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The literature describing syntheses of cyclic peptides 
has steadily grown since the early 1950's, reflecting 
increasing interest in members of the class. Cyclic pep- 
tides are of interest because of the biological activity of 
some of them ; the group includes hormones, antibiotics, 
fungal toxins, and, if peptide rings containing disulfide 
groups are included, also most proteins. 

One source of pharmacological interest in cyclic 
oligopeptides is the fact that several of them have been 
shown to be resistant to  enzymatic hydrolysis. In some 
cases [e.g., the fungal toxins of arnanita (l), the tyro- 
cidins (2), and the cyclic portions of the polymyxins 
(3)], this is in part because of the presence of amino 
acid residues of unusual structure or of the unnatural 
D-configuration. Other cyclic peptides [e.g., cyclo- 
(Gly-Lys-Gly-Lys-Gly)l (4) and antamanide ( 5 ) ] ,  which 
contain only normal residues, are also resistant to  pep- 
tidases, probably because of conformational constraints 
resulting from the cyclic structure. 

'The notation used for amino acids, amino acid derivatives, and 
peptides in  this paper conforms with the 1971 recommendations of the 
IUPAC-IUB Commission on Biochemical Nomenclature, as given in 
J .  B i d .  Chem., 247, 977(1972). Other abbreviations used are given in 
Table I. 

Additional interest in the potential of cyclic oligo- 
peptides should also arise from the suggestion that the 
biological activity of a cyclic peptide will be retained 
in analogs of different sequence and configuration, 
provided the side chains are similarly arranged in space. 
This proposal was tested successfully for two peptide 
antibiotics by its authors (6 ,  7). Synthetic studies of 
cyclic peptides have, therefore, been undertaken for 
confirmation or test of suggested structures, for prep- 
aration of analogs of biologically active substances, 
and for commercial preparation in therapeutically 
useful cases. 

Cyclic peptides are also prepared for study, by physi- 
cal methods, of the forces that determine peptide and 
protein conformation. They have also appeared in a 
number of studies as models of enzyme active sites, 
although to  date without important result. A recent 
review discussed interesting aspects of the conforma- 
tions of naturally occurring and synthetic cyclic pep- 
tides (8). 

Cyclic peptides are divided into two broad classes. 
Those in which the peptide backbone is formed by 
the usual amide linkages between amino acid residues 
are known as homodetic. Those in which the chain 
contains any other kind of linkage are called heterodetic. 
The most frequent nonamide backbone links in hetero- 
detic peptides are disulfide bonds, which occur, for 
example, in the posterior pituitary hormones, oxytocin 
and vasopressin, and the ester function. Peptides 
containing ester groups in the main chain are known 
as depsipeptides; many interesting biologically active 
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Table I-Abbreviations Used in This Review 

AA 
Acm 
Amt  

Asu 
Boc 
But 
Bzl 
Bzl(N02) 
Dab 
DaP 
DCCI 
D M F  
DnP 
EDC 
HONSu 
Hyiv 
Lac 
MeVal 
NP 
NPS 
Nva 
Tos 
Z 
Z(0Me) 
Z(NOn) 

Apm 

An unspecified amino acid residue 
Acetamidomethyl 
tert-Am yl 
a-Aminopimelic acid 
a-Aminosuberic acid 
tert-Butoxycarbonyl 
tert-But yl 
Benzyl 
4-Nitrobenzyl 
a,y-Diaminobutyric acid 
a,B-Diaminopropionic acid 
Dicyclohexylcarbodiimide 
Dimethylformamide 
2,4-Dinitrophenyl 
N-Ethyl-N’-(3-dimethyIaminopropyl)carbodiimide 
N-Hydroxysuccinimide 
a-Hydroxyisovaleric acid 
Lactic acid 
N-Methylvaline 
4-Ni trophenyl 
o-Nitrophenylsulfenyl 
Norvaline 
p-Toluenesulfon yl 
Benzyloxycarbonyl 
4-Methoxybenzyloxycarbonyl 
4-Nitrobenzyloxycarbonyl 

substances of microbial origin are cyclic depsipeptides. 
Some cyclic depsipeptides have been of recent interest 
because of their ability to  transport cations across mem- 
branes. The synthesis, occurrence, and action of all 
classes of cyclic peptides were reviewed in detail, 
through about 1963, by Schroder and Liibke (9). Ab- 
stracts of more recent literature appear in the admir- 
able series of Specialist Periodical Reports published 
by The Chemical Society (10). 

A problem in cyclic peptide synthesis is one of open- 
chain peptide elaboration, plus a cyclization (ring- 
formation) step. Current methods for the formation 
of linear open-chain peptides were reviewed recently 
(9-13), and these will not be directly touched upon 
here. This paper will review peptide cyclizations; first, 
the preparation of homodetic cyclic peptides by forma- 
tion of a peptide bond and then the cyclization steps 
in the preparation of cyclic depsipeptides and cyclic 
peptide disulfides. 

HOMODETIC CYCLIC PEPTIDES 

The formation of a peptide ring, like any other 
cyclization, requires the generation of mutually re- 
active chain ends and reaction of these ends under con- 
ditions favoring intramolecular processes. When a 
peptide bond is to be formed, these mutually reactive 
ends are commonly a free amino group, not reduced 
in nucleophilicity by protonation or substitution, and 

a carboxyl function activated to be susceptible to nucleo- 
philic attack. Intramolecular reaction is favored by 
allowing the coupling of these ends to proceed at  high 
dilutions ( 10-3-10-4 M). To avoid intermolecular pro- 
cesses, the fully reactive peptide should only be gen- 
erated at  these low concentrations. Therefore, the 
carboxyl activation and cyclization steps ought to  be 
separable. 

The cyclization reaction itself may be an inherently 
improbable and slow process; for this reason, the acti- 
vated carboxyl function ought not t o  undergo unimolec- 
ular or solvent-induced decomposition while awaiting 
approach of the terminal amino group. Since prolonged 
existence of the activated carboxyl group increases the 
likelihood of racemization of the activated residue, it 
is also desirable to  devise a linear precursor with gly- 
cine or an N-substituted amino acid at the C-terminus, 
so that racemization will be impossible or unlikely. 

The requirements just stated are not absolute, and 
no single method is perfect in all of the respects men- 
tioned. Among the methods that allow separate activa- 
tion and cyclization, the active ester and azide pro- 
cedures have been most widely employed in peptide 
cyclization. However, since it is generally simplest to 
obtain the linear precursor with blocking groups that 
are simultaneously removed from the N- and C-ter- 
minals, methods that operate on a terminally unblocked 
peptide are frequently used. The most common of 
these is the cyclization by means of N,N’-dialkylcar- 
bodiimides. 

Active Esters-The procedure using the active ester is 
shown in Scheme I. This method has the advantages 
that the activation and cyclization steps can be cleanly 
separated and that the activated intermediate is stable 
and can be used without decomposition even when 
cyclization is slow. Racemization may be a problem, 
although a proper choice of precursor may be able to  
eliminate it. 

For conversion to the active ester, the open-chain 
precursor is selectively unblocked at  the carboxyl end. 
Conversion is carried out commonly by reaction of 
the peptide acid with p-nitrophenyl sulfite (14) or p -  
nitrophenyl trifluoroacetate (1 5, 16). Reaction with 
p-nitrophenol and a carbodiimide may also be used 
(17). Frequently the ester is not purified but used directly 
as prepared. The N-terminal residue, usually tert-butyl- 
oxycarbonyl or a version of benzyloxycarbonyl, is 
then removed by acid cleavage, and the protonated 
ester is added to  base in dilute solution. The solvent 
and base used for the cyclization must be free of acyl- 
able nucleophiles such as water, alcohol, or other 

X-(AA),-OH + HO w2 + (C,H,,N),C - X-(AA),-ONp + (C,J-ll1NH)&O 

/ lH+ 
H:-(AA),-oN~ {:::} X-(AA),-OH + 

L(AA),--I 

Scheme I-Peptide cyclization via an active ester. X = Z or Boc 
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-, X-(AA),-NHNH, - H;-(AA),-NHNH, - H;-(AA),-N, 
base, 
dilution 

X-(AA),-0 

X-( AA),-NHNH--Boc Giz? 
Scheme 11-Peptide cyclization via the acyl azide. X is commonly Z or Boc 

amines. Cyclization is often carried out by adding the 
active ester hydrohalide to a large volume of pyridine 
held at 60-100”. 

Preparation of nitrophenyl esters for cyclization 
has also been achieved by the “backing off’ procedure, 
in  which the active ester itself is, under controlled con- 
ditions, used as the carboxyl terminal blocking group 
in the preparation of the open-chain peptide (18, 19). 
Although it is used in the preparation of tripeptides, 
this is probably not always a satisfactory procedure 
when a long peptide chain is to  be constructed. 

Although most active ester peptide cyclizations to 
date have employed p-nitrophenyl esters, esters of 
N-hydroxysuccinimide or 2,4,5-trichlorophenol should 
be equally useful. 

It has been reported that when the active ester is 
p-nitrothiophenyl and when the N-terminal blocking 
group is o-nitrophenylsulfenyl, cyclization is possible 
without a separate step to  unblock the amino function. 
The Nps-nitrothiophenyl ester is treated with free nitro- 
thiophenol, with or without catalytic imidazole, in 
pyridine (20). 

Azide-Although the acyl azide function is not so 
thermally stable as the active esters, it has enjoyed 
considerable popularity as a method for peptide cycliza- 
tion for two reasons. The first is its reputation for pro- 
ducing minimal racemization, so that it is the method 
of choice when cyclization cannot be carried out at  
glycine or proline. The second reason is the conven- 
ience of constructing a peptide chain from the methyl 
or ethyl ester of the C-terminal residue. The strategies 
of cyclic peptide synthesis via the azide are shown in 
Scheme 11. 

For azide cyclization the peptide chain has most 
commonly been elaborated from a C-terminal ester, 
which is hydrazinolyzed when the chain is complete. 
This approach is readily adopted to peptide synthesis 
using the Merrifield resin, in which case the completed 
chain is removed from the resin as the hydrazide on 
treatment with hydrazine (21). Alternatively, the chains 
may be elaborated from a C-terminal tert-butoxycar- 

H-(AA),-OH + RN=C=NR 
H-(AA),-N(R)CONHR 

1 / 
I 

[H-(AA)n- 0-C(NHR)=NR] 

(AA),--I 

H-( A A),, -0Y 

Scheme Ill-Peptide cyclizations with the aid of dialkylcarbodiimides. 
Y = pkenyl or succinimidyl 

bonylhydrazide (22). The N-terminal amino and C- 
terminal hydrazide functions are simultaneously freed 
before diazotization of the hydrazide (23). However 
the hydrazide is prepared, diazotization occurs under 
acidic conditions. Coupling does not occur until base 
is added to free the terminal amino group. The pro- 
tonated azide is added to  base in a large volume of 
cold solvent (e.g., water, dimethylformamide, or 
pyridine), so that again the fully reactive peptide is 
only generated in 10-3-10-4 M solution. In most of 
the reported work, the azide was formed in aqueous 
acid, but recent experience indicates that diazotization 
with an alkyl nitrite in an organic solvent (24) system 
may give better results (25). When diazotization is 
carried out in an organic solvent, cyclization can be 
carried out in the complete absence of water, so com- 
petition by hydrolysis, at  least, is ruled out. 

Direct Methods-Where there are functional side 
chains to  be protected in the open-chain precursor of 
a cyclic peptide, it may be difficult to  choose blocking 
groups so that the N-  and C-terminals can be differ- 
entially unblocked. Therefore, direct cyclizations of 
peptides free at  both ends have often been reported. 
The most commonly used reagents for this purpose 
have been the N,N’-dialkylcarbodiimides, N,N’-di- 
cyclohexylcarbodiimide, and N-ethyl-N’-(3-dimethyl- 
aminopropy1)carbodiimide. These reagents are very 
convenient to  use, but the activation and cyclization 
steps cannot be separated. The activation step, being 
bimolecular, requires a high concentration of carbodi- 
imide and peptide, while cyclization competes favor- 
ably with polymerization at  a low concentration. In 
general, an excess of carbodiimide is used, with the 
peptide at a low concentration. 

The carbodiimide method suffers from another dis- 
advantage as well; when cyclization is slow, intra- 
molecular rearrangement of active U-acylisourea to 
the inactive N-acylurea occurs. To  reduce this latter 
hazard, a third component, capable of reaction with 
the 0-acylisourea to  form a thermally stable active 
ester, may be added. Cyclization reactions have been 
carried out using excess carbodiimide with phenol as 
the solvent (25, 26). Successes have also been reported 
using an excess of N-hydroxysuccinimide with excess 
carbodiimide in dichloromethane-dimethylformamide 

H2+-(AA),-O- + ROCOCl-+ H2+-(AA),-OCOR 
base, H-(AA),OCOR -+ (AA)n 

dilution 
R = ethyl or isobutyl 

Scheme IV 
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Table 11-Examples of Peptide Coupling to Form Hornodetic Cyclic Peptidesa 

Blocked Precursor Cyclization Method Yield, X b  References 

Z-Phe-D-Val-Vah-Phe-OH 
Z-Sar-Sar-Sar-Sar-OMe 

Z-Gly-Sar-Gly-Sar-OMe 
Z-0- Ala-Gly 1 

Tos-Dap-Gly-OBzl 

Four Residues in Ring 
Nitrophenyl ester 
2,4,5-Trichlorophenyl 

ester 

o-Phenylene chloro- 
phosphite 

Five Residues in Ring (see Table IV) 
Z-Trp-Gly-Leu- Ala-D-Thr-OMe Mixed anhydride 
Z-Gly-Leu-GI y-Leu-Gly-OEt Pyrophosphite 
Z-D-Leu-Ile-Cys-Val-cys-oBzl (and diastereomers) DCCI/HONSu 

I I 
BZI Bz1 

Boc-Gly-Cys-Gly-Gly-Pro-OH 
I 

CH(Ce.H& 
Posterior Pituitary Analogs 
Arn'OCO-Tyr-Phe-Gln- Asn- Asu-Pro- Arg-Gly-NH, 

I I 

Nitrophenyl ester 

Nitrophenyl ester 

OH Tos 
Boc-Tyr-Ile-Gln-Asn- Apm-Pro-Leu-Gly-NH, Nitrophenyl ester 

I I 
I I 
But OH 

Six Residues in Ring (see Table 111) 
Z-(Gly,, Ala6-,)-OBuL Nitrophenyl ester 
Z-(Gly,, Ala6-,)-NHNH-Boc Azide 
Z-(Glyn, +as-,)-OMe Azide 
2-Gly-His-Gly- Ala-Tyr-Gly-OBzl( NO2) DCCI 

I 
Bzl 

I 
Z-Gly-His-Gly-Tyr- Ala-Gly-OBzl( NO*) DCCI 

I 
Bzl 

2-Gly-Leu-Gly-Gly-Leu-Gly-OEt 

Z-D-Val- MeVal-D-Val-MeVal-D-Val-MeVal-oBuL 

Pyrophosphite 
Nitrophenyl ester 
DCCI 

Ferriclirome Series 
Boc-Gly-Nva( 5-NO?)-Nva(5-N02)-Nva( 5-N02)-Gly-Gly-OMe Nitrophenyl ester 

Z(0Me)-Val-Orn-Leu-D-Phe-Pro-GI y-Gly-OMe Nitrophenyl ester 
Seven Residues in Ring 

I 
2 

I 1  

Bacitracbi Series 
HCO-Ile-Lys-D-Orn-11e-D-Phe-His-Asp-OMe 

I 1  
Bzl Bzl Z Tos 

Evolidine 
2-Ser-Phe-Leu-Pro-Val- Asn-Leu-OBul 
Poly ni yxin (Circulbi , Colistin) Series 

Z Bzl 

DCCI (Asp P -+ Lyse) 

Nitrophenyl ester 

DCCI (Leu -, Thr) 
I 

R-D~b-Thr -D-Ser-Dab-Dab-D-Leu-OBu' 

Boc-Thr-Dab-Dab-Thr-1 k 
(R = 6-Me-octanoyl) 

I 1  z z  
Eight Residues in Ring 

Polymyxin Analogs 
HCO-o-Leu-Dab-Dab-Thr-Thr-Dab-Dab-Thr-OMe Azide 

I 1  z z  
and related cases 

- 
40 

40 

40 

29 
58 
30-50 

68 

60 

45 

30-60' 

35 

12 

63 
68 

~ 1 5  

17 

50 

50 

23 

- 

38 
39 

39 

40 

33 
35 
41 

42 

43,44 

45 

23,46,41 

25 

25 

35 
48 
49 

50 

51 

52 

53 

54 

4 5 6 0  55 

Antamanide Series 
Boc-.~x?r-Pro-Pro-yyy-Phe-Phe-Pro-Pro-Phe-Phe-OMe 

Boc-Phe-Pro-Pro-Phe-Phe-Val-Pro-Pro- Aoa-Phe-OMe 
2-Phe-Phe-Pro-Pro-Phe-Phe-Val-Pro-Pro-Ala-OBuf 

(xxx: Ile, Leu, Gly, Ala, Val, Phe; 
yyy :  Ala, Gly, Val, Phe) 

Ten Residues in Ring 

DCCI/HONSu 
Mixed anhydride 

Thiophenyl ester 
DCCI/HONSu 

45-50 
20-30 

40 
31 

29 
29 

56 
28 
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Table I1 (continued) 

Blocked Precursor Cyclization Method Yield, Z b  References 

Gramicidin S Series (See Table IV) 
Z( OMe)-D-Phe-Pro-Val-Orn-Leu-D-Phe-Pro-Val-Orn-~u-O-resin Azide 

Boc-Val-Orn-Leu-D-Phe-Pro-Val-Orn-~u-D-Phe-Gly-O-resin DCCI/HONSu 

I 
Z(NOz) 

I 
Z(NO2) 

I I 

85 21 

32 21 

Tos Tos 
51 Boc ?-Va!-Cys-Leu-D-Phe-Pro-Val-CJ(s-Leu-D-Phe-Pro-o- ? Nitrophenyl ester - 

I I 
Acm Acm 

Polymyxin Analogs 
Boc-Dab-aThr-Dab-uThr-Dab-Dab-D-Leu-Ile-Dab-Dab-OMe Azide 

I I  z z  I 1  z z  I 
Z 

I 
R 

Tyrocidin Series 
Z(OMe)-xxx-D-y y y  -Am-Gln-zzz-Val-Orn-Leu-D-Phe-Pro-OH Nitrophenyl ester 

(R = 6-Me-octanoyl) 

I 
Z 

(xxx: Phe, Trp; yyy :  Phe, Trp; zzz: Tyr, Phe) 
Bicyclic Peptide 

Phalloidine Series 
H--o3Hyp-AAa-NH-CH-CH-CO-NNva-OMe Mixed anhydride 

I cH-p Cys + a4Hyp 

then 

HO+Cys-D-Thr .- Ala-Boc Nva + Ala 
Twelve Residues in Ring 

H-( Val-D-Pro-D-Val-Pro)~-oH Woodward K 

10 58 

4 M O  59-65 

5 . 5  

21 66 

61 - 

a All amino acid residues are L unless otherwise indicated. Abbreviations are defined in Table I. b Yields reported for cyclization step. c All 
diastereomers were prepared. 

solutions (27-30). With phenol as a solvent, there is 
difficulty in removing traces of phenol from the pep- 
tide. On the other hand, there is a reaction between 
N-hydroxysuccinimide and carbodiimide, not involving 
the peptide, which consumes them both (3 1). Cyclization 
with the aid of carbodiimides is illustrated in Scheme 
111. 

With coupling methods other than the carbodiimide, 
it is possible to separate the activation and cyclization 
steps. For example, the technique of carboxyl activa- 
tion as a mixed carbonic anhydride, with the N-terminus 
protected by protonation (32), was recently revived 
(29, 33). Complete protonation of the amino group is 
ensured by the presence of pyridinium chloride buffer 
during formation of the mixed anhydride. Once the 
anhydride is formed, the activated peptide can be 
cyclized by addition to base in dilute solution (Scheme 
IV). This method may be less successful than the azide 
method for difficult cyclizations, because the active 
intermediate, the mixed anhydride, is less thermally 
stable. 

The activation and coupling steps can be similarly 
separated when a terminally unblocked open-chain 
peptide is cyclized with the aid of isoxazolium salts, 
such as Woodward reagent K (34). 

Direct cyclization of unblocked open-chain peptides 
has also been achieved in a number of cases, using 
derivatives of pyrophosphorous acid in diethyl phos- 
phite (35-37), although somewhat elevated tempera- 
tures (140") are employed. 

Examples-Table I1 lists a number of examples of 
peptide cyclizations through formation of a peptide 
bond in solution. The fully blocked open-chain pre- 
cursors are shown, rather than the stage immediately 
before cyclization, to indicate the combinations of 
protective functions that were employed. However, the 
yields given are those reported for the cyclization step. 
This table is far from complete, but it should give an 
idea of the range of compounds that have been pre- 
pared. Generally, papers giving experimental details 
are cited. Additional examples are discussed in the next 
sections. 

Cyclization on Polymeric Supports-Several groups 
have attempted to improve the ratio of cyclization to 
intermolecular condensation by isolating the linear 
precursor molecule on an insoluble substrate. In one 
technique, an N-terminally blocked peptide is attached 
to a polymeric support by an active ester linkage (68, 
69). When the amino group is unmasked, cyclization 
releases the product from the resin. Cyclic tetraalanine 
has been prepared in this manner (70). In a variant of 
the same principle, a resin ester, used in a solid-phase 
build-up of the linear chain, is penultimately activated 
by oxidation, according to Scheme V. In this manner, 
cyclo-(AlaaGly) and cyclo-(Gly-Val-Ala-Phe-Ala-Gly) 
were prepared in yields of 40 and 50%, respectively, 
based on the amino acid initially esterified to the poly- 
mer (7 1). 

The principle of dilution on a solid support has also 
been applied in the case of a peptide attached through 
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Scheme V-Cyclization from a solid supporl 

a side chain, a cyclodecapeptide, an analog of gram- 
icidin S ,  has been so prepared (72). 

Steric and Conformational Influences on Peptide 
Cyclization-The rate of a cyclization reaction, thus 
its yield in competition with side reactions, is related to 
the probability of juxtaposition of the ends of the open- 
chain precursor. This probability increases with the 
configurational and conformational stability of the ring 
to be formed and decreases with increases in the loss of 
internal freedom that results from ring formation. The 
ease of formation of 3-, 5-, and 6-membered alicyclic 
rings relative to rings of other sizes, well documented 
in organic chemistry, is rationalized on this basis. 

The conformational energy of a peptide ring contains 
the usual contributions from bond angle distortions, 
torsional preferences about single bonds, and van der 
Waals' forces between nonbonded atoms, plus impor- 
tant terms for dipolar interactions and hydrogen bond- 
ing. The losses of internal freedom that occur on cycliza- 
tion of a linear peptide are predominantly in the loss 
of rotational freedom about the C"-CO and N-C" 
bonds of each residue, since rotation about the C'-N 
bond of an amide group is restricted by its electronic 
structure. Calculating the balance of all these factors 
with any confidence is not now possible. However, 
peptide rings exist with any number of residues, from 
two on up. There are restrictions, but an examination 
of peptide cyclizations to date suggests that the effects 
of internal strain are only obvious in rings of perhaps 
seven or fewer residues. 

Rotation about the Peptide C-N Bond-Amide 
groups are generally planar, and a monosubstituted 
amide group is most stable in the trans-, planar con- 
figuration (73). Although the smallest peptide ring 
that can accommodate only trans peptide bonds is one 
containing five amino acid residues, smaller rings are 
known. Two-residue peptide cycles, commonly known 
as 2,5dioxopiperazines or diketopiperazines, are well 
known and readily prepared. They form readily from 
unactivated dipeptide esters (74, 75) and can also be 
obtained directly from unblocked dipeptides (76) as 
well as by the methods already described for larger 
peptides. In diketopiperazines, both peptide bonds are 
necessarily cis, but cyclization is very facile. Rotation 
about only two single bonds must be fixed to bring the 
ends of a dipeptide chain together. The diketopiper- 
azine ring itself is probably stabilized by a favorable 
relative orientation of the two amide dipoles. 

Attempts to  prepare cyclic tripeptides have only 
been successful when N-substituted amino acids, such 

as proline and sarcosine, are involved. For the ends of 
the linear tripeptide to meet, it is necessary that both 
peptide bonds in the initial chain be in the cis-con- 
figuration. This is only likely when they are N-sub- 
stituted, since then the cis- and trans-configurations 
of the peptide bond are of comparable stability (73). 
The tripeptide nitrophenyl ester, H-Pro-Pro-Pro-ONp, 
cyclizes in 88 yield, whereas H-Pro-Pro-Gly-ONp 
gives only the corresponding cyclic dimer, a cyclic 
hexapeptide (77). Cyclo-(Pro-Pro-3Hyp) has also been 
prepared (78), as has cyclo-(Sar-Sar-Sar) (79). 

A priori, cyclic tetrapeptides should have two cis 
and two trans peptide bonds in their stable configura- 
tions (80, 81); this has been established for two cases 
(one a cyclodepsipeptide) by X-ray crystallography 
(83, 84). For the ends of a tetrapeptide chain to meet, 
it is only necessary for one amide group to be in a cis- 
configuration; cyclic tetrapeptides have been prepared, 
without difficulty, with no N-substituted amino acid 
residues. Some cyclic tetrapeptide syntheses are in- 
dicated in Table 11. It is conceivable that difficulties 
resulting from side-chain interactions might be en- 
countered in cyclization of a tetrapeptide comprised 
of residues with large side chains, all of the same optical 
series. 

Intrachaiiz Amide-Amide Interactions-Intrachain 
hydrogen bonds, or dipolar interactions between amide 
groups, operating so as to stabilize an open chain in 
folded conformations approximating the cyclic struc- 
ture, probably assist cyclization of larger peptides. 
An indication that this is so appears in the fact that 
attempts to prepare cyclic tripeptides from open-chain 
precursors containing N-unsubstituted amino acid 
residues consistently lead to cyclic hexapeptides. Poly- 

0 
R 

I II 
f l  

/'\ &H-CO-(AA)-X 
RCH @ N' 

I I 
HN 

I 

H 

Structure I-Type of peptide chain folding that may assist cycliza- 
tion, the (3-turn 
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Table IU-Examples of Cyclodimerization of Tripeptides 

Peptide 
Ref- 

Yield, % erence 

Gly-Leu-Gly-OH (per EDC) 23a 25 
Gly-Leu-Gly-ONp 20 48 
Gly-D,L-Phe-Gly-OC6HLSOZMe 45* 89 
Tyr-Gly-Gly-Ns 48 25 
Gly-Pro-Gly-ONP 88,49 90,91 
Gly-Gly-Pro-0-Dnp 73 90 
Gly-Cys-Leu-Ns 1 2  92 

1 
Bzl 

Gly-His-Ser-OH (per EDC methiodide) -30 93 
Pro-Ser-Gly-ONp 11 18 

a Five percent of cyclo-(Gly-Leu-G1y)a was also isolated and identified 
(88). Predominantly meso-product formed (22). c Yield is 16% when 
leucine residues are D. 

mers are formed in good yields only a t  high (1 M )  con- 
centrations (85-87). Cyclization of the tripeptide is 
unlikely; thus the condensation of two tripeptide units, 
which are not sterically inhibited, can compete. Cycliza- 
tion of the so-formed hexapeptide is probably facili- 
tated by chain folding of the type indicated in Structure 
I. This 10-membered hydrogen-bonded ring has turned 
out to be a common feature in cyclic peptides containing 
five or more residues (8). It is commonly called a P-turn 
or fi-loop. 

Cyclodimerization has been applied to the syntheses 
of a number of cyclic hexapeptides that have Cf sym- 
metry. A set of representative examples is given in 
Table 111. Cyclodimerization is, of course, only ap- 
plicable to peptides of appropriate symmetry, and it is 
best used with thermally stable activated groups such as 
the active esters, although it has been successfully carried 
out using azides and carbodiimides. Where concentra- 
tions of 10-3-10-4 M are used for cyclization of hexa- 
peptides, cyclodimerization of tripeptides seems to be 
most effectively carried out in concentrations of the 
order of 0.1 M .  

Cyclodimerization has also been used for synthesis of 
cyclic decapeptide analogs of the antibiotic gramicidin 
S, which also has C2 symmetry. In the latter cases, a 
pentapeptide is used and cyclic pentapeptides are formed 
competitively. Table IV gives a series of examples of 
competitive cyclization and cyclodimerization of penta- 
peptides, taken from the work of one laboratory. Nitro- 

R-CO-Thr-D-Val-Pro-Sar-MeVal 

II 

phenyl esters were used, and cyclization was carried 
out at  3 X M .  The cyclic pentapeptides and 
decapeptides were separated by gel filtration. 
Effects of Side Chains-The influence of side chains 

on the probability of cyclization is not well understood 
because of the complexity and number of the interac- 
tions involved. In large peptide rings, it is likely that a 
conformation can always be found in which each amino 
acid residue is in a favorable position on a peptide con- 
formational energy map; but in rings of five and six 
amino acid residues, certain indications of strain do 
appear. Conformational energy considerations indi- 
cate that the p-loop of the sort indicated in Structure 
I is more stable if the residues numbered 2 and 3 are of 
opposite configuration at the a-carbon atom, or if one 
of them is glycine (80, 105). In several clear cases in the 
literature, the yield of peptide cyclization was markedly 
changed by changing the configuration of one amino 
acid in the linear precursor. Such examples are given in 
Table V. 

Since the cyclization reaction must compete with 
side reactions that do not require cyclic intermediate 
states, cyclization yield is a fair indication of the rela- 
tive stability of cyclic and open conformations when the 
reactions compared are run identically. From the ex- 
amples in Table V, it is clear that there is a preference 
for rings in which there is the sequence D-residue-L- 
residue, or its enantiomer. There is also an indication, 
from the cyclization of Gly-Tyr-Gly-Gly-His-Gly 
derivatives (Table V) and the cyclodimerization of 
Gly-D,L-Phe-Gly (Table HI), that a roughly centrosym- 
metric cyclic hexapeptide backbone is preferred over 
one with approximately C2 symmetry. This latter tenta- 
tive conclusion is supported by the structure determined 
for cyclo-(Gly-Gly-Gl y-Gly-D-Ala-D- Ala) by X-ray crys- 
tallography (106). 

Specificity is also shown in cyclization of the cyclo- 
pentadepsipeptide moiety of actinoniycin D (C,) (11) 
at its ester link. Cyclization apparently fails if one of the 
residues Thr, Val, or Pro is inverted in configuration 
(110, 111). 

Table 1V-Effect of Sequence on Cyclization and Cyclodimerization Yields from a Series of Pentapeptide p-Nitrophenyl Esters 

Total 7- Fraction, z-- 
Sequence Yield, Cyclopenta- Cyciodeca- Reference 

Val-Orn(G-Z)-Leu-~-Phe-Pro 

Sar 
P-Ala 

Gly-Pro 

G ~ Y  

D-Ala 
D-Leu 
D-Val 

Gly-D-Phe 
Ala 

Lys(c-2)-Leu 
Dab(?-2) 

Glv-Om(&-2) 

20 
15 
30 
33 
20 
30 
50 
25 
35 
25 
35 
45 
45 
30 
30 - 

32 
79 
85 
89 
0 

25 
14 
12 
59 
43 
29 
30 

100 
91 
78 

100 

68 
21 
15 
11 

100 
75 
86 
88 
41 
57 
71 
70 
0 
9 

22 
0 

94 
95 
96 
97 
98 
99 

100 
100 
101 
101 
102 
102 
103 
103 
104 
94 
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Table V-Effects of Changes in Residue Configuration on Cyclization Yield 

Peptide Cyclized Yield, Reference 

Gly-x-Leu-Leu-Gly-Gly-SNp 

Gly-Cys-x-Leu-Gly-Cys-x-Leu-N3 
I 
Bzl 

I 

I l l  

Bzl 
Om-0rn-0rn-x-Ser-~-Ser-~-Ser-N~ 

z z z  
Gly-x-Tyr-Gly-Gly-His-Gly-OH (per EDC) 

I 
Bzl 

x-Leu-Dab-Dab-Th~Dab-Dab-Thr-N~ 
I I  
2 2  

I 1  
2 2  

x = L  12 
X = D  40 
X = L  26 
X = D  43 

x = L  50 
X = D  16 

X = L  31 
X=D,L 58 

X = L  16 
X = D  48 

107 

92 

108 

109 

55 

Additional information about the effects of side chains 
on cyclizations is contained in Table IV. The effect of 
the terminal residues on the monomer-dimer ratio is 
striking. Those cases in which the terminal residues are 
small (Gly, Sar, P-Ala, and Ala) yield high proportions 
of cyclic monomers. Cyclodimerization is favored when 
the C-terminal residue is the sterically constrained pro- 
line and the N-terminal residue has a large side chain, 
indicating difficulty in bringing the ends of the penta- 
peptide into reactive proximity and orientation. These 
results suggest that it is advisable to plan syntheses 
of smaller cyclic peptides so that at  least one terminal 
residue in the chain to be cyclized is small. The many 
examples cited in Table I1 indicate that there is no such 
constraint on the cyclization of decapeptides. 

It is certain that, at  least for smaller cyclic peptides 
of a given sequence, the sequence chosen for the open 
precursor should influence the cyclization yield. The 
faint indications given by the data have yet to be sys- 
tematically tested. 

HETERODETIC CYCLIC PEPTIDES 

Cyclic Depsipeptides-The naturally occurring cy- 
clodepsipeptides now known contain a wide range of 
structural features (10, 112). However, many of those on 
which synthetic attention has been concentrated, such 
as the enneatins, valinomycin, and their analogs, are 
relatively uncomplicated. These contain alternating a- 
hydroxy and amino acid residues and are built up by 
formation of amide bonds between depsipeptide frag- 
ments (Scheme VI). 

Coupling of an N-blocked amino acid with a C- 
protected hydroxy acid is carried out by relatively 
energetic procedures. Mixed carbonic (1 13) or benzene- 
sulfonic anhydrides (114, 115) have often been used. 
Carbonyldiimidazole has also been used as a coupling 
agent and, in at  least one case, has proved superior to 
the sulfonic anhydride method (1 16). Dicyclohexyl- 
carbodiimide, in the presence of pyridine, is also effective 
(1 17). 

Coupling of the blocked aminoacyloxycarboxylic 
acid with an amino component has been carried out 
with carbodiimide (1 16), but most often the acid chlo- 
ride, prepared with the aid of thionyl chloride or phos- 
phorus pentachloride, is the activated carboxyl com- 
ponent (Scheme VI). Since a hydroxy acid is the C- 

terminal residue in this situation, there can be no 
azlactone formation, and the use of the acid chloride is 
apparently acceptable. [Some racemization of an a- 
acyloxyacyl chloride by the enolization mechanism 
(118) might be expected if excess base is used in the 
coupling step.] 

The cyclization process used for this class of cyclo- 
depsipeptides has uniformly been to treat the terminally 
unblocked depsipeptide with thionyl chloride or phos- 
phorus pentachloride and then to add the so-formed 
peptide acid chloride hydrochloride to a tertiary amine 
in benzene under conditions of high dilution. Cyclo- 
depsipeptides of from 4 to 20 residues have been so 
prepared. Cyclooligomerization is occasionally ob- 
served (1 15, 117). 

Of the cyclic depsipeptides of less regular structure, 
the cyclic pentapeptide portion of the actinomycins, 
which contains only one ester link, has been synthesized. 
This ring has been prepared by cyclization at  a peptide 
bond ( 1  13) or at  the ester bond. For cyclization at  the 
ester link, a reagent formed from imidazole and over 2 

Z-(AA)-OH + H-(HA)-OBu' 

1 

Z-(AIA)-(HA)-OH + H-(AA)-(HA)-OBu' 

1 
z-(AA)-(HA)-(AA)-(HA)-oB~' 

1 

1 
L[(AA)-(HA)I,A 

Sclirme Vl-A mrtliod of preparution of cyclic depsipeptides 
coiitainiiig alternating amino and liydroxy mid residues. 

H A  = hydroxy ucid 
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Table VI-Some Cyclodepsipeptide Syntheses 

Precursor Method Yield, Reference 

Actinomycin Series 
H-Sar-MeVal 

H 4 C e Z h r -  D-Vnl-Pro-oH 

P 
Bzl 

H,C*CO--Thr-D-Val -Pro-Sar-MeVal-OH 

0 NO1 
/ 

BL1 (and analogs) 

Enneatins and Analogs 
H-(MeVal-D-Hyiv)2, wOH and stereoisomers 
H-( MePhe-~-Hyiv)~-OH 
H-( MeVal-D-Val)2-MeVal-D-Hyiv-OH 
Valinomycin arid Analogs 
H-(Val-~-Hyiv-~-Val-Lac)~-OH 
H-(D-Val-Lac-Val-D-Hyiv)la-OH 

Serratomolide Analogs 
H-!kr-OCH2CHzCO-D-Ser-OCH2CH,COOH 

diastereomers, analogs 

I 
Bu 

I 

I 

But 
H-Ser-OCH2CH2COOH 

But 

Nitrophenyl ester 

Acet ylimidazole/ 
acetyl chloride 

Acid chloride 
Acid chloride 
Acid chloride 

Acid chloride 
Acid chloride 

Acid chloride 

Dirnerization of 
acid chloride 

26 113 

20-30 110,111,119,120 

60-75 114,123,124,127 
25.60 125.126 
10. 49 

50 116 
1&50 115,128 

15 117 

20 117 

moles of acetyl chloride, the structure and action of 
which are not well established, has been used (109, 110, 
119, 120). The synthetic problems in this series, as for 
most other cyclic depsipeptides, require the complete 
range of peptide synthetic tools. 

A unique method of cyclodepsipeptide preparation, 
introduction of hydroxyacyl residues into an already 
cyclic amide, has been demonstrated in a number of 
cases (121) and applied to the synthesis of a derivative 
of the cyclotetradepsipeptide serratomolide (122) 
(Scheme VI1). 

Table V1 lists some of the cyclodepsipeptide syntheses 
reported. 

Cyclic Disulfides-The third class of cyclic peptides 
to which major synthetic attention has been given are 

CH,OCOCHJ 
I 

Bzl 
0 I YH20COCH2 

I I d  
CH20COCH HBCOCOHLC I 

/ H z / P d  Bzl 

CH*OCOCH, 
I 

I 
CH,OCOCH, 

Scheme Vll-Sytdlresis of' dimety/serrutomotide by hydroxyacyl 
iiiterposirioti (122). R = n-C7HL, 

those in which rings are closed by one or more disulfide 
bonds. These include the posterior pituitary hormones, 
oxytocin and the vasopressins, of which more than 100 
analogs have been prepared (129- 13 1). These hormones 
contain a 20-atom ring of four amino acid residues be- 
tween two cysteine residues joined by the disulfide link, 
e.g. ,  oxytocin (111). 

Disulfide links forming rings occur frequently, of 
course, in larger peptides and proteins. Insulin contains 
not only a six-residue disulfide ring but, in addition, a 
ring of 27 residues formed by the two disulfide bridges 
between the A and B chains. Synthesis of ribonuclease 
can also be considered the synthesis of a heterodetic 
cyclic peptide, since the final step involves formation of 
four disulfide bridges between eight cysteine residues 
of a single protein chain. Substances of this complexity 
are beyond the scope of this discussion. 

The general practice in preparing cyclic disulfides 
has been to  prepare a peptide chain, using blocked 
cysteine residues, and then to  remove the S-protecting 
groups and oxidize (Scheme VIII). 

S-Benzyl has long been the protective group employed 
for the preparation of cysteine peptides. When it is 
used, sulfhydryl groups are freed for oxidation by treat- 
ment of the peptide with sodium in liquid ammonia; 
this procedure not only removes many other protective 
groups, circumscribing the overall synthetic strategy, 
but can also cause other decomposition of the peptide. 
For this reason, a variety of other sulfhydryl protecting 
groups have more recently been applied. These include 
trityl, benzhydryl, benzoyl, and carbobenzyloxy, as 

Cys-Ty r-Ile-Gln- Asn-C&Pro-LLeu-GGl y-NH, 
111 
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-AA-Cys-(AA),-Cys-AA- - 
I 

X 
I 

X 

-AA-C~S-(AA),-CYS-AA- 

!LO1 

n 
-AA-Cys-(AA)~-Cys-AA- 

Scheme V l l l  

RS- + R’-S-S-R” R-S-S-R’ + R”S- 

Scheme IX 

well as hemithioacetal, formation. The use and stability 
of these groups were described in several publications 
(1 32-1 34). Air, ferricyanide, iodine, and diiodoethane 
have been used for the oxidation process. The oxidation 
step is generally carried out in dilute M )  solution 
when cyclic products are described. Oxidizing agents 
and conditions are varied to optimize the yield of the 
desired cyclization product. 

The procedure just described poses problems not 
encountered in cyclizations by peptide bond formation. 
The formation of a peptide bond is irreversible as 
usually carried out; so that in the absence of intolerable 
ring strain, conditions can generally be found under 
which cyclization will occur. However, a disulfide may 
be cleaved by sulfhydryl groups or other soft nu- 
cleophiles (Scheme IX). Because there is a likelihood of 
disulfide interchange uia this process, unless the ring 
system formed is thermodynamically stable the desired 
disulfide may not be obtained in satisfactory yield. 

The oxidation of peptides of the class Cys-Gly,-Cys, 
where n = &6, has been investigated (135-137). Only 
where n = 4 or more is the cyclic monomer the dom- 
inant product. From the shorter chains, polymers and 
antiparallel dimers are chiefly formed, whether oxida- 
tion occurs in 1 or 0.1% solution (Scheme X). Al- 

though the cyclic dipeptide Cys-Cys can be prepared 
(138), the cyclic tripeptide (n  = 1) was apparently not 
formed under the conditions of the study. However, a 
bicyclic peptide containing such a ring, malformin (IV), 
was synthesized (139). In this case, the disulfide ring is 
made favorable by the preexisting homodetic ring. An- 
other bicyclic disulfide analogous to this, [2,7-cystine]- 
gramicidin S, has been reported (57). 

r- 

+ H--Cys-Gly,-Cys-OH 

-1, 
Scheme X 

lv 
‘7 

Boc-Cys-Gly -Am-Leu-Ser-Thr-Cys-Met-Leu-Gly 
I I  

But But 
V ’ 

Z-Cys-Cys-Gly-Phe-Gly-Cys-Phe-Gly-C ys-Gly-Val 

/ 
VI 

ys+Gl~s+Cys+Z 

Cyclic dimers are also formed in the reoxidation of 
reduced oxytocin (140) or vasopressin (141), indicating 
that a hexapeptide disulfide also may not be entirely 
free of strain. However, the preparation of a hepta- 
peptide disulfide (V), part of the structure of human 
calcitonin, in 7 0 z  yield has been described (142). 

Methods for selective coupling of pairs of cysteine 
sulfhydryls are necessary for preparation of peptides 
with more than one disulfide bond. Hiskey and his 
coworkers (143-145) have been exploiting the reactions 
of thiocyanogen and sulfenyl thiocyanates with mer- 
captans and certain blocked mercaptans (Scheme XI) 
with this in mind. 

The differential sensitivity of trityl and benzhydryl 
thio ethers to thiocyanogen and sulfenyl thiocyanates 
was used to prepare, in a controlled manner, the bi- 
cyclic triscystine peptide (VI) (146). 

(SCN)Z [R-S-SCN] R’--S-X R-S-S-R ’ 
R-S-X -----+ + -------+ + 

X-SCN X-SCN 
Scheme XI-Sulfenyl thiocyanate method for forming disulj7des. 

X = H ,  (CBHI)BC-, ( C ~ H I ) ~ C - ,  (CH&CHCHzOCHz- 
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