et a/. More work followed on this method,^^ however, a serious drawback 

is the racémisation o f lanthionine residues in the presence o f the strong base used in this 

synthesis. Aziridine has also been used as a P-alanyl cation equivalent.^'' All these 

methods led to difficult purification, low yields and problems o f racémisation and recent 

attempts at improving them failed.^’̂ "

In the meantime, aziridine^' and iodoalanine residues^^’̂  ̂ derived from O- 

tosylserine^"' were investigated as p-alanyl cation equivalent for the synthesis of 

organozinc reagents and syntheses using organocuprates, but no further work was carried 

out on lanthionine synthesis until Dugave and Menez studied the synthesis of 

functionalised amino acids using A-trityl serine.

The bulky A-trityl group had previously shown its potential as a protecting group 

for serine^^ in Mitsunobu r e a c t i o n s . I t  prevents a-proton abstraction by non-
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nucleophilic bases and a-ester saponification. Dugave and Menez reported the synthesis 

o f A^-trityl iodoalanine residues from 0-mesyl-A^-tritylserine residues using sodium iodide 

in acetone. Iodoalanine residues were obtained as mixtures o f rotamers (other #-tritylated 

amino acids have been reported as rotamers^^). When treated in the same way, 0-m esyl- 

W tritylthreonine residues gave mostly aziridine. When heated, 0-mesyl-W tritylserine 

residues gave aziridines. Nucleophilic substitution o f the iodine by a selection of 

malonate-related nucleophiles gave either aziridines or triesters.

Shortly afterwards, these iodoalanine residues were used to synthesise lanthionine 

residues^^ in high yields (Figure 22).

R,

R.lii'

R .H N '

l .P B u , /T H F .H ,0  TrtHN

2. CS2 CO 3 /DMF

S

IIH

COjBn R3HN

TrtHN' COzBn
TrtN

lanth ion in e

kC0 2 Bn 

H
'" /A

azir id ine

Figure 22: Synthesis o f lanthionine residues from cystine and iodoalanine residues. R ,, R 2 , R 3  and 

R 4  are different groups (see Table 2).

A small amount o f aziridine was also formed during the reaction. When 

lanthionine residues were made (Ri = R2  = H), no racémisation was detected but a 

mixture of rotamers was obtained. In these cases, the enantiomeric purity was determined 

(> 98 %) by desulfurisation o f the lanthionine residues with Raney Nickel, giving alanine 

residues, followed by derivatisation o f these alanine residues with a chiral reagent, then 

separation by HPLC of the diastereoisomers obtained. Several different protecting groups 

were tried on the lanthionine residues (Table 2).
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D isu lf id e  c o n f ig u r a t io n s ,  R ,, Rz R3 R a A z ir id in e  (% ) L a n th io n in e  (% )

2R, H, H Fmoc tBu 8 88

2/?, H, H B og Me 17 79

2R, 3R, H, CH 3 B og Me 7 83

2.9, CH:„ CH 3 B og Me 13 81

2/?, H, H PmoG H 35 41

T a b le  2: D if feren t  ty p es  o f  la n th io n in e  res id ues  sy n th e s ise d  from  io d o a la n in e  r e s id u e s /

This method is fast, with high yields and low  racémisation. This is the best 

method published so far to synthesise lanthionine residues quickly and efficiently.

Neither chloroalanine nor iodoalanine residues were used as intermediates to 

synthesise lanthionine-containing peptides on a solid support, but bromoalanine residues, 

made from serine residues, were used by Jarosinski et al.^^ to synthesise enkephalin 

analogs (Figure 23) and sandostatin analogs.

Fmoc-Tyr{tBii)-Ser-Gly-Phe-Cys(Trt)-NH-i 

PPhyCBr/DCM

O
Fmoc-'ry r( t Bu )-N H -Ç H -CO-G ly- Phe-N H -C-CO-N H - Io

Br' HS'

i. TFA/EtgSiH/DCM
ii. 5 % DIE A/DM F

Fmoc-Tyr(tBu)-NH-C-CO-Gly-Phe-NH-C^CO-NH-

H' H O
F ig u re  23: S y n th e s is  o f  an en k e p h a l in  a n a lo g  on a so l id -su p p o r t  via a b r o m o a la n in e  i n t e r m e d i a t e /

In the presence o f  base, cysteine residues attack bromoalanine residues to form 

lanthionine bridges. It is believed that the attack proceeds via dehydroalanine formation. 

Indeed, only one lanthionine diastereoisom er {S, R) is obtained with this method, either
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from (R) or (S) bromoalanine and (R) cysteine; this is a similar result to that obtained by 

the synthesis o f enkephalin analogs from dehydroalanine residues (see section 2. 2.
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2. Orthogonal protecting group strategy 

for the cyclisation of small peptides

1. Cyclisation of small peptides

1.1.  Principles of cyclisation

The cyclisation o f peptides containing proteinogenic amino acids, via lactam, 

disulfide or monosulfide bridges can be quite difficult for small peptides o f six or fewer 

residues. The ease o f peptide cyclisation will depend on the sequence, whether the 

cyclisation step involves sterically hindered amino acids or whether the linear peptide 

folds readily.^^

Until recently, cyclic peptides used to be synthesised as linear precursors in 

solution or on solid support and then cyclised in so lu t i on . However ,  there are several 

synthetic problems associated with cyclisation in solution, particularly intermolecular 

side-reactions (polymerisations) and the lack of solubility o f the peptides in the chosen 

solvents.

Several methods for on-resin cyclisation o f small peptides have therefore been 

developed.

1. 2. Solid-phase peptide synthesis

SPPS involves synthesising a peptide on a solid support or resin (Figure 24).^  ̂

The peptide is usually linked to the resin by a linker, by its C-terminus (synthesising 

peptides from the C-terminus reduces the risk o f racémisation^^).

Each amino acid is added in turn and in order o f the peptide sequence and coupled 

to the growing peptide by means of coupling reagents. Usually its amine function is 

protected by an A^-protecting group and any side-chain o f the amino acid likely to react
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with carboxy or amine functions is protected by side-chain protecting groups, which are 

cleaved using different conditions to the A^-protecting groups. In between addition o f  

amino acids, capping o f  the resin ensures that any peptide with failed sequences w ill not 

grow on the resin, alongside the desired peptide.

H2N [

l inker resin

1. Incorporation of  the first am ino  acid

R

H

PiHN CO 2 H, coupling  reagents

P,HN

...wWH
H r

C - N -------L

O 2. C ap p ing

3. Deprotection o f  P,

4. Incorporation o f  the second am ino  acid

R'

^ P|HN COiH, coupling  reagents

H r
P,HN' ' C - N '  'C — N -------LC - N  

II H O
o o

G ro w in g  peptide

F ig u re  24: P r inc ip les  o f  SPPS.**^ G r o w in g  o f  a p ep t id e  cha in  on a so l id  su p p o r t  (P, is a /V °-protec t ing  

g r o u p ,  R a n d  R ’ are  the  d if feren t  s id e -c h a in s  o f  the  a m in o  acids in c o r p o r a te d ,  they  a re  p ro te c te d  by  

s id e -c h a in  p r o te c t in g  g r o u p s  if  necessary .

There are numerous advantages to SPPS compared to solution peptide synthesis. 

Am ong them is the possibility o f  using a huge excess o f  soluble reagents that can be 

washed o f f  the resin.
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Carbodiimides are the most common types o f coupling reagents used in peptide 

s y n t h e s i s . S e v e r a l  types exist depending on their solubility and the solubility o f the 

by-product urea formed after formation o f the peptide bond. DIG (Figure 25) is most 

commonly used in SPPS as its urea by-product is soluble in DMF/dioxane and is easily 

washed off the solid support.

Other coupling methods involves the use o f activated esters either synthesised 

beforehand such as pentafluorophenyl esters^^’̂  ̂or synthesised in situ. The most common 

coupling reagent used for the in situ synthesis o f an activated ester is HOBt (Figure 

25).^^ Very often, HOBt is used alongside DIG, for a more efficient and clean coupling 

step.^^

OH

- N = C = N -

■N
\
/

N

DIG
H O B t

Figure 25: DIC and HOBt. Two o f the most common coupling reagents, often used together for 

efficient coupling steps.

Resins used for SPPS must be totally inert to the reaction conditions and have 

good physical properties compatible with the solvents needed.^"^’̂ ’̂̂  ̂ Polystyrene was 

originally used as the resin when Merrifield first developed SPPS.^^ Since then, other 

polymers such as polyacrylamide or polyethylene glycol-polystyrene (or Tentagel) have 

been used. PEG-PS is particularly good as this support permits complete solvation o f the 

reactive sites.

The range o f resins available for SPPS today is very large as is the number of 

linkers used in conjunction with these resins. The role and nature o f the linkers, 

particularly those used for the cyclisation o f peptides, are discussed below. Both resins 

and linkers are very important tools for a successful SPPS.
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Another requirement o f  SPPS is to have A^-protecting groups that are easily  

removed by a method “orthogonal” to the method for the removal o f  the side-chain  

protecting groups. This means that if  the A^-protecting groups (such as Boc) are cleaved  

by mild acid (such as TFA), then the side-chains should be protected by groups w hich are 

not cleaved by mild acids (for exam ple benzyl groups cleaved by very strong acids like 

HF), so that no side-reaction occurs where side-chain protecting groups would be cleaved  

at the same time as A^-protecting groups.

Tw o m ethodologies have been developed in SPPS, using either Fmoc or Boc 

groups as A^-protecting groups. The Boc m ethodology was developed first and usually 

involves the use o f  benzyl protecting groups for side-chain protection. The most recent 

and convenient m ethodology involves the use o f  Fmoc groups as A^-protecting groups 

(cleaved by bases such as piperidine) and tBu/Boc groups as side-chain protecting groups 

(Figure 26).

An important advantage o f  the Fmoc m ethodology is that the Fmoc groups are 

U.V. detectable and the integration o f  amino acids on the grow ing peptides can be 

monitored.

Usually, to reduce the number o f  steps involved in SPPS (which increases the 

overall yield), the peptide is cleaved from the resin using similar reagents to those used 

for cleaving the side-chain protecting groups, so that the free peptide is obtained in one 

step.

F m o c

tBu

O
C - l- N 'C -N

O o
c l e a v e d  b y  b a s e  

c l e a v e d  b y  acid

Figure 26: Example o f  SPPS o f  a small dipeptide built with the Fmoc methodology.
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Again, a large selection of protecting groups and coupling reagents has been 

developed in the past 2 0  years and details o f those specifically used for the cyclisation o f 

small peptides are described below.
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2. Three dimensional orthogonal protecting group strategy 

2. 1. On-resin cyclisation methods in SPPS

An important advantage of on-resin cyclisation is the reduced risk o f 

intermolecular reactions as there is a large distance between growing chains on the solid 

support. This is called the “pseudodilution” effect.^^ To increase the distance between 

growing chains, it is often better to have a resin with a low to medium loading.

Several strategies have been developed to cyclise small peptides, with different 

types o f anchoring o f the peptide to the resin (C-terminal anchoring, side-chain anchoring 

or backbone anchoring via a linker) and cyclisation occurring either from side-chain to 

side-chain, from side-chain to terminus or in a head-to-tail fashion, forming either 

homodetic rings (peptide bond) or heterodetic rings (among them disulfide or 

monosulfide bridges).

A convenient way to classify all these methods is to look at the tools (resins or 

protecting groups) used to perform these cyclisations. This way, two approaches can be 

identified: PCOR and peptide cyclisation with the use o f several types o f linkers to 

anchor the peptide to the resin, this second approach relying much more on a three 

dimensional orthogonal protecting group strategy.

2. 2. The PCOR method

Kaiser^^ first developed polystyrene-bound oxime esters as supports in SPPS 

(only Boc methodology is compatible with oxime resins as the secondary amines used in 

Fmoc methodology to cleave the Fmoc groups can also lead to the cleavage o f the 

growing peptide from the oxime resin).

Once the linear peptide has been synthesised on the resin, TFA is used to cleave 

Boc/tBu protecting groups, followed by DIEA to neutralise any remaining TFA.^® Then,
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cleavage o f  the peptide from the resin and cyelisation take place sim ultaneously, often  

catalysed by acetic acid/^

PCOR has been extensively used by Osapay and Goodm an to synthesise 

lanthionine-containing peptides/'̂ '̂ '̂'*̂ ''̂ '̂̂ '̂'*̂  For exam ple, cyclolanthionine residues were 

synthesised on an oxim e resin in high yields (Figure 27).

o

CbzHN  ̂ ^ c -
X .

■on

-N H B o c

COnMe

N O n

/  \
C b zH N

D IC /D M F ,  3 lirs

+ H O  N=

3 0

O x im e  res in  

(O xU es)

C b z H N  C ------ N C O ,M e
Cvclisatioti

(K0 %)

(  v c lo la n th io n in e

O  O xR es

-N H B o c

C O .M e

a. 25 %  T F A /D C M  

b D IE A /A c O H /D M F

O

C bzl  IN
O  O x R es

Figure 27: P C O R  method used to synthesise the four stereoisom eric cyclo lanthionine residues/^  

Synthesis o f  (5', .9) cyclolanthionine.

Enkephalin analogs and sandostatin analogs were synthesised in a similar way in 

good yields. This method has also been used for the synthesis o f  depsipeptides.^'

This is a quick and efficient method and cyclisation often proceeds in high yields. 

H owever, there are two major limitations o f  PCOR. Firstly it can only be used with Boe 

m ethodology. Secondly the peptide is cleaved from the resin when the cyclisation step 

occurs, so there is no possibility o f  extending the peptide on the resin after cyelisation. 

Therefore, polycyclic peptides cannot be synthesised using PCOR. Finally,
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cyclodimérisation when cyclic tetrapeptides were synthesised has also been reported as a

drawback o f PCOR. 92

In an attempt to overcome this drawback, Taylor et al.^^ combined the advantages 

o f PCOR with a three dimensional orthogonal protecting group strategy. Three 

dimensional orthogonal protecting group strategy involves the use o f a third type o f 

protecting group, in addition to the //^-protecting groups and side-chain protecting 

groups.

With Boc methodology, this third type o f protecting group must not be cleaved by 

mild or strong acid and the method to cleave it must not affect Boc/tBu groups or 

Cbz/Bzl groups. Small multicyclic polypeptides were synthesised via anchoring o f the 

side-chain o f glutamic acid or aspartic acid to a /?-nitrobenzophenone oxime resin,^"^’̂  ̂

with side-chain-to-tail cyelisation. Phenacyl groups were used as the third orthogonal 

protecting groups (removed by Zn/AcOH).

Subsequently, lactam-bridged hCT analogs were synthesised with a four 

dimensional orthogonal strategy (Boc/Bzl/Fmoc/Al) (F igure 28).^^

F moc-Lys-Lys(CIZ)-Phe-H is(Bom)-A^p-OA I
(Pac)

Boc CO

OxRes

a. 25 % TFA/DCM
b. 5 % DIEA/DCM 
0. Cyelisation 50 %

(57%)

Fmoc-Lys-Lys(CI Z)-OxRes

Boc-Phe-His(Bom)-A^p-OAl 
(Pac)

HN- ------------------CO

a. 25 % TFA/DCM
b. 5 % DIE/VDCM
c. Cyelisation 97 %

(35%)

Fmoc-Lys-Lys(ClZ)-Phe-His(Bom)-Asp-OAl

HN- CO

Figure 28: Use o f PCO R method and four dimensional orthogonal strategy (Boc/Bzl/Fm oc/Al). Side- 

chain-to-side-chain cyelisation (left) and backbone cyelisation (right) are com pared.”  CIZ and Bom  

are protecting groups.
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This method proceeds well as the Fmoc group is cleaved after removal o f  the 

peptide from the resin. The model cyclopentapeptide is obtained with much higher yields 

when allyl protecting-groups (Al) are used rather than phenacyl groups (Pac).

To limit the problem o f  dimérisation encountered with PCOR, another type o f  

linker was used with a thioester spacer^^ to synthesise cyclic  penta-, hexa- and hepta 

peptides. An improvement in terms o f  purity was noticed but the yields for these cases 

were low.

PCOR method is an efficient method to build small cyclic peptides with Boe 

m ethodology. O ccasionally, a three dim ensional orthogonal protecting group strategy can 

be used along this method. However, the use o f  a limited number o f  protecting groups 

and the necessary cleavage o f  the peptide from the resin during cyelisation give PCOR a 

fairly limited scope.

2. 3. Three dimensional orthogonal protecting group strategy: types of third 

protection available and examples

Cyelisation o f  small peptides via a three dim ensional orthogonal protecting 

groups strategy proceeds w ell when it is carried out in a limited number o f  sim ple steps 

with high yields. The way the peptide is linked to the resin is important. Two main 

methods exist.

The peptide can be linked to the resin via its C-terminus (Figure 29).

NIICOiPi CO.Pi

P|HN CO

a m i n o  a c id

- I   # - Q
CÔ P,

Figure 29: Peptide attached to the linker + resin via its C-terminus. P,, Pz and P3 are protecting  

groups.
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Three possibilities for cyelisation then becom e available, depending on the place 

and nature o f  the three types o f  protecting groups (Pi, ?2 and P3) on the peptide. If Pi is 

removed selectively  and the peptide cleaved from the resin, then a head-to-tail cyelisation  

takes place. Alternatively, an A-term inus-to-side-chain cyelisation is carried out when Pi 

and Pi are cleaved selectively. Finally, the selective removal o f  groups P2 leads to a side- 

chain-to-side-chain cyelisation.

The second method com m only used is to anchor the peptide to the resin via one o f  

its side-chains (Figure 30).

N1 ICOiP

P,I1N-

a m i n o  a c i d

'2 * 2 COnP2 '  2

O CO2P;*-o
l i n k e r  r e s i n

Figure 30: Peptide attached to the linker + resin via a side-chain. P|,  P? and P3 are protecting groups.

Again several possibilities are available for cyelisation. For exam ple, head-to-tail 

cyelisation occurs when Pi and P3 are cleaved whereas A-term inus-to-side-chain  

cyelisation is carried out when Pi is cleaved and the peptide is removed from the resin. 

Aspartic acid, glutamic acid or lysine are usually used for backbone anchoring. Linkage 

via the backbone amide (using a special BAL linker*^ )̂ has also been used.

The most com m on linkers^^ used to link the peptide to the resin using a three 

dim ensional orthogonal protecting group strategy are M BH A , PAL and PAC (Figure 

31).
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HjCO.

MBHA

CII3

H , N -1UC

H3CO

HO-\UC-

0 (CH2)4-C0 N

PAL

■o
-0(CH2)2-conh

o

PAC

Figure 31: Types of linkers used for orthogonal protecting group strategy. 80

The choice o f  third protecting groups is also very important. They must be 

com patible with all the reagents used during SPPS and removed under conditions where 

neither 7V"-protecting groups nor side-chain protecting groups are affected.

Som etim es, both Boc and Fmoc m ethodologies are com bined so that Boc, Fmoc 

and Bzl are used together. Flowever, other protecting groups such as allyl, Dmb or Dde

are used for the third orthogonal protecting group (Figure 32). 80

-C O 2 AI o -N H A lloc  o

//
0

H3CO-

o — c

0 C H 3
-C O , Dmb CH3 O -N H D d e

Figure 32: Third type of protecting group used in SPPS.

A com bination o f  both Boc and Fmoc m ethodologies were used in the earliest 

exam ples o f  three dim ensional orthogonal protecting group strategy. Human growth 

horm one-releasing factor analogs were synthesised via side-chain-to-side-chain  

cyelisation. The peptide was built with the Boc m ethodology with only two side-chains,
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one o f aspartic acid and one o f lysine selectively protected with Fm and Fmoc groups. 

Orthogonal cleavage o f these groups using base liberated the carboxy and amine groups 

necessary for side-chain-to-side-chain on-resin cyclisation.

In a similar manner, Fmoc/Bzl/Boc strategy was used^^ to synthesise side-chain- 

to-side-chain cyclic opioid dermorphin and p-casomorphin analogs.

Fmoc/tBu/Al strategy is one o f the most common three dimensional orthogonal 

protecting group strategies. The use o f allyl groups in orthogonal protecting group 

strategy has been recently developed. Allyl protecting groups are cleaved with palladium 

tetrakistriphenyIphosphine, Pd(PPh3 )4 '^’’'°^ as a catalyst and scavengers such as silyl 

amines are used in the reaction. Different m e t h o d s h a v e  been developed to adapt the 

cleavage o f allyl ester and Alloc to SPPS. Albericio et al. also recently found a way to 

cleave allyl group in neutral conditions, using phenyltrihydrosilane as a scavenger for the 

allyl group.

A cyclic decapeptide was synthesised using an Fmoc/tBu/Al s t r a t e g y . F o u r  

methods were tried to build the peptide, starting at different points o f the ring, anchoring 

either glutamic acid residues or aspartic acid residues and with the side-chain linked to a 

PEG-PS resin via a PAC or PAL linker (Figure 33). For example, aspartic acid protected 

by an Fmoc and allyl group was anchored on a resin + PAL linker via its P carboxy 

function, then a linear peptide was grown from this residue. Finally cyclisation was 

carried out. This method (c) gave the best yield and purity. This shows the importance o f 

the nature o f the linker used and o f the place where the cyclisation takes place in the 

sequence o f the chosen peptide.
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oa' O P A C

Fmoc-Glu-OAI  
(otherwise OtBii)

Arg-

AstVDirection o f  linear chain 
growth by Fmoc chemistry

C direction

O PA C

Fmoc-Glu-OAI

TyrAla

Glu

GillD-Phe

A s p

(otherwise OtBu)

O P A C

Fmoc-Asp-OAl  
(otherwise OtBu)

tO
Fmoc-Asp-OAl  
(otherwise Trt)

Figure 33: Four methods to build a decapeptide." ’̂  The perpendicular dashed lines indicate the final 

bond needed to achieve cyclisation in each case, a, a ’, b or c.

The same orthogonal strategy was used to anchor a Lys residue to a carbonate 

resin via its side-chain, its carboxy function being protected by an allyl e s t e r . T h i s  

head-to tail cyclisation proceeded well and an hexapeptide was synthesised this way in a 

good yield (61 % cleavage yield, 71 % purity by HPLC).

A llyl protecting group used in a three dim ensional orthogonal protecting group 

strategy is a convenient third protection and its use has led to efficient synthesis o f  cyclic  

peptides. A m ong others, it has been used to build cyclic peptides l ib r a r ie s ,s y n th e s is  o f  

novel growth hormone releasing factor a n a l o g s a n d  synthesis o f  peptides with tripodal
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side-chain b r i d g e s . M o r e o v e r ,  the method has recently given very promising results for 

the synthesis o f sterically crowded peptides such as bacitracin A*'^ and oscillamide

Finally, synthesis o f an analog o f nodularin^'^ comparing solution-phase and 

solid-phase methods has shown that even though the cyclisation step is carried out with a 

lower yield on the resin, SPPS is overall a better method in terms o f practicality o f the 

construction o f the peptide.

Several other protecting groups have occasionally been used as third protection 

for a three dimensional orthogonal protecting group strategy. McMurray et al. reported 

the successful synthesis o f head-to-tail cyclic decapeptides using Dmb esters to protect 

glutamic acid.^'"^’̂ ^̂  These esters are easily cleaved by 1 % TFA in dichloromethane. 

Optimisation o f the reaction conditions to limit racémisation and oligomerisation was 

carried out.^'^

Dde protecting-groups were used in a four dimensional protecting-group strategy 

(Fmoc/tBu/Al/Dde) to synthesise a branched cyclic peptide (Figure 34). Dde was 

removed by 1.5 % hydrazine in DMF.
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OAI [)de 

Ac-Cys(l'rl)-Glu-Ala-Lys-^

PAL

1.5 % hvdrazine/DMF

- O
PEG-PS

OAI NH, 

Ac-Cys(Trl)-Glu-Ala-Lys-^

1. Additions o f 10 amino acids
2. F^emoval o f the allyl group
3. Remov al o f the terminal Fmoc group

NHi-Gly-Gly-Glu-Lys-Thr-Arg-Asn-Gln-Met-Gly 

COOIl

Ac-Cys('Frt) Glir -Ala- 1

C yclisation  
M lîTD/H O lit /N M M

Gly-Cily-Glu-Fys- fhr-Arg-Asn-Gln-Met-Gly

Ac-Cys(Trt) Glu- -Ala- -Lysj
1 - 0

Figure 34: Synthesis o f  a decapeptide via a head-to-tail cyclisation using Fm oc/tBu/Al/D de. HBTU  

and H O Bt are cyclisation reagents (see 2. 4. ).

2. 4. Cyclisation reagents

Cyclisation reagents are coupling reagents used to promote the formation o f  the 

peptide bond when the linear peptide is cyclised. They are key elem ents to a successful 

cyclisation. They are usually derived from HOBt but are even more efficient in 

controlling by-reactions.
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Several cyclisation reagents have been used (Figure 35). 117

N(CH3)2 

PF® ® P— N(CH3)z

N(CH3 )2

BOP

PF,

HBTU

PF,

N N

PyAOP
HATU

Figure 35: Cyclisation reagents. 117

BOP is a good cyclisation reagent, especially when it is used alongside HOBt but 

the formation o f a highly carcinogenic by-product (HMPA) during cyclisation led to the 

development o f other reagents.

HBTU is a very efficient cyclisation reagent but racémisation during cyclisation 

still occurs in its presence as well as side-reactions like the formation o f guanidinium by- 

products.^^’*'^

HATU'^^ and P y A O P a r e  better cyclisation reagents because the risk o f 

racémisation is reduced when they are used. In addition, no guanidinium by-product is 

formed during cyclisation with PyAOP.

There is no rule for the choice of cyclisation reagents and optimisation for each 

particular case is necessary.
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Three dimensional orthogonal protecting group strategy is a very good method for 

the synthesis o f cyclic peptides. It is still in its infancy and each successful cyclisation 

depends largely on optimisations o f the choice o f resins, linkers, coupling reagents, site 

of cyclisation on the peptide and protecting groups. Allyl protecting groups in particular 

have been used very efficiently with this strategy.

However, so far, the quest for a “perfect” third type o f protecting group, i.e. a 

protecting group removed by mild and neutral conditions by methods having no effect 

whatsoever on the other groups o f the peptide or reagents employed in the synthesis is 

not over.
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3. Photolabile protecting groups

3. 1. Introduction

Photolabile protecting groups have attractive properties: they contain

chromophores which are sensitive to light, but they are stable to most o f the reagents 

commonly used in c h e m i s t r y . A  good photolabile group must be cleaved in high 

yields and have a short-lived excited state, indeed the longer the excited state, the more 

likely it is that side-reactions will occur.

Photolabile protecting groups have been mainly designed to protect amine 

functions, carboxy functions, carbonyl functions and hydroxy functions. They have been 

used in nucleotide c h e m i s t r y ^ an d  carbohydrate c h e m i s t r y b u t  so far less use has 

been made o f photolabile protecting groups in peptide synthesis.

However, photolabile linkers have been synthesised,’^̂  for convergent SPPS in 

p a r t i c u l a r . I n  convergent SPPS, fragments o f large peptides or peptides with difficult 

sequences are built individually using SPPS and then the fragments are assembled in 

solution. It is extremely important to be able to cleave the fragments from their solid 

support without removing any of their side-chain protecting groups as the fragments are 

assembled in solution afterwards and any missing side-chain protecting group would lead 

to by-products. Photolabile linkers are therefore a good solution, as long as the light used 

to cleave them has a wavelength compatible with peptides (tryptophan for example is 

affected by light o f wavelength o f 320 nm and less’^’).

Among the photolabile protecting groups studied, three overall types are good 

candidates to protect amino acids, either to protect their amine function, or their carboxy 

function or both. They are 3,5-dimethoxybenzyl derivatives, phenacyl derivatives and 

nitrobenzyl derivatives.
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3. 2. 3,5-Dimethoxybenzyloxycarbonyl derivatives

As the photochemical reactivity of benzyl groups was r e p o r t e d , w o r k  followed 

to study the photochemical reactivity of benzyl derivatives.’ It was observed that 

methoxy groups at the meta position enhances the photochemical reactivity o f  benzyl

a c e t a t e s , C h a m b e r l i n  therefore developed a new photolabile group to protect amines of

amino acids, the 3,5-dimethoxybenzyloxycarbonyl group (Figure 36).’ '̂’ This group is 

stable under the usual conditions o f peptide synthesis.'^’

o
H3C0 , 'OH P'nitrophenyl chloroformate, H3 CO, 

pyridine
A

acetone, 0°C

OCHq OCH,

H3CO

NaOH 2N 
THF

2 1  hr
COjH

H.N CO2H

OCHi

Figure 36: Use o f 3,5-dim ethoxybenzyloxycarbonyl group as A-protection 132

Shortly afterwards. Birr et al. developed the same protecting group using 

phosgene to make 3,5-dimethoxybenzyl chloroformate from the benzyl alcohol 

derivative. The chloroformate is then used in one step to protect the amine function o f 

several amino acids that are then used in SPPS.’^̂

This photosensitive group is cleaved by photosolvolysis.'^^ This means that the 

photolabile cleavage proceeds w ell’ '̂’’’^̂  (mercury high-pressure lamp, 90 min, yields 

above 60 % except for lysine 42 in the presence o f water.

A derivative o f 3,5-dimethoxybenzyloxycarbonyl group was also made by Birr et 

al. The Ddz group is both photo- and acid l a b i l e . T h i s  group is six times more sensitive 

to photochemical cleavage than 3,5-dimethoxybenzyloxycarbonyl and no water is needed

for the c l e a v a g e . D d z  groups absorb light around 280 nm and have been successfully
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used as photolabile protecting groups for amino a c i d s / T h e s e  groups were also used for 

acid labile ^-protection in SPPS o f a decapeptide.'^^

3. 3. Phenacyl derivatives

4-M ethoxyphenacyl and a-m ethylphenacyl have both been developed as good 

photolabile protecting groups for the carboxy function o f amino a c i d s . T h e  interaction 

o f the electrons between the carbonyl and the phenyl ring accounts for the low-lying 

excited states o f this group. The protection is easily carried out using 4-methoxyphenacyl 

bromide and TEA in DMF (Figure 37). Photolabile cleavages are fairly long (4 to 17 hr) 

but proceed in high yields in ethanol or dioxane, except for tryptophan (yield 33%). This 

group is compatible with all the SPPS protecting groups and reagents with the exception 

o f the trityl group which is affected by the photochemical cleavage.

j l
R

4-m ethoxyphenacyl bromide 

\\\H
BOCHN CO,H t e a . DMF BocHN

o

Figure 37; Use o f 4-m ethoxyphenacyl group as carboxy protecting group.’^̂
OCHi

The Phenoc group has also been used to protect the amine function o f some amino 

a c i d s . I t  is cleaved at 350 nm in quite good yields but the synthesis o f the protected 

amino acids is quite complicated, proceeding via an oxime carbonate. The chloroformate 

intermediate is not stable enough to be used for this purpose.

4-Methoxyphenacyl and a-m ethylphenacyl groups are more photosensitive than 

the phenacyl group which has also been used as a protecting group for carboxy 

f u n c t i o n s . P h e n a c y l  group has also been removed by sodium thiophenoxide'"'^ and 

selenophenol.'"'^ Very recently, 4-hydroxyphenacyl has been developed as a new 

“phototrigger” for ATP'"'"' or excitatory amino acids and peptides.
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Phenacyl resins have been used extensively in but side-reactions can

be encountered such as diketopiperazine f o r m a t i o n . T h e y  have also slow cleavage

kinetics 149

3. 4. 2-Nitrobenzyl and 2-nitrobenzyloxycarbonyl derivatives

2-Nitrobenzyl and 2-nitrobenzyloxycarbonyl groups have been used extensively 

as protecting groups for the carboxy function and the amine function respectively. 

2-Nitrobenzyloxycarbonyl groups were among the first photolabile groups to be 

i d e n t i f i e d . T h e y  have successfully protected amino a c i d s . T h e  presence o f an 

aromatic nitro group ortho to a carbon-hydrogen bond makes these groups very good 

photocleavable groups. Photolabile cleavage proceeds in high yields via an 

intramolecular oxygen transfer from the nitro group to the methylene^^^ (Figure 38).

N — R

©  N =  0

N — R

©  N - 0

H ydrogen abstrac tion

+ CÜ2 + HjN—R
NO

N — R

N — R

0 N  — OH

Figure 38: M echanism  of the photolabile cleavage o f 2-nitrobenzyloxycarbonyl group. 122,153

2-Nitrobenzyl groups are cleaved via a similar mechanism. 2-

Nitrosobenzaldehyde is formed at the end o f the reaction and further transformed into the

dimer azobenzene-2,2’-dicarboxylic acid. This dark by-product acts as a light filter and

can slow down the rate o f the cleavage. If  a-2-nitrophenyl-substituted 2-nitrobenzyl
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groups replace 2-nitrobenzyl group, this problem is eliminated and the photolabile 

cleavage proceeds more e f f i c i e n t l y T h e  same is observed when a-2-nitrophenyl-

substituted 2-nitrobenzyloxycarbonyl groups replace 2-nitrobenzyloxycarbonyl groups. 153

6-Nitroveratryloxycarbonyl has also been used as a photolabile group. The 

photolabile cleavage o f this group proceeds in a higher yield than for 2- 

nitrobenzyloxycarbonyl group and follows the same m e c h a n i s m . T h i s  group has been 

successfully used to protect amine functions o f amino a c i d s o r  amino s u g a r s . T h e  

protection is easily made via the chloroformate (Figure 39).

H3C0

H3C0

OH H3 CO
COCI2

dioxane HqCO

H.CO

Figure 39: Synthesis o f NVOC-am ino acids. 154

NaHCO-./dioxane
W\H

H 2 N '  C O 2 H  V

H3CO

o
I I  J L w h

H

NO,

Photolabile cleavages proceeded in good yields when sulfuric acid was added 

during irradiation.’ '̂̂  Indeed, if  the liberated amine is not protonated, the aldehyde by­

product formed during cleavage and derived from the NVOC groups can be attacked by 

this amine. Acidic conditions are therefore necessary to avoid these by-reactions. Most o f 

the protecting groups and reagents used in SPPS are compatible with NVOC groups 

except the trityl group which is sensitive to irradiation.

Recently, NVOC groups and 6-nitroveratryl groups (protections for carboxy 

functions) have been used for chemical aminoacylation o f transfer R N A s’^̂  and as 

photochemical protecting groups in DNA s t u d i e s . T h e  photolabile cleavages were 

carried out in high yields. When both NVOC and 6-nitroveratryl groups were present, a
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potassium acetate buffer was used during photolabile cleavage to keep the free amine 

protonated.

Finally, linkers derived from 2-nitrobenzyl and 6-nitroveratryl have been used in 

SPPS. 2-Nitrobenzyl linkers have been synthesised and used with success but some 

drawbacks have also been reported, in particular these linkers are not fully compatible 

with Fmoc methodology as they are not completely stable to the piperidine used to cleave 

Fmoc groups.

Recent work has been published on 6-nitroveratryl derived l i n k e r s f o r  

combinatorial chemistry. Best photolabile cleavages (shorter half-lives o f the linkers) 

were obtained in dioxane at 365 nm.'^^ The same type o f linkers has also been used in 

oligonucleotide chemistry.
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4. Aims of project

The aims o f this project is to develop an efficient three dimensional protecting 

group strategy using photolabile groups to synthesise lanthionine-containing peptides 

with solid-phase methods.

The incorporation o f  monosulfide bridges into small peptides is a powerful tool in 

SAR studies. A quick and easy method to build lanthionine-containing peptides would be 

a great asset for such studies. Also, there is still today a need for synthetic techniques 

leading to portions o f lantibiotics and ultimately new lantibiotics.

To achieve these targets, a solid-phase method enabling cyclisation and further 

elongation o f the growing peptide on the resin is required. A side-chain-to-tail strategy 

was planned (Figure 40).

H.N

FmocHN

PHN

CO2 P

CO2H , coupling reagents 

N H lm oc

PHN

COHN

CO2 P 

FmocHN-Xaa-Xaa-HN

2. Capping
3. Fmoc deprotection on the lanthionine residue
4. Addition o f  other Fmoc/tBu or Boc 
protected amino acids, Xaa

PHN

X ^ C O H N
/ V

Ĥ N

CO2 P

CO-Xaa-Xaa-HN

H

5. Photolysis o f  groups P
6. Fmoc deprotection o f  the terminal Xaa
7. Cyclisation
8. Possible further extension 
o f the peptide

COHN

H

Figure 40: Three dim ensional orthogonal protecting group strategy for the SPPS of lanthionine- 

containing peptides.
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In this approach Fmoc groups were chosen for A^-protection and tBu and Boc as 

side-chain protecting groups. This methodology can be adapted to both batch or 

continuous-flow peptide synthesis. The third type o f protection must be orthogonal to 

both Fmoc and tBu/Boc; and therefore it must be resistant to both basic and acidic attack. 

Photolabile groups are an interesting option as they can be easily removed by light. 

Several types o f photolabile protecting groups such as 3,5-dimethoxybenzyloxycarbonyl, 

4-methoxyphenacyl and 6-nitroveratryl groups are compatible with SPPS. In addition, 

photolabile chemistry has already provided SPPS with promising linkers. This Fmoc/tBu 

or Boc/photolabile strategy would be a totally new three dimensional orthogonal 

protecting group strategy to build lanthionine-containing peptides. It would be a step 

towards polycyclic peptides and a synthetic approach for lantibiotics.

In order to develop this approach, synthetic pathways to novel lanthionine 

residues bearing photolabile groups had to be elaborated (Figure 41).

amine function protected by a
photolabile group: free carboxy function: ATTACH
SUBSEQUENT CHAIN  ^ ______ TO THE GROWING PEPTIDE
EXTENSION

H oN -^
CO,H HjN

carboxy function protected amine function protected
by a photolabile group: RING CYCLISATION by an Fmoc group: RING EXTENSION

Figure 41: Target lanthionine residue.

It was decided to synthesise (R, R) lanthionine residues first, necessitating the use 

o f  the natural (R) cysteine and (5) serine residues which are cheap. Once the pathway is 

developed for one diastereoisomer, reproducing it to synthesise the other 

diastereoisomers should be straightforward.

Moreover, although the (S, R) diastereoisomer occurs naturally in lantibiotics, the 

{R, R) diastereoisomer has also been used, to synthesise sandostatin analogs in particular. 

So models o f such analogs could be made from (R, R) lanthionine residues, following the 

Fmoc/Boc/photolabile strategy, to study the efficiency o f this new strategy.
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In chapter 3, the different strategies developed for the synthesis o f lanthionine 

residues with photolabile proteeting groups will be discussed.

In chapter 4, the photolabile tests carried out on these residues as well as the SPPS 

o f a lanthionine-bridged sandostatin analog will be presented.
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3. Synthesis of lanthionine residues with 

photolabile protecting groups

1. Towards lanthionine residues via serine p-lactone

Most o f the existing methods for the synthesis o f lanthionine residues use a 

cysteine residue and a p-alanyl cation equivalent (see Chap. 1. Part 2.). At the time this 

project started, serine p-lactones were the best P-alanyl cation equivalents available in 

terms o f control o f stereochemistry and synthetic accessibility.

The planned target lanthionine residue (see Chap. 2. Part 4.) bears two 

photolabile groups. 3,5-Dimethoxybenzyloxycarbonyl was chosen as the amine 

protecting group and 4-methoxyphenacyl was considered for the carboxy protecting 

group. The retrosynthetic pathway was therefore decided as starting from serine and 

cysteine to make lanthionine residues via serine p-lactones (Figure 42).

■S % # -------S-

P , H N ^  /  \ ^ C 0 2 \ \  P ,H N -

:>
CO2 P2 N H F m oc

Pj =  3 ,5-d im ethoxybenzyloxycarbonyl 

P ] = 4-m ethoxyphenacyl

OH

P ,H N

P ,H N

CO2 H N H B o c

B ocH N

C02tBu

C02tBu

Figure 42: Retrosynthetic pathway to build the target lanthionine residue via  serine P-lactones.

The photolabile groups were chosen for their adaptability to peptide synthesis (see 

Chap. 2. Part 3.) and the high yields reported for the cleavage steps. It was decided to
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add the Fmoc group only at the end o f the synthesis as when A^-Fmoc-cysteine allyl ester 

residues were added to serine |3-lactones, the ring opening reaction failed.^*

1.1.  Synthesis of the cysteine moiety

Simple steps were chosen to synthesise Boc-Cys-OtBu. It was planned to start 

with the synthesis o f the tert-h\x\.y\ ester (Figure 43) as acidic conditions are required in 

this step; if  a Boc group is already present on the molecule, the acidic conditions would 

cleave it.

SH

I  ̂ II H2SO4 4 (tBuOC0)2O 4
............................................................  J U ' " , O t B u

^  I I  H;N C NaOH, THF BocHN C'
O "

O /S H  SH

W\H
C

Figure 43: Planned route towards A^-Boc-cysteine ter/ butyl ester.

An efficient method to protect the carboxy function o f  amino acids with a tert- 

butyl group has been published’ using tert-h\xXy\ acetate and perchloric acid. For a safer 

approach, sulfuric acid was first tried in this reaction.

A high-yielding protection strategy using di-rerAbutyl dicarbonate in basic 

conditions’^̂  was planned for the protection o f the amine function.

However, the first reaction did not go according to plan as the thiol function was 

also protected in the reaction. A-rgrr-Butyloxycarbonyl-5'-/err-butylcysteine tert-\yu\.y\ 

ester was eventually recovered (Figure 44).

SH/  o  StBu StBu

_ ...X “H o N  C  (6 2  /o ) yy XT T U T 7 ^  X x-. T ^H2N  C NaOH, THF BocH N  C'

o (1) & (80%) (2) II

Figure 44: Synthesis of cysteine (2).
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An easy way to overcome this difficulty is to use the commercially available S- 

rgrr-butylthiocysteine as starting material. As other parts o f the synthetic pathway gave 

poor results (see below), the strategy was changed and these particular steps were not 

attempted.

1. 2. Synthesis of A^-3,5-dimethoxybenzyIoxycarbonylserme

It was decided to try the direct approach first to make N-3,5- 

dimethoxybenzyloxycarbonylserine via the chloroformate (Figure 45).^^^

O O

OHOH

a. or b. phosgene

dioxane

A
O Cl

a. L iA lH yT H F, reflux (43 %)
b. N aB H ^/Y T H F, reflux (88  %)

+
NaOH, THF

OH

N
H

OH

\\\H

Figure 45: Towards 7V-3,5-dimethoxybenzyIoxycarbonylserine via the chloroform ate.

3,5-Dimethoxybenzyl alcohol (3) was easily synthesised from 3,5- 

dimethoxybenzoic acid using sodium borohydride and iodine The same reduction was 

much less successful with lithium aluminium hydride.

The chloroformate (4) was synthesised from the benzyl alcohol derivative using a 

solution o f phosgene in toluene. Careful neutralisation o f the excess phosgene had to be 

carried out before further work-up. As this chloroformate is fairly unstable, it was used 

straight away in the next step.
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An attempted Schotten-Baumann reaction in basic conditions failed to give the TV- 

protected serine even after another base (sodium hydrogen carbonate) and another solvent 

(dioxane) were tried. In all cases a mixture o f 3,5-dimethoxybenzyl chloroformate and

3,5-dimethoxybenzyl alcohol was recovered. The lack o f purification o f  the 

chloroformate might be partly responsible.

It was therefore decided to try another synthetic pathway originally developed by 

Chamberlin (F igure 4 6 ) . A-3,5-Dimethoxybenzyloxycarbonylserine is synthesised 

from a carbonate intermediate in basic conditions.

H3CO,
/?-nitrophenyl chloroformate,

'OH H3CO,
 ►

(3) acetone, 0°C

(33%)

O

A

OCHi

(6)

NOo
OCH.

+
NaHC0 3 , 

THF

(5%)

H3CO
CO.H

H.N

OH

L \\H
CO2 H

OCH,

F ig u r e  46 : T o w a r d s  A ^ -3 ,5 -d im e th o x y b e n z y lo x y ca r b o n y iser in e  via  th e  c a r b o n a te .

The Schotten-Baumann reaction proceeded at a very low yield (5 %). Numerous 

attempts to improve the yield (trying sodium hydroxide as a base for example) were 

carried out to no avail. In particular, pH adjustments were made in the work-up to 

separate /7-nitrophenol from the title compound.
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1. 3. Synthesis of serine p-lactone residues

As difficulties were encountered in the synthesis o f A-3,5-dimethoxy- 

benzyloxycarbonylserine, A^-benzyloxycarbonylserine was synthesised first to test the 

synthetic pathway leading to serine p-lactone residues. The methodology developed by 

Vederas et al.^^ to make serine p-lactone was followed (F igure 47), using DMAD or 

DEAD and tripheny Ipho sphine.

.OH

O

OH

Cl
NaOH COoH

(63%)

PPhg/DM AD  

THF, -78"C (7 %)

Figure 47: Synthesis o f A-benzyloxycarbonylserine 3-lactone.

A^-Benzyloxycarbonylserine was synthesised from serine using benzyl 

chloroformate and base in good yield.

The synthesis o f serine p-lactone was reported to work well with DMAD and the 

crude product was easier to purify when DMAD rather than DEAD was used.^^ DEAD is 

available commercially whereas DMAD must be synthesised. It is a red liquid that 

decomposes quickly at room temperature and presents explosive hazards.

To synthesise the precursor o f DMAD, dimethylhydrazodicarboxylate, methods 

developed to make the precursor o f DEAD were used.^^^’̂ ^̂ ’’^̂  The next step was adapted 

from the synthesis o f methyl ethyl azodicarboxylate from its hydrazine precursor 

(F igure 48).

170
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Na2C03 \  H H
H 2N — NH2 +  2 H 3 C 0 — ----------------- ►  y— N — N —

(% )^  (9)

A^-bromosuccinimide 
O o  pyridine

^— N =  N— ^
H3CO ^10) OCH3

Figure 48: Synthesis o f DMAD.

The synthesis o f dimethyl hydrazodicarboxylate proceeded well. It had to be 

separated from its NaCl by-product by filtration in warm acetone and then used in the 

next step, alongside #-bromosuccinimide and pyridine, to make DMAD. As DMAD 

appeared pure by n.m.r. and is potentially explosive, no further purification was 

attempted. DMAD was used as quickly as possible in the synthesis o f serine (3-lactone, as 

it decomposes within a few days.

The synthesis of serine (3-lactone proceeds in two steps. First DMAD is added to 

triphenylphosphine to make an adduct, then A-benzyloxycarbonylserine is added to this 

adduct and the Mitsunobu reaction takes place. The formation o f the adduct must proceed 

at -78°C. If the adduct is not formed when the protected serine is added, no reaction will 

take place.

The purification o f the crude product also presented difficulties. The by-product 

dimethyl hydrazodicarboxylate in particular tends to run at Rp values very close to the 

title compound. A careful flash column chromatography must be carried out for a proper 

purification o f the product. When DEAD is used, it is impossible to separate the diethyl 

hydrazodicarboxylate by-product from the title compound.

The yield o f the reaction was very low (7 %). It is believed that the key elements 

in this reaction are the purity o f the DMAD used and very dry conditions. As the DMAD 

used in these attempts was still a bit wet with solvents, it is possible that this might lead 

to a limited formation of the intermediate adduct and a poor yield.

To synthesise lanthionine residues quickly and efficiently, easy high-yielding 

steps are required. As it was reported that lanthionine formation will not proceed with a
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higher yield than 50 %, due to a competitive formation o f thioester^ (see Chap. 1. Part 

2.) it is essential to achieve near quantitative yields in the rest o f the synthesis. This first 

strategy had therefore to be reviewed.
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2. Synthesis of lanthionine residues via iodoalanine

As the first strategy did not give satisfactory results, it appeared necessary to find 

an alternative to serine (3-lactone and to change the photolabile ^-protection. At that time 

in the project, a new method to synthesise lanthionine residues via iodoalanine residues 

was published by Dugave and Ménez.^^ The route seemed viable and proceeded in high 

yields. A new retrosynthetic pathway was therefore planned (F igure 49).

P, H N ^  CO2 H

CO2 P2 NHFm oc

? i  =  6 -n itroveratry loxycarbon yl 

? 2  =  4-m eth oxyph en acyl

TrtHN

H N

CO2 P2

CO2 P2

C02tBu

N H Fm oc

TrtHN

+

CO 2 P2  Fm ocHN C02tBu

Figure 49: Retrosynthetic pathway to build the target lanthionine residue via iodoalanine.

6-Nitroveratryloxycarbonyl was chosen to replace 3,5-dimethoxybenzyloxy­

carbonyl as the A-protection as it had also been used to protect amino acids and 

reasonable cleavage yields were rep o rte d .4 -M e th o x y p h e n acy l was retained as the 

photolabile carboxy protection.

The Fmoc group was introduced from the start on the cysteine residue as this 

protecting group was reported to be compatible with this pathway.

A trityl group was used as ^-protection on the serine and iodoalanine residues 

during the literature synthesis and was reported to be a good protecting group for this 

step. This bulky protecting group has been found to prevent a-ester saponification and a -  

proton abstraction by non nucleophilic b a s e s . I t  is easily removed by mild acid.
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2. 1. Synthesis of the cysteine moiety

Starting from &rgrf-butylthiocysteine, two protection steps were carried out. As 

noted previously (see 1. 1. ), it was necessary to initially protect the thiol function or it 

will be protected with a tert-h\xiy\ group in the first step. Three simple steps gave the 

desired cysteine residue (Figure 50).

SStBu ^ SStBu

.|\\\H

H 2 N ' ^COgH ^  ^O tB u (83%) " ^ C O ztB u
(11)

Fm ocCl

N a2C0 3 , dioxane  

,S H  SStBu

JQh _ JQh
FmocHN C0 2 tBu TH F/H tO  Fm ocHN C 0 2 tBu

(4 ,% f

Figure 50: Synthesis o f cysteine (13) from 5'-t^r/-butylthiocysteine.

The two first steps proceeded in high yields. The two protected intermediates 

were successfully purified by flash column chromatography.

The last step is the disulfide cleavage required to free the thiol function o f  the 

cysteine residue. In the original pathway towards lanthionine re s id u e s ,c y s tin e  was used 

to give a cysteine residue that was then used straightaway alongside iodoalanine to make 

lanthionine. The disulfide cleavage of the dimer was performed with tributylphosphine. It 

had been decided to use 5'-ferr-butylthiocysteine instead o f cystine as preliminary tests 

showed that cystine was not dissolved in a mixture o f tert-h\xXy\ acetate and sulfuric acid. 

The cleavage o f the thiol protecting group on iS-f^rf-butylthiocysteine should lead to a 

similar cysteine residue than the one described in the original reference.

Tributylphosphine was used for this cleavage, in wet THF. The main drawback o f 

the reaction is the formation o f tert-bvXyX thiol as a by-product, which presented problems 

in purification. Flash column chromatography was carried out but by-products resulted 

from the presence o f tert-h\xXy\ thiol. The reaction proceeded to give a rather low yield 

(41 %).
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It was consequently decided to avoid this problem by using cystine from the start 

o f the pathway (Figure 51) (so there is no need o f  thiol protection and cleavage o f the 

dimer will give the cysteine monomer without by-product).

HCIO4 
 ►

'OtBu (96% )

s-

^H2N" C02tBUy 
(14)

2

FmocCl

jY-methylmorphoIine
THF

(82% )

SH

PBU3 /  ^
-------------  J L wh

Fm ocHN COjtBu THF/H^O \  Fm ocHN
(13) (91% ) \  ^

F igure 51: S ynth esis o f  cysteine (13) from  cystine.

Tests were carried out in acidic conditions to find an acid in which cystine 

dissolves well, however perchloric acid was the only suitable acid, as confirmed by 

reports in the l i t e r a t u r e . T h e  reaction proceeded in high yield, improving on the 

literature. The key element o f the reaction is the increase o f the pH in the work-up. It is 

important to reach at least pH 9-10 to recover most o f the title compound. The next step 

must be carried out quickly afterwards as cystine bis-ferf-butyl ester degrades, turning 

yellow.

A recent approach to the protection o f cystine by an Fmoc group involves the use 

o f Fmoc-A-hydroxysuccinimide ester and A-ethylmorpholine.*^"^ Using FmocCl and N- 

methylmorpholine, a similar method was carried out in high yield.

The main difficulty of the reaction is the purification o f the title compound (15). It 

is very hard to separate the by-product fluorenylmethyl alcohol from the title compound. 

Laborious flash column chromatography was successfully carried out (yield 82 %). An 

easier method, recrystallisation, has also given satisfactory results (yield 76 %), the title
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compound being selectively recrystallised in dichloromethane: methanol (1: 4) at -20°C 

whereas fluorenylmethyl alcohol remains in solution.

The cleavage o f the dimer cystine (Figure 52) worked with a very high yield once 

the right amount o f water was added to the reaction mixture. Originally described as “wet 

the solvent system must actually consist o f a large excess o f water (at least 9:1, 

THF: water), as confirmed by methods described in the literature for the cleavage o f 

disulfide in This might also explain why previous attempts w ith S-tert-

butylthiocysteine were not very successful, probably lacking water in the reaction 

mixture.

PBu-

O— HFmocHN FmocHN

NHFmoc COotBu

FmocHN COjtBu

Figure 52: M echanism of formation of cysteine residues from cystine residues using  

tributylphosphine.

Purification o f the crude by flash column chromatography was carried out shortly 

after the reaction and gave the title compound in a very high yield (91 %)

2. 2. Synthesis of iodoalanine residues with 4-methoxyphenacyl as carboxy 

protecting group

Iodoalanine residues were synthesised from mesyl derivatives by Dugave and 

Ménez.^^ Protection o f both the amine and the carboxy functions was necessary on the
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serine residues, before synthesising the mesyl derivatives. The protection o f the amine 

function was carried out first using a “one-pot” method developed by Theodoropoulos et 

a / . ( F i g u r e  53).

OH
TM SCl, 3.5 eq. 

 ►
TEA, DCM

H2N  CO2H TM SH N  CO2TM S

.O T M S
CH3OH, 1.5 eq.

D CM A '
OTM S 

.t\\\H

H2N CO2 TMS

TrtHN
A

CO2 H

l.TrtC i, TEA, D CM  

2 .CH3OH  

(94% ) overall yield

(16)
Figure 53: Synthesis o f A-tritylserine.

The difficulty o f protecting the amino group o f serine with a trityl group is to 

have trityl chloride reacting only with this amine function and not with the alcohol 

function and the carboxy function also present in serine. An efficient way to overcome 

this problem is to first protect all three groups using trimethylsilylchloride, then to 

deprotect only the amine function with 1.5 eq. o f methanol (silyl amino group being more 

easily cleaved by methanol than silyl ester or silyl ether) and finally to protect this amine 

with a trityl group. Fast and efficient deprotection o f the silyl groups remaining on the 

molecule is carried out using an excess o f triethylamine and methanol. This method gave 

A-trityl serine in a very high yield (94 %).

The diethylammonium salt o f the title compound was also synthesised to check its 

purity by comparison o f optical rotations ([a]o -32.7°, 21°C, c 22.72 mg/ml in methanol; 

lit.” * [a]D-33°, 25“C, c 1 % in methanol).

4-Methoxyphenacyl bromide was added to a solution o f A-tritylserine in DMF 

with triethylamine as a basic catalyst (F igure 54), following a known method. 

Recrystallisation o f the whitish crude product in ethanol gave the title compound as a 

white powder in a fairly good yield (55 %).
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M

•OH -OH
4-m ethoxyphenacyl bromide g

*\\\H  ► JL\\\H ^
T itN H ' ^ C O z H  t e a , DM F T r t N H ^ '^ ^ C ^

(16) (55% ) II
O

TrtNH

O (19)

N al, acetone 

—

O
II
c .

(17)

24 hr

MsCI, TEA, DCM

OM s

i\\\H

TrtNH

'OCHq

OCHi
O

(18)

'OCH,

Figure 54: Towards iodoalanine (19).

The next step proceeded well to make the mesyl derivative following a common 

procedure. ' As mesyl derivatives are usually fairly unstable, the next step was carried 

out without further purification. Later attempts at purifying the title compound by flash 

column chromatography led to the recovery o f a small amount o f aziridine by-product 

(F igure 55) alongside the title compound (18) (yield about 80 %).

A second method was used to protect the hydroxy function with a mesyl group. 

This was developed by Dugave and Ménez^^ and requires the use o f THF instead of 

DCM and less TEA. In this case a large amount o f aziridine by-product was recovered 

along with the title compound (yield 21 %) after purification by flash column 

chromatography.

fX ,

OCH,

Figure 55: Aziridine by-product formed during mesylation o f the hydroxy group o f serine (17).
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Most o f the time, the mesyl derivative was therefore used in the next step without 

purification. Sodium iodide was added to the crude mesyl derivative in acetone.^^ 

Performed in light as well as in the dark, for 24 hr or 41 hr, the reaction did not work. 

The starting material (18) was recovered after extraction.

Another method was tried. Iodoalanine derivatives have been reported in the 

literature from serine derivatives using methyltriphenoxyphosphonium iodide (F igure

.OH
O

H3 CP(OPh)3 l, DMF

T T " ^  ^ ' " “ ,0 .TrtNH

o (17)

(25%) TrtNH
X u

I

,\\\H

O
II

.C.

OCHi
(19)

'OCH,

Figure 56: Synthesis o f iodoalanine (19).

Methyltriphenoxyphosphonium iodide was obtained commercially but it degrades 

very quickly and was already 1/3 degraded when used in the reaction. The purification o f 

this reagent requires the use o f a glove-box in strictly dry conditions. As this was not 

available at the time, it was decided to use an excess o f methyltriphenoxyphosphonium 

iodide in the reaction.

Purification was difficult and by-products derived from 

methyltriphenoxyphosphonium iodide were still mixed with the title compound after 

flash column chromatography. A low yield was recorded for this reaction (25 %). It is 

very probably due to the lack o f purity o f the reagent used in this reaction.

This pathway does not have high-yielding and efficient steps. The mesyl

derivative is hard to obtain in a very pure and dry form and this accounts for the lack o f

success in synthesising the iodoalanine residue.

It was therefore decided to use the 6-nitroveratryl group as protection for the

carboxy function o f the serine and alanine residues. Recent work^^^ had shown the

advantage o f cleaving this group and an NVOC group on the same molecule with the

same wavelength, so this solution appeared like an interesting practical advantage for

future SPPS work on the target lanthionine residues.
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2. 3. Synthesis of iodoalanine residues with 6-nitroveratryl as carboxy 

protecting group

Starting from A^-trityl serine (16), a new synthetic pathway was planned, with 6- 

nitroveratryl as a carboxy protecting group (Figure 57).

.OH
4,5 -dim ethoxy-2-nitrobenzy 1 bromide

.OH O2N

W \H
TrtNH CO2H 

(16)

I O2N

TrtNH

TEA, DMF  

(93%)

OCHi

O C H i

TrtNH

1. M sCl 1.5 eq., TEA 3 eq. 
DCM , 3 hr (87% )

or

2. M sCl 1.2 eq., TEA 1 eq. 
THF, 1 hr (91% )

N al, acetone

4 days, 2 0 T  ,H

(82% ) TrtNH

OM s O2N

OCH1

OCHi

II (21)

OCH,

OCH,

Figure 57: Synthesis o f iodoalanine (22).

The same methodology was used for the 6-nitroveratryl ester (20) as for the 4- 

methoxyphenacyl ester (17). The carboxy function was protected in a high yield without 

the need for purification.

Conversion to the mesyl derivative (21) using similar conditions proceeded in 

high yield (87 %). Separation o f the by-product, methanesulfonic acid from the desired 

compound (21) was successfully achieved using flash column chromatography. Further 

improvement in the yield was observed (91 %) using the second method developed by 

Dugave and Ménez^^ Similarly, the crude was purified successfully by flash column 

chromatography or recrystallisation.

The iodoalanine (22) was successfully synthesised from (21) using sodium iodide 

in acetone. A large excess o f sodium iodide (11 eq.) is necessary. The reaction works best 

when both sodium iodide and the mesyl derivative (21) are separately totally dissolved in 

acetone before being mixed together. Also an improvement in yield is observed when the
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mesyl derivative solution is added to a solution of sodium iodide and not the other way 

around.

If  the reaction mixture is left for too long after completion and before any work­

up takes place, then a large amount o f the aziridine by-product (23) is formed. Finally, it 

seems that the “room” temperature plays a role in the completion o f  the reaction. After a 

quite low yield was obtained at 10°C, some tests were carried out. They showed that at 

25°C, the reaction is completed in 24 hr and a small amount o f aziridine by-product is 

also recovered. At 10°C, the reaction is nearly completed after 4 days but a small amount 

o f  mesyl derivative remains in the reaction mixture. Ideal conditions are therefore 4 days 

at 20°C. A high yield is obtained in these conditions, after purification by flash column 

chromatography (82 %).

2. 4. Synthesis of lanthionine residues

Following the published method,^^ cesium carbonate was added to a mixture o f 

protected cysteine (13) and iodoalanine (22) dissolved in DMF (Figure 58).

I
CS2 CO 3 /DM F TrtHN-   "MIIIH C02tBu

4 hr, 20°C
F m o cH N ^ ^ j 3 j ^ C 0 2 tBu T r t H N ( 9 4 0 /^) CO 2 N V  (24) NHFmoc

lanthionine

+r - -_ ^ C 0 2 N V  

aziridine

Figure 58: Synthesis o f lanthionine from cysteine and iodoalanine residues.

Cesium carbonate has been found to be the best basic reagent for this nucleophilic 

substitution.^ The order o f addition in this reaction is important. If  cesium carbonate is 

added to cysteine (13) on its own and in a small amount o f solvent, partial cleavage o f the 

Fmoc group takes place. Similarly, it is important not to concentrate the reaction mixture 

in high vacuo at the end o f the reaction and to use a maximum of 1 equivalent o f cesium
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carbonate, otherwise partial cleavage of the Fmoc group is observed. It was established 

that adding cesium carbonate last and portionwise to the reaction mixture worked best.

Interestingly, there appears to be no formation o f the elimination by-product 

dehydroalanine, even though a non-nucleophilic base is used in this reaction. This is due 

to the presence o f the trityl group on the amine function, which has been shown to 

prevent a-proton abstraction.

A small amount o f aziridine by-product (23) is formed during the lanthionine 

synthesis, as previously reported.^^ Lanthionine is obtained with a higher yield when 

iodoalanine is used in slight excess (1.1 eq.) and if  the reaction is carried out at 20°C. 

After thorough purification by flash column chromatography, lanthionine (24) is obtained 

in excellent yield (94 %).

A mixture o f two inseparable lanthionine residues was obtained: this is discussed 

in section 2. 5.

A 6-nitroveratryloxycarbonyl group was then required in place o f the trityl group, 

and the tert-h\xXy\ group had to be removed to give the final lanthionine residue. It was 

initially decided to remove both the trityl and tert-h\xiy\ group in one step, then to 

selectively reprotect the amine but this alternative makes the work-up and the purification 

o f the intermediates difficult as a free carboxy function is then present for several steps.

A synthetic pathway was therefore planned, with three steps giving the final 

lanthionine residue (F igure 59).

The cleavage o f the trityl group with TFA to give (25) proceeded quantitatively. 

When only 4 eq. o f acid are used, the very acid labile trityl group is removed but not the 

tert-huiyX group which requires stronger acidic conditions to be cleaved. Neutralisation o f 

the remaining TFA was carried out with NMM, so as not to remove the tert-h\xXy\ group 

by concentration o f the remaining acid when the solvents are removed in vacuo. The 

NVOC protection was usually carried out straightaway, with no purification o f the 

intermediate lanthionine (25).
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TrtHN  ̂ lZ \^ C O ,tB u

CO2NV (24) NHFmoc DCM COjNV (25) NHFmoc

NVOCCl, NMM ', 

THF or DCM

NV0CHN._X!7 HX-'CO.H NV0CHN__/27 IDV-CÔ tBuTFA/DCM

CO2NV NHFmoc 50/50 CO2NV NHFmoc

Figure 59: Synthetic pathway towards the final lanthionine residue.

The protection o f an amine function by an NVOC group is usually carried out 

with Schotten-Baumann conditions in dioxane/sodium hydrogen carbonate solution but 

earlier attempts did not proceed well, as the starting material was not soluble in the basic 

solution. It was therefore decided to try organic conditions for this reaction. Conditions 

close to the ones developed to put the Fmoc group on the molecule were used, so as not 

to remove the Fmoc group in this basic step. As low yields were obtained in THF, the 

reaction was carried out in DCM, immediately after formation o f the amine and 

neutralisation, without changing the solvent.

N.m.r. and mass spectroscopy analyses revealed that (7?)-(4,5-dimethoxy-2- 

nitrobenzyl)-V-(4,5-dimethoxy-2-nitrobenzyloxycarbonyl)alanyl (R)-tert-huty\-N-(9- 

fluorenylmethyloxycarbonyl)alanyl sulfide was not made during this reaction. The amino 

group was successfully protected with NVOC, but the NV ester was unexpectedly 

hydrolysed in the process (F igure 60).

It seems that under these conditions the NV ester is very sensitive to base 

hydrolysis, being cleaved even more readily than the Fmoc group. Even though a 

minimal amount o f base was used in the reaction, a slight excess appeared enough to 

trigger the cleavage o f the NV group.
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TrtHN   ^iiiilH Hlii"

CO2 NV (24) NHFmoc

T F A 4eq .

DCM

( 1 0 0 %)

'^ i i lH  C02tBu

CO2 NV (25) NHFmoc

NVOCHN-^..^^^il^ ^ 1 , ,^ —

CO2 H (26) NHFmoc

NVOCCl, NMM  
DCM (100 %)

C02tBu

Figure 60: Synthesis o f lanthionine (26).

In the initial formation o f lanthionine, the presence o f cesium carbonate with an 

NV ester was not a problem as the trityl group was present on the molecule; this has been 

shown to protect a-esters from s a p o n i f i c a t i o n . T h i s  was also confirmed by test 

reactions where lanthionine residues (24) were left with NMM in DCM or with NMM 

and NVOCCl in DCM. The residues bearing the Trt groups were not affected by the basic 

conditions and residues (24) were recovered intact.

Depending on the nature o f the batches o f lanthionine used, two types o f 

lanthionine (25) have been recovered, with similar mass spectroscopy analyses but 

slightly different n.m.r. analyses. Again, their nature is discussed in section 2. 5.

The Schotten-Baumann conditions described in the l i t e r a t u r e w e r e  

therefore tried again but this time the starting material was dissolved in dioxane^^^ first 

before adding the aqueous solution o f sodium hydrogen carbonate and the NVOCCl 

dissolved in dioxane.

During the preparation o f the starting material lanthionine (25), no neutralisation 

of the remaining TFA was carried out after the removal o f the trityl group. Toluene was 

added several times to the reaction mixture and removal o f the solvents in vacuo 

(dichloromethane and TFA first, then toluene) gave protected lanthionine (25) with a free 

amino group without removal o f the rerr-butyl group. Occasionally, lanthionine (25) was

83



purified by flash column chromatography, but most o f the time the next step was carried 

out without further purification.

The amino group was successfully protected after 2 hr to give lanthionine (27) 

and in these conditions (Figure 61), neither hydrolysis o f the NV ester, nor cleavage o f 

the Fmoc group was observed.

/  ® \  / — ®— \
A'liuiH TFA 4 eq. ^ 2 ^' t^ h ii ih

TrtHN-
iiilH Hill'"

CO2 NV (24) NHFmoc DCM

iiiilH HIM 

CO2 NV (25) NHFmoc

C0 2 tBu

CO2 NV (28) NHFmoc (100% )

Figure 61: Synthesis o f the final lanthionine residue (28).

( 100%)
NaHCOq/dioxane

NVOCCl

( 100%)

S
NVOCHN

TFA/DCM

50/50 CO2 NV (27) NHFmoc

In section 2. 5. , the nature o f the two types o f fully protected lanthionine (27) 

recovered will be discussed.

Cleavage o f the tBu group was easily carried out with a large excess o f TFA in 

dichloromethane to give the desired lanthionine (28) in excellent yield. This material was 

now ready for SPPS.
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2. 5. Iodoalanine and lanthionine residues: mixture of rotamers and/or 

diastereoisomers?

2. 5. 1. Iodoalanine residues

The synthesis o f iodoalanine residues, from chloroalanine or 0-tosylserine, with 

different protecting groups on the amine function, has been previously reported/^'^^ In 

this work, no evidence o f rotamers was described.

Dugave and Menez reported the formation o f iodoalanine residues from 0-m esyl 

serine and the presence o f rotamers for such c o m p o u n d s .T h is  is accounted for by the 

presence o f the very bulky trityl group on the amine, which has previously led to the 

reported formation o f rotamers in homoserine residues.

Iodoalanine (22) was also found to exist as inseparable rotamers. It is very clear 

from the n.m.r. spectrum (Appendix 1 and Appendix 2) that two sets o f signals are 

present for each set o f protons on the molecule, with a major difference in chemical shift 

between some o f them (3.58 ppm (IH , -CH-CH 2 I, rotamer B) and 4.51 ppm (IH , CH 

CH 2 I, rotamer A) for example). This effect would not be observed with enantiomers. 

These extra signals do not correspond to the aziridine by-product (23) which we have 

isolated and characterised (Appendix 3) nor to the dehydroalanine by-product (which 

would show distinct signals in the 6-7 ppm region). Iodoalanine (19) was also found to 

exist as rotamers by n.m.r. analysis.

Dugave and Menez do not give a hypothesis for which bond suffers restricted 

rotation, justifying the presence o f rotamers. It is speculated that the CH-CH 2  bond is 

probably most restricted in the molecule.

To confirm the presence o f rotamers, VT experiments were carried out in DMSO, 

to temperatures o f 100°C, in the hope of observing coalescence o f some signals. This did 

not happen, presumably because the barrier o f rotation o f each rotamer is too high, even 

at very high temperatures. In addition, the formation o f the aziridine by-product (23) 

starts at around 40°C and complicates further the experiment. These problems were also 

observed by Dugave and Menez.
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Attempts to selectively recrystallise the iodoalanine rotamers were unsuccessful. 

Cleavage o f the trityl group with TFA was then attempted, in the hope o f  isolating only 

one compound afterwards. Indeed, if  the bulky trityl group is responsible for the 

formation o f  rotamers, removal of this group should give only one type o f iodoalanine 

NV ester. Unfortunately, when the trityl group is removed from the molecule, protection 

against hydrolysis o f the ester or formation of dehydroalanine is lost. The cleavage o f the 

NV ester was clearly visible by n.m.r. Mass spectroscopy identified the title compound 

but other analyses were not good enough and a mixture o f by-products was recovered.

A similar type o f iodoalanine residue (with a trityl group as amine protecting 

group and an allyl group as carboxy protecting group) has been synthesised very recently, 

giving similar n.m.r. spectra to the ones obtained for iodoalanine (19) and (22).^^  ̂ An 

elemental analysis o f this iodoalanine residue (found: C, 60.1; H, 4.8; N, 2.7; I, 25.6. 

C2 5 H 2 4 N O 2 I requires C, 60.4; H, 4.9; N, 2.81; I, 25.5 for a mixture o f rotamers 3: 1)’^̂  

indicated that the additional peaks in the n.m.r. analyses were not due to an impurity, and 

therefore confirmed the existence of iodoalanine rotamers.

It seems that when the reaction is carried out at 20°C for 4 days (optimum 

conditions, see 2. 3. ) a larger proportion o f one rotamer (called rotamer A) is formed 

than the other (called rotamer B). When the “room” temperature is higher, even more o f 

rotamer A is formed, along rotamer B and some aziridine by-product. W hen the “room” 

temperature is lower, the main rotamer is rotamer B, with a minority o f  rotamer A and 

some remaining mesyl starting material. This shows that rotamer A has probably a lower 

ground state conformational energy but requires more energy to be formed than rotamer 

B. So rotamer A is the thermodynamic product whereas rotamer B is the kinetic product.

2. 5. 2. Lanthionine residues

All the lanthionine intermediates (24), (25), (26) and (27) (Figure 62) have been 

recovered as two sets o f compounds having slightly different n.m.r. analyses but similar
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mass spectroscopy. It is harder to identify two compounds for the final lanthionine (28) 

as this residue does not give very good n.m.r. spectra in CDCI3 . This lanthionine can only 

be identified with difficulty in deuterated DMSO (Appendix 4 and Appendix 5).

TrtHN- COztBu HjN-

CO2 NV (24) NHFmoc

•iilllH Hill"

CO2 NV (25) NHFmoc

C0 2 tBu

NVOCHN
iiilH Hill 

CO2 H (26) NHFmoc

/...11110 01ll||,,\.---'-^

CO2 NV (27) NHFmoc

C02tBu N V O C H N ^ ^1....

Figure 62: Lanthionine residues showing doubling o f n.m.r. signals.

The two compounds recovered as lanthionine (24) are inseparable (Appendix 6 

and Appendix 7). By chance in the course o f earlier attempts to synthesise these 

lanthionine residues, these two compounds were obtained separately (Appendix 8 and 

Appendix 9) so comparison o f the spectra made it easier to identify compound A and 

compound B in the spectrum of the mixture, however the separation o f these residues is 

not usually possible.

M ost o f the time, lanthionine (25) was used straightaway without purification, but 

tests reactions were carried out on a small scale, with purification o f these residues by 

flash column chromatography. Two compounds with different Rp (0.25 and 0.02, neat 

ethyl acetate) were recovered, with similar mass spectroscopy analyses but slightly 

different n.m.r. analyses (Appendix 10 and Appendix 11). Careful chromatography also 

led to the separation o f two lanthionines (27) (Appendix 12, Appendix 13, Appendix 14 

and Appendix 15), despite their very close Rp (0.85 and 0.9, neat ethyl acetate).

Dugave and Menez synthesised similar compounds (Figure 63). 66
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TrtHN
MilH Hlii" 

C0 2 Bn

'A • 111111 U  I_1111 i 111

NHFmoc COtBo

TrtHN
r \

IIH Hlii" 

COoBn NHFmoc

NHBoc

Figure 63: Some o f the lanthionine residues synthesised by Dugave and M enez 66

Doubling o f some o f the signals o f the n.m.r. spectra o f these compounds was also 

reported. This was attributed to the presence o f rotamers, in line with the results observed 

for the iodoalanine re s id u e s .T h e s e  results were confirmed by a series o f experiments 

(Figure 64) that led to the determination o f the enantiomeric excesses o f the lanthionine 

residues synthesised.

TrtHN  --- \̂\W•'"IIH HI

COzBn

■ C02tBu 1. Formic acid
2. Raney Ni

NHFmoc 3 .6 N H C 1 , reflux HO2CJ <
.nUWH

NHn

+ iH

HO2C NH2

FLECl, base

NHFLEOC HOoC NHFLEOC

Figure 64: Conversion o f lanthionine residues to derivatised alanine residues.

The lanthionine residues were desulfurised with Raney nickel to give alanine 

residues. The chiral reagent FLECl was then used to derivatise these alanine residues. If 

lanthionine diastereoisomers had been formed during the coupling reaction, two alanine 

diastereoisomers would have been recovered and identified by HPLC. However, only one 

alanine chiral compound was identified by HPLC, proving that only a single lanthionine 

diastereoisomer was present. A total absence o f racémisation during the coupling step



was therefore confirmed and the lanthionine residues obtained by Dugave and Menez 

clearly identified as rotamers.

Lanthionines (24) to (27) have very similar n.m.r. spectra to the ones obtained by 

Dugave and Menez and the method to synthesise them is also identical. It seems that 

these lanthionine residues could therefore also be rotamers. However, cleavage o f the 

trityl group to make lanthionine (25) should eliminate most o f the steric hindrance on the 

molecule and a unique lanthionine (25) should have been recovered. This is not the case 

as two lanthionines (25) are identified and separated by chromatography, as are later 

lanthionines (27).

Some experiments were therefore carried out to prove the nature o f these 

compounds. Time constraints precluded similar desulfurisation and derivatisation 

reactions.

VT experiments were carried out on lanthionine (24) in an attempt to identify the 

two compounds present as rotamers. No coalescence between peaks o f compound A and 

peaks o f compound B was observed. However, the two sets o f signals o f the methylene 

protons on the NV group became individually much sharper and seemed to coalesce, both 

in DMSO and toluene (Appendix 16). This experiment did not show whether compound 

A and compound B are rotamers or diastereoisomers but implies that each compound A 

and compound B are themselves actually a set o f two rotamers. So lanthionine (24) might 

consist o f two rotamers, each having one rotamer, so a mixture o f four rotamers; or o f 

two diastereoisomers, each having a rotamer. The presence o f more than two rotamers 

appears quite possible, especially as most o f the lanthionine residues synthesised by 

Dugave and Menez have three rotamers. VT experiments were also attempted on 

lanthionines (27) and (28) but no coalescence was observed.

Separation o f compound A and compound B o f lanthionine (24) was attempted by 

reverse-phase HPLC, however, only one peak was observed. Similarly, lanthionine (27) 

gave only one peak by reverse-phase HPLC and lanthionine (28) gave two peaks so close 

to each other that no separation was possible. Normal-phase LC-MS o f lanthionines (24) 

and (27) gave respectively two peaks each. No conclusive evidence regarding the nature 

o f these lanthionine residues could be drawn from these results.
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Recrystallisation o f each type of lanthionine (27) was successfully carried out. 

However, the crystals obtained were too unstable for subsequent crystallographic 

analysis.

Attempts at synthesising cyclolanthionine from lanthionine (24) were carried out 

using DIEA and carbonyldiimidazole^^ (F igure 65).

TrtHN
11111T -T  T-1111 ! I n■ iiilH  H lii'-  V ^  C 02tB u  x fA /D C M . ^2  

C O 2 N V  (2 4 ) N H F m oc

N - /■ ii l l lH  H llliu A —  C O 2H

5 0 /50

MIIIH Hli" 

CO2NV N H F m oc

D M F
D IE A  2 eq.
carbonyldiim idazole 2 eq.

F m ocH N

(2 9 )
O

F ig u r e  65: S y n th e s is  o f  c y c lo la n th io n in e  res id u es .

A batch o f lanthionine (24) with a ratio o f compound A: compound B, 3: 1 was 

used in the attempted reactions. It was necessary to recover the cyclolanthionine with a 

yield higher than 75 % to draw a conclusion about the nature o f compounds A and B. I f  a 

mixture o f cyclolanthionine diastereoisomers had been recovered (identified by n.m.r. by 

comparison with published data^" ’̂"̂ )̂ the nature o f compounds A and B as

diastereoisomers would have been proven. On the other hand, if  only one type o f

cyclolanthionine residue had been identified by n.m.r., compounds A and B would have 

been shown to be rotamers.

Unfortunately, the reactions did not proceed with high enough yields to draw a 

conclusion to the experiment. A large number o f by-products were recovered. The 

desired cyclic compound was identified by mass spectroscopy, alongside the starting 

material without its NV ester. In the second part o f the experiment, it appears that the

basic conditions are responsible for the saponification o f the NV ester.
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The key to whether rotamers or diastereoisomers are present lies in the coupling 

step to synthesise lanthionine (24). Racémisation should not happen later in the synthetic 

pathway whereas it might take place during this nucleophilic substitution. It is hard to 

draw a correlation between the ratio o f iodoalanine rotamers and the ratio o f the two 

lanthionine residues obtained as both these sets o f compounds are undergoing long work­

up and purification by flash column chromatography before they are identified by n.m.r. 

However, it appears that iodoalanine rotamer A gives mainly lanthionine compound A 

and iodoalanine rotamer B mainly lanthionine compound B.

As mentioned previously (see 2. 4. ) these lanthionine compounds are obtained 

with a higher yield when iodoalanine is used in slight excess ( 1 . 1  eq.) and if  the reaction 

is carried out at 20°C. Iodoalanine rotamer B was partially recovered when an excess o f 

iodoalanine rotamers was used in the reaction, with a larger proportion o f rotamer A than 

rotamer B in the starting mixture. It is possible that the conformation o f rotamer A makes 

thiolate attack on this rotamer preferable.

A mechanistic explanation for the possible formation o f diastereoisomers could 

be drawn from the previous observations (Figure 66).

I I

COoNVTrtHN

rotamer B

NVO.C

NHTrt

rotamer A

H

Nvozq
TrtHNlii'

NVO2 C

TrtHN

"IIH

H

T rtrôî

Trt
N

\  ..üW\H

N V O zC^ "H

Figure 6 6 : Possible m echanistic explanation for the presence o f lanthionine diastereoisom ers. B is the 

base cesium carbonate.
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If  the minor iodoalanine rotamer B has a conformation such that it can easily 

undergo elimination as a possible competing reaction, then a small amount of 

dehydroalanine might be formed in the reaction from rotamer B. This would then be 

attacked by the cysteine thiolate to give a racemic mixture o f both lanthionine 

diastereoisomer A and lanthionine diastereoisomer B. The iodoalanine rotamer A on the 

other hand may have a conformation such that the formation o f aziridine is easily carried 

out as a competing side-reaction, along with the synthesis o f lanthionine 

diastereoisomer A

The representation o f the most abundant iodoalanine rotamer A seems plausible 

as the two most bulky substituents NHTrt and 1 are the furthest apart in this 

conformation, so this is probably the most stable.

Lanthionines (24) are formed in a similar manner to the one used by Dugave and 

Menez to synthesise lanthionine residues from iodoalanine residues. They reported the 

presence o f rotamers for both iodoalanine and lanthionine residues and their n.m.r. 

spectra are very similar to the ones obtained for iodoalanine (22) and lanthionine (24).

If  there is little doubt that iodoalanine (2 2 ) consists o f a mixture o f rotamers, it is 

much harder to identify the nature o f lanthionines (24) to (28). W ith the facts presently 

available, it is difficult to know whether lanthionines (24) to (28) are mixtures o f 

diastereoisomers or rotamers.

Further work is therefore needed on this particular point. Repeating the set o f 

experiments done by Dugave and Menez (desulfurisation then derivatisation o f the 

alanine residues obtained) as well as molecular modelling studies will have to be 

considered.

At the time the final compound (28) was synthesised for SPPS, the nature o f the 

residues (rotamers or diastereoisomers) was not known, and it was assumed that they 

were rotamers, as described in the l i te ra tu re .B o th  types o f compounds were therefore 

left mixed and used as such for SPPS. After SPPS, the excess o f lanthionine (28) not used 

in the experiment can easily be recovered by a quick work-up and purification by reverse- 

phase column chromatography.

92



If it is proven that lanthionine (24) to (28) are diastereoisomers, the separation of 

these diastereoisomers can be easily carried out by flash column chromatography o f 

lanthionine (27) before they are transformed into the final lanthionine (28).

In summary, a quick, efficient and high-yielding pathway has been developed to 

synthesise lanthionine residues bearing photolabile groups. It is possible that a small 

amount o f diastereoisomer is formed during the monosulfide formation. However, when 

optimum conditions are used for the synthesis o f iodoalanine residues and lanthionine 

residues (respectively 4 days at 20°C and 4 hr at 20°C), lanthionine (24) is mainly 

recovered as compound A.
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4. Solid-phase peptide synthesis with 

photolabile protecting groups

1. Photolabile tests

Before the final lanthionine (28) was incorporated into peptides, it was necessary 

to check that photolabile cleavage of the NV and NVOC groups would be feasible. 

Photolabile cleavages performed in solution may behave very differently when tried on a 

solid-support, however it was felt to be worth checking that photolabile cleavage was 

possible in solution before tackling solid-phase experiments.

Photolabile tests were carried out using two lamps, one broad range U.V. lamp, 

lamp 1 and one longwave U.V. lamp emitting at 365 nm, lamp 2, either simultaneously 

or separately.

Preliminary tests were performed on lanthionine (24) in methanol, for a total of 

9 hr 30 using lamp 1 (Figure 67).

"3 ^ C 03tBu T r t H N ^ ^ ^

p o  QTJ
CO2 N V  (24) NHFmoc  ̂ CO2 CH 3  (30) NHFmoc

Figure 67: Photolabile cleavage performed on lanthionine (24).

Methanol was chosen as several photolabile cleavages o f NVOC protecting 

groups and NVOC-type linkers have been successfully carried out in methanol^ or 

e th a n o l .S e v e r a l  fractions were recovered after purification o f the crude mixture by 

flash column chromatography. The main fraction was identified as (i?)-methyl-V-tri- 

phenylmethylalanyl (7?)-/er^-butyl-V-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (30) 

(12 %). This shows that the photolabile cleavage o f the NV ester was partially successful, 

but that methanol is an unsuitable solvent. As the trityl group is well-known for its lack
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o f stability during NV and NVOC cleavage,'^’ no further tests were carried out on 

lanthionine (24).

Simultaneously, other experiments were carried out on lanthionine (28). Methanol 

was tried first as solvent, for 3 hr, using lam p 1 with no success. As lanthionine (28) was 

only partially soluble in methanol, an acetonitrile: methanol mixture was subsequently 

used, as acetonitrile has been used in a number o f photochemical experiments involving 

NVOC protecting groups and NVOC-type l i n k e r s . T h e  photochemical reaction 

was set up again for 5 hr 30, at the end o f which HPLC analyses and mass spectroscopy 

revealed that partial photolabile cleavage had occurred but a large amount o f starting 

material was still present.

A further attempt, using both lamps simultaneously was tried for 7 hr 30 in 

acetonitrile and methanol. Mass spectroscopy revealed partial photolabile cleavage o f 

both NV ester and NVOC group. However, a characteristic by-product (F igure 6 8 ) was 

also identified by mass spectroscopy.

H3CO

H3CO
iiiiH Hli""

COoH NHFmoc
NO

Figure 6 8 : By-product formed during photolabile cleavage o f lanthionine (28).

During photolabile cleavage o f the NVOC groups, benzaldehyde by-products are 

formed that can then be attacked by the liberated amines to give this by-product. It is 

therefore important to work in slightly acidic conditions to keep these amines protonated. 

Sulphuric acid’ "̂̂ or a buffer o f potassium acetate/acetic acid (pH = 4.5)’^̂  have been 

used for this purpose. A mixture o f acetonitrile and potassium acetate solution was 

therefore used as solvent for photolabile cleavage, using lam p 1 first for 6  hr (F igure 

69).
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NVOCHN-

CO2NV (28) NHFmoc CH3CN/KOAC CQ^H (31) NHFmoc

Figure 69: Photolabile cleavage performed on lanthionine (28) in acetonitrile/K O Ac.

Keeping the same solvent system, the experiment was carried out again using 

lam p 2 for 12 hr, with samples analysed every 2 hr. The lamp was changed to test the 

photolabile cleavage at a wavelength (365 nm) compatible with peptide synthesis^^* After 

4 hr and 8  hr, mass spectroscopy revealed the presence o f the product (31) in addition to 

the starting material (28). After 12 hr, no starting material was detected in the reaction 

mixture, but it was also very hard to identify any other compound present.

A final set o f experiments were tried in dioxane and potassium acetate solution. 

Dioxane has been reported to be a very good solvent for photolabile cleavage o f NVOC 

linkers (the photolysis half lives o f such linkers are the shortest when performed in this 

solvent This would also be a good solvent for the solid support during peptide 

synthesis. HPLC analysis revealed that no starting material remained in the reaction 

mixture after 5 hr 30.

After several tests, the best conditions for the photolabile cleavage o f NV and 

NVOC groups were identified. The quickest and more complete cleavages were observed 

in dioxane and a solution o f potassium acetate with lam p 2. In addition, sparging o f  the 

solvents 30 min prior to experiment and bubbling o f nitrogen during the cleavage also 

help to reduce the risk o f by-reactions with oxygen.
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2. Stability of NV ester to SPPS eonditions

The difficulties encountered with saponification o f  the N V  ester in basic 

conditions during the synthesis o f  the final lanthionine residues prompted additional 

experim ents before SPPS. During SPPS, removal o f  the Fmoc group is performed usually  

using 20 % piperidine in DM F prior to addition o f  the next amino acid. The next amino 

acid is then added to the solid support, after preliminary activation with DIC and HOBt. 

If the N V  ester was cleaved under the basic conditions used to rem ove the Fm oc group, 

the addition o f  an activated amino acid alongside an excess o f  DIC and HOBt might lead 

to the activation o f  the liberated carboxy group on the lanthionine residue and possible  

peptide by-products (Figure 70).

FmocHN

NVOCHN

NVOCHN

COiNV

COHN

Fmoc deprotection with possible 
NV ester saponification

COHN-

COiH
Addition o f other Fmoc/tBu or Boc 
protected amino acids, Xaa, 
activated with DIC and HOBt

FmocHN-Xaa-Xaa-HN

COHN

NVOCHN

+

NVOCHN CO-HN-Xaa-HN

^ Ç

COHN

Figure 70: Possible SPPS side-reactions if NV ester saponification  occurs during Fm oc cleavage.
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Lanthionine (28) was dissolved in 20 % piperidine in DMF and the solution left to 

stand for 20 min, which are the usual reaction conditions for a SPPS Fmoc deprotection. 

The dibenzofulvene-piperidine adduct formed during the reaction is extracted with a 

phosphate b u f f e r ' ( p H  between 5.5 and 6 ). After work-up, the crude product was 

analysed by n.m.r. Very characteristic peaks belonging to the dibenzoftilvene and 6 - 

nitroveratryl alcohol by-products were identified, which shows that both Fmoc and NV 

groups were removed by 2 0  % piperidine.

DBU has also been used for cleavage o f the Fmoc group.'^^’'^ '’'^^ Both 2 % DBU, 

2 % piperidine in DMF and 5 % DBU in DMF were tried. These basic systems have been 

used previously to minimise side-reactions in SPPS. However, when lanthionine (28) was 

dissolved in these systems, cleavage o f both the Fmoc and NV groups was observed.

Although there was no certainty that the NV ester would be cleaved during Fmoc 

cleavage when performing the reaction on a solid-support, in view o f these results, it was 

decided to plan the coupling steps to minimise the risk o f side-reactions if  cleavage did 

take place.

DIC and HOBt are the most common coupling reagents used in SPPS. However, 

if  DIC and HOBt are present during coupling, there is a substantial risk o f also activating 

the carboxy group liberated from a potential NV ester saponification, leading to side- 

reactions (F igure 70).

It was therefore decided to use pentafluorophenyl esters o f V-Fmoc protected 

amino a c i d s , a f t e r  the lanthionine residue had been incorporated into the growing 

peptide (F igure 71).

FmocHN

Figure 71: Pentafluorophenyl ester o f an Fmoc protected am ino acid.
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3. SPPS of a sandostatin analog

3.1.  Batchwise synthesis

It was decided to synthesise a sandostatin analog (Figure 72), previously made 

using PCOR methods"^^’"̂  ̂ or on-resin attack o f a bromoalanine residue by a cysteine 

residue/"^ N .m .r analyses, mass spectroscopy data and HPLC techniques are therefore 

available for comparison o f these methodologies and the one presently developed.

HO

CO CONH

CO HN
CO.

NH
OH

NH

CO
CO

HN

NH

NH

Figure 72: Target sandostatin analog.

The target peptide is a peptide amide. Several amide resins are available for its 

synthesis. The Rink amide MBHA resin (Figure 73) was chosen as it is cleaved by fairly 

strong acidic conditions (about 80 to 90 % TFA) and has shown good qualities (in 

particular reduction o f side-reactions) for the synthesis o f peptide a m i d e s . I t  has

also been used previously for the synthesis o f sandostatin a n a l o g s . T h i s  resin was
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preferred to milder acid-labile resins such as the Sieber r e s i n ' b e c a u s e  slightly acidic 

conditions are planned for the photolabile cleavage and any risk o f cleavage o f the 

peptide from the resin at this stage must be avoided.

O C H 3 NHFmoc

H3CO' 0  CH2  N CO N  C

Figure 73: Rink amide MBHA resin.

The chosen resin is polystyrene-based. It was anticipated that this should not be a 

problem for photolabile cleavages as several photolabile experiments with nitrobenzyl 

linkers had been successfully carried out on this solid support.

It was decided to use the common HOBt/DIC coupling reagents to incorporate the 

first Thr residue and lanthionine (28) and to use pentaduorophenyl esters of Fmoc amino 

acids and HOBt to incorporate the remaining residues.

HATU/HOAt/DIEA were chosen as cyclisation reagents as it is one of the most 

efficient system of coupling reagents used for the cyclisation of small peptides, its use

reducing considerably the risk of racémisation and side-reaction. 192

The first part of the pathway involves the synthesis o f the peptide up to the 

photolabile cleavage (Figure 74).

The SPPS of this sandostatin analog was performed in a Merrifield bubbler, 

batchwise. Incorporation of the first Thr residue proceeded well (as confirmed by Kaiser 

test'^^''^"*). Incorporation of the lanthionine residue also proceeded very well. After 1 hr, 

the Kaiser test was pale yellow, revealing the absence o f any remaining amine. 

Incorporation of the second Thr residue as well as Lys, Trp and Phe was carried out 

easily using the pentafluorophenyl esters of these amino acids and HOBt for 30 to 45
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min. Triple couplings were only necessary for Lys and Phe for which a pale green 

coloration o f the Kaiser test revealed some remaining amine after the second coupling.

FmocHN - c = ^ - Q

1. Fmoc removal then incorporation 
o f  FmocNH-Thr(OtBu)/HOBt/DIC

FmocFIN-Thr-CO-HN

2. Fmoc removal then incorporation o f

N V O C H N ^ ^  (28) r^ C O z H m O B tm iC  

CO2N V  NHFmoc

FmocFlN

CO-NH-Thr(OtBu)-CO-Nl

NVOCHN

3. Fmoc removal then successive incorporation o f  
FmocNH-Thr(OtBu)-OPfp/HOBt, then 
FmocNH-Lys(Boc)-OPfp/HOBt,
FmocNH-Trp(Boc)-OPfh/HOBt and FmocNH-Phe-OPfp/HOBt

FmocHN-Phe-Trp(Boc)-Lys(Boc)-Thr(OtBu)-HN

NVOCHN

CO-NH-Thr(OtBu)-CO-NH

COiNV

Figure 74: First part o f the synthesis o f a sandostatin analog on solid-support.

A portion o f the resin was removed at this stage and the peptide cleaved from this 

portion was analysed. Mass spectroscopy analysis revealed that linear peptide (33) had 

been properly synthesised.

The photolabile cleavage was carried out for 10 hr after which the Kaiser test 

appeared red burgundy, indicating at least partial cleavage o f the NVOC group. It was
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therefore decided to proceed with the cyclisation step for half o f the resin, keeping the 

other half under argon. Cyclisation was attempted with HATU/HOAt/DIEA. A small 

attenuation o f colour was observed on the Kaiser test. Incorporation o f  the last residue 

and cleavage o f the peptide from the resin using a common acidic mixture (TEA: water: 

thioanisole, 96: 2: 2)"^ were therefore carried out (F igure 75).

F m ocH N-Phe-T rp(Boc)-Ly s(Boc)-Thr(OtBu)-HN  

N V O C H N

CO-NH-Thr(OtBu)-CO -NH -

CO2NV

4. Photolabile cleavage fo llow ed  by Fmoc removal

C O -H N-Phe-Trp(Boc)-Lys(Boc)-Thr(O tBu)-C O -H N
CO-NH-Thr(OtBu)-CO-NIF-

6. Incorporation o f  Fm ocNH -Phe-O Pfp/H O Bt 
follow ed by Fm oc removal and cleavage o f  the 
peptide from the resin + tB u/B oc removal

H-D-Phe-CO-HN C O -N H 2

------------------------S -------------------------

(35)

Figure 75: Photolabile cleavage leading to a sandostatin analog.

H-Phe-Trp(Boc)-Lys(Boc)-Thr(O tBu)-H N

CO-NH-Thr(OtBu)-CO-]

(34)

5. Cyclisation with H A TU/H O At/DIEA

O
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Subsequent mass spectroscopy o f the peptide after the photolabile cleavage 

revealed that the photolabile cleavage was not complete. Peptide (33) was still identified 

after 1 0  hr.

The target peptide (35) was not eventually recovered. Two peptide by-products 

(36) and (37) (F igure 76) were identified in the final crude product obtained. This 

implies that the photolabile cleavage o f the NV ester is quickly carried out whereas the 

NVOC group is cleaved much more slowly.

H-D-Phe

NVOCHN

H

CO2HA NH-CO-Thr-Lys-D-T rp-Phe-D-Phe-H 

. L  CO-NH-Thr-CO-NHz 

\
(36)

NVOCHN ^CO-HN-Phe-Trp-D-Lys-Thr-CO-HN. .CO-NH-Thr-CO-NHj

H V H

(37)

Figure 76: By-products formed during the first attempt at synthesising sandostatin analog (35).

N ot only did this result show that the photolabile cleavage o f the NVOC group 

was not complete in 1 0  hr in the chosen conditions but also that the cyclisation step was 

not complete either. Products with a free amine resulting from photolabile cleavage o f the 

NVOC group must have been present in the mixture obtained from the resin as the Kaiser 

test was not yellow after 1 0  hr, however such products were not recovered or identified at 

this stage.

The second half o f the resin was therefore used for further photolabile cleavage. 

After 30 hr and a slight change in the Kaiser test, cyclisation and incorporation o f D-Phe 

were tried in a similar manner as before.

The crude mixture obtained from the cleavage o f the resin did not give any 

positive result by mass spectroscopy nor HPLC. It is very likely that the resin was kept
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for so long (two weeks) before being submitted to further photolabile cleavage that 

degradation o f the peptide had occurred.

Peptide (33) was therefore resynthesised as before, and subjected to a much 

longer photolabile cleavage. A U.V. monitoring o f  this cleavage was carried out, via 

disappearance o f a characteristic peak at 250 nm (NVOC/NV). 70 hr were necessary for 

completion o f the reaction. The Kaiser test only changed colour after 50 hr. No NVOC 

group was detected in the photolabile filtrate and on the resin after 70 hr. Mass 

spectroscopy clearly revealed the disappearance o f the starting material (33) and the 

formation o f peptides (38) (F igure 77) and (34).

NH-CO-Thr-Lys-D-Trp-Phe-NHFmoc 

NVOCHN J  LcQ-NH-Thr-CG-NH2

--------------------- S----------------------

(38)

Figure 77: Peptide (38) formed during the second attem pt at synthesising sandostatin analog (35).

Cyclisation was carried out using PyAOP/HOAt/DIEA. This system o f cyclisation 

reagents has been reported to be as efficient as HATU/HOAt/DIEA with the added 

advantage o f eliminating any possibility o f guanidinium by-product form ation.’

Incorporation o f the final amino acid and acid treatment gave a crude product 

which was purified by HPLC. Two by-products (39) and (40) were identified by mass 

spectrometry (F igure 78).

NH-CO-Thr-Lys-D-Trp-Phe-D-Phe-H

kCO-NH-Thr-CO-NHzH3C-CO-HN

H ^ ---------------------- S---------------------------------'H

(39)

H3C-CO-HN ^CO-HN-Phe-Trp-D-Lys-Thr-CO-HN. .CO-NH-Thr-CO-NHj

H ^ ---------------------- S----------------------- ^

(40)

Figure 78: Final by-products recovered from the second attempt at synthesising sandostatin analog  

(35).
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These by-products show that an increase in the amount o f potassium acetate 

present in the photolabile filtrate finally led to the capping o f the free amine function on 

the lanthionine residue. The peptide could therefore not be further extended.

During this peptide synthesis, the Fmoc cleavage following the photolabile 

cleavage was very hard to perform. Four attempts were necessary in order to obtain a 

proper Kaiser test (purple) after 20 min o f treatment with 20 % piperidine in DMF. Tests 

showed that the pH on the resin was very acidic before the first attempt at Fmoc 

cleavage. These observations confirm the presence o f an acidic medium where capping o f 

the free amine by acetate is highly likely to be carried out.

In this second attempt, the photolabile cleavage went to completion but in the 

very long time o f 70 hr! This is too long a time for such reactions and for SPPS. 

Numerous side-reactions and spoiling o f the peptide and resin can happen in such a long 

time. A build-up in the concentration o f potassium acetate in the photolabile filtrate led to 

capping o f  the free amine on the lanthionine residue and the formation o f by-products 

(39) and (40). It was also very difficult to follow the progress o f the photolabile cleavage 

by Kaiser test, as the potentially free amine appeared to have been capped by potassium 

acetate. Finally, the resin changed colour drastically after photolabile cleavage, turning 

from pale yellow to very dark brown beads. This might have resulted in some shielding 

effect o f  the U.V. light by the resin, considerably slowing down the progress o f the 

photolabile cleavage.

Tentagel resins (polyethyleneglycol-polystyrene graft copolymer. F igure 79) 

have also been used as solid supports for successful photolabile cleavages o f NVOC 

l i n k e r s a n d  dithiane-protected benzoin photolabile safety catch linkers.'"*^ In the latter, 

both polystyrene and Tentagel resins were used and the resin matrix did not seem to 

influence the photochemical r e a c t i o n , w h e r e a s  these two resins have very different 

chemical reaction p r o f i l e s . I t  is possible that Tentagel resins would give much better 

results for the synthesis o f this sandostatin analog, especially potentially increasing the 

speed o f  the photolabile cleavage by reducing any potential shielding effect. This resin 

also swells well in water. This could be an advantage when the small amount o f aqueous
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potassium acetate solution is used. Finally, it might be better to choose a resin with a 

lower loading as the rather high loading o f the chosen resin (0.54 mmol/g) might have 

made the photolabile eleavage harder.

OH
Figure 79: Tentagel resin.

\
OH

3. 2. Tests on Tentagel resin

NovaSyn TGR® resin was ehosen. This is a Tentagel-based support with a similar 

MBHA Rink amide linker and a lower loading than the previous resin. A small amount o f 

resin was used for a photolabile test. Lanthionine (28) was ineorporated directly on the 

solid support and the sample was submitted to 10 hr o f photolabile cleavage. Quantitation 

o f the substitution level showed a very good ineorporation o f the lanthionine residue 

(substitution level found 0.174 mmol/g, loading o f the resin 0.21 mmol/g). After 10 hr, 

the peptide was cleaved from the resin and analysed by mass spectrometry. The presenee 

o f lanthionine (41) was elearly identified (Figure 80).
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NVOCHN-
iMiiH Hill"

CO2NV NHFmoc

CO-NH-t o
2. TFA

S
H,N .......

NHFmoc

Figure 80: Synthesis of lanthionine (41).

This show s that the photolabile cleavage proceeds much faster and better on 

Tentagel resin. N o dark brown coloration o f  the resin was observed this time. N o partially 

cleaved lanthionine nor starting material (28) was identified by m ass spectroscopy. 

Clearly changing the solid-support and lowering the loading has drastically improved the 

photolabile cleavage o f  the N V  and NVO C groups in these conditions (365 nm, dioxane, 

KOAc solution, 10 hr). Moreover, calculation o f  the substitution level in this experim ent 

proved that lanthionine (28) was incorporated on the solid support in satisfactory yield.

3. 3. Continuous-flow  SPPS on Tentagel resin

Peptide (33) was easily resynthesised by continuous flow  SPPS on a M illipore 

9050 PepSynthesizer^^ on N ovaSyn TGR® resin. U.V. monitoring confirm ed the proper 

incorporation o f  every amino acid, including lanthionine (28), w hich was manually 

incorporated via an external syringe.

Photolabile cleavage was carried out for 30 hr in a similar manner as before, but 

with the possibility to thoroughly rinse the resin after photolabile cleavage as a sinter and 

tap were present at the bottom o f  the lamp used. After this time (considered m aximum for 

reasonably efficient synthetic conditions), a small amount o f  peptide w as cleaved from  

the resin and analysed by mass spectrometry. A large amount o f  peptide (33) was clearly 

identified, as w ell as a smaller amount o f  peptide (34).
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This synthesis proceeded much better than the two previous attempts but the 

photolabile cleavage is still not completed after 30 hr. As previous tests have shown the 

efficiency o f the photolabile cleavage in solution and on this solid-support on lanthionine 

(28), it is very likely that the limited success encountered here is due to the sequence o f 

the target peptide itself. Indeed, the two aromatic residues present in the ring (Trp and 

Phe) may seriously restrict the efficiency o f  the photolabile cleavage (by shielding) and 

the cyclisation.

4. Future w ork

Incorporating lanthionine (28) in a much simpler peptide than sandostatin analog 

(35) (for example with only two small residues such as Ala in the ring) should be 

attempted to improve the efficiency o f the photolabile cleavage.

If a better photolabile cleavage is possible in these conditions, a four dimensional 

orthogonal protecting group strategy could be developed to ultimately synthesise bicyclic 

systems such as rings D and E o f nisin. A fourth type o f protecting group, orthogonal to 

Fmoc/Boc/photolabile could be found among the orthogonal protecting groups already 

developed in SPPS such as A1 or Dde. As only a few small residues are present in these 

rings (e.g. Ala and His), it is hoped that the photolabile cleavage would proceed 

smoothly.
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Appendix 1: H n.m.r. spectrum of iodoalanine (22).
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Appendix 2: COSY of iodoalanine (22).
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Appendix 3: n.m.r. spectrum of azlridine (23).
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Appendix 4: H n.m.r. spectrum of lanthionine (28).
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Appendix 5: COSY of lanthionine (28).
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Appendix 6: n.m.r. spectrum of lanthionine (24): mixture of compounds A and B.
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Appendix 7: COSY of lanthionine (24): mixture of compounds A and B.
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Appendix 8: n.m.r. spectrum of lanthionine (24): compound A.
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Appendix 9: ‘H n.m.r. spectrum of lanthionine (24): compound B.
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Appendix 10: H n.m.r. spectrum of lanthionine (25): compound A.
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Appendix 11: H n.m.r. spectrum of lanthionine (25): compound B.
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Appendix 12: n.m.r. spectrum o f lanthionine (27): compound A.
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Appendix 13: COSY o f lanthionine (27): compound A.
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Appendix 14: n.m.r. spectrum of lanthionine (27): compound B.

122



j {a jX. _/V>'Wo>i__1

~ i

=

0 @ æ

• f

®

9 0

T

&
Q

o

9

i

' [  1  ..

Appendix 15: COSY o f lanthionine (27): compound B.
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Appendix 16: VT experiments on lanthionine (24) in toluene at 298K, 323K and 353K.
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5. Experimental

Unless specified, all reagents were purchased from commercial suppliers and were 

used without further purification. For SPPS, all amino acids and resins were purchased 

from Novabiochem, except Thr(OtBu)-OPfp that was purchased from Bachem. Ether 

refers to diethyl ether. Brine refers to a saturated aqueous solution o f  sodium chloride. 

Ethanol refers to ethanol 96 v/v unless otherwise stated. Petroleum ether refers to 

petroleum ether 40-60 °C.

Optical rotations were measured on an Optical Activity polAAR 2000 polarimeter.

U.V. spectra were recorded on a computer driven UV Shimadzu 2041 PC 

spectrometer.

I.R. spectra were recorded on a Perkin-Elmer 1600 series FT-IR, a N icolet FT-IR 

94 and a computer driven FT-IR Shimadzu 8700 spectrometers. They are usually in 

solution in chloroform unless otherwise stated.

'H  n.m.r. and '^C n.m.r. spectra were recorded on a Varian VXR 400, a Bruker 

AC 300, a Bruker AMX 300, a Bruker AMX 400 and a Bruker AVANCE 500 

instruments. The chemical shift data for each signal is given in units o f ô relative to 

tetramethylsilane (TMS) where ô (TMS) = 0. For ’H n.m.r. spectra, the multiplicity o f the 

signals is indicated as : s - singlet, d - doublet, t - triplet, m - multiplet, dd - doublet o f 

doublets, dt - doublet o f triplets, etc... For lanthionine residues, the notation -S-CH 2 -CH- 

tBuFmoc was adopted to designate the half o f the molecule bearing the tBu and the Fmoc 

group, for example.

EI^, ESP% APCI^ and A PC f mass spectra were recorded using a Micromass 

Quattro EC. FAB mass spectra (nominal and high resolution) were recorded using a VG 

ZAB SE mass spectrometer.

CHN analysis was carried out on a Perkin Elmer 2400 Elemental Analyser and S 

analysis was carried out on a Perkin Elmer 240 Elemental Analyser.

M elting points were determined using a Gallenkamp instrument and are 

uncorrected.
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Normal-phase t.l.c. was carried out on pre-coated 0.25 mm thick Merck 60 F2 5 4  

silica plates. Visualisation was by absorption o f U.V. light, or by spraying with basic 

permanganate solution, or with ninhydrin solution (to reveal the amines). Normal-phase 

flash chromatography was carried out using silica gel 60 purchased from BDH; the 

eolumn diameter is given in cm.

Reverse-phase t.l.c. was carried out on Merck RP-F2 5 4  plates. Visualisation was by 

absorption o f U.V. light. Reverse-phase chromatography was carried out using silanized 

silicaeo gel purchased from BDH; the column diameter is given in cm.

THF was dried by distillation from a suspension o f THF with sodium and 

benzophenone. Wet THF refers to commercial THF used without distillation. Dioxane 

was dried over anhydrous molecular sieves (4 Â) and used immediately afterwards and 

for SPPS, dioxane was distilled over calcium hydride. DCM was dried by distillation over 

calcium hydride or phosphorus pentoxide. DMF was dried by distillation over calcium 

hydride under reduced pressure. Methanol was dried by distillation over magnesium 

turnings. Acetic anhydride was dried by distillation over calcium hydride. Triethylamine 

and piperidine were dried by distillation over calcium hydride. Diisopropylethylamine 

was distilled over potassium hydroxide after previous drying over potassium hydroxide 

overnight.

Photolabile tests were carried out using two lamps, one broad range U.V. lamp 

from Applied Photophysics with outer condenser around the reaction vessel and lamp 

fitting inside the vessel, lamp 1 (Figure 81), one Blak-Ray longwave U.V. lamp emitting 

at 365 nm. Model B 100 AP from UVP, lamp 2. Photolabile cleavages during solid phase 

peptide synthesis were carried out in the vessel o f lamp 1 , w ithout lamp 1  inside but with 

lamp 2 used as a projector on the reaction vessel. Lamp 3 was also used. It is similar to 

lamp 1  with a sinter and a tap at the bottom o f the reaction vessel.

126



water
w a te r

n itrogen

reaction  vessel

Lam p 1
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Analytical reverse-phase HPLC was carried out using a Waters 600E quaternary 

gradient system pump, Rheodyne 7125 valve injector, Gilson 115 variable-wavelength 

U.V. detector and Hewlett-Packard HP3396A integrator with a Vydac™  column, 4.6 mm 

X 25 cm. Preparative reverse-phase HPLC was carried out using a Waters 600E 

quaternary gradient system pump, Rheodyne 7125 valve injector, Gilson Holochrome 

variable-wavelength U.V. detector and Waters 745B Data Module with a Vydac™ 

column, 21.4 mm x 25 cm. LC-MS reverse-phase and LG-MS normal phase were carried 

out using a Hewlett-Packard HP 1100 for HPLC and Micromass Quattro EC for mass 

spectrometry. Solvents used were o f HPLC grade; for reverse-phase : A : H 2 O (0.1 % 

TEA) ; B : CH 3 CN (0.1 % TFA), for normal phase : A' : hexane; B' : ethyl acetate. 

Retention times are given in min.

The names o f all new compounds are indicated in italics. Literature compound 

names are given in normal text.
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1. Synthesis of protected cysteine and cystine residues

1.1.  (R)-S-tert-Buty\cystem e tert-huty\ ester (1)

,StBu

,O tB u
H ,N ' C

O

tert-Butyl acetate (75 ml, 557 mmol) and sulphuric acid (98 %, 0.6 ml, 5.5 mmol) 

were added to (J^)-cysteine (605 mg, 5 mmol). A precipitate was formed immediately and 

persisted for 15 min. The reaction mixture was stirred at room temperature for 70 hr. The 

reaction mixture was cooled to 0°C and sodium hydroxide solution (2M) was then added 

to the mixture to adjust the pH to 11. The product was extracted with ethyl acetate (2 x 

1 0 0  ml), the organic layer was dried over sodium sulphate and the solvent was removed 

in vacuo to give an oil. Compound (1) was recovered (720 mg, 62 %).

Rp: 0.35 (methanol: chloroform, 2: 1), visualisation by spraying with ninhydrin solution 

'H  n.m.r.: Ô (CDCI3 , 400 MHz) 1.30 (9H, s, -SC(CH 3 )3) 1.45 (9H, s, -COOC(CH 3)3) 2.73 

(IH , dd, -CH 2 , J 7 .5 , 0.8 Hz) 2.87 (IH , dd, -CH^, J 3 .7 , 0.8 Hz) 3.51 (IH , m , -CH-) 

mass spectrum (FAB) : m/z 178 (M^ - tBu + 2H) 100 %, 234 (M"  ̂+ H) 82 %

1. 2. (/2)-A-^^rNButyloxycarbonyl-*S-^^/*/-butylcysteine ^gr^-butyl ester (2)

,StBu 

Li\\\H .O tBu
B ocH N ' ' C '

II
0

{R)-S-tert-Buty\cystQine tert-huty\ ester (1) (720 mg, 3.1 mmol) was dissolved in a 

solution o f sodium hydroxide (IM , 4.5 ml, 4.5 mmol, 1.4 eq.) and THF (3 ml). Di-tert- 

butyl dicarbonate (887 mg, 4.1 mmol, 1.3 eq.) was then added portionwise and the
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reaction mixture was stirred overnight at room temperature. The THF was removed in 

vacuo and the mixture dissolved in distilled water (50 ml). Extraction o f the product was 

carried out with dichloromethane (3 x 50 ml). The organic layer was dried over sodium 

sulphate and the solvents removed in vacuo to give an oil. Purification was carried out by 

flash column chromatography (3 cm, hexane: ethyl acetate, 85: 15) (823 mg, 80 %).

Rp: 0.42 (hexane: ethyl acetate, 85: 15), visualisation by spraying with basic 

permanganate solution

'H  n.m.r.: Ô (CDCI3 , 400 MHz) 1.28 (9H, s, -SC(CH 3 )3) 1.41 (9H, s, -NH-COOC(CH 3)3) 

1.45 (9H, s, -C 0 0 C(CH 3)3) 2.90 (IH , dd, -S-CH2-, J  12.6, 4.5 Hz) 2.96 (IH , dd, -S-CH 2-, 

J  12.6, 4.5 Hz) 4.42 (IH , m , -CH-) 5.28-5.30 (IH , broad s, NH ) 

mass spectrum (FAB): m/z 166 (M^ - 3tBu + 4H) 8 6  %, 222 (M^ - 2tBu + 3H) 100 %, 278 

(M^- tBu + 2H) 16 %, 334 (M ^+ H ) 11 %, 356 (M^ + Na) 9 %

1. 3. (/?)-*S-^e/*^ButyIthiocysteine tert-butyX ester (11)

StBu

,O tB u
H2N' C

II
o

(7?)-5'-/‘er/-Butylthiocysteine hydrate (1 g, 4.8 mmol) was suspended in tert-\mty\ 

acetate (72 ml) and concentrated sulphuric acid (0.4 ml, 1.1 eq.) was added to this 

suspension, forming white clusters. Stirring o f the reaction mixture for 15 min led to a 

clearer solution which was left at room temperature for 4 days. The clear reaction mixture 

was then cooled to 0°C and extracted with pre-cooled HCl (0.5 M, 4 x 15 ml). The 

aqueous solution was neutralised immediately to pH 7 with solid sodium hydrogen 

carbonate in a beaker. An ether layer (100 ml) was kept on top o f the aqueous layer 

during neutralisation. The aqueous layer was then extracted with ether (1 x 100 ml, then 4 

X  50 ml). The organic layer was washed with brine and dried over sodium sulphate. The 

solvent was removed in vacuo to give a clear oil. Purification was carried out by flash
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column chromatography (5 cm, hexane then gradient up to neat ethyl acetate). The title 

compound was obtained as white crystals (1.05 g, 83 %).

Rp : 0. 40 (chloroform: methanol, 2: 1), visualisation by spraying with ninhydrin solution 

‘H n.m.r. : 5 (CDCI3 , 400 MHz) 1,32 (9H, s, -SCCCHj),) 1.45 (9H, s, -COOCCCHj),) 2.90 

(IH , dd, -CH 2, J  13.2, 7.2 Hz) ) 3.09 (IH , dd, -CHj, J  13.2,4.3 Hz) 3.72 (IH , dd, -CH-, J  

4.3, 7.2 Hz) 5.43 (2H, broad s, -NHa)

n.m.r. : Ô (CDCI3 , 100 MHz) 27.9, 29.7, 29.8, 44.8, 48.2, 54.0, 82.1, 175.8 

mass spectrum (FAB) : m/z 210 (M^ - tBu + 2H) 100 %, 266 (M"̂  + H) 60 %

Found: (M"̂  + H), 266.1248. C 1 1H 2 3NO 2 S2  requires 266.1232 (FAB)

Melting point: 53-57°C

1. 4. (/?)-.S-/eA*/-Butylthio-A^-(9-fluorenylmethyloxycarbonyI)cysteine tert-hvLty\ 

ester ( 1 2 )

StBu

(7?)-5'-/err-Butylthiocysteine tert-hutyX ester (11) (454 mg, 1.71 mmol) was 

dissolved in a mixture o f aqueous sodium carbonate solution (10 %, w/v, 7 ml) and 

dioxane (4 ml). This mixture was cooled to 0°C and FmocCl (580 mg, 1.3 eq.) dissolved 

in dioxane (4 ml) was added dropwise over 5 min. The reaction was stirred for Ihr. The 

reaction mixture was poured into distilled water (50 ml) and ether (50 ml). Solid citric 

acid was then added to the basic mixture (pH > 8 ) at 0°C to adjust the pH to 7. Extraction 

o f the organic product was carried out with ether (5 x 50 ml). After washing with a small 

amount o f water (5 ml), the ether layer was dried over sodium sulphate. Removal o f the 

solvents in vacuo gave the title compound (12) as an oil (800 mg). Purification was
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carried out by flash column chromatography (5 cm, hexane: ethyl acetate, 5 :1 )  and gave 

the title compound as a clear pale yellow oil (651 mg, 1.34 mmol, 78 %).

The reaction was also carried out in THF in the same proportions. The yields obtained 

were similar.

Rp : 0.45 (hexane: ethyl acetate, 4: 1), visualisation by absorption o f U.V. light and by 

spraying with basic permanganate solution

n.m.r.: Ô (CDCI3 , 400 MHz) 1.31 (9H, s, -SC(CH 3 )3) 1.49 (9H, s, -COOC(CH 3)3) 3.13 

(IH , dd, -CH 2S, J  13.4, 5.3 Hz) 3.25 (IH , dd, CH^S, J  13.4, 4.2 Hz) 4.23 (IH , t, - 

CHCH 2 OCO-, J7 .1  Hz) 4.35 (2H, m, -CH 2OCO) 4.57 (IH , m, -CHCH 2 S-) 5.66 (IH , d, - 

N H  , J  7.4 Hz) 7.30 (2H, t, ArH 2, J  6.9 Hz) 7.38 (2H, t, ArH 3, J  7.6 Hz) 7.61 (2H, d, 

ArH 1, J 7 .5  Hz) 7.75 (2H, d, ArH 4, J 7 .5  Hz)

n.m.r. : Ô (CDCI3 , 100 MHz) 28.0, 29.8, 43.3, 47.1, 48.2, 54.4, 67.2, 83.0, 119.9,

125.2, 127.05, 127.7, 141.2, 143.8, 155.5, 169.3

mass spectrum (FAB): m/z 375 (M^ - 2 tBu + 2H) 71 %, 432 (M^ -tBu + 2H) 100 %, 488

(M^ + H) 8  %, 510 (M^ + Na) 10 %

Found: (M”̂ + Na), 510.1749. C 2 6 H3 3 N 0 4 S2Na requires 510.1764 (FAB)

1. 5. {R, i?)-Cystine bis-/^r^-butyl ester (14)

HoN

{R, i?)-Cystine (3.11 g, 13.0 mmol) was suspended in perchloric acid (70-72 %, 

4.7 ml, 4.3 eq.) and tert-hwXyX acetate (75 ml) was added to the slurry. After 30 min, a 

clear solution was observed. After 2 hr, a white precipitate appeared in the solution. The 

reaction mixture was stirred for 3 days at room temperature.

The mixture was cooled to 0°C then basified with an aqueous sodium hydroxide solution 

(3 M, about 300 ml) until pH = 9-10. A first extraction was carried out with ether (3 x
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100 ml) then ethyl acetate (3 x 100 ml). The aqueous solution was readjusted to pH 10 by 

cautious addition o f aqueous sodium hydroxide (3M). A second extraction was then 

carried out with ether (2 x 100 ml) then ethyl acetate (2 x 100 ml). The combined organic 

layers were dried over sodium sulphate and removal o f the solvents in vacuo gave a thick 

oil which was dried in high vacuo. A thick pale yellow slurry was recovered as the title 

compound (4.41 g, 96 %). This compound is fairly unstable, it turns yellow after a few 

days as it starts degrading. It was therefore used as quickly as possible in the next step.

’H n.m.r.: Ô (CDCI3 , 400 MHz) 1.42 (18H, m, -COOC(CH 3 )3 ) 2.85 (2H, dd, -CH2 S-, J

13.4, 7.8 Hz) 3.10 (2H, dd, -CH2 S-, J  13.4, 4.5 Hz) 3.66 (2H, dd, -CHCH2 S-, J  7.8, 4.4 

Hz)

n.m.r.: Ô (CDCI3 , 100 MHz) 28.0, 43.9, 54.2, 81.9, 172.7 

mass spectrum (APCI^): m/z 297 (M^ - tBu + 2H) 40 %, 353 (M"̂  + H) 100 %

Found: (M"  ̂+ H), 353.1569. C 1 4H 2 9 N 2 O4 S2  requires 353.1563 (FAB)

1. 6 . {R, R)-N, A'-bis-(9-FIuorenylmethyloxycarbonyl)cystine bis-/^/*/-butyl 

ester (15)

s-

{R, /?)-Cystine bis-rgrr-butyl ester (14) (4.19 g, 11.9 mmol) was dissolved in dry 

THF (15 ml). #-M ethylmorpholine (2.7 ml, 2.06 eq.) was added dropwise to the solution 

at 0°C. FmocCl (6.34 g, 2.06 eq.) dissolved in dry THF (15 ml) was added to the mixture 

over 5 m in at 0°C. The reaction mixture was then stirred for 4 hr at room temperature. 

After concentration o f the reaction mixture in vacuo, the residue was dissolved in ethyl 

acetate (60 ml) and an aqueous solution o f potassium hydrogen sulphate (5 %, w/v, 60
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m l ) .  T h e  o r g a n i c  l a y e r  w a s  w a s h e d  w i t h  a n  a q u e o u s  s o l u t i o n  o f  p o t a s s i u m  h y d r o g e n  

s u l p h a t e  ( 5  % ,  w / v ,  3  x  3 0  m l )  a n d  w a t e r  ( 3  x  3 0  m l ) .  T h e  a q u e o u s  l a y e r s  w e r e  g a t h e r e d  

a n d  e x t r a c t e d  w i t h  e t h y l  a c e t a t e  ( 2 x 5 0  m l ) .  T h e  c o m b i n e d  o r g a n i c  l a y e r s  w e r e  d r i e d  o v e r  

s o d i u m  s u l p h a t e  a n d  t h e  s o l v e n t s  r e m o v e d  in vacuo  t o  g i v e  a  p a l e  y e l l o w  s o l i d .  

R e c r y s t a l l i s a t i o n  i n  d i c h l o r o m e t h a n e :  m e t h a n o l  ( 1 :  4 )  a t  - 2 0 ° C  g a v e  t h e  t i t l e  c o m p o u n d  a s  

a  w h i t e  s o l i d  ( 7 . 2 1  g ,  7 6  % ) .

P u r i f i c a t i o n  c o u l d  a l s o  b e  c a r r i e d  o u t  b y  f l a s h  c o l u m n  c h r o m a t o g r a p h y .  F o r  i n s t a n c e  f o r  

4 8 6  m g  o f  s t a r t i n g  m a t e r i a l  ( 1 4 ) ,  f l a s h  c o l u m n  c h r o m a t o g r a p h y  ( 5  c m ,  h e x a n e :  e t h y l  

a c e t a t e ,  9 :  1 ,  g r a d i e n t )  g a v e  t h e  t i t l e  c o m p o u n d  ( 1 5 )  a s  a  w h i t e  s o l i d  ( 9 0 6  m g ,  8 2  % ) .

R p :  0 . 1 7  ( h e x a n e :  e t h y l  a c e t a t e ,  4 :  1 ) ,  v i s u a l i s a t i o n  b y  U . V .  l i g h t  a n d  b y  s p r a y i n g  w i t h  

b a s i c  p e r m a n g a n a t e  s o l u t i o n

[ a ] D - 5 . 5 “  ( 1 5 ° C ,  c  4 1 . 0 9  m g / m l ,  C H C I 3 )  ( l i t . " "  [ a ] D - 6 °  ( 2 0 ° C ,  c  2  g / l O O m I ,  C H C I 3 ) )  

F o u n d :  C ,  6 5 . 9 ;  H ,  6 . 0 ;  N ,  3 . 4 ;  S ,  8 . 0 .  C 4 4 H 4 8 N 2 O 8 S 2  r e q u i r e s  C ,  6 6 . 3 ;  H ,  6 . 1 ;  N ,  3 . 5 ;  S ,  

8.0

V m ax ( C H C I 3 )  3 4 2 7  ( C O N H ) ,  3 0 1 4  ( C H ) ,  1 7 1 3  ( C = 0 ) ,  1 5 0 7  ( a r o m a t i c )

‘ H  n . m . r . :  Ô ( C D C I 3 , 4 0 0  M H z )  1 . 4 9  ( 1 8 H ,  s ,  - C O O C ( C H 3 ) 3 )  3 . 2 1  ( 4 H ,  m ,  - C H 2 S - )  4 . 2 0  

( 2 H ,  m ,  -  C H C H 2 O C O - )  4 . 3 7  ( 4 H ,  m ,  - C H 2 O C O )  4 . 5 9  ( 2 H ,  m ,  - C H C H 2 S - )  5 . 7 6  ( 2 H ,  d ,  -  

N H  , J  5 . 7  H z )  7 . 2 8  ( 4 H ,  m ,  A r H  2 )  7 . 3 8  ( 4 H ,  m ,  A r H  3 )  7 . 5 9  ( 4 H ,  d ,  A r H  1 ,  J  7 . 4  H z )  

7 . 7 5  ( 4 H ,  d ,  A r H  4 ,  J 7 . 4  H z )

'^ C  n . m . r . :  Ô ( C D C I 3 , 1 0 0  M H z )  2 8 . 0 ,  4 1 . 9 ,  4 7 . 1 ,  5 4 . 1 ,  6 7 . 2 ,  8 3 . 1 ,  1 2 0 . 0 ,  1 2 5 . 2 ,  1 2 7 . 1 ,  

1 2 7 . 7 ,  1 4 1 . 3 ,  1 4 3 . 7 ,  1 5 5 . 7 ,  1 6 9 . 3

m a s s  s p e c t r u m  ( A P C I ^ ) :  m / z  6 8 5  ( M ^  -  2 t B u  +  3 H )  2 5  % ,  7 4 1  ( M ^  -  t B u  +  2 H )  2 4  % ,  7 9 7  

( M ^  +  H )  1 0 0  %

F o u n d :  ( M ^  +  N a ) ,  8 1 9 . 2 7 5 0 .  C 4 4 H 4 8 N 2 0 8 S 2N a  r e q u i r e s  8 1 9 . 2 7 8 0  ( F A B )

M e l t i n g  p o i n t :  1 4 1 - 1 4 4 ° C
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1. 7. (i?)-A^-(9-Fluorenylmethyloxycarbonyl)cysteine tert-hutyX ester (13)

SH

3

3

^ \ \ H  ^otBu
O N C 

H II 
O

1 . 7 . 1 .  From cysteine residues

(7?)-;S'-rgr/-Butylthio-A^-(9-fluorenylmethyloxycarbonyl)cysteine ^er^-butyl ester 

(12) (650 mg, 1.33 mmol) was dissolved in wet THF (10 ml) and tributylphosphine (0.35 

ml, 1.33 mmol, 1 eq.) was added to the solution which was stirred at room temperature 

for 2 1  hr.

The reaction mixture was poured into ethyl acetate (50 ml) and the organic layer was 

washed with a citric acid solution (10 %, w/v, 40 ml) and brine (10 ml). After slow 

evaporation o f the solvents in the fume cupboard a thick crude oil was obtained. 

Purification was carried out by flash column chromatography (5 cm, hexane: ethyl 

acetate, 5 :1 ). The title compound was recovered as a clear thick oil (218 mg, 41 %).

1 . 7 . 2 .  From cystine residues

{R, i?)-A/A-bis-(9-Fluorenylmethyloxycarbonyl)cystine bis-Zer^-butyl ester (15) 

(2.07 g, 2.6 mmol) was dissolved in THF (15 ml) and treated with tributylphosphine (0.64 

ml, 2.6 mmol, 1 eq.). After 30 min, water (4 ml, about 80 eq.) was added to the solution. 

The reaction mixture was stirred for 4 hr at room temperature.

After removal o f the solvents in vacuo, the residue was dissolved in ethyl acetate (200 

ml) and the organic layer was washed with an aqueous solution o f citric acid ( 1 0  %, w/v, 

3 X 50 ml), with brine (2 x 20 ml) and with water (3 x 20 ml). The combined aqueous 

layers were extracted once with ethyl acetate (50 ml). Drying o f the combined organic

134



l a y e r s  o v e r  s o d i u m  s u l p h a t e  f o l l o w e d  b y  r e m o v a l  o f  t h e  s o l v e n t s  in vacuo  g a v e  a  p a l e  

y e l l o w  o i l .

P u r i f i c a t i o n  b y  f l a s h  c o l u m n  c h r o m a t o g r a p h y  ( 5  c m ,  h e x a n e :  e t h y l  a c e t a t e ,  3 : 1 ,  g r a d i e n t )  

g a v e  t h e  t i t l e  c o m p o u n d  a s  a  c l e a r  o i l  w h i c h  w a s  d r i e d  o n  t h e  f r e e z e  d r i e r  g i v i n g  a  w h i t e  

s o l i d  ( 1 . 8 9  g ,  9 1  % ) .

R f : 0 . 3 2  ( h e x a n e :  e t h y l  a c e t a t e ,  4 :  1 ) ,  v i s u a l i s a t i o n  b y  U . V .  l i g h t  a n d  b y  s p r a y i n g  w i t h

b a s i c  p e r m a n g a n a t e  s o l u t i o n

[ a ] D + 1 1 . 0 °  ( 2 6 ° C ,  c  1 0 1 . 7 5  m g / m l ,  C H C I 3 )

F o u n d :  C ,  6 6 . 1 ;  H ,  6 . 4 ;  N ,  3 . 4 ;  S ,  8 . 1 .  C 2 2 H 2 5 N O 4 S  r e q u i r e s  C ,  6 6 . 1 ;  H ,  6 . 3 ;  N ,  3 . 5 ;  S ,  8 . 0  

V m ax ( C H C I 3 )  3 4 2 5  ( C O N H ) ,  2 9 8 3  ( C H  s t r e t c h i n g ) ,  1 7 2 1  ( C = 0 ) ,  1 5 0 5  ( a r o m a t i c )

' H  n . m . r . :  Ô ( C D C I 3 , 4 0 0  M H z )  1 . 4 8  ( 9 H ,  s ,  - C O O C ( C H 3 ) 3 )  2 . 9 7  ( 2 H ,  m ,  - C H 2 S H )  4 . 2 3  

( I H ,  t ,  -  C H C H 2 O C O - ,  J 7 . 0  H z )  4 . 3 9  ( 2 H ,  m ,  - C H 2 O C O )  4 . 5 3  ( I H ,  m ,  - C H C H 2 S - )  5 . 6 9  

( I H ,  d ,  - N H - ,  y  6 . 8  H z )  7 . 3 0  ( 2 H ,  t ,  A r H  2 , J 1 A  H z )  7 . 3 9  ( 2 H ,  t ,  A r H  3, J  7 . 4  H z )  7 . 5 9  

( 2 H ,  d ,  A r H  1 ,  J 7 . 2  H z )  7 . 7 5  ( 2 H ,  d ,  A r H  4 ,  J 7 . 5  H z )

* ^ C  n . m . r . :  Ô ( C D C I 3 , 7 5 . 4 7  M H z )  2 8 . 4 ,  4 7 . 6 ,  5 3 . 9 ,  5 5 . 9 ,  6 7 . 5 ,  8 3 . 5 ,  1 2 0 . 4 ,  1 2 5 . 5 ,  1 2 7 . 5 ,

1 2 8 . 2 ,  1 4 1 . 7 ,  1 4 4 . 1 ,  1 5 6 . 1 ,  1 6 9 . 4

m a s s  s p e c t r u m  ( E U )  : m / z  3 4 4  ( M ^  -  t B u  +  2 H ) ,  1 0 0  %  3 9 9  ( M ^ )  7 4  %

F o u n d :  ( M ^  +  H ) ,  4 0 0 . 1 5 8 3 .  C 2 2 H 2 6 N O 4 S  r e q u i r e s  4 0 0 . 1 5 7 2  ( F A B )

M e l t i n g  p o i n t :  6 3 - 6 7 ° C

135



2. Steps towards (5)-A^-3,5-diinethoxybenzyIoxycarbonylserine

2. 1. 3,5-Diinethoxybenzylalcohol (3)

H.CO
OH

2 . 1 . 1 .  Reduction with lithium aluminium hydride

Lithium aluminium hydride (270 mg, 7.1 mmol, 2 eq.) was suspended in dry THF 

(10 ml) under nitrogen. 3,5-Dimethoxybenzoic acid (647 mg, 3.55 mmol) dissolved in 

dry THF (10 ml) was added to the suspension and the reaction mixture was heated under 

reflux for 18 hr under nitrogen. Quenching o f the cooled mixture was carried out by the 

dropwise addition o f an aqueous sodium hydroxide solution (2M, 5 ml) followed by 

distilled water (4 ml) at 0°C. After removal o f THF in vacuo, the mixture was extracted 

with ethyl acetate (2 x 50 ml). The organic layer was dried with sodium sulphate, 

followed by removal o f the solvents in vacuo. The crude oil was recrystallised from 

ether: hexane (1: 1) at 0°C to give white crystals (92 mg, 43 %).

2. 1. 2. Reduction with sodium borohydride and iodine

3,5-Dimethoxybenzoic acid (1 g, 5.5 mmol) was dissolved in dry THF (40 ml) 

and sodium borohydride (522 mg, 13.7 mmol, 2.5 eq.) was added to the solution. Iodine 

(1.4 g, 5.5 mmol, 1 eq.) dissolved in dry THF (10 ml) was added to the mixture under 

nitrogen. The reaction mixture was heated under reflux overnight under nitrogen. It 

turned white from colourless after 30 min. Quenching o f the cooled mixture was carried 

out with drops o f methanol (10 ml) at 0°C. After removal o f the solvents in vacuo, the 

crude residue was dissolved in ethyl acetate (50 ml) and water (50 ml). The mixture was 

extracted with ethyl acetate (2 x 5 0  ml). Drying o f  the organic layer with sodium sulphate
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was followed by removal o f the solvents in vacuo. The crude oil was dissolved in a 

minimum o f ether and hexane at 0°C to give white crystals (810 mg, 8 8  %).

Rp: 0.56 (ethyl acetate + drops o f formic acid), visualisation by spraying with basic 

permanganate solution

’H n.m.r.: Ô (CDCI3 , 400 MHz) 3.78 (6 H, s, -OCH 3 ) 4.62 (2H, s, ArCHjOH) 6.35 (IH , t, 

Ar H  6 , J 4 .5  Hz) 6.50 (2H, d, ArH 5, J 2 .3  Hz)

mass spectrum (EI^): m/z 139 (C 6 H 3 (0 CH])2 )^ + 2H) 65 %, 151 (C 6 H 3 (OCH 3 )2 CH 2 ^) 

37% , 168 (M"") 100%

2. 2. 3,5-Dimethoxybenzyl chloroformate (4)

O

A.O Cl

A solution o f phosgene in toluene ( 6  ml, 1.93 M, 11.6 mmol, 3.1 eq.) was added 

to a solution o f 3,5-dimethoxybenzyl alcohol (3) (623 mg, 3.7 mmol) dissolved in dry 

dioxane (20 ml) under argon. The reaction mixture was stirred under argon for 48 hr at 

room temperature. The excess o f phosgene was removed from the reaction mixture by a 

flow o f  nitrogen and neutralised in a solution o f concentrated ammonia, forming

ammonium chloride and white fumes o f hydrochloric acid. W hen the white fumes had

disappeared, the solvents were removed in vacuo and the white solid obtained was used 

immediately for the next step without further purification as it is unstable.

Rp! 0.61 (dichloromethane), visualisation by spraying with basic permanganate solution 

'H  n.m.r,: S (CDCb, 400 MHz) 3.78 (6 H, s, -OCH 3 ) 5.20 (2H, s, A rCH iO -) 6.45 (IH , m, 

ArH 6 ) 6.50 (2H, d, ArH 5, J 2 .2  Hz)

No other analyses could be carried out as the product is unstable.
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2. 3. 3,5-Dimethoxybenzyl-/7-nitrophenyl carbonate (6)

o

A. ,o o

3,5-Dimethoxybenzyl alcohol (3) (280 mg, 1.7 mmol) was dissolved in acetone (5 

ml) and pyridine (1.3 ml, 1.5 mmol, 0.9 eq.) at 0°C. p-Nitrophenyl chloroformate (304 

mg, 1.5 mmol, 0.9 eq.) was added portionwise to the cooled mixture which was then 

stirred for 90 min. The reaction mixture was then poured into distilled water (7 ml), 

which led to the formation of a pale yellow precipitate which was collected by filtration 

and washed with distilled water. The crude product (330 mg, 33 %) was used 

immediately in the next step. n.m.r. analysis showed that 50 mol % o f jrj-nitrophenol 

was mixed with the title compound.

Rp: 0.85 (methanol: chloroform, 1:1), visualisation by spraying with basic permanganate 

solution

'H  n.m.r.: 5 (CDCI3 , 400 MHz) 3.81 (6 H, s, -OCH 3 ) 5.23 (2H, s, A rCHjO-) 6.47 (IH , t, 

ArH 6 , J 2 .3  Hz) 6.57 (2H, d, ArH 5, J 2 .2  Hz) 7.39 (2H, dt, ArH 7, J 9 .4 ,  2.2 Hz) 7.50 

(2H, dt, ArH 7 fromp-nitrophenol, J  9.1, 2.3 Hz) 8.28 (2H, dt, A rH  8 , J 9 .4 ,  2.2 Hz) 8.35 

(2H, dt, ArH 8  from/?-nitrophenol, J 9 .1 , 2.3 Hz), 

mass spectrum (EI^): m/z 151 (C 6 H3 (OCH 3 )2 CH 2 ^), 100 % 333 (M^) 29 %

2. 4. (iS)-A^-3,5-Dimethoxybenzyloxycarbonylserine (5)

.OH

H3CO i  ^  11

O C R
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2.4.  1. Attempted Schotten-Baumann reaction using chloroformate (4)

Crude 3,5-dimethoxybenzyl chloroformate (4) was used immediately without 

purification. As an excess o f reagents is not a problem in this reaction (excess o f serine 

goes into the aqueous layer), amounts o f reagents were calculated assuming the starting 

material was pure.

3,5-Dimethoxybenzyl chloroformate (4) (th. 3.7 mmol, 1.5 eq.) and (5)-serine 

(260 mg, 2.5 mmol) were dissolved in a mixture o f THF (10 ml) and an aqueous sodium 

hydroxide solution (4 M, 7 ml). The reaction was carried out at 0°C and stirred overnight 

at room temperature. After removal o f the organic solvent in vacuo, the aqueous mixture 

was adjusted to pH 1 with concentrated hydrochloric acid. The reaction mixture was then 

extracted with ethyl acetate ( 2  x 2 0 0  ml), followed by drying o f  the organic layer over 

sodium sulphate and removal o f the solvents in vacuo.

The reaction was also carried out dissolving 3,5-dimethoxybenzyl chloroformate

(4) (th. 0.54 mmol, 1.1 eq.) and serine (50 mg, 0.48 mmol) in a mixture o f dioxane (4 ml) 

and an aqueous sodium hydrogen carbonate solution (80 mg in 2 ml distilled water, 0.95 

mmol, 2 eq.). The work-up in this case was similar as that described above.

In all cases, t.l.c. (chloroform: methanol, 1: 2) revealed no disappearance o f  serine 

from the reaction mixture and ^H n.m.r. spectra in CDCI3 showed that a mixture o f 3,5- 

dimethoxybenzyl chloroformate (4) and 3,5-dimethoxybenzyl alcohol (3) was recovered 

after extraction.

2. 4. 2. Schotten-Baumann reaction using carbonate (6)

(S)-Serine (80 mg, 0.75 mmol) was dissolved in aqueous sodium hydrogen 

carbonate (120 mg in 2 ml, 1.4 mmol, 1.5 eq.) and added to 3,5 -dimethoxybenzyl-p- 

nitrophenyl carbonate (6 ) (315 mg, 0.9 mmol, 1.25 eq.) in THF (10 ml) at 0°C. The 

reaction mixture was stirred at room temperature overnight. After removal o f THF in 

vacuo a white precipitate in a yellow syrup was recovered. The white precipitate was 

dissolved in aqueous sodium hydrogen carbonate (100 ml, 1 M). The aqueous mixture
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was then cooled to 0°C and the pH (measured with a pH-meter) was adjusted with 

hydrochloric acid (IM ) from 8.2 to 7. At this pH, p-nitrophenol (yellow syrup) was 

extracted from the mixture with ether ( 8  x 50 ml) until the aqueous layer became 

colourless. The aqueous mixture was then cooled to 0°C and the pH (measured with a 

pH-meter) was adjusted with hydrochloric acid (IM ) from 8 . 6  to 1.5. The organic product 

was then extracted with ether ( 6  x 50 ml). After washing with brine and drying o f the 

organic layer over sodium sulphate, the organic solvents were removed in vacuo. A very 

small amount o f white solid (5) was recovered (yield smaller than 5 %), sufficient enough 

for analysis.

The reaction was also carried out adding serine (80 mg, 0.75 mmol) dissolved in 

aqueous sodium hydroxide (2 M, 2 ml) to 3,5-dimethoxybenzyl-p-nitrophenyl carbonate

(6 ) (315 mg, 0.9 mmol, 1.25 eq.) dissolved in THF (4 ml) at 0°C. The work-up in this 

case was similar as above. No product was recovered from the organic layer in this case. 

Rp: 0.53 (methanol: chloroform, 1:1), visualisation by spraying with basic permanganate 

solution

'H n.m.r.: 5 (CD 3 OD, 400 MHz) 3.75 (6 H, s, -OCH3) 3.86 (2 H, m, -CH-CH2-OH) 4.27 

(IH , m, -CH-CH2-OH) 5.03 (2H, s, ArCHzO-) 6.39 (IH , t, ArH 6 , J 2 .2  Hz) 6.52 (2H, d, 

ArH 5, J2 .1  Hz)

mass spectrum (FAB): m/z 151 (C 6 H3 (OCH 3 )2 CH 2 ^) 100 %, 168 (C 6 H 3 (0 CH 3 )2 CH 2 0 H) 

15 %, 301 (M"" + 2H) 17 %, 323 (M^ + Na + H) 13 %
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3. Synthesis of serine p-lactone residues

3. 1. Dimethyl hydrazodicarboxylate (9)*̂ ^

H3CO OCH3

In a three-necked flask equipped with two dropping funnels and a thermometer, 

hydrazine hydrate (5 ml, 0.1 mol) was added to ethanol (50 ml). The flask was then 

cooled to 10°C and methyl chloroformate (16 ml, 0.2 mol, 2 eq.) was added dropwise 

with stirring, keeping the temperature below 20°C. After one-half o f the methyl 

chloroformate had been added to the mixture, an aqueous solution o f sodium hydrogen 

carbonate (10.6 g in 50 ml, 0.1 mol, 1 eq.) was added dropwise simultaneously with the 

remaining methylchloroformate. The reaction was kept all the time below 20°C. After 

stirring o f  the reaction for 1 hr, water and ethanol were removed in vacuo to give a white 

solid, which was a mixture o f sodium chloride and the title product. Separation o f  the two 

compounds was carried out by pouring the mixture into warm acetone, followed by 

filtration. The title compound was recovered from the filtrate after removal o f the 

solvents in vacuo as a fine white powder (11.4 g, 0.08 mol, 80 %).

Rp: 0.66 (hexane: ethyl acetate, 2: 1), visualisation by absorption o f U.V. light 

'H  n.m.r.: Ô (CDCI3 , 400 MHz) 3.74 (6 H, s, -CH 3 ) 6.60 (2H, broad s, NH-) 

mass spectrum (EI^): m/z 59 (COOCHg^) 100 %, 116 (M^ - OCH 3 -  H) 87 %, 148 (M^) 

2 0 %

Melting point: 122-125°C (lit.^^^ 129.5-130.5T)

3. 2. Dimethyl azodicarboxylate (10)^^^

O O

^ ^ N  =  N — ^
H3CO OCH3
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Dimethyl hydrazodicarboxylate (9) (7g, 47 mmol) was added to a solution o f N- 

bromosuccinimide (previously recrystallised from boiling water, 12g, 67 mmol, 1.4 eq.) 

and pyridine (5.5 ml, 6 8  mmol, 1.4 eq.) in dichloromethane (250 ml). The mixture was 

left to stand for 30 min with occasional shaking. The reaction mixture was washed with 

distilled water (3 x 200 ml) and brine (20 ml), followed by drying o f the organic layer 

over sodium sulphate. Removal o f the solvents in vacuo (using teflon sleeves on the 

joints to avoid explosive hazards as the title compound is friction explosive) gave a red 

clear oil, (9 g, 62 mmol, some remaining dichloromethane). As the title compound is 

highly unstable, presenting explosive and flammable hazards, no further removal o f 

dichloromethane nor purification was attempted, and the product was kept in the freezer 

to avoid further decomposition (bubbling at room temperature).

Rp: 0.41 (hexane: ethyl acetate; 2: 1), visualisation by absorption o f U.V. light 

'H  n.m.r.; 6  (CDCI3 , 300 MHz) 4.10 (lit.'“  4.07) (6 H, s, -CH 3 )

No further analyses could be carried out due to the high instability o f the title compound.

3. 3. (5)-V-Benzyloxycarbonylserine (7)̂ ^̂

OH

CO2H

Benzyl chloroformate (7 ml, 49 mmol, 1 eq.) was added dropwise to a solution o f 

(^ -serine  (5g, 48 mmol) and aqueous sodium hydroxide (4 M, 30 ml) at 0°C. The 

reaction mixture was stirred for 90 min, then acidified to pH 2 with concentrated 

hydrochloric acid. Extraction with ethyl acetate (100 ml), followed by washing with brine 

(2 X  20 ml), drying o f the organic layer over sodium sulphate and removal o f the organic 

solvents in vacuo gave the title compound as a paste (7.40 g, 65 %).

Rp: 0.48 (hexane: ethyl acetate, 1: 2), visualisation by absorption o f U.V. light and by 

spraying with basic permanganate solution
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‘h  n.m.r.: 5 (CD 3 OD, 400 MHz) 4.58 (2H, m, -CHjOH) 4.91 (2H, s, ArCH^O-) 5.13 

(IH , s, -CH-) 7.29-7.37 (5H, m, ArH)

3. 4. (5)-A^-Benzyloxycarbonylserine P-lactone (8)*^

Triphenylphosphine (previously dried in high vacuo, 1.8 g, 6.9 mmol) was 

dissolved in dry THF (40 ml) under argon. The flask was then cooled to -78 °C. DM AD 

(10) (1 g, 6.9 mmol, 1 eq.) dissolved in dry THF (5 ml) was added to the clear colourless 

solution. As soon as a pale orange slurry had formed in the flask, {S)-N- 

benzyloxycarbonylserine (7) (1.64 g, 6.9 mmol, 1 eq.) dissolved in dry THF ( 8  ml) was 

added dropwise to the mixture. The reaction mixture was stirred under argon at -78°C for 

30 min, then at room temperature for 3 hr. The solvents were removed in vacuo and the 

yellow thick crude oil obtained was purified by flash column chromatography (7 cm, 

hexane: ethyl acetate; 4: 1 then hexane: ethyl acetate; 3: 2, then pure ethyl acetate). The 

title compound (8 ) was recovered as a white solid (100 mg, 7 %).

The reaction was also carried out using triphenylphosphine (previously dried in 

high vacuo, 1.8 g, 6.9 mmol), DEAD (1.1 ml, 6.9 mmol, 1 eq.) and {S)-N- 

benzyloxycarbonylserine (7) (1.64 g, 6.9 mmol, 1 eq.) in the same conditions. The title 

product was visualised on the t.l.c. plate but could not be separated from diethyl 

hydrazodicarboxylate, even after purification o f the reaction mixture by flash column 

chromatography (7 cm, hexane: ethyl acetate; 4: 1 then hexane: ethyl acetate; 3: 2, then 

pure ethyl acetate).

Rp: 0.13 (hexane: ethyl acetate; 2: 1), visualisation by spraying with basic permanganate 

solution

‘H n.m.r.: 5 (CD3 OD, 400 MHz) 4.37 (lit“  4.4) (IH , ABX system, -CH 2 OCO-, Jab 4.8, 

J a x  4.8 Hz) 4.43 (lit“  4.4) (IH , ABX system, -CH 2 OCO-, J a b  4.8, J b x  6 . 6  Hz) 5.11 (lit“
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5.12) (2H, s, ArCHjO-) 5.14 (lit“  5.0-5.1) (IH , ABX system, -NHCHCO-, Jax 4.8, /ex

6.6 Hz) 7.28-7.38 (lit“  7.3-7.4) (5H, m, ArH)

mass spectrum (FAB): m/z 91 (CeHgCH]^) 100 %, 137 (C 6 H 5 CH 2 CO 2 H + H) 10 %, 222 

(M^ + H) 13 %, 244 (M^ + Na) 11 %
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4. Synthesis of iodoalanine (19) via protected serine residues

4.1.  (iS)-A^-Triphenylmethylserine (16)^^^

OH

C — N

(5)-Serine (4.2 g, 40 mmol) was suspended in dichloromethane (70 ml) under 

nitrogen. Trimethylsilyl chloride (19.51 ml, 140 mmol, 3.5 eq.) was added to the 

suspension and the mixture was refluxed for 20 min. After having cooled the reaction 

mixture to room temperature, triethylamine (19.6 ml, 140 mmol, 3.5 eq.) in 

dichloromethane (40 ml) was added, forming a white slurry and white fumes of 

hydrochloric acid. The mixture was heated under reflux for 45 min then gradually cooled 

to 0°C. At this temperature, the mixture was treated dropwise with anhydrous methanol 

(2.5 ml, 60 mmol, 1.5 eq.) in dichloromethane (10 ml) then allowed to attain room 

temperature. Triethylamine (5.6 ml, 40 mmol, 1 eq.) was added to the mixture followed 

by triphenylmethyl chloride (11.25 g, 40 mmol, 1 eq.) portionwise. A white slurry in a 

pale brown solution was observed. The reaction mixture was then stirred for 18 hr at 

room temperature. An excess o f triethylamine (10 ml) and methanol (100 ml) was added 

to the reaction mixture until the white slurry disappeared and a bright yellow solution was 

formed. The solvents were then evaporated in vacuo to give a pale yellow paste. This 

solid was partitioned between ethyl acetate and ether ( 2 0 0  ml, 1 : 1 ) and a pre-cooled 

solution o f citric acid (5 %, w/v, 200 ml). Extraction o f the aqueous layer was carried out 

with ethyl acetate and ether (2 x 120 ml, 1:1). The combined organic layers were washed 

with a solution o f sodium hydroxide (IM , 2 x 80 ml) and water (2 x 40 ml). The 

combined aqueous layers were washed with ether (80 ml) and ethyl acetate (80 ml) and 

neutralised with glacial acetic acid at 0°C. The precipitated white solid was extracted with 

ethyl acetate (3 x 120 ml) and the combined organic layers were washed with water (2 x
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40 ml) and dried over sodium sulphate. Evaporation o f the solvent in vacuo and washing 

o f the crude compound with hexane gave a fine white powder as the title compound (13.0 

g, 94 %).

Rp: 0.62 (chloroform: methanol, 2: 3), visualisation by absorption o f U.V. light and by 

spraying with basic permanganate solution

'H n.m.r.: 5 (CDClj, 400 MHz) 2.77 (IH , dd, -CH 2 OH, J  10.9, 5.0 Hz) 3.49 (IH , m, - 

CH-) 3.71 (IH , dd, -CH 2 OH , J  10.9, 2.6 Hz) 7.19-7.29 (9H, m, A rH  6 ) 7.40-7.42 ( 6 H,

m, ArH 5)

" c  n.m.r.: 5 (CDCI3 , 100 MHz) 58.6, 62.7, 71.9, 127.2, 128.3, 128.5, 144.4, 175.1 

mass spectrum (FAB): m/z 243 (Trt*) 100 %, 370 (M* + Na) 5 %

Found: (M^ + Na), 370.1419. CziHiiNOsNa requires 370.1430 (FAB)

M elting point: 150-154°C

6

OH

C — N

V-TriphenylmethyIserine (340 mg, 0.98 mmol) was dissolved in ethyl acetate 

(5 ml, the few remaining white clusters that did not dissolve were removed by filtration). 

An excess o f diethylamine (0.3 ml, 3 eq.) was added to the clear solution. After removal 

o f the solvent in vacuo and washing o f the slurry obtained with ether, the

diethylammonium salt o f the title compound was obtained as a white powder.

[a]D -32.7° (21°C, c 22.72 mg/ml, methanol) (lit.’^̂  [a]o-33° (25°C, c 1%, methanol))

Vmax (CHCI3) 3663 (OH), 1632 (CO2 ), 1595 (aromatic)

'H  n.m.r.: 5 (CDCI3 , 300 MHz) 1.24 (6 H, t, HN(CH2CH3)2, J  7.3 Hz) 2.76-2.84 (5H, m,

HN(CH 2 CH 3 ) 2  + -CH2OH) 3.24 (IH , dd, -CHCH 2 OH, J  6 .6 , 3.0 Hz) 3.25 (IH , dd, - 

CH2OH , J2 2 .6 , 3.0 Hz) 7.16-7.27 (9H, m, ArH 6 ) 7.46-7.48 ( 6 H, m, ArH 5)
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13C n.m.r.: ô (CDCI3 , 100 MHz) 12.2, 42.8, 59.5, 65.2, 72.3, 127.4, 128.7, 129.9, 147.3,

180.2

mass spectrum (APCF): m/z 346 (M') 100 %

4. 2. (S)-N-Triphenylm ethylserine 4-m ethoxyphenacyl ester (17)

OH

C — N

OCH

(S)-A-Triphenylmethylserine (16) (5g, 14.4 mmol) was dissolved in DMF (20 ml) 

under nitrogen. Triethylamine (2 ml, 14.4 mmol, 1 eq.) was added to the yellow solution 

and a white slurry was gradually formed. 4-Methoxyphenacyl bromide (3.3 g, 14.4 mmol, 

1 eq.) dissolved in DMF (10ml) was added to this slurry and the reaction mixture was left 

in the fridge under nitrogen for 40 hr.

The reaction mixture was poured into ice water (200 ml) and a whitish precipitate was 

immediately formed. This precipitate was recovered by filtration and then suspended in 

petroleum ether and stirred for at least 5 min. After filtration, the crude solid was dried on 

the freeze drier then recrystallised from ethanol to give the pure title compound as a 

white powder (3.9 g, 55 %).

Rp: 0.55 (hexane: ethyl acetate, 1: 1), visualisation by absorption o f U.V. light and by 

spraying with basic permanganate solution 

[a]o-8.3° (26°C, c 53.15 mg/ml, CHCI3 )

Vmax (CHCI3 ) 3462 (OH), 3018 (CH), 2983 (OCH 3 ), 1737 (C = 0  ester), 1679 (C =0 

ketone), 1597 (aromatic)

’H n.m.r.: Ô (CDCI3 , 300 MHz) 3.64 (IH , m, -CH 2 OH) 3.72 (IH , m, -CH 2 OH) 3.84 (3H, 

s, -OCH 3 ) 4.07 (IH , m, -CH-) 4.77 (IH , d, -CO 2 CH 2 CO-, J  16.4 Hz) 5.00 (IH , d, -
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CO 2 CH 2 CO-, J  16.4 Hz) 6.89 (2H, d, ArH 8 , J  8.9 Hz) 7.16-7.28 (9H, m, ArH 6 ) 7.52 

(6 H, d, A rH  5, J 7.4 Hz) 7.77 (2H, d, ArH 7, J 8 .9  Hz)

'^C n.m.r.: ô (CDCI3 , 100 MHz) 55.5, 58.5, 65.7, 6 6 .2 , 70.9, 114.1, 126.3, 126.5, 127.9,

128.8, 130.3, 145.7, 164.4, 173.6, 191.6

mass spectrum (FAB): m/z 243 (Trt^) 100 %, 518 (M^ + Na) 10 %

Found: (M^ + Na), 518.1943. C3 iH 2 9 N 0 5 Na requires 518.1957 (FAB)

Melting point: 120-121°C

4. 3. (S)-0-M ethanesulfonyl-N-triphenylmethylserine 4-methoxyphenacyl ester

(18)

C H

C — N

O C H

(iS)-A/-Triphenylmethylserine 4-methoxyphenacyl ester (17) (500 mg, 1 mmol) 

was dissolved in dry dichloromethane (2 ml). Triethylamine (0.42 ml, 3 mmol, 3 eq.) was 

added to the solution at 0°C. Methanesulfonyl chloride (0.16 ml, 2 mmol, 2 eq.) was then 

added slowly to the reaction mixture at 0°C. The reaction was stirred for 2 hr at room 

temperature.

The reaction mixture was poured into a mixture o f dichloromethane (10 ml) and saturated 

ammonium chloride solution (10 ml). After washing with saturated sodium hydrogen 

carbonate solution (10 ml), the organic layer was dried over sodium sulphate. After 

removal o f the solvents in vacuo, the title compound was recovered as a pale yellow paste 

(579 mg, 1 mmol) which was used in the next step without further purification.

In some cases, purification was carried out by flash column chromatography (for 

500 mg o f starting material (17), 5 cm, hexane: ethyl acetate, 2: 1), the title compound 

(18) was recovered as a pale yellow paste (470 mg, 80 %).
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(5)-A^-TriphenylmethyIserine 4-methoxyphenacyl ester (17) (241.5 mg, 0.49 

mmol) was dissolved in dry THF (4 ml). Triethylamine (0.08 ml, 0.59 mmol, 1.2 eq.) was 

added to the solution at 0°C. Methanesulfonyl chloride (0.06 ml, 0.73 mmol, 1.5 eq.) was 

added slowly to the reaction mixture at 0°C. The reaction was stirred for 4 hr at room 

temperature.

After removal o f the solvents in vacuo, the residue was dissolved in ether and 

ethyl acetate (100 ml, 1: 1) and ice cold water (30 ml). The organic layer was washed 

twice with ice cold water (2 x 3 0  ml) and with brine (20 ml). The organic layer was dried 

over sodium sulphate, followed by removal o f the solvents in vacuo to give a yellow oil. 

Purification was carried out by flash column chromatography (2.5 cm, DCM then 1 % 

methanol in DCM). The title compound was recovered as a pale yellow paste (60 mg, 

21 %).

Rf: 0.55 (hexane: ethyl acetate, 1: 1), visualisation by absorption o f U.V. light and by 

spraying with basic permanganate solution

'H  n.m.r.: S (CDCI3 , 400 MHz) 2.89 (IH , d, N H  , J  10.1 Hz) 3.04 (3H, s, -SO 2 CH 3 ) 

3.81-3.83 (3H, s, -OCH 3  and IH, m, -CH-) 4.29 (IH , dd, -CH 2 OH, J  10.0, 5.3 Hz) 4.45 

(IH , dd, -C H 2 OH, J  10.0, 4.1 Hz) 4.65 (IH , d, -CO 2 CH 2 CO-, J  16.1 Hz) 4.89 (IH , d, - 

CO 2 CH 2 CO-, J  16.1 Hz) 6 . 8 8  (2H, d, ArH 8 , J 9 .0  Hz) 7.14-7.26 (9H, m, ArH 6 ) 7.47-

7.49 (6 H, d, ArH 5, J  7.6 Hz) 7.72 (2H, d, ArH 7, J  9.0 Hz) 

mass spectrum (FAB): m/z 500 (aziridine, M* + Na) 100 %, 596 (M^ + Na) 31 %

4. 4. (R)-N-Triphenylmethyl-3-iodoalanine 4-methoxyphenacyl ester (19)

6

c  — N

OCH
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4. 4 .1 . Using sodium iodide

Crude (*S)-0-methanesulfonyl-A^-triphenylmethylserine 4-methoxyphenacyl ester 

(18) (724 mg, 1.26 mmol) was dissolved in acetone (12 ml) and sodium iodide (1.9 g, 

10 eq.) was added to the solution. The reaction mixture was stirred under nitrogen for 41 

hr in the dark.

The mixture was then poured into ether (50 ml) and sodium thiosulphate solution (10 %, 

w/v, 50 ml), followed by washing o f the organic layer with sodium thiosulphate solution 

(10 %) until this layer lost its bright yellow colour. Drying o f the organic layer over 

sodium sulphate was followed by removal o f the solvents in vacuo to give a yellow oil 

(344 mg).

'H  n.m.r. spectra in CDCI3 showed that the starting material (18) was recovered after 

extraction.

4. 4. 2. Using methyltriphenoxyphosphonium iodide

(5)-#-Triphenylmethylserine 4-methoxyphenacyl ester (17) (300 mg, 0.61 mmol) 

and crude methyltriphenoxyphosphonium iodide (1.51g, n.m.r. and n.m.r. spectra 

in CDCI3 revealed one third by-products mixed with it, about 2 eq.) were dissolved in dry 

DMF (10 ml) under nitrogen. After stirring in the dark for 2 hr, the reaction mixture was 

poured into ether (40 ml). The organic layer was washed with distilled water ( 2 x 1 0  ml), 

sodium thiosulphate solution (1 M, 10 ml) then distilled water again (3 x 10 ml). The 

organic layer was dried over sodium sulphate and the solvents were removed in vacuo to 

give a clear oil. Purification by flash column chromatography (5 cm, hexane followed by 

hexane: ethyl acetate, 4: 1 followed by neat ethyl acetate) gave the title compound as an 

oil, however the purification was incomplete and some by-products derived from 

methyltriphenoxyphosphonium iodide were mixed with it (92 mg, 25 %).

Rp: 0.74 (dichloromethane), visualisation by absorption o f U.V. light and by spraying 

with basic permanganate solution

150



' h  n.m.r.: ô (CDCI3 , 400 MHz) among impurities were 2 rotamers A + B (3: 2): 2.60 

(IH , dd, -CH 2 I, J  13.0, 5.7 Hz, A) 2.78 (IH , m, -CH 2 I, A) 2.84 (IH  + IH , d, -NH-, J 9 .5  

Hz, A + B) 3.20 (IH , dd, -CH 2 I, J 9 .9 ,  5.8 Hz, B) 3.34 (IH , dd, -CH 2 I, J 9 .9 ,  3.2 Hz, B) 

3.62 (IH , m, -CH-, B) 3.82 (3H + 3H, s, -OCH 3 , A + B) 4.50 (IH , dd, -CH-, J  9.3, 5.7 

Hz, A) 4.77 (IH , d, -CO 2 CH 2 CO-, J  16.1 Hz, B) 4.93 (IH , d, -CO 2 CH 2 CO-, J  16.1 Hz, 

B) 5.25 (IH , d, -CO 2 CH 2 CO-, J  15.9 Hz, A) 5.35 (IH , d, -CO 2 CH 2 CO-, J  15.9 Hz, A) 

6.60-6.90 (2H + 2H, m, ArH 8, A + B) 7.15-7.27 (9H + 9H, m, ArH 6, A + B) 7.44-7.50 

(6 H + 6 H, m, ArH 5, A + B) 7.76-7.83 (2H + 2H, m, A rH  7, A + B) 

mass spectrum (APCI^): m/z 497 (M^ - C 6 H4 OCH 3 + H) 44 %, 628 (M"  ̂+ Na) traces
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5. Synthesis of iodoalanine (22) via protected serine residues

5. 1. {S)-N-Triphenylmethylserine 4,5-dimethoxy-2’nitrobenzyl ester (20)

OCH

i\\\H

C — N OCH

(5)-#-Triphenylmethylserine (16) (2.1 g, 6.0 mmol) was dissolved in DMF (12 

ml) under nitrogen. Triethylamine (0.85 ml, 6.1 mmol, 1 eq.) was added to the solution. 

4,5-Dimethoxy-2-nitrobenzyl bromide (1.9 g, 6.9 mmol, 1.1 eq.) dissolved in DMF (3 x 

5 ml) was added dropwise to the reaction mixture at 0°C. The reaction mixture was 

stirred under nitrogen for 24 hr.

After removal o f the solvents in high vacuo, the residue was dissolved in water: ethyl 

acetate (100 ml, 1: 1) the aqueous layer was extracted with ethyl acetate ( 6  x 75 ml) and 

the combined organic layers were washed with water ( 6  x 40 ml). The organic layer was 

dried over sodium sulphate, followed by removal o f the solvents in vacuo to give the title 

compound as a dark yellow solid (3.0 g, 93 %).

Rp: 0.85 (chloroform: methanol, 2: 3), visualisation by absorption o f U.V. light and by 

spraying with basic permanganate solution 

[a]o -17.9°(25°C, c 62.16 mg/ml, CHCI3 )

Found: C, 68.0; H, 5.5; N, 5.0. C 3 1 H 3 0 N 2 O 7 requires C, 6 8 .6 ; H, 5.6; N, 5.2

V m a x  (CHCI3 ) 3593 (OH), 3021 (CH stretching), 2940 (OCH 3 ), 1737 (CO ester), 1583

(aromatic), 1523 (C-NO 2 )

’H n.m.r.: Ô (CDCI3 , 400 MHz) 3.54 (IH , dd, -CH 2 OH, J  5.8, 10.7 Hz) 3.61 (IH , dd, 

-CH , J  10.7, 3.9 Hz) 3.83 (IH , dd, -CH 2 OH , J  5.8, 3.9 Hz) 3.89 (3H, s, -OCH 3 ) 3.91 

(3H, s, -O CH 3 ) 4.92 (IH , d, -CO2 CH 2 -, J  15.2 Hz) 5.24 (IH , d, -CO2CH2 -, J  15.2 Hz) 

6.84 (IH , s, ArH 8 ) 7.16-7.29 (9H, m, ArH 6 ) 7.46-7.48 (6 H, m, ArH 5) 7.65 (IH , s, 

ArH 7)
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n.m.r.: Ô (CDCI3 , 100 MHz) 56.2, 56.5, 58.0, 63.7, 64.9, 70.9, 107.9, 109.8, 126.6,

127.8, 127.9, 128.6, 139.5, 145.4, 147.9, 153.5, 173.1 

mass spectrum (FAB): m/z 243 (Trt^) 100 %, 675 (M"̂  + Cs) 29 %

Found: (M^ + Cs), 675.1107. C3 1 H3 0N 2 O 7 CS requires 675.1090 (FAB)

Melting point: 166-168°C

5. 2. {S)-0-M ethanesulfonyl-^-triphenylm ethylserine 4,5-dimethoxy-2-nitro- 

benzyl ester (21)

CH

OCH

i\\\H

OCHC — N

(5)-A^-Triphenylmethylserine 4,5-dimethoxy-2-nitrobenzyl ester (20) (1.5 g, 2.8 

mmol) was dissolved in dichloromethane (10 ml). Triethylamine (1.16 ml, 8.3 mmol, 

3 eq.) was added to the solution at 0°C. Methanesulfonyl chloride (0.43 ml, 5.5 mmol, 

2 eq.) was added slowly to the reaction mixture at 0°C. The reaction was stirred for 2 hr 

15 at room temperature.

The reaction mixture was poured into dichloromethane (40 ml) and washed with a 

saturated solution o f ammonium chloride ( 2 0  ml), then a saturated solution o f sodium 

hydrogen carbonate (2 x 30 ml) and the organic layer was dried over sodium sulphate. 

Removal o f the solvents in vacuo gave a yellow oil which was purified by flash column 

chromatography ( 6  cm, hexane: ethyl acetate, 2: 1 gradient). The title compound was 

recovered as a pale yellow solid (1.5 g, 87 %).

(5)-A-TriphenylmethyIserine 4,5-dimethoxy-2-nitrobenzyl ester (20) (1.6 g, 3.0 

mmol) was dissolved in dry THF (18 ml). Triethylamine (0.45 ml, 3.2 mmol, 1.1 eq.) was
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added to the solution at 0°C. Methanesulfonyl chloride (0.25 ml, 3.2 mmol, 1.1 eq.) was 

added slowly to the reaction mixture at 0°C. The reaction was stirred for 4 hr at room 

temperature.

After removal o f the solvents in vacuo, the residue was dissolved in ether (50 ml), ethyl 

acetate (50 ml) and ice cold water (30 ml). The organic layer was washed twice with ice 

cold water (2 x 30 ml) and with brine (20 ml). The organic layer was dried over sodium 

sulphate, followed by removal o f the solvents in vacuo to give a yellow oil.

After recrystallisation (DCM: methanol, 1:4, -20°C), the title compound was recovered as 

a light cream solid (1.7 g, 93 %).

Purification was also carried out by flash column chromatography. For instance for 1.5 g 

o f starting material (20), flash column chromatography (5 cm, hexane: ethyl acetate, 1 :1 , 

gradient) gave the title compound (21) as a pale yellow solid (1.5 g, 87 %). This mesyl 

derivative degrades only slowly (in a matter o f weeks) once it has been purified.

Rp: 0.17 (hexane: ethyl acetate, 2: 1), visualisation by absorption o f  U.V. light and by 

spraying with basic permanganate solution 

[a]o -1.4° (26°C, c 22.25 mg/ml, CHCI3 )

Found: C, 61.4; H, 5.1; N, 4.5; S, 5.3. C 3 2 H 3 2 N 2 O9 S requires C, 61.9; H, 5.2; N, 4.5; S,

5.2

Vmax (CHCI3 ) 3028 (CH stretching), 1740 (C = 0 ester), 1583 (aromatic), 1523 (C-NO 2 )

'H  n.m.r.: 5 (CDCI3 , 400 MHz) 2.96 (3H, s, -SO2CH3) 3.74 (IH , m, -CH-) 3.93 (3H, s, 

-OCH3) 3.94 (3H, s, -OCH3) 4.25 (IH , dd, -CH2 SO2-, J  10.2, 6.4 Hz) 4.45 (IH , dd, 

-CH2SO2-, J  10.2, 4.1 Hz) 4.88 (IH , d, -CO2CH2-, J  14.2 Hz) 5.14 (IH , d, -CO2CH2-, J

14.2 Hz) 6 . 8 6  (IH , s, ArH 8) 7.16-7.28 (9H, m, ArH 6) 7.47-7.50 (6 H, m, ArH 5) 7.66 

(IH , s, ArH 7)

n.m.r.: Ô (CDCI3 , 75.47 MHz) 38.0, 56.3, 56.8, 57.1, 64.5, 71.25, 71.6, 108.4, 111.4,

126.2, 127.2, 128.5, 129.0, 140.4, 145.6, 148.8, 153.9, 171.8

mass spectrum (FAB): m/z 241 (Trt"  ̂ - 2H) 100 %, 348 (M"̂  - NV - mesyl + 2H) 28 %, 

543 (IVT - mesyl + H) 73 %, 621 (M^ + H) 2 %, 643 (M"" + Na) 3 %

Found: (M+ + Na), 643.1726. CszHgiNiOgSNa requires 643.1742 (FAB)

Melting point: 129-131°C (dec.)
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5. 3. (R)-N-Triphenylmethyl-3-iodoalanine 4,5-dimethoxy-2-niirobenzyl ester (22)

OCH

i\\\H

C — N OCR

(5)-0-Methanesulfonyl-A^-triphenylmethylserine 4,5-dimethoxy-2-nitrobenzyl ester 

(21) (1.0 g, 1.6 mmol) was dissolved in acetone (3 ml) then this solution was added 

dropwise slowly to a solution o f sodium iodide (2.6 g, 17.3 mmol, 11 eq.) dissolved in 

acetone (5 ml). The reaction mixture was stirred under nitrogen at room temperature for 4 

days.

Pouring o f the reaction mixture into ether (50 ml) and ethyl acetate (50 ml) and an 

aqueous solution o f sodium thiosulphate (10 %, w/v, 40 ml) was followed by washing o f 

the organic layer with an aqueous solution o f sodium thiosulphate (10 %, w/v, 2 x 40 ml) 

and with water (2 x 20 ml). The combined aqueous layers were extracted once with ether 

(25 ml) and ethyl acetate (25 ml). The combined organic layers were dried over sodium 

sulphate, followed by removal o f the solvents in vacuo to give a pale yellow paste which 

was purified by flash column chromatography (3.5 cm, hexane: ethyl acetate, 1: 1, 

gradient). The title compound was recovered as a pale yellow solid (881 mg, 84 %).

Rp: 0.80 (hexane: ethyl acetate, 1: 2), visualisation by absorption o f  U.V. light and by 

spraying with basic permanganate solution 

[a ]o - 6 . 1 ° (26°C, c 23.6 mg/ml, CHCI3 )

Vmax (CHCI3 ) 3014 (CH Stretching), 1737 (C = 0 ester), 1583 (aromatic), 1523 (C-NO 2 ) 

n.m.r.: ô (CDCI3 , 300 MHz) 2 rotamers A + B (7: 4): 2.61 (IH , dd, -CH 2 I, J  13.0, 5.9 

Hz, A) 2.77 (IH , dd, -CH 2 I, J  13.0, 8.5 Hz, A) 2.92 (IH , d, -NH-, J 9.7 Hz, B, no visible  

signal for N H  , A), 3.21 (IH , -CH 2 I, J 9 .8 , 7.2 Hz, B) 3.35 (IH , -CH 2 I, J 9 .8 ,  3.3 Hz, B) 

3.58 (IH , -CHCH 2 I, m, B) 3.93-4.01 (6 H + 6 H, m, -OCH 3 , A + B) 4.51 (IH , dd, 

-CHCH 2 I, J  8.5, 5.9 Hz, A) 4.99 (IH , d, -CH 2 OCO-, J  14.7 Hz, B) 5.19 (IH , d, -
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CO 2 CH 2 -, J  14.7 Hz, B) 5.57 (IH , d, -CO 2 CH 2 -, J  15.2 Hz, A) 5.72 (IH , d, -CO 2 C H 2 -, J

15.2 Hz, A) 6.83 (IH , s, ArH 8 , B) 7.10 (IH , s, ArH 8 , A) 7.12-7.34 (9H + 9H, m, ArH 

6 , A + B) 7.42-7.46 (6 H, m, ArH 5, A) 7.47-7.51 (6 H, m, ArH 5, B) 7.67 (IH , s, A rH  7, 

B) 7.74 (IH , s, ArH 7, A)

n. m. r.: ô (CDCI3 , 75.47 MHz) 10.0, 56.8, 57.0, 57.1, 57.4, 64.2, 71.3, 71.5, 108.4,

108.6, 110.1, 111.4, 126.6, 127.0, 127.2, 127.3, 128.5, 128.5, 128.8, 129.0, 140.4, 145.8, 

145.9, 148.7, 153.7, 170.5

mass spectrum (APCI^): m/z 243 (Trt^) 100 %, 547 (aziridine^ + Na) 12 %, 675 (M^ + 

Na) 10 %

Found: (M^ + Na), 675.0968. C3 iH 2 9 N 2 0 6 lNa requires 675.0991 (FAB)

Melting point: 56-59°C

A test reaction was carried out in an attempt to determine whether the iodoalanine 

residues are mixtures o f rotamers. (i^)-A-Triphenylmethyl-3-iodoalanine 4,5-dimethoxy- 

2-nitrobenzyl ester (22) (54 mg, 0.08 mmol) was dissolved in DCM (2 ml). 

Trifluoroacetic acid (0.5 ml) was added to the solution and the reaction mixture was 

stirred for 4 hr. Removal o f the solvents in vacuo gave a crude yellow product. 

6 -Nitroveratryl alcohol was clearly identified by *H n.m.r.

mass spectrum (APCI^): m/z 411 ((/?)-3-iodoalanine 4,5-dimethoxy-2-nitrobenzy 1 ester, 

M^ + H) 6  %
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6. Synthesis of lanthionine residues

6. 1. {R)-(4,5-Dimethoxy-2-nitrobenzyl)-N-triphenylmethylalanyl (R)-tert-buiyl- 

N-(9-Jluorenylmethyloxycarbonyl)alanyl sulfide (24)

H  N H

C — N

NO

H.CO

A mixture o f (i^)-A^-(9-fluorenylmethyloxycarbonyl)cysteine /erZ-butyl ester (13) 

(245 mg, 0.61 mmol) and (7?)-A^-triphenylmethyl-3-iodoalanine 4,5-dimethoxy-2-nitro- 

benzyl ester (22) (450 mg, 0.69 mmol, 1.1 eq.) in DMF ( 6  ml) was treated with cesium 

carbonate (200 mg, 0.61 mmol, 1 eq.) under nitrogen. The reaction was stirred for 4 hr at 

room temperature (20°C).

The reaction mixture was dissolved in ethyl acetate (100 ml) and an aqueous solution o f 

citric acid (10 %, w/v, 20 ml). The aqueous layer was extracted twice with ethyl acetate 

(2 X  50 ml) and ether (2 x 60 ml). The combined ethyl acetate layers were washed with an 

aqueous solution o f citric acid (10 %, w/v, 20 ml) and water ( 8  x 30 ml) then dried over 

sodium sulphate. The combined ether layers were washed with an aqueous solution o f 

citric acid (10 %, w/v, 20 ml) and water (4 x 30 ml) then dried over sodium sulphate. 

Removal o f  the solvents in vacuo from the combined organic layers gave an oil which 

was then purified by flash column chromatography (3.5 cm, hexane: ethyl acetate, 4: 1, 

gradient). The title compound (24) was obtained as a pale yellow light solid (532 mg, 94 

%, 0.57 mmol).
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W hen the reaction was carried out with equimolar amounts o f (13) and (22) or at a lower 

temperature the yield dropped significantly (for example 82 % for a mixture o f (13): (22), 

1: 1 at20°C).

Rp: 0.65 (hexane: ethyl acetate, 1: 1), visualisation by absorption o f U.V. light and by 

spraying with basic permanganate solution 

[a]o +1.8° ( 1 2 °C, c 21.47 mg/ml, CHCI3 )

Vmax (CHCI3 ) 3028 (CH stretching), 1730 (C =0, broad), 1583 (aromatic), 1521 (C-NO 2 ) 

'H  n.m.r.: ô (CDCI3 , 500 MHz) 2 diastereoisomers A + B (2: 1): 1.45 (9H + 9H, m, - 

C(CH 3 )3 , a  + B) 2.52 (IH , m, TrtNV-CH-CHz-S-, A) 2.68 (IH , m, TrtNV-CH-CHz-S-, 

A) 2.77 (IH , m, TrtNV-CH-CHj-S-, B) 2.86 + 3.03 (IH , m, -S-CHj-CH-tBuFmoc, A) 

2.91 (2H, m, TrtNV-CH-CHz-S- + -S-CHz-CH-tBuFmoc, B) 3.00 (IH , m, -S-CH 2 -CH- 

tBuFmoc, B) 3.03 + 3.14 (IH , m, -S-CH 2 -CH-tBuFmoc, A) 3.61 (IH  + IH , m, TrtNV- 

CH-CH 2 -S-, A + B) 3.87-3.91 (6 H + 6 H, m, -OCH 3 , A + B) 4.17 (IH  + IH , t, -CH-CH 2 - 

OCONH-, J  7.1 Hz, A + B) 4.32 (2H + 2H, m, -CH-CH 2 -OCONH-, A + B) 4.47 (IH  + 

IH, m, tBuFm oc-CH-CH 2 -S-, A + B) 4.88 (IH , d, -C 0 2 -CH 2 -Ar, J  14.8 Hz, B) 5.07 (IH , 

d, -C 0 2 -C H 2 -Ar, J  14.8 Hz, B) 5.56 ((2H, m, -C 0 2 -CH 2 -Ar, A) + (IH  + IH , -NH-Trt, (A 

+ B)) + (IH  + IH, -NH-CO 2 -CH 2 , (A + B))) 6 . 8 8  (IH , s, ArH 8 , B) 7.03 (IH , s, ArH 8 , 

A) 7.16 (2H + 2H, m, ArH 2, A + B) 7.21-7.29 (9H + 9H, m, ArH 6, A + B) 7.35 (2H + 

2H, m, A rH  3, A + B) 7.43 (6 H, m, ArH 5, A) 7.48 (6 H, m, ArH 5, B) 7.55 (2H + 2H, m, 

ArH 1, A + B) 7.60 (IH , s, ArH 7, B) 7.67 (IH , s, ArH 7, A) 7.73 (2H + 2H, d, ArH 4, J

7.4 Hz, A + B)

n.m.r.: Ô (CDCI3 , 75.47 MHz) 28.4, 36.3, 38.5, 44.8, 45.0, 47.5, 48.2, 48.9, 54.7,

54.8, 56.7, 56.8, 57.0, 57.1, 64.2, 64.3, 67.6, 67.7, 71.3, 71.7, 83.4, 83.5, 108.4, 108.6,

110.6, 110.8, 111.0, 120.4, 125.5, 126.9, 127.1, 127.5, 128.2, 128.4, 128.9, 129.1, 140.2,

141.7, 144.1, 144.2, 146.0, 148.5, 148.7, 153.8, 154.0, 156.1, 169.7, 169.9, 171.5, 173.4 

mass spectrum (FAB): m/z 924 (M^ + H) 81 %, 946 (M^ + Na) 100 %

LC-MS reverse-phase: 21.20 min (60 % to 90 % B in 20 min, no TFA in the solvent

system) (APCI^): m/z 924 (M"̂  + H) 1 %, 946 (M^ + Na) 7 %

LC-MS normal-phase: 25.19 min + 26.52 min (25 % B') (APCC): m/z 925 (M"̂  + H) 1 %,

946 (M^ + Na) 1 % and 925 (M"" + H) 1 %, 946 (M^ + Na) 1 %

Found: (M^ + Na), 946.3349. CssHssNsOioSNa requires 946.3312 (FAB)
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Melting point: 54-58°C

Aziridine (23) was recovered as a by-product o f the reaction. It can also be produced 

during the formation o f iodoalanine (2 2 ).

/X ,

H 3 C 0

OCH,

n.m.r.: Ô (CDCI3 , 500 MHz) 1.48 (IH , m, CH-CH 2 -N-) 2.00 (IH , dd, CH-CH 2 -N-, J  

6.0, 2.5 Hz) 2.34 (IH , m, -N-CH-CO 2 -) 3.81 (3H, s, -OCH 3 ) 3.96 (3H, s, -OCH 3 ) 5.58 

(IH , d, -C 0 2 -CH 2 -Ar, J15 .1  Hz) 5.68 (IH , d, -C 0 2 -CH 2 -Ar, /1 5 .1  Hz) 7.12 (IH , s, ArH 

8 ) 7.20-7.27 (9H, m, ArH 6 ) 7.48 (6 H, m, ArH 5) 7.74 (IH , s, A rH  7)

6 . 2. {K)-(4,5-Dimethoxy-2-nitrobenzyl)alanyl (R)-tert-butyl-N-(9-fluorenyl- 

methyloxycarbonyl)alanyl sulfide (25)

c — o

i\\\H

NO-

159



(i?)-(4,5-Dimethoxy-2-nitrobenzyl)-A^-triphenylmethylalanyl {R)-tert-huty\-N-(9- 

fluorenylmethyloxycarbonyl)alanyl sulfide (24) (76 mg, 0.082 mmol) was dissolved in 

dry dichloromethane (4 ml). Trifluoroacetic acid (0.025 ml, 0.33 mmol, 4 eq.) was added 

to the solution and the reaction mixture was stirred for 4 hr 30 at room temperature.

After removal o f the solvents in vacuo, the pale yellow oil obtained was purified by flash 

column chromatography (1.5 cm, hexane: ethyl acetate, 1: 2 then neat ethyl acetate, then 

methanol). Two types o f residues (25), compound A and compound B were obtained 

from the column, each as a pale yellow oil (A: B, 5: 1, 56 mg, 0.082 mmol, 100 %). 

mass spectrum (FAB) (identical for both compounds): m/z 179 (DBF) 92 %, 196 (NV) 

80 %, 682 (VT) 70 %

Compound A: Rp: 0.02 (neat ethyl acetate), visualisation by absorption o f U.V. light and 

by spraying with basic permanganate solution

‘H n.m.r.: 5 (CDCI3 , 500 MHz) 1.44 (9H, m, -C(CH3)]) 1.77 (2 H, broad s, -NH2) 2.98 

(2H, m, H2NNV-CH-CH2-) 3.10 (2H, m, -S-CH2-CH-tBuFmoc) 3.42 (IH , m, H2NNV- 

CH-CH2-S-) 3.92 (6 H, m, -OCH3) 4.15 (IH , m, -CH-CH2-OCONH-) 4.37 (2H, m, -CH- 

CH2-OCONH-) 4.50 (IH , m, tBuFmoc-CH-CH2-S-) 5.55 (2H, m, -C 0 2 -CH 2 -Ar) 5.88 

(IH , m, -OCONH-) 6.31 (IH , m, -OCONH-) 7.05 (IH , s, ArH 8 ) 7.26 (2H, m, ArH 2) 

7.35 (2H, t, ArH 3, J  7.1 Hz) 7.56 (2H, d, ArH 1, J  6.5 Hz) 7.66 (IH , m, ArH 7) 7.72 

(2H, d, A rH  4, J 5.8 Hz)

Compound B: Rp: 0.25 (neat ethyl acetate), visualisation by absorption o f U.V. light and 

by spraying with basic permanganate solution

'H  n.m.r.: Ô (CDCI3 , 400 MHz) 1.48 (9H, m, -C(CH 3 )3 ) 1.85 (2H, broad s, -NH 2 ) 2.87 

(IH , m, H 2 N NV-CH-CH 2 -) 3.03 (3H, m, H 2NNV-CH-CH 2 -S- + -S-CH 2 -CH-tBuFmoc) 

3.76 (IH , m, H 2 NNV-CH-CH 2 -S-) 3.90 (3H, s, -OCH 3 ) 3.95 (3H, s, -O CH 3 ) 4.18 (IH , m, 

-CH-CH 2 -OCONH-) 4.33 (2H, m, -CH-CH 2 -OCONH-) 4.50 (IH , m, tBuFm oc-CH-CH 2 - 

S-) 5.39 (IH , d, -C 0 2 -CH 2 -Ar, J  14.4 Hz) 5.52 (IH , d, -C 0 2 -CH 2 -Ar, J  14.4 Hz) 6.02 

(IH , d, -OCONH-, J 7 .4  Hz) 6.97 (IH , s, A rH  8 ) 7.29 (2H, t, A rH  2, J 7 .6  Hz) 7.38 (2H, 

t, ArH 3, J 7 .4  Hz) 7.57 (2H, d, ArH 1, J 7 .6  Hz) 7.64 (IH , s, A rH  7) 7.74 (2H, d, ArH 4, 

J I A  Hz)
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6. 3. (R)-N-(4,5-Dimethoxy-2-nitrobenzyloxycarbonyl)alanyl (R )-tert-bu tyl-^ ’ 

(9-fluorenylmethyloxycarbonyl)alanyl sulfide (26)

H3CO

H3CO

W
c — o

NH
i\\\H

OH

3

(i?)-(4,5-dimethoxy-2-nitrobenzyl)-A^-triphenylmethylalanyl (7?)-^er/-butyl-A^-(9- 

fluorenylmethyloxycarbonyl)alanyl sulfide (24) (102 mg, 0.11 mmol) was dissolved in 

dry dichloromethane (4 ml). Trifluoroacetic acid (0.033 ml, 0.44 mmol, 4 eq.) was added 

to the solution and the reaction mixture was stirred for 4 hr 30 at room temperature. 

Neutralisation was then carried out at 0 °C with A^-methyl morpholine (0.024 ml, 0.22 

mmol, 2 eq.). The solvents were removed in vacuo and the crude (/?)-(4,5-dimethoxy-2- 

nitrobenzyl)alanyl (7^)-rer/-butyl-A^-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (25) 

obtained was dissolved in THF (0.5 ml). A^-Methylmorpholine (0.024 ml, 0.22 mmol, 2 

eq.) was added, followed by a solution o f 4,5-dimethoxy-2-nitrobenzyl chloroformate (60 

mg, 0.22 mmol, 2 eq.) in THF (0.5 ml). The reaction mixture was stirred for 2 hr at room 

temperature.

Removal o f the solvents in vacuo followed by purification by flash column 

chromatography (1.5 cm, hexane: ethyl acetate, 4: 1) gave the title compound as a yellow 

paste (31 mg, 39 %).

(i?)-(4,5-dimethoxy-2-nitrobenzyl)-A^-triphenylmethylalanyl (Rytert-huty\-N-{9- 

fluorenylmethyloxycarbonyl)alanyl sulfide (24) (50 mg, 0.054 mmol) was dissolved in 

dry dichloromethane (4 ml). Trifluoroacetic acid (0.017 ml, 0.22 mmol, 4 eq.) was added 

to the solution and the reaction mixture was stirred for 4 hr 30 at room temperature. 

Neutralisation was then carried out at 0 °C with A^-methyl morpholine (0.03 ml, 0.22
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mmol, 2 eq,). A further addition o f A-methylmorpholine (2 eq., 0.11 mmol, 0.015 ml) was 

followed by an addition o f 4,5-dimethoxy-2-nitrobenzyl chloroformate (2.4 eq., 0.13 

mmol, 37 mg) in dichloromethane (2 ml). The reaction mixture was stirred overnight 

under nitrogen at room temperature.

The crude mixture was dissolved in dichloromethane (50 ml) and washed twice with an 

aqueous solution o f citric acid (5%, w/v, 2 x 1 0  ml) then water (10 ml). The organic layer 

was dried over sodium sulphate and the solvents were removed in vacuo to give a dark 

yellow oil.

Purification by flash column chromatography (1.5 cm, hexane: ethyl acetate, 2: 1) gave 

the title compound as a yellow paste (39 mg, 1 0 0  %).

Rp: 0.55 (hexane: ethyl acetate, 1: 1), visualisation by absorption o f U.V. light and by 

spraying with basic permanganate solution

mass spectrum (APCI^): m/z 722 (M^ - 3) 96 %, 723 (M^ - 2) 36 %, 724 (M"  ̂ - 1) 12 %, 

725 (IVT) 3 %

Depending on the batches o f lanthionine (24) used, two types o f compounds were 

synthesised in the course o f these reactions, having the same mass spectroscopy but 

slightly different n.m.r. spectra.

Compound A:

'H  n.m.r.: Ô (CDCI3 , 300 MHz) 1.47 (9H, s, -C(CH 3 )3 ) 2.95 (IH , m, tBuFmoc-CH-CHz- 

S-) 3.23 (IH , m, tBuFmoc-CH-CHz-S-) 3.67 (2H, m, NVOC-CH-CH 2 -S-) 3.82 (IH , m, 

N VOC-CH-CH 2 -S-) 3.96 (6 H, m, -OCH 3 ) 4.19 (IH , t, -CH-CH 2 -OCONH-, J  7.0 Hz) 

4.39 (2H, m, -CH-CH 2 -OCONH-) 4.47 (IH , m, tBuFmoc-CH-CH 2 -S-) 5.54 (2H, m, 

-C 0 2 -C H 2 -Ar) 5.69 (IH , m, -NH-) 7.02 (IH , s, ArH 6 ) 7.29 (2H, m, A rH  2) 7.39 (2H, t, 

ArH 3, J 7 .4  Hz) 7.58 (2H, d, ArH I, J I A  Hz) 7.68 (IH , s, ArH 5) 7.74 (2H, d, ArH 4, J

7.5 Hz)

Compound B:

'H  n.m.r.: Ô (CDCI3 , 400 MHz) 1.48 (9H, s, -C(CH 3 )3 ) 2.89 (IH , m, tBuFmoc-CH-CH2- 

S-) 3.08 (IH , m, tBuFmoc-CH-CH 2 -S-) 3.16 (2H, m, NVOC-CH-CH2-S-) 3.95 (6 H, m, - 

OCH3) 4.20 (IH , t, -CH-CH2-OCONH-, J 7 .3  Hz) 4.37 (2H, m, -CH-CH2-OCONH-)
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4.44 (IH , m, tBuFmoc-CH-CH 2 -S-) 4.85 (IH , m, NVOC-CH-CH 2 -S-) 5.59 (4H, m, 

-C 0 2 -C H 2 -Ar + -NH-NVOC + -NH-Fmoc) 6.98 (IH , s, ArH 6 ) 7.30 (2H, m, ArH 2) 

7.41 (2H, m, ArH 3) 7.57 (2H, d, ArH 1, J  7.4 Hz) 7.68 (IH , s, ArH 5) 7.75 (2H, m, 

ArH 4)

Some test reactions were carried out in the same conditions using compound (24).

(i?)-(4,5-Dimethoxy-2-nitrobenzyl)-A-triphenylmethylalanyl (Rytert-huty\-N-(9- 

fluorenylmethyloxycarbonyl)aIanyl sulfide (24) (4 mg) was dissolved in DCM (1 ml). 

A-Metbylmorpboline (0.001 ml, 2 eq.) was added to the solution. The reaction mixture 

was stirred for 22 br. T.l.c. analyses revealed that the starting material was not changed 

after that time.

(/?)-(4,5-Dimetboxy-2-nitrobenzyl)-A-tripbenylmetbylalanyl (R)-tert-buty\-N-(9- 

fluorenylmetbyloxycarbonyl)alanyl sulfide (24) (4 mg) was dissolved in DCM (1 ml). 

A-Metbylmorpboline (0.001 ml, 2 eq.) and 4,5-dimetboxy-2-nitrobenzyl chloroformate (2 

mg, 2.5 eq.) dissolved in DCM (0.5 ml) were added to the solution. The reaction mixture 

was stirred for 22 br. T.l.c. analyses revealed that the starting material was not changed 

after that time.

6 . 4. (R)-(4,5-Dimeth oxy-2-n itro benzyl) -N- 5-dim ethoxy-2-n itrobenzyloxy- 

carbonyl)alanyl {R)-tert-butyl-N-(9-fluorenylm ethyloxycarbonyl)alanyl sulfide  (27)

W
c — o

i\\\H

NO-
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(i?)-(4,5-dimethoxy-2-nitrobenzyl)-7V^-triphenylmethylalanyl {R)-tert-huty\-N-{9- 

fluorenylmethyloxycarbonyl)alanyl sulfide (24) (262 mg, 0.284 mmol) was dissolved in 

dry dichloromethane ( 8  ml). Trifluoroacetic acid (0.088 ml, 1.14 mmol, 4 eq.) was added 

to the solution and the reaction mixture was stirred for 4 hr 30 at room temperature. 

Toluene was added to the mixture and the solvents were removed in vacuo. The crude 

mixture was used in the next step without further purification, after repeated co­

evaporation with toluene to remove the last traces o f trifluoroacetic acid.

(i?)-(4,5-Dimethoxy-2-nitrobenzyl)alanyl (i?)-rerr-butyl-A^-(9-fluorenylmethyloxy- 

carbonyl)alanyl sulfide (25) (crude from the previous step, th. 0.284 mmol) was dissolved 

in dioxane (2 ml). A solution o f sodium bicarbonate (120 mg, 1.42 mmol, 5 eq.) in water 

(4 ml) was added, followed by a solution o f 4,5-dimethoxy-2-nitrobenzyl chloroformate 

(157 mg, 0.57 mmol, 2 eq.) in dioxane (4 ml). The reaction mixture was stirred for 2 hr at 

room temperature.

The crude mixture was partitioned between dichloromethane (100 ml) and an aqueous 

solution o f sodium hydrogen sulphate (1 N, 8  ml) and the organic layer was washed three 

times with an aqueous solution o f sodium hydrogen sulphate (1 N, 3 x 8  ml). After drying 

o f the organic layer over sodium sulphate followed by removal o f the solvents in vacuo 

and purification by flash column chromatography (2.5 cm, hexane: ethyl acetate, 2: 1), 

the title compound was obtained as a very pale yellow light solid (261 mg, 0.284 mmol, 

100 %).

The yield dropped significantly when the crude mixture was concentrated in high 

vacuo before work-up.

Recrystallisation o f the title compound can be carried out in chloroform: methanol 

( l:4 )a t-2 0 " C .

[a]o + 1 .1 ° (18°C, c 9.15 mg/ml, CHCI3 )

Found: C, 56.9; H, 5.3; N, 5.9; S, 3.2. C4 4 H 4 9N 4 O 1 6 S requires C, 57.4; H, 5.3; N, 6.1; S,

3.5

Vmax (CHCI3 ) 3431 (NH), 3029 (CH stretching), 1729 (C =0, broad), 1584 (aromatic), 

1524 (C-NO 2 )

n.m.r.: Ô (CDCI3 , 75.47 MHz) 28.3, 34.7, 42.1, 47.1, 47.3, 54.8, 56.7, 56.8, 57.0,

64.2, 64.6, 67.8, 83.8, 108.4, 108.6, 110.2, 110.9, 111.1, 120.3, 125.4, 127.4, 128.1,
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128.4, 140.2, 140.3, 141.6, 144.0, 144.1, 148.3, 148.8, 153.9, 154.1, 156.3, 169.5, 170.7, 

171.6

mass spectrum (A P C r): m/z 196 (NV^) 100 %, 865 (M"̂  - tBu + 2H) 11 %, 921 (M^ + 

H) 5 %, 938 (M^ + H 2 O) 8  %

LC-MS reverse-phase: 12.31 min + 12.53 min (60 % to 90 % B in 20 min) (APCI^): m/z 

921 (M^ + H) 28 %, 943 (IVT + Na) 72 % and 921 (M^ + H) 25 %, 943 (M"" + Na) 100 % 

LC-MS normal-phase: 7.80 min + 9.62 min (50 % B') (APCI^): m/z 943 (M^ + Na) 5 % 

and 921 (M^ + H) 1 %, 943 (M^ + Na) 5 %

Found: (M^ + Na), 943.2684. C4 4 H 4 gN4 0 ]6 SNa requires 943.2700 (FAB)

Melting point: 76-78°C

Two types o f  lanthionine (27) (A: B, 9: 2) were synthesised in the course o f these 

reactions, having the same mass spectroscopy but slightly different n.m.r. spectra. 

C om pound  A: Rp: 0.85 (neat ethyl acetate), visualisation by absorption o f U.V. light and 

by spraying with basic permanganate solution

‘H n.m.r.: 6  (CDCI3 , 300 MHz) 1.47 (9H, m, -C(CH 3 >3 ) 3.02 (IH , m, tBuFmoc-CH-CHa- 

S-) 3.24 (IH , m, tBuFmoc-CH-CHz-S-) 3.64 (2H, m, NVOCNV-CH-CH 2 -S-) 3.75 (IH , 

m, NVOCNV-CH-CH 2 -S-) 3.93 (12H, m, -OCH 3 ) 4.18 (IH , m, -CH-CH 2 -OCONH-) 

4.32 (2H, m, -CH-CH 2 -OCONH-) 4.52 (IH , m, tBuFm oc-CH-CH 2 -S-) 5.46 (4H, m, - 

C 0 2 -C H 2 -Ar) 5.72 (IH , m, -NH-, J  7.7 Hz) 5.81 (IH , d, -NH-, J  7.2 Hz) 6.92 + 6.97 

(IH , 2s, A rH  8) 7.04 (IH , s, ArH 6) 7.27 (2H, m, ArH 2) 7.37 (2H, t, A rH  3, J  6.9 Hz) 

7.55 (2H, d, ArH 1, J 7 . 1 Hz) 7.68 (4H, m, ArH 4 + ArH 5 + ArH 7)

C om pound B; Rp: 0.9 (neat ethyl acetate), visualisation by absorption o f U.V. light and 

by spraying with basic permanganate solution

’H n.m.r.: Ô (CDCI3 , 300 MHz) 1.51 (9H, m, -C(CH])3 ) 2.91 (IH , dd, tBuFm oc-CH-CHj- 

S-, J  14.0, 6.7 Hz) 3.14 (3H, m, tBuFmoc-CH-CHj-S- + NVOCNV-CH-CH 2 -S-) 3.94 

(12H, m, -OCH 3 ) 4.20 (IH , t, -CH-CH 2 -OCONH-, J  6 . 8  Hz) 4.37 (2H, m, -CH-CH 2 - 

OCONH-) 4.51 (IH , m, tBuFmoc-CH-CHz-S-) 4.62 (IH , m, NVOCNV-CH-CH 2 -S-)

5.50 (4H, m, -C 0 2 -CH 2 -Ar) 5.72 (IH , d, N H  , J  7.6 Hz) 6.12 (IH , d, N H  , J  7.4 Hz)
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6.93 + 6.98 (IH , 2s, ArH 8 ) 7.04 (IH , s, ArH 6 ) 7.27 (2H, m, ArH 2) 7.38 (2H, t, ArH 3, 

J I A  Hz) 7.56 (2H, d, ArH \ , J 1 . \  Hz) 7.68 (4H, m, ArH 4 + ArH 5 + ArH 7)

6. 5. (R)-(4,5-Dimethoxy-2-nitrobenzyl)-^-(4f5-dimethoxy-2-nitrobenzyloxy-

carbonyl)alanyl {R)-N-(9-Jluorenylmethyloxycarbonyl)alanyl sulfide (28)

%
C — OH

H 3 CO

H NH

H 3 CO

H 3 C O

OCH,

(./^)-(4,5-Dimethoxy-2-nitrobenzyl)-A^-(4,5-dimethoxy-2-nitrobenzyloxycarbonyl)- 

alanyl (/?)-/‘er/-butyl-7/-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (27) (243 mg, 

0.264 mmol) was dissolved in dry dichloromethane (4 ml), trifluoroacetic acid was added 

to the solution (4 ml) and the reaction mixture was stirred for 2 hr.

After removal o f the solvents in vacuo, a yellow powder was obtained as the title

compound (228 mg, 0.264 mmol, 100 %).

Further purification o f the title compound can be carried out by reverse-phase column 

chromatography (3 cm, acetonitrile: sodium hydrogen carbonate saturated solution: 

water, 0 %: 20 %: 80 % to 35 %: 13 %: 52 %)

Rp: 0.63 (neat ethyl acetate + traces o f TFA), visualisation by absorption o f U.V. light

and by spraying with basic permanganate solution 

[a]o +22.2° (18°C, c 12.9 mg/ml, CHCI3 )

Found: C, 55.9; H, 4.8; N, 6 .6 ; S, 3.2. C4 0 H4 0 N 4 O 1 6 S requires C, 55.6; H, 4.7; N, 6.5; S,

3.7
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Vmax (CHCI3 ) 3022 (CH stretching), 1724 (C = 0  broad), 1583 (aromatic), 1522 (C-NO 2 )

'H n.m.r.: 6  (DMSO, 400 MHz) 2.91 (IH, m, Fmoc-CH-CHz-S-) 3.13 (IH, m, Fmoc-CH- 

CHî-S-) 3.39 (IH, m, NVOCNV-CH-CH2-S-) 3.48 (IH, m, NVOCNV-CH-CH2 -S-) 3.79 

(IH, m, NVOCNV-CH-CH2 -S-) 3.86 (12H, m, -OCH3 ) 4.20 (3H, m, -CH-CH2 -OCONH 

Fmoc + -CH-CH2 -OCONH- Fmoc) 4.25 (IH, m, Fmoc-CH-CHz-S-) 5.32 (2H, s, -CO2 - 

CH2 -Ar NV) 5.42 (3H, m, -C0 2 -CH2 -Ar NV + -NH-) 7.17 (2H, m, ArH 6  + ArH 8 ) 7.31 

(2H, t, ArH 2, J  7.4 Hz) 7.41 (2H, t, ArH 3, J  7.4 Hz) 7.67 (4H, m, ArH 1 + ArH 5 + 

ArH 7) 7.87 (2H, d, ArH 4, J  7.5 Hz)

'^C n.m.r.: S (DMSO, 100 MHz) 46.8, 55.1, 56.2, 56.3, 62.9, 63.6, 66.0, 108.2, 110.4, 

120.3, 125.5, 126.4, 127.2, 127.8, 128.0, 139.2, 139.3, 140.9, 143.9, 144.0, 147.8, 148.0,

153.6, 156.0,156.3,170.4, 170.8,172.1,172.4 

mass spectrum (APCI ): m/z 863 (M" - H) 100 %, 864 (M‘) 37 %

LC-MS: 15.85 min (50 % to 90 % B in 30 min) (A PC f): m/z 865 (M^ + H) 1 %, 887 (M^ 

+ Na) traces

Found: (M^ + Cs), 997.1214. C4 0 H 4 0 N 4 O 1 6SCS requires 997.1230 (FAB)

Melting point: 92-95°C

6. 6. (R, R)-(4,5-Dimethoxy-2-nitrobenzyl)-^-(9-fluorenylmethyloxycarbonyl)- 

cyclolanthionine (29)

3
O

HN

OCH
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(i?)-(4,5-Dimethoxy-2-nitrobenzyl)-A^-triphenylmethylalanyl (i?)-/‘̂ r^-butyl-A^-(9- 

fluorenylmethyloxycarbonylalanyl) sulfide (24) ( 6 8  mg, 0.0736 mmol) was dissolved in 

DCM (1.5 ml) and trifluoroacetic acid (1.5 ml) was added to the solution. After stirring 

for 30 min, the solvents were removed in vacuo and the crude residue was suspended in 

DMF (3 ml). Diisopropylethylamine (0.026 ml, 0.15 mmol, 2 eq.) was added dropwise to 

the solution. The pH o f the solution changed from 4-5 to 8-9. Carbonyldiimidazole (24 

mg, 2 eq.) was dissolved in DMF (1 ml) and this solution was added to the basic solution. 

The reaction mixture was stirred for 24 hr at room temperature.

The crude mixture was partioned between ethyl acetate (20 ml) and an aqueous 

solution o f  citric acid ( 1 0  %, w/v, 2 0  ml) then the aqueous layer was extracted again with 

ethyl acetate (20 ml) and ether (2 x 20 ml). The combined organic layers were washed 

with an aqueous solution o f citric acid ( 1 0  %, w/v, 2 x 1 0  ml), water (2 x 1 0  ml) and 

brine (10 ml). They were then dried over sodium sulphate. After removal o f the solvents 

in vacuo, a yellow paste was recovered. Purification was carried out by flash column 

chromatography (1.5 cm, hexane: ethyl acetate, 3: 2, gradient). Several fractions were 

recovered which contained the title compound and several other by-products, as 

identified by mass spectroscopy.

mass spectrum (APCI^): m/z 608 (M^ + H) 2 %, 729 (starting material after cleavage o f 

the NV ester) 2 %
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7. Photolabile cleavage studies

7. 1. Photolabile cleavage studies on lanthionine (24)

(7?)-(4,5-Dimethoxy-2-nitrobenzyl)-A^-triphenylmethylalanyl (R)-tert-huty\-N-{9- 

fluorenylmethyloxycarbonyl)alanyl sulfide (24) (93 mg, 0.1 mmol) was dissolved in dry 

methanol (5 ml) inside lamp 1 and the solution was irradiated for 1 hr, then 2 hr, then 

6  hr 30 until t.l.c. indicated a change in the solution. After removal o f the solvents in 

vacuo, purification o f the crude product was carried out by flash column chromatography 

(1.5 cm, hexane: ether, 2:1, gradient). (i?)-Methyl-A^-triphenylmethylalanyl {R)-tert-huXy\- 

A^-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (30) was recovered as a yellow paste 

(9 mg, 12 %).

Rp: 0.33 (hexane: ether, 1 :1 ), visualisation by absorption o f U.V. light and by spraying 

with basic permanganate solution

'H  n.m.r.: Ô (CDCI3 , 400 MHz) 1.46 (9H, m, -C(CH])3 ) 2.43 (IH , m, TrtM e-CH-CHj-S-) 

2.61 (IH , m, TrtM e-CH-CH 2 -S-) 2.89 (IH , m, -S-CHz-CH-tBuFmoc) 3.02 (IH , m, -S- 

CHz-CH-tBuFmoc) 3.51 (IH , m, TrtMe-CH-CHz-S-) 3.72 (3H, m, -COOCH 3 ) 4.22 (IH , 

m, -CH -CH 2 -OCONH-) 4.37 (2H, m, -CH-CH 2 -OCONH-) 4.49 (IH , m, tBuFmoc-CH- 

CH 2 -S-) 5.58 (IH , d, -NH-, J  8 . 6  Hz) 5.69 (IH , d, -NH-, J  8.4 Hz) 7.17 (2H, m, A rH  2) 

7.23-7.29 (9H, m, ArH 6 ) 7.38 (2H, t, A rH  3, J  7.4 Hz) 7.45 (6 H, m, ArH 5) 7.56 (2H, 

m, A rH  1) 7.75 (2H, d, ArH 4, J7 .3  Hz)

mass spectrum (FAB): m/z 243 (Trt^) 100 %, 765 (M"  ̂+ Na) 41 %
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7. 2. Photolabile cleavage studies on lanthionine (28)

% 
c  — OH

i\\\H

OH

(a) (i?)-(4,5-Dimethoxy-2-nitrobenzyl)-A^-(4,5-dimethoxy-2-nitrobenzyloxy- 

carbonyl)alanyl (/?)-A^-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (28) (10 mg, 0.016 

mmol) was dissolved in methanol (2 ml) inside lamp 1 and the solution was irradiated for 

3 hr. As there was no significant change by t.l.c., solvents were evaporated in vacuo and 

the crude mixture was dissolved in a mixture o f acetonitrile and methanol (3 ml and 170 

ml) the following day and set up again in a similar manner for 5 hr 30. After removal o f 

the solvents in vacuo, the crude mixture obtained was purified by HPLC. After 8 hr 30, 

among impurities, (i?)-(4,5-dimethoxy-2-nitrobenzyl)alanyl (7?)-A-(9-fluorenylmethyl- 

oxycarbonyl)alanyl sulfide was identified, as well as (/?)-alanyl (i?)-7V-(9-fluorenyl- 

methyloxycarbonyl)alanyl sulfide (31).

mass spectrum (APCI^): m/z 626 ((7?)-(4,5-dimethoxy-2-nitrobenzyl)alanyl {R)-N~(9- 

fluorenylmethyloxycarbonyl)alanyl sulfide, M^) 1 %, 478 ((31), M^ + H + 2 Na) 7 %

(b) (/?)-(4,5-Dimethoxy-2-nitrobenzyl)-A-(4,5-dimethoxy-2-nitrobenzyloxy- 

carbonyl)alanyl (i?)-A-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (28) (10 mg, 0.016 

mmol) was dissolved in acetonitrile and methanol (5 ml and 150ml) inside lamp 1 and 

the solution was irradiated with lamp 1 and lamp 2 for 7 hr 30. Solvents were evaporated 

in vacuo and the crude mixture obtained was purified by HPLC. Among numerous 

impurities, lanthionine (31) was revealed by mass spectrometry, 

mass spectrum (APCI^): m/z 430 ((31), M^) 1 %, 608 (by-product, M"̂ ) 2 %

170



(c) (i^)-(4,5-Dimethoxy-2-nitrobenzyl)-A^-(4,5-dimethoxy-2-nitrobenzyloxy- 

carbonyl)alanyl (7?)-A^-(9-fluorenylmethyloxycarbonyl)alanyl sulfîde (28) (8.6 mg, 0.01 

mmol) was dissolved in a mixture o f acetonitrile (3 ml) and an aqueous solution o f 

potassium acetate (5 ml, 0.033M) inside lamp 1 and the solution was irradiated for 1 hr 

15, then 2 hr after purging the solution for 45 min with nitrogen. Solvents were 

evaporated in vacuo and the remaining crude lyophilised overnight. This crude mixture 

was dissolved in a mixture o f acetonitrile and water (5 ml and 5 ml) for 3 hr 30 the day 

after and the lamp set up again. After a total o f 6 hr 45, analyses revealed some 

photolabile cleavage had taken place, 

mass spectrum (FAB): m/z 429 ((31), - H) 14 %

(d) (7?)-(4,5-Dimethoxy-2-nitrobenzyl)-A-(4,5-dimethoxy-2-nitrobenzyloxy- 

carbonyl)alanyl (7?)-A-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (28) (10 mg, 0.016 

mmol) was dissolved in a mixture o f acetonitrile (5 ml) and an aqueous solution o f 

potassium acetate (5 ml, 0.0385 M) inside lamp 1 and the solution was irradiated for 1 

hr, then 1 hr. Solvents were evaporated in vacuo. This crude mixture was dissolved in a 

mixture o f acetonitrile and water (8 ml, 1 :1) and set up again in a similar manner for 4 hr

30. After 2 hr, analyses revealed no change had taken place. After 6 hr, analyses revealed 

that a partial photolabile cleavage had taken place, 

mass spectrum (APCI"^): m/z 478 ((31), + H + 2 Na) 18 %

(e) (i^)-(4,5-Dimethoxy-2-nitrobenzyl)-A^-(4,5-dimethoxy-2-nitrobenzyloxy- 

carbonyl)alanyl (7?)-A-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (28) (10 mg, 0.016 

mmol) was dissolved in acetonitrile (10 ml) and an aqueous solution o f potassium acetate 

(10 ml, 0.38 %) inside lamp 1 and the solution was irradiated with lamp 2 for a total o f 

12 hr, with samples taken every 2 hr and the solvents evaporated in vacuo before the 

night and freshly replaced the following day. The samples were analysed by HPLC. 

Among numerous impurities, the disappearance o f the starting material was clearly 

visible (analytical HPLC, retention time 24 min, 40 to 80 % B in 35 min, only 3 % left
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after 12 hr). Very weak or non-existent signals were seen with APCI^ maybe due to the 

presence o f TFA used for HPLC, so more analytical HPLC analyses were carried out 

with the same solvents but with 0.01 % TEA instead o f TFA. Lanthionine (31) was 

identified alongside the starting material (28) after 4 hr and 8 hr o f photolabile cleavage. 

After 12 hr, only lanthionine (31) was visible.

LC-MS: 19.82 min and 22.02 min (5 % to 70 % B in 35 min, 0.01% TEA in solvents) 

(APCT): m/z 428 ((31), M ' - 2H) 7 % and 863 ((28), M" - H) 40 %

(f) (7?)-(4,5-Dimethoxy-2-nitrobenzyl)-V-(4,5-dimethoxy-2-nitrobenzyloxy- 

carbonyl)alanyl (i^)-V-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (28) (5 mg, 0.008 

mmol) was dissolved in dioxane (10 ml) and an aqueous solution o f potassium acetate (2 

ml, 0.5 %) inside lamp 1 and the solution was irradiated with lamp 2 for 5 hr 30. 

Analytical HPLC showed that no starting material remained after this time.
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8. Preparation for SPPS: tests on the basic cleavage o f NV ester

(a) (7?)-(4,5-Dimethoxy-2-nitrobenzyl)-V-(4,5-dimethoxy-2-nitrobenzyloxy- 

carbonyl)alanyl (^)-V-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (28) (36 mg, 0.0416 

mmol) was dissolved in 20 % piperidine in DMF (0.2 ml/0.8ml). The reaction mixture 

was stirred for 20 min.

The reaction mixture was partioned between ethyl acetate (80 ml) and a phosphate buffer 

(pH = 5.8, 7.9 ml o f 1 M Na2 H P 0 4  + 92.1 ml o f 1 M NaH 2 ? 0 4 , 5 ml). The organic layer 

was washed with the same buffer (5 ml) and the combined aqueous layers were extracted 

once more with ethyl acetate (20 ml). The combined organic layers were dried over 

sodium sulphate and after removal o f the solvents in vacuo, the crude obtained was 

analysed without further purification.

(b) (i?)-(4,5-Dimethoxy-2-nitrobenzyl)-V-(4,5-dimethoxy-2-nitrobenzyloxy- 

carbonyl)alanyl (7?)-V-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (28) (38 mg, 0.0439 

mmol) was dissolved in 2 % piperidine and 2 % DBU in DMF (0.02 ml/0.02 ml/0.96 ml). 

The reaction mixture was stirred for 20 min.

The reaction mixture was partioned between ethyl acetate (80 ml) and a phosphate buffer 

(pH = 5.8, 7.9 ml o f 1 M N a2 HP 0 4  + 92.1 ml o f 1 M NaH 2 P 0 4 , 5 ml). The organic layer 

was washed with the same buffer (5 ml) and the combined aqueous layers were extracted 

once more with ethyl acetate (20 ml). The combined organic layers were dried over 

sodium sulphate and after removal of the solvents in vacuo, the crude obtained was 

analysed without further purification.

(c) (7?)-(4,5-Dimethoxy-2-nitrobenzyl)-V-(4,5-dimethoxy-2-nitrobenzyloxy- 

carbonyl)alanyl (i^)-V-(9-fluorenylmethyloxycarbonyl)alanyl sulfide (28) (10 mg, 0.0116 

mmol) was dissolved in DMF (0.95 ml). DBU was then added to the solution (5 %, 0.05 

ml). The reaction mixture was stirred for 10 min.

The reaction mixture was partioned between ethyl acetate (80 ml) and water (10 ml). The 

organic layer was washed with water (3x 10 ml) and the combined aqueous layers were 

extracted once more with ethyl acetate (20 ml). The combined organic layers were dried
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over sodium sulphate and after removal o f the solvents in vacuo, the crude obtained was 

analysed without further purification.

In all cases, 6-nitroveratryl alcohol was identified by n.m.r. analyses.

H 3 CO

H 3 CO

'H  n.m.r.: Ô (CDCI3 , 500 MHz) 3.94 (3H, s, OCH 3 ) 3.99 (3H, s, OCH 3 ) 4.96 (2H, s, 

CH 2 -OH) 7.00 (IH , s, ArH 1) 7.74 (IH , s, ArH 2)
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9. SPPS o f a sandostatin analog

9. 1. Batchwise SPPS 

9. 1. 1. First attempt

The synthesis was carried out on a 0.1 mmol scale in a M errifield bubbler, on a 

Rink Amide MBHA resin (0.1 mmol, 0.54 mmol/g loading). The following amino acid 

side-cbain protecting groups were used: Tbr(OtBu), Lys(Boc), Trp(Boc).

The first threonine (Thr 8) and lantbionine (28) were both double-coupled as their 

HOBt-active esters (0.25 mmol, HOBt 2.5 eq., 2.5 M in DMF). DIG (2.5 eq., 2.5 M in 

dioxane) was used as the activating agent (activation 15 to 20 min before addition o f the 

solution to the resin). Coupling times were o f 30 to 45 min for Thr 8 and o f 1 hr for 

lantbionine (28). Pentafluoropbenyl activated esters o f the other residues were used for 

the rest o f the synthesis alongside HOBt (2.5 mmol, HOBt 2.5 eq., 2.5 M in DMF). 

Coupling times were o f 30 to 45 min. Most couplings were double coupling, except for 

Lys and Pbe when a poor Kaiser test after the second coupling made a third attempt 

necessary.

Each coupling step except the last one (for D-Pbe) was followed by a capping step 

using a solution o f acetic anhydride (0.5 M AciO, 0.125 M DIEA, 0.2 % HOBt in DMF, 

2 ml). The Fmoc group was then removed with 20 min treatment with 20 % piperidine in 

DMF (2 ml), with extensive washing with DMF between each deprotection.

A qualitative Kaiser test was performed after each incorporation o f amino acid 

and after each Fmoc deprotection. It was made with a small amount o f resin in 2 drops o f 

solutions A, B, C respectively (solution A: phenol (20 g) in absolute ethanol (5 ml), 

solution B : an aqueous solution of potassium cyanide (1 mM, 1 ml) in pyridine (49 ml), 

solution C : ninbydrin (500 mg) in absolute ethanol (10 ml)) mixed together and heated at 

100°C for 2 min. A blue colour indicates presence o f free amine, a yellow colour absence 

o f free amine.
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The linear peptide (33) was successfully synthesised by this method. Peptide (33) 

bis (peptide (33) after TFA treatment, cleaved from the resin and with no more side-chain 

protecting groups) was clearly identified by mass spectrometry.

C O 2 N V  ( 3 3 ) bis NH -C O -Thr-Lys-D -Trp-Phe-N H Fm oc

N V O C H N -

 3  AC 0 -N H -T hr-C 0 -N H 2

mass spectrum (ESP^): m/z 1528 (M^ + H) 4 %, 1551 (M^ + H + Na) 3 %, 1574 (M^ + H 

+ 2Na) 3 %

The photolabile cleavage was carried out in the vessel o f lamp 1, with lamp 2 

projected on it. The resin was suspended in a mixture o f dioxane (30 ml) and an aqueous 

solution o f potassium acetate (1 ml, 1 %, w/v) and nitrogen was bubbled through the 

solution for at least 30 min prior to the experiment to degas the solution and throughout 

the experiment to agitate the resin. At the end o f each day, the solution was removed 

from the vessel with a cannula and the resin stored under Ar overnight.

Photolabile cleavage was carried out for a total o f 10 hr, at the end o f which a red 

burgundy colour was clearly visible with a Kaiser test. The resin was partioned between 

two halves and cyclisation and incorporation o f D-Phe were carried out on one half o f the 

resin only, the other half being kept under Ar in the fridge. Cyclisation was carried out 

using HATU/HOAt/DIEA (2 eq., 0.2 M/2 eq., 0.2 M/4 eq., 0.4 M) for 3 hr.

After 10 hr o f  photolabile cleavage, only small changes were observed by HPLC 

and the subsequent mass spectroscopy revealed that the photolabile cleavage was only 

partial, indeed peptide (33) bis was still identified, 

mass spectrum (ESP^): m/z 1551 (M^ + H + Na) 3 %

Cleavage o f the peptide from the resin and final deprotection was carried out 

using a 96 % TFA / 2 % water / 2 % thioanisole solution in the following manner: TFA 

and water (5 x 9.8 ml) were added to the resin and bubbled with the resin for 10 min at a 

time, then this solution was collected on thioanisole (1 ml). The collected solution was 

stirred for 4 hr after cleavage o f the peptide from the resin, for cleaving and scavenging
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the side-chain protections on the peptide. The solvents were removed in vacuo and the 

residue obtained was recrystallised in ether. The crude peptide was purified by HPLC.

Analyses revealed that among other impurities, peptide (36) was probably present 

in this crude product as a peak at 1404 was observed.

H-D-Phe

NH-CO-Thr-Lys-D-Trp-Phe-D-Phe-H 

N V O C H n J  LcO-NH-Thr-CO-NHj

--------------------- s ----------------------

A peak at 1093 revealed that a small amount o f peptide (37) was probably also 

present in the crude mixture.

N V 0 C H N , . C 0 -HN-Phe-Trp-D-Lys-Thr-C0- H N . , ^ . C 0 -NH-Thr-C0-NH2

----------------------- S ------------------------

mass spectrum (FAB): m/z 1404 ((36), M"̂ ) 1 %

mass spectrum (ESP^): m/z 1093 ((37), (M*̂  + 2H) 4 %, 1405 ((36), (NT̂  + H) 6 %

As it was evident from these results that the photolabile cleavage was only partial, 

further photolabile cleavage was carried out on the second half o f the resin, in a similar 

manner, for a total o f 30 hr, at the end o f which a darker shade o f burgundy was observed 

with the Kaiser test. Cyclisation and incorporation o f D-Phe were carried out as before.

Only a small amount o f crude product (15 mg) was recovered from TFA 

treatment and lyophilisation from an aqueous solution o f acetic acid (40 %). Mass spectra 

and HPLC analyses were too noisy to enable any proper identification o f the compounds 

made.

9. 1. 2. Second attempt

The linear peptide (33) was synthesised in a similar manner as before. Each 

residue was triple-coupled (3 x 45 min), except lantbionine (28) which was double­

coupled (2 X 1 hr). Peptide (33) bis was clearly identified by mass spectroscopy.
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mass spectrum (ESP^): m/z 394 ((33) bis, (M"̂  + 4H + 2Na)/4) 40 %

Photolabile cleavage was carried out in a similar manner as before, for a total o f 

70 hr, monitoring the presence of NVOC group left on the resin and the presence o f 

NVOC released in the dioxane solution, by U.V. spectrometry, monitoring the presence 

o f free amine by Kaiser test and monitoring both growing peptide and photolabile filtrate 

by HPLC.

The Kaiser test was still yellow after 50 hr, pale brown after 60 hr and burgundy 

brown after 70 hr.

U.V. monitoring indicated that there was still some NV/NVOC released in the 

filtrate after 60 hr (characteristic absorption at 250 nm), but none after 70 hr. No 

NV/NVOC was identified on the resin either after 70 hr.

It was quite difficult to draw conclusions on the HPLC results, as a large amount 

o f by-products were continuously present in the filtrate or small amount o f test crude 

product obtained from acidic cleavage from the resin.

However, mass spectroscopy revealed that the photolabile cleavage was this time 

carried out to completion.

Peptide (38) was present on the resin after 45 hr.

N H -C O -T hr-L ys-D -T rp -P h e-N H F m oc  

N V O C H n J  (3 8 ) L c O - N H - T h r - C O - N H 2

Peptide (34) was also identified after 45 hr and remained present after 70 hr.

NH-CO-Thr-Lys-D-Trp-Phe-NHFmoc 

(34) L  CO-NH-Thr-CO-NHz

H %---------------------S--------------------------------H

mass spectrum (ESP^): after 15 hr photolabile cleavage: m/z 394 ((33) bis, (M^ + 4H + 

2Na)/4) 58 %

mass spectrum (ESP^): after 45 hr photolabile cleavage: m/z 452 ((38), (M^ + 3H + 

Na)/3) 5 %, 570 ((34), (M+ + 2H + 2Na)/2) 3 %, 1527 ((33) bis, (M^ + H) 2 %
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mass spectrum (ESP^): after 60 hr photolabile cleavage: m/z 570 ((34), (M^ + 2H + 

2Na)/2) 4 %

mass spectrum (ESP^): after 70 hr photolabile cleavage: m/z 570 ((34), (M^ + 2H + 

2Na)/2) 0.5 %

Cyclisation was carried out using PyAOP/HOAt/DIEA (4 eq., 0.4 M/4 eq., 0.4 

M/8 eq., 0.8 M) for 2 hr. After incorporation o f D-Phe in a similar manner as before, the 

final peptide was cleaved from the resin by TFA treatment and after lyophilisation, a 

crude product was purified in four portions by preparative HPLC (10% to 90 % B in 40 

min).

Two peptides (39) and (40) (11 to 13 min on preparative HPLC) were identified 

by mass spectroscopy.

Peptide (39) derived from an unsuccessful cyclisation reaction.

NH-CO-Thr-Lys-D-Trp-Phe-D-Phe-H 

H3C-CO-HN-J (39) ,LcO-NH-Thr-CO-NH2

--------------------- S----------------------

Whereas peptide (40) derived from a successful cyclisation reaction.

H 3 C -C O -H N  .C O -H N -P h e-T rp -D -L ys-T h r-C O -H N . C 0 -N H -T hr-C 0 -N H 2

H ' ^ ---------------------- S---------------------------------"H

(40)

mass spectrum (ESP^): m/z 895 ((40), (M^ + H) 1 %, 1083 ((39), (M^ + H + Na) 1 %

9. 2. Tests on Tentagel resin

Lanthionine (28) (35.4 mg, 0.041 mmol) dissolved in DMF (1.3 ml) was coupled 

to NovaSyn TGR® resin (78 mg, 0.016 mmol, 1 eq., 0.21 mmol/g loading, previously 

swollen in DMF (0.5 ml)) as its HOBt-active ester (0.041 mmol, 2.5 eq., 2.5 M in DMF). 

D ie  (0.041 mmol, 2.5 eq., 2.5 M in dioxane) was used as the activating agent (activation
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20 min before addition o f the solution to the resin). The mixture was kept under nitrogen 

for 2 hr with occasional agitation.

The resin was washed with DMF ( 3 x 5  ml) then ether ( 2 x 5  ml) then dried and kept in 

the fridge under Ar overnight.

Quantitation o f  the resin loading was carried out as follows: 20 % piperidine in 

DMF (0.5 ml) was added to the dried resin (9 mg). The mixture was left for 30 min. The 

mixture was then diluted with ethanol (19.5 ml) and allowed to stand for 5 min. An 

aliquot o f the mixture was then placed in a U.V. cuvette (width 0.5 cm). The absorbance 

o f this mixture was then measured at 300 nm (blank neat ethanol). The substitution level 

was found to be 0.174 mmol/g (substitution level (mmol/g) = 3.05 x A 3 0 0  / m, with m: 

weight o f dried resin and A 3 0 0  the absorbance recorded at 300 nm).

The remaining amount o f resin was placed in a U.V. cuvette and the cuvette was 

filled with the following solvent system (3 ml o f 30 ml dioxane: 1 ml water: 10 mg 

KO Ac solution). Lamp 2 was projected on the cuvette for a total o f 10 hr. A green 

coloration was observed with the Kaiser test.

The resin was placed in a sinter funnel and acidic treatment (96 % TFA / 2 % 

water / 2 % thioanisole) and lyophilisation o f the crude peptide were carried out as 

before. The crude brown mixture obtained was then partially dissolved in chloroform. 

The residue which did not dissolve in chloroform was separated from the chloroform 

solution and precipitated in ether. Lanthionine residue (41) was identified by mass 

spectroscopy from this precipitate.

CO-NH2 

CO2H NHFmoc

mass spectrum (ESP^): m/z 860 (2M^ + H) 3 %, 906 (2M^ + H + 2Na) 5 %
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9. 3. Continuous-flow SPPS

The synthesis was carried out on a 0.1 mmol scale on a Millipore 9050 

PepSynthesizer™ , on a NovaSyn TGR® resin (0.1 mmol, 0.21 mmol/g loading). The 

following amino acid side-chain protecting groups were used: Thr(OtBu), Lys(Boc), 

Trp(Boc).

Lanthionine (28) was double-coupled (2 x 30 min) as its HOBt active ester (200 

mg, 2.3 eq., 0.23 mmol; HOBt 2.3 eq., 2.3 M in DMF). DIG (2.3 eq., 2.3 M in DMF) was 

used as the activating agent (activation 15 min before manual syringing o f activated 

lanthionine (28) into the machine).

Pentafluoropbenyl activated esters o f the other residues were used for the 

synthesis alongside HOBt (4 mmol, HOBt 4 eq.). Coupling times were o f 45 min. Each 

coupling step was followed by a capping step using A^-acetyl imidazole. The Fmoc group 

was removed with 10 min treatment with 20 % piperidine in DMF. U.V. monitoring o f 

the incorporation o f each residue was carried out by detection o f DBF in the reaction 

medium during incorporation and after Fmoc cleavage.

The linear peptide (33) was successfully synthesised and peptide (33) bis was 

identified by mass spectrometry, 

mass spectrum (ESP^): m/z 1528 (M^ + H) 1 %

Photolabile cleavage was carried out with lamp 3 for 30 hr. The resin was 

suspended in a mixture o f dioxane and potassium acetate/acetic acid buffer (30 ml 

dioxane and 1 ml buffer); the solution was changed and the resin thoroughly rinsed every 

5 hr. After 30 hr, both peptide (33) bis and (34) were identified by mass spectrometry, 

mass spectrum (ESP^): m/z 579 ((34), (M^ + 2H + H 2 O + 2Na)/2) 2 %, 776 ((33) bis, 

(M^ + 2H + N a )/2 )8 %
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