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Abstract: Constricting the peptide backbone into a more defined conformational form through cyclization is
an activity evolved in nature and in synthetic work, the latter straddling only the most recent decades. The
resulting conformational constraints increase the probability of an optimum response with bio-receptors.
The purpose of this review is to highlight developments that have proved to be reasonably efficient in the
macrocyclization of linear precursors into cyclic peptides and depsipeptides. Copyright © 2003 European

Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Cyclic peptides and depsipeptides [heterodetic pep-
tides which include ester (depside) bonds as part
of their backbone] have been characterized in many
natural environments, and show a wide spectrum
of biological activity. They are therefore sought after
as promising lead compounds for drug discovery.
The reduction in conformational freedom brought
about by cyclization often results in higher receptor-
binding affinities. Frequently in these cyclic com-
pounds, extra conformational restrictions are also
built in, such as the use of p- and N-alkylated-amino
acids, «,8-dehydro amino acids or «,x-disubstituted
amino acid residues. Probably the most general of
nature’s conformational restrictors is the disulfide
bond formed by the oxidation of the thiol side chains
of appropriately sited cysteine residues. The synthe-
sis of disulfide bonds has been explored right from
the early days of peptide synthesis and lies a little
outside the scope of this review, except to note that
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the variety of strategies for the formation of -S-S-
bonds have been recently reviewed [1,2].

This review will therefore concentrate on strate-
gies for cyclization of peptides which have found
favour over the past decade (up to 2002), although
the rationale behind some of the developments will
be alluded to from a database of over 30 years of
specialist reviews in this area [3]. Recent years have
seen a significant increase in structural diversity
as exemplified by compounds derived from marine
sources [4-8], fungi [9-11], microorganisms [12-14]
and higher plants [15-17].

In the early days of cyclic peptide synthesis,
the impetus for the work came from the need
for structural proof of natural compounds, and
the preparation of more active analogues. Whilst
this is still a major and necessary incentive, a
great deal of thrust is also currently generated in
recognizing cyclic analogues as convenient stepping
stones on the journey from a biologically active
lead peptide to peptidomimetics and hence to
active pharmacophores. Typical aspects of this
journey have been summarized recently in the
work of Murray Goodman etal. [18]. Although
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the pharmaceutical industry has not been over-
enthusiastic in its development of peptides as drugs
[19-21], there are islands of success quoted for
cyclic peptides, e.g. octreotide (Novartis), integrilin
a cyclic peptide heptapeptide Gp IIb/Illa inhibitor
(Cor Pharmaceuticals) and the naturally occurring
cyclosporin A in immunosuppression. The cost of
synthesizing cyclic peptides is often prohibitive,
as the sophisticated reagents required are not
cheap commodities. However, optimized yields of
cyclization, the use of cheaper reagents and
advantageous chromatographic separations have
been raised [22] as criteria capable of pushing the
balance in favour of the synthesis of cyclosporin A,
as compared with its isolation from microbiological
preparations.

Cyclic peptides and analogues have generated
a great deal of interest of late, and reviews on
the subject matter dealt with here have recently
appeared [23-27]. Inevitably the topics reviewed
here will overlap with material in these author-
itative texts, but the hope is that a fresh and
separate assessment will enrich and generate fur-
ther interest in the field. The approach taken in
this review will initially be to discuss the general
consensus for carrying out a particular cyclization,
followed by a review of some of the more spe-
cific problems with different families of structures.
Acronyms galore percolate through the literature
in this field. Usage here will follow good practice
[28], but augmented with specific definitions as
well.

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

CYCLIZATION OF HOMODETIC PEPTIDES
(ALL-AMIDE LINKED)

In the Solution Phase

While many combinations exist, head to tail cycliza-
tion (type A) and side-chain to side-chain cyclization
(type B) are the most common examples, and very
similar conditions can be used to attain the macro-
cyclization step in these examples. But both types
depend greatly on the availability of orthogonally
protected linear precursors being available. It is
outside the scope of this review to put on record
the great strides made in peptide synthesis in gen-
eral, but the macrocyclization step, which is after all
the yield-determining step, relies heavily on years
of careful development of peptide coupling reagents.
A recent 406-reference update [29] discusses the
‘state of the art’ of peptide coupling in general.

Where grammes of cyclic peptide is a requirement
it is more than probable that cyclization of pro-
tected linear peptides in the solution phase would
still be the best choice. Intramolecular cycliza-
tions as summarized in Scheme 1 are favoured
by high dilution (10~3-10"% m), and as cyclizations
tend to be inherently slow reactions, the acti-
vated carboxyl should not undergo unimolecular or
solvent-induced decomposition. Inherent in the acti-
vation of a carboxyl group without the advantage
of a urethane-designed protection of the terminal
residue’s amino group, is racemization at the C-
terminus. Judicious choice of Gly or Pro residues
at the C-terminus activation point overcomes this
problem, and if this choice is not possible, the
racemization potential of the chosen coupling agent
needs to be checked. Sterically hindered amino acids
and N-methylated amino acids have been known to
give problems at the cyclization stage, and depend-
ing on the size of the macrocycle, the presence of a
p-residue in the linear sequence is often mandatory,
as will be seen in later examples.

The early trends [3,30] in the choice of cou-
pling methods for stage (i) of Scheme 1 were focused
on p-nitrophenyl esters, the azide method (no
racemization), 2,4,5-trichlorophenyl and pentaflu-
orophenyl esters and the mixed anhydride method.
But the more direct method of activation using N,N’-
dicyclohexylcarbodiimide (DCC) with catalysts such
as HOBt (3) [31], HONSu [32] and the more success-
ful reagent HOAt (4) [33] have made a significant
impact on macrocyclization. The precipitated urea
from this method is not always easy to remove
from the cyclic peptide formed, and in some cases
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the N,N’-diisopropylcarbodiimide (DIC) [34] whose
urea is more soluble is advantageous. Even bet-
ter in the presence of a completely derivatized (2)
in Scheme 1, is the use of a water soluble car-
bodiimide EDC [1-ethyl-3-(3'-dimethylaminopropyl)
carbodiimide hydrochloride] [35], whose urea can be
washed out by aqueous extraction [36].

A worthy successor to the conventional azide cou-
pling has been the use of DPPA (5) [37], and PyBrop
(6) [38]. So together with these newer coupling
agents and those listed in Table 1, anyone contem-
plating a macrocyclization step at present has a

Table 1 Recent Popular Coupling Agents

wide choice of reagents. Yet, even now, the number
of variables associated with the cyclization step still
makes it a ‘test it and see’ approach, although perco-
lating through the most recent reports is the deduc-
tion that HOAt — based couplings have advantages
of yield and low racemization when compared with
the others. In making choices, however, it would
be best to steer away from the tetramethyluro-
nium derivatives as there is evidence [36,39] that
the tetramethylguanidinium group is involved in
end-capping the amino group involved in macro-
cyclization.

Phosphonium derivatives of (3) and (4)

So-called* ‘Uronium’ derivatives of (3) and (4)

BOP 1-benzotriazole-tris-dimethyl
aminophosphonium hexafluorophosphate
PyBOP 1-benzotriazolyloxy-tris-pyrrolidino
phosphonium hexafluorophosphate

PyAOP 7-azabenzotriazol-1-yloxy tris
pyrrolidino phosphonium
hexafluorophosphate

AOP 7-azabenzotriazol-1-yloxy-tris-dimethyl
aminophosphonium hexafluorophosphate

HBTU O-(benzotriazol-1-yl)-1,1,3,3
tetramethyl uronium hexafluorophosphate
TBTU O-(benzotriazol-1-y1)-1,1,3,3
tetramethyl uronium tetrafluoroborate
HATU O-(7-azabenzotriazol-1-y1)-1,1,3,3
tetramethyl uronium hexafluorophosphate

HAPyU O-(7-azabenzotriazol-1-yl)-1,1,3,3
tetramethylene uronium hexafluorophosphate
HAPipU O-(7-azabenzotriazol-1-yl)-1,1,3,3
pentamethylene uronium
hexafluorophosphate

*On the difficulty of referring to these compounds as they were thought to be (i.e. uronium salts) as opposed to what they

are (isomeric N-oxides) see J. Peptide Sci. 2003; 9: 1-8.

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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It is not a trivial matter to reach structure (1)
in Scheme 1, i.e. having the terminal groups free
to couple while side-chain protection is intact.
However, in recent years the task has been made
relatively easier using solid phase assembly using
acid labile linkers, which allow detachment from the
polymer without sacrificing side-chain protection.
Two of the best examples here are summarized in
Scheme 2, (a) using the 2-chlorotrityl resin [40] and
(b) the 4-hydroxymethyl-3-methoxyphenoxybutyric
acid linker [41].

On-Resin Cyclizations

In the 1990s the significant move into on-resin
macrocyclization occurred, and one of the earliest
developments involved the use [42,43] of the Kaiser
oxime resin [44] as summarized in Scheme 3 the
final cyclization step removes the cyclic product from
the resin. Instead of an oxime-based linker, similar
cyclizations can be carried out [45] by oxidative
cyclative cleavage of an aryl hydrazide linker. Proof
was also obtained in this work that no epimerization
took place at the C-terminal residue. Alternative
linkers used in this approach include thioesters [46],
‘safety-catch’ linkers based on sulfonamide [47], or
the most recent catechol example [48] summarized
in Scheme 4. A totally on-resin approach has been
developed by linking the side chain of a trifunctional
amino acid to the resin, and through use of three
levels of orthogonal protection, a protocol such as

OH OH

N, = | N\

- NP
3) 4)

pl p2 p? Pt P
@ ILNCITI T 1 oo (p)
g
pl P2 PP Pt P MeO
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the one depicted in Scheme 5 [49,50] has proved
successful. Many aspects of this on-resin approach
have been reviewed authoritatively by Spatola and
Romanovskis [25]. The choice of side chains, which
have been explored for initial attachment to the
resin, has been expanded to include Glu, Asn, Gln,
Lys, Orn and Dab. A comparison of these various
approaches has been made [51], together with the
development of new orthogonal strategies, involving
p-nitrobenzyl protection of the «-carboxyl which
enabled use to be made of the side chains of Ser
and Tyr. On-resin cyclization still requires careful
choice of coupling agent to minimize racemization
levels at the linked residue (Asp in Scheme 5).
Pentafluorophenyl esters and a lowering of the
base concentration have been advantageous in this
context [51]. One of the more recent developments
in this field [52] is illustrated in Scheme 6, where
the linker is attached to a backbone amide group.
Epimerization at the Phe residue is a problem,
but could be reduced to 12% using BOP/DIEA
in DMF.

Amide-Bond Formation via Side-Chain
Cyclization (Lactam Bridges)

The easiest way to achieve a side chain-side chain
lactamization (introduced as a type B cyclization
earlier in the review) is to arrange for suitably
protected Lys and Glu residues to be assembled
into a linear precursor. After specific deprotection of

~
PhO” | N,
OPh

5

1
NH,
P3
®
COOH
p* 5

@ P

Reagent: (i) mild acid
Use of labile linkers on-resin

Scheme 2
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Scheme 6

the Lys and Glu side chains, conventional strategies
can then be used to form the amide bond between
the side chains. Model studies [54] on utilizing an
on-resin (4-methylbenzhydryl resin) cyclization of
Fmoc-Lys-Phe-p-Ala-Pro-Glu-Gly (Peptide 1) and its

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

analogue (Peptide 2) with the positions of Lys and
Glu reversed, provided the results shown in Table 2.
DIC over extended times proved to be the best
conditions, with peptide 1 being lactamized easier
than peptide 2.

J. Peptide Sci. 9: 471-501 (2003)
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Table 2 Comparison of Side-chain Lactamisation Conditions

Peptide 1 Peptide 2
Linear Cyclic Oligomeric Linear Cyclic Oligomeric
(A) BOP/DIEA 0 42 56 4 24 67
(B) BOP/HOBt/DIEA 2 51 46 16 30 54
(C) HBTU/HOBt/DIEA 0 35 56 13 32 54
(D) DIC/HOBt 33 61 6 87 7 5

The impetus created by the demands for cyclic
peptide libraries has spawned new approaches to
side-chain lactamization. An allyl/allyloxycarbonyl
strategy [55] for lactam bridge formation
has been tested on a small library with
seven amino acid residues. The Guibe method
[(PPh3)4/PhSiH3;/DCM] proved efficient in removing
the allyl/allyloxycarbonyl groups under neutral
conditions. Some of the disadvantages of these
lactamizations, e.g. the need for Lys and Glu to be
specifically sited in the main chain, can be overcome
by the approach based on the work of Gilon et al. in
which two backbone nitrogens can be connected via
bridges as in (7) [56]. Suitable N-derivatized building
blocks have to be prepared for prior insertion.

Cyclization via an Orthogonal Coupling Strategy

Based on an original idea by Stephen Kent and
co-workers, Tam and Lu [57] have exploited the reac-
tivity of a thiolactone intermediate to generate a very
subtle method for making homodetic cyclic peptides
without the need for protected peptide precursors.
The essence of the methodology is summarized in
Scheme 7. The disulfide rich cyclopeptide, cyclopsy-
chotride, was synthesized using this method, which
depends on ring contraction brought about by attack

O

SR

1

)]

of the thiolactone intermediate by the amino group.
No evidence of racemization was detected.

A thioester at the C-terminus, an N-terminus
Cys, and at least one internal free thiol group
is the fundamental requirement for the ‘thia-zip’
version for the synthesis of large cyclopeptides.
The synthesis of cyclopsychotride as depicted in
Scheme 8 [58] is representative of the strategy,
which is initiated by an internal thiolactone, and
followed by successive thiol-thiolactone exchanges
until it reaches the final irreversible S to N-acyl
isomerization. Both examples rely on the availability
of Cys residues in the peptide. Attempts to overcome
this necessity have included coordination of the N-
terminal end of a peptide with C-terminal thioesters
using Ag' ion coordination [59] and Kent etal’s
[60] formation of a transient thiolactone link which
includes an auxiliary group which is removed,
leaving a Gly residue as summarized in Scheme 9.

A very interesting challenge to the conventional
and orthogonal coupling strategy was set by the
attempted synthesis [61] of all-L cyclo (Ala-Phe-Leu-
Pro-Ala) from its linear precursor. Using conven-
tional conditions, e.g. BOP, the cyclic dimer and
trimer were the only products, while the thioester
approaches highlighted already also failed. How-
ever, a newly developed photolabile auxiliary did

L2
AAn_AAn+1 ]\AAn+2_

® OS /iNH

Reagents: (HOOCCH,CH,);P, pH 7.4

Scheme 7

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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produce the required cyclic pentapeptide in 45%
yield using the stages summarized in Scheme 10.
Just a little racemization at the Ala residue was
observed.

Enzyme Catalysed Cyclization

A short review [62] of what has been achieved
and what the future might be, gives a good
background to the ‘state of the art’. The recent
isolation [63,64] of the thioesterase domain of
tyrocidine synthetase, (which in nature catalyses the
assembly of cyclodecapeptide antibiotic tyrocidine A)
showed that the isolated domain could also catalyse
cyclization of a synthetic thioester precursor to form
gramicidin S as in Scheme 11.

A mutant of subtilisin BPN’(subtiligase) has
been shown [65] to catalyse cyclization of peptide

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

glycolate phenylalanylamide esters of chain lengths
between 12 and 31 amino acids. Shorter peptides
do not cyclize, but for the larger peptides yields
of 30%-85% proved possible. The antibody ligase
16G3 has been shown to catalyse the cyclization of
p-Trp-Gly-Pal-Pro-Gly-Phe-p-nitrophenyl ester [66]
to give cyclo (p-Trp-Gly-Pal-Pro-Gly-Phe) in >90%
yield with a rate enhancement of 22-fold.

A mechanism reminiscent of the orthogonal
strategy discussed in the previous section underlies
the use of the intein (internal protein) strategy
Scheme 12 [67,68], for catalysis of cyclization of long
peptide sequences, e.g. for the making of thioredoxin
(135 amino acids), as well as shorter sequences of
9,10 and 14 residues. Serine can replace cysteine at
the N-terminus as confirmed by the synthesis of the
cyclic tyrosinase inhibitor pseudostellarin F, cyclo
(Ser-Gly-Gly-Tyr-Leu-Pro-Pro).

J. Peptide Sci. 9: 471-501 (2003)
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Scheme 11

Cyclizations Specific to the Size of Peptide

Cyclodipeptides (dioxo- or diketo-piperazines).
Although these structures are totally unrepresen-
tative of cyclic peptides (they have cisoid amide
bonds, and a flagpole boat conformation), inter-
est in these structures have experienced a resur-
gence due to their role as scaffolds for generating
combinatorial libraries. In peptide synthetic circles
[69,70] dioxopiperazines are usually unwelcome,
since any free dipeptide ester autocyclizes to these
cyclic compounds. The tendency to cyclize, however,
can be minimized by judicious selection of protect-
ing groups [71]. Cyclization to dioxopiperazines has
been used [72] for the cleavage of peptides off resins.
The stages and energetics of cyclization has been
studied in detail [73], and is a multi-step process,
a trans-cis isomerization of the linear precursor, fol-
lowed by an amino group attack on the C-terminal
carbonyl group. These aspects, and a great deal
more about diketopiperazines have been the sub-
ject of a detailed 217-reference review [74], and a
Tetrahedron report [75] covering synthesis.

For combinatorial synthesis there has been
a resurgence of interest in the Ugi reactions
exemplified in Scheme 13 [76,77]. A new resin-
bound isonitrile has also been designed [78] for
the Ugi 4CC reaction and has been shown to work
according to Scheme 14.

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

In the synthesis [79] of building blocks based on
cyclo (Aax-Bbx) consisting of Glu or Asp (Aax) and
Lys, Orn or Dab (Bbx), the authors have returned
to conventional cyclization of linear dipeptide esters.
However, cyclization was not so straightforward as
anticipated, requiring long reaction times to reduce
the amount of racemization detected when higher
temperatures and shorter times had been used.

Cyclotripeptides. All-L cyclotripeptides with all «-
amino acids are almost impossible to construct as
the corresponding cyclodimers, the cyclohexapep-
tides, are the main products. However, it is feasible
to synthesize trimers containing N-alkylated amino
acids, such as cyclo (.-Pro)s, or cyclo (MeGly)s [80],
which allow the cyclotripeptides to adopt all-cis con-
formations. Syntheses were achieved on polymer-
bound p-sulfophenyl esters. Increasing the propen-
sity of cis-amide bonds has enabled the synthesis of
(8) to be successful (85% yield) from linear precur-
sors using PyBOP [81], while stretching the ring size
to include g-amino acids allows cyclo (82 — HGluls
(9) to be synthesized [82]. Useful analogues such
as cyclo [83-HSer(OBn)l; and cyclo [83-HMet]; have
also been synthesized [83] from linear pentafluo-
rophenyl ester precursors, but trifluoroethanol had
to be used as solvent due to the inherent insolubility
of the B-peptides.

J. Peptide Sci. 9: 471-501 (2003)
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Scheme 14
Cyclotetrapeptides. The unfavourable strain in Cyclotetrapeptides contain a 8-amino acid have the
a 12-membered ring containing four trans amide advantage of a 13-membered ring thus making
bonds is disadvantageous to the synthesis of all-L them easier to synthesize as exemplified by the
cyclotetrapeptides. Incorporation of Pro, N-alkylated synthesis of cyclo (Phe-(R)Pro-Asu-gHPhe) using
amino acids or p-amino acids facilitate cyclization. BOP in DMF for cyclization [84]. The strain in

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd. dJ. Peptide Sci. 9: 471-501 (2003)
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a cyclotetrapeptide ring is even manifested in C-
terminal residues undergoing enantiomerization to
the p-form before cyclization as shown in the
formation of cyclo (Pro-Val-Pro-p-Tyr) when an all-
L linear precursor was cyclized [85]. In a detailed
study [86] of the cyclization of all-L, Leu-Pro-Leu-Pro,
successful cyclization to cyclo (Leu-Pro-Leu-Pro) was
obtained under special high dilution conditions
using BOP (ratio of cyclomonomer to cyclodimer
1:1.1). Attempts at transient N-alkylation of the
secondary amide bonds to increase the chance
of having a cyclizable conformation failed in this
example.

Using DPPA for activation of a series of
diastereoisomeric tetraprolines [87], cyclo (p-Pro-
D-Pro-L-Pro-L-Pro) could only be obtained from a
DLLD-Pros precursor. Prediction of the sequence
best able to cyclize has been attempted using the
GenMol programme [88], which identified H-Ala-
Aib-Phe-p-Pro-OPh as the best linear precursor for
making cyclo (Aib-Phe-p-Pro-Ala). In a real com-
parison test [89] for the synthesis of cyclo (Arg-
Gly-Asp-Phg) on a Kaiser oxime resin, the linear
precursor, Arg(Tos)-Gly-Asp(c-Hex)-Phg giving 75%
cyclic monomer, 20% cyclic dimer, proved to be the
best sequence.

Cyclopentapeptides. The discovery that cyclopen-
tapeptides, carrying the Arg-Gly-Asp- motif, offer
ideal conformations for interactions with integrin
receptors (e.g. «,B3) has initiated detailed stud-
ies [90] on their synthesis. Cyclo (Arg-Gly-Asp-
p-Phe-Val) and cyclo (Arg-Gly-Asp-p-Phe-Lys) are
amongst the most potent and selective inhibitors
of «,Bs integrin and are continually being mod-
ified to attain greater integrin selectivity [91].
Many cyclization protocols have been attempted
in these studies and the most successful macro-
cyclizations used DPPA with a solid base. How-
ever, an improved synthesis [92] of cyclo (Arg-
Gly-Asp-p-Phe-Lys) has been reported, utilising
1-propanephosphonic acid cyclic anhydride for
cyclization at C-terminal Gly, which gave a 79% yield
(¢f 44% with DPPA). The 2,2,5,7,8-pentamethyl-
chroman-6-sulfonyl (Pbf) gave improved release of
the Arg protecting group when compared with the
original use of Mtr. In another study of Arg-Gly-Asp
cyclopentapeptide analogues [93] EDCI/DMAP gave
satisfactory results at the macrocyclization step.
Seventeen linear precursors of two cyclopentapep-
tides, cyclo (Gly-Ala-Tyr-Leu-Ala), cyclo (Gly-Pro-
Tyr-Leu-Ala) and of the heptamer cyclo (Gly-Tyr-Gly-
Gly-Pro-Phe-Pro), isolated from a Chinese medicinal
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herb [94] have been chosen for a model study of
structural influences and coupling reagents on their
cyclization. DEPBT (10) turned out to be the best
cyclization agent, (53% yield) followed by DPPA (52%
yield). Coupling agents BOP, HBTU and TBTU also
led to cyclization in a short time, but there were
more by-products and racemization recorded for
these reagents. From the results on structural influ-
ences, it is concluded that: (i) precursors that have
one small terminus and the other large, give sat-
isfactory yields; (ii) Pro could be chosen at either
terminus and (iii) any turn-inducing properties in
solution are beneficial.

Six cyclic pentapeptides, as potential LHRH
antagonists, have been used [95] to study
influences on cyclization. The best results
achieved for each cyclic peptide, out of
72 cyclizations, are summarized in Table 3
where the cyclic peptides (I-VI) correspond to
cyclo [Trp(Boc)-Phg-Arg(Tos)-Aph(Boc)-p-Ala], cyclo
[Trp(Boc)-Phg-Arg(Tos)-p-Aph(Boc)-p-Ala], cyclo [p-
Nal-Phg-Arg(Tos)-Aph(Boc)-p-Ala], cyclo [p-Nal-
Phg-Arg(Tos)-p-Aph(Boc)-p-Ala], cyclo [p-Pal-Phg-
Arg(Tos)-Aph(Boc)-p-Ala] and cyclo [Cit-Arg(Tos)-
Aph(Boc)-p-Ala-Trp(Boc)], respectively. Again having
a small p-Ala or Phg residue as C-terminal was
advantageous, while at the N-terminal residues
configuration was a governing factor. Cyclic
pentapeptides containing only one p-residue were
easier to synthesize than those containing two or
three adjacent p-residues. The linear precursor with
the sequence L-L-L-D-D was easier to cyclize than that
of D-L-L-D-D.

The natural endothelin antagonist BQ 123 cyclo
(p-Trp-p-Asp-Pro-p-Val-Leu) has also been the sub-
ject of a number of syntheses, amongst them a
100 g scale solution phase synthesis [96], which
only required purification at the last step. A C-
terminal benzyl ester and side-chain protection of
p-Asp as the methyl ester were key to this efficient
synthesis. The thioester link on to a polymer as
given in Scheme 15 also proved efficient [97].

Cyclohexapeptides. With six amino acid residues
in the ring, and the potential of a stabilized two 8-
turn structure, it might be thought that cyclization
of an all-L precursor should be ‘plain sailing’.
However, this is not borne out by experience. For
the synthesis [98] of cyclo (Leu-Tyr-Leu-Glu-Ser-
Leu) using the Leu®-Leu! bond for macrocyclization
with the azide method, varying each residue for
a p-residue in turn, the yield did not vary much
from the 55% average. However, an all-L equivalent
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Cyclic Linear precursor Reagent Yield % (isolated HPLC)
pentapeptide
I H-Trp(Boc)-Phg-Arg(Tos)- EDCI/DMAP 32
Aph(Boc)-p-Ala-OH
11 H-Trp(Boc)-Phg-Arg(Tos)-D- DEPBT 22
Aph(Boc)-p-Ala-OH
111 H-p-Nal-Phg-Arg(Tos)- HBTU/DMAP 12
Aph(Boc)-p-Ala-OH
v H-Arg(Tos)-pD-Aph(Boc)-p-Ala- HBTU/DMAP 19
Dp-Nal-Phg-OH
A% H-Dp-Pal-Phg-Arg(Tos)- EDCI/DMAP 11
Aph(Boc)-p-Ala-OH
VI H-Trp(Boc)-Cit-Arg(Tos)- EDCI/DMAP 30
Aph(Boc)-p-Ala-OH
HOOC
N o
N (0}
N (0] NH HN COOH
(e} '
", H
j) [ N
(0]
® °© o
COOH
(0]
(0]
N PN IPI _OEt
| |
- N OEt
N
(10)
H‘D'TI“P'D'ASP(OBZ)-PTO-D-Val-LCu-SW NH@ ® Cyclo [D-Trp-D-Asp(OBz)-Pro-D-Val-Leu
_—
o BQ 123 (OBz)]

Conditions: (i) 75°C for 24 h

Scheme 15

only gave a 1% yield. So both for synthesis, and
to stabilize B-turns, a favourable structure should
contain at least one Gly, Pro or p-residue. Further
proof of the advantages of a p-residue was obtained
in the cyclization [99] of a thymopentin analogue.
Using BOP and other HOBt reagents on H-Val-
Arg-Lys(Ac)-Ala-Val-Tyr-OH did achieve up to 25%
cyclization but extensive racemization of the Tyr
residue took place. However, HAPyU afforded the
all-L form without racemization in 55% yield. Gly
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residues of course function as p-equivalents and
provide for an efficient cyclization as shown in the
PyBOP catalysed cyclization of H-Leu-Met-GIn-Trp-
Phe-Gly-OH [100].

Segetalin A, cyclo (Gly-Val-Pro-Val-Trp-Ala) from
Vaccaria segetalis seeds has been synthesized [101]
by macrocyclization between C-terminal Ala and
Gly. Ring closure using the pentafluorophenyl ester
gave no results, but DPPA with a linear precursor
at 107*m gave a 45% yield (PyBrop registered a
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10% yield). Linear precursors of segetalin A and
analogues were assembled on a Sasrin resin. Both
linear tri- and hexa-peptide active esters have been
used [102] for the synthesis of cyclo (Pro-Leu-Aib),
with the sterically hindered Aib residue contributing
to a lowering of the yield to 18%.

Cyclo hepta-, octa- and nona-pepfides. Having
these numbers of residues in the ring system allows
more flexibility, and the efficiency of macrocycliza-
tion is much less residue-dependent. The need to get
N-terminal amino groups to attack the activated C-
terminal group still remains paramount. The major
thrust for synthesis under this category is for the
structural proof of nature’s molecules which are
too numerous to list comprehensively, but a flavour
of the richness of the source can be gleaned from
Table 4.

Seven linear heptapeptides have been synthesized
[94] to measure the extent of DEPBT (10) catalysed
cyclization to cyclo (Gly-Tyr-Gly-Gly-Pro-Phe-Pro).
Results showed that the H-Gly-Tyr-Gly-Gly-Pro-Phe-
Pro-OH gave the highest yield at the cyclization
stage (57% after 3 h; 88% after 24 h). Deductions
regarding the efficiency of cyclization, included the
surprise that small residues at both termini give
low yields, in a similar way to having large residues
at both. The best compromise appears to be one
small and one large terminal residue, although the
pre-cyclization conformation of the linear peptide
precursor matters as well. A solid phase strategy

Table 4 Representative Naturally-Occuring Cyclo-
peptides

Name Size of Reference
cyclopeptide
Viroisin and phalloidin Hepta 9
Hymenamides Hepta 103
Phakellistatins Hepta 104
Axinastatins Hepta 105
Stylostatins Hepta 106
Segetalins Hepta 107
Yunnanins Hepta 108
Pseudostellarins Hepta/Octa 109
Hymenistatins Octa 110
Stelladelins Octa 111
Stellarins Octa 112
Aciculitins Octa 113
Cyclolinopeptides Nona 114
Cycloleonuripeptides Nona 115
Dichotomins Nona 116
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[117] starting from Fmoc-Asp-«-OAllyl attached to
a PAL resin via its B-COOH has been used to
synthesize R- and S-Asn forms of phakellistatin-5,
cyclo (Phe-Asn-Ala-Met-Ala-Ile-Pro). After assembly
of the heptamers and removal of the allyl group,
cyclization was carried out on-resin by PyAOP.
The R-analogue was obtained in 28% yield, the S-
analogue (which corresponds to the natural form)
in 15% yield. In the synthesis of phakellistatin-
2 cyclo (Tyr-Pro-Phe-Pro-Ile-Ile-Pro?), cyclization at
the Pro” position proceeded in 50%-65% yield using
TBTU, BOP-CI, PyBroP or HOAt, with TBTU giving
the consistently highest yield [118]. Pseudostellarin
D, cyclo (Gly-Gly-Tyr-Pro-Leu-Ile-Leu) has been
synthesized in the solution phase [119] via p-
nitrophenyl ester which took 10 days to achieve
success. In contrast, for the synthesis of stylostatin,
cyclo (Ile-Pro-Phe-Asn-EtGly-Leu-Ala), a resin linker
attached to the «-nitrogen of a C-terminal residue
(Ala in this case), was used to assemble the linear
precursor, which was then cyclized on-resin [120].

The BOP reagent was found to be best in the
macrocyclization step to give axinastatin 4, cyclo
(Pro-Leu-Thr-Pro-Leu-Trp-Val) [121], while cheva-
lierin C, cyclo (Tyr-Thr-Ile-Phe-Asp-Ile-Phe-Gly-Ala)
was cyclized using HBTU under high dilution
[122]. Cyclic octapeptides, cyclo (p-Phe-Asp-b-Phe-
Asn-p-Phe-Asp-p-Phe-Asn) and cyclo (b-MeAla-Asp-
p-MeAla-Asn-p-MeAla-Asp-p-MeAla-Asn) have been
prepared [123] on-resin with the C-terminal Asp
residue, protected as an allyl ester, attached via
its side-chain to the resin. HOAt/HATU — catalysed
cyclization secured a result in the p-Phe analogue
but the N-methylated analogue cyclized best with
DIC/HOALt.

Cyclodecapeptides. The dominant structure rep-
resenting this category for more than 40 years is
gramicidin S (11), with its two g-turn/g-sheet struc-
ture and Gram-positive activity. Synthetic method-
ologies have almost all, at one time or another,
been weaned or tried out on gramicidin S from
Bacillus brevis. Amongst the most recent synthetic
activity has been the use of the Kaiser oxime on-
resin method [124] to make [p-pyrenylalanine**]-
gramicidin S. Biosynthetically, gramicidin S is pro-
duced via the dimerization of activated pentapeptide
esters and in a study to mimic this process using
N-hydroxysuccinimide esters [125], it was only the
‘natural’ sequence H-p-Phe-Pro-Val-Orn-Leu-ONSu
that gave the cyclic pentapeptide monomer and
cyclodimer (gramicidin S) in 15% and 38% yield,
respectively. This confirms the existence of sequence
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features that promote cyclization, seen also in the
results [126] summarized in Table 5 of a series of
pentapeptides cyclized with EDCI/HOBL.

The cyclodecapeptide S-sheet conformation typ-
ified by (11), has also been adopted for a new
generation of regioselectively addressable func-
tionalized templates (RAFT) for use in de novo
design as exemplified [127] in the synthesis of
cyclo [Phe(p-NOs)-p-Pro-Gly-Phe(p-NO,)-Ala-Phe(p-
NOy)-p-Pro-Gly-Phe(p-NOy)-Ala].

In contrast to the poisonous principles, Amanita
mushrooms also contain the antitoxic principle
antamanide, cyclo (Val'-Pro-Pro-Ala-Phe-Phe®-Pro-
Pro-Phe-Phe), first synthesized in 1969 [128] from
a linear decapeptide. More recently an analogue,
cyclo [Pro-Phe-Phe-Ala-Glu(OBu')]l, with the pos-
tulated active sequence Pro-Pro-Phe-Phe has been
synthesized [129], and shown to have similar biolog-
ical activity to cyclolinopeptide A. Rudinger’s version
of the azide coupling method brought success in the
macrocyclization stage leading to Tyr®-antanamide
[130]. Gly®- and Gly®- antanamide have also been
synthesized [131].

By linking the side chain of Fmoc-Tyr-OMe to
benzyl type resin using the Mitsunobu reaction two
cyclic analogues, cyclo (8Ala-Tyr-Pro-Ser-Lys-gAla-
Arg-GIn-Arg-Tyr) and cyclo (Ahx-Tyr-Pro-Ser-Lys-
Ahx-Arg-Gln-Arg-Tyr), each containing the N- and
C-terminal tetrapeptide segments of neuropeptide Y
have been synthesized [132]. On-resin cyclization
was carried out using DIC/HOBt or HOBt/TBTU.
A similar strategy but this time using an Asp-side
chain linked to polystyrene RAM resin has been used
[133] for the synthesis of the loloatins, cyclo (Val-
Orn-Leu-p-Tyr-Pro-X-p-Phe-Asn-Asp-Y), A, X = Phe,
Y =Tyr; B, X=Phe, Y=Trp; C, X=Trp, Y =Trp.

Table 5 Cyclodimerization Yields (%) to Gramicidin
S derivatives

Linear precursor Semi Gramicidin S Gramicidin S

H-Val-Orn(Z)-Leu- 10 90
D-Phe-Pro-OH

H-Orn(Z)-Leu-p- 56 44
Phe-Pro-Val-OH

H-Leu-p-Phe-Pro- 97 3
Val-Orn(Z)-OH

H-p-Phe-Pro-Val- 65 35
Orn(Z)-Leu-OH

H-Pro-Val-Orn(Z)- 58 42
Leu-D-Phe-OH

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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Yields of 31-37% were achieved at the on-resin
cyclization stage using HATU/HOAt.

Other higher cyclic pepfides. With well over 20 000
publications purported to have been written on
cyclosporin A, this immunosuppressing cyclounde-
capeptide (12) can certainly be considered the main
attraction in this sub-section. With so many N-
methylated amide bonds, creating steric hindrance
problems, the synthesis is very demanding but
was achieved first in the solution phase by the
groups of Wenger and Rich. The further significant
breakthrough came with Rich et al’s solid phase
synthesis of the MeLeu! — cyclosporin A in 1995
[134]. Availability of HOAt and HATU, and utiliz-
ing double couplings in many places proved to be
critical to the success. Key macrocyclization at the
Ala-p-Ala bond was carried out using propylphos-
phonic anhydride/DMAP. A detailed study [135] of
the possible coupling strategies to use in the making
of cyclosporin analogues has reported that couplings
at 10/11, 9/10, 6/5 and 11/1 were difficult to
achieve. It was concluded that the best strategy was
to start at MeVal!! and assemble the linear peptide
to reach MeBmt! and then cyclize with BOP. The
difficulties in synthesizing the molecule has made
structure-activity studies a daunting task, but with
serendipity in some case (e.g. [136] where Sar® could
be stereochemically modified via Li enolates and
electrophiles) modifications have been possible.
Apart from the large number of N-methylated
amino acids in cyclosporin A, synthesis of MeBmt
with its three chiral centres has also been a chal-
lenge. So efforts recently have been directed at a con-
gener, cyclosporin O, cyclo (MeLeu-Nva-Sar-MeLeu-
Val-MeLeu-Ala-p-Ala-MeLeu-MeLeu-MeVal), which
differs from cyclosporin A in having MeLeu!-Nva2
instead of MeBmt!'-Abu?, but retains much of
its immunosuppressive activity. Using both solu-
tion and solid phase strategies cyclosporin O
has been synthesized [137] using BEMT (10)
and BEP (2-bromo-1-ethylpyridinium tetrafluo-
roborate)/HOAt for constructing hindered amide
bonds, and BDMP [5-(1H-benzotriazol-1-yloxy)-3,4-
dihydro-1-methyl 2H pyrrolium hexachloroanti-
monate] for coupling coded amino acids. Cycliza-
tion (80% yield) was carried out between Ala and
p-Ala using HAPyU/DIEA. In a more recent syn-
thesis [138], triphosgene proved to be a highly
efficient reagent for coupling N-methyl amino acids,
with cyclization expedited in a crude yield of 75%
using EDCI/HOAt/DIEA for 16 h. In both these

J. Peptide Sci. 9: 471-501 (2003)



484 DAVIES

publications racemization had been controlled to
a minimum.

Small libraries of conformationally defined g-
hairpin protein epitope mimetics based on loop
III of human platelet-derived growth factor B
have been created on templates [139] such
as cyclo (Pro-Lys-Ile-Glu-Ile-Val-Arg-Lys-Lys-Pro-
Ile-Ile-Phe-Lys-p-Pro). Two approaches were used,
either Fmoc chemistry starting at C-terminal Arg
followed by cyclization using HOAt/HATU in solu-
tion, or macrocyclization on-resin with the same
reagents starting from Fmoc-Lys-OAllyl coupled to
chlorotrityl resin. Cyclization in solution gave a
cleaner product.

With the large sized cyclic peptides, advantages
are gained in zipping up the termini using tech-
niques that require no side chain protection of
the amino acid residues. Although the methodol-
ogy developed leaves a heterodetic unit in the final
cyclic structure, this probably does not significantly
influence the overall final activity. Two examples are
summarized in schemes 16 [140] and 17 [141], and a

">Ala7—D—AlaS—MeLeug—MeLeu 10 Mevall-N
I

an

similar theme [142] incorporating a reactive hydrox-
ylamine aldehyde pair in the peptide precursor.

CYCLIZATION OF HETERODETIC PEPTIDES

This category is used to review work on cyclic
peptides which contain features other than peptide
bonds in their macrocyclic backbone. Almost all the
synthetic work carried out on these molecules has
been geared towards synthetic confirmation of the
diverse structures found in nature.

Cyclodepsipeptides

These cyclopeptides contain ester (depside) bonds
as part of the backbone, and also include esters
formed between the side chains of Ser and Thr and
the main backbone carboxyls (macrocyclic lactones).
Nature is a rich source of the most fascinating
cyclodepsipeptides, although the significance of
incorporating the depside bond is not clear, but
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Reagent: (i) NalO4 pH 7.0 for 1 min

Scheme 16
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Lys-BAla-OH

(ii) tris (carboxyethyl)phosphine pH 4.2

Scheme

appears to be essential for biological activity, since
all-amide analogues are often inactive. The depside
bond is recognized as being more difficult to
incorporate into the backbone than amides, so it
tends to be pre-formed in the linear precursor prior
to cyclization at an amide bond to form the cyclic
depsipeptides.

The best known structures in this category
belong to the ion-selective antibiotics, valino-
mycin, cyclo (Val-p-Hyiv-p-Val-L-Lac)s, where Hyiv =
«a-hydroxyisovaleric acid and Lac = lactic acid, and
the closely related enniatin family, enniatin A,
cyclo(p-Hyiv-Melle)s; B, cyclo (p-Hyiv-MeVal)s; C,
cyclo (p-Hyiv-MeLeu)s; b, cyclo (p-Hyiv-MeLeu-p-
Hyiv-MeVal-p-Hyiv-MeVal); E, cyclo (p-Hyiv-Melle-p-
Hyiv-MeLeu-p-Hyiv-MeVal); F, cyclo (b-Hyiv-MeLeu-
Melle-p-Hyiv-Melle). The early thrust in the synthe-
sis of these molecules came from the Shemyakin
group in Russia [143], and the need to improve the
performance of valinomycin derivatives in selective
ion electrode applications has up-dated the pro-
cedures [144]. Macrocyclization of linear depside
precursors in this case was carried out at 90°C
with a C-terminal Hyiv carboxyl group activated
as a pentafluorophenyl ester. The difficult task of
assembling amide and depside bonds on-resin has
been overcome [36,145] using a Wang type resin,
with hydroxy acids protected, e.g. as tetrahydropy-
ranyl derivatives and coupled using DIC/DMAP. The
linear precursor of a valinomycin analogue cyclo (r-
Val-p-Man-p-Val-L-Lac)s was entirely synthesized on
resin, and then cyclized in solution using either acid
chloride (14% yield) or HATU (24% yield) activation
at a Lac residue.

The natural cyclodepsipeptides have offered
demanding synthetic challenges to a number of
research groups, so what follows is a progress sum-
mary of the area over recent years. Key to the total
synthesis [146] of tamandarins A (13) and B (14)
was a macrocyclization at point (a) using HATU (63%
yield). The related didemnin family have been inten-
sively studied for over a decade since didemnin
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17

B (16) has undergone clinical trials for antitu-
mour activity. Didemnin A (15) has also become
a prime target for synthesis as other family mem-
bers are congeners based only on differences in the
side chain. Many syntheses were reported in the
1980s which have been noted in a recent pub-
lication [147] of a new synthesis of didemnin A
and dehydrodidemnin B. In this strategy the Pro*-
Me,Tyr® bond was selected for the macrocyclization
step (using HATU/HOALt in 28% yield), and the dep-
side bond was incorporated using DIPCDI/DMAP in
the presence of DMAP.CF3COOH in refluxing chlo-
roform.

The multidrug resistance reverser, hapalosin
(17) has recently been the focus of synthetic
attention. The most recent account [148] moves
the basic structure into a combinatorial scaffold
with amide bonds replacing the depside bonds.
TBTU proved an efficient (33-64% yield) macro-
cyclization reagent using amide bonds as the
key step. In earlier syntheses [149-151], the
general trend has been to pre-form the dep-
side links in linear precursors, then cyclizing at
the tertiary amide bond. Reagents used include,
DPPA/Pr'NEt, (23% yield), 2,4,6-trichlorobenzoyl
chloride/DMAP/Pr'NEt, /toluene/room temp. and
BOP-C1/DIPEA/toluene/85°C (58% yield).

The destruxins are a family of cyclodepsipeptides
represented by structures (18), isolated from
Metarrhizium anisopliae and Oospora destruktor
(Hyphomycetes). The depside link seems essential
to activity as the all-amide analogues are
inactive [152]. An efficient synthesis [153,154]
of destruxin B |utilizes a (3+3) fragment
coupling with macrocyclization via an azide at
the MeAla-BAla bond to inhibit diketopiperazine
formation and racemization. The linear precursor
of destruxin A has been synthesized on-resin
[155], and cyclized using a number of reagents
with PyBOP being the most impressive. The
synthesis [156] of the novel immunosuppressant
sanglifehrin A (19) represents a masterpiece
in natural product synthesis, the macrocyclic
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ring this time was ‘zipped up’ at position (a)
using Pdy(dba)s-CHCls/AsPhg/PriNEt/DMF/36 h
(62% yield) (Stille coupling conditions). Structures
summarized under (20) are just representative
of more than 20 members of the cryptophycin
family isolated from blue-green algae, which have
become interesting because of their tumour selective
cytotoxicity. Since the middle 1990s a number
of synthetic protocols have appeared and have
been referred to in the most recent report [157].
Generally the accepted protocol usually ends up
with a macrolactamization step, as exemplified in
the cyclization at (b) using the pseudo azide coupling
afforded by DPPA/NaHCO3;/DMF/0°C [157].

The theme expounded in this section that macro-
lactonization is more difficult than macrolactamiza-
tion has been further supported by the failure to
synthesize stevastelin B (21) via the former strategy
[158]. However, macrolactamization does not have a
monopoly, as a few notable examples of macrolac-
tonization have been reported. Thus jasplakinolide
(22) was cyclized at point (a) using DCC/DMAP.TFA
(79% yield) [159] and using DCC only [160] in
36% yield. It is implied that DMAP.TFA in the for-
mer example raises the effective concentration of
protons thus catalysing macrolactonization. These
conditions were also able to catalyse the macrolac-
tonization to form geodiamolide A and B at point
(b) in (23) [161,162].

It is rather unusual to find that by just heating
a linear amide precursor with HCl/toluene, an effi-
cient cyclization takes place [163] which is summa-
rized in Scheme 18. No doubt the steric restrictions
associated with the o, «-dialkyl substituted residues,
assembled via the azirine methodology influences
the ease of macrolactonization.

The great wealth of structures produced by
Nature precludes a more comprehensive coverage
of all syntheses carried out over the past decade
in this one sub-section. Equally as representative
as the above syntheses would be the strategies
used in making luzopeptins [164], HUN-7293 [165],
kahalalide B and F [166,167], dolastatin 11 [168],
AM toxin II [169] and doliculide [170]. In many of
these examples the non-peptidic parts are as, or
even more, demanding than the cyclodepsipeptide
skeleton itself.

Cyclic Peptides Containing Thiazole/Oxazole
Rings

This has been very much the growth area of the
last decade driven by the wealth of biologically
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active structures found in the marine environ-
ment. Nature seems to have evolved the thiazole
and oxazole rings as a means of imposing con-
formational restrictions on cyclic peptides [171].
The heterocyclic rings emanate from a condensa-
tion between side chain cysteine thiols or Thr/Ser
hydroxy groups and neighbouring amide bonds as
depicted in Scheme 19, resulting in a highly con-
strained pseudo-boat or saddle-shaped macrocycle.
Most of what has been realized in synthesis prior
to 1995 has been authoritatively reviewed by Wipf
[172], and augmented subsequently by Shioiri [173].
Synthesis is fully justified in this field as a sig-
nificant number of the original structures have
had to be re-assigned on the basis of synthetic
results.

Trunkamide (24) which is in preclinical trials
has been synthesized by both solid phase [174]
and solution phase [175,176] methodologies. In the
former approach the linear precursor was assem-
bled on a chlorotrityl resin, with Pro initially linked
to the resin, with the final two residues being
p-PheW[CSNH]Ser, added as the precursor of the
thiazoline ring. Macrocyclization was carried out
with PyAOP/DIEA. The thiazoline ring was gen-
erated post-cyclization using diethylamino sulfur
trifluoride (DAST). The first synthesis [175] of (24)
utilizing p-Phe was carried out in solution using
the authors’ assisted aziridine ring opening tech-
nique for the novel reverse-prenylated Ser/Thr side
chains. The thiazoline ring precursor in the synthe-
sis was an oxazoline ring formed by DAST dehy-
dration of a Ser which had been macrocyclized
using HATU. Thiolysis of the oxazoline, and a sec-
ond cyclodehydration with DAST gave (24) with still
some re-orientation of absolute configurations nec-
essary. Another solution synthesis [176], initially
attempted via cyclization of an acyclic thioamide
precursor failed, but on using a normal amide-Ser
bond in the linear precursor DPPA (35% yield) pro-
vided a successful cyclization with the thiazoline
ring being introduced by treatment with DAST fol-
lowed by HsS.

Two research groups have published syntheses of
nostocyclamide (25). Pre-formed heterocyclic amino
acids were successfully coupled [177] to form a
linear precursor which was cyclized directly at point
(@) in (25), by activation using a pentafluorophenyl
ester (74% yield). The second synthesis [178]
showed that oxazole and thiazole amino acids
undergo cyclization in the presence of FDPP to form
nostocyclamide with yields governed by the amount
and type of metal ions present in the reaction

J. Peptide Sci. 9: 471-501 (2003)
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Cryptophycin 1 Y = Q—I—FH, R=Me, X=Cl

OH

20) Cryptophycin 3 Y = CH=CH, R = Me, X = Cl (21)

Cryptophycin4 Y =CH=CH,R=Me, X=H

Cryptophycin 24 Y =CH-CH,R=H, X =H
yptophyci \§

Scheme 18

mixture. A related natural product dendroamide A
(26), which reverses multiple drug resistance, has
also been synthesized [179] from a linear precursor
with the heterocyclic amino acids already built in.
Modelling studies had predicted that cyclization
at position (b) using DPPA would be optimal, and
this proved a reasonable choice since 56% of
dendroamide A was obtained.
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Reagents: (i) HC1/ toluene 100°C

(Continued).

Ceratospongamide (27) in its cis, cis form at
the acyl-prolyl bonds, has been synthesized [180]
using a (5 + 2) convergent strategy to form a linear
precursor which allowed cyclization by activation of
the triazole carboxyl group. Macrocyclization with
DPPA gave a 31% yield while FDPP gave 63%, with
cyclization to form the oxazoline kept to the last step
using bis (2-methoxyethyl)amino sulfur trifluoride.
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Macrocyclization [181] with amide formation at
position (a) in (28) using DPPA (58% yield) was
also used for the cytotoxic metabolite lyngbyabellin
A (28). In this case the thiazole unit had been built
prior to cyclization.

Griseoviridin (29), a member of the streptogramin
family of antibiotics, currently licensed in the USA
against bacteria resistant to vancomycin, has been
synthesized [182] for the first time after two decades
of endeavour by many groups. The oxazole car-
boxamide link was chosen for macrolactamization
using EDCI/HOBt. Two strategies [183] for cycliza-
tion using pentafluorophenyl esters of linear pre-
cursors, at either point (a) or (b) in (30) have
successfully given the antibiotic promothiocin A
(30). A modified Bohlmann-Rahtz pyridine syn-
thesis provided the oxazolyl-thiazolyl-pyridine cen-
trepiece, while dirhodium (II)-catalysed carbenoid
N-H insertion were used to make oxazole build-
ing blocks. The thiazoles were produced via the
Hantzsch reaction.

Having established the theme for synthesis, using
the above examples, space only allows mention that
the syntheses have also been recently published for
cyclodidemnamide [184], lissoclinamides 4 and 5
[185], micrococcin P and P; [186,187], dolastatin
I [188], mollamide [189], keranamide J [190],
bistratamide D [191], 14,15 anhydropristinamycin
I (a virginiamycin) [192], lissoclinamide 7 [193] and
raocyclamide [194]. Each one represents demanding
exercises in the art of contemporary synthesis.

However, before leaving this sub-group, it has
to be noted that one of the most demanding
synthetic challenges has been achieved by the
synthesis of the anti-cancer agent diazonamide A
(31). Amongst keen competition from many research
groups world-wide, the synthesis [195,196] of the
presumed structure (31) was accomplished in 16

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

steps. But even after this noble effort, differences
in physical data and biological activity between
natural and synthetic samples had to be explained
by re-assignment of the structure to (32). A new
synthesis [197] has now confirmed the authenticity
of structure (32) as representative of diazonamide
A. While many macrocyclization were needed to
achieve such a feat, the macrolactamization step
occurred mid-way in the synthesis at point (a) using
HATU/collidine (36% yield).

Macrocyeclizations using Functions other than the
Main Peptide Backbone

As shown for diazonamide A above, macrolactamiza-
tion or macrolactonization, often become only a
small player in the overall synthetic strategy. In het-
erodetic cyclic peptides key macrocyclizations often
utilize chemical methods away from the mainstream
peptide protocol. As the area is vast and becoming
increasingly important, only the main achievements
can be reviewed here as typical examples.

For a number of years antibiotics and antitumour
compounds whose heterodetic character involve
coupled aromatic rings, either of the biphenyl or
diaryl ether type, have proved a significant synthetic
challenge. From 1998 onwards, the main represen-
tative members, vancomycin (33) and teicoplanin
(34) have succumbed to total synthesis. Three
research groups have separately reported suc-
cessful syntheses of vancomycin, the details of
which are beyond the scope of this review. How-
ever, their key macrocyclization steps illustrate
important themes. In the Evans etal [198,199]
approach to vancomycin aglycone synthesis, the A-
B diphenyl link was accomplished using vanadyl
trifluoride oxidative cyclization, while the diphenyl

J. Peptide Sci. 9: 471-501 (2003)
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Scheme

ethers were constructed by SyAr fluoride dis-
placement reactions of nitro-substituted aryl rings
(Scheme 20). Nicolaou et al.’s approach [200-203]
saw the A-B system effected by the Suzuki con-
ditions [Pd(PhsP)4]/NayCO;s for coupling an iodo-
aryl compound to a boronic acid aryl group, while
diphenyl ethers were produced via their in-house
triazene-based technology (Scheme 21).

Boger etal. [204,205] used as key to their
strategy the defined order of CD, AB and DE

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.
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20

ring closures which permitted selective thermal
atropisomerism of the newly formed ring system
(Scheme 22). The teicoplanin aglycone (34) has also
been synthesised [206,207]. Macrocyclization at the
N-terminus brought about the closure of the extra
F-G 14-membered ring.

Another of nature’s contributions under this
category is the potent anti-tumour cyclohexapeptide
RA VII (85) and its congener deoxybouvardin (36).
The extra diphenyl ether link in the structure
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proved difficult to synthesize, but has now been
accomplished by two groups [208,209], using either
the Ullmann reaction or a thallium trinitrate
mediation reaction.

Side-chain modification where sulfur bridges
are built in via meso lanthionine or threo 8-
methyllanthionine are widely distributed in nature,
belonging to a series now known as lantibiotics
[210,211]. Probably the best known member is nisin
(37) from Streptococcus lactis, widely used as a food
preservative against Clostridium botulinum. The only
reported total synthesis in the solution phase is by
Shiba et al. [212], with the cyclized sulfur bridges
being formed by extrusion of sulfur from cystine,
followed by fragment condensation. In progressing
to solid phase techniques, lanthionine bridges have

Copyright © 2003 European Peptide Society and John Wiley & Sons, Ltd.

been made compatible with peptide cyclization on
an oxime resin [213,214], and using a biomimetic
approach of assembling linear peptides containing
cysteine and dehydroalanine residues, and forming
the sulfur bridges by intramolecular 1,4-addition of
the cysteine SH to the dehydroalanine [215,216].
In the more recent solid phase approach [217], an
analogue of the ring C of nisin has been introduced
via a pre-formed sulfur bridge as part of a triply
orthogonal protecting group strategy summarized in
Scheme 23.

The thrust of combinatorial library construction
has moved macrocyclization steps into the wider
echelons of contemporary organic chemistry and
a popular recent development is to construct the
cyclic constraints via ring closing olefine metathesis
[218,219] as shown in Scheme 24.
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In summary, it is hoped that the cyclization
examples discussed in this review, reflect the
perception that nature’s often seemingly complex
ways of adding constraints to peptides, can now be
mimicked in the laboratory utilizing a vast range of
organic chemical armoury. The knowledge gained by
these demanding synthetic challenges will hopefully
benefit the move to create mimetics and designer
molecules which can surpass nature’s activity and
be of service in the development of more efficient
pharmaceuticals.
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