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Small and strained lactams (pentapeptides, tetrapeptides or seven-membered bislactams) 
are a naturally abundant but synthetically elusive class of compounds. These cyclic peptides  
are used in varying fields such as material sciences or as organic catalysts. The main use of 
small cyclic peptides, however, can be found in pharmaceutical research. Their rigid structure 
often enhances biological receptor binding. Due to ring strain, 7-15 membered cyclic peptides 
are extremely difficult to synthesise. The research in this thesis has been directed towards the 
design of auxiliaries in an effort to develop a general method for auxiliary-mediated cyclisation 
of highly constrained cyclic peptides.  Three classes of auxiliaries will be discussed in this 
Thesis: N-terminal auxiliaries, internal auxiliaries and C-terminal auxiliaries. These auxiliaries 
mediate cyclisation via initial formation of a larger cyclic intermediate, reducing the strain 
of the ring and thus facilitating initial cyclisation. Subsequent ring contraction and auxiliary 
removal yields a cyclic peptide of the desired ring size.
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1
Introduction



based resin. In solid-phase chemistry a large 
excess of reagents results in high yielding cou-
pling and deprotection reactions. The excess 
reagents can be washed away after reaction. 
This way, solid-phase chemistry saves work-
up steps because a single purifi cation, namely 
the one after cleavage off the resin, suffi ces. 
As a result, the synthesis could be performed 
by a machine for the fi rst time opening up new 
horizons. The major drawback associated with 
solid-phase peptide chemistry was the costs of 
the reagents because substantial amounts are 
needed. However, lowering prices have less-
ened this drawback signifi cantly.

For small synthetic peptides the secondary 
structure and rigidity are often important for a 
selective biological activity.8, 9 One method to 
fi x the secondary structure of small peptides in 
a defi ned rigid structure is cyclisation.10

peptides.11, 12 The absence of both N- and C-
termini makes them less prone to degradation 
in vivo and more able to cross membranes. 13, 14 
A cyclic peptide is also more constricted in the 
conformations it can adopt.15 These combined 
properties improve both the pharmacodynamic 
and pharmacokinetic properties.16, 17 The syn-
thesis of these compounds, however, is far 
from straightforward. 

1.2.1 Small cyclic peptides

Small and thus strained lactams (pentapep-
tides, tetrapeptides or seven-membered 
bislactams, which will be called small cyclic 
peptides throughout this thesis) are a natu-
rally abundant but synthetically elusive class 
of compounds.10, 18 Cyclic tripeptides are prin-
cipally unstable unless all backbone amide 
nitrogen atoms are tertiary.19-21 Obviously the 
six-membered diketopiperazine is also a small 
cyclic peptide, but, this family of compounds 
is readily accessible and therefore outside 
the scope of this thesis. Small cyclic peptides 
are used in varying fi elds. In both medicinal 
and material sciences small cyclic peptides 
are used as monomers for self-assembling 
nanotubes.22, 23 This assembly is driven by 
hydrogen-bonding between the amide bonds 
of consecutive cyclic peptides. In another ap-
plication, small cyclic peptides were used as 
organic catalysts for an asymmetric Strecker 
reaction.24 The main use of small cyclic pep-
tides, however, can be found in pharmaceuti-
cal research.25-27 Their rigid structure28 often 
enhances biological receptor binding. The in-
creased biological activity is clearest when a 
cyclic peptide is compared with its linear coun-
terpart.16, 29 This has led to the discovery of a 
large number of bioactive small cyclic peptides 
(e.g. Figure 1). 

1.1  Amino
acids, peptides 
and proteins 
The proper functioning of proteins is of funda-
mental importance for life. In essence, protein 
biopolymers are built from α-amino acid mono-
mers. Therefore, α-amino acids can be con-
sidered the building blocks of life. The specifi c 
position of these amino acids in proteins are 
encoded by the DNA triplet codons.1 The DNA 
codons are transcribed onto mRNA which is 
used by a super complex of proteins and RNA, 
called the ribosome, for protein assembly.2 
Condensation reactions between amino acids 
result in chains through formation of an amide 
bond (Scheme 1). In a synthetic laboratory 
environment selective coupling between the 
proper amine and acid functionality is assured 
by protection of all other relevant functional 
groups with an appropriate removable group 
(Scheme 1).3 

S cheme 1: Synthetic peptide coupling

Due to their biological activity much effort is de-
voted to the synthesis of peptides and proteins.4 
Solution-phase synthesis of especially large 
peptides and proteins is a very cum bersome 
and problem riddled process. In a (at that time) 
controversial paper5, Merrifi eld6 postulated the 
development of solid-phase chemistry which 
in time has solved many problems associated 
with solution-phase peptide synthesis.7 Dur-
ing solid-phase chemistry the peptide chain is 
elongated while covalently bound to a polymer-

1.2  Types of 
cyclic peptides 
There are a number of ways in which peptide 
cyclisation can be achieved (Scheme 2). 

Scheme 2: Possibilities for cyclization

Head-to-side-chain cyclisation couples the 
peptide C-terminus to a lysine side chain moi-
ety (5). Side-chain-to-tail cyclisation is, obvi-
ously, achieved by coupling of the N-terminus 
to an aspartic acid or glutamic acid side chain 
moiety (6). Side-chain-to-side-chain cyclisation 
(7) can be the result of coupling between ly-
sine and aspartic acid side chains or disulphide 
formation between two cysteine residues. The 
subject of this thesis, however, is the family 
of head-to-tail cyclic peptides (8), more spe-
cifi cally, the class of ring-strained small cyclic 
peptides. There are a number of interesting 
properties associated with this type of cyclic 
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The C=O double bond is highly delocalised to-
wards the C-N bond.37 Consequently, the C-N 
bond has double bond character which ac-
counts for E- and Z- (14 and 15) rotamers. In 
longer peptides (six amino acids and up) the 
degree of rotational freedom over backbone 
bonds is suffi cient for the peptide termini to ap-
proach one another. In general, these peptides 
can be cyclised under highly diluted conditions 
using standard coupling reagents. 38, 39 For 
small cyclic peptides this is most often not the 
case.40-42

Computational studies demonstrated the im-
possibility to cyclise a tetrapeptide containing 
only planar amide bonds in the E-geometry.43 
Generally, cyclic tetrapeptides are most stable 
when the amide bonds possess an alternating 
E- and Z-confi guration.28, 44 The vast major-
ity of the cyclic pentapeptides contain amide 
bonds in the E-geometry only, although cases 
are known where one amide bond has Z-ge-
ometry.28 Further calculations have shown that 
alkylation of the amide nitrogen atom results 
in a higher population of amide bonds with Z-
geometry thus facilitating cyclisation of ring-
strained cyclic peptides.45

As a consequence of the inherent E-geome-
try of amide bonds, direct cyclisation of small 
peptides using peptide coupling reagents of-
ten gives low yields, if the desired product is 
formed at all. Often dimerisation takes place 
before cyclisation. The solution to this problem 
may be found in two approaches: An auxiliary 
could be designed to (partly) replace the stand-
ard coupling reagent. Another method would 
be to change the linear peptide conformation 
so standard coupling reagents can be used for 
cyclization.

rifi cation can be diffi cult. However, because 
most peptide syntheses with these coupling 
reagents are done on solid-phase, ease of pu-
rifi cation plays no signifi cant role. 
Another method for the formation of amide bonds 
is native chemical ligation (NCL, Scheme 5).7 

Scheme 5 : Native chemical ligation (NCL)

Peptide bond formation via NCL involves a C-ter-
minal thioester (30) and an N-terminal cysteine 
(31). The pathway resulting in an amide bond is 
initiated by trans-thioesterifi cation. Acyl-transfer 
to the amine (32) via a fi ve-membered ring in-
termediate yields an amide bond (33). Although 
this reaction was fi rst discovered in 1953,55 its 
practical use started after it was optimised for 
coupling of large peptides in 1994.56 Also re-
search has been done in an effort to circumvent 

Fig ure 1: Bioactive small cyclic peptides

Seven-membered bislactams have been tar-
geted as scaffolds for new bioactive com-
pounds (9). 25 Also, a number of pharmaceu-
tically active small cyclic peptides have been 
found. 30-34 Oestrogen like activity (10)35 and in-
hibition of tyrosinase (11)36 or even anti-tumour 
(12)26 and anti-HIV (13)27 activity are some typi-
cal examples.

The synthesis of small cyclic peptides is 
mainly hampered by the intrinsic E-geome-
try of the amide bonds (Scheme 3) favour-
ing an extended conformation of the linear 
precursor.36 

Sch eme 3: E- and Z-geometry of rotamers 

1.3  Peptide
coupling
Over the years a variety of coupling reagents 
and methods has been developed in order to 
maximise yields and minimise side reactions.46, 

47 During the development of coupling reagents 
the major challenge was to fi nd a method that 
combined optimal reactivity with minimal side 
reactions. Most used are the carbodiimides48, 49, 
phosphonium 50, 51 and uronium 47, 52, 53 coupling 
reagents (Scheme 4). 
While using carbodiimides as coupling rea-
gents, addition of HOBt (21) or HOAt (22) has 
shown to reduce racemisation.54 
Although the driving force of the reagents is dif-
ferent, namely formation of a phosphor amide 
or a urea, the reaction pathways are analogous 
(Scheme 4). Attack of the peptide acid on the 
coupling reagent results in the formation of a 
highly activated ester (in 18). Then either HOBt 
or HOAt performs a nucleophilic attack onto the 
ester carbonyl resulting in a less activated es-
ter (19). Reaction of this ester with an amine 
fi nally results in the desired amide bond (20). 
Although racemisation is minimised and yields 
are optimised for these coupling reagents, pu-

Scheme  4: Coupling reagents
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The acidity of the α-proton is correlated to the 
electron withdrawing properties of the activated 
ester. This means that a coupling reagent giv-
ing a more reactive activated ester leaves the 
C-terminal peptide more susceptible to epimer-
isation. Finding the right balance between high 
peptide coupling yields and low levels of isom-
erisation is a continuing endeavour in peptide 
chemistry. Direct α-proton abstraction is also 
more prone to happen while coupling the C-ter-
minus of a peptide (43 to 44) compared to the 
C-terminus of an N-carbamate protected amino 
acid (45) (Scheme 8). 

 Scheme 8: Proton abstraction from carbamate vs. Peptide

This is due to the fact that an N-terminal carba-
mate renders the amine hydrogen more acidic 
then the α-proton. Deprotonation of the carba-
mate nitrogen atom does result in oxazolone 
formation.60, 61 However, under the infl uence of 
the carbamate, epimerisation of this oxazolone 
is much slower then aminolysis. Therefore oxa-
zolone formation does not result in epimerisa-
tion in this case.62, 63

This makes the cyclisation of peptides espe-
cially challenging, because it requires by defi ni-
tion the activation of a peptide C-terminus that 
is fl anked by an amide bond.

to predict whether cyclisation will be success-
ful.35, 66. To date fi nding the optimal conditions 
depends on a trial and error search that has to 
be performed for each individual case. 

Standard coupling reagents have been suc-
cessful for the synthesis of some cyclic tetra-
peptides containing alternating L/D amino ac-
ids or small peptides containing a number of 
backbone N-substitutions.67-74 However, cycli-
sation of tetrapeptides containing only L-amino 
acids or seven-membered bislactams lacking 
a substituent on either amide nitrogen has not 
been successful in this way. 18, 75, 76 

Several alternative methods have been devel-
oped in order to reliably cyclise all-L small cy-
clic peptides, in some cases even regardless 
of the cyclisation site.10, 75, 76 These alternative 
methods can be divided into four different tac-
tics. 1: Introduction of a turn-inducer followed 
by direct cyclisation. 2: Cyclisation via a ring 
contraction event. 3: Cyclisation using site-iso-
lation 4: Cyclisation using an auxiliary. All four 
of these methods will be discussed below.

1.4.1 Introduction of a turn inducer 

As mentioned previously, calculations have 
shown that substitution at the backbone amide 
nitrogen atoms increases the amount of Z-
confi gured amide bonds thus facilitating cy-
clisation. In essence this substitution can be 
seen as a method to mimic the turn-inducing 
properties of proline.77, 78 The reason proline is 
considered a turn-inducer is due to the small 
energy difference between E- and Z- geometry 
(Figure 3, 51 and 52).79, 80 This not only increas-
es the chance of the C- and N-termini to come 
in close proximity but also signifi cantly lowers 
ring-strain once the cyclic product is formed. 
Although proline is considered a turn-inducer, 
its presence in a peptide does not guarantee 
a straightforward cyclisation. The inability to 
synthesise c[Pro-Val-Pro-Tyr] is clear evidence 

the major drawback of this method, namely the 
requirement of an N-terminal cysteine.57

Even though the development of peptide cou-
pling reagents has yielded several powerful 
methods, there are still some side reactions 
that have to be taken into account.

1.3.1 Side reaction in amide bond formation

One of the main side reactions in peptide 
coupling is epimerisation. This mainly occurs 
through two different pathways, namely oxa-
zole formation or direct proton abstraction. 4, 

58 Stereochemically labile oxazolones (35) are 
formed via nucleophilic attack of the penulti-
mate amino acid carbonyl oxygen onto the C-
terminal activated ester (Scheme 6, 34). 

Scheme 6: Racemization through oxazolone formation

Facile keto-enol tautomerisation gives an aro-
matic and achiral oxazole 36. Reprotonation 
followed by nucleophilic attack of an amine 
onto the oxazolone carbonyl results in epimeri-
sation. This pathway cannot occur with proline 
as the C-terminal amino acid or if the C-termi-
nal amide nitrogen atom is alkylated.59

Under basic conditions, direct α-proton abstrac-
tion may occur also due to the increased acidity 
of the activated ester αC-proton (Scheme 7). 

Scheme 7: Racemization through direct proton abstraction

1.4  Cyclisation
of small cyclic 
peptides 
In vivo, cyclic peptides are synthesised in a 
non-ribosomal way by specifi c enzymes. These 
have been used also to synthesise natural cy-
clic peptides in vitro. 19, 39 In general, this is only 
possible for these specifi c peptides. Cyclisa-
tion of strained cyclic peptides using standard 
coupling reagents has been successful in some 
specifi c cases under highly diluted conditions. 
20, 21, 30, 32, 34 Cyclisation yields are highly depend-
ent on which coupling reagent is used and fur-
thermore, even when direct cyclisation is possi-
ble yields greatly depend on the specifi c site of 
ring closure. 64, 65 Synthesis of cyclo[Phe-Leu-
Pro-Ala-Ala] (50) (Figure 2) from all fi ve pos-
sible linear Pfp ester precursors clearly showed 
this dependence. 

Fi gure 2: Site dependence of cyclization yield 

Yields varying between 0% and 21% of the de-
sired cyclic pentapeptide were found, depend-
ing on cyclisation site. Also the amount of unde-
sired dimeric cyclic decapeptide found after the 
reaction depended highly on the linear precur-
sor that was used.

Calculations have shown that the cyclisation 
is problematic due to ring-strain in the target 
cyclopeptide. 10 However, so far it is diffi cult 
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tions and can be converted back to the original 
amino acid by acidolysis. Because acylation of 
a pseudoproline at the N-terminus is hindered 
by sterics it has to be introduced as C-terminal 
part of a dipeptide.10

The effi cacy of tertiary amides for the synthe-
sis of seven-membered bislactams has been 
proven recently by the synthesis of a library of 
cyclic peptides (Scheme 10).38 

Schem e 10:  Synthesis of a seven-membered bislactam 
library

A series of dipeptides containing a benzylat-
ed backbone amide and a β-alanine residue 
(58) were cyclised using phenylphosphonic 
dichloride. Cyclisation of these linear pep-
tides to give strained seven-membered bis-
lactams (59) was achieved, albeit in varying 
yields, underscoring the inability of tertiary 
backbone amides to reliably facilitate gen-
eral peptide cyclisation. Cyclisation of the re-
versed precursor (H-β-Ala-Xxx-OH) or remov-
al of the benzyl moiety was not investigated.

1.4.2  Cyclisation via a ring contraction 
process 

An alternative class of methods developed for 
cyclisation of ring-strained peptides is based 
on ring contraction. This type of cyclisation 
proceeds via initial formation of a macrocycle 
several bonds larger than the desired ring. 
These bonds can be both covalent and non-
covalent. After formation of the initial macro-
cycle, ring contraction occurs forming the de-
sired heterocycle. 
The most straightforward cyclisation via ring 

NCL was used also as a method to cyclise pep-
tides via ring contraction.83-85 For this approach an 
N-terminal cysteine is combined with a C-terminal 
thioester (Scheme 12). Initially intramolecular 
S→S acyl-transfer to the cysteine yields the pre-
liminary macrocycle 64. 

Similarly to NCL, amide bond formation re-
sults from S→N acyl-transfer that is supported 
by proximity of the amine. The second acyl-
transfer results in ring contraction yielding the 
desired cyclic peptide 65. Serine may also be 
used in a similar fashion.54 In this method the 
serine hydroxyl group is esterifi ed to the pep-
tide C-terminus (Scheme 13).

Schem e 13: Use of serine for ring contraction

Once the serine carboxylic acid is liberated 
it can be cyclised onto the N-terminus of the 
peptide yielding macrocycle 67. After this initial 
cyclisation, liberation of the serine amine is fol-
lowed by O→N acyl-transfer. This results in the 
desired ring contraction liberating the serine 
hydroxyl residue (68). 

Use of metals to prearrange the linear peptide 
or linear peptides before cyclisation is also 
known.86-92 This may, although not always, in-
volve a ring contractive step in the cyclisation 
step (Scheme 14). 

for this.36, 81 Likewise, the use of a substituted 
backbone amide nitrogen atom for the cyclisa-
tion of strained lactams does not necessarily 
give high cyclisation yields. 31, 32, 38 

Figure 3: Amide bond Z- and E geometry

The cyclisation of a number of tri-, tetra-, and 
hexapeptides has been promoted by the incor-
poration of one or more so-called pseudopro-
lines (Scheme 9).19, 31, 32 

Sche me 9: Pseudoprolines

As the name suggests, pseudoprolines (55) 
are designed to mimic proline by incorporat-
ing turn inducing properties though a hetero-
cycle containing the tertiary backbone nitrogen 
atom.82 The increased steric bulk from the ring 
substituents also prevents peptide aggrega-
tion, reducing the probability of cyclic dimers.59 
Pseudoprolines can be formed by reacting 
either threonine (R=Me) or serine (R=H) with 
2-methoxypropene in the presence of catalytic 
camphorsulfonic acid.19 The resulting pseudo-
proline is stable under the cyclisation condi-

contraction is achieved by using a combination 
of HATU and HOAt as the coupling reagents. 
The initial macrocycle (61) is formed by HOAt 
via hydrogen bonding (Scheme 11).

Scheme  11: Ring contraction using HOAt

The increased reactivity of HOAt esters to-
wards amines is based on hydrogen bonding of 
amines with the HOAt nitrogen.64 If the resulting 
hydrogen bonding coordination is intramolecu-
lar (61) this yields a macrocycle in which the C- 
and N- termini are in close proximity. Attack of 
the N-terminus at the C-terminal carbonyl con-
stitutes a ring contraction process and results 
in the desired cycle 62.

Scheme 12: Ring contraction through NCL

18 - Introduction Auxiliary mediated synthesis of ring-strained lactams - 19



Scheme  15: On-resin cyclisation

For this to be true, peptide loading has to be 
low enough so that intermolecular interac-
tions cannot occur. On-resin cyclisation has 
been performed using two distinct routes. 
The fi rst route (A) makes use of so called 
safety-catch-linkers.94-98 Upon coupling of the 
fi rst amino acid these linkers are inert during 
peptide chain elongation. When the desired 
peptide length is achieved (in 72) linker acti-
vation renders the C-terminal ester carbonyl 
susceptible to nucleophilic attack. The only 
nucleophile that can physically reach the 
activated carbonyl is the peptide N-terminus 
which results in cyclisation. An advantage of 
safety-catch linkers is the fact that cyclisation 
also results in cleavage from the resin facili-
tating purifi cation.

For the other route (B) the fi rst amino acid is 
coupled via a side chain functional groupor 
backbone amide nitrogen atom.99-102 Peptide 
elongation is carried out and fi nal liberation of 
both C- and N-terminus is followed by cyclisa-
tion of 73. Final cleavage yields the cyclic pep-
tide. The fact that both cyclised and remaining 
linear peptides are cleaved complicates purifi -
cation. For on-resin cyclisation to work peptide 
cyclisation has to be feasible and for strained 
cyclic peptides this is often not the case.
In an effort to cyclise seven-membered bislac-
tams our group combined the use of a turn-

Scheme  14: Metal mediated cyclization

Pathway A uses metal ions to coordinate to 
two dipeptides in order to prearrange them so 
that addition of a coupling reagent will selec-
tively form cyclic product 62 86 Once the fi rst 
amide bond is formed in pathway A the cycli-
sation is completed via pathway B. In pathway 
B coordination of the metal with the amides 
prearranges the peptide in its cyclic confor-
mation facilitating amide bond formation.87, 89, 

90 The appropriate metal needed for this co-
ordination depends on the ring size of the tar-
get compound. Larger cyclic peptides require 
larger metal cations to prearrange the peptide 
in the correct conformation, bringing the pep-
tide termini in close proximity. Finally, route C 
forms the cyclic peptide via ring contraction. 
Coordination of the metal ions with both the N-
terminus and the activated C-terminus brings 
them in close proximity.91, 92 The electron with-
drawing effect of the metal-coordination fur-
ther activates the C-terminus which leads to 
higher electrophilicity. A drawback of this re-
activity is the increased risk of epimerisation. 
This risk is magnifi ed for peptides that under-
go slow cyclisation. Usually route C coincides 
with coordination like in route B. 

1.4.3 Cyclisation using site-isolation 

On-resin cyclisation (Scheme 15) makes use 
of the fact that peptides immobilised on a solid 
support are considered to be under pseudo in-
fi nite dilution conditions.93 

inducing substituent with dendrimeric site iso-
lation (Scheme 16).103 In order to achieve the 
latter, a carbodiimide was designed containing 
two sterically shielding dendritic wedges (76). 
This should provide an isolated environment for 
the linear peptide (75) to favour cyclisation over 
undesired intermolecular reactions. Indeed, 
use of the dendritic core increased cyclisation 
yield signifi cantly.

Scheme 1 6:  Use of both a turn inducing substituent and 

dendrimeric site isolation

1.4.4 Limited scope 

The aforementioned cyclisation methods have 
proven to be viable for the synthesis of small 
cyclic peptides. Their scope, however, is very 
limited. The use of a turn inducer requires the 
presence of two amino acids that are either 
threonine or serine. Alternatively, direct alkyla-
tion of a backbone amide nitrogen is possible. 
Removal of the alkyl, however, has not been 
described. Cyclisation via a ring contraction 
requires the precence of a cysteine or serine. 
Ring contraction using metal coordination en-
tails heightened risk of epimerization. Cyclisa-
tion in site isolation increases yields of cycliza-
tion but does not increase the scope of pos-
sible cyclization. Furthermore, the syntheses of 
a very limited number of distinct products are 
published using any specifi c method.
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C-terminal activation. Nucleophilic attack of 
the N-terminus occurs at the ester (X=O) or 
thioester (X=S). Before this cyclisation takes 
place, prolonged existence of the activated es-
ter often occurs increasing the risk of epimeri-
sation. The use of N-terminal auxiliaries will be 
further discussed in chapter 3.

A similar auxiliary may be inserted into the 
peptide backbone (route B).105, 106, 110 Formation 
of the macrocycle is now achieved by classic 
amide bond formation. This reaction is less 
susceptible to epimerisation than lactonisation 
in route A. In our group the effi cacy of an inter-
nal auxiliary has been proven for the synthesis 
of seven-membered bislactams. The drawback 
of this method, however, is the extended syn-
thesis required for the linear precursor. Internal 
auxiliaries are elaborated upon in chapter 2.

C-terminal auxiliaries104, 107 (Route C) enable 
formation of the initial macrocycle by the pres-
ence of an electrophilic sink (E). Nucleophilic 
attack of the N-terminus towards the electro-
philic sink results in macrocycle formation. 
The major challenge for C-terminal auxiliaries 
is avoiding epimerisation during coupling be-
tween the peptide and auxiliary. Chapter 4 is 
dedicated to the use of C-terminal auxiliaries.

1.5  Auxiliary
mediated 
cyclisation
In an effort to develop a general method for 
the cyclisation of small cyclic peptides, much 
research has been directed towards the design 
of auxiliaries (Scheme 17).10, 104-108 
These auxiliaries can be divided into the fol-
lowing categories: N-terminal auxiliaries (e.g. 
79), internal auxiliaries (e.g. 80) and C-terminal 
auxiliaries (e.g. 81). All of these auxiliaries me-
diate cyclisation via initial formation of a larger 
cyclic intermediate 82. The purpose of this in-
termediate is to bring the C- and N-termini of 
the peptide in close proximity. Subsequent ring 
contraction yields a cyclic peptide of the de-
sired ring size (83). This ring contraction takes 
place by X→N acyl-transfer, where X is either 
sulphur or oxygen. Finally, auxiliary removal 
yields the desired cyclic product (62). The way 
in which the initial macrocycle is formed varies 
for each type of auxiliary.

For route A, an auxiliary108, 109 is initially coupled 
to the peptide N-terminus followed by peptide 

1.6  Research 
of this thesis 
This thesis deals with all three types of auxil-
iaries mentioned in the previous paragraph for 
the synthesis of small cyclic peptides. Chapter 
2 describes efforts to broaden the scope of 
the internal auxiliary for the synthesis of cyclic 
tetrapeptides. An investigation on the use of 
several N-terminal auxiliaries for the synthesis 
of seven-membered bislactams is the topic of 
Chapter 3. The successful development of a 
C-terminal auxiliary for the synthesis of seven-
membered bislactams and cyclic tetrapeptides 
is discussed in Chapter 4. 

Scheme 17:   Auxiliary mediated cyclization of strained cyclic peptides
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2
Internal auxiliaries for 
the synthesis of cyclic 
tetrapeptides



Furthermore, yields greatly depend on the 
specifi c site of ring closure.14 In efforts to cir-
cumvent these drawbacks, several alternative 
methods have been developed to achieve di-
rect cyclisation of all-L tetrapeptides of which 
an overview will be given in the next para-
graphs.

2.1.1  Early research towards cyclic 
tetrapeptides

Early research towards cyclic tetrapeptides 
containing solely L-amino acids was directed at 
site-isolation during cyclisation.15, 16 Fridkin and 
co-workers focused on C-terminal activation of 
di- and tetrapeptides via ester formation with a 
2-nitrophenolic linker (as in 1). 

Cyclisation with concomitant cleavage of the 
support of the tetrapeptides H-Ala-Ala-Ala-Ala-
OResin and H-Ala-Gly-Ala-Ala-OResin was 
achieved yielding 50% - 65% product 4.

A few years later tetrapeptide build up and 
cyclisation were achieved by use of a safety-
catch-linker (as in 2).15 
 

tides containing at most two different amino 
acids can be synthesised. Furthermore, this 
method has only been published for a single 
tetrapeptide, further hinting at a limited scope.
When a threonine or serine is part of the pep-
tide sequence, the use of pseudoprolines to 
facilitate cyclisation is feasible.17 Pseudopro-
lines were introduced at the internal amide 
bond of dipeptides 4. These modifi ed dipep-
tides can be introduced into the peptide se-
quence. 
Several cyclic tetrapeptides containing pseu-
doprolines have been cyclised using in varying 
(20% to 70%) yields of the desired cyclic tetra-
peptide. This did require the use of two pseu-
doprolines and thus highly limits the scope of 
synthetic targets. Furthermore, yields for the 
protolytic liberation of the serine or threonine 
side-chains were inconsistent (30% to quan-
titative).

2.1.3  Synthesis using 2-hydroxy-6-
nitrobenzyl as N-terminal auxiliary

Research performed by Smythe and coworkers 
has been targeted at the development of an N-
terminal auxiliary towards the synthesis of cy-
clic tetrapeptides.18-20 This research culminated 
in the development of 2-hydroxy-6-nitrobenzyl 
(HnB) as a photo labile auxiliary. Initially the 
use of two auxiliaries was involved in the syn-
thesis of the cyclic peptides18 (e.g. cyclo[Tyr-
Arg-Phe-Gly] 8, Scheme 4). 

One auxiliary was placed on a peptide backbone 
amide nitrogen atom and functioned as a turn in-
ducer. The other was coupled to the C-terminus 
and facilitated initial macrocycle formation and 
ring collapse. The linear peptides containing the 
auxiliaries (eg. 5) were synthesised via on-resin 
peptide synthesis. On-resin reductive amination 
was used to couple the auxiliaries to the peptide. 
Cleavage of the peptide was followed by lactoni-
sation under high dilution conditions (1mM) us-

2.1 Introduction

Cyclic tetrapeptides have a number of interest-
ing properties associated with. They are valu-
able for pharmaceutical research1   , 2 because 
their rigid structure3 often enhances biological 
receptor binding.4, 5 The absence of charged 
C- and N-termini makes cyclic peptides less 
susceptible to biodegradation and improves 
membrane penetration.6

Due to ring strain small 7-15 membered cyclic 
peptides are diffi cult to synthesise.7 A cyclic 
tetrapeptide is most stable when it contains 
amide bonds that are alternatingly in the Z- 
and E-geometry.3, 8 Because the E-geometry is 
intrinsically favoured, reaching this alternating 
Z- and E-geometry prior to cyclisation is dif-
fi cult. Furthermore the E-geometry favours an 
extended conformation of the linear precursor, 
hampering the ability of the peptide termini to 
approach each other. As a consequence, di-
rect cyclisation of small peptides using peptide 
coupling reagents often results in low yields. 
Direct cyclisation of tetrapeptides has only 
been successful when unnatural amino acids 
or turn-inducing elements were incorporated 
in the linear precursor.9-13 These turn induc-
ers include proline, the alternation of D- and 
L-amino acids, dehydro amino acids and the 
alkylation of backbone amide nitrogen atoms. 

 Scheme 2: Two precursors for cyclic tetrapeptides

The linear peptide was synthesised by Boc-
based solid phase chemistry. Oxidation of the 
sulphur atom to the sulphone 7 activated the 
safety-chatch linker. Acidic Boc-removal fol-
lowed by liberation of the amine resulted in 
cyclisation/cleavage yielded cyclo[Ala-Ala-Ala-
Gly] in 40% yield.
The initial success of site isolation did however 
not lead to its widespread use. Although the 
method has been investigated intensively, if 
used for the synthesis of cyclic tetrapeptides it 
often results in failure.7

2.1.2  Synthetic approaches towards 
tetrapeptides with an intrinsic limited 
scope

Ni(II) can act as a template between two dipep-
tides placing the C-terminus of one peptide in 
close proximity to the N- terminus of the other 
dipeptide and vice versa (as in 3). 

S cheme 3: Synthesis of pseudo-proline

Attack of the amines towards the C-termini of 
the neighbouring dipeptides yields the desired 
amide bonds. Performing the reaction at 65 ºC 
in methanol for 24 hours resulted in a cyclisa-
tion yield of 21%. It is unclear whether cycli-
sation is a concerted or a two-step process. 
Using this method, only symmetrical tetrapep-

 Scheme 1: C-terminal auxiliaries towards cyclic peptides
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These tetrapeptides did all contain a C-termi-
nal glycine. Cyclisation was not possible for all 
peptides. Furthemore, cyclisation and auxiliary 
removal yields varied depending on the se-
quence of the peptide but never exceeded 29% 
over two steps.

2.1.4  The use of 2-hydroxy-3-isopropoxy-4-
methoxy-benzaldehyde as an internal 
auxiliary

No generally applicable method for the synthesis 
of cyclic tetrapeptides has been been developed. 
If cyclisation can be achieved, optimal cyclisation 
conditions can only be found by trial-and-error 
methods. Although there has been some suc-
cess while synthesising tetrapeptides containing 
a turn inducer, the feasibility of cyclisation of all 
L-tetrapeptides is unpredictable at best.

In an effort to develop a general method for the 
cyclisation of tetrapeptides our attention turned 
towards an internal auxiliary (Scheme 1, route 
B), namely 2-hydroxy-3-isopropoxy-4-methoxy-
benzaldehyde 9.21 The auxiliary was designed to 
introduce fl exibility in the linear precursor and to 
place the amino acid termini in close proximity 
thus facilitating cyclisation. This salicylaldehyde 
type auxiliary 9 has proven to be suitable for cy-
clisation of ring strained peptides (seven-mem-
bered bislactams). Not only is it able to facilitate 
cyclisation, it also proved to result in high cycli-
sation yields regardless of the cyclisation site.

The cyclisation of seven-membered bislactams 
is achieved via a seven step procedure ( ). The 
fi rst amino acid is coupled to the auxiliary via 
a reductive amination with sod ium triacetoxy-
borohydride in THF. This is followed by a Boc 
protection of the resulting secondary amine by 
reacting the crude mixture with Boc2O in dichlo-
romethane resulting in 10 or 11. Esterifi cation 
of the C-terminus to the auxiliary is performed 
via either an EDC coupling in acetonitrile with 

It has to be noted that the auxiliary has been 
designed containing both a methoxy and an 
isopropoxy moiety. The fi rst is incorporated in 
order to facilitate acidolytic auxiliary removal. 
The isopropoxy moiety prevents undesired in-
termolecular aminolysis under the cyclisation 
conditions.

2.1.5  Routes towards cyclic tetrapeptides 
using the salicylaldehyde type 
internal auxiliary

When using auxiliary 9, inserted within the 
backbone of the linear precursor for the syn-
thesis of cyclic tetrapeptides, three distinct ap-
proaches are feasible (Scheme 6). 

Sch eme 6:  Possible precursors towards cyclic 
tetrapeptides 

These approaches differ solely in the position of 
the auxiliary in the tetrapeptide backbone. Anal-
ysis of the possible placements shows some 
distinct disadvantages for options a and b. Aux-
iliary placement in 17a (3+1) requires C-terminal 
activation of a tripeptide during its coupling to 
the auxiliary. This is not desirable because of the 
high risk of epimerisation. When two dipeptides 
are coupled to the auxiliary (17b 2+2), epimeri-
sation is also likely to occur. Furthermore, DKP 
formation may occur spontaneously upon cou-
pling of the auxiliary with either dipeptide. This 
leaves auxiliary placement as shown for 17c 
(1+3) as the most viable option. This should not 

ing BOP or HATU in DMSO, yielding macrocy-
cle 6. Due to the presence of DiPEA This then 
underwent a spontaneous ring collapse forming 
7. Finally photolytic removal of the auxiliaries 
yielded the desired cyclic peptide 8. 

Sch eme 4:  Synthesis of cyclo[Tyr-Arg-Phe-Gly] mediated 
by two HnB auxiliaries

Auxiliary design was based on direct removal 
by photolysis, which was successful as long as 
the cyclic tetrapeptide contained a glycine resi-
due or one D-amino acid. Auxiliary removal from 
cyclo[Tyr-Arg-Phe-Ala] resulted in hydrolysed 
product. This was probably due to the increased 
ring strain in the cyclic peptide. Hydrolysis could 
be prevented by methylation of the auxiliary’s hy-
droxyl moiety with diazomethane prior to photoly-
sis. Initial research showed the necessity of the 
turn inducer on a backbone amide nitrogen atom 
in order to achieve initial macrocycle formation. 
On the contrary, a later publication showed it was 
possible to induce cyclisation of tetrapeptides that 
did not contain a turn-inducer.19 

addition of DMAP (for Z-β-Ala-OH yielding 13) 
or a coupling using the acid fl uoride and DiPEA 
(Z-Phe-F yielding 12). Upon Z- and Bn-removal 
with hydrogen gas and catalytic palladium/car-
bon, cyclisation is performed under high dilu-
tion conditions with EDC and HOBt forming the 
lactam macrocycle (14 or 15). Acidolytic Boc-
removal by TFA addition is followed by libera-
tion of the secondary amine by addition of so-
dium bicarbonate to a solution of the TFA salt in 
ethyl acetate. Spontaneous O→N acyl transfer 
via a favoured six-membered ring intermedi-
ate results in the seven-membered bislactam. 
Finally, acidic removal of the auxiliary, in the 
presence of anisole as scavenger, yields the 
desired cyclic product 16.

Scheme 5: Synthesis of cyclo[Phe-βala]
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Scheme  8: Synthesis of the auxiliary

Demethylation using BCl3 in dichloromethane 
yielded 26 in 58% which then could be alkylat-
ed with 2-bromopropane using sodium hy-
droxide and potassium iodide in DMSO. This 
gave a mixture of products resulting from mo-
no-alkylation at either phenolic hydroxyl and 
di-alkylation. From this mixture the desired 
product (9) could be isolated in 34% yield.

2.2.3 Synthesis of the building blocks

In order to build up the required peptide build-
ing blocks, fi rst a diazotransfer agent was syn-
thesised (Scheme 9). 

Scheme  9: Synthesis of the diazo transfer reagent 

The diazotransfer reagent of choice was im-
idazole-1-sulfonyl azide hydrochloride (28). 
This reagent was fi rst published as a shelf 
stable reagent.23 
After our use of this reagent an erratum ap-
peared indicating some safety issues during 
synthesis and storage. 24 In our hand no 
problems were encountered. The synthesis 
of 28 was straightforward starting from sul-
furyl chloride. Addition of sodium azide to a 
solution of sulfuryl chloride in acetonitrile and 
overnight stirring was followed by the addition 
of imidazole. After stirring for fi ve hours HCl in 
EtOAc was added. This resulted in the spon-
taneous crystallisation of 28 as white crystals.

suffer from epimerisation or DKP formation and 
is therefore the method of choice.
Connecting both peptide fragments to the auxil-
iary in the 1+3 approach does place the C- and 
N-termini at a distance. The work by Smythe 
and coworkers18 showed that cyclisation using 
a similar auxiliary at the N-terminus is far from 
straightforward. This work had also shown that 
introduction of a tertiary amide bond within the 
peptide backbone as a turn inducer facilitates 
cyclisation. Therefore the introduction of a turn 
inducer into our tripeptide fragment was con-
sidered sensible. Alkylation of the second back-
bone amide nitrogen of the tripeptide increases 
the amount of cisoid amide bond conformation 
at that position, thus aiding cyclisation. Taking 
this into account 19 was envisioned as a linear 
precursor. 

Figure 1: Linear precursor towards cyclic tetrapeptide

2.2 Results
2.2.1 Retrosynthesis of the tripeptide

In order to test the 1+3 approach, cyclo[Phe-
Leu-Phe-Leu] was chosen as target com-
pound. This cyclic peptide is a natural product 
found in marine bacteria and has been syn-
thesised, although in unknown yield, using 
a Kaiser oxime safety-catch linker.22 For our 
method, the linear peptide precursor was di-
vided into tripeptide H-Leu-Phe-Leu-OBn and 
the protected amino acid Cbz-Phe-OH. In or-
der to prevent DKP formation, the tripeptide 
was not synthesised in the traditional C→N 
direction. Synthesis of the tripeptide including 
the DMB turn inducer was envisioned based 
on C-terminal elongation of pseudo-dipeptide 
22 (Scheme 7). 

Schem e 7: Tripeptide retrosynthesis 

The last step in the synthesis of tripeptide 20 
is amine liberation by Staudinger reduction of 
azide 21. Dipeptide 22 is formed via peptide 
coupling between 23 and 24. 

2.2.2 Auxiliary synthesis

The synthesis of the auxiliary 9 (Scheme 8) 
starts with commercially available 2,3,4-tri-
methoxy benzaldehyde 25. 
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Scheme 11:   Synthesis of and auxiliary coupling with 
tripeptide

Carboxylic acid liberation by saponifi cation 
with Tesser’s base was followed by elongation 
with HATU/HOAt activation and addition of H-
Leu-OBn. The resulting tripeptide 21 was ob-
tained in 89% yield. Amine liberation through 
a Staudinger reduction gave 96% yield of 20. 
The resulting tripeptide could be coupled to 
auxiliary 9 via reductive amination. Initial imine 
formation was achieved by addition of sodium 
sulphate as a drying agent to a solution of both 
9 and tripeptide 20 in THF. After the imine had 
formed, sodium triacetoxyborohydride was 
added, reducing the imine into the amine. The 
crude 27 was used without further purifi cation 
in the following step.
Before an attempt could be made to couple the 
fourth amino acid, the newly formed secondary 
amine had to be protected. Initially, parallel to 
the method used for seven-membered bislac-
tam synthesis, Boc protection (resulting in 31) 
was attempted. However, according to LC/MS 
no protected product was formed. Boc protec-
tion was unsuccessful in DCM and DMF at room 

in order to ascertain the accessibility of the hy-
droxyl group. Unfortunately, neither reagent was 
able to acetylate 32 indicating that the hydroxyl 
moiety was inaccessible for acylation.
When the auxiliary was used for the synthesis 
of seven-membered bislactams, esterifi cation 
between the auxiliary and the second amino 
acid was not problematic.21 This strengthened 
our belief that steric bulk was the cause that pre-
vented acylation of the hydroxyl group. Hence, 
a new tetrapeptide incorporating less steric bulk 
was targeted. In order to determine whether 
the (1+3) method was viable for the synthesis 
of cyclic tetrapeptides, the N-terminal leucine 
of the tripeptide was replaced by glycine. The 
alternative tripeptide was synthesised based 
on the same approach that was used for H-
Leu-(N-DMB)Phe-Leu-OBn, starting from the 
2,4-dimethoxybenzylated phenylalanine methyl 
ester. Chain elongation started with coupling 
of 2-bromoacetic acid using DCC in THF. An 
overnight reaction resulted in 98% (Br)Gly-(N-
DMB)Phe-OMe after column chromatography. 
The bromine was substituted by the azide in 
98% yield (of 34) by reaction with sodium azide. 
Saponifi cation with Tesser’s base was straight-
forward and gave (N3)Gly-(N-DMB)Phe-OH in 
89% yield. Coupling between the dipeptide and 
H-Leu-OBn was achieved using one equiv of 
HBTU and two equiv of DiPEA in THF over three 
hours. After workup and purifi cation by fl ash col-
umn chromatography 35 was obtained in 32% 
yield. This time azide reduction was performed 
with resin bound PPh3. Addition of the resin to 
a solution of 35 in water/THF (1:1) resulted in 
95% 36 after stirring at room temperature for 72 
hours. Purifi cation only required fi ltration and in 
vacuo concentration. Coupling of the auxiliary 
was achieved by reductive amination followed 
by Boc protection of the resulting secondary 
amine to give 37 in 24% isolated yield over two 
steps. Although amine protection was far more 
straightforward then in the previous case, cou-
pling of the fourth amino acid (Cbz-Phe-OH) 

With the diazotransfer reagent in hand, syn-
thesis of the amino acid building blocks was 
started (Scheme 10). 

Scheme 10 : Amino acid building block synthesis 

The leucine building block was synthesised by 
a diazotransfer using imidazole-1-sulfonyl azide 
hydrochloride (28), CuSO4, and K2CO3 in metha-
nol giving 75% 23 as a white solid in 75% yield.

In order to obtain the second building block, 
the 2,4-dimethoxybenzyl group was introduced 
on the nitrogen of phenylalanine. This could 
be achieved through a reductive amination be-
tween H-Phe-OMe and 2,4-dimethoxybenza-
ldehyde in methanol using sodium triacetoxy-
borohydride as reducing agent. After column 
chromatography this yielded 87% of 24. 

2.2.4  Attempts to prepare cyclic peptides 
with the 1+3 approach

With the building blocks in hand, synthesis of 
the tripeptide (Scheme 11) started with the cou-
pling between 23 and 24 using DCC as cou-
pling reagent giving dipeptide 22 in 51% yield. 

temperature and in DMF at 50˚C. The lack of re-
activity is probably due to steric hindrance. There 
are two apparent contributions to the increased 
steric bulk. The turn-inducing DMB group will 
lower the amount of tripeptide in the linear con-
formation and thus increase the chance of the 
peptide C-terminal part to block the secondary 
amine. This combined with the isobutyl side-
chain of the auxiliary probably shields the amine 
suffi ciently to prevent attack of the amine onto 
Boc2O. Fortunately, the secondary amine could 
be successfully protected by the sterically less 
congested 2,2,2-trichloroethoxycarbonyl (Troc) 
group. When 27 was dissolved in pyridine, re-
action with 2,2,2-trichlorethoxycarbonyl chlo-
ride at refl ux 32 was obtained in 13% yield only 
over two steps after purifi cation by fl ash column 
chromatography. Subsequent esterifi cation of 
Cbz-Phe-OH at the free hydroxyl proved to be 
impossible. Neither use of coupling reagents nor 
starting from the acid fl uoride resulted in ester 
bond formation. Finally reactions with the very 
reactive and sterically uncongested acetic acid 
anhydride and acetylchloride were performed 

Scheme 12: Efforts to complete the linear precursor 
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account that the problems encountered previ-
ously were due to steric hindrance, we expected 
this steric hindrance to prevent DKP formation. 
For this reason the 2+2 approach (Figure 2) was 
chosen as an alternative to the 1+3 method.

Figure 2: 2+2  Linear precursor

In order to test the 2+2 approach, two cyclic 
tetrapeptides were targeted. Cyclo[Ala-Pro-Ala-
Ala] and the less sterically hindered cyclo[Ala-
Pro-Ala-Gly]. To lower steric hindence, no 
2,4-dimethoxybenzyl group was incorporated 
in the linear precursor. Instead, proline was in-
corporated into the peptide for its turn-inducing 
properties. This should facilitate initial macrocy-
cle formation and ring contraction. The tetrapep-
tides were split into two dipeptides, H-Ala-Pro-
OBn and Cbz-Ala-Xxx-OH. For both cyclic tetra-
peptides H-Ala-Pro-OBn had to be coupled to 
the auxiliary via reductive amination followed by 
protection of the secondary amine (Scheme 14). 

Scheme 14:  Dip eptide coupling

Similarly to the corresponding coupling of a 
tripeptide, reductive amination forming 39 was 
successful, albeit in moderate yield. Despite 
steric hindrance, this is probably due to the 
formation of some diketopiperazine. Protection 
of the resulting amine using Boc2O was unsuc-
cessful, regardless of solvent and temperature. 
In an attempt to minimise steric hindrance dur-
ing amine protection, the dipeptide was cou-
pled in two steps (Scheme 15). 

ascertain whether sterics infl uenced the cou-
pling both Cbz-Ala-Gly-OH and Cbz-Ala-Ala-
OH were coupled using EDC as a coupling 
reagent and DMAP as a catalyst. To our sur-
prise, coupling yields after overnight reaction 
in acetonitrile were comparable (87% for 42a 
and 91% for 42b). This showed that, in contract 
with the 1+3 approach, the phenolic hydroxyl is 
not shielded by steric bulk in the 2+2 approach. 
Both peptide termini could be liberated in one 
step by hydrogenolysis catalysed by palladium 
on active carbon. For 42a this resulted in 60% 
of the fi nal linear precursor, which could be 
cyclised. Macrocycle formation was achieved 
using EDC and HOBt in a solvent mixture of 
DCM and DMF. After reacting overnight 72% 
of the macrocycle 43a was obtained. The ring 
contractive event, yielding the desired twelve-
membered cyle, occurred after liberation of 
the amine. This liberation was accomplished 
in a two-step process. First the Boc protective 
group was removed by TFA treatment result-
ing in the salt of the amine. The excess TFA 
was evaporated and the amine was liberated 
by addition of solid NaHCO3 to a solution of the 
TFA salt in ethyl acetate. Elevated tempera-
tures (70 ˚C) were required in order to facilitate 
acyl transfer, resulting in 21% yield of 44a. Lib-
eration of the peptide termini of 41b resulted in 
higher yields (81%) compared to 42a. Forma-
tion of the initial macrocycle 43b required two 
days using the same conditions as used for 43a 
(EDC/HOBt in DCM/DMF). Despite the longer 
reaction time, a satisfactory yield of 68% could 
be obtained. Ring contraction also required a 
prolonged reaction time. After three days, 10% 
of the desired twelve-membered ring 44b was 
obtained. These results showed the viability of 
the auxiliary to mediate the formation of cyclic 
tetrapeptides, although the yield of the ring con-
tractive step seems to be lower when more ste-
ric bulk is present. Because the work by Smythe 
et. al. had shown that auxiliary removal from a 
cyclic tetrapeptide is far from straightforward,18 

proved to be impossible. Several coupling rea-
gents, including phosphonium salts, carbodiim-
ides and acid halides, were used. 

Scheme 13:  Synthesis of alternative tripeptide-auxiliary 
building block 

Unfortunately, none resulted in the desired 
product. Coupling of a less sterically hindered 
amino acid like glycine was not attempted be-
cause this would not lead to a general and 
widely applicable method. The results using 
Cbz-Phe-OH showed that the approach would 
at best result in a method with a severely lim-
ited scope. Thus an alternative route had to be 
explored in order to fi nd a general method for 
the cyclisation of tetrapeptides.

2.2.5  Synthesis of cyclic tetrapeptides 
using the 2+2 approach

Two alternative methods for the synthesis of cyclic 
tetrapeptides using the auxiliary have been de-
scribed earlier. Both the 3+1 and the 2+2 method 
have an inherent risk of epimerisation. On top of 
that, the 2+2 method has the risk of DKP forma-
tion. In principle this makes the 2+2 less obvious 
as alternative method. However, when taking into 

Scheme 15:  Towa rds the synthesis of cyclo[Ala-Pro-Ala-
Ala] and cyclo[Ala-Pro-Ala-Gly] 

First reductive amination between the auxil-
iary and H-Ala-OBn was performed using the 
known procedure, resulting in 82% yield. This 
was followed by Boc-protection of the amine by 
an overnight reaction with Boc2O in DMC. This 
yielded 77% 40 after column chromatography. 
Carboxylic acid liberation was achieved in 94% 
yield via hydrogenolysis catalysed by palladium 
on active carbon. The resulting free acid was 
coupled with H-Pro-OBn using EDC and HOBt 
as coupling reagents and stirring for three days 
in acetonitrile resulted in the desired product 
41 in 68%. Although this route was less direct, 
it resulted in 40% yield over four steps, which 
was signifi cantly higher than the 29% yield 
achieved for the reductive amination between 
the dipeptide and the auxiliary. 
With the fi rst dipeptide fragment attached to 
the auxiliary, the second dipeptide had to be 
coupled via ester bond formation. In order to 
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coupling of the second dipeptide was done in 
a two-step process. First, Cbz-Ala-Ala-OH was 
converted to the acid fl uoride using cyanuric 
fl uoride in DCM at 0 ˚C. This acid fl uoride was 
then added to a solution of 45 and DiPEA in 
acetonitrile. After stirring reaction for 18 hours, 
column chromatography resulted in 46 in 38% 
yield (based in the recovered starting material, 
a yield of 88% was achieved). This is prob-
ably due to incomplete acid fl uoride formation 
or degradation of the acid fl uoride during the 
reaction. Removal of the Cbz and Bn protec-
tive groups was achieved in a single hydro-
genolysis step which resulted in 83% of 47 
after purifi cation. Cyclisation of the linear pre-
cursor required a reaction time of three days 
and yielded 33% of the initial macrocycle, less 
than half of the yield obtained while cyclising 
the linear precursor for cyclo[Ala-Pro-Ala-Ala]. 
This indicated that, although cyclisation of the 
linear precursor lacking a turn inducer is pos-
sible, the turn-inducing properties of the proline 
indeed facilitate formation of the macrocycle. 
Acyl transfer, resulting in the desired tetrapep-
tide ring 48, occurred spontaneous after the 
two-step liberation of the secondary amine. 
Removal of the Boc protective group proved a 
facile reaction which was completed in 2 hours 
by TFA. Liberation of the amine from its TFA 
salt was expedited by the addition of water. 
Initially the TFA salt was dissolved in EtOAc, 
to which solid NaHCO3 was added. After stir-
ring for 2 hours, a small amount of water was 
added to dissolve the NaHCO3 and create a 
two phase system. This proved to be a more 
potent system for the liberation of the amine as 
39% of 48 could be obtained after 30 minutes 
reaction time. The increase in yield compared 
to the ring contraction towards cyclo[Ala-Pro-
Ala-Ala] indicated this step was not aided but 
rather hampered by proline. Taking both initial 
cyclisation and ring contraction into account, 
the contradicting infl uences of a proline during 
cyclisation largely negate each other. 

product. Boc protection of the secondary amine 
was achieved with Boc2O and DMAP in 87% 
yield 49. The phenylalanine carboxylic acid 
was liberated in 85% yield by hydrogenation. 
Coupling of H-Ala-OBn was mediated by EDC 
and HOBt and yielded 99% of 50. This showed 
that protection of the hydroxyl resulted in an 
increase of the coupling yield of the second 
amino acid as compared to the equivalent step 
in previous syntheses. Removal of the TBDMS 
protective group liberated the hydroxyl group. 
This was performed with TBAF in THF and re-
sulted in 82% phenol after purifi cation. The last 
peptide fragment, Cbz-Ala-Gly-OH, was intro-
duced via the acid fl uoride which was gener-
ated in situ. Purifi cation gave 52 in an isolated 
yield of 63%. The fi nal linear precursor was 
synthesised in quantitative yield by the syn-
chronous hydrogenolytic removal of the Cbz 
and benzyl protective groups. The initial mac-
rocycle was obtained in 62% yield by cyclisa-
tion of 52 with EDC and HOBt. The yield was 
comparable to those obtained using proline 
as a turn inducer. This is probably due to the 
increased conformational freedom around the 
glycine residue which negates the advantage 
of a turn inducer during this cyclisation step. 
The auxiliary containing cyclic tetrapeptide 53 
could be obtained in 34% yield by overnight re-
action after liberation of the secondary amine. 
This again underlined the negative infl uence of 
the proline residue during the ring contraction 
event. 
With the initial scope of the cyclisation method 
using the internal auxiliary marked out, auxiliary 
removal was attempted. During the synthesis 
of seven-membered bislactams, auxiliary re-
moval resulted from reaction with TFA at 60˚C 
with anisole added as a scavenger. Removal of 
the auxiliary from 53 using this method proved 
to be less straightforward. Although the mass 
of cyclo[Phe-Ala-Ala-Gly] was found after the 
reaction, no product could be isolated.

Scheme 16: Synth esis towards Cyclo[tetra-Ala]

First H-Ala-OBn was coupled to auxiliary 9 via 
reductive amination in 99% yield. This was fol-
lowed by the quantitative protection of the sec-
ondary amine using Boc2O and hydrogenolytic 
liberation of the alanine carboxylic acid in 77% 
yield. The second alanine was coupled as H-
Ala-OBn using EDC and HOBt in 68% yield 
to give 45. In an effort to minimize steric bulk, 

With the turn-inducing moiety seemingly redun-
dant while using the 2+2 approach, a fourth cy-
clic peptide was targeted to ascertain if yields 
would be improved further by removal of steric 
bulk around the auxiliary. Cyclo[Phe-Ala-Ala-
Gly] was chosen as a target. 
Phenylalanine was introduced for practical rea-
sons to facilitate purifi cation due to increased 
product visibility on TLC. The glycine residue 
was used to minimise steric hindrance during 
the ring contractive event. In an effort to in-
crease the coupling yield of the second amino 
acid a protective group on the phenol hydroxyl 
was introduced during synthesis (Scheme 17). . 
After coupling of the H-Phe-OBn via reductive 
amination, a TBDMS protective group was in-
troduced to the hydroxyl by overnight reaction 
with TBDMS-chloride, imidazole and DMAP 
in DMF. This resulted in 65% of the protected 

investigations into auxiliary removal were not 
undertaken at this moment. Rather, the scope of 
this method was fi rst investigated.
In order to ascertain whether the turn-inducing 
properties did indeed facilitate initial macrocycle 
formation and ring contraction, the synthesis of 
another cyclic tetrapeptide was investigated. For 
this Cyclo[Ala-Ala-Ala-Ala] was chosen. Replac-
ing proline for alanine should result in a com-
parable peptide, only lacking the turn-inducing 
properties associated with proline. Build-up of 
the linear precursor 47 (Scheme 16) was per-
formed, based on the method described above. 

Scheme 17: Synthesis towards cyclo[Phe-Ala-Ala-Gly]
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a dropping funnel. The reaction mixture was stirred for 16 
hours before being quenched with saturated NaHCO3 
(aq.). The organic phase was removed and acidifi ed using 
conc. H2SO4. The resulting suspension was fi ltered and 
the residue was recrystallized from H2O. This yielded 26 
(4.9 g, 29 mmol 58 %) as a white solid. mp 108.5 - 112.3 
˚C. 1H NMR (400 MHz, CDCl3) δ 11.12 (s, 1H), 9.80 (s, 
2H), 7.13 (d, J = 8.4 Hz, 1H), 6.64 (d, J = 8.4 Hz, 1H), 3.98 
(s, 3H). IR ν 3369, 1652, 1284, 1244, 1110, 1029, 
774,699, 574. HRMS (FAB+) m/z found for C8H9O4 
169.0499 [M+H], calcd 169.0501.

9. NaH (60% in oil, 1.7 g, 42 mmol. 2.0 equiv.) 
was added portion wise to a solution of 22 
(3.5 g, 21 mmol, 1.0 equiv.) in DMSO (50 mL) 
under an atmosphere of N2. The reaction mix-
ture was stirred for three hours before dried KI 

(3.5 g, 21 mmol, 1.0 equiv.) and 2-bromopropane (2.0 mL, 
2.6 g, 21 mmol, 1.0 equiv.) were added. The reaction mix-
ture was stirred 72 hours before being diluted with EtOAc 
and washed twice with H2O and once with brine. The or-
ganic solution was dried over MgSO4 and concentrated in 
vacuo. The residue was purifi ed by fl ash column chroma-
tography (EtOAc : PE = 1 : 9) yielding 9 (1.5 g, 7.2 mmol, 
34%) as a white solid. mp 71.8-75.5 ˚C. 1H NMR (400 
MHz, CDCl3) δ 11.14 (s, 1H), 9.74 (s, 1H), 7.27 (d, J = 8.4 
Hz, 1H), 6.59 (d, J = 8.8 Hz, 1H), 4.46 (sept, J = 6.4 Hz, 
1H), 3.92 (s, 3H), 1.32 (d, J = 6.4 Hz, 6H). IR ν 2971, 
2927, 1645, 1585, 1440, 1287, 1258, 1090, 910.

28. Sulfuryll chloride (16.1 mL, 26.4 g, 222 
mmol, 1.11 equiv.) and NaN3 (13 g, 200 
mmol, 1.0 equiv.) were dissolved in a 

cooled solution (0°C) of MeCN (200 mL). The reaction 
mixture was allowed to heat up to room temperature and 
stirred for 18 hours. The temperature was lowered again 
to 0°C before adding imidazole (25.9 g, 380 mmol, 1.9 
equiv.) and stirred an additional 5 hours at room tempera-
ture. Finally 28 was crystallized by cooling the solution to 
0°C and addition of cold HCl in EtOAc yielding 28 (28.3 g, 
137 mmol, 69%) as white crystals. mp 74.1-74.5. 1H NMR 
(400 MHz, D2O) δ 7.68 (dd, J = 1.3, 2.2 Hz, 1H), 8.09 (dd, 
J = 1.6, 2.2 Hz, 1H), 9.53 (dd, J = 1.3, 1.6 Hz, 1H) IR ν 
3102, 2168, 1582, 1425, 1189, 1158, 1066, 760, 581.

2.3 Conclusion
The 4-methoxy-3-isopropoxysalicylaldehyde 
auxiliary that was used previously for the syn-
thesis of seven-membered bislactams has been 
applied for the synthesis of cyclic tetrapeptides 
also. The preferred 3+1 method stranded due 
to steric effects during the synthesis of the lin-
ear precursor. Fortunately, the alternative 2+2 
route was viable. Formation of DKP after cou-
pling of the fi rst dipeptide was problematic, but 
could be circumvented. Building up the dipep-
tide one amino acid at a time did not only avoid 
DKP formation, it also permitted Boc-protection 
of the secondary amine after coupling of the 
fi rst amino acid. The new approach towards 
the synthesis of cyclic tetrapeptides still suffers 
from some drawbacks. The yields of the ring 
contraction varied between 10% and 39% de-
pending on the peptide sequence. The lengthy 
synthesis (eight to ten steps) resulted in low 
overall yields. It has to be noted that no efforts 
were done yet to determine the optical purity of 
the cyclic peptides that were synthesised. The 
seven-membered bislactams that were syn-
thesised using the auxiliary had enantiomeric 
excesses varying between 80% and 97%. This 
makes it highly unlikely that optically pure prod-
ucts will be obtained. Epimerisation may be ex-
pected especially during coupling of the second 
dipeptide to the auxiliary. Lastly, preliminary re-
sults proved that auxiliary removal was far from 
straightforward. This is most likely due to ring 
strain, which may cause the cyclic tetrapeptide 
to disintegrate during auxiliary removal. De-
spite these issues that have to be addressed, 
it has to be noted the 4-methoxy-3-isopropox-
ysalicylaldehyde auxiliary does indeed facilitate 
the formation of cyclic tetrapeptides in overall 
yields varying between 2% and 4%. This in it-
self is certainly a step forward and merits more 
research into the optimisation of this route to-
wards cyclic tetrapeptides.

2.4  Experimental
section
General

All reactions were monitored by TLC using a 
Merck TLC plastic roll 500 x 20 cm silica gel 60 
F254. Flash column chromatography was per-
formed on Biosolve 60 Å (0.032-0.063 mm) sili-
ca gel using the indicated solvent mixtures (PE 
= Petroleum Ether 40-60). All solvents were 
bought from Biosolve (AR grade) and used 
without further purifi cation unless stated other-
wise. Starting materials were purchased from 
Sigma-Aldrich, Fluka or Acros and used with-
out further purifi cation unless stated otherwise. 
The NMR spectra were recorded in CDCl3 or 
CD3OD solutions using a Bruker ARX 400 and 
a Varian Inova 500 spectrometer. Spectra are 
reported in δ units (ppm) an J values (Hz) using 
the solvent as internal standard. HRMS (FAB+) 
were recorded with a JEOL JMS SX/SX 102A 
four sector mass spectrometer. LC-MS experi-
ments were performed using a Finnigan LXQ 
Ion Trap apparatus. LC was carried out with 
an XTerra C18 3.5 µm column using gradients 
between H2O/0.1% HCO2H (Solvent A) and 
CH3CN/0.1% HCO2H (Solvent B). Electron-
spray ionisation mass spectra (positive ions) 
were recorded in full scan mode (m/z = 100 – 
2000). Infrared (IR) spectra were obtained with 
a Bruker Alpha-P diamant-point spectrometer 
and reported in wave numbers (cm-1). Melting 
points were determined with a Büchi melting 
point apparatus B-545 and are uncorrected. 
Optical rotations were measured on a Perkin-
Elmer 241 polarimeter.

26. To a solution of 2,3,4-trimethoxybenzalde-
hyde (9.8 g, 50 mmol, 1.0 equiv.) in DCM (150 
mL), BCl3 (1M in DCM, 50 mL, 1.0 equiv.) was 
added using a dropping funnel. The reaction 
was stirred 2 hours before another portion of 

BCl3 (1M in DCM, 50 mL, 1.0 equiv.) was added through 
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22. N,N’-dicyclohexylcarbodiimide 
(0.82 g, 4.0 mmol, 1.0 equiv.), 24 (1.3 
g, 3.9 mmol, 1.0 equiv.) and 23 (0.52 
g, 4.0 mmol, 1.0 equiv.) were dis-
solved in THF (30 mL) and stirred 18 
hours. The reaction mixture was fi l-

tered and the fi ltrate was concentrated in vacuo. The resi-
due was purifi ed via fl ash column chromatography (EtOAc : 
PE = 1 : 1) yielding 22 (0.95 g, 2.0 mmol, 51%) as a viscous 
oil. 1H NMR (400 MHz, CDCl3) δ 7.30 - 7.20 (m, 3H), 7.13 
- 7.07 (m, 2H), 6.93 - 6.85 (m, 1H), 6.42 - 6.34 (m, 2H), 4.26 
- 4.21 (m, 1H), 4.08 (dd, J = 9.9, 4.6 Hz, 1H), 3.84 - 3.79 (m, 
5 H), 3.76 (s, 3H), 3.63 (s, 3H), 3.39 (dd, J = 14.2, 5.6 Hz, 
1H), 3.19 (dd, J = 14.2, 9.4 Hz, 1H), 1.93 - 1.71 (m, 2H), 
1.58 - 1.49 (m, 1H), 1.05 - 0.86 (m, 6H). 13C NMR (101 MHz, 
CDCl3) δ 170.68, 161.08, 158.66, 138.00, 130.35, 129.34, 
128.35, 126.57, 115.62, 103.79, 98.59, 60.40, 58.76, 57.19, 
55.39, 55.17, 52.15, 47.84, 39.68, 35.04, 25.03, 23.08, 
21.61. IR ν 2953, 2102, 1740, 1650, 1508, 1454, 1208, 
1157, 1031, 701. HRMS (FAB+) m/z found for C25H33N4O5 
469.2451 [M+H], calcd 469.2455. [∝]20

589 = -0.710 (c = 
0.0098, MeOH).

22a. A solution of 22 (0.64 g, 1.4 
mmol, 1.0 equiv.) in Tesser’s base 
(dioxane : MeOH : 2 M NaOH (aq.) = 
15 : 4 : 1) (10 mL) was stirred 20 
hours, neutralized with AcOH and 
concentrated in vacuo. The residue 

was purifi ed via fl ash column chromatography (EtOAc) 
yielding 22a (0.62 g, 1.4 mmol, 99%) as a viscous oil. 1H 
NMR (400 MHz, CDCl3) δ 7.36 - 7.20 (m, 3H), 7.16 - 7.03 
(m, 2H), 6.98 - 6.81 (m, 1H), 6.44 - 6.35 (m, 2H), 4.24 - 
4.07 (m, 2H), 3.86 - 3.68 (m, 6H), 3.61 (d, J = 15.7 Hz, 
1H), 3.46 - 3.25 (m, 2H), 2.00 – 1.49 (m, 2H), 1.48 - 1.32 
(m, 1H), 1.07 – 0.96 (m, 3H), 0.96 - 0.84 (m, 3H). 13C NMR 
(101 MHz, CDCl3) δ 173.8, 172.1, 161.3, 158.8, 137.6, 
130.7, 129.3, 128.5, 126.8, 114.9, 104.0, 98.9, 61.6, 57.5, 
55.4, 55.3, 49.0, 39.7, 34.6, 25.1, 23.1, 21.4. IR ν 2956, 
2105, 1714, 1612, 1508, 1454, 1265, 1207, 1032, 700. 
HRMS (FAB+) m/z found for C24H31N4O5 455.2297 [M+H], 
calcd 455.2294.

oil. 1H NMR (400 MHz, CDCl3) δ 7.75 - 6.84 (m, 12H), 6.79 - 
6.59 (m, 1H), 6.53 - 6.12 (m, 2H), 5.81 (br. s., 1 H), 5.32 - 4.86 
(m, 3H), 4.63 - 4.18 (m, 2H), 4.17 - 3.92 (m, 1H), 3.87 - 3.59 
(m, 6H), 3.57 - 2.98 (m, 3H), 1.86 - 1.44 (m, 4H), 1.44 - 0.95 
(m, 6H), 0.95 - 0.50 (m, 8H). 13C NMR (101 MHz, CDCl3) d 
135.79, 135.25, 132.07, 130.45, 129.52, 129.30, 128.78, 
128.59, 128.53, 128.45, 128.32, 128.23, 128.05, 127.52, 
126.66, 125.52, 104.67, 104.44, 103.96, 99.26, 98.45, 66.86, 
66.62, 66.57, 59.68, 55.47, 55.44, 55.41, 53.47, 52.97, 50.54, 
50.23, 49.16, 44.33, 44.01, 43.21, 41.53, 41.27, 36.45, 33.96, 
30.32, 29.70, 25.62, 24.96, 24.75, 24.60, 24.50, 23.90, 23.65, 
22.97, 22.87, 22.79, 21.83, 21.24.

32. Na2SO4 (0.16 g, 
1.1 mmol, 3.0 equiv.) 
was added to a solu-
tion of 20 (0.26 g, 
0.41 mmol, 1.1 
equiv.) and 9 (0.078 
g, 0.37 mmol, 1.0 
equiv.) in THF (20 

mL). The suspension was stirred 3 hours after which 
Na(OAc)3BH (0.32 g, 1.5 mmol, 4.0 equiv.) was added. 
The reaction mixture was stirred 18 hours, quenched with 
saturated NH4Cl (aq.) and stirred two hours. The mixture 
was quenched with saturated NaCO3 (aq.) and extracted 
three times with EtOAc The combined organic layers 
were washed with brine, dried over MgSO4 and concen-
trated in vacuo. The residue was dissolved in pyridine (10 
mL) and 2,2,2-trichlorethoxycarbonyl chloride (0.24 g, 
0.15 mL, 1.1 mmol, 3.0 equiv.) was added. The reaction 
mixture was heated to refl ux and stirred 16 hours. The 
reaction mixture was concentrated in vacuo and the resi-
due was purifi ed by fl ash column chromatography (PE : 
EtOAc = 1 : 0 à 1 : 1) yielding 32 (0.055 g, 0.055 mmol, 
13%) as a viscous oil. MS (ESI+) m/z found for C51H64Cl-

3N3O11 1000.4 and 1002.4 [M+H], calcd 1000.4 and 
1002.4.

23a. A solution of 2-bromoacetic 
acid (0.42 g, 3.0 mmol, 1.0 equiv.) 
DCC (0.63 g, 3.0 mmol, 1.0 equiv.) 
and 23 (0.98 g, 3.0 mmol, 1.0 equiv.) 
in THF (25 mL) was stirred 18 hours. 

23. A solution of H-Leu-OH (1.7 g, 13 mmol, 
1.0 equiv.), 28 (3.8 g, 16 mmol, 1.2 equiv.), 
K2CO3 (1.9 g, 14 mmol, 1.0 equiv + 0.75 
mmol) and CuSO4 (22 mg, 0.13 mmol, 

0.010 equiv.) in MeOH (50 mL) were stirred 16 hours. Ap-
proximately 45 mL MeOH was removed in vacuo. The 
reaction mixture was diluted with H2O and acidifi ed with 
10% HCl (aq.) and extracted 3 times with EtOAc. The 
combined organic layers were dried over MgSO4 and con-
centrated in vacuo. Flash column chromatography (EtO-
Ac : PE : AcOH = 15 : 84 : 1) of the residue yielded 23 (1.5 
g, 9.7 mmol, 75%) as a yellow oil. 1H NMR (400 MHz, 
CDCl3) δ 3.89 (dd, J = 5.7, 8.8 Hz, 1H), 2.00 - 1.70 (m, 
3H), 0.99 (t, J = 6.4 Hz, 6H); 13C NMR (100 MHz, CDCl3) 
δ 176.8, 60.0, 39.8, 25.0, 22.8, 21.4. IR ν 2960, 2106, 
1716, 1264, 1219, 915. MS (FAB+) m/z found for 
C6H12NaN3O2 180.08 [M+Na], calcd 180.08 . [∝]20

589 = 
-13.4 (c = 0.0120, MeOH)

24. H-Phe-OH (1.0 g, 4.6 mmol, 1.0 
equiv.) and 2,4-dimethoxybenzaldehyde 
(0.85 g, 5.1 mmol, 1.1 equiv.) were dis-
solved in MeOH (75 mL) and Na2SO4 
(2.1 g, 14.8 mmol, 3.2 equiv.) was add-
ed. The reaction mixture was stirred for 
four hours before adding Na(OAc)3BH 

(3.9 g, 18 mmol, 4.0 equiv.) and stirring another 16 hours. 
The reaction was quenched with NH4Cl and stirred 30 
minutes. After quenching with NaHCO3 the reaction mix-
ture was extracted 3 times with EtOAc. The combined 
organic layers were dried over MgSO4 and concentrated 
in vacuo. Flash column chromatography (EtOAc : PE = 1 
: 1) of the residue yielded 24 (1.32 g, 4.0 mmol, 87%) as 
a yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.32 - 7.12 (m, 
5H), 7.04 (d, J = 8.08 Hz, 1H), 6.49 - 6.34 (m, 2H), 3.85 - 
3.72 (m, 5H), 3.68 - 3.64 (m, 3H), 3.64 - 3.60 (m, 3H), 
3.53 (dd, J = 7.83, 6.57 Hz, 1H), 3.04 - 2.89 (m, 2H). 13C 
NMR (101 MHz, CDCl3) δ 174.8, 160.2, 158.6, 137.4, 
130.4, 129.2, 128.4, 126.6, 119.9, 103.6, 98.4, 61.9, 55.3, 
55.1, 51.6, 47.2, 39.6. IR ν 2949, 2836, 1732, 1612, 1505, 
1454, 1278, 1205, 1154, 1033, 699. HRMS (FAB+) m/z 
found for C19H24NO4 330.1708 [M+H], calcd 330.1705. 
[∝]20

589 = -8.07 (c = 0.0171, MeOH)

21. To a solution of HATU (0.57 
g, 1.5 mmol, 1.1 equiv.), HOAt 
(0.20 g, 1.5 mmol, 1.1 equiv.), 
DiPEA (0.39 g, 0.50 mL, 3.0 
mmol, 2.2 equiv.) and 22a 
(0.62 g, 1.3 mmol, 1.0 equiv.) in 

THF (25 mL) which had been stirred 5 minutes, H-Leu-OBn 
(0.39 g, 1.5 mmol, 1.1 equiv.) was added and the reaction 
mixture was stirred 4 hours. The reaction mixture was con-
centrated in vacuo and the residue taken up in EtOAc. The 
organic solution was washed three times with 1M KHSO4 
(aq.) and three times with saturated NaHCO3 (aq.) before 
being dried by MgSO4. The solution was then concentrated 
in vacuo and the residue purifi ed by fl ash column chroma-
tography (EtOAc : PE = 1 : 1) yielding 21 (0.80 g, 1.2 mmol, 
89%) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.41 - 7.18 
(m, 9H), 6.77 (d, J = 8.1 Hz, 1H), 6.49 (d, J = 2.3 Hz, 1H), 6.41 
(dd, J = 8.3, 2.5 Hz, 1H), 6.39 - 6.35 (m, 1H), 4.61 (td, J = 8.9, 
5.4 Hz, 1H), 4.33 (d, J = 15.4 Hz, 1H), 4.12 - 4.06 (m, 1H), 
3.84 (s, 3H), 3.81 - 3.72 (m, 7H), 3.47 - 3.29 (m, 2H), 1.95 - 
1.63 (m, 3H), 1.61 - 1.52 (m, 1H), 1.51 - 1.34 (m, 2H), 1.03 - 
0.77 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 172.3, 171.7, 
169.5, 169.4, 161.4, 161.1, 158.3, 158.1, 138.3, 135.6, 
130.6, 129.5, 129.3, 128.5, 128.3, 128.2, 128.0, 126.8, 
126.6, 115.8, 115.2, 104.6, 104.0, 99.4, 98.8, 68.0, 66.8, 
66.5, 61.9, 60.4, 57.2, 57.1, 55.4, 50.6, 41.5, 39.7, 38.8, 30.3, 
25.6, 25.1, 24.9, 24.5, 24.4, 23.1, 22.8, 21.8, 21.4, 14.2. IR ν 
2957, 2109, 1738, 1655, 1508, 1454, 1208, 1154, 1029, 699. 

HRMS (FAB+) m/z found for C37H48N5O6 658.3606 [M+H], 
calcd 658.3605. [∝]20

589 = 10.7 (c = 0.0084, MeOH).

20. A solution of 21 (0.35 g, 
0.53 mmol, 1.0 equiv.) and 
PPh3 (0.14 g, 0.53 mmol, 1.0 
equiv.) in THF : H2O = 1 : 1 (10 
mL) was heated to refl ux and 
stirred 4 hours before it was al-

lowed to cool to room temperature. The reaction mixture 
was concentrated in vacuo. The residue was dissolved in 
THF (15mL) and part of the triphenylphosphine oxide was 
precipitated using hexanes. The suspension was fi ltered, 
the fi ltrate was concentrated in vacuo and the residue was 
purifi ed by fl ash column chromatography (EtOAc : PE = 1 : 
1). This yielded 20 (0.32 g, 0.51 mmol, 96%) as a viscous 
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solution was extracted 3 times with dichloromethane, the 
combined organic layers were dried over MgSO4 and con-
centrated in vacuo yielding 34a (1.8 g, 4.5 mmol, 89%) as 
an oil. 1H NMR (400 MHz, CDCl3) δ 7.42 - 7.23 (m, 4H), 
7.23 - 7.14 (m, 2H), 7.13 - 7.06 (m, 1H), 6.45 - 6.33 (m, 
1H), 4.87 (d, J = 5.3 Hz, 1H), 4.22 - 4.06 (m, 1H), 3.95 (br. 
s, 1H), 3.84 - 3.92 (m, 1H), 3.82 (s, 3H), 3.74 (s, 3H), 3.21 
- 3.41 (m, 2H), 3.16 (d, J = 7.1 Hz, 1H). 13C NMR (101 
MHz, CDCl3) δ 161.44, 158.76, 137.65, 129.34, 129.28, 
129.14, 128.72, 128.59, 127.31, 126.74, 104.03, 98.91, 
62.09, 55.21, 52.39, 50.93, 37.35, 34.61. IR ν 2936, 2106, 
1645, 1612, 1508, 1455, 1208, 1030, 699. HRMS (FAB+) 
m/z found for C20H23N4O5 399.1672 [M+H], calcd 
399.1668. [∝]20

589 = -0.870 (c = 0.0023, MeOH).

35. DiPEA (0.45 g, 0.58 mL, 
3.5 mmol, 2.0 equiv.), HBTU 
(0.70 g, 1.8 mmol, 1.0 equiv.), 
34a (0.70 g, 1.8 mmol, 1.0 
equiv.) and HCl.H-Leu-OBn 
(0.45 g, 1.8 mmol, 1.0 equiv.) 
were dissolved in THF (30 mL). 

The reaction mixture was stirred 3 hours and concentrat-
ed in vacuo. The residue was dissolved in EtOAc and the 
organic solution was washed 3 times with 1 M KHSO4 
(aq.) and 3 times with saturated NaHCO3 (aq.). The or-
ganic solution was dried over MgSO4 and concentrated in 
vacuo. The residue was purifi ed by fl ash chromatography 
(EtOAc : PE = 1 : 1) yielding 35 (0.34 g, 0.57 mmol. 32 %) 
as a viscous oil. 1H NMR (400 MHz, CDCl3) δ 7.37 - 7.03 
(m, 9H), 6.70 (dd, J = 18.4, 8.1 Hz, 1H), 6.49 (dd, J = 16.3, 
8.5 Hz, 1H), 6.40 - 6.26 (m, 2H), 5.11 - 4.95 (m, 3H), 4.53 
- 4.44 (m, 1H), 4.23 - 4.09 (m, 2H), 3.98 - 3.87 (m, 1H), 
3.87 - 3.74 (m, 1H), 3.73 - 3.67 (m, 6H), 3.33 - 3.11 (m, 
2H), 1.62 - 1.31 (m, 3H), 0.89 - 0.67 (m, 6H). 13C NMR 
(101 MHz, CDCl3) δ 172.32, 169.54, 161.29, 158.18, 
129.27, 129.17, 128.63, 128.56, 128.34, 128.12, 126.69, 
104.40, 104.06, 99.33, 98.86, 67.16, 66.98, 66.69, 60.40, 
55.38, 51.05, 50.77, 50.52, 41.36, 33.92, 24.68, 24.51, 
22.77, 21.85, 21.73, 21.06. IR ν 3307, 2956, 2104, 1739, 
1661, 1507, 1454, 1268, 1208, 1153, 1028, 748, 698. 
HRMS (FAB+) m/z found for C33H40N5O6 602.2982 [M+H], 
calcd 602.2979. [∝]20

589 = -9.60 (c = 0.0025, MeOH).

mmol, 1.1 equiv.) was added. The reaction mixture was 
stirred 16 hours and concentrated in vacuo. The residue 
was purifi ed by fl ash column chromatography (PE : EtO-
Ac = 1 : 1 à = 0 : 1) yielding 37 (34 mg, 0.039 mmol, 24%) 
as a viscous oil. 1H NMR (400 MHz, CDCl3) δ 7.46 - 7.09 
(m, 9H), 7.01 (s, 1H), 6.94 (s, 1H), 6.87 - 6.71 (m, 1H), 
6.46 (d, J = 8.34 Hz, 1H), 6.44 - 6.30 (m, 2H), 6.23 - 6.21 
(m, 1H), 5.24 - 5.08 (m, 2H), 4.76 - 4.65 (m, 2H), 4.65 - 
4.40 (m, 5 H), 4.14 - 3.96 (m, 1H), 3.90 - 3.66 (m, 11H), 
3.53 - 3.13 (m, 2H), 1.66 - 1.41 (m, 14 H), 1.38 - 1.19 (m, 
6H), 1.05 - 0.72 (m, 4H). IR ν 3306, 2956, 1740, 1656, 
1613, 1507, 1455, 1263,1208, 1157, 1107, 700. HRMS 
(FAB+) m/z found for C49H64N3O11 870.4547 [M+H], 
calcd. 870.4541. [∝]20

589 = -8.06 (c = 0.0072, MeOH).

40a. A solution of 2-hydroxy-3-iso-
propoxybenzaldehyde (0.98 g 6.0 
mmol, 1.0 equiv.) and H-Ala-OBn 
(1.3 g, 7.2 mmol, 1.2 equiv.) and 

an excess of Na2SO4 in THF (20 mL) was stirred for 4 
hours before sodium triacetoxyborohydride (2.4 g, 11 
mmol, 1.9 equiv.) was added and the reaction mixture 
was stirred 18 hours. The reaction was quenched with 
saturated NH4Cl (aq.) and stirred one hour. Upon addition 
of EtOAc, the suspension was washed twice with satu-
rated NaHCO3(aq.) and once with brine. The organic solu-
tion was concentrated in vacuo. Flash column chromatog-
raphy (PE: EtOAc = 9 : 1 à = 4 : 1 à = 1 : 1) yielded 40a (1.7 
g, 4.9 mmol, 82%) 1H NMR (500 MHz, CDCl3) δ 7.42-7.23 
(m, 5H), 6.93-6.67 (m, 3H), 5.18-4.95 (m, 2H), 4.66-4.39 (m, 
3H), 4.22-4.08 (m, 1H), 1.48-1.31 (m, 9H). IR ν 1742, 1689, 
1475, 1367, 1244, 1214, 1159, 1114, 1017, 905, 734, 697.

40. To a solution of 40a (2.0 g, 5.8 
mmol, 1.0 equiv.) in DCM (20 mL), 
Boc2O (1.4 g, 6.4 mmol, 1.1 equiv.) 
was added. The reaction mixture 

was stirred at room temperature for 18 hours. Concentra-
tion in vacuo followed by fl ash column chromatography 
(PE : EtOAc : DCM = 9 : 0.5 : 0.5 à 9 : 1 : 0 à 4 : 1 : 0) 
yielded 40 (2,0 g, 4.5 mmol, 77%). 1H NMR (500 MHz, 
CDCl3) δ 7.35-7.13 (m, 2H), 6.93-6.78 (m, 6H), 4.70-4.32 
(m, 5H), 4.19-3.98 (m, 1H), 1.53-1.33 (m, 15H). IR ν 
1690, 1475, 1368, 1254, 1162, 1115, 904, 729.

The reaction mixture was fi ltered and concentrated in 
vacuo and the residue was purifi ed by fl ash chromatogra-
phy yielding 23a (1.3 g, 2.9 mmol, 98%) as an oil. 1H NMR 
(400 MHz, CDCl3) δ 7.38 - 7.19 (m, 4H), 7.18 - 7.08 (m, 
2H), 6.95 - 6.85 (m, 1H), 6.45 - 6.35 (m, 1H), 4.89 (tt, J = 
8.1, 5.9 Hz, 1H), 4.44 - 4.32 (m, 1H), 4.17 - 4.11 (m, 1H), 
4.06 (d, J = 1.3 Hz, 1H), 3.83 - 3.80 (m, 3H), 3.79 - 3.74 
(m, 6H), 3.40 (dd, J = 14.2, 5.3 Hz, 1H), 3.25 - 3.10 (m, 
2H). 13C NMR (101 MHz, CDCl3) δ 170.41, 158.86, 
137.96, 130.63, 129.47, 129.27, 128.72, 128.43, 127.36, 
103.76, 60.66, 55.41, 55.18, 53.43, 52.53, 49.72, 37.79, 
34.81, 28.61. IR ν 2951, 1738, 1647, 1588, 1509, 1437, 
1208, 1031, 747, 700. HRMS (FAB+) m/z found for C21H-

24BrNO5 452.0901 [M+H], calcd 452.0899.

34. A solution of 23a (2.3 g, 5.1 
mmol, 1.0 equiv.) and sodium azide 
(0.41 g, 6.4 mmol, 1.3 equiv.) in DMF 
(50 mL) was stirred for 18 hours and 
concentrated in vacuo at 65°C. The 
residue was purifi ed by fl ash column 
chromatography (EtOAc : PE = 2 : 3 

à 3 : 2) yielding 34 (2.1 g, 5.0 mmol, 98%) as an oil. 1H 
NMR (400 MHz, CDCl3) δ 7.37 - 7.20 (m, 4H), 7.17 - 7.07 
(m, 2H), 6.90 (d, J = 8.34 Hz, 1H), 6.43 - 6.36 (m, 1H), 
4.90 (dd, J = 8.1, 5.8 Hz, 1H), 4.28 (dd, J = 9.2, 5.9 Hz, 
1H), 4.21 (d, J = 15.9 Hz, 1H), 4.04 (d, J = 1.5 Hz, 1H), 
3.82 (s, 3H), 3.79 - 3.73 (m, 6H), 3.39 (dd, J = 14.0, 5.9 
Hz, 1H), 3.25 - 3.09 (m, 2H). 13C NMR (101 MHz, CDCl3) 
δ 171.40, 158.63, 137.98, 130.37, 128.72, 128.46, 
127.34, 126.55, 103.80, 98.68, 55.41, 55.14, 53.40, 
52.53, 50.82, 47.70, 42.39, 37.86, 34.99. IR ν 2949, 2102, 
1738, 1655, 1455, 1207, 1157, 1031, 701. HRMS (FAB+) 
m/z found for C21H25N4O5 413.1822 [M+H], calcd 
413.1825. [∝]20

589 = -44.7 (c = 0.0051, MeOH).

34a. A solution of 34 (2.1 g, 5.0 
mmol, 1.0 equiv.) in Tesser’s base 
(dioxane : MeOH : 2 M NaOH (aq.) = 
15 : 4 : 1, 50 mL) was stirred 18 h 
before it was acidifi ed with glacial 
acetic acid (pH = 4 on pH paper). The 
organic solvents were removed in 

vacuo after which water (50 mL) was added. The aqueous 

36. To a solution of 35 (0.34 
g, 0.57 mmol, 1.0 equiv.) in 
THF : H2O = 1 : 1 (10 mL), 
resin bound PPh3 (3 mmol/g, 
0.33 g, 0.99 mmol, 1.7 equiv.) 
was added. The suspension 
was stirred 72 hours. The re-

action mixture was fi ltered and the residue was washed 
with THF. The combined organic layers were concen-
trated in vacuo yielding 36 (0.31 g, 0.54 mmol, 95%) as 
a viscous oil. 1H NMR (400 MHz, CDCl3) δ 7.76 - 7.64 
(m, 1H), 7.61 - 7.53 (m, 1H), 7.53 - 7.43 (m, 1H), 7.42 - 
7.07 (m, 10H), 6.53 - 6.46 (m, 1H), 6.45 - 6.34 (m, 1H), 
6.11 (br. s., 1H), 5.21 - 5.04 (m, 3H), 4.29 (t, J = 4.0 Hz, 
1H), 3.86 (s, 3H), 3.82 (s, 3H), 3.80 - 3.75 (m, 1H), 3.55 
(dd, J = 8.6, 5.6 Hz, 1H), 3.44 (dd, J = 16.9, 3.3 Hz, 1H), 
3.39 - 3.30 (m, 1H), 3.23 (t, J = 4.67 Hz, 1H), 2.46 (d, J 
= 16.93 Hz, 1H), 1.85 - 1.72 (m, 1H), 1.66 - 1.36 (m, 2H), 
0.98 - 0.69 (m, 6 H). 13C NMR (101 MHz, CDCl3) δ 
168.72, 164.33, 160.91, 158.78, 134.83, 132.14, 132.00, 
131.82, 130.09, 128.73, 128.59, 128.46, 128.23, 127.68, 
116.06, 104.65, 98.53, 67.01, 66.63, 65.27, 60.31, 
55.43, 52.87, 44.25, 41.70, 36.92, 24.74, 22.94, 21.84. 
IR ν 3307, 2955, 2105, 1738, 1654, 1508, 1454, 1208, 
1155, 1030, 697, 540. HRMS (FAB+) m/z found for 
C33H42N3O6 576.3074 [M+H], calcd 576.3074. [∝]20

589 = 
-7.14 (c = 0.0056, MeOH).

37. A solution of 36 
(90 mg, 0.16 mmol, 
1.0 equiv.), 9 (36 
mg, 0.17 mmol, 1.1 
equiv.) and Na2SO4 
(0.50 g, 3.5 mmol, 
22 equiv.) in THF 
(20 mL) was stirred 

72 hours before Na(OAc)3BH (0.13 g, 0.63 mmol, 4.0 
equiv.) was added. The reaction mixture was stirred 5 
hours, quenched with saturated NH4Cl (aq.) and stirred 
another 30 minutes. The reaction mixture was quenched 
with saturated NaHCO3 (aq.) and extracted three times 
with EtOAc. The combined organic layers were dried 
over MgSO4 and concentrated in vacuo. The residue 
was dissolved in DCM (10 mL) and Boc2O (38 mg, 0.17 
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1.21 (m, 23H). IR ν 3322, 2978, 1780, 1720, 1682, 1525, 
1454, 1247, 1164, 736, 698. MS (ESI+) m/z found for 
C43H54N4O11 803.4 [M+H], calcd 803.4.

42b. A reaction mixture con-
taining 41 (0.26 g, 0.48 mmol, 
1.0 equiv.), Z-Ala-Ala-OH 
(0.59 g, 2.0 mmol. 4.2 equiv.), 
EDCI (0.39 g, 2.0 mmol, 4.2 

equiv.) and DMAP (20 g, 0.16 mmol, 0.34 equiv.) in ace-
tonitrile (10 mL) was stirred for 18 hours after which it was 
concentrated in vacuo. The residue was dissolved in ethyl 
acetate and the solution was washed with 5% HCl (aq.), 
water, NaHCO3, and brine consecutively. The solution 
was dried with MgSO4 and concentrated under reduced 
pressure. Flash column chromatography (PE : EtOAc = 4 
: 1 à 1 : 1) yielded 42b (0.36 g, 0.43 mmol, 91%) as a 
white foam. 1H NMR (500 MHz, CDCl3) δ 7.47-7.20 (m, 
11H), 7.11 (t, J = 7.8 Hz, 1H), 6.84 (d, J = 8.3 Hz, 1H), 
5.83-5.30 (m, 2H), 5.28-4.97 (m, 5H), 4.92-4.20 (m, 5H), 
3.74-3.60 (m, 1H), 2.06-1.66 (m, 4H), 1.62 (s, 9H), 1.53-
1.84 (m, 15H). IR ν 1780, 1720, 1666, 1522, 1454, 1244, 
1160, 736, 698.

42c. To a suspension of Pd/C 
(0.20 g) in ethyl acetate : isopro-
pylalcohol = 1 : 1 (6 mL), 42a 
(0.31 g, 0.38 mmol, 1.0 equiv.) 
was added. The suspension 

was put under 1 atm. of H2 and stirred for 16 hours. The 
suspension was fi ltered over hyfl o and the residue was 
washed with isopropylalcohol. The organic solution was con-
centrated in vacuo yielding 42c (0.13 g, 0.22 mmol, 60%) 
which was used without further purifi cation. 1H NMR (500 
MHz, CDCl3) δ 7.31-7.16 (m, 1H), 6.95-6.71 (m, 2H), 5.09 (br. 
s, 1H), 4.81-4.43 (m, 5H), 4.32-4.00 (m, 4H), 3.70-3.07 (m, 
4H), 2.34-1.76 (m, 4H), 1.75-1.15 (m, 21H). IR ν 2977, 1685, 
1651, 1475, 1452, 1407, 1368, 1274, 1161, 731.

42d. To a suspension of Pd/C 
(0.20 g) in ethyl acetate : iso-
propylalcohol = 1 : 1 (8 mL), 
42b (0.21 g, 0.25 mmol, 1.0 
equiv.) was added. The sus-

was concentrated under reduces pressure and the resi-
due was dissolved in ethyl acetate (100 mL). Solid NaH-
CO3 was added and the suspension was stirred at room 
temperature for 18 hours. The reaction mixture was heat-
ed to 70 ˚C and stirred an additional 4 hours and then 
concentrated in vacuo. Dry loading was followed by fl ash 
column chromatography (EtOAc : iPA = 1: 0 à 9 : 1). Fi-
nally preparative TLC (EtOAc : iPA = 9 : 1) yielded 44a (16 
mg, 0.34 mmol, 21% ). 1H NMR (500 MHz, CDCl3) δ 7.00 
(d, J = 8.3 Hz, 1H), 6.91 (d, J = 7.8 Hz, 1H), 6.84-6.75 (m, 
1H), 4.71-4.55 (m, 2H), 4.43 (d, J = 8.4 Hz, 1H), 4.33-4.01 
(m, 2H), 3.90-3.64 (m, 3H), 3.62-3.41 (m, 2H), 2.47-2.23 
(m, 2H), 2.18-1.92 (m, 2H), 1.49-1.20 (m, 12H). IR 1679, 
1204, 1139. MS (FAB+) m/z found for C23H32N4O6 483.2 
[M+Na], calcd 483.2.

44b. Cyclic peptide 43b (81 
mg, 0.14 mmol, 1.0 equiv.) 
was dissolved in TFA : DCM 
= 1 : 1 (150 mL) and stirred 4 
hours. The reaction mixture 

was concentrated under reduced pressure. The residue 
was dissolved in EtOAc and solid NaHCO3 was added. 
The suspension was stirred at room temperature for three 
days, fi ltered and concentrated. Flash column chromatog-
raphy (PE : EtOAc : iPA = 9 : 1 : 0 à 0 : 1 : 0 à 0 : 9 : 1) was 
followed by preparative TLC (EtOAc) yielding 44b (12 mg, 
0.025 mmol, 9.8%). 1H NMR (500 MHz, CDCl3) δ 7.22 (q, 
7.8, 1H), 7.06 (d, J = 7.8 Hz, 1H), 6.97 (d, J = 7.8 Hz, 1H), 
4.68-4.51 (m, 2H), 4.45-4.16 (m, 2H), 4.03 (br. s, 1H), 
3.91-3.79 (m, 1H) 3.65-3.40 (m, 2H), 2.50-1.97 (m, 4H), 
1.58-1.18 (m, 12H). IR 1682, 1209, 1139. HRMS (FAB+) 
m/z found for C24H35N4O6 475.2556 [M+H], calcd 
475.2557.

45a. A mixture of 9 (0.50 g, 2.4 
mmol, 1.0 equiv.), H-Ala-OBn 
(0.64 g, 4 mmol, 1.6 equiv.) 
and Na2SO4 in THF (20 mL) 

was stirred for 4 hours before sodium triacetoxyborohy-
dride (1.6 g, 7.5 mmol, 3.0 equiv.) was added and the 
reaction mixture was stirred an additional three days. 
The reaction was quenched with saturated NH4Cl (aq.) 
and stirred one hour. Upon addition of EtOAc, the sus-

40b. To a suspension of 10% Pd/C 
(0.60 mg) in EtOAc : iPA = 1 : 1 (8 
mL), 40 (2.0 g, 4.5 mmol, 1.0 
equiv.) was added. The suspension 

was stirred for 2 days under a H2 atmoshere after which it 
was fi ltered over hyfl o. In vacuo concentration yielded 
40b (1.5 g, 4.2 mmol, 94%) as a brown oil. 1H NMR (500 
MHz, CDCl3) δ 7.21-7.13 (m, 1H), 7.87-6.76 (m, 2H), 
4.69-4.38 (m, 3H), 4.21-3.95 (m, 1H), 1.47 (s, 9H), 1.39 (t, 
J = 6.1 Hz, 6H). 

41. A reaction mixture con-
taining 40b (0.65 g, 1.8 mmol, 
1.0 equiv.), H-Pro-OBn (0.80 
g, 3.9 mmol, 2.2 equiv.), EDCI 

(0.90 g, 6.7 mmol, 3.7 equiv.) and HOBt (0.65 g, 5.0 
mmol, 2.8 equiv.) in acetonitrile (10 mL) was stirred for 
three days. Ethyl acetate was added and the organic so-
lution was washed with water, 5% HCl (aq.), water, satu-
rated NaHCO3 (aq.) and brine consecutively. Concentra-
tion in vacuo followed by fl ash column chromatography 
(PE : EtOAc = 9 : 1 à 4 : 1) yielded 41 (1.0 g, 1.8 mmol, 1 
equiv.). 1H NMR (500 MHz, CDCl3) δ 7.43-7.26 (m, 6H), 
6.82-6.69 (m, 2H), 5.22 (d, J = 12.36 Hz, 1H), 5.08 (d, J = 
12.4 Hz, 1H), 4.73-4.43 (m, 2H), 4.31-4.11 (m, 2H), 3.75-
3.55 (m, 1H), 3.44-3.34 (br. s, 1H), 3.18-3.05 (br. s, 
1H),1.76-1.18 (m, 26H). IR ν 2977, 1743, 1652, 1475, 
1454, 1406, 1368, 1273, 1163, 738, 698.

42a. To a solution of 41 (0.25 
g, 0.46 mmol, 1.0 equiv.) in 
acetonitrile (10 mL) Z-Ala-Gly-
OH (0.56 g, 2.0 mmol, 4.4 
equiv.), EDCI (0.31 g, 2.0 

mmol, 4.4 equiv.) and DMAP (20 g, 0.16 mmol, 0.36 equiv.) 
were added. The reaction mixture was stirred for 18 hours 
after which EtOAc was added. The organic solution was 
washed with 5% HCl (aq.), water, and saturated NaHCO3 
respectively. The organic solution was dried with Na2SO4 
and concentrated under reduced pressure. Flash column 
chromatography (PE : EtOAc = 4 : 1 à 1 : 1) yielded 42a 
(0.32 g, 0.39 mmol, 87%). 1H NMR (500 MHz, CDCl3) δ 
7.43-7.22 (m, 10H), 7.13 (t, J = 8.0 Hz, 1H), 7.01-6.81 (m, 
2H), 6.58 (br. s, 1H), 5.90-5.61 (m, 1H), 5.35-4.99 (m, 5H), 
4.73-4.17 (m, 4H), 4.09 (br. s, 2H), 3.77-3.34 (m, 2H) 2.11-

pension was put under 1 atm. of H2 and stirred for 16 
hours The suspension was fi ltered over hyfl o and the 
residue was washed with isopropylalcohol. The organic 
solution was concentrated in vacuo yielding 42d (0.12 g, 
0.20 mmol, 81%) which was used without further purifi ca-
tion. 1H NMR (500 MHz, CDCl3) δ 7.20-7.03 (m, 1H), 
6.93-6.64 (m, 2H), 5.18-3.93 (m, 7H), 3.85-3.13 (m, 2H), 
2.32-1.78 (m, 4H), 1.77-1.02 (m, 24H).

43a. A solution of 42c (0.13 g, 
0.22 mmol, 1.0 equiv.), EDCI 
(0.24 g, 1.6 mmol, 5.4 equiv.) and 
HOBt (0.12 g, 0.89 mmol, 3.9 
equiv.) in DMF : DCM = 5 : 3 (8 
mL) was stirred 18 hour. The re-

action mixture was concentrated under reduced pressure 
and the residue was dissolved in ethyl acetate. The solu-
tion was washed with 5% HCl (aq.), water, NaHCO3, and 
brine, dried over MgSO4 and concentrated in vacuo yield-
ing 43a (90 mg, 0.16 mmol, 72%) which was used without 
further purifi cation. 1H NMR (500 MHz, CDCl3) δ 7.84-7.53 
(m, 1H), 6.93-6.58 (m, 2H), 5.27-4.00 (m, 6H), 3.92-3.02 (m, 
4H), 3.00-2.66 (m, 2H), 2.41-1.74 (m, 4H), 1.65-0.97 (m, 
21H). IR ν 2977, 1685, 1649, 1367, 1272, 1160, 910, 729.

43b. A solution of 42d (0.12 g, 
0.20 mmol, 1.0 equiv.), EDCI 
(0.24 g, 1.2 mmol, 6.1 equiv.) 
and HOBt (0.12 g, 0.89 mmol, 
4.4 equiv.) in DMF : DCM = 4 : 1 
(50 mL) was stirred for two days 
and then concentrated in vacuo. 

The residue was dissolved in ethyl acetate and was 
washed with 5% HCl (aq.), water, NaHCO3, and brine, 
dried over MgSO4 and concentrated in vacuo yielding 43b 
(81 mg, 0.14 mmol, 68%) which was used without further 
purifi cation. IR ν 2978, 2932, 1646, 1532, 1451, 1369, 
1273, 1162, 732.

44a. Cyclic peptide 43a (90 
mg, 0.16 mmol, 1.0 equiv.) 
was dissolved in TFA : DCM 
1 : 1 (5 mL) and stirred for 4 
hours. The reaction mixture 
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days before ethyl acetate was added. The organic solu-
tion was washed with 5% HCl (aq.), water and saturated 
NaHCO3 (aq.) and dried using MgSO4. Flash column 
chromatography (PE : EtOAc = 9 : 1 à 1 : 1) yielded 45 
(0.70 g, 1.3 mmol, 68%). 1H NMR (500 MHz, CDCl3) δ 
7.41-7.27 (m, 5H), 6.90 (d, J = 8.3 Hz, 1H), 6.43 (d, J = 
8.5 Hz, 1H), 4.72 (s, 2H), 4.61-4.42 (m, 2H), 4.24 (d, J = 
14.9 Hz, 1H), 3.82 (s, 3H), 1.45 (s, 9H), 1.37 (d, J = 7.1 
Hz, 3H), 1.32-1.25 (m, 9H). IR ν 3380, 2976, 2934, 1741, 
1672, 1505, 1454, 1368, 1161, 1098.

46. To a cooled (0˚C) so-
lution of Cbz-Ala-Ala-OH 
(0.60 g, 2.0 mmol, 1.5 
equiv.) in DCM (20 mL), 
pyridine (0.16 mL, 0.16 g, 

2.0 mmol, 1.5 equiv.) and cyaniruc fl uoride (0.30 mL, 0.47 
g, 3.5 mmol, 2.7 equiv.) were added. The reaction mixture 
was stirred 2 hours at 0˚C before being quenched with 
NH4Cl (aq.) (1 mL). The mixture was stirred 5 min. and 
dried with Na2SO4, fi ltered and concentrated in vacuo. The 
residue was dissolved in acetonitrile and added to a solu-
tion of 45 (0.70 g, 1.3 mmol, 1.0 equiv.) and DiPEA (0.37 g, 
0.50 mL, 2.9 mmol, 2.2 equiv.). The reaction mixture was 
stirred 18 hours. Ethyl acetate was added and the solution 
was washed with 5% HCl (aq.), water, saturated NaHCO3 
and brine consecutively. The solution was dried over 
MgSO4 and concentrated under reduced pressure. Flash 
column chromatography (PE : EtOAc = 2 : 1 à 1 : 1 à 1 : 9) 
yielded starting compound 45 (0.40 g, 0.74 mmol) and 
product 46 (0.40 g, 0.49 mmol, 38%, 88% brsm). 1H NMR 
(500 MHz, CDCl3) δ 7.39-7.25 (m, 10H), 7.07-6.89 (m, 
2H), 6.82-6.71 (m, 1H), 5.92-5.61 (m, 2H), 5.21-4.91 (m, 
4H), 4.67-4.09 (m, 7H), 3.86-3.78 (m, 3H), 1.55-1.04 (m, 
27H). 13C NMR (125 MHz, CDCl3) δ 172.48, 172.39, 
171.98, 155.87, 136.21, 135.43, 135.19, 128.47, 128.41, 
128.38, 128.34, 128.32, 128.28, 128.14, 128.10, 128.02, 
128.00, 127.96, 127.94, 127.88, 127.85, 110.161, 74.92, 
66.99, 66.84, 66.69, 61.35, 55.90, 50.31, 48.27, 48.05, 
29.54, 28.23, 22.52, 22.42, 22.30, 22.22, 18.69, 18.56, 
18.44, 17.97, 17.87, 17.60, 14.06, 13.96. HRMS (FAB+) 
m/z found for C43H57N4O12 821.3980 [M+H], calcd 821.3973.

49a. A solution of 9 (0.17 g, 0.78 
mmol, 1.0 equiv.) and H-Phe-
OBn (0.26 g, 1.0 mmol, 1.3 
equiv.) in THF (3 mL) was stirred 
for 4 hours. Sodium triacetoxybo-
rohydride (0.40 g, 1.9 mmol, 2.4 

equiv.) was added and the reaction mixture was stirred 18 
hours. The reaction mixture was quenched with saturated 
NH4Cl (aq.) and stirred 1 hour. The solution was washed with 
saturated NaHCO3 (aq.), dried over MgSO4 and concentrat-
ed in vacuo. Flash column chromatography (PE : EtOAc = 9 
: 1) yielded 49a (0.30 g, 0.66 mmol, 84%). 1H NMR (500 
MHz, CDCl3) δ 7.40-7.23 (m, 8H), 7.09 (t, J = 5.9 Hz, 2H), 
6.59 (d, J = 8.3 Hz, 1H), 6.33 (d, J = 8.5 Hz, 1H), 5.13 (s, 2H), 
4.72-4.40 (m, 1H), 3.96 (d, J = 13.4 Hz, 1H), 3.81 (s, 3H), 
3.68-3.63 (m, 2H), 3.01 (d, J = 6.6 Hz, 2H), 1.32 (d, J = 6.1 
Hz, 6H). IR ν 3030, 2973, 2931, 1734, 1620, 1405, 1380, 
1166, 1080.

49b. A solution of 49a (0.47 g, 
1.0 mmol, 1.0 equiv.), tBDMSCl 
(0.20 g, 1.3 mmol, 1.3 equiv.), 
imidazole (0.10 g, 1.5 mmol, 
1.5 equiv.) and DMAP (cat.) in 
DMF (3 mL) was stirred 16 

hours. Water (1 mL) was added and the reaction mixture 
was stirred 2 hours. The solution was dried using Na2SO4 
and concentrated in vacuo. Flash column chromatography 
(Et2O : PE = 3 : 1) yielded 49b (0.39 g, 0.65 mmol, 65%). 
1H NMR (500 MHz, CDCl3) δ 7.34-7.12 (m, 8H), 6.80 (d, J 
= 8.3 Hz, 1H), 6.47 (d, J = 8.3 Hz, 1H), 5.07 (q, J = 8.8 Hz, 
2H), 4.36-4.33 (m, 1H), 3.87-3.75 (m, 4H), 3.63 (d, J = 13.7 
Hz, 1H), 3.54 (t, J = 6.8 Hz, 1H), 2.87 (d, J = 7.1 Hz, 2H), 
1.23 (q, J = 5.8 Hz, 6H), 0.96 (d, J = 1.7 Hz, 9H).

49. A reaction mixture contain-
ing 49b (0.39 g, 0.65 mmol, 1.0 
equiv.), Boc2O (0.29 g, 1.3 
mmol, 2.0 equiv.) and DMAP 
(cat.) was stirred 4 days and 
concentrated under reduced 

pressure. Flash column chromatography (PE : EtOAc = 9 
: 1 à 1 : 1) yielded 49 (0.38 g, 0.57 mmol, 87%).1H NMR 
(200 MHz, CDCl3) δ 7.50-6.76 (m, 11H), 6.21 (dd, J = 

pension was washed twice with saturated NaHCO3 (aq.) 
and once with brine. The organic solution was concen-
trated in vacuo. Flash column chromatography (PE: 
EtOAc = 9 : 1 à = 1 : 1) yielded 45a (0.84 g, 2.4 mmol, 
99%). 1H NMR (500 MHz, CDCl3) δ 7.47-7.29 (m, 5H), 
6.62 (d, J = 8.3 Hz, 1H), 6.35 (d, J = 7.8 Hz, 1H), 5.20 (s, 
2H), 4.72 (s, 1H), 4.42-4.50 (m, 1H), 3.98 (d, J = 13.2 Hz, 
1H), 3.81 (s, 3H), 3.72 (d, J = 13.4 Hz, 1H), 3.50-3.44 (m, 
1H), 1.36 (d, J = 6.1 Hz, 3H), 1.33 (d, J = 6.1 Hz, 6H). IR 
ν 2974, 1736, 1618, 1505, 1463, 1380, 1190, 1099.

45b. To a solution of 45a (0.84 
g, 2.4 mmol, 1.0 equiv.) in 
DCM (20 mL), Boc2O (0.70 g, 
3.2 mmol, 1.3 equiv.) was add-

ed. The reaction mixture was stirred at room tempera-
ture for 18 hours. Concentration in vacuo followed by 
fl ash column chromatography (PE : EtOAc = 9.5 : 0.5 à 
4 : 1 à 2 : 1 à 1 : 1) yielded 45b (1.1 g, 2.4 mmol, quant.). 

1H NMR (500 MHz, CDCl3) δ 7.40-7.18 (m, 5H), 6.92 (d, 
J = 8.5 Hz, 1H), 6.36 (d, J = 8.5 Hz, 1H), 5.15-4.96 (m, 
2H), 4.59-4.30 (m, 3H), 4.08-4.17 (m, 1H), 3.82 (s, 3H), 
1.39 (s, 9H), 1.36-1.23 (m, 9H). IR ν 2974, 1743, 1692, 
1453, 1367, 1250, 1164, 1097.

45c. To a suspension of 10% 
Pd/C (0.40 mg) in EtOAc : iPA = 
1 : 1 (6 mL), 45b (1.1g, 2.4 
mmol, 1.0 equiv.) was added. 

The suspension was stirred for 2 days under a H2 atmo-
sphere after which it was fi ltered over hyfl o. In vacuo con-
centration yielded 45c (0.73 g, 1.9 mmol, 79%). 1H NMR 
(500 MHz, CDCl3) δ 6.92 (d, J = 8.5 Hz, 1H), 6.44 (d, J = 8.5 
Hz, 1H), 4.67-4.50 (m, 2H), 4.43-4.32 (m, 1H), 4.08-4.02 (m, 
1H), 1.46 (s, 9H), 1.36-1.25 (m, 6H), 1.22 (d, J = 6.1 Hz, 3H). 
IR ν 3320, 2975, 1673, 1499, 1454, 1368, 1245, 1158.

45. To a solution of 45c 
(0.73 g, 1.9 mmol, 1.0 
equiv.) in acetonitrile (10 
mL), EDCI (0.90 g, 6.7 
mmol, 3.5 equiv.), HOBt 

(0.65 g, 5.0 mmol, 2.6 equiv.) and H-Ala-OBn (0.70 g, 3.9 
mmol, 2.1 equiv.) were added. The mixture was stirred 4 

47. To a solution of 46 (0.40 
g, 0.47 mmol, 1.0 equiv.) in 
ethyl acetate : isopropylal-
cohol = 3 : 4 (7 mL), 10% 
Pd/C (0.20 mg) was added. 

The suspension was put under an H2 atmosphere and 
stirred for 18 hours. The reaction mixture was fi ltered over 
hyfl o and concentrated under reduced pressure, yielding 
47 (0.23 g, 0.39 mmol, 83%).1H NMR (500 MHz, CDCl3) δ 
6.91 (br. s, 1H), 6.46 (d, J = 8.5 Hz, 1H), 4.92-3.93 (m, 7H), 
3.84 (s, 3H), 1.73-1.11 (m, 27H). IR ν 2977, 2935, 1726, 
1672, 1504, 1452, 1368, 1281, 1242, 1162, 1097.

47a. A solution of 47 (0.21 g, 
0.36 mmol, 1.0 equiv.), EDCI 
(0.10 g, 0.52 mmol, 1.4 
equiv.) and HOBt (60 mg, 
0.44 mmol, 1.2 equiv.) in 
DCM : DMF = 9 : 1 (500 mL) 
was stirred 72 hours. The re-

action mixture was concentrated in vacuo and the residue 
was dissolved in ether. The solution was washed fi ve 
times with water, dried over MgSO4 and concentrated un-
der reduced pressure. Flash column chromatography (PE : 
EtOAc = 9 : 1 à 0 : 1) yielded 47a (70 mg, 0.12 mmol, 33%). 
IR ν 3312, 2977, 2934, 1733, 1665, 1499, 1453, 1370, 
1283, 1250, 1161, 1106, 1083. HRMS (FAB+) m/z found for 
C48H43N4O9 579.3044 [M+H], calcd 579.3030.

48. A solution of 47a (70 
mg, 0.12 mmol, 1.0 equiv.) 
in TFA : CHCl3 = 1 : 1 (2 
mL) was sonicated for 2 
hours. The reaction mixture 

was concentrated in vacuo and the residue was dissolved 
in EtOAc. Solid NaHCO3 was added and the reaction mix-
ture was stirred two hours. A few drops of water were 
added and the reaction mixture was stirred an additional 
30 minutes, dried over Na2SO4 and concentrated under 
reduced pressure. Flash column chromatography (EtOAc 
: MeOH = 1 : 0 à 1 : 1 à 0 : 1) yielded 48 (27 mg, 0.047 
mmol, 39%). IR ν 2976, 1671, 1605, 1451, 1403, 1283, 
1160. MS (FAB+) m/z found for C48H43N4O9 501.2 [M+Na], 
calcd 501.2.
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removed under reduced pressure. Flash column chroma-
tography (PE : Ethyl acetate = 9 : 1) yielded 50a (12 mg, 
0.019 mmol, 82%).1H NMR (500 MHz, CDCl3) δ 7.39-
7.09 (m, 12H), 6.73-6.54 (m, 1H), 6.47-6.34 (m, 1H), 
5.20-5.08 (m, 2H), 4.72-4.31 (m, 5H), 4.12-3.68 (m, 3H), 
3.49-3.28 (m, 1H), 3.26-3.03 (m, 1H), 1.73-1.06 (m, 18H) 
. IR ν 2974, 2360, 1740, 1696, 1506, 1455, 1161, 1098.

51. To a cooled (0˚C) so-
lution of Cbz-Ala-Gly-OH 
(6.0 g, 1.0 mmol, 7.7 
equiv.) in DCM (20 mL), 
pyridine (0.080 mL, 0.075 
g, 1.0 mmol, 7.7 equiv.) 

and cyaniruc fl uoride (0.15 mL, 0.24 g, 1.7 mmol, 13 equiv.) 
were added. The reaction mixture was stirred 2 hours at 
0˚C before being quenched with NH4Cl (aq.) (1 mL). The 
mixture was stirred 5 min. and dried with Na2SO4, fi ltered 
and concentrated in vacuo. The residue was dissolved in 
acetonitrile (5mL). 1 mL (0.20mmol, 1.5 equiv.) of this solu-
tion was added to a solution of 50a (80 mg, 0.13 mmol, 1.0 
equiv.) and DiPEA (0.037 g, 0.050 mL, 0.29 mmol, 2.2 
equiv.) in acetonitrile (2mL). The reaction mixture was 
stirred 18 hours. Ethyl acetate was added and the solution 
was washed with 5% HCl (aq.), water and saturated NaH-
CO3 consecutively. The solution was dried over MgSO4 and 
concentrated under reduced pressure. Flash column chro-
matography (PE : EtOAc = 2 : 1) yielded product 51 (72 
mg, 0.082 mmol, 63%).1H NMR (500 MHz, CDCl3) δ 7.43-
7.17 (m, 17H), 6.55-6.45 (m, 1H), 6.41 (d, J = 7.1 Hz, 1H), 
6.34 (d, J = 8.3 Hz, 1H), 5.27-5.06 (m, 3H), 5.03-4.94 (s, 
1H), 4.73-4.27 (m, 4H), 4.03-3.83 (m, 2H), 3.80 (s, 3H), 
3.46-3.30 (m, 1H), 3.29-3.13 (m, 1H), 3.12-2.99 (m, 2H), 
1.58-1.16 (m, 21H). IR ν 3318, 2971, 2926, 2353, 1711, 
1683, 1506, 1455, 1366, 1249, 1162, 1098. HRMS (FAB+) 
m/z found for C48H59N4O12 883.4145 [M+H], calcd 883.4129.
 

52. To a solution of 51 (70 
mg, 0.079 mmol, 1.0 
equiv.) in ethyl acetate : 
isopropylalcohol = 2 : 1 (3 
mL), 10% Pd/C (35 mg) 
was added. The suspen-

sion was put under an H2 atmosphere and stirred for 18 

2.71 (m, 2H), 2.41-1.96 (m, 3H), 1.76-1.53 (m, 3H), 1.04-
0.80 (m, 6H). 13C NMR (125 MHz, CDCl3) δ 130.84, 
130.00, 128.22, 125.52, 125.40, 125.33, 121.26, 119.93, 
119.70, 117.60, 113.02, 104.50, 76.47, 63.87,  58.57, 56.76, 
45.85, 41.04, 39.65, 36.30, 23.11, 23.00, 16.27. MS (FAB+) 
m/z  found for C28H36N4NaO7 563.2 [M+Na], calcd 563.2.

19.8, 8.0 Hz, 1H), 5.22-4.96 (m, 2H), 4.60-3.98 (m, 3H), 
3.95-3.56 (m, 3H), 3.42-2.96 (m, 2H), 1.41 (d, J = 11.3 Hz, 
6H), 1.20 (t, J = 6.7 Hz, 9H), 0.93 (s, 9H). IR ν 2930, 2857, 
1742, 1697,1601, 1490, 1446, 1366, 1254, 1165, 1100, 840.

49c. To a solution of 49 (60 mg, 
0.091 mmol, 1.0 equiv.) in ethyl 
acetate : isopropylalcohol = 2 : 1 
(3 mL) 10% Pd/C (30 mg) was 
added. The reaction mixture was 
put under H2 atmosphere and 

stirred 18 hours and the suspension was fi ltered over hy-
fl o. Concentration under reduced pressure yielded 49c 
(45 mg, 0.077 mmol, 85%) as a white foam. 1H NMR (200 
MHz, CDCl3) δ 7.36-6.26 (m, 12H) 4.85-3.54 (m, 9H), 
3.39-2.99 (m, 4H), 1.60-1.34 (ds, 9H), 1.30-1.06 (m, 6H), 
0.25-0.02 (ds, 9H). IR ν 2973, 2930, 2857, 1701, 1601, 
1491, 1446, 1254, 1165, 1101, 840.

50. A reaction mixture 
containing 49c (0.11 g, 
0.19 mmol, 1.0 equiv.), H-
Ala-OBn (71 mg, 0.40 
mmol, 2.1 equiv.), EDCI 
(0.13 g, 0.70 mmol, 3.7 

equiv.) and HOBt (68 mg, 0.50 mmol, 2.7 equiv.) in acetoni-
trile (2 mL) was stirred for 18 hours. Ethyl acetate was 
added and the organic solution was washed with 5% HCl 
(aq.), water, saturated NaHCO3 (aq.) and brine consecu-
tively. The solvent was removed in vacuo yielding 50 (0.14 
g, 0.19 mmol, 99%).1H NMR (500 MHz, CDCl3) δ 7.39-
7.11 (m, 10H), 6.79-6.68 (m, 1H), 6.54-6.39 (m, 1H), 6.18-
6.03 (m, 1H), 5.25-5.51 (m, 2H), 4.65 (t, J = 7.1 HZ, 1H), 
4.58 (s, 1H), 4.56-4.26 (m, 2H), 4.03-3.99 (m, 1H), 3.87-
3.73 (m, 4H), 3.55-2.94 (m, 2H), 2.36-2.15 (m, 1H), 1.60-
0.81 (m, 27H), 0.18-0.01 (m, 6H). IR ν 3380, 2930, 2857, 
2360, 1744, 1683, 1491, 1453, 1255, 1161, 1102, 840.

50a. To a solution of 50 
(17 mg, 0.023 mmol, 1.0 
equiv.) in THF (1 mL), 
TBAF (11 mg, 0.042 
mmol, 1.8 equiv.) was 
added. The solvent was 

hours. The reaction mixture was fi ltered over hyfl o and 
concentrated under reduced pressure, yielding 52 (52 
mg, 0.079 mmol, quant.).1H NMR (500 MHz, CDCl3) δ 
7.39-7.04 (m, 7H), 6.54 (s, 1H), 6.47 (s, 1H), 6.37 (d, J = 
8.3 Hz, 1H), 4.56-3.84 (m, 12H), 3.80 (s, 3H), 3.54-2.91 
(m, 3H), 1.79-1.00 (m, 21H) . IR ν 2975, 1675, 1502, 
1454, 1368, 1246, 1161, 1098, 910.

52a. A solution of 52 (52 mg, 
0.079 mmol, 1.0 equiv.), EDCI 
(0.10 g, 0.52 mmol, 6.6 equiv.) 
and HOBt (60 mg, 0.44 mmol, 
5.6 equiv.) in DCM : DMF = 9 : 
1 (500 mL) was stirred 4 days. 
The reaction mixture was con-

centrated in vacuo and the residue was dissolved in ether. 
The solution was washed fi ve times with water, dried over 
MgSO4 and concentrated under reduced pressure. Flash 
column chromatography (PE : EtOAc : isopropylalcohol= 9 
: 1 : 0 à 0 : 1 : 0 à 0 : 1 : 1) yielded 52a (32 mg, 0.049 mmol, 
62%). 1H NMR (500 MHz, CDCl3) δ 7.52-7.09 (m, 7H), 6.96 
(s, 1H), 6.68 (s, 1H) 6.25 (s, 1H), 5.32-4.91 (m, 3H), 5.84-
5.48 (m, 2H), 4.37 (br. s, 2H), 4.20-4.03 (m, 2H), 3.78 (s, 
2H), 3.56 (d, J = 10.3 Hz, 0.5H), 3.22-3.09 (m, 0.5H), 1.57-
1.38 (m, 9H), 1.37-1.01 (m, 12H). IR ν 3382, 3308, 2976, 
2930, 1742, 1670, 1503, 1464, 1324, 1216, 1157. 

53. A solution of 52a (32 
mg, 0.049 mmol, 1.0 equiv.) 
in TFA : CHCl3 = 1 : 1 (2 mL) 
was sonicated for 2 hours. 
The reaction mixture was 
concentrated in vacuo and 

the residue was dissolved in EtOAc (10 mL). Solid NaH-
CO3 was added and the reaction mixture was stirred 18 
hours. A few drops of water were added and the reaction 
mixture was stirred an additional 30 minutes, dried over 
Na2SO4 and concentrated under reduced pressure. Thin 
layer chromatography (EtOAc) was performed twice and 
yielded 53 (9.2 mg, 0.017 mmol, 34%). 1H NMR (500 MHz, 
CDCl3) δ 7.41-7.09 (m, 7H), 6.84 (s, 0.5H), 6.70 (d, J = 8.3 
Hz, 0.5H), 6.49 (d, J = 7.5 Hz, 0.5H), 6.41 (d, J = 8.5 Hz, 
0.5H), 5.36 (d, J = 5.6Hz, 1H), 5.11 (J = 3.7 Hz, 1H), 4.53-
4.31 (m, 2H), 4.18-3.99 (m, 2H), 3.91-3.52 (m, 4H), 3.14-
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3
N-terminal auxiliaries



Another method to achieve cyclisation is the 
use of an auxiliary (Scheme 1).20-23 An auxiliary 
facilitates cyclisation by expanding the macro-
cycle that has to be formed initially. Once the 
initial macrocycle has formed, the peptide ter-
mini are in close proximity. The auxiliary thus 
mediates acyl transfer in order to connect the 
peptide termini. In chapter 2 the synthesis of 
cyclic tetrapeptides using 2-hydroxy-3-isopro-
poxy-4-methoxy-benzaldehyde as an internal 
auxiliary is described (route B, Scheme 1). This 
auxiliary already proved to be capable to facili-
tate cyclisation of seven-membered bislactams 
up to the cyclisation of tetrapeptides. However, 
use of the 2-hydroxy-3-isopropoxy-4-methoxy-
benzaldehyde auxiliary to prepare cyclic tetra-
peptides is far from straightforward. Further-
more, epimerisation is expected to be an issue.
 

Figure 1: Turn inducing elements

3.1.1  2-Hydroxy-6-nitrobenzyl as 
N-terminal auxiliary for the 
cyclisation of tetrapeptides

So far, one approach using an N-terminal aux-
iliary for the cyclisation of strained cyclic pep-
tides has been published. Meutermans and 
co-workers published the use of 2-hydroxy-
6-nitrobenzyl for the cyclisation of tetrapeptides 
(Scheme 3).20, 24, 25 

Sc heme 3:  Cyclisation of trained cyclic peptides 
using 2-hydroxy-6-nitrobenzyl

The photo-labile auxiliary could be coupled to 
resin-bound peptides via reductive amination. 
Initially the incorporation of two 2-hydroxy-
6-nitrobenzyl moieties was required in order to 
achieve cyclisation. One group was placed at a 
backbone amide nitrogen atom as a turn induc-
er and one at the N-terminus facilitating forma-
tion of the initial macrocycle and ring collapse. 
A later publication showed the ability of a single 
N-terminal auxiliary, to mediate cyclo-tetrapep-
tide formation in numerous cases. Cyclisation 
of 9, resulting in 11, was achieved by lactonisa-
tion under high dilution conditions (1mM) using 
BOP or HATU in DMSO.
This diffi cult cyclisation required the prolonged 
existence of a C-terminal activated ester in a 
basic solution, inevitably causing epimerisa-
tion. This problem could be, and was, circum-
vented by limiting the C-terminal amino acid to 

The synthesis of ring strained small cyclic 
peptides is still problematic.1 The rigid nature 
of small cyclic peptides causes a well-defi ned 
position of the sidechain functionalities.2 This 
makes them interesting as pharmaceutical 
scaffolds3-5 because binding to receptors has 
been known to increase with the introduction of 
conformational constrictions.6, 7 Unfortunately, 
the ring strain that makes small cyclic peptides 
interesting synthetic targets, also makes them 
diffi cult to synthesise.3, 8, 9 The ring strain stems 
from the double-bond character in the C-N 
bonds of amides (Figure 1).10, 11 Due to steric 
repulsion the amide bond is mostly in the E-
geometry. As a result the peptide chain favours 
a linear conformation which places the peptide 
termini of small peptides at a distance. Cyclisa-
tion of small peptides can seldom be achieved 
using standard coupling reagents.12, 13 In many 
cases no cyclic product can be found and even 
when using high-dilution conditions, dimer for-
mation is often problematic. In order to cyclise 
small cyclic peptides often turn inducing moie-
ties have to be incorporated (Figure 1). The in-
corporation of a proline residue, alternating D- 
and L-amino acids (as in 2), α,β-dehydro amino 
acids (as in 3) or N-alkylated amino acids (as in 
4) are known to facilitate cyclisation.14-19

Also an extended synthetic route is required in 
order to access the required linear precursor. 
In order to circumvent the extended synthetic 
route needed to obtain the linear precursor, the 
investigation was shifted towards N-terminal 
auxiliaries. In contrast to the internal auxiliary, 
an N-terminal auxiliary offers a straightforward 
synthetic route to the linear precursor using the 
common methodology (Scheme 2). 

S cheme 2:  Retrosynthesis of the linear precursor 
containing an N-terminal auxiliary

Linear precursor 5 can be synthesised by in-
troduction of the auxiliary to the linear pep-
tide. The linear peptide 6 can be obtained by 
cleavage from a solid phase peptide synthesis 
(SPPS) resin. 
Once the linear precursor has been obtained, 
formation of the initial macrocycle containing the 
N-terminal auxiliary is the key step. This cyclisa-
tion reaction has been proven to be susceptible 
to epimerisation.20, 24 Similar to the other auxil-
iaries, formation of the initial macrocycle is fol-
lowed by a ring contractive acyl transfer(Scheme 
1). Once the desired strained cycle has formed, 
auxiliary removal yields the desired product.

3.1 Introduction

S cheme 1: N-terminal auxiliaries towards cyclic peptides
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The method of peptide bond formation using 
this auxiliary has also been called cysteine 
free native chemical ligation. This is due to the 
trans-thio-esterifi cation that is part of the mode 
of action of the auxiliary. The pathway towards 
an amide bond starts with the liberation of the 
thiol. This can be achieved by the addition of 
HF or via a two-step procedure. This procedure 
starts with a reaction with 3-nitro-2-pyridine-
sulfenyl chloride. Attack of the protected sulfer 
onto the sulfenyl is followed by the cleacage of 
the 4-methylbenzyl protective group. This re-
sults in disulfi de 15 which can then be reduced 
to the thiol 16. The reductive step can be per-
formed in the presence of another peptide (17) 
containing a C-terminal 2-(ethyldisulfanyl)phe-
nol ester. Once the disulfi de in 17 is reduced 
spontaneous O→S acyl transfer takes place. 
Thioester 18 then undergoes trans-thioesteri-
fi cation with the thiophenol 16 form the auxil-
iary yielding intermediate 19. This places the 
peptide termini in close proximity thus initiating 
S→N acyl transfer which results in the desired 
amide bond in 20. The 2,3,4-trimethoxy-6-(4-
methylbenzylthio)benzaldehyde has been used 
to couple large peptides or glycopeptides and 
for the cyclisation of a decapeptide.

3.1.3  Amide bond formation via a 
Meisenheimer complex intermediate

Another auxiliary based method for the forma-
tion of amide bonds makes use of a 2,4-dinitro-
phenylsulfonyl (nosyl) moiety normally used for 
the protection of terminal amines. Liberation of 
nosyl-protected amines is achieved by the ad-
dition of a thiol nucleophile which performs an 
ipso-attack on the nosyl under formation of a 
Meisenheimer complex. Decomposition of the 
Meisenheimer complex liberates the amine. Be-
sides the use of the nosyl moiety as protective 
group, this group has also been used in order to 
mediate amide bond formation (Scheme 5).29-33 

Meisenheimer complex. This results in the two 
separate peptides, one containing an activated 
ester (26) and one containing a free N-terminus 
(27). Reaction of the free N-terminus with the 
activated ester also results in peptide 28. Path-
way B would not be useful for the cyclisation 
of strained peptides, because the nosyl moiety 
only serves to introduce a C-terminal leaving 
group synchronous to amine liberation. For a 
small peptide any intra-molecular amine libera-
tion would be followed by the peptide adopt-
ing its preferred linear conformation. Pathway 
A would be advantageous while synthesising 
strained cyclic peptides. An intramolecular re-
action between a C-terminal thioacid and an 
N-terminal nosyl protected amine results in a 
macrocycle which is larger, and therefore more 
easily formed, than the desired strained cyclic 
product. S→N acyl transfer would constitute a 
ring contraction. Since formation of the amide 
bond entails loss of the nosyl moiety, ring 
contraction immediately results in the desired 
product. Therefore, a separate, and potentially 
diffi cult20 reaction removing the auxiliary is not 
necessary.

3.1.4  Outline of this chapter: retrosynthetic 
analysis of lactamisation

Based on the known N-terminal auxiliaries for 
amide bond formation as described in the in-
troduction, two retrosynthetic approaches were 
envisioned towards a new method for the cy-
clisation of small cyclic peptides (Scheme 6). 

 Route A is based on the 2,3,4-trimethoxy-6-(4-
methylbenzylthio)benzyl auxiliary discussed in 
section 3.1.2. It relies on S→N acyl transfer in 
29 followed by auxiliary removal to obtain the 
desired cyclic product. The cyclic intermediate 
can be formed from 30 by transthioesterifi cation 
which results from attack of the auxiliary 
thiol onto the C-terminal thioester carbonyl. 
This thiol can be obtained by removal of the 

glycine. The introduction of glycine had a fur-
ther advantage; it prevented hydrolysis of the 
cyclic peptide during auxiliary removal. The 
photolytic removal of the auxiliary fi nally yield-
ed 12. Overall yields (cyclisation and auxiliary 
removal) up to 29% were obtained. However 
about a quarter of the attempted cyclisations 
did not result in the desired cyclic product.

3.1.2  2,3,4-Trimethoxy-6-(4-methylbenzyl-
thio)benzyl as N-terminal auxiliary 
for amide bond formation

In order to fi nd a new N-terminal auxiliary for 
the cyclisation of small peptides, our attention 
turned towards auxiliaries that have been used 
for ligating linear peptides. One such N-terminal 
auxiliary, developed to facilitate amide bond 
formation, is 2,3,4-trimethoxy-6-(4-methylben-
zylthio)benzaldehyde.26-28 When coupled to the 
N-terminus of a peptide (as in 13) it functions as 
a removable acyl transfer auxiliary (Scheme 4).

Sch eme 5:  Amide bond formation via a Meisenheimer 
complex

Reaction at a nosyl-functionalised amine with 
a thioacid results in amide bond formation (re-
sulting in 28). The thioacid can be introduced to 
a peptide in a protected form. This is achieved 
by coupling of a peptide C-terminus to the ap-
propriate thiol forming precursor 21. In situ lib-
eration of a thioacid from 21 can be followed 
by the addition of nosyl protected amine 23 
and base. Nucleophilic ipso-attack of the thio-
acid onto the nosyl protective group results in 
Meisenheimer complex 24. It has been con-
clusively proven that this Meisenheimer com-
plex leads to the formation of an amide bond. 
However, the precise mechanistic pathway 
remains unclear. Both pathway A and B have 
been postulated. Which pathway is followed 
depends on the nucleophillicity of the amine, 
the electrophilicity of the C-terminal carbonyl 
and the stability of the Meisenheimer complex. 
Amide bond formation via pathway A occurs 
if the Meisenheimer complex is relatively sta-
ble. Then S→N acyl transfer can occur before 
collapse of the Meisenheimer complex. In in-
termediate 24 S→N acyl transfer is promoted 
by the close proximity of the peptides acid 
carbonyl and amine. Collapse of the Meisen-
heimer complex after acyl transfer results in 
formation of amide 28. Amide bond formation 
via pathway B is initiated by collapse of the 

Sch eme 4:  2,3,4-Trimethoxy-6-(4-methylbenzylthio)
benzaldehyde auxilary for amide bond formation 
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of strained-lactams, cyclo[Phe-βAla] was cho-
sen as a synthetic target. This target has been 
used in order to validate 2-hydroxy-3-isopro-
poxy-4-methoxy-benzaldehyde as an internal 
auxiliary.23 It has also been shown that direct 
cyclisation of H-Phe-βAla-OH or H-βAla-Phe-
OH to cyclo[Phe-βAla] using standard coupling 
reagents does not result in the desired prod-
uct.22 In order to investigate the infl uence of 
site of ring closure on the cyclisation yield, both 
H-Phe-βAla-OH and H-βAla-Phe-OH were 
used for the synthesis of a linear precursor.

The synthesis of the linear precursor based on 
H-βAla-Phe-OH (42, Scheme 8) was started 
with Boc-βAla-OSu. 

Sc heme 8:  Synthesis of the H-βAla-Phe-OH 
linear precursor

This was reacted with phenylalanine and sodi-
um bicarbonate in a solvent mixture of ethanol, 
acetone and water, resulting in 74% Boc-βAla-

4-methylbenzyl protective group. This route 
towards the desired cyclic product starts from 
linear precursor 31.

In route B, which is based on the 2,4-dinitro-
phenylsulfonyl auxiliary (see section 3.1.3), the 
fi nal cyclic product is formed via a ring contrac-
tive S→N acyl transfer in 32. This ring contrac-
tion also initiates collapse of the Meisenheimer 
complex, resulting in the spontaneous removal 
of the auxiliary. The cyclic intermediate con-
taining the Meisenheimer complex is formed 
by ipso-attack of the C-terminal thio-acid at the 
phenyl sulfonamide position. The thio-acid 33 
can be liberated in situ by the basic removal 
of fl uorenemethyl from the corresponding thi-
oester 34. The linear precursor 34 is required 
for this method of cyclisation.

3.2 Results
3.2.1  Synthesis of the linear precursors 

containing the 2,3,4-trimethoxy-6-
(4-methylbenzylthio)benzyl auxiliary 
(Scheme 6, route A)

In order to ascertain whether the removable 
acyl transfer auxiliary can be used success-
fully for the cyclisation of ring strained lactams, 
the auxiliary was prepared following a literature 
procedure (Scheme 7).27 

S cheme 7:  Synthesis of the 2,3,4-trimethoxy-6-
(4-methylbenzylthio)benzaldehyde auxiliary

Commercially available 3,4,5-trimethoxyani-
line 35 was reacted with nitrous acid and ethyl 
xanthate. After work-up, fl ash column chroma-
tography yielded 38% of the desired xanthate. 
Subsequent reaction of the xanthate with base 
in water/ethanol resulted in thiol 36 in 99% 
yield. The thiol was protected with 4-methylb-
enzyl bromide using sodium hydride and triph-
enylphosphine yielding 96% 37. Finally a Vils-
meier-Haack reaction was performed to intro-
duce the aldehyde resulting in 38 in 88% yield.

With the auxiliary in hand synthesis of the 
linear precursor was started. In order to test 
the effi cacy of the auxiliary in the cyclisation 

Scheme 6:     Retrosynthetic routes towards strained cyclic peptides using N-terminal auxiliaries
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96% of dipeptide 45. With the peptide in hand, 
the auxiliary could be coupled via reductive 
amination. Initial imine formation occurred by 
the reaction of auxiliary 38 and dipeptide 45 
in THF in the presence of Na2SO4. The sub-
sequent addition of sodium triacetoxyboro-
hydride resulted in 46. Upon quenching and 
work up, the crude product was dissolved in 
dichloromethane and Boc2O was added. Un-
fortunately, the intended protection of the 
secondary amine did not take place. This is 
most likely due to steric hindrance. Previous 
research with the internal auxiliary (described 
in chapter 2) also met problems with sterics 
while protecting the peptide N-terminal amine. 
At that time, it was shown that the substituent 
at the auxiliaries 6 position was not available, 
even when using a less congested protective 
group. For this reason, the cyclisation of 42 
was not investigated further.

51 after puifi cation. The N-terminus was then 
liberated by acidic removal of the Boc protec-
tive group. The N-terminal 2,4-dinitrophenyl 
sulfonyl was introduced by the addition of its 
chloride and 2,6- lutidine in THF. After 20 hours 
reaction time, fl ash column chromatography 
gave 52 in a yield of 46%.

Schem e 11: Synthesis of Ns-Phe- βAla-SFm 

Synthesis of the alternative peptide linear pre-
cursor (Scheme 12) was achieved in a similar 
fashion starting from Boc-βAla-Phe-OH 53. 

 Scheme 12:Synthesis of Ns- βAla-Phe-SFm

Phe-OH. Liberation of the N-terminus and pro-
tection of the C-terminus could be achieved in 
a single step by reaction with thionyl chloride in 
methanol for 18 hours. In vacuo concentration 
yielded 40, which was used without further pu-
rifi cation. At this point the N-terminal auxiliary 
was introduced. A reaction mixture containing 
peptide 40, auxiliary 38 and sodium sulfate in 
THF was stirred for 18 hours. Reduction of the 
formed imine was achieved using sodium tri-
acetoxyborohydride. After work-up the reaction 
mixture was concentrated in vacuo. The resi-
due was dissolved in dichloromethane, Boc2O 
was added and the reaction mixture was stirred 
for 5 hours. Flash column chromatography then 
yielded 41 in 15% yield over three steps. Lib-
eration of the C-terminus was achieved in 99% 
yield by saponifi cation using Tesser’s base. The 
linear precursor was completed by the conver-
sion of the C-terminus into the benzyl thioester, 
using HBTU as a coupling reagent. Precursor 
42 was obtained in 85% yield after column 
chromatography. Unfortunately, reaction with 
commercially available 3-nitro-2-pyridinesulfe-
nyl chloride led to a complex mixture in which 
the desired product 43 could not be identifi ed. 
This left treatment with HF as the only possible 
method of thiol liberation. Before this was at-
tempted, synthesis of the other linear precursor 
was initiated.
For the synthesis of the second linear precur-
sor (Scheme 9) H-Phe-βAla-OMe 45 was re-
quired as the starting peptide. 
For this reason, Boc-Phe-OSu was reacted 
with H-βAla-OH using sodium bicarbonate 
in a solvent mixture of acetone and ethanol. 
Neutralisation and extraction gave the dipep-
tide in 94% yield. Boc removal and methyl 
ester formation was achieved in a single step 
by reaction with thionyl chloride in methanol. 
The reaction mixture was concentrated, dis-
solved in EtOAc and solid sodium bicarbonate 
was added and the mixture was stirred until 
neutralised. Concentration in vacuo yielded 

3.2.2  Synthesis of the nosyl-based linear 
precursor (Scheme 6, route B)

The use of the 2,4-dinitrobenzenesulfonate 
protective group (route B, Scheme 6) for the 
cyclisation of small cyclic peptides requires a 
C-terminal thioacid. This thioacid can be intro-
duced in a protected form by coupling 49 to the 
C-terminus of the linear peptide, forming the thi-
oester. For this reason, 49 had to be synthesised 
requiring a three step process (Scheme 10). 

Sche me 10: Synthesis of 9-fl uorenemethanthiol

Tosyl chloride was reacted with 9-fl uorenemeth-
anol 48 in chloroform in the resence of pyridine. 
If equivoluminal parts of aqueous solutions were 
used during work-up, the newly formed tosyl 
was completely hydrolysed. The use of small 
volumes minimalised hydrolysis, and 83% of 
thetosylate could be obtained by recrystallisa-
tion. The tosylate could be converted to a thi-
oester during a reaction with potassium thio-
acetate in DMF in the presence of 18-crown-6. 
Flash column chromatography resulted in 94% 
9-fl uorenemethyl thioacetate. Reduction of the 
thioacete by DIBAL at -78˚C fi nally resulted in 
84% of compound 49 after fl ash column chro-
matography.

With 9-fl uorenemethanethiol 49 in hand, the 
synthesis of a linear peptide precursor was 
started (Scheme 11). Boc-Phe-βAla-OH 50 
was converted to the protected thioacid by 
the coupling of fl uorenemethanethiol to the 
C-terminus. The use of HBTU and HOBt and 
DiPEA as coupling reagents resulted in 75% of 

Sch eme 9:  Towards the synthesis of the H-Phe-βAla-OH 
linear precursor

62 - N-terminal auxiliaries Auxiliary mediated synthesis of ring-strained lactams - 63



tion of the non nucleophilic base DiPEA in THF 
resulted in liberation of the thioacid. Further 
reaction led to a complex mixture in which the 
desired product could not be identifi ed. 

In a last attempt to initiate cyclisation by thio-
acid liberation, DBU was used as a non-nu-
cleophilic base. LC-MS was used to follow the 
reaction. This showed the liberation of the thio 
acid, but only trace amounts of cyclo[Phe-βAla] 
could be identifi ed after extended reaction 
times. Starting the cyclisation from the alter-
native peptide sequence 52 also resulted in a 
complex mixture, although thioacid liberation 
was also successful. One possible side reac-
tion that prevents formation of the cyclic prod-
uct is premature collapse of the Meisenheimer 
complex (Scheme 14). 

Scheme 14: Possible routes to cyclo[Phe-βAla]

When the thioacid attacks the nosyl moiety, a 
relatively stable Meisenheimer complex 59 is 
formed. If collapse of this Meisenheimer com-
plex occurs before acyl transfer, it results in 
the formation of linear peptide 61. In princi-
ple, this peptide can cyclise to 62 by attack 
of the N-terminus onto the newly formed thi-

After acidifi cation, the product could be extract-
ed using EtOAc yielding 99% of 64 upon con-
centration. The fl uorenemethyl thioester moie-
ty, constituting the protected thioacid, could be 
introduced by the coupling of 49 using HOBt, 
HBTU and DiPEA as coupling reagents in THF. 
This resulted in 62% pure thioester. In order to 
liberate the amine for introduction of the nosyl 
auxiliary, the Boc group was removed in quan-
titative yield using HCl saturated Et2O:DCM = 
1:1. The linear precursor (65) was completed 
by coupling 2,4-dinitrobenzene sulfonyl chlo-
ride in DCM using 2,6-lutidine as base.
The cyclisation of the Ns-βAla-Trp-SH precur-
sor (Scheme 15) was initiated by the liberation 
of the thioacid. Again, several base and solvent 
combinations were used. The best results were 
obtained using 4% DBU in methanol (1mM) re-
sulting in 3% of the desired cyclic product 66. In 
an attempt to increase the yield of the cyclisa-
tion reaction the temperature was increased to 
40˚C and the reaction mixture was further dilut-
ed to 0.7 mM. Unfortunately this did not result 
in a change in yield. This indicates, the Meisen-
heimer complex is not stable and most, if not 
all of the complex formed, decomposes before 
S→N acyl transfer occurs. The cyclic product 
might result from direct cyclisation of the thi-
oester formed after collapse of the Meisenhe-
imer complex. 

For this precursor, thioester 54 was prepared 
in 84% yield. Liberation of the N-terminus was 
again achieved in a quantitative yield by TFA 
mediated Boc-removal. The linear precursor 
55 was obtained after the addition of 2,4-dini-
trophenylsulfonyl in an isolated yield of 27%. 

3.2.3  Cyclisation of the nosyl-based linear 
precursors

Cyclisation of the linear precursor is initiated by 
liberation of the C-terminal thioacid (Scheme 13).

Scheme 13: Towards thioacid liberation 

As shown in the work by Crich,29 thioacid lib-
eration can be achieved by the basic removal 
of the fl uorenemethyl moiety. However, this 
removal proved to be not straightforward. The 
electrophilicity of the thioester carbonyl prohib-
its the use of a nucleophilic base. Slow removal 
of the fl uorenemethyl moiety using a 50% solu-

oester. However, this in essence would entail 
a direct head to tail cyclisation. As previously 
stated, the direct cyclisation towards seven-
membered bislactams using standard cou-
pling reagents is not feasible. It is therefore 
unlikely that direct cyclisation via a thioester 
will be possible.
If premature collapse of the Meisenheimer 
complex is the reason for the lack of cyclisa-
tion, conditions might be found where the rate 
of acyl transfer is higher than that of collapse 
of the Meisenheimer complex. In order to 
screen different reaction conditions a different 
target was chosen, namely cyclo[Trp-βAla]. 
This switch in target was inspired by the dif-
fi culties encountered while trying to purify the 
small amounts of cyclo[Phe-βAla] that had 
been formed using the nosyl auxiliary. The low 
visibility of cyclo[Phe-βAla] on TLC severely 
hindered purifi cation. It was hoped that the in-
creased UV absorbance of the tryptophan in-
dole would facilitate purifi cation, especially if 
low yields were obtained.

First, an appropriate linear precursor was syn-
thesised starting with the coupling of Boc-βAla-
OSu and tryptophan in an acetone/ethanol/wa-
ter mixture(Scheme 15). 

 Scheme 15: Synthesis of cyclo[βAla-Trp]
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mL) was slowly added. The reaction mixture was stirred 
for 0.5 hour before it was added to a heated (65°C) solu-
tion of potassium ethyl xanthate (6.9 g, 43 mmol, 7.9 
equiv.) in H2O and stirred for one additional hour. The re-
action mixture was extracted three times with EtOAc. The 
combined organic layers were washed with brine and 
dried over MgSO4 and concentrated. The residue was pu-
rifi ed by fl ash chromatography (EtOAc : Pentane = 1 : 9) 
to yield 35a (0.60 g, 2.1 mmol, 38%) as a thick oil. 1H NMR 
(400 MHz, CDCl3) δ 6.72 (s, 2H), 4.60 (q, J = 7.1 Hz, 2H), 
3.86 (s, 3H), 3.84 (s, 6H), 1.33 (t, J = 7.0 Hz, 3H). 13C NMR 
(101 MHz, CDCl3) δ 214.0, 154.2, 140.4, 125.4, 113.0, 
71.2, 61.8, 57.1, 14.6. IR ν 2936, 2832, 1578, 1496, 1403, 
1223, 1124, 1026, 994, 820, 610. HRMS (FAB+) m/z 
found for C12H16O4S2 289.0563 [M+H], calcd 289.0568.

36: A solution of 35a (0.91 g, 3.2 mmol, 
1.0 equiv.) in EtOH : 3M NaOH (aq.) = 1 : 
1 (30 mL) was heated to 65°Cand stirred 
for four hours. The reaction mixture was 
allowed to cool to room temperature and 

stirred for an additional 16 h. The reaction mixture was 
acidifi ed (pH = 1) with 10% HCl (aq.) and extracted three 
times with EtOAc. The combined organic layers were 
washed with brine, dried over MgSO4 and concentrated to 
yield 36 (0.62 g, 0.31 mmol, 99%) as a solid. mp 127.1 - 
129.3 °C. 1H NMR (400 MHz, CDCl3) δ 7.28 (s, 2H), 3.85 (s, 
3H), 3.84 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 153.45, 
132.05, 106.50, 60.92, 56.19. IR ν 2935, 2830, 1576, 1495, 
1402, 1303, 1230, 1122, 997, 810. HRMS (FAB+) m/z found 
for C9H13O3S 201.0582 [M+H] , calcd 201.0585.

37: To a solution of 36 (0.34 g , 1.7 
mmol, 1.0 eq) in THF : MeOH = 1 : 1 
(30 mL) NaH (60% in mineral oil, 
0.18 g, 4.6 mmol, 2.7 equiv.) was 
added in portions. The reaction was 

stirred 5 minuted before adding triphenylphosphine 
(0.45 g, 1.7 mmol, 1.0 equiv.) and 4-methylbenzyl bro-
mide (0.35 g, 1.9 mmol, 1.0 equiv.). The reaction mixture 
was stirred 20 minutes and concentrated in vacuo. Flash 
column chromatography (EtOAc : Hexanes = 1 : 9) yield-
ed 37 (0.50 g, 1.6 mmol, 96%) as a solid. mp 43.2 - 46.5 
°C. 1H NMR (400 MHz, CDCl3) δ 7.21 - 7.10 (m, 4H), 6.54 

3.3 Conclusion
The use of N-terminal auxiliaries for the cyclisa-
tion of small peptides has proven to be cumber-
some. Smythe and coworkers have shown the 
feasibility of an N-terminal 2-hydroxy-6-nitroben-
zyl moiety for the cyclisation of tetrapeptides. 
However, is has been shown also that epimeri-
sation can occur due to the extended lifetime of 
the C-terminal activated esters. To overcome the 
cumbersome removal of an amide-N 2-hydroxy-
6-nitrocarbonyl group, we focused our attention 
to the acidlabile 2,3,4-trimethoxy-6-thiobenzyl 
group in combination with C-terminal thioester 
activation. The synthesis of the required linear 
precursor starting from a peptide containing a 
side-chain on the N-terminal residue is ham-
pered, most likely by steric hindrance. In addi-
tion, as we have previously shown in chapter 
two, steric hindrance around the auxiliary also 
effectively prevents cyclisation and therefore 
this route was abolished. Next, the use of an N-
terminal 2,4-dinitrophenylsulphonyl group as an 
auxiliary was studied requiring a synthetic route 
towards the linear precursor that does not suffer 
from problems associated with steric hindrance. 
Although the linear precursor could be obtained 
in a straightforward manner, cyclisation remained 
problematic. This is most likely due to the insta-
bility of the intermediate Meisenheimer complex. 
If decomposition of this complex occurs prior to 
ring contractive S→N acyl transfer, it results in a 
linear peptide containing a free N-terminus and a 
C-terminal thioester. In theory this linear peptide 
can cyclise, although direct cyclisation without 
the interposition has proven to be very diffi cult. 
It remains unclear whether the seven-membered 
bislactam that was isolated results from direct 
cyclisation or auxiliary mediated cyclisation. If re-
action conditions can be found that increase the 
rate of S→N acyl transfer without destabilising 
the Meisenheimer complex, higher yields might 
be obtained. This warrants further investigation.

3.4  Experimental
section
General

All reactions were monitored by TLC using a 
Merck TLC plastic roll 500 x 20 cm silica gel 
60 F254. Flash column chromatography was 
performed on Biosolve 60 Å (0.032-0.063 mm) 
silica gel using the indicated solvent mixtures 
(PE = Petroleum Ether 40-60). All solvents 
were bought from Biosolve (AR grade) and 
used without further purifi cation unless stated 
otherwise. Starting materials were purchased 
from Sigma-Aldrich, Fluka or Acros and used 
without further purifi cation unless stated 
otherwise. The NMR spectra were recorded 
in CDCl3 or CD3OD solutions using a Bruker 
ARX 400 or a Varian Inova 500 spectrometer. 
Spectra are reported in δ units (ppm) an J values 
(Hz) using the solvent as internal standard. 
HRMS (FAB+) were recorded with a JEOL JMS 
SX/SX 102A four sector mass spectrometer. 
LC-MS experiments were performed using 
a Finnigan LXQ Ion Trap apparatus. LC was 
carried out with an XTerra C18 3.5 µm column 
using gradients between H2O/0.1% HCO2H 
(Solvent A) and CH3CN/0.1% HCO2H (Solvent 
B). Electronspray ionisation mass spectra 
(positive ions) were recorded in full scan mode 
(m/z = 100 – 2000). Infrared (IR) spectra were 
obtained with a Bruker Alpha-P diamant-point 
spectrometer and reported in wave numbers 
(cm-1). Melting points were determined with a 
Büchi melting point apparatus B-545 and are 
uncorrected. Optical rotations were measured 
on a Perkin-Elmer 241 polarimeter.

35a: To a cooled (0°C) solution of 
3,4,5-trimethoxyaniline (1.0 g, 5.5 
mmol, 1.0 equiv.) in MeOH : 10% HCl 
(aq.) = 1:1 (10 mL) a solution of NaNO2 
(0.49 g, 7.1 mmol, 1.3 equiv.) in H2O (30 
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over MgSO4 and concentrated yielding 50 (2.9 g, 8.5 
mmol, 94%) as a white solid. mp 98.0 – 99.9 °C. 1H NMR 
(400 MHz, CDCl3) δ 7.41 - 7.12 (m, 5H), 7.00 (br. s., 1H), 
5.52 (br. s., 1H), 4.58 (d, J = 6.8 Hz, 1H), 3.74 - 3.18 (m, 
2H), 3.00 (d, J = 6.6 Hz, 2H), 2.68 - 2.22 (m, 2H), 1.39 
(br. s., 9H). 13C NMR (101 MHz, CDCl3) δ 175.44, 171.64, 
155.87, 136.54, 129.28, 128.52, 126.92, 80.69, 55.52, 
39.22, 34.41, 33.48, 28.25. IR ν 3308, 2977, 1697, 1648, 
1524, 1366, 1248, 1163, 699. HRMS (FAB+) m/z found 
for C17H24N2O5 337.1763 [M+H], calcd 337.1763. [∝]20

589 = 
0.47 (c = 0.019, MeOH).

45: A solution of 50 (0.15 g, 
0.45 mmol, 1.0 equiv.) in MeOH 
(30 mL) was cooled to 0°C be-
fore adding SOCl2 (0.33g, 0.20 
mL, 2.8 mmol, 6.2 equiv.).The 

reaction mixture was allowed to heat to room tempera-
ture and stirred for 16h. The reaction mixture was con-
centrated in vacuo and the residue was dissolved in 
EtOAc (20 mL). NaHCO3 (0.75 g, 8.9 mmol, 20 equiv.) 
was added and the suspension was stirred 1 hour. Filtra-
tion followed by concentration of the fi ltrate in vacuo 
yielded 45 (0.10 g, 0.43 mmol, 96%) as a viscous oil, 
which was used without further purifi cation

47: To a suspension of 
Na2SO4 (0.41 g, 2.9 
mmol, 6.4 equiv.) in THF 
(20 mL), 45 (0.10 g, 0.43 
mmol, 1.0 equiv.) and 38 
(0.15 g, 0.45 mmol, 1.1 
equiv.) were added. The 

suspension was stirred 18 hours. Na(OAc)3BH (0.38 g, 
1.8 mmol, 4.2 equiv.) was added and the reaction mix-
ture was stirred for an additional 18 hours. The reaction 
was quenched with saturated NH4Cl (aq.) and stirred for 
0.5 hour. The reaction was quenched with saturated 
NaHCO3 and extracted three times with EtOAc. The 
combined organic layers were washed with brine and 
concentrated in vacuo. The residue was dissolved in 
DCM (20 mL) and Boc2O (0.097 g, 0.44 mmol, 1.0 equiv.) 
was added. The reaction mixture was stirred 4 days, no 
47 was obtained.

hours. Na(OAc)3BH (1.3 g, 6.0 mmol. 4.3 equiv.) was 
added and the reaction mixture was stirred an additional 
24 hours. The reaction was quenched with saturated 
NH4Cl (aq.) and stirred 0.5 hour. The reaction mixture 
was quenched with saturated NaHCO3 and extracted 3 
times with EtOAc. The combined organic layers were 
dried over MgSO4 and concentrated in vacuo. The resi-
due was dissolved in DCM and Boc2O (0.38 g, 1.5 mmol, 
1.1 equiv.) was added. The reaction was stirred 5 hours 
after which it was concentrated in vacuo. The residue 
was purifi ed with fl ash column chromatography (PE : 
EtOAc = 1 : 1) yielding 41 as an oil. 1H NMR (400 MHz, 
CDCl3) δ 7.24 - 7.10 (m, 5H), 7.08 – 6.89 (m, 5H), 6.52 (s, 
1H), 4.40 - 4.83 (m, 3H), 3.88 (s, 2H), 3.76 - 3.82 (m, 1H), 
3.73 (s, 3H), 3.55 - 3.68 (m, 6H), 2.92 - 3.25 (m, 4H), 2.17 
- 2.28 (m, 4H), 1.53 (s, 3H), 1.40 (s, 9H). 13C NMR (101 
MHz, CDCl3) δ 171.99, 152.87, 136.90, 129.25, 129.13, 
128.87, 128.50, 127.00, 61.01, 60.81, 55.99, 55.86, 52.18, 
41.40, 39.97, 37.90, 35.45, 21.09. IR ν 3324, 2935, 1744, 
1664, 1396, 1242, 1158, 1116, 1021, 700, 519. HRMS 
(FAB+) m/z found for C36H46N2O8S 667.3063 [M+H], calcd 
667.3053. [∝]20

589 = -3.46 (c = 0.0107, MeOH).

41a: A solution of 41 
(19 mg, 0.029 mmol, 
1.0 equiv.) in Tesser’s 
base (dioxane : MeOH 
: 2 M NaOH (aq.) = 15 : 
4 : 1) (10 mL) was 
stirred 16 hours before 
neutralizing the reac-

tion mixture with 10% HCl to pH 6 on pH-paper. The or-
ganic solvents were removed in vacuo and the remaining 
aqueous solution was extracted three times with EtOAc, 
the combined organic layers were dried over Na2SO4 and 
concentrated in vacuo yielding 41a (19 mg, 0.028 mmol, 
99%) as a viscous oil. 1H NMR (400 MHz, CDCl3) δ 7.26 - 
7.14 (m, 6H), 7.14 - 7.04 (m, 4H), 6.61 (s, 1H), 4.77 - 4.62 
(m, 1H), 4.54 (br. s., 2H), 3.96 (s, 2H), 3.91 - 3.79 (m, 7H), 
3.74 (s, 3H), 3.20 (dd, J = 13.9, 5.6 Hz, 2H), 3.13 - 2.98 (m, 
1H), 2.35 - 2.21 (m, 5H), 1.46 (s, 9H). 13C NMR (101 MHz, 
CDCl3) δ 186.66, 174.32, 152.67, 134.45, 131.55, 126.88, 
126.63, 126.35, 125.94, 80.23, 62.96, 58.51, 58.34, 
53.36, 39.03, 37.41, 33.05, 25.94, 18.56.

(s, 2H), 4.06 (s, 2H), 3.83 (s, 3H), 3.79 (s, 6H), 2.34 (s, 
3H). 13C NMR (101 MHz, CDCl3) δ 153.13, 137.26, 
136.85, 134.67, 130.67, 129.16, 128.84, 108.36, 60.89, 
56.07, 39.96, 20.9. IR ν 1574, 1502, 1420, 1305, 1228, 
1127, 993, 815, 523. HRMS (FAB+) m/z found for 
C17H20O3S 305.1210 [M+H], calcd 305.1211.

38: A solution of 37 (0.50 g, 1.6 
mmol, 1.0 equiv.) in DCM (5 mL) 
was cooled to 0oC. To this solution 
DMF (0.18 g, 0.19 mL, 2.5 mmol, 
1.5 equiv.) was added followed by 

the slow addition of POCl3 (0.43 g, 0.26 mL, 2.8 mmol, 
1.7 equiv.). The reaction was heated to 150°C allowing 
the DCM to distil off and stirred for 2.5 hours. The reac-
tion mixture was allowed to cool to room temperature 
before H2O (25 mL) was added and the reaction mixture 
was heated to refl ux and stirred for 1 hour. After cooling 
to room temperature the reaction mixture was extracted 
3 times with EtOAc. The combined organic layers were 
dried over MgSO4 and concentrated in vacuo. The resi-
due was purifi ed by fl ash chromatography (EtOAc : Hex-
anes = 1 : 4) yielding 38 (0.48 g, 1.5 mmol, 88%) as a 
solid. mp 118.1 - 121.3 °C. 1H NMR (400 MHz, CDCl3) δ 
10.41 (s, 1H), 7.39 (d, J = 8.1 Hz, 2H), 7.19 (d, J = 7.7 Hz, 
2H), 6.65 (s, 1H), 4.18 (s, 2H), 4.04 (s, 3H), 3.90 (s, 3H), 
3.87 (s, 3H), 2.39 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 
189.4, 158.7, 158.5, 153.5, 140.2, 138.7, 137.6, 133.5, 
129.8, 129.1, 120.5, 105.0, 62.8, 61.5, 56.5, 37.3, 21.5. 
IR ν 2936, 2846, 1655, 1579, 1540, 1485, 1368, 1289, 
1111, 1017, 918, 744, 526. HRMS (FAB+) m/z found for 
C18H21O4S 333.1152 [M+H], calcd 333.1155.

50: A solution of Boc-Phe-Osu 
(3.3 g, 9.1 mmol, 1.0 equiv.) in 
Acetone : EtOH = 4 : 1 (10 mL) 
was mixed with a solution of 
NaHCO3 (1.9 g, 22.7 mmol, 2.5 

equiv.) and H-βAla-OH (0.81 g, 9.1 mmol, 1.0 equiv.) in 
water (20 mL). The reaction mixture was stirred for 18 
hours after which the organic solvents were removed in 
vacuo. The aqueous solution was neutralized to pH 7 on 
pH-paper using 10 % HCl (aq.) and extracted 3 times 
with EtOAc. The combined organic layers were dried 

53: A solution of Boc- βAla-OSu 
(5.2 g, 18 mmol, 1.0 equiv.) in 
EtOH : Acetone = 1 : 4 (20 mL) 
was added to a solution of H-
Phe-OH (3.0 g, 18 mmol, 1.0 

equiv.) and NaHCO3 (3.8 g, 45 mmol, 2.5 equiv.) in water 
(20mL) and the reaction mixture was stirred 18 hours. The 
organic solvents were removed in vacuo and the aqueous 
solution was neutralized with 10% HCl (aq.) to pH 7 on pH-
paper. The aqueous layer was extracted three times with 
EtOAc and the combined organic layers were washed with 
brine, dried over Na2SO4 and concentrated in vacuo. This 
yielded 53 (4.5 g, 13 mmol, 74%) as a solid. mp 150.0 - 
154.6 ̊C. 1H NMR (400 MHz, CDCl3) δ 7.38 - 7.07 (m, 5H), 
6.55 (br. s., 1H), 5.17 (br. s., 1H), 4.86 (d, J = 5.6 Hz, 1H), 
3.47 - 3.19 (m, 3H), 3.08 (br. s., 1H), 2.41 (br. s., 2H), 1.46 
(br. s., 8H). 13C NMR (101 MHz, CDCl3) δ 171.62, 136.03, 
129.43, 128.52, 127.09, 80.02, 37.46, 36.99, 36.56, 28.41. 
IR ν 3399, 3288, 2976, 1690, 1557, 1515, 1248, 1170, 700, 
541. HRMS (FAB+) m/z found for C17H24N2O5 337.1768 
[M+H], calcd 337.1763. [∝]20

589 = 10.2 (c = 0.0098, MeOH).

40: A solution of 53 (0.51 g, 
1.5 mmol, 1.0 equiv.) in 
MeOH (30 mL) was cooled to 
0°C. SOCl2 (1.6 g, 1.0 mL, 14 
mmol, 9.2 equiv.) was slowly 

added and the reaction mixture was allowed to heat to 
room temperature and stirred overnight. The mixture 
was concentrated in vacuo yielding 40 (0.41 g, 1.4 mmol, 
95%) as a white solid which was used without further 
purifi cation. 1H NMR (400 MHz, CDCl3) δ 7.54 (br. s., 1H), 
7.33 – 7.13 (m, 6H), 4.89 (t, J = 6.8 Hz, 1H), 3.74 (s, 3H), 
3.22 – 2.81 (m, 4H), 2.33 (br. s., 2H). IR ν 3283, 2951, 
1741, 1653, 1542, 1178, 701.

41: To a solution of 40 
(0.41 g, 1.4 mmol, 1 
equiv.) and 38 (0.50 
g, 1.5 mmol, 1.1 
equiv.) in THF (30 
mL), Na2SO4 (2.1 g, 
15 mmol, 10 equiv.) 

was added and the reaction mixture was stirred 18 
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48b: A solution of 48a (11 g, 32 mmol, 
1.0 equiv.), 18-crown-6 (0.85 g, 3.2 
mmol, 0.10 equiv.) and potassium thio-
acetate (4.4 g, 39 mmol, 1.2 equiv.) in 
DMF (150 mL) was stirred for 2.5 hours. 

EtOAc (300 mL) was added and the organic solution was 
washed three times with H2O, once with brine, dried over 
Na2SO4 consecutively and concentrated. The residue 
was purifi ed using fl ash chromatography (EtOAc : n-
hexane = 1 : 25) yielding 48b (7.4 g, 30 mmol, 94%) as a 
solid. mp 66.5 - 67.1 ̊C. 1H NMR (400 MHz, CDCl3) δ 7.77 
(d, J = 7.5 Hz, 2H), 7.67 (d, J = 7.5 Hz, 2H), 7.42 (t, J = 7.3 
Hz, 2H), 7.35 (t, J = 7.8 Hz, 2H), 4.29 (t, J = 5.7 Hz, 1H), 
3.55 (d, J = 6.0 Hz, 2H), 2.29 (s, 3H). 13C NMR (101 MHz, 
CDCl3) δ 195.5, 145.5, 141.1, 127.8, 127.2, 124.7, 120.0, 
46.7, 32.5, 30.7. IR ν 3042, 2924, 1682, 1448, 1130, 
1101, 967, 738, 653, 622. HRMS (FAB+) m/z found for 
C16H14OS 255.0849 [M+H], calcd 255.0844.

49: 48b (9.9 g, 41 mmol, 1.0 equiv.) was 
put under an N2 atmosphere and dissolved 
in freshly distilled Et2O (350 mL). The solu-
tion was cooled to -78°C and DiBAl (1M in 
toluene, 86 ml, 86 mmol, 2.2 equiv.) was 

slowly added. The reaction mixture was stirred 3h at 
-78°C before it was allowed to warm to 0°C. The reaction 
was then quenched using 1 M HCl (aq.), stirred 10 min-
utes and extracted three times with Et2O. The combined 
organic layers were washed with brine and dried over 
Na2SO4 and concentrated in vacuo. The residue was pu-
rifi ed through fl ash column chromatography (EtOAc : 
hexanes = 1 : 49) yielding 49 (7.3 g, 34 mmol, 84%) as an 
oil. 1H NMR (400 MHz, CDCl3) δ 7.80 - 7.77 (t, J = 8.0 Hz, 
2H), 7.64 - 7.61 (t, J = 8.5 Hz, 2H), 7.45 - 7.33 (m, 4H), 
4.20 - 4.16 (m, 1H), 3.22 - 3.17 (m, 2H), 1.25 - 1.20 (m, 
1H). 13C NMR (101 MHz, CDCl3) δ 145.2, 141.56, 127.7, 
127.2, 124.5, 120.1, 49.3, 28.0. IR ν 3063, 3038, 2923, 
1714, 1447, 1297, 1240, 734. HRMS (FAB+) m/z found 
for C14H12S 213.0741 [M+H], calcd 213.0738.

51: A reaction mixture 
containing 49 (0.18 g, 
0.85 mmol, 1.0 equiv.), 
50 (0.29 g, 0.86 mmol, 

54: A solution of 52 
(0.29 g, 0.86 mmol, 1.0 
equiv.), 49 (0.18g, 0.85 
mmol, 1.0 equiv.), 

HOBt (0.11 g, 0.81 mmol, 0.96 equiv.), DiPEA (0.28 mL, 
0.22 g, 1.7 mmol, 2.0 equiv.) and HBTU (0.32 g, 0.85 
mmol, 1.0 equiv.) was stirred three hours and concen-
trated in vacuo. The residue was dissolved in EtOAc, 
washed with 1M KHSO4 (aq.) and saturated NaHCO3 

subsequently. The organic solution was dried over Na-

2SO4 and concentrated in vacuo. The residue was puri-
fi ed by fl ash chromatography (EtOAc : PE = 1 : 1) yield-
ing 54 (0.38g, 0.72 mmol, 84%) as a white solid. mp 
116.8 - 118.7 ̊C. 1H NMR (400 MHz, CDCl3) δ 7.77 (dd, J 
= 7.6, 0.76 Hz, 2H), 7.65 - 7.57 (m, 2H), 7.47 - 7.39 (m, 
2H), 7.38 - 7.30 (m, 2H), 7.30 - 7.23 (m, 3H), 7.05 (dd, J = 
7.5, 1.6 Hz, 2H), 5.95 - 5.83 (m, 1H), 5.08 - 4.96 (m, 1H), 
4.95 - 4.85 (m, 1H), 4.19 (t, J = 5.7 Hz, 1H), 3.57 (d, J = 
5.8 Hz, 2H), 3.33 (d, J = 6.1 Hz, 2H), 3.03 (dd, J = 14.3, 
5.7 Hz, 1H), 2.86 (dd, J = 14.2, 7.6 Hz, 1H), 2.33 (q, J = 
5.7 Hz, 2H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 
199.36, 171.25, 156.00, 146.59, 145.15, 145.11, 141.18, 
135.41, 129.17, 128.74, 127.80, 127.24, 127.16, 127.14, 
124.73, 124.70, 119.93, 119.91, 59.66, 46.59, 38.17, 
36.18, 32.25, 28.41. IR ν 3323, 2976, 1684, 1536, 1447, 
1267, 1177, 983, 742, 698. HRMS (FAB+) m/z found for 
C31H34N2O4S 531.2325 [M+H], calcd 531.2318.

54a: A reaction mix-
ture containing 54 
(0.64 g, 1.2 mmol, 1.0 
equiv.) in DCM : TFA 

= 5 : 95 (10 mL) was stirred 0.5 hour. The solution was 
concentrated in vacuo an co-evaporated three times with 
DCM yielding 54a (0.65 g, 1.2 mmol, quant.) as an oil 
Which was used without further purifi cation. 1H NMR (400 
MHz, CD3OD) δ 7.82 - 7.77 (m, 2H), 7.66 - 7.58 (m, 2H), 
7.44 - 7.37 (m, 2H), 7.35 - 7.29 (m, 2H), 7.28 - 7.16 (m, 3H), 
7.15 - 7.10 (m, 2H), 4.65 (dd, J = 10.4, 4.8 Hz, 1H), 4.26 (t, 
J = 5.2 Hz, 1H), 3.78 - 3.61 (m, 2H), 3.01 (d, J = 3.8 Hz, 
3H), 2.61 - 2.35 (m, 3H). 13C NMR (101 MHz, CD3OD) δ 
199.50, 170.84, 145.21, 144.98, 141.29, 141.27, 136.62, 
128.65, 128.11, 127.40, 127.39, 126.78, 126.72, 126.47, 
124.44, 124.30, 119.42, 119.38, 60.72, 37.18, 35.31, 

42: HBTU (11 mg, 
0.029 mmol, 1.0 
equiv.), HOBt (3.9 mg, 
0.029 mmol, 1.0 
equiv.), 41a (19 mg, 
0.029 mmol. 1.0 
equiv.), DiPEA (7.4 
mg, 9.4 μL, 0.57 

mmol, 2.0 equiv.) and BnSH (5.4 μL, 5.7 mg, 0.046 
mmol, 1.6 equiv.) were dissolved in THF (5 mL) and 
stirred 16 hours. The reaction mixture was concentrated 
in vacuo and the residue was dissolved in EtOAc, 
washed three times with 1 M KHSO4 (aq.), three times 
with saturated NaHCO3 (aq.) and once with brine. The 
organic solution was dried over Na2SO4 and concentrat-
ed in vacuo. Flash column chromatography (EtOAc : PE 
= 1 : 9 à 1 : 1 à 1: 0) of the residue yielded 42 (18 mg, 0.024 
mmol, 85%) as a viscous oil. 1H NMR (400 MHz, CDCl3) δ 
7.40-7.03 (m, 14H), 6.62 (s, 1H), 4.82 - 4.71 (m, 1H), 4.54 
(br. s., 2H), 4.16 (s, 2H), 3.95 (s, 2H), 3.92 - 3.77 (m, 7H), 
3.76 (s, 3H), 3.21 (dd, J = 13.9, 5.6 Hz, 2H), 3.11 – 3.00 (m, 
1H), 2.33 - 2.20 (m, 5H), 1.48 (s, 9H). IR ν 3300, 1740, 
1663, 1396, 1243, 11560, 1118, 1022, 702, 504.

48a: To a solution of 9-fl uorenemethanol 
(19 g, 100 mmol, 1.0 equiv.) in CHCl3 (100 
ml), a solution of tosyl chloride (23 g, 120 
mmol, 1.2 equiv.) and pyridine (16 ml, 16 g, 
200 mmol, 2.0 equiv.) in CHCl3 (10 ml) was 

added slowely. The reaction mixture was stirred 6 hours 
before it was washed with 1 M HCl (aq.) (2 x 25 ml), satu-
rated NaHCO3 (aq.) (2 x 25 ml) and brine (2 x 25 ml) sub-
sequently. The organic solution was dried over Na2SO4 
and concentrated. Recrystallization from CHCl3/Hexanes 
yielded 48a (29 g, 83 mmol, 83%) as a solid. mp 103.0 - 
107.0 ̊C. 1H NMR (400 MHz, CDCl3) δ 7.81 - 7.73 (m, 4H), 
7.59 - 7.53 (m, 2H), 7.44 - 7.39 (m, 2H), 7.35 - 7.27 (m, 4H), 
4.38 - 4.19 (m, 3H), 2.44 (s, 3H). 13C NMR (101 MHz, 
CDCl3) δ 144.89, 142.49, 141.26, 132.83, 129.89, 128.09, 
127.94, 127.22, 125.18, 120.10, 71.89, 46.70, 21.64. IR ν 
3060, 3036, 1713, 1596, 1455, 1356, 1176, 958, 891, 722, 
666, 542. HRMS (FAB+) m/z found for C21H18O3S 
351.1054 [M+H], calcd 351.1055.

1.0 equiv.), HOBt (0.11 g, 0.81 mmol, 0.96 equiv.), HBTU 
(0.32 g, 0.85 mmol, 1.0 equiv.) and DiPEA (0.22 g, 0.28 
mL, 1.7 mmol, 2.0 equiv.) were stirred 4 hours. The reac-
tion mixture was concentrated in vacuo. The residue 
was dissolved in EtOAc, washed with 1M KHSO4 and 
saturated NaHCO3. The organic solution was dried over 
Na2SO4 and concentrated in vacuo. Purifi cation of the 
residue was performed by fl ash chromatography (EtOAc 
: PE = 1 : 1) yielding 51 (0.34 g, 0.64 mmol, 75%) as a 
solid. mp 144.8 - 149.7°C. 1H NMR (400 MHz, CDCl3) δ 
7.78 (d, J = 7.58 Hz, 2H), 7.68 - 7.59 (m, 2H), 7.45 - 7.39 
(m, 2H), 7.36 - 7.31 (m, 2H), 7.30 - 7.24 (m, 2H), 7.24 - 
7.14 (m, 3H), 6.04 - 5.84 (m, 1H), 5.14 - 4.90 (m, 1H), 4.32 
- 4.21 (m, 1H), 3.56 (d, J = 5.56 Hz, 2H), 3.48 - 3.21 (m, 
2H), 3.02 (br. s., 2H), 2.71 - 2.41 (m, 2H), 1.44 (s, 9H). 13C 
NMR (101 MHz, CDCl3) δ 197.68, 145.15, 141.18, 129.23, 
128.66, 127.84, 127.11, 126.94, 124.61, 124.59, 119.97, 
46.64, 43.17, 35.24, 32.04, 28.30. IR ν 3352, 3330, 
1679, 1659, 1518, 1168, 1043, 742. HRMS (FAB+) m/z 
found for C31H34N2O4S 531.2310 [M+H], calcd 531.2318. 
[∝]20

589 = -3.33 (c = 0.0003, MeOH).

51a: Dipeptide 51 (0.34 
g, 0.64 mmol, 1.0 
equiv.) was dissolved in 
DCM : TFA = 5 : 95 (10 
mL) and stirred for 20 

minutes. The reaction mixture was concentrated in vacuo 
and co-evaporated with DCM three times yielding 51a 
(0.35 g, 0,64 mmol, quant.) as a white solid. mp 154.6 - 
160.9 ̊C. 1H NMR (400 MHz, CD3OD) δ 7.77 (dd, J = 7.5, 
3.4 Hz, 2H), 7.69 - 7.59 (m, 2H), 7.44 - 7.19 (m, 9H), 4.23 
(t, J = 5.2 Hz, 1H), 3.93 (dd, J = 7.8, 6.8 Hz, 1H), 3.66 (dd, 
J = 5.4, 1.1 Hz, 2H), 3.39 – 3.36 (m, 2H), 3.31 - 3.26 (m, 
1H), 3.14 - 3.04 (m, 1H), 3.02 - 2.91 (m, 1 H), 2.65 2.51 (m, 
2H). 13C NMR (101 MHz, CD3OD) δ 198.27, 169.83, 
146.76, 142.73, 135.80, 130.60, 130.27, 129.04, 128.96, 
128.29, 125.78, 120.99, 55.89, 47.88, 43.91, 38.97, 36.62, 
32.92. IR ν 3353, 2927, 1684, 1667, 1447, 1205, 1138, 
1013, 742, 722. HRMS (FAB+) m/z found for C26H26N2O2S 
431.1791 [M+H], calcd 431.1793. [∝]20

589 = 12.5 (c = 
0.0020, MeOH).
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centrated. The residue was purifi ed by fl ash chromatogra-
phy (EtOAc : PE = 1 : 1) yielding 52 (0.085 g, 0.13 mmol, 
46%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.79 (t, 
J = 7.1 Hz, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.50 - 7.19 (m, 
10H), 7.12 (d, J = 7.8, 2H), 5.59 (br. s., 1H), 4.51 - 4.46 (m, 
1H), 4.21 (t, J = 5.1 Hz, 1H), 3.63 - 3.59 (m, 2H), 3.41 - 3.37 
(m, 1H), 3.24 - 3.19 (m, 1H), 3.13 - 3.07 (m, 1H), 3.01 - 2.96 
(m, 1H), 2.57 - 2.53 (m, 1H), 2.43 - 2.38 (m, 1H). IR ν 1715, 
1660, 1555, 1450, 1216, 1186, 1162, 743.

64. Boc-ßAla-OSu (14 g, 50 
mmol, 1.0 equiv) was dis-
solved in EtOH : acetone = 1 : 
4 (100 mL). A solution of H-
Trp-OH (10 g, 50 mmol, 1.0 

equiv.) and NaHCO3 (10 g, 125 mmol, 2.5 equiv.) in water 
was added and the mixture was stirred for 18 hours at rt. 
The reaction mixture was neutralized using a 10% HCl 
solution and extracted three times with EtOAc. The com-
bined organic layers were dried over Na2SO4. After fi ltra-
tion and evaporation of the volatiles Boc-ßAla-Trp-OH 
was obtained as a white solid (19 g, 50 mmol, 99%). mp 
89.9 - 95.1 °C. 1H NMR (400 MHz, MeOD) δ 7.58 (d, J = 
7.9 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.15 – 7.06 (m, 2H), 
7.03 (td, J = 7.6, 1.0 Hz, 1H), 4.74 (q, J = 12.0, 6.0 Hz, 
1H), 3.44 -3.12 (m, 4H), 2.36 (td, J = 6.9, 1.7 Hz, 2H), 
1.43 (s, 8H). 13C NMR (101 MHz, MeOD) δ 173.89, 
172.34, 156.85, 136.61, 127.44, 122.94, 120.98, 118.39, 
117.83, 110.86, 109.65, 78.75, 53.30, 48.24, 48.03, 
47.82, 47.60, 47.39, 47.18, 46.96, 36.47, 35.62, 27.32, 
27.10, 24.86. IR ν 3392, 3290, 2974, 2926, 1692, 1652, 
1518, 1339, 1273, 743 cm-1. HRMS (FAB+) m/z found for 
C19H26N3O5 376.1872 [M+H], calcd 376.1872. [∝]20

589nm = 
101 (c = 0,0141 g/mL, MeOH).

64a: A solution of 64 
(3.2 g, 8.5 mmol, 1.0 
equiv.) , HBTU (3.3 g, 
8.7 mmol, 1.0 equiv.), 
HOBt (1.8 g, 13 mmol, 

1.6 equiv.), DiPEA (3.0 mL, 2.2 g, 17 mmol, 2.0 equiv.) and 
49 (1.8 g, 8.7 mmol, 1.0 equiv.) in THF (50 mL) was stirred 
for 16 hours. The reaction mixture was concentrated in 
vacuo and the residue was dissolved in EtOAc. The or-

g, 5.6 mmol, 1.2 equiv.) in DCM (50 mL), 2,6-lutidine (1.1 
mL, 1.0 g, 9.5 mmol, 2.0 equiv.) was added. The reaction 
mixture was stirred for 16 hours before being concentrat-
ed in vacuo. Flash chromatography (EtOAc : PE = 1 : 1 à 
1 : 0) yielded 65 (1.9 g, 2.6 mmol, 55%) as a yellow solid. 
mp 90.7 - 90.9 ̊C. 1H NMR (400 MHz, CDCl3) δ 8.58 (d, J 
= 2.0 Hz, 1H), 8.45 (dd, J = 8.6, 2.3 Hz, 1H), 8.24 (d, J = 
8.6 Hz, 1H), 8.04 (br. s., 1H), 7.78 (dd, J = 7.6, 2.8 Hz, 2H), 
7.59 (dd, J = 7.3, 4.3 Hz, 2H), 7.50 - 7.38 (m, 3H), 7.38 - 
7.31 (m, 3H), 7.25 - 7.00 (m, 2H), 6.64 (d, J = 2.3 Hz, 1H), 
6.24 (br. s., 1H), 5.88 (d, J = 8.3 Hz, 1H), 4.91 (dt, J = 8.2, 
5.9 Hz, 1H), 4.22 - 4.16 (m, 1H), 3.61 (d, J = 5.3 Hz, 2H), 
3.32 (br. s., 2H), 3.18 - 2.98 (m, 2H), 2.31 (d, J = 6.8 Hz, 
1H), 2.32 (d, J = 6.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 
199.44, 149.66, 148.14, 145.07, 145.05, 141.23, 139.13, 
135.94, 132.25, 127.82, 127.78, 127.53, 127.22, 126.95, 
124.72, 124.70, 123.11, 122.38, 120.72, 119.98, 119.92, 
118.14, 111.46, 108.91, 59.58, 46.52, 39.71, 35.23, 31.96, 
27.85. IR ν 1658, 1536, 1345, 1166, 834, 744. HRMS 
(FAB+) m/z found for C34H29N5O8S2 700.1533 [M+H], cal-
cd.700.1536. [∝]20

589 = -6.22 (c=0.0045, MeOH).

66: To a solution of 65 (0.10 mg, 0.14 mmol, 
1.0 equiv.) in methanol (150 mL), DBU (6 
mL) was added. The reaction mixture was 
stirred for 18 hours. The organic solution 
was concentrated in vacuo, the residue 
was dissolved in EtOAc and washed three 

times with 1M KHSO4 (aq.). The solution was dried over 
Na2SO4 and concentrated in vacuo. The residue was puri-
fi ed fi rst by fl ash column chromatography (EtOAc : iPA = 9 
: 1) followed by preparative TLC (10% MeOH in DCM). This 
yielded 66 (1.0 mg, 0.0039 mmol, 3.0%) as a viscous oil. 1H 
NMR (400 MHz, MeOD) δ 7.57 (t, J = 8.9 Hz, 1H), 7.31 (d, J 
= 8.1 Hz, 1H), 7.16 (s, 1H), 7.07 (t, J = 7.5 Hz, 1H), 6.99 (t, J 
= 7.4 Hz, 1H), 4.66 (dd, J = 8.3, 5.9 Hz, 1H), 3.66 (ddd, J = 
15.4, 11.7, 3.7 Hz, 1H), 3.18 (dt, J = 15.4, 4.7 Hz, 1H), 3.05 
(dd, J = 14.9, 8.4 Hz, 1H), 2.61 (dt, J = 17.8, 3.8 Hz, 1H), 
2.55 – 2.44 (m, 1H). 13C NMR (101 MHz, MeOD) δ 175.87, 
175.35, 164.22, 163.88, 163.54, 163.20, 138.75, 129.06, 
125.62, 123.20, 120.55, 119.63, 113.00, 111.03, 54.39, 
50.42, 37.76, 37.50, 27.63. IR ν 3413, 2926, 1679, 1444, 
1208, 1138, 845, 803, 725. HRMS (FAB+) m/z found for 
C14H15N3O2 258.1241 [M+H], calcd 258.1241.

31.04, 30.95. IR ν 3281, 3028, 2923, 1683, 1645, 1538, 
1450, 1236, 1032, 737, 697, 599. HRMS (FAB+) m/z found 
for C26H26N2O2S 431.1791 [M+H], calcd 431.1793. [∝]20

589 
= -1.61 (c = 0.0056, MeOH).

55: To a solution 
of 54a (1.4 g, 2.5 
mmol, 1.0 equiv.) 
in THF (50 mL), 
2,6-lutidine (0.54 

g, 0.59 mL, 5.0 mmol, 2.0 equiv.) and 2,4-dinitrobenzene-
sulfonyl chloride (0.74 g, 2.8 mmol, 1.1 equiv.) were add-
ed. The reaction mixture was stirred for 18 hours and 
concentrated in vacuo. The residue was purifi ed by fl ash 
column chromatography (EtOAc : PE = 1 : 1) yielding 55 
(0.54 g, 0.82 mmol, 27%) as a white solid. mp 123.7 - 
127.3 ̊C. 1H NMR (400 MHz, CDCl3) δ 8.61 (d, J = 2.0 Hz, 
1H), 8.49 (dd, J = 8.6, 2.0 Hz, 1H), 8.31 - 8.25 (m, 1H), 7.76 
(d, J = 7.6 Hz, 2H), 7.64 - 7.51 (m, 2H), 7.45 - 7.37 (m, 2H), 
7.36 - 7.20 (m, 5H),7.08 - 6.97 (m, 2H), 6.28 (t, J = 5.9 Hz, 
1H), 5.94 (d, J = 8.1 Hz, 1H), 4.87 - 4.80 (m, 1H), 4.21 - 
4.13 (m, 1H), 3.64 - 3.53 (m, 2H), 3.38 - 3.29 (m, 2H), 2.98 
(dd, J = 14.2, 5.6 Hz, 1H), 2.80 (dd, J = 14.25, 7.6 Hz, 1H), 
2.48 - 2.27 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 199.05, 
170.25, 149.71, 148.19, 144.99, 144.97, 141.17, 139.13, 
135.18, 132.35, 129.13, 128.76, 127.87, 127.31, 127.19, 
126.99, 124.67, 120.72, 119.95, 59.77, 46.50, 39.71, 
38.10, 35.19, 32.17, 30.95. IR ν 3322,1687, 1643, 1532, 
1348, 1164, 741. HRMS (FAB+) m/z found for C32H28N4O8S2 
661.1428 [M+H], calcd 661.1427. [∝]20

589 = -2.00 (c = 
0.0055, MeOH).

52: To a solution of 
51a (0.15 g, 0.27 
mmol, 1.0 equiv.) in 
THF (50 mL), 
2,6-lutidine (0.058 
g, 0.063 mL, 0.54 

mmol, 2.0 equiv.) and 2,4-dinitrobenzenesulfonyl chloride 
(0.079 g, 0.30 mmol 1.1 equiv.) were added. The reaction 
mixture was stirred for 18 hours and concentrated in vac-
uo. The residue was dissolved in EtOAc and the solution 
was washed with water and brine consecutively. The or-
ganic solution was dried over MgSO4, fi ltered and con-

ganic solution was washed three times with 1M KHSO4 
(aq.), three times with saturated NaHCO3 (aq.) and once 
with brine. The organic solution was dried over Na2SO4 
and concentrated in vacuo. Flash column chromatogra-
phy (EtOAc : PE = 1 : 1 à 1 : 0) of the residue yielded 64a 
(3.0 g, 5.3 mmol, 62%) as a white solid. mp 74.1 - 74.5 ̊C. 
1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 9.1 Hz, 1H), 7.75 
(d, J = 7.6 Hz, 2H), 7.65 - 7.49 (m, 3H), 7.42 - 7.24 (m, 8H), 
6.10 (d, J = 6.8 Hz, 1H), 5.14 (br. s., 1H), 4.98 (td, J = 7.6, 
5.8 Hz, 1H), 4.17 - 4.11 (m, 1H), 3.49 (dd, J = 5.9, 1.4 Hz, 
2H), 3.37 (q, J = 6.0 Hz, 2H), 3.14 - 3.08 (m, 1H), 3.06 - 
2.99 (m, 1H), 2.40 - 2.32 (m, 2H), 1.41 (s, 9H). 13C NMR 
(101 MHz, CDCl3) δ 199.59, 145.23, 145.16, 141.07, 
141.05, 127.77, 127.18, 127.12, 124.75, 124.73, 122.78, 
119.90, 119.88, 118.70, 115.44, 114.50, 58.78, 46.59, 
32.60, 28.38, 27.96. IR ν 2922, 1729, 1682, 1509, 1450, 
1366, 1251, 1084, 1016, 741. HRMS (FAB+) m/z found for 
C33H35N3O4S 570.2438 [M+H], calcd 570.2427. [∝]20

589nm = 
-5.10 (c = 0,0049 g/mL, MeOH).

64b: HCl gas was 
bubbled through a 
solution of 64a (0.51 
g, 0.90 mmol, 1.0 
equiv.) in Et2O : DCM 
= 1 : 1 (50 mL) for 

three hours. The reaction mixture was allowed to stir for 
an additional 16 hours before the solution was concen-
trated in vacuo. This yielded 64b (0.46 g, 0.90 mmol, 
quant.) which was used without further purifi cation. mp 
100.1 - 102.2 ̊C. 1H NMR (400 MHz, CDCl3) δ 8.84 - 8.70 
(m, 1H), 7.61 (dd, J = 7.6, 4.6 Hz, 1H), 7.51 - 6.99 (m, 10H), 
6.96 - 6.80 (m, 2H), 4.64 (br. s., 1H), 3.96 (t, J = 4.9 Hz, 
1H), 2.65 - 3.47 (m, 8 H), 2.43 - 2.12 (m, 2H). IR ν 2922, 
1657, 1512, 1449, 1054, 1033, 839, 737, 557. HRMS 
(FAB+) m/z found for C28H27N3O2S 470.1898 [M+H] , calcd 
470.1902. [∝]20

589nm = -3.85 (c = 0.0013 g/mL, MeOH).

65: To a solution 
of 64b (2.4 g, 4.7 
mmol, 1.0 equiv.) 
and 2,6-dini-
trobenzenesulfo-
nyl chloride (1.5 
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4
C-terminal auxiliaries



Although we have developed previously (as 
described in chapter 2) an internal auxiliary 
(Route B) for the synthesis of seven-mem-
bered bislactams, this was not effective for 
the synthesis of cyclic tetrapeptides. This is 
mainly due to the lengthy synthesis required 
and the inability to cope with steric bulk. Use 
of an N-terminal auxiliary (Route A) requires a 
short synthesis, but suffers from epimerisation 
and/or low yields (as shown in Chapter 3). To 
develop a general method for the synthesis of 
small cyclic peptides efforts in this chapter are 
directed at C-terminal auxiliaries (Route C). In 
contrast to most peptide coupling reagents that 
are based on C-terminal activation,12 use of C-
terminal auxiliaries for amide bond formation is 
rare. Use of this type of auxiliary by defi nition 
requires the prolonged existence of an activat-
ed peptide ester, increasing the risk of epimeri-
sation and other side reactions.13 Therefore, it 
is important to fi ne-tune the activating property 
of the auxiliary, such that it is just suffi cient for 
amide bond formation.

acid by a ratio of 7:3. In DMSO/water and ace-
tonitrile/water mixtures the major product is the 
free acid and in other solvents the hemi-aminal/
imine equilibrium shifts completely towards the 
imine 8, making the hemi-aminal too short-lived 
to undergo acyl-transfer.
In order to circumvent the unwanted O→O 
acyl-transfer (E)-2-(2-nitrovinyl)phenol was 
evaluated as an auxiliary (Scheme 3).15 

Scheme 3: Use of (E)-2-(2-nitrovinyl)phenol as auxiliary

This approach uses the electron-poor 
β-nitrovinyl moiety as electrophilic sink in order 
to trap the amine prior to O→N acyl-transfer. 
Reaction of (E)-2-(2-nitrovinyl)phenyl acetate 
10 with amino acids occurred through an aza-
Michael reaction (yielding intermediate 11) that 
was followed by an intramolecular acyl-transfer 
of the activated phenolic ester to the captured 
amine resulting in amide bond formation to 12. 
The reaction rates of acyl transfer upon reac-
tion with H-Gly-OEt, H-Ala-OEt, H-Phe-OEt 
and H-Val-OEt were measured in acetonitrile at 
25 ºC. This showed that acyl transfer was quan-
titative albeit in varying reaction rates. Increas-
ing the steric bulk from the glycine derivative to 
the valine derivative lowered the reaction rate 
from 0.02 min-1 to 2*10-5 min-1. Removal of the 
auxiliary (13 form 12), although feasible under 
basic conditions, was not described.

4.1 Introduction

Small cyclic peptides (pentapeptides, tetra-
peptides or seven-membered bislactams) are 
a naturally abundant but synthetically elusive 
class of compounds. Although they possess 
many interesting qualities,1-4 research up to 
now has not led to a robust and facile method 
to cyclise them. The synthesis of small cyclic 
peptides is mainly hampered by the intrinsic 
E-geometry of the amide bonds favoring an ex-
tended conformation of the linear precursor.5 As 
a consequence, direct cyclisation using peptide 
coupling reagents often gives low yields.6, 7 Fur-
thermore, yields greatly depend on the specifi c 
site of ring closure.5, 8 Several alternative meth-
ods have been developed to overcome the cycli-
sation problems. For example, the introduction 
of reverse-turn inducing elements in the linear 
peptide precursor such as backbone amide N-
alkylation or the incorporation of pseudoproline 
brings the reactive termini in close proximity.9 
On-resin cyclisation,4, 10 has been used as tech-
nique leading to infi nite dilution thus preventing 
unwanted intermolecular reactions. Also en-
zymes have shown their applicability in peptide 
cyclisations.11 None of these methods, however, 
is generally applicable. Finally, several auxilia-
ries have been developed showing a ring con-
traction event in the key step thus facilitating the 
introduction of ring strain (Scheme 1). 

4.1.1 Seminal work

Amide bond formation mediated by a C-termi-
nal auxiliary was fi rst reported by Kemp and 
coworkers in the seventies. In search for a new 
method to form amide bonds through a prior 
amine capture strategy, Kemp investigated the 
reaction pathways that occur after 
addition of 3 equivalents of benzylamine to a 
solution of 8-acetoxy-1-naphthaldehyde 1 at 25 
ºC (Scheme 2).14 

Scheme 2: Acyl migration towards hemi-aminals

This addition resulted in rapid formation (t½ 
< 1 min) of both amide 6 and acid 5, which 
prompted Kemp to postulate the following re-
action mechanisms. The aldehyde 1 and amine 
are in equilibrium with their hemi-aminal 2 and, 
after dehydration, the imine 8 (route B). Dur-
ing the hemi-aminal stage of this equilibrium 
both O→O (route A) and O→N (route C) acyl 
transfer to the hemi-aminal can occur through 
a seven-membered ring transition state. 
β-Elimination of the acylated hemi-aminal 3 or 
4 liberates either the acid 5 or amide 6. The 
ratio between the reaction products is highly 
solvent dependent. In DMSO and DMF amide 
bond formation is favored over liberation of the 

Scheme 1: C-terminal auxiliaries towards cyclic peptides
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droxybenzyl moiety was achieved in one hour by 
treatment with TFA (25 ºC) using 5 equivalents of 
resorcinol scavenger.

4.1.2 Hemi-aminal intermediate

More recently, Ito developed a C-terminal aux-
iliary that used the advantages of native chemi-
cal ligation in order to overcome the unwanted 
O→O acyl-transfer found by Kemp when using 
aldehydes as electrophilic sinks (Again a short 
lived hemi-aminal 20 underwent acyl-transfer 
yielding the desired peptide bond in 21. Col-
lapse of the hemi-aminal released the auxiliary 
23 and the desired product 22. The new aux-
iliary, 2-mercapto-5-nitrobenzaldehyde (23), 
was designed to improve the acyl-transfer re-
action rate by minimising the life time of the 
hemi-aminal species. In order to achieve the 
improved rates a peptide was coupled to the 
auxiliary C-terminally, forming a thioester that 
is more activated compared to the normal oxo-
ester. Due to the higher nucleophilicity of the 
hemi-aminal amine compared to the hydroxyl 
this should greatly favour the desired acyl-
transfer towards amide bond formation. The in-
herent reactivity of the thiol, liberated after acyl-
transfer, towards aldehydes calls for the use of 
N-methylmaleimide (24) as scavenger. This 
prevents counterproductive attack of the thiol 
onto the auxiliary still coupled to the peptide. 
Indeed this auxiliary did result in peptide bond 
formation between valine and a second amino 
acid HCl salt in DMF/H2O = 9/1 at room tem-
perature. The coupling of amino acids varying 
from glycine to proline and valine gave yields 
above 90% after 2.5 hours. Omission of either 
the 1.1 equivalent of DiPEA or 1.5 equivalent of 
N-methylmaleimide resulted in lower yields.).17 

above 90% after 2.5 hours. Omission of either 
the 1.1 equivalent of DiPEA or 1.5 equivalent 
of N-methylmaleimide resulted in lower yields.

4.1.3 Quinolinium salts

In research by Levacher it was shown that qui-
nolinium peptide thioester salts (27) also ef-
fi ciently trap amines followed by an acyl-shift, 
concomitantly liberating the C-terminally elon-
gated peptide (Scheme 6).18 

Scheme 6: Levacher’s quinolinium C-terminal auxiliary 

In order to obtain the thioester salts, 26 was re-
acted with MeOTf in DCM resulting in the qua-
ternisation of the quinoline nitrogen atom. Sub-
sequent  addition of the appropriate amino acid 
HCl salt and triethylamine (2.0 equivalents) in 
acetonitrile at room teperature gave the desired 
dipeptides (30) after 6 hours. Yields between 
50 and 75% were obtained while coupling phe-
nylanaline, alanine or proline.

4.1.4 Phosphanyl auxiliary

A C-terminal auxiliary was also used for cycli-
sation of ring strained lactams, based on the 

In another effort to circumvent the unwanted 
O→O acyl-transfer Kemp proposed salicylal-
dehyde type auxiliaries for amide bond forma-
tion16 (Scheme 4). 

Scheme 4: Use of salicylaldehydes as C-terminal auxiliary 

When coupled to the C-terminus of an N-terminal 
protected amino acid through a phenol ester (as 
in 15), salicylaldehydes were indeed capable of 
facilitating amide bond formation. Addition of an 
amino acid containing a protected C-terminus 
and a free N-terminus in acetonitrile at room tem-
perature results in rapid (t½ = 5-6 min) formation 
of an imine (16) making the intermediate hemi-
aminal too short lived to give O→O acyl-transfer. 
This imine can subsequently be reduced to amine 
17 in acetic acid using a stoichiometric amount 
of pyridine borane. Acyl migration to the newly 
created amine is a two-step process. O→O acyl 
transfer to the free hydroxyl is followed by O→N 
acyl transfer which results in 18 containing the 
desired amide bond. This migration was sluggish 
in DMSO, but occurred with t½ varying between 
15 and 120 minutes in CDCl3 at 25 ºC. The reac-
tion rates were infl uenced by steric bulk both at 
R and R’. Cleavage of the 4-methoxy-2,3-dihy-

Scheme 5: Ito’s research towards S->N acyl transfer

Again a short lived hemi-aminal 20 underwent 
acyl-transfer yielding the desired peptide bond 
in 21. Collapse of the hemi-aminal released the 
auxiliary 23 and the desired product 22. The 
new auxiliary, 2-mercapto-5-nitrobenzaldehyde 
(23), was designed to improve the acyl-transfer 
reaction rate by minimising the life time of the 
hemi-aminal species. In order to achieve the  
improved rates a peptide was coupled to the 
auxiliary C-terminally, forming a thioester that 
is more activated compared to the normal oxo-
ester. Due to the higher nucleophilicity of the 
hemi-aminal amine compared to the hydroxyl 
this should greatly favour the desired acyl-
transfer towards amide bond formation. The in-
herent reactivity of the thiol, liberated after acyl-
transfer, towards aldehydes calls for the use of 
N-methylmaleimide (24) as scavenger. This 
prevents counterproductive attack of the thiol 
onto the auxiliary still coupled to the peptide. 
Indeed this auxiliary did result in peptide bond 
formation between valine and a second amino 
acid HCl salt in DMF/H2O = 9/1 at room tem-
perature. The coupling of amino acids varying 
from glycine to proline and valine gave yields 
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Use of C-terminal auxiliaries combines the ad-
vantages of both the internal and the N-termi-
nal auxiliaries. The auxiliary can be attached 
directly on the linear peptide without the need 
for elaborate synthetic routes. Also the chal-
lenging formation of the initial macrocycle does 
not require activation of the C-terminus. This 
minimises the risk of epimerisation during cy-
clisation. 

T able 1: Electron withdrawing group screening

The aza-Michael reaction promoted an EWG 
needs to be high yielding because this inter-
molecular reaction starts the reaction cascade 
that should lead to amide bond formation. It is 
also the only step in the fi nal sequence that is 
not aided by the intramolecular entropic ad-
vantage of inherent proximity of the reacting 
moieties. Although in principle the strongest 
EWG is expected to result in the highest yield-
ing aza-Michael reaction, esterifi cation of the 
auxiliary to the peptide also needs to be taken 
into account.

A strong EWG will make the auxiliary less 
nucleophilic during esterifi cation. Taking both 
reactions into account the EWG of choice 
should be the weakest EWG that still gives 
high yields for the aza-Michael reaction. In 
the literature DBU can be found as a proven 
catalyst for the aza-Michael reaction.21 In 
order to minimise the electron-withdrawing 
properties needed for a successful reaction, 
in some cases DBU was added to the reac-
tion mixtures. The addition of benzylamine to 
styrenes functionalised at the β-position with 
an electron withdrawing substituent was used 

Staudinger ligation (Scheme 7).19 

Scheme 7:  Phosphanyl thioester auxiliary for peptide 
cyclisation

This approach, developed in our group, used a 
C-terminal phosphanyl thioester and an azide 
functionalised N-terminus. Initially the phos-
phane is liberated from the corresponding bo-
rane by DABCO (resulting in 32 or 33). Then 
an iminophosphorane (34 or 35) is formed 
which undergoes S→N acyl-transfer through a 
fi ve-membered transition state. This yields the 
desired heterocycle (36 or 37) after hydrolysis. 
The mentioned reaction cascade takes place in 
THF/H2O = 99.5/0.5 ([c]=0.01 M) at 70 ºC and 
gives the desired cycle in good (for R = Bn) or 
moderate (for R = H) yields. 

The same traceless Staudinger ligation was 
also used for the cyclisation of larger, non 
strained, cyclic peptides.20 Three distinct unde-
capeptides containing both C- and N-terminal 
glycines were cyclised. These cyclisations 
were performed in DMF at 25 ºC and resulted 
in 20 to 36% yield.

4.2 Results
A C-terminal auxiliary for amide bond formation 
towards cyclic peptides has to fulfi l a number of 
specifi c conditions. 

1.  When coupled to the peptide, the auxiliary 
has to leave the C-terminal carbonyl slightly 
activated towards nucleophilic attack. How-
ever, the auxiliary’s electron withdrawing 
properties should not leave the peptide sus-
ceptible to epimerisation.

 
2.  The auxiliary should contain an electrophilic 

site able to trap the N-terminal amine. The 
position of the electrophilic site should po-
sition C- and N-termini in close proximity in 
order to facilitate acyl-transfer.

 
3.  After being captured the amine should re-

main nucleophilic enough towards the C-
terminal carbonyl to facilitate O→N acyl-
transfer forming the desired strained lactam. 

4.  Removal of the auxiliary after ring contrac-
tion has to be high yielding and require mild 
conditions. 

Based on these requirements, the substituted 
β-styrene from Kemp’s seminal work15 was se-
lected as the basis for a C-terminal auxiliary.

4.2.1  Electron withdrawing group 
screening

Research was initiated by screening for a suita-
ble electron withdrawing group (EWG) (Table 1). 
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prevalence of inter- over intramolecular acyl-
transfer. In order to validate the intramolecular 
pathway both (E)-3-(2-nitrovinyl)phenol and 
(E)-2-(2-nitrovinyl)phenol were acetylated (us-
ing an equimolar amount of acetic anhydride 
and 1.1 equivalents of pyridine in acetoni-
trile at room temperature) yielding 10 (97%) 
and 43 (85%), respectively. The difference in 
placement of the alcohol in the auxiliary gives 
insight in the relative ratios of intra- and inter-
molecular acyl-transfer. After the aza-Michael 
reaction, which was performed in CH2Cl2 at 
room temperature with an equimolar amount 
of amine, the acyl moiety at the 2-position 
is correctly placed for intramolecular acyl-
transfer via a favoured six-membered transi-
tion state. The acetyl group at the 3-position 
however cannot migrate in an intramolecular 
fashion. Therefore, a signifi cant drop in acyl-
transfer reaction rate is expected for 44 as 
compared to 41. If the acyl-transfer occurs at 
the same rate for both substrates, this would 
indicate high levels of intermolecular O→N 
acyl-transfer. Migration of the acetyl group (at 
room temperature in CH2Cl2, [c]=0.1M) after 
the aza-Michael reaction was monitored by IR 
and 1H-NMR. Acyl-transfer from the 2-position 
showed 75% conversion after 25 minutes and 
was completed after 15 hours. Acyl-transfer 
from the 3-position was much slower and 
took several days to achieve 80% conversion. 
These results not only support an intramolecu-
lar acyl-transfer, but also indicate that the un-
desired intermolecular acyl-transfer is so slow, 
that it will not hamper further development of 
the auxiliary.

The compatibility of the O→N acyl-transfer 
with amino acids as well as the infl uence 
of sterics at the N-terminal side of the acyl-
transfer were studied by the addition of H-
Ala-OMe (46) to the acetylated auxiliary 10 
(Scheme 9). 

expanded tot dipeptides. In order to do this, 
49 was synthesised in 59% yield by reacting 
equimolar amounts of DCC, (E)-2-(2-nitrovinyl)
phenol and Boc-βAla-Ala-OH in CH2Cl2 at room 
temperature for 48 hours. Then 49 was react-
ed with benzylamine for 12 hours in CH2Cl2 at 
room temperature until the double bond had 
disappeared, as monitored by IR (1768 cm-1) 
and NMR (8.0 and 7.6 ppm) indicating interme-
diate 50 had completely formed. Subsequently 
the reaction mixture was refl uxed with 2.2 
equivalents of triethylamine in ethanol for 12 
hours giving the desired product 52 in quantita-
tive yield. 

4.2.4 Outline of the study

With all individual steps in the reaction cascade 
validated the auxiliary was used for the actual 
cyclisation of a strained seven-membered bis-
lactam. As outlined in Scheme 11, c[Trp-βAla] 
55 was selected as the target bis-lactam. Al-
though 55 has been synthesised previously 
using a safety catch linker, no spectral data or 
yields have been published. 22 On-resin cyclisa-
tion of H-Trp-βAla-OR coupled via a Kaiser ox-
ime linker yielded product with a purity of 72% 
according to HPLC/UV/ELSD. Identifi cation of 
the product was accomplished on the basis of 
LC/MS analysis. 

Our method was validated starting both from 
53a-e and the reversed sequence 54a-e as the 
cyclisation precursors. To prove that indeed ami-
no capture prior to amide bond formation takes 
part in the reaction mechanism, besides (E)-
2-(2-nitrovinyl)phenol 13 also (E)-4-(2-nitrovinyl)
phenol 58 as well as 2-nitrophenol 56 and 4-ni-
trophenol 57 were included in this study. Finally, 
the study was complemented with 2-phenyl-
3-quinolinemethanethiol 59 which has proven to 
be a suitable auxiliary for the synthesis of amide 
bonds by Levacher and coworkers.

as test system for the aza-Michael reaction. 
Initial experiments showed that both an ethyl 
ester (a) and a (3-nitrophenyl)keto (b) substit-
uent were unable to promote the aza-Michael 
reaction in CH2Cl2 at room temperature. Use 
of the ketophenyl moiety (c) in CH2Cl2 at room 
temperature did give the desired product in a 
moderate yield when DBU was added. Per-
forming the same reaction in acetonitrile at 80 
ºC increased increased the yield to 47% which 
was still not suffi cient for a feasible auxiliary. 
High yields were obtained with a nitro sub-
stituent (d). No DBU was necessary in order 
to obtain this high yield and the reaction could 
be performed in CHCl3 at room temperature. 
These results indicate that E-2-nitrostyrene 
might serve as a suitable auxiliary.

4.2.2 Acyl-transfer

The next step in validating the design of the aux-
iliary is based on the next step in the reaction 
cascade, namely the acyl-transfer (Scheme 8).

Scheme 8: Test acyl transfer mechanism

 
Potential problems that could occur hampering 
this step include lack of nucleophilicity of the 
amine, inability to cope with steric bulk and the 

Scheme 9: Acyl transfer using amino acid

When performed in CDCl3 at room temperature 
for 15 hours, it yielded the desired amide (48) in 
93%. The reaction was monitored using proton 
NMR and only showed the formation of a single 
diastereomer. 

4.2.3 Auxiliary removal

The fi nal step that was investigated was auxil-
iary removal (Scheme 10). 

S cheme 10: Auxilary removal

Initial testing was performed on 42 and con-
fi rmed the possibility to remove the auxiliary 
via a retro-aza-Michael reaction. This occurred 
quantitatively in the presence of 0.8 equiva-
lents triethylamine in ethanol at refl ux for 12 
hours. The scope of the reaction was then 

84 - C-terminal auxiliaries Auxiliary mediated synthesis of ring-strained lactams - 85



When using HATU as the carboxylic acid ac-
tivating reagent and DiPEA as the base the 
highest yields were obtained providing 53a-
d and 54a-d in 33–87% yield after purifi cation by 
column chromatography. For thioesterifi cation, 
activation by the classical DCC–HOBt cocktail 
turned out to be optimal providing 53e and 54e in 
isolated yields of 62% and 97%, respectively. 
Unfortunately, esterifi cation of Boc-βAla-Trp-
OH, bearing the chiral amino acid residue at 
the C-terminus, with the substituted phenols to 
give 54a-d suffered from complete racemisa-
tion. For 54a this problem could be overcome 
by esterifi cation of phenol 13 to Boc-Trp-OH 
followed by Boc removal and subsequent cou-
pling to Boc-βAla-OH to give the desired pre-
cursor 54a in a fair yield but in an enantiopure 
fashion (Figure 1).

 

Fi gu re 1: Chiral HPLC traces 54a

4.2.6 Peptide cyclisation

With the linear precursors in hand cyclisation 
was performed (Table 2). First, the cyclisation of 
precursor 53a was attempted starting with TFA-
mediated Boc removal followed by liberation 
of the nucleophilic amine from its TFA salt by 

cal rotation ([∝]20
589nm = 19,9 ; c=0,02325 g/mL, 

MeOH ) and a chiral HPLC trace showing the 
optical purity of 55 (Figure 2). 

Figure  2: Chiral HPLC trace 55

The reversed sequence 54a also gave optically 
pure 55 in an even slightly higher yield showing 
the sequence independency. 

In order to determine whether the cyclic product 
was formed via the suggested aza-Michael/acyl-
transfer cascade pathway or through direct attack 
of the N-terminus onto the ester carbonyl, precur-
sors 53b and 54b were also subjected to the cy-
clisation conditions. Previous work in our lab had 
shown that 55 could not be obtained by direct lac-
tamisation of H2N-Trp-βAla-OH or H2N-βAla-Trp-
OH using the common carboxylic acid activating 
reagents.24, 25 Surprisingly, 53b and 54b gave 
traces and 15% of 55, respectively. Most prob-
ably, the rather mild phenol-ester activation is 
less prone to side reactions and as a result still 
gives product in such cumbersome and slow 
cyclisation reactions. Nevertheless, comparison 
of the cyclisation effi ciency starting from precur-
sors 53a, 54a with 53b, 54b suggests the interme-
diacy of the aza-Michael–acyl-transfer reaction 
cascade in the reaction mechanism in the former 
cases. Cyclisation of 53c, 54c and 53d, 54d, also 
lacking the Michael-acceptor, gave 55 in yields of 
12–26%, furthermore showing that direct attack 
of the amine onto the ester carbonyl is a feasible 
pathway although less effi cient. A further trend 
is the slightly benefi cial effect of β-alanine at the 
N-terminus that may be ascribed to the higher 

Sc heme 11: Outline of the study

4.2.5  Synthesis of the linear precursors

For  the synthesis of the cyclisation precur-
sors 53a-e and 54a-e several methods for esteri-
fi cation of the phenolic auxiliary to the Boc-pro-
tected peptides were evaluated (Scheme 12).

Sch eme 12: Synthesis of the linear precursors

NaHCO3 in EtOAc at 50 °C. In order to prevent 
cyclo-oligomerisation, pseudo high-dilution 
conditions were maintained during the reac-
tion by slowly adding the peptide TFA salt to 
the warmed EtOAc–NaHCO3 suspension via a 
syringe pump over 48 hours. 

Table 2: Auxiliary mediated cyclisation yields 

To our surprise cyclic dipeptide 55 was formed 
directly showing that auxiliary removal oc-
curred spontaneously under these very mild 
conditions in a one-pot fashion. This is in 
sharp contrast to the N-terminal or internally 
installed auxiliaries, which require harsh and/
or low yielding cleavage conditions. 23-25 After 
purifi cation, 55 was obtained in 62% isolated 
yield. We were able to fully characterise the 
cyclic product obtaining 13C- and 1H-NMR as 
well as HRMS (FAB+ m/z found for C14H15N3O2 
258.1241 [M+H], calcd 258.1241 [M+H]), opti-
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4.2.7 Tetrapeptide cyclisation

Ultimately, the strained cyclic tetrapeptide 
cyclo[Phe-Tyr-Ala-Gly] (65), which was pre-
pared previously by Smythe and co-workers 
in 11% yield using an N-terminally installed sa-
licylaldehyde derived auxiliary, was addressed 
(Scheme 13) using the optimal auxiliary 13. 23  

Coupling of Boc-Phe-Tyr(tBu)-Ala-Gly-OH (63), 
synthesised by standard Fmoc SPPS, with (E)-
2-(2-nitrovinyl)phenol 13 using HATU as the 
carboxyl group activating agent gave Boc-Phe-
Tyr(tBu)-Ala-Gly-O-(E)-2-(2-nitrovinyl)phenyl 
(64) in 77% yield after chromatographic purifi -
cation. Gly was chosen as the C-terminal resi-
due to avoid otherwise inevitable epimerisation. 
After protolytic Boc-group removal the macro-
cyclisation cascade was induced by dissolving 
the resulting TFA salt in EtOAc, followed by the 
addition of an excess of NaHCO3 and heating 

the LC/MS resolution was not suffi cient to dis-
tinguish between the cyclic tetrapeptide and 
the cyclic octapeptide, HRMS showed the cy-
clic product was indeed the tetrapeptide (ESI 
m/z found for C23H27N4O5 439.1968 [M+H], 
calcd 439.1981). 

Finally, MS/MS was performed in order to as-
certain whether head-to-tail cyclisation had in-
deed taken place. The MS/MS showed masses 
corresponding with [M+H-Tyr]+ (276.12), [M+H-
Ala]+ (368.15), [M+H-Phe]+ (292.12) and [M+H-
Gly]+ (382.16). During MS/MS, loss of an amino 
acid fragment occurs in a two-step mechanism. 
Initially the cyclic peptide is opened up by 
breaking an amide bond. Then loss of an amino 
acid fragment can occur at a peptide terminus. 
The fact that loss of each individual amino acid 
is observed means the initial opening of the 
cyclic peptide can result in each of the amino 
acids being at a peptide terminus. Because this 
can only be achieved starting from a head-to-
tail cyclised tetrapeptide this proves the correct 
product had formed.

The results showed our C-terminal auxiliary 
resulted in a signifi cantly higher yield for the 
cyclisation if H-Phe-Tyr-Ala-Gly-OH compared 
to the N-terminal auxiliary published earlier by 
Smythe and co-workers.23 It is not possible to 
predict whether this will also be the case for 
other tetrapeptides.

nucleophilicity of the nitrogen atom of a β-amino 
acid as compared to an α-amino acid.
 Next the quinolone thioesters 53e and 54e were 
subjected to the lactamisation conditions. For 
this, prior to liberation of the N-terminal amine, 
the quinolinium salt was made by alkylation 
with MeOTf in dry dichloromethane at room 
temperature. The reverse sequence starting 
from 53e gave 55 in 22% yield only. Surprisingly, 
starting from 53e and omitting the activation step 
towards the quinolinium salt preventing prior 
amine capture, lactam 55 was obtained in even 
44% yield. This may be attributed to the very mild 
thioester activation preventing side reactions. On 
the other hand, omitting the activation step start-
ing from 54e gave 55 in a signifi cantly lower yield 
pointing to the intermediacy of an amine capture 
reaction prior to lactamisation. Altogether, (E)-
2-(2-nitrovinyl)phenol 13 stands out as the aux-
iliary of choice.

of the suspension at 65 °C for 48 h providing 
cyclo[Phe-Tyr-Ala-Gly] (65) in 28% yield after 
purifi cation by column chromatography. 

Scheme  13: Tetrapeptide cyclisation

Despite the lack of peptide C- or N-termini a 
polar solvent was required to elude the cyclic 
product. A gradient column starting with pure 
EtOAc and ending with 4% methanol in EtOAC 
resulted in the best purifi cation. Characterisa-
tion of the cyclic tetrapeptide by NMR was ham-
pered by severe line broadening. Performing 
NMR at elevated temperature (75°C) did result 
in marginally sharper signals, but not enough 
to justify characterisation based on NMR. The 
purity and integrity of the tetrapeptide was con-
fi rmed by LCMS, MS/MS and high resolution 
mass spectrometry. LC/MS showed a single 
peak on the LC with two main masses [M+H]+ = 
439 and [2M+H]+ = 877 (Figure 3). 
In principle these peaks could also be de-
rived from the octamer that results from an 
intermolecular acyl transfer prior to cyclisation 
([M+2H]2+ = 439 and [M+H]+ = 877). Although Figure 3:   LC and MS from LC/MS analysis of cyclo[Phe-Tyr-Ala-Gly 
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(254 nm) and DGU-20A5 degasser with a 
Chiralpak→ AD (Chiral Technologies Europe, 
0.46 cm x 25 cm) Column.

40a. Route A: 1,3-diphenyl-2-pro-
penone (chalcone) (832 mg, 4 mmol, 
1 equiv.) was dissolved in dichlo-
romethane (10 ml). Benzylamine 
(535 mg, 5 mmol, 1.25 equiv.) and 

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (304 mg, 2 
mmol, 0.5 equiv.) were added to the mixture. The mixture 
was stirred 24 hours at room temperature. The solvent 
was removed in vacuo. The product was purifi ed by fl ash 
column chromatography (EtOAc : PE = 1:3 → 1:1) to ob-
tain 40a (462 mg, 37%) as a yellow powder. 1H NMR (400 
MHz, CDCl3) δ 8,1 (d, 1H), 7.9 (d, 1H), 7.2-7.6 (m, 20H), 
4.37 (dt, 1H), 3.63 (q, 2H) and 3.35 (dd, 2H) ppm. IR ν 
3060, 3026, 1681, 1604, 1577, 1493, 1449, 1336 cm-1.

Route B: 1,3-diphenyl-2-propenone (chalcone) (832 mg, 4 
mmol, 1 equiv.) was dissolved in acetonitrile (10 ml). Ben-
zylamine (535 mg, 5.0 mmol, 1.25 equiv.) and 1,8-Diaz-
abicyclo[5.4.0]undec-7-ene (DBU) (304 mg, 2.0 mmol, 0.5 
equiv.) were added to the mixture. The mixture was stirred 
24 hours at 80oC. The solvent was removed in vacuo. The 
product was purifi ed by fl ash column chromatography 
(EtOAc:PE = 1:3 → 1:1) to obtain 40a (600 mg, 47%) as a 
yellow/brown powder. 1H NMR (400 MHz, CDCl3) δ 8.1 (d, 
1H), 7.9 (d, 1H), 7.2-7.6 (m, 20H), 4.37 (dt, 1H), 3.63 (q, 2H) 
and 3.35 (dd, 2H) ppm. IR ν 3060, 3026, 1681, 1604, 1577, 
1493, 1449, 1336 cm-1.

39c. Sodium hydroxide pellets (1.4 
g, 35 mmol) were dissolved in a wa-
ter/ethanol mixture (12 ml/ 8 ml). 
Benzaldehyde (2.9 g, 27 mmol, 1.0 

equiv.) and m-nitroacetophenon (4.0 g, 27 mmol, 1.0 
equiv.) were added to the mixture. The mixture was stirred 
24 hours at room temperature. The mixture was fi ltered 
on a Büchner funnel and washed with water, and fi nally 
washed with ethanol which has been cooled to 0oC. The 
obtained 39c (4.79 g, 70%) was a brown powder. 1H NMR 
(400 MHz, CDCl3) δ 8.87 (t, 1H), 8.48 (dq, 1H), 8.38 (dt, 
1H), 7.93 (d, J=15.6 Hz, 1H), 7.75 (d, 1H), 7.72 (m, 1H), 

4.3 Conclusion
A new strategy was developed to facilitate the 
cyclisation of strained lactams using commer-
cially available (E)-2-(2-nitrovinyl)phenol 13 or, 
although less effi ciently, 2-phenylquinolin-
3-methanethiol 59 as auxiliaries. Lactam for-
mation occurred after esterifi cation of the 
precursor linear pseudo peptides with auxilia-
ries 56-59 and 13 followed by an aza-Michael–
acyl-transfer reaction cascade, ultimately end-
ing in concomitant cleavage of the auxiliary by 
β-elimination liberating the lactam. By choosing 
the right reaction conditions and synthetic path-
way the stereointegrity could be conserved.

4.4  Experimental
section
General

All reactions were monitored by TLC using a 
Merck TLC plastic roll 500 x 20 cm silica gel 
60 F254. Flash column chromatography was 
performed on Biosolve 60 Å (0.032-0.063 
mm) silica gel using the indicated solvent 
mixtures (PE = Petroleum Ether 40-60). All 
solvents were bought from Biosolve (AR 
grade) and used without further purifi cation 
unless stated otherwise. Starting materials 
were purchased from Sigma-Aldrich, Fluka 
or Acros and used without further purifi cation 
unless stated otherwise. The NMR spectra 
were recorded in CDCl3 or CD3OD solutions 
using a Bruker ARX 400 and a Varian Inova 
500 spectrometer. Spectra are reported in δ 
units (ppm) an J values (Hz) using the solvent 
as internal standard. HRMS (FAB+) were 
recorded with a JEOL JMS SX/SX 102A four 
sector mass spectrometer. HRMS (ESI+) were 
recorded with ApexUltra Fourier transform ion 
cyclotron resonance mass spectrometer. The 
LC-MS experiments were performed using 
a Finnigan LXQ Ion Trap apparatus. LC was 
carried out with an XTerra C18 3.5 µm column 
using gradients between H2O/0.1% HCO2H 
(Solvent A) and CH3CN/0.1% HCO2H (Solvent 
B). Electronspray ionisation mass spectra 
(positive ions) were recorded in full scan mode 
(m/z = 100 – 2000). Infrared (IR) spectra were 
obtained with a Bruker Alpha-P diamant-point 
spectrometer and reported in wave numbers 
(cm-1). Melting points were determined with a 
Büchi melting point apparatus B-545 and are 
uncorrected. Optical rotations were measured 
on a Perkin-Elmer 241 polarimeter. Chiral 
HPLC was performed using a Shimadzu LC-
20AD with an SPD-M20A diode array detector 
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CDCl3) δ 7.96 (d, 1H), 7.58 (d, 1H), 7.15-7.25 (m, 2H), 
7.24-7.33 (m, 2H) and 2.38 (s, 3H) ppm. IR ν 3110, 1766, 
1637, 1582, 1519, 1345, 1268, 1203 and 964 cm-1.

10. (E)-2-(2-nitrovinyl)phenol (495 mg, 
3.0 mmol, 1.0 equiv.), acetic anhydride 
(408 mg, 4.0 mmol, 1.3 equiv.) and pyri-
dine (297 mg, 3.5 mmol, 1.2 equiv.) were 

dissolved in acetonitrile (5 ml). The mixture was stirred for 
four hours at room temperature. Ethyl acetate was added 
(50 ml) and the organic layer was washed with 5% HCl 
solution (3x 50ml) and brine (3x 50 ml). The organic layer 
was dried with sodium sulfate and the solvent was evapo-
rated in vacuo to obtain 10 (600 mg, 97%) as a brownish 
solid. 1H NMR (400 MHz, CDCl3) δ 8.09 (d, 1H), 7.63 (d, 
1H), 7.62 (d, 1H), 7.54 (t, 1H), 7.35 (t, 1H), 7.25(d, 1H) 
and 2.43 (s, 3H) ppm. IR ν 3110, 1766, 1635, 1603, 1515, 
1484, 1455, 1370, 1293 and 1178 cm-1.

42. Benzyl amine (51 mg, 0.48 mmol, 1.0 
equiv.) and 10 (100 mg, 0.48 mmol, 1.0 
equiv.) were dissolved in dichloromethane 
(5 ml). The mixture was stirred for 12 
hours at room temperature. The solvent 

was evaporated in vacuo to obtain 42 (117 mg, 78%). 1H 
NMR (400 MHz, CDCl3) δ 9.06 (s, 1H), 7.25 (m, 3H), 7.05 
(m, 3H), 6.81(m, 2H), 6.21 (q, 1H), 5.24 (dd, 1H), 4.82 (dt, 
2H), 4.49 (dd, 2H) and 2.19 (s, 3H) ppm. IR ν 3179, 1771, 
1623, 1600, 1555, 1456, 1416, 1375 and 1342 cm-1.

48. Alanine methyl ester (39 mg, 0.38 
mmol, 1.5 equiv.) and 2-acetyl-β-
nitrostyreen (44 mg, 0.26 mmol, 1.0 
equiv.) were dissolved in chloroform-d 
(1.5 ml). The mixture was fi ltered after 

15 hours to obtain 48 (75 mg, 93%) as white crystals. 1H 
NMR (400 MHz, DMSO) δ 10.17 (d, 1H), 7.36 (t, 1H), 7.15 
(m, 1H), 6.91-6.75 (m, 2H), 5.9 (m, 1H), 5.5-5.3 (m, 2H), 
3.89 (dq, 1H), 3.47 (s, 3H), 2.34 (d, 3H) and 1.33/0.65 (d, 
3H) ppm.

51. Triethylamine (30 mg, 0.30 mmol, 0.83 
equiv.) and 42 (114 mg, 0.36 mmol, 1.0 equiv.) 
were dissolved in ethanol (5 ml). The mixture 

60. Boc-Trp-OSu (10.0 g, 24.9 
mmol, 1.0 equiv.) was dissolved 
in EtOH:acetone = 1:4 (100 mL). 
A solution of H-ßAla-OH (2.24 g, 
25.1 mmol, 1.01 equiv.) and 

NaHCO3 (5.23 g, 62.2 mmol, 2.5 equiv.), dissolved in wa-
ter (100 mL) was added and the resulting mixture was 
stirred for 18 h at rt. The reaction mixture was neutralised 
using a 10% HCl solution and extracted three times with 
EtOAc. The combined organic layers were dried over Na-

2SO4. After fi ltration and evaporation of the volatiles, the 
resulting oil was purifi ed using fl ash chromatography (3% 
MeOH in dichloromethane→10% MeOH in dichlorometh-
ane) to yield 60 as a white foam (7.68 g, 20.5 mmol, 
82%). mp 84.9 – 87.8 °C. 1H NMR (400 MHz, MeOD) δ 
7.60 (d, J = 7.6 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.10 (t, 
1H), 7.03 (t, J = 7.4 Hz, 1H), 4.29 (t, J = 6.8 Hz, 1H), 3.50 
– 2.99 (m, 4H), 2.44 – 2.30 (m, 2H), 1.39 (s, 9H). 13C NMR 
(101 MHz, MeOD) δ 173.83, 173.38, 136.62, 127.41, 
123.10, 120.99, 118.35, 117.97, 110.84, 110.79, 109.60, 
79.25, 55.72, 48.23, 48.02, 47.80, 47.59, 47.38, 47.16, 
46.95, 34.83, 32.94, 27.88, 27.21. IR ν 3325, 2978, 2931, 
1698, 1655, 1508, 1637, 1165, 743. HRMS (FAB+) m/z 
found for C19H26N3O5 [M+H]+ 376.1872, calcd 376.1872. 
[∝]20

589 = -13.8 (c = 0.0083, MeOH).

61. Boc-ßAla-OSu (14.3 g, 50.0 
mmol, 1.0 equiv.) was dissolved 
in EtOH:acetone = 1:4 (100 mL). 
A solution of H-Trp-OH (10.3 g, 
50.5 mmol, 1.01 equiv.) and 

NaHCO3 (10.5 g, 125 mmol, 2.5 equiv.) in water was add-
ed and the mixture was stirred for 18 h at rt. The reaction 
mixture was neutralised using a 10% HCl solution and 
extracted three times with EtOAc. The combined organic 
layers were dried over Na2SO4. After fi ltration and evapo-
ration of the volatiles 61 was obtained as a white solid 
(18.6 g, 49.6 mmol, 99%). mp 89.9 - 95.1 °C. 1H NMR 
(400 MHz, MeOD) δ 7.58 (d, J = 7.9 Hz, 1H), 7.34 (d, J = 
8.1 Hz, 1H), 7.15 – 7.06 (m, 2H), 7.03 (td, J = 7.6, 1.0 Hz, 
1H), 4.74 (q, J = 12.0, 6.0 Hz, 1H), 3.44 -3.12 (m, 4H), 
2.36 (td, J = 6.9, 1.7 Hz, 2H), 1.43 (s, 8H). 13C NMR (101 
MHz, MeOD) δ 173.89, 172.34, 156.85, 136.61, 127.44, 
122.94, 120.98, 118.39, 117.83, 110.86, 109.65, 78.75, 

7.56 (d, J=15.6 Hz, 1H) and 7.48 (m, 2H) ppm. IR ν 3060, 
3026, 1681, 1604, 1577, 1493, 1449, 1336 cm-1.

40c.Benzylamine (12.8 mg, 0.12 
mmol, 1.0 equiv.) and 39c (305 mg, 
0.12 mmol, 1.0 equiv.) were dissolved 
in a chloroform-d (5 ml). The mixture 
was put in NMR tube for 2 days at 
room temperature. 1H NMR (400 MHz, 

CDCl3) δ 8.86 (t, 1H), 8.46 (dq, 1H), 8.40 (q, 1H), 7.8-7 (m, 
11H), 4.37 (q, 1H), 3.88 (s, 2H) and 3.66 (dd, 2H) ppm.

39d. 3-hydroxy-benzaldehyde (6.0 gram, 
50 mmol, 1.0 equiv.) and nitromethane 
(3.5 gram, 50 mmol, 1.0 equiv.) were dis-

solved in cooled methanol (12.5 ml). Sodium hydroxide 
pellets (4.2 g, 0.10 mol) were dissolved in ice water (10 ml) 
and added to the cooled reaction mixture in 45 minutes. 
The mixture was dissolved in water (35 ml) and added drop 
wise to HCl (50 ml, 5M) at 0oC. The formed crystals were 
separated after one hour. The crystals were dried to obtain 
39d (6.97 g, 85%) as a yellow powder. 1H NMR (400 MHz, 
CDCl3) δ 7.96 (d, J=13.7 Hz, 1H), 7.56 (d, J=13.7 Hz, 1H), 
7.35 (t, 1H), 7.15 (d, 1H), 7.02 (t, 1H) and 7.00 (dd, 1H) ppm. 

40d. Benzyl amine (19.5 mg, 0.18 mmol, 
1.0 equiv.) and 39d (30 mg, 0.18 mmol, 
1.0 equiv.) were dissolved in chloroform-
d (2 ml) in NMR tube. After 5 hours prod-
uct 40d was obtained (± 90%) without 
purifi cation. 1H NMR (400 MHz, CDCl3) δ 

7.5-6.9 (m, 9H), 4.35 (t, 1H), 4.55 (t. 1H), 3,91 (s, 2H), 
3,77 (d, 2H) and 3,60 (d, 2H) ppm.

43. Acetic anhydride (408 mg, 4.0 mmol, 
1.3 equiv.), 39d (495 mg, 3.0 mmol, 1.0 
equiv.) and pyridine (298 mg, 3.5 mmol, 
1.2 equiv.) were dissolved in acetonitrile 

(5 ml). The mixture was stirred for four hours at room tem-
perature. Ethyl acetate was added (50 ml) and the organ-
ic layer was washed with 5% HCl solution (3x 50ml) and 
brine (3x 50 ml). The organic layer was dried with sodium 
sulfate and the solvent was evaporated in vacuo to obtain 
43 (530 mg, 85%) as a brownish oil. 1H NMR (400 MHz, 

was refl uxed for 12 hours. The solvent was evaporated in 
vacuo and the product was washed with ether to obtain 51 
(55 mg, 100%). 1H NMR (400 MHz, CDCl3) δ 7.33 (m, 5H), 
5.79 (s, NH), 4.45 (d, 2H) and 2.04 (s, 3H) ppm. IR ν 3275, 
3064, 2360, 1648, 1552, 1495, 1454, 1374 and 1288 cm-1.

49. Boc-βAla-Ala-OH (302 mg, 
1.2 mmol, 1.0 equiv.), 
2-hydroxyl-β-nitrostyreen (191 
mg, 1.2 mmol, 1.0 equiv.) and 
N , N ′ -

Dicyclohexylcarbodiimide (DCC) (238 mg, 1.2 mmol, 1.0 
equiv.) were dissolved in dichloromethane (5 ml). The 
mixture was stirred for 48 hours at room temperature. The 
mixture was fi ltered and the residue was washed with di-
chloromethane. Both (the fi ltrate and residue) were con-
centrated by evaporating the solvent in vacuo. The prod-
uct was purifi ed by fl ash column chromatography 
(EtOAc:PE = 1:9 à 1:1) yielding 49 (290 mg, 59%) as a 
yellow powder. 1H NMR (400 MHz, CDCl3) δ 8.09 (d, 1H), 
7.62 (d, 1H), 7.61 (d, 1H), 7.53 (t, 1H), 7.35 (t, 1H), 7.25 
(d, 1H), 6.46 (s, NH), 5.33 (s, NH), 4.81 (q, 1H), 3.47 (t, 
2H), 2.53 (t, 2H), 1.64 (d, 3H) and 1.46 (s, 9H) ppm. IR ν 
3316, 2979, 1768, 1694, 1604, 1519, 1454, 1366, 1342, 
1251, 1213, 1172, 1128 and 1069 cm-1.

52.Benzylamine (12.8 mg, 
0.12 mmol, 1.0 equiv.) 
and 49 (47 mg, 0.12 
mmol, 1.0 equiv.) were 

dissolved in dichloromethane (2 ml). The mixure was 
stirred for 12 hours at room temperature. The solvent was 
evaporated in vacuo. The product and triethylamine (20 
mg, 0.20 mmol, 2.2 equiv.) were dissolved in ethanol (3 
ml). The mixture was refl uxed for 12 hours. The solvent 
was evaporated in vacuo and the product was washed 
with ether to obtain 52 as white crystals (42 mg, 100%). 
1H NMR (400 MHz, CDCl3) δ 7.33 (m, 5H), 6.59 (s, NH), 
6.41 (s, NH), 5.07 (s, NH), 4.48 (m, 3H), 3.37 (t, 2H), 2.44 
(t, 2H), 1.44 (s, 9H) and 1.41 (d, 3H) ppm. IR ν 3262, 
2975, 2927, 2850, 1638, 1526, 1451, 1365, 1248 and 
1169 cm-1. LC-MS (ESI) Rt 6.12 min, calc. for C18H27N3O4 
m/z 349.2, found 349.9 [MH+].
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J = 21.6 Hz, 1H), 8.05 – 7.92 (m, 1H), 7.65 (t, J = 9.4 Hz, 
1H), 7.55 (ddd, J = 6.6, 6.1, 4.4 Hz, 3H), 7.38 – 7.30 (m, 
1H), 7.25 – 7.03 (m, 5H), 6.32 (t, J = 6.1 Hz, 1H), 5.17 (s, 
1H), 4.42 (d, J = 5.5 Hz, 1H), 3.67 – 3.39 (m, 2H), 3.34 
(dd, J = 14.3, 4.9 Hz, 1H), 3.19 (dd, J = 14.5, 7.5 Hz, 1H), 
2.73 – 2.44 (m, 2H), 1.42 (s, 9H). 13C NMR (101 MHz, 
CDCl3) δ 172.02, 170.14, 155.47, 153.13, 137.91, 137.19, 
136.20, 130.35, 127.75, 127.41, 123.12, 122.63, 122.37, 
119.81, 118.90, 111.25, 110.61, 80.22, 55.36, 34.70, 
34.02, 28.29. IR ν 3407, 2967, 2930, 1758, 1657, 1498, 
1384, 1337, 1167, 737. HRMS (FAB+) m/z found for 
C27H30N4O7 523.2182 [M+H], calcd 523.2193. [∝]20

589 = 
5.93 (c = 0.0961, MeOH).

53c. A solution was made 
of Boc-Trp-ßAla-OH (50 
mg, 0.13 mmol, 1 equiv.), 
HATU (51 mg, 0.13 mmol, 1 
equiv.), DiPEA (35 mg, 44 

µL, 0.27 mmol, 2 equiv.) and 2-nitrophenol (37 mg, 0.27 
mmol, 2 equiv.) in THF (10 mL) and was stirred for 16 h at 
rt. The reaction mixture was concentrated in vacuo and 
the residue was purifi ed using fl ash chromatography 
(EtOAc: PE = 1:1→1:0) to yield 53c (55 mg, 0.11 mmol, 
88%) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 8.33 (s, 
1H), 8.10 (dd, J = 8.2, 1.6 Hz, 1H), 7.71 – 7.61 (m, 2H), 
7.46 – 7.38 (m, 1H), 7.34 (d, J = 8.0 Hz, 1H), 7.23 – 7.09 
(m, 3H), 7.07 (d, J = 1.8 Hz, 1H), 6.40 (s, 1H), 5.23 (d, J = 
6.7 Hz, 1H), 4.46 (d, J = 4.5 Hz, 1H), 3.53 (d, J = 5.9 Hz, 
2H), 3.40 – 3.14 (m, 2H), 2.78 – 2.56 (m, 2H), 1.41 (s, 
9H). 13C NMR (101 MHz, CDCl3) δ 174.43, 172.09, 
169.90, 155.48, 143.75, 141.47, 136.22, 134.96, 127.48, 
126.81, 125.83, 125.21, 123.15, 122.20, 119.65, 119.50, 
118.87, 111.39, 111.24, 110.55, 80.08, 77.37, 77.05, 
76.73, 55.34, 34.69, 33.92, 28.42, 28.26. IR ν 3309, 2978, 
2931, 1698, 1661, 1528, 1348, 1161, 744. HRMS (FAB+) 
m/z found for C25H28N4O7 497.2038 [M+H], calcd 
497.2036. [∝]20

589 = -4.01 (c = 0.0174, MeOH).

53d. A solution of Boc-
Trp-ßAla-OH (100 mg, 
0.27 mmol, 1 equiv.), 
HATU (15 mg, 0.40 
mmol, 1.5 equiv.), 

28.51, 28.28, 25.57, 24.91. IR ν 3309, 2978, 2930, 1686, 
1488, 1367, 1242, 1165, 1045, 742, 702. HRMS (FAB+) 
m/z found for C35H36N4O4S 609.2536 [M+H], found 
609.2536. [∝]20

589 = -6.05 (c = 0.0385, MeOH).

54a (racemate) A solution 
of Boc-ßAla-Trp-OH (0.50 
g, 1.30 mmol, 1 equiv.), 
HATU (0.76 g, 2.00 mmol, 
1.5 equiv.), DiPEA (0.52g, 

0.66 mL, 4.00 mmol, 3 equiv.) and (E)-2-(2-nitrovinyl)phe-
nol (0.33 g, 2.00 mmol, 1.5 equiv.) in THF (75 mL) was 
stirred 18 h at rt. The reaction mixture was concentrated 
in vacuo and the residue was purifi ed by fl ash chromatog-
raphy (EtOAc:hexanes = 1:1→1:0) to yield 54a (0.31 g, 
0.59 mmol, 46%) as a yellow solid. Optical rotation meas-
urement and further analysis by chiral HPLC revealed 
that full racemisation had occurred. 1H NMR (400 MHz, 
CDCl3) δ 8.28 (s, 1H), 7.96 (d, J = 13.7 Hz, 1H), 7.63 (d, J 
= 7.9 Hz, 1H), 7.57 – 7.47 (m, 3H), 7.32 (d, J = 8.0 Hz, 1H), 
7.22 – 7.16 (m, 1H), 7.15 – 7.12 (m, 1H), 7.11 – 7.06 (m, 
2H), 7.04 (d, J = 1.9 Hz, 1H), 6.31 (t, J = 6.0 Hz, 1H), 5.16 
(s, 1H), 4.40 (d, J = 5.5 Hz, 1H), 3.61 – 3.37 (m, 2H), 3.30 
(dd, J = 14.3, 4.6 Hz, 1H), 3.16 (dd, J = 14.5, 7.4 Hz, 1H), 
2.69 – 2.49 (m, 2H), 1.40 (s, 9H). 13C NMR (126 MHz, 
CDCl3) δ 172.25, 170.24, 155.61, 153.24, 138.03, 137.28, 
136.34, 131.57, 130.47, 127.85, 127.52, 123.30, 122.72, 
122.41, 121.76, 119.85, 118.95, 116.77, 111.40, 110.58, 
80.33, 55.49, 34.84, 34.09, 28.38. IR ν 3404, 2925, 1766, 
1692, 1519, 1342, 1163,745. HRMS (FAB+) m/z found for 
C27H30N4O7 523.2202 [M+H], calcd 523.2193. 

54a Boc-Trp-OH (1.00 g, 
3.30 mmol, 1 equiv.), 
HATU (2.50 g, 6.50 mmol, 
2 equiv.), DiPEA (1.30 g, 
1.60 mL, 9.90 mmol, 3 

equiv.) and (E)-2-(2-nitrovinyl)phenol (1.10 g, 6.50 mmol, 
2 equiv.) were dissolved in THF (70 mL) and stirred for 20 
h at rt. The reaction mixture was concentrated, diluted 
with EtOAc and washed with 1M KHSO4 (three times), 
sat. NaHCO3 (three times) and brine. The organic layer 
was dried over Na2SO4, fi ltered and concentrated. The 
residue was purifi ed by fl ash chromatography (EtOAc:PE 

53.30, 48.24, 48.03, 47.82, 47.60, 47.39, 47.18, 46.96, 
36.47, 35.62, 27.32, 27.10, 24.86. IR ν 3392, 3290, 2974, 
2926, 1692, 1652, 1518, 1339, 1273, 743 cm-1. HRMS 
(FAB+) m/z found for C19H26N3O5 [M+H]+ 376.1872, calcd 
376.1872. [∝]20

589 = 101 (c = 0.0141, MeOH).

53a. To a solution of Boc-
Trp-ßAla-OH (0.50 g, 1.30 
mmol, 1 equiv.) in THF 
(75mL), HATU (0.76 g, 
2.00 mmol, 1.5 equiv.), 

DiPEA (0.52 g, 0.66 mL, 4.00 mmol, 3 equiv.) and (E)-2-(2-
nitrovinyl)phenol 0.33 g, 2.0 mmol, 1.5 equiv.) were added 
and the resulting reaction mixture was stirred for 18 h at rt. 
The reaction mixture was concentrated in vacuo and the 
residue was purifi ed by fl ash chromatography (EtOAc:PE = 
1:1→1:0) to yield 53a (0.33 g, 0.63 mmol, 49%) as a yellow 
oil. 1H NMR (400 MHz, CDCl3) δ 8.27 (s, 1H), 7.93 (d, J = 
13.7 Hz, 1H), 7.64 (d, J = 7.7 Hz, 1H), 7.60 – 7.44 (m, 3H), 
7.30 (t, J = 8.2 Hz, 2H), 7.23 – 7.09 (m, 3H), 7.06 (d, J = 1.7 
Hz, 1H), 6.27 (t, J = 4.7 Hz, 1H), 5.19 (d, J = 2.1 Hz, 1H), 
4.41 (d, J = 4.9 Hz, 1H), 3.67 – 3.40 (m, 2H), 3.32 (dd, J = 
14.2, 4.2 Hz, 1H), 3.16 (dd, J = 14.3, 7.6 Hz, 1H), 2.76 – 
2.47 (m, 2H), 1.40 (s, 11H). 13C NMR (101 MHz, CDCl3) δ 
172.29, 170.14, 149.91, 138.60, 136.34, 133.18, 132.97, 
128.89, 127.55, 126.83, 123.68, 123.33, 122.79, 122.46, 
119.92, 119.01, 111.39, 110.72, 55.51, 34.93, 34.04, 29.83, 
28.55, 28.40. IR ν 3325, 2979, 2928, 1703, 1661, 1519, 
1340, 1241, 1132, 742. HRMS (FAB+) m/z found for 
C27H30N4O7 523.2202 [M+H], calcd 523.2193. [∝]20

589 = 
-2.14 (c = 0.0422, MeOH).

53b. To a solution 
of Boc-Trp-ßAla-
OH (50 mg, 0.13 
mmol, 1 equiv.), 
HATU (51 mg, 0.13 

mmol, 1 equiv.), DiPEA (35 mg, 44 µL, 0.27 mmol, 2 
equiv.) and (E)-4-(2-nitrovinyl)phenol (44 mg, 0.27 mmol, 
2 equiv.) in THF (10 mL) were added and the reaction 
mixture was stirred for 16 h. After evaporation of the vola-
tiles, the residue was purifi ed using fl ash chromatography 
(EtOAc:PE = 1:1→1:0) to yield 53b (59 mg, 0.11 mmol, 
87%) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 8.23 (d, 

DiPEA (100 mg, 130 µL, 0.80 mmol, 3 equiv.) and 4-nitro-
phenol (56 mg, 0.40 mmol, 1.5 equiv.) in THF (20 mL) was 
made and stirred for 16 h at rt. The reaction mixture was 
concentrated in vacuo and the residue purifi ed by fl ash 
chromatography (EtOAc:PE = 1:1→1:0) to yield 53d 
(130mg, 0.26 mmol, 97%) as a yellow oil. 1H NMR (500 
MHz, CDCl3) δ 8.22 (m, 3H), 7.64 (d, J = 7.8 Hz, 1H), 7.32 
(d, J = 8.0 Hz, 1H), 7.22 – 7.10 (m, 4H), 7.06 (s, 1H), 6.31 
(s, 1H), 5.14 (s, 1H), 4.40 (d, J = 4.6 Hz, 1H), 3.59 – 3.37 
(m, 2H), 3.32 (dd, J = 13.9, 4.4 Hz, 1H), 3.17 (dd, J = 14.4, 
7.4 Hz, 1H), 2.71 – 2.48 (m, 1H), 1.40 (s, 3H). 13C NMR 
(101 MHz, CDCl3) δ 172.56, 169.83, 155.70, 155.11, 
145.51, 136.35, 127.46, 125.28, 123.29, 122.58, 122.49, 
120.01, 118.97, 111.39, 34.85, 34.07, 28.38. IR ν 3406, 
2931, 1785, 1635, 1509, 1210, 1141, 834. HRMS (FAB+) 
m/z found for C25H28N4O7 497.2038 [M+H], calcd 
497.2036. [∝]20

589 = 1.79 (c = 0.0393, MeOH).

53e. A solution of 
(2-phenylquinol in-
3-yl)methanethiol 1 
(141 mg, 0.56 mmol, 
1 equiv.), dicy-

clohexylcarbodiimide (230 mg, 1.12 mmol, 2 equiv.), hy-
droyxbenzotriazole (152 mg, 1.12 mmol, 2 equiv.) and 
Boc-Trp-ßAla-OH (420 mg, 1.12 mmol, 2 equiv.) in DMF 
(5 mL) was made and stirred for 16 h at rt. The reaction 
mixture was fi ltered and diluted with dichloromethane (10 
mL). The organic solution was washed three times with 
water, once with brine, dried over MgSO4, fi ltered and 
concentrated in vacuo. The residue was purifi ed by fl ash 
chromatography (EtOAc:hexanes = 1:4→3:7→1:1) to 
yield 53e as a clear oil (212 mg, 0.35 mmol, 62%). 1H 
NMR (400 MHz, CDCl3) δ 8.84 (s, 1H), 8.19 (s, 1H), 8.13 
(d, J = 8.4 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.68 (t, J = 7.2 
Hz, 1H), 7.61 – 7.36 (m, 8H), 7.21 (d, J = 7.9 Hz, 1H), 7.08 
(dt, J = 14.6, 7.0 Hz, 2H), 6.88 (s, 1H), 6.33 (s, 1H), 5.27 
(s, 1H), 4.37 (s, 1H), 4.23 – 4.09 (m, 2H), 3.56 – 3.02 (m, 
5H), 2.46 (dd, J = 25.3, 19.7 Hz, 2H), 1.93 – 1.59 (m, 1H), 
1.39 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 196.75, 171.95, 
159.80, 157.27, 155.45, 146.74, 139.59, 137.66, 136.24, 
130.00, 128.98, 128.95, 128.84, 128.66, 128.56, 127.37, 
127.31, 126.95, 123.21, 122.05, 119.47, 118.71, 111.34, 
110.16, 80.06, 55.35, 49.02, 42.62, 35.08, 33.85, 30.90, 
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CDCl3) δ 8.34 (s, 1H), 7.94 (d, J = 13.7 Hz, 1H), 7.59 (d, J 
= 7.9 Hz, 1H), 7.50 (m, 3H), 7.40 (d, J = 8.1 Hz, 1H), 7.23 
(t, J = 7.6 Hz, 1H), 7.16 – 7.08 (m, 2H), 6.99 (d, J = 8.4 Hz, 
2H), 6.36 (s, 1H), 5.10 (q, J = 13.1, 6.2 Hz, 2H), 3.50 – 
3.33 (m, 4H), 2.40 (t, J = 5.8 Hz, 2H), 1.42 (s, 9H). 13C 
NMR (126 MHz, CDCl3) δ 170.36, 156.23, 153.25, 137.97, 
137.40, 136.38, 130.50, 128.09, 127.55, 123.11, 122.77, 
122.66, 120.20, 118.69, 111.65, 109.70, 53.49, 36.32, 
28.54, 27.75. IR ν 3400, 2976, 2931, 1761, 1682, 1635, 
1519, 1506, 1340, 1167, 837. HRMS (FAB+) m/z found for 
C27H30N4O7 523.2187 [M+H], calcd 523.2193.

54c. A solution of Boc-ßAla-
Trp-OH (50 mg, 0.13 mmol, 
1 equiv.), HATU (51 mg, 
0.13 mmol, 1 equiv.), DiPEA 
(35 mg, 44 µL, 0.27 mmol, 2 

equiv.) and 2-nitrophenol (37 mg, 0.27 mmol, 2 equiv.) in 
THF (10 mL) was stirred for 16 h at rt. The reaction mix-
ture was concentrated and the residue was purifi ed by 
fl ash chromatography (EtOAc:PE = 1:1→1:0) to yield 54c 
(17 mg, 0.034 mmol, 26%) as a clear oil. 1H NMR (500 
MHz, CDCl3) δ 8.18 (s, 1H), 8.10 (d, J = 8.1 Hz, 1H), 7.63 
(t, J = 8.6 Hz, 2H), 7.41 (dd, J = 11.2, 8.2 Hz, 2H), 7.25 – 
7.20 (m, 1H), 7.19 – 7.12 (m, 3H), 6.16 (s, 1H), 5.23 – 
5.03 (m, 2H), 3.59 (dd, J = 14.9, 5.4 Hz, 1H), 3.42 (dd, J 
= 15.0, 7.3 Hz, 1H), 3.36 (s, 2H), 2.35 (d, J = 5.6 Hz, 2H), 
1.41 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 172.16, 
169.71, 136.41, 134.95, 127.70, 127.06, 125.94, 125.40, 
123.37, 122.68, 120.16, 118.67, 111.60, 109.96, 76.91, 
53.31, 53.29, 36.29, 29.85, 28.54, 27.11. IR ν 3289, 2979, 
2918, 1776, 1682, 1649, 1532, 1357, 1146, 753. HRMS 
(FAB+) m/z found for C25H28N4O7 497.2038 [M+H], calcd 
497.2036.

54d. A solution of Boc-
ßAla-Trp-OH (0.10 g, 
0.27 mmol, 1 equiv.), 
HATU (0.15 g, 0.4 
mmol, 1.5 equiv.), 

DiPEA (0.10 g, 130 µL, 0.80 mmol, 3 equiv.) and 4-nitro-
phenol (0.056 g, 0.40 mmol, 1.5 equiv.) in THF (20 mL) 
was stirred for 16 h at rt. The reaction mixture was con-
centrated en purifi ed using fl ash chromatography 

Solid phase synthesis of Boc-Phe-Tyr
(t-Bu)-Ala-Gly-OH (63)
Solid phase peptide synthesis (SPPS) chemistry was 
performed in a round bottom fl ask where agitation was 
achieved via rotation. After each step the organic solution 
was removed by fi ltration. Peptide synthesis consisted of 
the following steps.

Resin activation:
The resin (2-chlorotrityl) was washed once with DMF and 
three times with DCM. Subsequently, a DCM : SOCl2 = 10 
: 1 mixture (10mL per gram of resin) was added and the 
resin was agitated for 30 minutes. After fi ltration the resin 
was washed three times with DCM.

Coupling of fi rst peptide:
A solution of Fmoc-AA-OH (4.0 equiv.) and DiPEA (4.0 
equiv.) in NMP was added to the resin which was agitated 
for 1 hour followed by washing three times with MeOH. 
Capping of the remaining free 2-chlorotrityl groups was 
performed by addition of DiPEA (4.0 equiv.) in MeOH. 
The resin was agitated in this solution for 30 minutes after 
which the resin was washed three times with MeOH and 
three times with NMP.

Fmoc removal:
The resin was agitated 3 times in a NMP : piperidine = 4 : 
1 mixture (10 mL per gram of resin) for 5 minutes. Remov-
al of the fl uorenemethyl derivative and piperidine traces 
was assured by washing the resin with NMP three times.

PG-AA-OH coupling:
A solution of the appropriate amino acid (4.0 equiv.), 
HBTU (4.0 equiv.), HOBt (4.0 equiv.) and DiPEA (8.0 
equiv.) in NMP was added to the resin, which was agitat-
ed for at least 2 hours. After peptide coupling, three wash-
ing steps with NMP were performed in order to remove 
side products and residual coupling reagents.

Peptide cleavage:
The resin was suspended in a 1%TFA in DCM solution 
(10 mL per gram of resin) and agitated 5 minutes. The 
fi ltrate was collected and the above-mentioned step was 
repeated until the resin had colored an intense dark red. 

= 1:2→1:0) to yield the anticipated ester as a yellow solid 
(1.40 g, 3.00 mmol, 91%). mp 168.5-170.0 ºC. 1H NMR 
(400 MHz, CDCl3) δ 8.20 (s, 1H), 7.94 (d, J = 13.7 Hz, 
1H), 7.62 (d, J = 7.9 Hz, 1H), 7.56 – 7.48 (m, 2H), 7.47 – 
7.36 (m, 2H), 7.33 – 7.25 (m, 2H), 7.22 (t, J = 7.8 Hz, 1H), 
7.17 (d, J = 2.1 Hz, 1H), 7.12 (t, J = 7.4 Hz, 1H), 6.98 (d, J 
= 8.1 Hz, 1H), 5.14 (d, J = 7.0 Hz, 1H), 4.90 (dd, J = 13.1, 
6.3 Hz, 1H), 3.45 (d, J = 6.2 Hz, 2H), 1.44 (s, 9H). 13C NMR 
(101 MHz, CDCl3) δ 171.28, 155.55, 150.21, 138.76, 
136.45, 133.04, 132.92, 128.66, 127.47, 126.80, 123.50, 
123.18, 122.70, 120.12, 118.94, 111.53, 109.81, 100.14, 
80.69, 54.99, 28.41, 27.98. IR ν 3411, 2978, 2932, 1765, 
1700, 1517, 1341, 1160, 738. HRMS (FAB+) m/z found for 
C24H25N3O6 452.1828 [M+H], calcd 452.1822. [∝]20

589 = 
-5.75 (c = 0.040, MeOH)
Subsequent removal of the Boc protective group was 
accomplished by dissolving of the above ester (0.25 g, 
0.55 mmol, 1 equiv.) in TFA:dichloromethane = 95:5 (10 
mL) followed by stirring for 5 min at rt, and concentration 
in vacuo. To the residue was added THF (25 mL), DiPEA 
(0.36 g, 0.46 mL, 2.80 mmol, 5 equiv.), HBTU (0.53 g, 1.40 
mmol, 2.5 equiv.) and Boc-ßAla-OH (0.26 g, 1.40 mmol, 
2.5 equiv.). The resulting mixture was stirred for 2 h at rt 
and concentrated in vacuo. EtOAc (50 mL) was added and 
the organic solution was washed with 1M KHSO4 (three 
times), sat. NaHCO3 (three times) and brine. The solution 
was dried over Na2SO4, fi ltered and concentrated. Flash 
chromatography of the residue (EtOAc:PE = 1:1→1:0) 
yielded optically pure 54a (0.13 g, 0.25 mmol, 69%) as 
a yellow solid. mp 145.5-149.9 ºC. [∝]20

589 = -17.64 (c = 
0.0171, MeOH). Further spectral data were analogues to 
racemic 54a. 

54b. A solution of 
Boc-ßAla-Trp-OH 
(50 mg, 0.13 mmol, 
1 equiv.), HATU (51 
mg, 0.13 mmol, 1 

equiv.), DiPEA (35 mg, 44 µL, 0.27 mmol, 2 equiv.) and 
(E)-4-(2-nitrovinyl)phenol (44 mg, 0.27 mmol, 2 equiv.) in 
THF (10 mL) was stirred for 16 h at rt. The reaction mix-
ture was concentrated and purifi ed using fl ash chroma-
tography (EtOAc:PE = 1:1→1:0) to yield 54b (30 mg, 
0.057 mmol, 44%) as a yellow oil. 1H NMR (500 MHz, 

(EtOAc:PE = 1:1→1:0) to yield 54d (0.10 g, 0.20 mmol, 
75%) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 8.29 – 
8.16 (m, 3H), 7.58 (d, J = 7.9 Hz, 1H), 7.42 (d, J = 8.1 Hz, 
1H), 7.23 (d, J = 8.1 Hz, 1H), 7.17 – 7.09 (m, 2H), 7.04 (d, 
J = 9.1 Hz, 2H), 6.34 (s, 1H), 5.10 (q, J = 13.2, 6.3 Hz, 
1H), 3.49 – 3.37 (m, 4H), 2.43 (t, J = 6.0 Hz, 2H), 1.42 (s, 
9H). 13C NMR (101 MHz, CDCl3) δ 171.69, 170.02, 
155.11, 145.67, 136.39, 127.46, 125.32, 123.09, 122.91, 
122.44, 120.32, 118.67, 111.68, 109.65, 53.62, 36.80, 
36.34, 28.54, 27.75. IR ν 3417, 2979, 2930, 1765, 1692, 
1664, 1524, 1347, 1162, 845. HRMS (FAB+) m/z found 
for C25H28N4O7 497.2038 [M+H], calcd 497.2036.

54e. A solution of 
(2-phenylquinol in-
3-yl)methanethiol1 (82 
mg, 0.33 mmol, 1 
equiv.), dicyclohexyl-

carbodiimide (134 mg, 0.65 mmol, 2 equiv.), hydroyxben-
zotriazole (88 mg, 0.65 mmol, 2 equiv.) and Boc-ßAla-
Trp-OH (245 mg, 0.65 mmol, 2 equiv.) in DMF (5 mL) was 
stirred for 16 h at rt. The reaction mixture was fi ltered and 
diluted with dichloromethane. The organic solution was 
washed three times with water, once with brine, dried over 
MgSO4, fi ltered and concentrated in vacuo. The residue 
was purifi ed by fl ash chromatography using silica 
(EtOAc:hexanes = 1:4→3:7→1:1) to yield 54e as a clear 
oil (181 mg, 0.30 mmol, 97%). 1H NMR (400 MHz, CDCl3) 
δ 8.25 – 8.08 (m, 3H), 7.81 (d, J = 8.1 Hz, 1H), 7.74 (t, J 
= 7.6 Hz, 1H), 7.58 (t, J = 7.4 Hz, 1H), 7.53 – 7.41 (m, 6H), 
7.32 (d, J = 8.1 Hz, 1H), 7.17 (t, J = 7.5 Hz, 1H), 7.04 (t, J 
= 7.4 Hz, 1H), 6.68 (s, 1H), 6.11 (s, 1H), 5.15 – 4.92 (m, 
2H), 4.27 – 4.12 (m, 2H), 3.41 – 3.14 (m, 4H), 2.30 (s, 
2H), 1.37 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 199.66, 
174.22, 171.56, 156.12, 138.31, 136.22, 130.34, 129.02, 
128.91, 128.73, 127.55, 127.53, 127.42, 127.18, 123.16, 
122.54, 120.05, 118.46, 111.58, 109.25, 100.12, 59.29, 
36.50, 36.26, 31.26, 28.50, 28.18. IR ν 3308, 2978, 2930, 
1684, 1489, 1367, 1239, 1165, 1043, 742, 701. HRMS 
(FAB+) m/z found for C35H36N4O4S 609.2536 [M+H], calcd 
609.2536. [∝]20

589 = -29.26 (c = 0.0682, MeOH).
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= 14.1, 8.2 Hz, 1H), 1.25 (d, J = 7.3 Hz, 3H), 1.21 (s, 9H), 
1.18 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 173.21, 172.73, 
170.75, 167.91, 154.90, 149.92, 138.76, 135.45, 133.04, 
132.96, 130.02, 129.49, 129.05, 129.00, 128.92, 127.52, 
126.66, 124.34, 123.63, 122.94, 81.49, 78.49, 60.42, 
56.93, 54.62, 49.16, 41.71, 37.36, 35.96, 28.85, 28.03, 
17.18, 14.20. IR ν 3272, 2977, 2933, 1772, 1630, 1506, 
1340, 1159, 844, 699. HRMS (FAB+) m/z found for 
C40H49N5O10 760.3558 [M+H], calcd 760.3558. [∝]20

589 = 
-5.28 (c = 0.0123, MeOH)

55. General procedures.
A: The linear precursor (0.06 mmol) was 
dissolved in TFA:dichloromethane = 95:5 
(5 mL) and stirred for 10 min at rt. The re-
action mixture was concentrated in vacuo 
and the residual oil was taken up in EtOAc 

(10 mL). The solution was added over 52 h to a heated 
(50 ºC) suspension of NaHCO3 (2.0 g) in EtOAc (50 mL). 
The reaction mixture was stirred for two additional hours, 
fi ltered and concentrated in vacuo. The residue was puri-
fi ed by fl ash chromatography (EtOAc:MeOH = 1:0→24:1) 
to yield 55 as a clear oil. 1H NMR (400 MHz, MeOD) δ 
7.57 (t, J = 8.9 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.16 
(s, 1H), 7.07 (t, J = 7.5 Hz, 1H), 6.99 (t, J = 7.4 Hz, 1H), 
4.66 (dd, J = 8.3, 5.9 Hz, 1H), 3.66 (ddd, J = 15.4, 11.7, 
3.7 Hz, 1H), 3.18 (dt, J = 15.4, 4.7 Hz, 1H), 3.05 (dd, J 
= 14.9, 8.4 Hz, 1H), 2.61 (dt, J = 17.8, 3.8 Hz, 1H), 2.55 
– 2.44 (m, 1H). 13C NMR (101 MHz, MeOD) δ 175.87, 
175.35, 164.22, 163.88, 163.54, 163.20, 138.75, 129.06, 
125.62, 123.20, 120.55, 119.63, 113.00, 111.03, 54.39, 
50.42, 37.76, 37.50, 27.63. IR ν 3413, 2926, 1679, 1444, 
1208, 1138, 845, 803, 725. HRMS (FAB+) m/z found 
for C14H15N3O2 258.1241 [M+H], calcd 258.1241 [M+H]. 
[∝]20

589 = 19.9 (c = 0.02325, MeOH).
B: The linear precursor was dissolved in freshly distilled 
dichloromethane and methyl trifl uoromethanesulfonate (1 
equiv.) was added. The mixture was stirred for 2 h and 
the reaction was monitored by LCMS. In case of an in-
complete reaction another equivalent of methyl trifl uo-
romethanesulfonate was added and the reaction mixture 
was stirred for another 2 h. The reaction mixture was 
concentrated in vacuo and subsequently dissolved in 
TFA:dichloromethane = 95:5, stirred for 10 min and con-

65: A solution of BocPheTyr(t-Bu)
AlaGlyO(E)-2-(2-nitrovinyl)phenyl 
(64) (1.24 g, 1.63 mmol, 1.0 
equiv.) in TFA : DCM = 95 : 5 (10 
mL) was stirred 30 minutes before 
being concentrated in vacuo. The 

residue was dissolved in EtOAc (10mL) and the organic 
solution was added to a heated (65 ºC) suspension of 
NaHCO3 (2.0 g) in EtOAc (2.0L). The reaction mixture 
was stirred 48 hours. The suspension was fi ltered and the 
fi ltrate was concentrated in vacuo and the residue was 
purifi ed via fl ash column chromatography (EtOAC : 
MeOH = 1 : 0 à 99 : 1 à 98 : 2 à 96 : 4) yielding 65 (0.203 
g, 0.463 mmol, 28%) as a yellow solid. mp 182.5-192.1 
ºC. 1H NMR (500 MHz, DMSO 75 ºC) δ 8.96 (br. s, 1H), 
7.97 (br. s, J = 7.1 Hz, 1H), 7.62 (br s, 1H), 7.51 (br s, 1H), 
7.22 (br. s, 2H), 7.09 (s, 2H), 7.02 (d, J = 8.4 Hz, 2H), 6.70 
(d, J = 7.9 Hz, 2H), 4.39 (br. s, 2H), 4.06 (br. s, 1H), 2.85 
(br. s, 2H), 1.28 (br. s, 3H). 13C NMR (126 MHz, DMSO 75 
ºC) δ 129.67, 129.33, 128.85, 128.42, 127.72, 125.85, 
114.63, 109.14, 67.29, 59.25, 47.82, 28.54, 23.07, 20.24, 
17.89, 13.65. IR ν 3306, 1653, 1540, 1517, 1455, 1192, 
1135, 800, 723. HRMS (ESI) m/z found for C23H27N4O5 
439.1968 [M+H], calcd 439.1981. [∝]20

589 = -6.68 (c = 
0.0283, MeOH)

The resin was then washed with DCM three times. The 
combined organic solutions were diluted with toluene (to 
approximately 1 : 1) and concentrated in vacuo. 

63: Synthesis of 
B o c P h e Ty r ( t - B u )
AlaGlyOH (63) was 
performed by SPPS 
using 2-chloro trityl res-

in (loading 1.27 mmol/g, 4.0 g, 5.1 mmol). This yielded 63 
(2.4 g, 3.9 mmol, 77%) as a white solid. mp 113.8-115.1 ºC. 

1H NMR (400 MHz, MeOD) δ 7.36 – 7.12 (m, 8H), 6.90 (dd, 
J = 8.4, 4.4 Hz, 2H), 4.63 (dt, J = 13.7, 5.2 Hz, 1H), 4.45 – 
4.36 (m, 1H), 4.29 (dd, J = 9.2, 4.9 Hz, 1H), 3.98 – 3.82 (m, 
2H), 3.14 – 2.88 (m, 4H), 2.72 (dd, J = 13.7, 9.7 Hz, 1H), 1.35 
(br. s, 12H), 1.29 (s, 9H). 13C NMR (101 MHz, MeOD) δ 
174.85, 174.27, 172.91, 172.66, 155.41, 138.53, 133.19, 
131.05, 130.33, 129.38, 127.67, 125.18, 116.34, 80.75, 
79.47, 57.46, 55.90, 50.16, 41.77, 39.12, 38.17, 29.21, 
28.66, 18.07. IR ν 3291, 2977, 2931, 1723, 1634, 1507, 
1366, 1159, 697. HRMS (FAB+) m/z found for C32H44N4O8 
613.3230 [M+H], calcd 613.3237. [∝]20

589 = -20.06 (c = 
0.0176, MeOH)

64: A solution of 
BocPheTyr(t-Bu)
AlaGlyOH (63) 
(2.06 g, 3.37 
mmol, 1.0 equiv.), 

HATU (1.28 g, 3.37 mmol, 1.0 equiv.), DiPEA (1.11 mL, 
0.87 g, 6.73 mmol, 2.0 equiv.) and (E)-2-(2-nitrovinyl)phe-
nol (1.11 g, 6.73 mmol 2.0 equiv.) in THF (50 mL) was 
stirred 4 hours. The reaction mixture was concentrated in 
vacuo and the residue was dissolved in EtOAC. The or-
ganic solution was washed three times with 1M KHSO4 
(aq), dried over Na2SO4 and concentrated in vacuo. The 
residue was purifi ed by fl ash column chromatography 
yielding 64 (1.96 g, 2.58 mmol, 77%) as a yellow solid. mp 
122.3-125.8 ºC. 1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 
13.8 Hz, 1H), 7.50 – 7.43 (m, 2H), 7.40 – 7.35 (m, 1H), 7.27 
– 7.17 (m, 6H), 7.02 (dd, J = 7.7, 1.6 Hz, 2H), 6.85 – 6.74 
(m, 5H), 4.72 (s, 1H), 6.36 (s, 1H), 4.50 – 4.37 (m, 2H), 
4.20 (qd, J = 17.9, 5.8 Hz, 2H), 4.10 – 4.07 (m, 1H), 3.04 
– 2.91 (m, 2H), 2.81 (dd, J = 14.2, 5.9 Hz, 1H), 2.72 (dd, J 

centrated. The resulting salt was diluted with acetonitrile 
to a concentration of 1 mM. To this solution triethylamine 
(50 equiv.) was added. The reaction mixture was heated 
at 50 ºC and stirred for 24 h. The reaction mixture was 
concentrated and the residue was purifi ed by fl ash chro-
matography (EtOAc:MeOH = 1:0→24:1) to yield 55 as a 
clear oil.
C: The linear precursor was dissolved in TFA:dichlo-
romethane = 95:5 (10 mM), stirred for 10 min and con-
centrated. The resulting salt was dissolved in acetonitrile 
to obtain a fi nal concentration of 1 mM. To this solution 
triethylamine (50 equiv.) was added and the reaction mix-
ture was heated at 50 ºC and stirred for 24 h. The reaction 
mixture was concentrated and the residue was purifi ed by 
fl ash chromatography (EtOAc:MeOH = 1:0→24:1) to yield 
55 as a clear oil.

The obtained yields of 55 are collected in the Table 
below.

Cyclisation 
precursor

Method Yield (%) Optical 
purity

53a A 62 >99%

53b A Trace n.d.

53c A 13 n.d.

53d A 12 n.d.

53e B 22 n.d.

53e C 44 n.d.

54a A 67  >99%

54b A 15 n.d.

54c A 26 n.d.

54d A 23 n.d.

54e B 64 82%

54e C 34 n.d.
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Chiral HPLC traces

54a (racemic)

54a (optically pure)

55 (from 53a)

55 (from 54a (racemic))
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55 (from 54a (optically pure))

55 (from 53e)

LCMS Trace 
cyclo[PheTyrAlaGly]
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MS-MS
cyclo[PheTyrAlaGly]
Mass spectrometric analysis
Apparatus Mass spectral data were acquired using an ApexUltra Fourier transform ion cyclotron 
resonance mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a 7 T magnet, 
an Apollo II-Dual source and an infrared multiphoton dissociation
(IRMPD) laser system.
 
MS/MSMS data were acquired by direct nano-spray infusion at a fl ow rate of 300 nl/min. Instru-
ment mass calibration was better than 2 ppm. Resolution of the mass signal of the cyclic peptide 
ion with m/z 439.19675 was better than 250000. MSMS data were acquires by mass selection 
of the cyclic peptide ion in the Q-sector, followed by 14 eV collision-induced dissociation (CID) in 
the hexapole at an argon pressure of about 6*10-6 mbar (measured at the pressure gauge) and 
detection of the fragment ions in the ICR cell.
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5
Concluding discussion



Scheme 1: Auxiliary mediated peptide cyclisation 5.2 Chapter 2

Internal 
auxiliaries
The internal auxiliary 2-hydroxy-3-isopropoxy-
4-methoxy-benzaldehyde has proven its ability 
to mediate the cyclisation to seven-membered 
bisactams, regardless of the site of ring clo-
sure.1 With this auxiliary the cyclisation of 
tetrapeptides could be achieved but it proved 
to be problematic. The coupling of a tripeptide 
to the auxiliary shielded the phenolic hydroxyl 
group, making it unavailable for coupling by 
estericifation of the fourth amino acid. Install-
ing the auxiliary in between two dipeptides 
proved to be a successful route towards cy-
clic tetrapeptides. It has to be noted how-
ever, that the extent to which epimerisation 
occurred during esterifi cation of the second 
dipeptide to the auxiliary hydroxyl group has 
not been investigated. Because activation 

5.3 Chapter 3

N-terminal 
auxiliaries
The use of N-terminal auxiliaries for the syn-
thesis of cyclic tetrapeptides has proven to be 
feasible, although epimerisation during cycli-
sation occurred.3 Two alternative N-terminal 
auxiliaries have been investigated. Use of a 
2,3,4-trimethoxy-6-benzyl auxiliary for the cy-
clisation of small peptides proved to suffer from 
steric hindrance caused by the auxiliary. The 
alternative use of the nosyl protecting group 
resulted in only trace amounts of the desired 
cyclic product. This is probably due to the slow 
acyl transfer which does not occur in the life-
time of the Meisenheimer complex. 
For each method, an alternative can be consid-
ered (Scheme 3). 

S cheme 3:  Alternative linear precursors containing 
N-terminal auxiliaries

The problem of steric hindrance around the 
2,3,4-trimethoxy-6-thiobenzyl auxiliary could 
may be circumvented by switching to a 4-meth-
oxy-6-thiobenzyl group (as in 13). 
In order to facilitate ring contraction while us-
ing the nosyl auxiliary, the introduction of a turn 
inducer could increase the yields. The turn in-
ducer should facilitate, not only initial macrocy-
cle formation but also the ring contraction to the 
desired cyclic peptide. 

5.1 Cyclisation 
to strained 
cyclic peptides

Due to the favored transoid character of amide 
bonds, the cyclisation of small peptides can be 
diffi cult, if not impossible, using standard pep-
tide coupling reagents. Classic cyclisations of 1 
to prepare (Scheme 1) seven-membered bis-
lactams, cyclic tetrapeptides and cyclic penta-
peptides suffer from issues such as epimerisa-
tion, dimer formation and low yields. 
The degree in which these issues occur does 
not only depend on the target cyclic peptide, 
but also on the site of ring closure. Three dis-
tinct auxiliary mediated approaches have been 
investigated in order to develop a general 
method for the cyclisation of these strained 
cyclic peptides. These approaches are divided 
in the use of internal, N-terminal or C-terminal 
auxiliaries.

of a dipeptide C-terminus is known to cause 
epimerization, this has to be monitored and 
if indeed epimerization occurs this shoud be 
solved. Protection and eventual liberation of 
functional groups takes up a signifi cant part 
of the synthetic route to the linear precur-
sor. In order to shorten the synthetic path-
way, buildup of the linear precursor using 
solid phase chemistry may be investigated 
(Scheme 2). 

 
Scheme 2:  Buildup of an internal auxiliary containing linear 

precursor

After SPPS of dipeptides, coupling of the aux-
iliary should be feasible via reductive amina-
tion.2 Protection of the resulting secondary 
amine is followed by coupling of another di-
peptide. After cleavage from the resin, the 
liberated linear precursor would be ready for 
initial macrocyle formation without the need 
for further deprotection.
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5.4 Chapter 4 

C-terminal 
auxiliaries
Esterifi cation of the auxiliary (E)-2-(2-nitrovinyl)
phenol to the C-terminus proved to facilitate the 
synthesis of seven-membered bislactams. The 
cyclisation was promoted, regardless of the site 
of ring closure. The auxiliary has been used for 
the synthesis of a cyclic tetrapeptide. The main 
drawback is epimerisation that occurs while 
coupling the auxiliary to the peptide. Although 
this can be circumvented when synthesising 
seven-membered bislactams, the problem per-
sists for longer cyclic peptides. 
Further research should be performed in order 
to develop an alternative method for coupling 
of the auxiliary. The Chan-Lam reaction of-
fers a potential route for the epimerisation free 
coupling of the C -terminal auxiliary. Recent 
research in our group4 has shown the power 
of the Chan-Lam reaction as a key step in 
epimerisation-free C-terminal peptide activa-
tion. If this route can be adapted for auxiliary 
coupling (Scheme 4), the largest obstacle for a 
C-terminal auxiling strategy would be removed. 
This would open up research into the use of 
(E)-2-(2-nitrovinyl)phenol as an auxiliary for the 
synthesis of a broad range of strained cyclic 
peptides.
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Sc h eme 4:  C-terminal auxiliary coupling via Chan-Lam 
coupling
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Summary



6.1 Chapter 1, introduction

The fi rst chapter gives an introduction into 
ring-strained cyclic peptides and the diffi cul-
ties in their synthesis such as epimerisation, 
dimerisation and low yields and the depend-
ency on the site of ring closure. These prob-
lems mainly result from the inherent E-geome-
try of amide bonds and the resulting preferred 
extended conformation of small peptides. This 
places the peptide termini at a distance, mak-
ing head-to-tail cyclisation diffi cult. In addition, 
signifi cant ring-strain in the resulting cyclic 
peptide hampers the synthetic accessibil-
ity. Several approaches to cyclise small pep-
tides are discussed. These methods include 
pre-cyclisation arrangement, ring-contraction, 
introduction of (a) turn-inducer(s) and site iso-
lation. Finally, the use of auxiliaries in the syn-
thesis of ring-strained peptides is introduced 
(Scheme 1). 
These auxiliaries have been named accord-
ing to their placement in the linear peptide 
precursor and are investigated in the following 
chapters, internal auxiliaries (3, chapter 2), N-
terminal auxiliaries (2, chapter 3) and C-termi-
nal auxiliaries (4, chapter 4). When using an 
internal auxiliary (3) initial macrocycle forma-
tion takes place by lactamisation. No epimeri-

the fi rst tripeptide, steric hindrance prevented 
coupling of the single amino acid. Placement 
of the auxiliary in the middle of the linear pre-
cursor (as in 8b) did give access to the linear 
precursor. The linear precursor could then be 
cyclised after which ring contraction resulted 
in the desired cyclic tetrapeptide, albeit in low 
overall yields. Unfortunately, acidolytic cleav-
age of the auxiliary from the fi nal cyclic pep-
tide gave complete decomposition resulting in 
complex mixtures in which no product could be 
detected.

6.3 Chapter 3, N-terminal auxiliaries

The investigation of two potential N-terminal 
auxiliaries is discussed in chapter three. Both 
auxiliaries were previously used for amide-bond 
formation in peptide ligations. The fi rst auxiliary, 
2,3,4-trimethoxy-6-(4-methylbenzylthio)benzal-
dehyde, has a mode of action based on chemi-
cal peptide ligation. It relies on trans-thioes-
terifi cation for initial macrocycle formation and 
subsequent S→N acyl transfer and concomi-
tant ring-contraction (to 11). Unfortunately, this 
auxiliary did not mediate the formation of the 
desired cyclic product, most probably due to 
steric hindrance. Consequently, research was 
shifted to the dinitro-nosyl protective group 
(2,4-dinitrophenyl sulfonyl) that also had been 
used in peptide ligation strategies. If a nosyl 
protected amine is liberated with a thioacid, 
amide bond formation is known to occur. Intra-
molecular ipso-attack of the thioacid results in 
an intermediate Meisenheimer complex (13), 
in which the N- and C-termini are positioned 
in close proximity. If ring-contraction though 
S→N acyl transfer occurs before collapse of 
the Meisenheimer complex, this results in the 
desired cyclic peptide (14) without the need 
for separate removal of the auxiliary. Unfor-
tunately, when this auxiliary was used for the 
cyclisation of a seven-membered bislactam a 
low yield was obtained. This is most likely due 

6.0 Preface

While strained lactams or small cyclic peptides 
are abundant in nature, their synthetic avail-
ability is limited. The rigid nature of these com-
pounds makes them interesting synthetic tar-
gets because the sidechains of the amino acid 
residues are positioned in a well defi ned way at 
the central heterocycle. In medicinal chemistry 
a proper positioning of the three dimensional 
pharmacophore is important for selective bio-
logical target binding. This thesis deals with the 
development of auxiliary mediated synthetic 
routes towards small ring-strained cyclic pep-
tides. The synthetic targets consisted of seven-
membered bislactams and cyclic tetrapeptides 
(Figure 1). 

 Figure 1: Synthetic targets

Three types of auxiliaries have been investigat-
ed discriminated by their attachment to the pre-
cursor linear peptide: within the backbone (inter-
nal), N-terminal and C-terminal (Scheme 1). 

sation takes place during this lactamisation 
when using EDC for carboxylic acid activation 
under neutral or acidic conditions. With an N-
terminal auxiliary (2), initial macrocycle forma-
tion is the result of lactonisation. This reaction 
is known to result in partial epimerisation of 
the C-terminal amino acid residue. A C-termi-
nal auxiliary (4) relies on amine capture by an 
electrophilic sink (E). Once the initial macro-
cycle (5) has formed, the modes of action of 
all three auxiliaries follow the same pathway. 
The auxiliary places the C- and N-terminal of 
the peptide in close proximity. This promotes 
ring contractive acyl transfer, resulting in the 
desired ring size (6). Final auxiliary removal 
provides the target small cyclic peptide.

6.2 Chapter 2, internal auxiliaries

Chapter two deals with the use of the internal 
auxiliary 2-hydroxy-3-isopropoxy-4-methoxy-
benzaldehyde. This auxiliary had been used 
successfully for the cyclisation of seven-mem-
bered bislactams. In addition, the use of this 
auxiliary for the synthesis of cyclic tetrapep-
tides was investigated. This research focussed 
on two possible positions for the internal auxil-
iary (Scheme 2). 

S cheme 2:  Auxiliary placement for initial macrocycle 
formation 

Placement of the auxiliary between a tripeptide 
and a single amino acid (as in 8a) turned out to 
be an unsuccessful strategy. After coupling of 

Sch eme 1:  Auxiliary mediated cyclisation of strained peptides 
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Scheme 4:  C-terminal auxiliary in the cyclisation of seven-
membered bislactams 

to the instability of the Meisenheimer complex 
causing it to collapse before acyl-transfer occurs. 

6.4 Chapter 4, C-terminal auxiliaries

In chapter four, the development and use of 
the C-terminal auxiliary (E)-2-(2-nitrovinyl)phe-
nol is discussed. This auxiliary promotes initial 
macrocycle formation via an intramolecular 
aza-Michael reaction. Ring contraction is the 
result of O→N acyl transfer yielding the desired 
lactam. The auxiliary is lost spontaneous after 
ring contraction by a retro aza-Michael reac-
tion. Initially, the chemistry was optimised by 
the cyclisation of seven-membered bislactams 
(Scheme 4). The auxiliary was able to mediate 
cyclisation regardless of the site of ring closure. 
However, there was a drawback to the use of 
the auxiliary. The peptide C-terminal amino acid 
had to be achiral in order to prevent epimerisa-
tion during coupling of the auxiliary to the pep-
tide. This could be circumvented by building up 
the peptide directly on the auxiliary. Although 
this was feasible for seven-membered bislac-
tams, the low yield for the coupling of the sec-
ond amino acid made this approach unsuitable 
for the cyclisation of tetra- or pentapeptides.

In another strategy, the auxiliary was also used 
for the cyclisation of a tetrapeptide (Scheme 5). 

Sche me 5:  C-terminal auxiliary in the cyclisation 
of a tetrapeptide

In order to circumvent epimerisation during cou-
pling of the auxiliary, a tetrapeptide containing 
a C-terminal glycine was chosen. The auxiliary 
proved to be capable of mediating the cyclisa-
tion of this tetrapeptide (23) in moderate yield.

6.5 Chapter 5, concluding discussion

This chapter contains some suggestions for 
further research. Solid phase chemistry might 
simplify synthesis of the linear precursor when 
using the internal auxiliary. Also an alternative 
N-terminal auxiliary is proposed, as well as the 
incorporation of a turn-inducer during the use of 
an N-terminal auxiliary. Finally the Chan-Lam-
Evans reaction is proposed as an alternative 
for the coupling of the C-terminal auxiliary in 
order to prevent epimerisation.

Scheme 3: Peptide cyclisation using N-terminal auxiliaries
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Appendices



HBTU   O-(Benzotriazole-1-yl)-1,1,3,3-tetrame-
thyluronium hexafl uorophosphate

HOAt   1-hydroxy-7-azabenzotriazole
HOBt  1-hydroxybenzotriazole
HPLC   high performance liquid chromatography
Hz  hertz
IR  infrared
J  coupling constant (in NMR)
L  liter(s)
LC/MS   liquid chromatography-mass  

spectrometry
m  multiplet
MeCN  acetonitrile
Me  methyl
min  minutes
M.p.  melting point (range)
MS  mass spectrometry
m/z  mass over charge ratio
nd  not determined
NMR  nuclear magnetic resonance
OMe  methoxy
PE  petroleum ether (40-60)
PG  protective group
Ph  phenyl
Pr  propyl
i-Pr  isopropyl
q  quartet (in NMR)
R  any group
RT  room temperature
s  singlet (in NMR)
t  triplet (in NMR)
TBAF  tetrabutylammonium fl uoride
TBDMS  tert-butyldimethylsilyl
TEA  triethylamine
Tf  trifl uoromethanesulfonyl
TFA  trifl uoroacetic acid
THF  tetrahydrofuran
TIC  total ion count
TLC  thin layer chromatography
Troc  2,2,2-Trichlorethoxycarbonyl

Atm.   atmospheric pressure
Aq.  aqueous
Bn.  benzyl
Boc  tert-butoxycarbonyl
BOP   Benzotriazole-1-yl-oxy-

tris(dimethylamino)phosphonium 
hexafl uorophosphate

br.   broad (in NMR)
Bu  butyl
c   concentration (g/mL in optical rota-

tion)
ºC   degrees centigrade
calcd  calculated
Cbz  benzyloxycarbonyl
d  doublet (in NMR)
dd  double doublet (in NMR)
DBU   diazabicyclo[5.4.0]undec-7-ene
DCC   N,N-dicyclohexylcarbodiimide
DCM  dichloromethane
DIBAL  diisobutylaluminium hydride
DIC  N,N-diisopropylcarbodiimide
DiPEA  diisopropylethylamine
DKP  diketopiperazine
DMAP  4-dimethylaminopyridine
DMB  2,4-dimethoxybenzyl
DMF  N,N-dimethylformamide
DMSO  dimethylsulfoxide
EDC   1-(3-dimethylaminopropyl)-3-ethyl-

carbodiimide hydrochloride
EI  electron impact
ESI  electron spray ionisation
Et  ethyl
EtOAc  ethylacetate
Equiv.  equivalent
FAB  fast atom bombardment
Fmoc  9-fl uorenylmethoxycarbonyl
g  gram(s)
h  hour(s)
HATU   O-(7-Azabenzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafl uorophosp-
hate

Amino acids
Ala  alanine
βAla  3-aminopropanoic acid
Arg  arginine
Asn  asparigine
Asp  aspartic acid
Cys  cysteine
Gln  glutamine
Glu  glutamic acid
Gly  glycine
His  histidine
Ile  isoleucine
Leu  leucine
Lys  lysine
Met  methionine
Phe  phenylalanine
Pro  proline
Ser  serine
Thr  threonine
Trp  tryptophan
Tyr  tyrosine
Val  valine
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aza- Michael- acyl- transfer reaction cascade, 
Chem Commun (Camb) 2012, 48, 8084-6.

Tirado, Marcus; Rutters, Jochem; Chen, Xian; 
Yeung, Alfred; van Maarseveen, Jan; Eyler, 
John R.; Berden, Giel; Oomens, Jos; Polfer, 
Nick C., Disfavoring macrocycle b fragments 
by constraining torsional freedom: the “twisted” 
case of QWFGLM b6, J. Am. Chem. Soc. Mass 
Spectr. 2012, 23, 475-482.
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F iguur 1: Synthetische doelen

De beoogde synthesedoelen zijn zevenring bis-
lactamen (1) en cyclische tetrapeptiden (2) Voor 
de syntheses wordt gebruik gemaakt van een 
hulpgroep. De mogelijke hulpgroepen kunnen in 
drie categorieën verdeeld worden op basis van 
hun plek in de lineaire voorloper: in de peptide-
keten (interne), C-terminaal of N-terminaal. 

Hoofdstuk 1, introductie

In het eerste hoofdstuk worden ringgespannen 
cyclische peptiden geïntroduceerd en worden 
de problemen in hun synthese besproken zoals 
epimerisatie, dimerisatie en lage opbrengsten, 

de cyclisatie van zevenring bislactamen. Hier 
werd het gebruik van de hulpstof voor de cy-
clisatie van tetrapeptiden onderzocht. Er werd 
gekeken naar twee mogelijke posities van de 
interne hulpgroep (Schema 2). 

Schema 2:  Plaatsing van de hulpgroep voor 
initiële cyclisatie

De hulpstof werd tussen een tripeptide en een 
aminozuur geplaatst (zoals in 8a), of tussen 
twee dipeptiden (zoals in 8b). De eerste strate-
gie resulteerde niet in de vorming van cyclische 
tetrapeptiden. Het koppelen van een aminozuur 
aan de hulpgroep na de koppeling van een tri-
peptide was niet mogelijk, waarschijnlijk door 
sterische hindering. Wanneer de hulpgroep 
tussen twee dipeptiden werd geplaatst kon de 
lineaire voorloper wel verkregen worden. Deze 
kon vervolgens gecycliseerd worden, waarna 
samentrekking van de ring door O→N acy-
loverdracht resulteerde in de gewenste ring-
grootte, al was de totale opbrengst laag.

Hoofdstuk 3, N-terminale hulpgroepen

Twee mogelijke N-terminale hulpgroepen 
(Schema 3) die eerder gebruikt zijn voor de 
intermoleculaire vorming van amide bindingen 
worden besproken in hoofdstuk drie. 
De hulpgroep, 2,3,4-trimethoxy-6-benzaldehy-
de, heeft een werking die geïnspireerd is op 
chemische peptide ligatie. De initiële cyclisatie 
vindt plaats door middel van transthioesterifi ca-
tie (van 10 naar 11). Het samentrekken van de 

Voorwoord 

Ringgespannen lactamen en kleine cyclische 
peptiden zijn een bekende klasse natuurstoffen. 
Er is echter geen algemene methode waarmee 
deze klasse van stoffen gesynthetiseerd kan 
worden. De interesse in de synthese van kleine 
cyclische peptiden komt voort uit de ringspan-
ning en de daaruit resulterende rigiditeit. Door 
de rigiditeit is de positie van de zijketens van de, 
in de ring geïncorporeerde, aminozuren goed 
gedefi niëerd. In de farmacochemie is een goed 
vastgelegde driedimensionale structuur belang-
rijk voor selectieve binding aan een specifi ek 
biologisch molecuul.

Dit proefschrift beschrijft de ontwikkeling van 
syntheseroutes voor de synthese van kleine 
ringgespannen peptiden (Figuur 1). 

die bovendien afhangen van de positie waar 
cyclisatie plaatsvindt. Deze problemen komen 
hoofdzakelijk voort uit de voorkeur van amide-
bindingen om de E-geometrie aan te nemen. 
Hierdoor hebben kleine peptiden een lineaire 
conformatie die ervoor zorgt dat kop-staart 
cyclisatie moeilijk is. Daarnaast introduceert 
kop-staart cyclisatie een cyclisch product met  
signifi cante ringspanning. Er worden enkele 
benaderingen besproken voor de cyclisatie van 
ringgespannen peptiden waaronder coördinatie 
voor cyclisatie, ringcontractie, introductie van 
een groep om een draaiing te induceren, en het 
isoleren van het te cycliseren peptide. Tenslotte 
wordt het gebruik van hulpgroepen geïntrodu-
ceerd (Schema 1). 

Bij het gebruik van een interne hulpgroep (3, 
hoofdstuk 2) geschiedt de initiële macrocycli-
satie door lactamisatie. Als er gebruikt wordt 
gemaakt van een N-terminale hulpgroep (2, 
hoofdstuk 3) wordt de initiële ring gevormd 
door lactonisatie. Hierbij is gebleken dat 
epimerisatie problematisch kan zijn. Een C-
terminale hulpgroep (4, hoofdstuk 4) maakt 
gebruik van een reactie tussen de nucleo-
fi ele N-terminus en een elektrofi el C-atoom 
in de hulpgroep om de initiële ring te vormen. 
Na vorming van deze initiële ring komen de 
werkingsmechanismen van de verschillende 
hulpgroepen samen. De initiële cyclisatie naar 
5 brengt de C- en N-termini van het peptide bij 
elkaar. Hierdoor wordt O→N acyloverdracht 
bevorderd. Als deze plaatsvindt, wordt de ge-
wenste ringgrootte in 6 bereikt door ringcon-
tractie. Na verwijdering van de hulpgroep wordt 
het gewenste cyclische product 7 verkregen.

Hoofdstuk 2, interne hulpgroepen

Hoofdstuk twee behandelt het gebruik van 2-hy-
droxy-3-isopropoxy-4-methoxy-benzaldehyde 
als interne hulpgroep (3) . In eerder onderzoek 
is deze hulpgroep al succesvol gebruikt voor 

Dutch summary / Samenvatting

De synthese van ring 
gespannen lactamen door 
middel van het gebruik van 
een hulpstof

Sc hema 1:  Cyclisatie van peptiden met behulp 
van een hulpstof
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van O→N acyloverdracht en resulteert in de 
gewenste ringgrootte. Het verwijderen van de 
hulpgroep na cyclisatie is het resultaat van een 
retro-aza-Michael reactie en vindt spontaan 
plaats na de acyloverdracht. In eerste instantie 
is de chemie geoptimaliseerd voor de vorming 
van een zevenring bislactam (Schema 4) waar-
bij bleek dat de plek waar gecycliseerd werd 
geen signifi cante invloed had op de opbrengst. 

Sch ema 4:  C-terminale hulpstof voor de cyclisatie van 
zevenring bislactamezevenring

ternatieve N-terminale hulpgroep voorgesteld 
in combinatie met het invoegen van een extra 
hulpgroep op een ruggengraat amide N-atoom 
die E/Z-rotatie bevordert en dus benadering van 
de C- en N-termini vergemakkelijkt. Als laatste 
wordt geopperd dat de epimerisatie tijdens het 
koppelen van een C-terminale hulpstof mogelijk 
voorkomen kan worden door het gebruik van de 
Chan-Lam-Evans reactie voor de activering van 
de C-terminus van het te cycliseren peptide.

ring waarbij de gewenste ringgrootte gevormd 
wordt, is het gevolg van S→N acyloverdracht. 
In de praktijk kon deze hulpgroep de vorming 
van het gewenste cyclische product helaas niet 
ondersteunen, waarschijnlijk als gevolg van 
sterische hindering.
Het onderzoek werd daarom verschoven naar 
de dinitronosyl (2,4-dinitrofenyl sulfonyl) als 
hulpgroep die eerder ook is gebruikt voor pep-
tide ligatie. Het verwijderen van een nosyl be-
schermgroep met behulp van een thiozuur re-
sulteert in de vorming van een amide binding. 
Als dit intramoleculair gebeurt, resulteert de ini-
tiële ipso-aanval van het thiozuur in een inter-
mediair Meisenheimer complex (13) waarin de 
peptide termini elkaar naderen waardoor S→N 
acyloverdracht plaats kan vinden. Als deze 
ringcontractie plaatsvindt voor het Meisenhei-
mer complex uiteenvalt wordt het gewenste cy-
clische product gevormd. Hierbij is geen aparte 
stap nodig om de hulpstof te verwijderen. Bij 
het gebruik van 2,4-dinitrofenyl sulfonyl als 
hulpstof voor de cyclisatie van een zevenring 
bislactam, was de opbrengst echter laag. Dit 
duidt er op dat het Meisenheimer complex mo-
gelijk niet stabiel genoeg is waardoor het uit-
eenvalt voor acyloverdracht plaatsvindt.

Hoofdstuk 4, C-terminale hulpgroepen

Het laatste experimentele hoofdstuk bespreekt 
de ontwikkeling en het gebruik van (E)-2-(2-
nitrovinyl)fenol als hulpgroep. Deze hulpgroep 
maakt gebruik van de aza-Michael reactie voor 
de vorming van de initiële cyclische verbinding. 
Samentrekking van deze ring is het gevolg 

Het nadeel aan het gebruik van de hulpgroep was 
echter dat tijdens het koppelen van de hulpgroep 
aan een peptide dat geen C-terminale glycine 
heeft, epimerisatie plaatsvond. Koppeling van 
een enkel aminozuur met een beschermd amine 
resulteerde niet in racemisatie. Voor de synthese 
van een bislactam kon epimerisatie voorkomen 
worden door het peptide aan de hulpgroep op te 
bouwen. Gezien de matige opbrengsten voor de 
koppeling van de aminozuren biedt deze synthe-
seroute naar de lineare voorloper geen uitkomst 
voor de synthese van cyclische tetra- en penta-
peptiden zonder C-terminale glycine. 
In een andere strategie werd (E)-2-(2-nitrovi-
nyl)fenol als hulpgroep gebruikt voor de cycli-
satie van een tetrapeptide (Schema 5). 

Schem a 5:  C-terminale hulpgroep voor de cyclisatie 
van een tetrapeptide 

Om epimerisatie tijdens koppeling van de hulp-
stof te voorkomen werd gekozen voor de cycli-
satie van een tetrapeptide dat een C-terminale 
glycine bevat. De hulpsgroep bleek in staat om 
de cyclisatie van het tetrapeptide te bevorderen.

Hoofdstuk 5, slotbespreking

Dit hoofdstuk bevat suggesties voor verder 
onderzoek. Er wordt geopperd dat vaste dra-
ger synthese de bereiding van een lineaire 
voorloper met een interne hulpgroep zou kun-
nen vergemakkelijken. Er wordt ook een al-

S chema 3: Peptide cyclisatie met N-terminale hulpstoffen
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PhD study at the University of Amsterdam in the 
section Section Organic Chemistry under su-
pervision of Dr. Jan van Maarseveen and Prof. 
Dr. Henk Hiemstra. Several synthetic routes to 
synthesise ring strained cyclic peptides were 
investigated. Jochem obtained a COST Action 
CM0905 ‘ORCA’ travel grant to Rouen where he 
worked for two weeks at the IRCOF- Labora-
toire COBRA. Jochem presented his work orally 
at the KNCV meeting of the Section Organic 
Chemistry. He also presented his work with 
posters at several congresses among which the 
12th Belgian Organic Synthesis Symposium. 
Jochem attended the HRSMC summer school 
‘New Horizons in Synthetic Methodology’ and 
the course ‘Industrial Pharmaceutical Chemis-
try’ at the Radboud University in Nijmegen. He 
also attended numerous ‘problem evenings’ 
where total syntheses were investigated. Dur-
ing his PhD studies Jochem assisted students 
in several practical courses. In 2013 Jochem 
started a job as a scientifi c assessor chemistry 
and analytical methods at the board for the au-
thorisation of plant protection products and bio-
cides. There he assesses applications for both 
national and European authorisations of plant 
protection products and biocides.

niet te evenaren, jouw kijk op de wereld past 
mij wel. Ik zou bijna op zoek gaan naar een 
werkplek waar Lokale omroep Landsmeer 
in de ether hangt. Linde, Apple freak, gadget 
freak en zo mogelijk nog enthousiaster dan 
Jan. Het was heerlijk om me samen met jou 
vier jaar in de peptide chemie onder te dom-
pelen. Beschermen, ontschermen, onbruikbare 
resins wegmieteren en kijken of we met een 
nieuwe aanpak of zuiveringsmethode verder 
zouden kunnen. En natuurlijk zo af en toe een 
zeer welkome UPLC bij je regelen. Roel, het 
sporten is bij mij helaas behoorlijk in frequentie 
afgenomen, maar ik vond het erg ontspannend 
om een paar keer in de week samen richting de 
sportschool te gaan. En natuurlijk bedankt voor 
het egaliseren van de trap (ik weet wel welke 
rot-klussen ik uit handen geef). And Stanimir 
and Daniela, I could probably do this in Dutch. I 
always think you guys speak it way better than 
you lead on. I really enjoyed your company in 
the lab. If only because of the shear amount 
of reactions that were running simultaneously 
in your fumehoods. Arjen, wij hebben altijd Na-
men nog. De foto heb ik maar niet openbaar 
gemaakt voor jouw promotie. Martin, dank voor 
al je hulp gedurende de jaren. Jouw begrip voor 
moleculen zou ik graag hebben. Jouw voor-
spellende gave bleek vaak betrouwbaarder 
dan een tekstboek. Ginger, ik moet nog regel-
matig denken aan de verrekijker op het Roeters 
eiland. Zelden heb ik mijn kerstpakket zo goed 
benut zien worden. Met jou op het lab was er 
altijd wat te lachen, of te zien op de compu-
ter natuurlijk. En sorry, het is toch een andere 
kaft geworden. Jan Geenevasen, dank voor 
alle hulp bij de NMR’s. Je was onvermoeibaar, 
stond altijd klaar voor mensen en was degene 
waardoor ik soms best rustig leek. Han, jouw 

Jochem Rutters was born June, 6th 1977 in 
Middelburg. After obtaining his athenaeum di-
ploma in 1996 at the Mollerlyceum in Bergen op 
Zoom, he started to study Chemistry at Utrecht 
University. During his study he joined several 
committees of the chemistry student associa-
tion ‘U.S.S. Proton’ in several positions such as 
treasurer and chair. In 2003/2004 Jochem did a 
minor internship in the Section of Organometal-
lic Chemistry, synthesising palladium catalysts 
containing phebox ligands. Following this in-
ternship, Jochem obtained his bachelor of sci-
ence degree in 2004. In 2005 Jochem started 
to study for his master of science degree in the 
fi eld of drug innovation. His major research 
project was carried out at the Section Medicinal 
Chemistry (2005-2006) on the synthesis of a 
multivalent anti-fl u medicine and the synthesis 
of amino acid based monomers for ‘click’ poly-
merisation. Another research project was car-
ried out at the University Zürich (2006-2007). 
At the ‘Organisch-Chemisches Institut’, Jo-
chem worked on the synthesis of a fl uorophore 
library based on biarylpyridine under the guid-
ance of Prof. Dr. Nathaniel Finney and Prof. Dr. 
Jay Siegel. Jochem also wrote a literature the-
sis on the development of synthetic vaccines. 
After obtaining his degree, Jochem started his 

Het heeft even geduurd, maar dan heb je ook 
wat: een proefschrift. Er zijn tijden geweest dat 
ik me afvroeg of het proefschrift, en daarmee 
dit dankwoord, er wel zou komen. Maar nu is 
dan toch de tijd gekomen waarop ik iedereen 
kan gaan bedanken. Allereerst natuurlijk Jan 
en Henk, mijn begeleiders die me onderge-
dompeld hebben in de schoonheid van de or-
ganische chemie. Co-promotor en promotor, 
jullie deur stond altijd open en ik heb jullie steun 
(we gaan jou hier doorheen slepen) niet alleen 
gewaardeerd, maar ook meer dan eens nodig 
gehad. Jan, zonder jouw enthousiasme was ik 
menig synthetische uitdaging niet aangegaan. 
Bij elke nieuwe synthese route was jij degene 
die me kon wijzen op de spreekwoordelijke 
gouden bergen die aan het eind ervan konden 
liggen. Je bent altijd vol enthousiasme over alle 
mooie en goede mensen die je kent. Nou kan 
ik je vertellen, zelf hoor je absoluut ook in die 
categorie thuis. En Henk, zonder jouw visie op 
de chemie had ik menig valkuil bij het volgen 
van een nieuwe synthese route niet kunnen 
ontwijken. Ik heb er nog over gedacht om jouw 
dankwoord geparafraseerd over te nemen en 
het daarbij te laten. Maar ik ben bang dat ik 
daarmee in dit geval onrecht zou aandoen aan 
eenieder die heeft bijgedragen aan mijn proef-
schrift.

Zonder goede collega’s ga je met lood in je 
schoenen naar je werk. Ik mag me heel geluk-
kig prijzen met de collega’s die ik tijdens mijn 
promotietraject heb mogen hebben. Als eerste 
natuurlijk Hans. Zonder jouw was hoofdstuk 
2 er niet in deze vorm gekomen en was mijn 
stressniveau tijdens mijn laatste weken experi-
menteel werk onnoemelijk veel hoger geweest. 
Jouw synthetische kunsten in de zuurkast zijn 

Curriculum Vitae 
Jochem Rutters
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ren er ook nog heel wat eerste en tweedejaars 
studenten en scholieren die ik voor practica, 
snuffelstages en projecten heb mogen bege-
leiden. Jullie ook bedankt, dankzij jullie ben ik 
er achter gekomen dat het mogen overdragen 
van je kennis een voorrecht is waar je veel ple-
zier uit kan halen.

Promoveren doe je niet alleen op de universi-
teit, en ik heb dan ook steun gehad van veel 
meer mensen. Tom en Rudy, dank voor alle 
gesprekken, ook als ik het even niet meer zag 
zitten. Jullie pertinente weigering om te gelo-
ven dat dit boekje er wel eens niet zou kunnen 
komen heeft me meer steun gegeven dan jullie 
beseffen. En nu weer gaan brouwen! Chantal 
en Eline, dank dat ik jullie mannen zo vaak heb 
mogen lenen. En voor jullie steun natuurlijk. 
Verder natuurlijk Jeroen, Sander, SanderSan-
der, Staf, oftewel ‘de andere mannen van spel-
letjes’. We houden het al jaren vol, ik hoop dat 
we het nog vele jaren vol blijven houden. En nu 
dit werk eindelijk voldaan is kan ik ook weer wat 
vaker van de partij zijn. Ik verheug me er nu al 
op. En dan de grote groep die ik uit pure angst 
om iemand te vergeten de scheikundeweek-
endjesgroep of paasdinergroep kan noemen. 
Sipke, Ellen, Hanneke, Martijn, Judith, Martin, 
Floor, Volkert, Gabie, Dirk, Elles, Johan, Me-
rel, Thillo, Shirley, Marije, Patrick, Lai Mei, jul-
lie staan nog niet genoemd in dit dankwoord. 
Jullie ook dank voor alle gezelligheid in goede 
en de steun in de mindere tijden. Volgens mij 
hebben jullie het allemaal wel eens gevraagd: 
“En heb je al een datum?” Nou, het is eindelijk 
volbracht, tijd voor het laatste promotiefeestje 
binnen de groep.

Ik had nooit kunnen promoveren zonder de 
familie. Allereerst mijn ouders, zonder jullie 
steun en opvoeding was het nooit zo ver ge-
komen. Zinnen als: “Je moet altijd opletten wat 
er om je heen gebeurd”, “Oefenen, oefenen, 
oefenen” en “Je moet er *%@#$ je best voor 

golden touch met de massa zal waarschijnlijk 
nooit meer geëvenaard worden. Dank je voor 
het wegwerken van die enorme berg massa’s 
die ik meestal weer op het laatste moment nog 
even op je bureau kwam leggen. Steen, dank 
voor al je input door de jaren heen. Merel, elke 
keer dat je weer richting het lab kwam omdat je 
nieuwe stoffen moest synthetiseren keek ik er 
naar uit. Je werkte rustig, geordend en netjes, 
dat had best wat meer op mij af mogen geven. 
Chanan, de man van de geurige chemie. Jouw 
‘actieve’ werkhouding zal me altijd bijblijven. 
Evenals je gewoonte om elke maand op vakan-
tie te gaan. Maar vooral de luchten, die vergeet 
ik nooit meer. Sape, door jou ben ik echt van 
het wielrennen gaan genieten. Daar beleef ik 
nog vaak plezier aan, maar man wat kost het 
ook een hoop tijd.

Dan zijn er ook nog studenten die ik gedurende 
mijn tijd op de UvA heb mogen begeleiden en 
die in grotere of kleinere mate aan dit boekje 
hebben bijgedragen. Geeske, mijn eerste 
hoofdvakster. Je hebt de pech gehad om tij-
dens mijn hernia stage bij me te lopen, maar ik 
hoop dat je toch wat aan me gehad hebt. Ik heb 
in ieder geval veel geleerd van jou begeleiden. 
Yvette, het was altijd erg gezellig met jou op het 
lab en jouw werk heeft veel bijgedragen aan de 
totstandkoming van hoofdstuk 4. Uiteindelijk 
bleek de C-terminale auxiliary toch te werken. 
Ook Remco, die onder begeleiding van Hans 
werkte, moet ik natuurlijk bedanken voor zijn 
werk aan de C-terminale auxiliary. Jorin, die 
aan de N-terminale auxiliaries heeft gewerkt, je 
wilde altijd het naadje van de kous weten en 
wist altijd bij iedereen je informatie te halen. 
Het was prettig om regelmatig door een van je 
onverwachte vragen aan het denken gezet te 
worden. Nick, die cyclo-octyne bleek niet zo-
maar in elkaar te zetten, maar dat heeft je nooit 
weerhouden om elke dag met een glimlach op 
het lab te komen. Naast de studenten die lan-
gere tijd bij me op het lab hebben gelopen wa-

doen, niets gaat vanzelf!” hebben me, zeker 
als puber, vaak gefrustreerd. Maar ze hebben 
er wel voor gezorgd dat dit boekje er nu ligt. 
Thijs, Winus, Suzanne, Hellen, Aäron, Jannah, 
Wybe, Siem, dank voor de steun, de gezellig-
heid, de afl eiding en jullie vermogen om mij in 
mijn eigen wereld te laten leven. En Suzanne, 
dank je voor je hulp. Dankzij jou is er nu een 
tweede in de serie ‘proefschriften van de fa-
milie Rutters.’ Anne, tegen jou kan ik eigenlijk 
alleen sorry zeggen. Ik ben bang dat mijn ver-
woede pogingen alles goed aan te leveren, je 
een hele hoop werk hebben opgeleverd. Dank 
je dat je orde in de chaos geschapen hebt. Pim 
en Annemieke, dank voor jullie steun vanaf het 
moment dat ik in jullie leven kwam. Ik had toen 
niet durven dromen dat het nog eens zo ver 
zou komen. Cory, Leonie, door de gesprekken 
met jullie ben ik veel gaan nadenken over de 
manier waarop ik met de studenten die ik be-
geleidde om moest gaan. Jullie inzichten zul-
len het leven van menig student een stuk mak-
kelijker hebben gemaakt (en soms een beetje 
moeilijker). En de koude kant, die is er ook nog. 
Of beter gezegd, de Kooijmannenkring-kant. 
De kant die altijd uitgebreid kan en zal wor-
den. Iedereen is welkom en vanaf het eerste 
moment heb ik me bij jullie op mijn gemak ge-
voeld. Zeker omdat jullie nooit voorzichtig met 
me zijn geweest. 

En dan zijn we nu al bij de laatste alinea van 
dit dankwoord. Waarin ik natuurlijk Lianne moet 
bedanken voor alle knuffels en kusjes die ik tij-
dens het schrijven in ontvangst mocht/moest 
nemen. Maar Tania, je weet dat je altijd het 
laatste woord krijgt en dat is deze keer niet an-
ders. Als alles goed gaat sta je dan straks toch 
met een dikke buik op een promotie. Ik zou 
graag een lijst maken met alles waar ik je voor 
zou moeten bedanken, maar die lijst zou nooit 
compleet zijn. Zonder jouw steun en discipline 
was het nooit goed gekomen. When I close my 
eyes….. 
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