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[9] Solid-Phase Synthesis of Cyclic Homodetic Peptides 

By CHRISTOPHER BLACKBURN and STEVEN A KATES 

Introduction 

There are two general classes of cyclic peptides: homodetic arid hetero-
detic. Ring formation may occur to form the usual amide linkage between 
an amino and carboxylic acid function to give h.mu.ktic cyclic peptides, 
whereas any other linkages such as lactone, ether, tIiioethc, and, most 
commonly, the disulfide bridge are referred to as heterdetic. The interest 
in cyclic homodetic peptides began in the late 1940s when the antibiotic 
gramicidin S was found to he a cyclic decapeptide.’ Commercially aailable 
drugs such as the immunosuppressant cvclosporin indicate that research in 
this field continues. Many antibiotics and toxins have been shown to contain 
cyclic amino acid sequences that result in metabolic stability, increased 
potency, receptor selectivity, and bivaailability, and they are synthetically 
challenging. The constrained geometry of a cyclic peptide allows for confor-
mational investigations such as determining the connection htween 
mary and secondary structures of proteins and sequence.s related Lu protein 
folding and as-selective metal ion chelating agents iouophores. lnital 
work in this area focused on preparing pcptides with a small nng rue. 
Cyclic he.xapeptides containing a proline to further restrieL conformational 
possibilities- were prepared and extensively studied. With the development 
of improved synthetic methods, larger ring sizes and more intriguing targets 
have, been successfully attempted. 

In the past, cyclic peptides have been prepared totally in solution’ 01 
by assembling the linear peptide in the solid phase, 3 cleaving the peptide 
from the resin, and cycli7.rng in solution. tJnf’-’rtunately, there are still 
limitations ti.i the cyclizarion of peptides via classic solution-phase synthesis 
despite efforts to develop piactica.l and convenient methods’ For 

11 
instance. 

a "doubling reaction" has been observed during ring closure? As a result, 
literature methods rely on suitably protected linear precursors, which are 
selectively activated and cyclized in solution under highly dilute conditions. 

’R. J. Consden, A. H. Gordon, A. J. P. Martin, and R. D. M. Synge, Biochem. J. 41,596.(1947). 
2K. D. Kopple, L Pharm. Sci. 61, 1345 (1972). 
3A. E. Tonelli, in "Cyclic Polymers" (J. A. Semlyen, ed.), p. 261. Elsevier Applied Science, 

London, 1986-
’D. S. Perlow, J. M. Erb, N. P. Gould, R. D. Tung, R. M. Freidinger, P. D. Williams, and 

D. F. Veber, J. Org. Chem. 57, 4394 (1992). 
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176 METHODS FOR SOUD-PHASE ASSEMBLY OF PEPTIDES [9] 

Cyclodunerizations and cyclooligomerizations may also occur even under 
high dilution usually as unwanted side reactions but occasionally to benefit 
for certain symmetrical targets, as temperature, solvent, and the concentra-
tion and structure of the linear peptide are other important factors. 2’4’5 

There are advantages to performing peptide cyclizations on solid phase 
rather than in solution. A pseudodilution phenomenon is achieved by hav-
ing the linear peptide attached to a polymeric support. Intramolecular 
cyclization is favored over intermolecular because the solid support pro-
vides a large distance between chains.’ Furthermore, reactions can be driven 
to completion by the use of excess soluble reagents that can be removed 
by simple filtration and washing, and in an automated process. 

There are three classic modes of medium- and long-range lactam cycliza-
tion of peptides. A ring may be formed via cyclization of the ammo terminus 
to the carboxyl terminus. This mode of ring closure is called head to tail 
or end to end. Alternatively, the functional groups of Side chains, usually 
the amino group of lysine or ornithine, can provide a method for .l.actam 
formation with the carboxycic acid of aspartic acid or glutamic acid. This 
type of cycization is referred to as side chain-to-side chain or backbone-
to-backbone cyclization. Lastly, cyclization can occur through a side chain 
such as the amino side-chain function of Lys/Orn to the, carboxyl terminus. 
Alternatively, the carboxylic acid function of Asp/Giu can cyclize onto the 
amino terminus. Solid-phase syntheses of these classes of peptides have 
been attempted through different strategies outlined in Schemes 1, 2, and 3. 

This article reviews the synthesis of cyclic homodetic peptides by.solid-
phase methods with an emphasis on solid supports, protecting group strat-
egy, reagents, side reactions, and the emergence of cyclic peptidecoinbina-
tonal libraries.6 

Solid Supports 

A wide range of polymeric supports has been successfully used to pre-
pare cyclic peptides such as polystyrene (PS) resins and cellulose mem-
branes.7 With the development of milder orthogonal protection schemes 

M. Rothe, A. Sander, W. Fischer, W. Mastle, and B. Nelson, in "Peptides: Proceedings of 
the Fifth American Peptide Symposium" (M. Goodman and J. Meienhofer, eds.) p. 506. 
Wiley, New York, 1977. 

6 For a recent review on solid-phase synthesis of cyclic peptides, see S. A. Kates, N. A. Sole, 
F. Albericio, and G. Barany, in "Peptides: Design, Synthesis and Biological Activity" (C. 
Basava and G. M. Anantharamaiah, eds.), p. 39. Birkhaeuser, Boston, 1994. 
D. Winkler, A. Schuster, B. Hoffmann, and J. Schneider-Mergener, in "Peptides 1994: 
Proceedings of the Twenty-third European Peptide Symposium" (H. L. S. Maia, ed.), 

p. 485. Escoin, Leiden, The Netherlands, 1995. 

3 
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a. side chain to side chain 

NH-B1 co -B2 X=O, NH 

1. Removal of 81 and B2
2. cyclization 
3. Final deprotection and cleavage 

b. N terminal to side chain 

A-NH - �C-- X  

CO28 X=O, NH 

1. Removal of A and B 
2. cycllzation 
3. Final deprotection and cleavage 

c. head to tail 

A-NH -El-fl-LI--fl-fl-fl -&- x 
X=O-NR 

or   
1. Removal of A 
2. Cyclizatlon and concomitant release of protectedpeptlde from the resin 
3. Removal of protecting groups In solution 

Sci-mm 1. C-terminal anchoring strategy for different classes of cyclic peptides. 

and more efficient reagents for cvclization, polyethyleQe glycol�polystyrene 
gluit supports (PEG-PS) have been shown to be excellent resins.5 The 
PEG spacers allow complete solvation of the reactive sites, which increases 
coupling efficiency for both linear assembly and cychization. Moreover. 
PEG�PS supports do exist that are compatible with both 9-fluorenylmethyl-
oxycarbonyl (Fmoc)/wrt-butyl (iBu) and t9rt-butyloxycarbonyi (Boc.)/hen-

8G. Barany, F. Albencio, N. A. Sole, G. W. Griffin, S. A. Kates, and D. Hudson, in ’Peptides 

1992; Proceedings of the Twenty-second European Peptide Symposium" (C. H. Schneider 

and A. N. Eberle, eds.), p. 267. Escom, Leiden, The Netherlands, 1993. 
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I. ThrouahcarboXvlic aid 

a. head to tail 

-NH 

X=O; ASP, Glu 
X X=NH; Asn, Gin 

1. Removal of A and :8 (usually two steps) 
2. C,cllzatlon 
3. Final deprotection and cleavage 

b. N terminal to side chain 

A-NH LLFflHI - B 

1. Removal of A 
Ch a "W 

2. Cyclizatlon and concomitant release of peptide from the resin 
3. Removal of .pIotecting groups In solution 

II. Through other ?miflo. acid .sdech3in 

a. head to tail 

MI H -D--E--E1--EJ----D---EJ- C -0 -B 

1. Removal of A and B (usually two steps) 
2. Cycliz.atlon 
3. Final de protection and cleavage 

SCHEME 2. Side-chain anchoring strategy for different classes of cyclic peptides. 
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a. head to tail 

A-NH 

1. Removal of A and B (usually two steps) 
2. Cycllzatlon 
3. Final deprotectlon and cleavage 

b side chain to. C terminal 

A Nil 

NH 

1. Removal of B’ and B2 
2. Cyclt2atIon 
3. Final deprotection and cleavage 

SCHEME 3. Backbone anchoring strategy for different classes of cyclic peptides. 

zyl (Bzl) methods.9 Finally, PepsynK (polyamide�kieseiguhr), 
a 

resin devel-

oped for continuous-flow instrumentation, has also been successfully used:to 

Resin Loading 

The amount of dimerization and oligomerization is dependent on the 

substitution level of the polymeric support. PlauØ has prepared 4-methyl-

benzhvdrviamine (MBHA) resins with an initial loading of 0.1-0.6 mmcl/ 

g and examined the cvciization of a model compound." Analysis of the 
high-performance liquid chromatography (HPLC) data clearly indicate that 
as the resin substitution increases from 0.1 to 0.6 rnmol/g, the percentage 
of cyclodinier increases from 8 to 19%. PEG�PS supports with 0.40 and 

0.2() mmol!g substitutions have been used in conjunction with an Fmoc.! 

9F. Albericio, S. Bacardit, G. Barany, J. M. Coull, M. Egholin, E. Giralt, G. W. Griffin, 

S. A. Kates, E. NicolÆs, and N A. Sole, in "Peptides 1994: Proceedings of the Twenty-

third European Peptide Symposium" (H. L. S. Maia, ed.), p. 271. Escom, Leiden, The 

Netherlands, 1995. 
°C. Mendre, R. Pascal, and B. Calas, Tetrahedron Lett 35, 5429 (1994). 

S. PlauØ, Inf. J. Pept. Protein Res. 35, 510 (1990). 
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u/a1ly1 strategy for the preparation of a head-to-tail cyclic peptide.12 The 
�oduct purity from the on-resin cyclization is greater with the lower loaded 
G�PS support. In contrast, when the repeating unit of gramicidin S is 

instructed on an oxime resin with 0.54 and 0.17 mmol/g loadings, the 
sin of lower iciadiug gives more dimer due to interchain reactions.13 Cyclic 
onomeric peptide is formed at a faster rate and higher yield from the 

nigher loaded resin. 

Handles 

Anchors that have been commonly employed for on-resin lactainization 
of cyclic peptides are shown in Fig. 1. The selection of a handle is governed 
by the protection strategy incorporated into a synthetic scheme. Initially, 
benzhydrylainine (BHA)� and MBHA�polystyrene resins were used be-
cause of their stability to strong acid (BF), which was commonly employed 
for final deprotection of side-chain protecting groups and release of the 
cyclic peptide from the resin. 

The preparation of head-to-tail or a side chain-to-tail cyclic peptides 
requires "semipermanent" protection of the terminal carboxylic acid func-
tion (for definitions of the different protecting groups, see Protection 
Schemes). In standard linear assembly, the c -carboxylic acid is used for 
attachment to a solid support. Therefore, construction of these two classes 
of cyclic peptides demands side-chain anchoring of a trifunctional amino 
acid to a polymeric support. Side-chain anchoring on route to head-to-tail 
cyclic peptides has been accomplished by attachment of the a -carboxyl 
groups of Asp or Glu to hydroxymethyl or benzhydrylamine resins.14 The 
linear peptide was assembled on a phenylacetamido (PAM) resin starting 
with attachment of Boc-Asp(OH)-OFm (where Fm is 9-fluorenylmethyl) 
followed by peptide chain elongation with Boc/Bzl amino acids Tromeim 
et al. reported the synthesis of a head-to-tail cyclic peptide on MBHA resin 
via side-chain anchoring of Boc-Asp(OH)-OFm through an amide link.’5 
After ace tylation of residual MBHA sites, the peptide chain was assembled 
using Boc/Bzl amino acids. Following removal of the N-terminal Boc group 

12B F. McGuinness, S. A. Kates, G. W. Griæn, L. W. Herman, N. A. Sole, J. VÆgner, F. 
Albercio, and G. Barany, in "Peptides: Chemistry and Biology, Proceedings of the Four-
teenth American Peptide Symposium" (P. T. P. Kaumaya and R. S. Hodges, eds.), p. 125. 
Mayflower Worldwide, Birmingham, UK, 1996. 
M. Bouvier and J. W. Taylor, in "Peptide: Chemistry and Biology, Proceedings of the 
Twelfth American Peptide Symposium" (J. A. Smith and J. B. Rivier, eds.), p. 535. Escom 
Leiden, The Netherlands, 1992. 
P. Rovero, L. Quartara, and G. Fabbri, Tetrahedron Lee. 32, 2639 (1991). 

15A. Tromelin, M. H. Fulachier, G. Mourier, and A. Mdnez, Tetrahedron Lett. 33,5197 (1992). 

7 
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L) MBHA 

6113 

HO-N=C.(J-3 

0  oxime 
NO2 

CH3O 

O(CHJ4-CONH�

CH30 
PAL 

HO-CH2---t--CH2-CO-NH Q 

1.81 

I thioester attachment 
CH 

PAC 

0 
CM3O 

- OCH2_-()P_ O(CHz)rCONH- 0)�o(C42)4  .60 N..  

CH 0 
active carbonate resin BAL 

Fin. 1. Handles used for the preparation of cyclic peptides. 

and the C-terminal Fmoc group and cyclization, HF cleavage afforded a 
cyclic peptide in which the Asn residue was derived from the Asp group 
initially attached to the resin 

The side-chain anchoring strategy for head-to-tail cyclic peptides in 
Fmoc/tBu based chemistry was first conducted by McMurray 16 by attaching 
Fmoc-Glu(OH)-ODmb (2,4-dimethoxybeniyl) to a 4-hydroxymethylphen-
oxyacetylaminomethyl�resm for the preparation of cyclo(Ala-Ala-Arg-
DPhePro-Glu-Asp-Asn-Tyr-Glu). Albericio and co-workers applied an 
Fmoc/tBu/allyl strategy to the preparation of the same sequence using four 
different starting resins (a) Fmoc Glu(OPAC�PEG--PS) OA1 (where PAC 
is p-alkoxybenzyl alcohol and Al is allyl) at positions Glu6 and Glu-10, 
(b) Fmoc-Asp(OPAC�PEG�PS)-OAI at position Asp-7, and (c) Frnoc-

J. S. McMurray, Tetrahedron Lett. 32, 7679 (1991). 
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Asp(0PAL�PEG�PS)-0A1 at position Asn-8. In strategy (c), Asn.8 was 
derived from an aspartic acid with its -carboxylic acid bound to the resin 
via the 5-(4-aminomethyl-3,5-dimethoxyphenoxy)valeric acid (PAL) han-
dle. All four strategies gave the desired peptide; the best yield and purity 
(71%) were obtained with the Asn-8 strategy, and the Glu-10 strategy gave 
the highest level of by-products- 17 

Side-chain anchoring an amino acid to a solid support has been accom-
plished most frequently through a carboxylic acid function, which restricts 
linear sequences to those containing Asx or Gix. As an extension to this 
approach, Alsina et aL’8 prepared an active carbonate resin to which the 
side chain of Lys was attached. The novel solid support was prepared in 
quantitative yield by treatment of PAC resin with NN’-disuccinimidyl 
carbonate and 4-dimethylaminopyridine (DMAP) followed by coupling 
with Fmoc-Lys-OAI in the presence of NN-diisopropylethylamine (DIEA). 

Procedure. PAC�PS resin is suspended in NN-dimethylformarnide 
(DMF), and disuccinimidyl carbonate (10 equivalent) and DMAP (1 equiv-
alent) are added under Ar for 2 hr. The resin is filtered and washed with 
DMF. Fmoc-Lys-OAI (10 equivalent) is dissolved in DMF, added to the 
resin in the presence of DIEA (20 equivalent), and allowed to react for 4 
hr at 250. The Fmoc group is removed with piperidine�DMF followed by 
peptide chain elaboration. Allyl removal is carried out using 1.9 M 
Pd(PPh3)4 in dirnethyl sulfoxide (DMSO)�tetrahydrofuran (TIiF)-0.5 N 
aqueous 10�morpholine (2:2:1:0.1, by volume), for 150 min at 25°. 
Following Fmoc group removal, the resin is treated with benzotriazol-
1-yl-oxytris(dimethylamino)phosphonmum hexaflucrophosphate (BOP)/1-
hydroxy-7-azabenzotriazole (HOAt)/D1EA (5:5: 10 equivalents) in DMF 
for 2 hr at 250 to effect cyclization. The product is cleaved from the resin 
with concomitant removal of protecting group side chains with reagent R 
(’ITA�thioanisole-1,2-ethanedith�iol�anisole, 90:5:3:2, by volume) for 2 
hr at 256. 

The above methods rely on the concept of side-chain anchoring an 
amino acid to a resin via a carboxylic acid or amine function, which restricts 
the sequences that can be cyclized on a solid support. The BAL handle 
(backbone amide linker) has been developed for Fmoc/tBu methods to 
attach a peptide chain via a backbone amide nitrogen.19 An example of 

S. A. Kates, N. A. Sole, C. R. Johnson, D. Hudson, G. Barany, and F. Alberiejo, Tetrahedron 
Lett. 34, 1549 (1993). 

’8J Alsina, F. Rabanal, E. Giralt. and F. Albericio, Tetrahedron Lett. 35, 9633 (1994). 
19 K. J. Jensen, M. F. Songster, J. VÆgner, J. Alsina, F. Albericio, and G. Barany, in "Peptides: 

Chemistry and Biology, Proceedings of the Fourteenth American Peptide Symposium" 
(P. T. P. Kaumaya and R. S. Hodges, eds.). p. 30. Mayflower Worldwide, Birmingham, 
UK, 1996. 
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of this handle involves the attachment of Fmoc-(B:AL-OH)Ala-
MBHA resin. Using the BAL anchor, head-to-tail cyclic peptides 

f a trifunctional amino acid residue can be readily constructed. 
honing the first amino acid to a PAM-type handle for the synthesis 

-to-tail cyclic peptides via a BocIBzlIOFm strategy has been investi-
Coupling Boc-Asp(OH)-OFm to hydroxymethyl PAM resins with 
isopropylcarbodiimide (DIPDI)/DMAP using various conditions 
v yields and high levels of racemization. Nucleophilic substitution of 
iethyl-Pam handles with the cesium and zinc salts of Bcc-Asp(OH)-
ibstantially improves the anchoring yield and lowers the amount 
nization. 

on Schemes 

success of solid-phase synthesis of cyclic peptides is based on the 
combination of temporary, semipermanent, and permanent pro-
groups (Table I) and the corresponding methods for their removal 
� Temporary groups are for N’-protection; semipermanent groups 
Lys/Orn-Asp/Glu side-chain protection, and permanent groups are 
-chain protection and resin�peptide anchorage. Two or more classes 
s that are removed by differing chemical mechanisms in any order 

the presence of other classes is called an orthogonal. protection 
� This discussion is organized according to the following format: 

r - :manent/temporary/permanent/handle (anchoring strategy and 
class of cyclic peptide, based on Schemes 1, 2, and 3) accompanied with a 
brief experimental section. 

Oxime/Boc/Bzl/oxime Handle (Scheme ic) 

A polystyrene-based resin frequently used is the p-nitrobenzophenone 
oxime�resin"22 which acts as both a semipermanent and permanent pro-
tecting group for the C terminus. This resin provides a method for prepara-
tion of head-to-tail cyclic peptides with concomitant cleavage from the resin 
via intramolecular nucleophiic displacement of the anchoring linkage by 
the amine terminus of a peptide .23,24 This strategy requires N-Boc amino 
acids for linear chain elongation because oxime1resins are not compatible 
with secondary amines used for NuFmoc removal. To avoid premature 
cleavage of the peptide from the resin, coupling of amino acids is accom-

20ML Valero, E. Giralt, and D. Andreu, Tetrahedron Lett. 37, 4229 (1996). 
21

 

W. F. DeGrado and E. T. Kaiser, J. Org. Chem 45, 1295 (1980). 
22W. F. DeGrado and E. T. Kaiser, J. Org. Chem. 47,3258 (1982). 

G. Osapay, M. Bouvier, and J. W. Taylor, Tetrahedron Lett 31, 6121 (1990). 
24 G. Osapay and J. W. Taylor, J. Am Chem. Soc. 112, 604.6 (1990). 

/ 
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TABLE I 
PROTECTING GROUPS FOR SOUD-PI-IASE CYCLIC PEPTIDES 

Semipermanent Structure Removal 
- 

CH, -C H3 

72 tBu, Boc H3C+ H3C+O-_C� 
TFA 

CH, CH, 

CIII 1hh1 Fm-Frnoc Pipendine 

H CH,- H CH2O�C--- 

0 

Allyl-Aloc H2CCU2- H2C Pd(0) 

H3CO CH2 
Dmb 1% TFA 

OCR, 

Final 
Temporary Permanent cleavage 

Frnoc Ri! HP 

Boc BzI HF 

FmoclBoc fBu/Bzl TFA/HF 

Fmoc iBu TFA 



Dde CH 

H3C-_I1 
LH3 o 

Dmab-N-ivDde 0 
CH, 

- CH2�J_-!
 ,  çi–- CH, 

H3C1 0 H3 
CH, 

CAM 

- 
-. �CHNH2 

OD 
Li 

TMSE 

H3C�Si �CH2�CH2-

CH3 

Adpoc-OPp 0= 

H3C CH 

-p 
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]Lys Asp/Glu 
-----------------------------

a. Side-chain protecting groups and resin�peptide anchorange ("permanent") 
b. Na-Protecting group ("temporary") 
c. Lys-Asp/GIu side-chain protecting groups ("semipermanent") 

FIG. 2. Protection scheme for synthesis of cyclic peptides. 

pushed with BOP in conjunction with in situ neutralization using DIEA. 
Although final products have been obtained in high purity, a limitation is 
that the lability of the oxime residue can result in peptide lost at each step, 
resulting in low yields. 

Procedure. The linear peptide chain is assembled on Boc-Leu-oxime 
resin (0.11 mmollg). The Boc protecting group is removed by treatment 
of the resin with. trifluoroacetic acid (TFA)�CH2Cl2 (3:3., v/v) for 30 mm. 
After washing, the appropriate Boc-amino acid (5 equivalent), BOP (5 
equivalent), and DIEA (5 equivalent) in DMF are added to the resin and 
allowed to couple for 2 hr. Couplings of Boc-Asn-OH and Boc-Gln-OH 
are repeated using 2.5 equivalents of reactants. After the final coupling, 
the Boc group is removed from the N terminus as described above and the 
resin treated with DIEA (1.5 equivalent) in CH202 for 24 hr. The protected 
cyclic peptide is isolated from the solution phase and purified by chromatog-
raphy. 

The selection of the amino acid to be anchored to an oxime resin 
influences the yield and purity of the desired target. Cyclo[Arg(Tos)-Gly-
Asp(OcHex)-Phg] (where Tos is 4-toluenesuifonyl, cHex is cyclohexyl, and 
Phg is phenylgiycine) has been synthesized and the monomer to dimer 
ratio studied as a function of the order of attachment of the amino acids 
to the resin. The highest yield of monomer is achieved when. Phg is the 
C terminus residue, whereas Arg(Tos) gives the lowest yield. 

Oxime resins in conjunction with phenacyl (Pac) and allyl (Al) pro-
tecting groups have been used for the preparation of protected side chain-
to-side chain cyclic peptides.26 The linear peptide is anchored to the oxime 

° N. Nishino, M. Xu, Ii. Mihara, T. Fujimoto, Y. Ueno, and H. Kumagai, Tetrahedron Lee. 
33,1479 (1992). 

"A. Kapimiolu and J. W. Taylor, Tetrahedron Lett  34, 7031 (1993). 
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resin via the /3-carboxyl group of Boc-Asp(QH)OX, where X is phenacyl 

or allyl ester Fmoc Lys(Boc)-OH is incorporated as the final amino acid 

following peptide elongation Deprotection of the side chain with TFA7

CH202 (1:3, v/v) followed by neutralization with DIEA�CH2C12 (1-19, 
v/v) releases the peptide from the resin and gives the cychzed, fully pro-
tected peptide. 

As an alternative approach Richter et aL have used the reactivity, of 
tluoesters toward nucleophihc attack for the preparation of head totail 
cyclic peptides without Asx or Gix residues27 S-Tntyltluoglycohc acid has 
been attached to Phe MBHA resm and deprotected to give a handle terrm 
natmg in a thiol group Coupling of the first amino acid to the free thiol 
is achieved using DIPCDI and DIEA in CH2Cl2 with minimal epimenza 
tion. A series of linear penta-, hexa-, and heptapeptides is assemble dfrom 
the thiol function using Boc chemistry and cychzed in the presence of DIEA 
(3 equivalent) and DMAP (0.1 equivalent) in NN-dirnethylacetamide 
(DMA) for 2-7 days. 

Fmoc-Fm/Boc/Bzl/BHA Handle (Scheme ib) 

Felix eta!, have described the Boc/Bzl/Frnoc.. approach for :the construc-
tion of side chain-to-side chain cyclic peptides Lmear peptides are pre-
pared on BHA�resin by BocIBzl chemistry using Boc-Asp(OFm)-OH and 
Boc Lys(Fmoc) OH as precursors to the lactam residue The Fm-based 
side-chain protecting groups have been shown to be stable to D1EA�
CH2C12 used in neutralization steps. Selective removal of these groups 
using piperidine�DMF (1:4, v/v), cyclization, and HF cleavage gives the 
desired product. 

Procedure. Boc-[Asp8(0Fm,Lys9Asp8,Ala]GRF(1-29)]-BHA�
resin (0.4 mmol) is deprotected at the Asp side chain using piædin-DMF 
(1:4, v/v) (once for 1 min and once for 20 mm) and then washed successively 
with DMF, methanol, CH2C12, and methanol (1 min�each) The peptide is 
cyclized by addition of BOP (25 equivalent) in DMF containing triethyl 
amine (2.8 equivalent) three times for 4 hr until the resin gives a negative 
mnhydnn test The cyclic peptide is cleaved from the resin by treatment 
with HT-1,2-ethanedithjol at 00 for 2 hr. The product is isolated by evapora 
tion of HF washing with ethyl acetate, extraction with TFA, evaporation, 
and trituration with ether. 

2 L. S. Richter, J. Y. K. Tom, and .1. P. Burnier, TetrahedrOn Lett. 35, 5547 (1994). 
28A. M. Felix, E. P. Heimer, C. T. Wang, T. J. Lambros, A. Fournier, T. F. Mowles, S. Maines, 

R. M. Campbell, B. B. Wegrzynski, V. Toome, D. Fry. and V. S. Madison, Int I. PepL 
Protein Res. 32, 441 (1988). 
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Boc-tBu/Fmoc/Bzl/BHA Handle (Scheme ic) 

Schiller et al. have developed the first met-hod for the preparation of 
side chain-to-side chain cyclic lactam peptides on BHA -resin incorporating 
N-Fm.oc-amino acids with Bzl side-chain protecting groups f6r linear as-
sembly and with Roc and tBu protection for amino- and carhoxylate-con-
taming side chains for cyclization-" Removal of the Boc and tBu side-chain 
protecting groups with TFA�CH202, neutralization using DiEA-CH2Ci2 
cyclization, and subsequent HF treatment remove benzyl side-chain pro-
tecting groups and cleave the peptide from the solid support 

Later, Schiller et al. reported a procedure enabling the preparatiOn of 
demanding � and larger cyclic peptides.31 The linear sequences are synthe-
sized on MB HA�resin using NaBoc.amino acids and changing to N-Fmoc-
amino acids with Boc and tBu side-chain protection for On and Asp, 
respectively, for the lactam region. Removal of the side-chain protecting 
groups with TFA is followed by neutralization and cyclization. Removal 
of the N-Fmoc group allows for the completion of the chain elongation 
using Boc/Bzl chemistry. The cyclic peptide is obtained from the resin on 
HF treatment. 

Procedure. The linear peptide is constructed on MB HA�resin with the 
terminal NoFmoc of Orn retained. Treatment with TFA�CH202:(1:  1, 
v/v) to remove the side chains of Orn and Asp residues is followed by 
neutralization using 13IEA�CH202 (1 :9, viv). After washing with IMF, 
cyclization is conducted by addition of N,N’-dicyclohexylcarbodiimide 
(DCC) (5 equivalent) and 1-hydroxybenzotriazole (.HOBt) (5 equivalent) 
in DMF over a period of several days adding fresh DCC. and .HOBt every 
48 hr. The N-terminal Fmoc group is removed with piperidi.e,�CH2C12  

(1:1, vlv) and the final residue coupled in the usual manner. The peptide.is 
released from the solid support with removal of the Bzl side-chain protecting 
groups with HE 

Dmb/Fmoc/rB u/PA C Handle (Scheme 2a) 

The utility of 2,4-dimethoxybenzyl (Dmb) ester protection for the a-
carboxylic acid of Glu in conjunction with side-chain anchoring has been 
reported.’6 Following linear peptide chain elaboration, removal of the Dmb 
group is accomplished with TFA�CH202  (1:99, vlv), conditions which are 
compatible with tBu and 2,2,5,7,8-pentamethylchroman-6-sulfonyl (Pmc). 
side-chain protecting groups but not with Trt (trityl) protection for Cys 

29 P. W. Schiller, T. M. Nguyen, and J. Miller, mt. J. Pept. Protein Res. 25,171 (1985). 
° P. W.  Schiller, T. M.-D. Nguyen, L. A. Maziak, B. C. Wilkes, and C. Lemieux, J. MaL 

Chem. 30, 2094 (1987). 
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and His residues. N2Fmoc removal, cyclization, release of the peptide from 

the resin and removal of tBu side chains with prolonged treatment with 

TFA�phenol, and gel filtration to remove ohgorners give a monomeric 

cyclic peptide. 
Procedure. Fmoc-GIu(OH)-ODmb is coupled to PAC�PS resin (0.45 

mmol/g) using a DMAP-catalyzed symmetric .anhydride procedure After 

assembly of the desired linear sequence, the Dm  group is removed by 

treatment with TFA�CH2C12 (1:99, vlv, six times for 5 mm) The Fmoc 

group is removed (piperidine�DMF, 1 4, v/v) and the peptide cychzed by 

addition of BOP/HOBt (3 equivalent) and N methylmorpholme (NMM) 

(6 equivalent) for 5 hr. After DMF washing, the resin is cleaved by treatment 

with TFA�phenol (95:5, v/v), to give the cyclic peptide 

A hoc-A l/Fmoc/tB u/PA C-PAL Handle (Scheme 2a) 

The synthesis of cyclic head-to-tail peptides by a three-dimensional 

orthogonal protecting strategy was accomplished independently by Trze-

ciak and Bannwarth31 and by Albericio and cc-workers17 with an FmQc/ 
rBu/allyl scheme. Al.lyl-based protecting groups for peptide synthesis have 

been introduced independently by Lyttle and Hudson32 and by Loet and 
Zhang33 and are removed smoothly and quantitatively with mild palladium-
catalyzed transfer without the undesfredback-alkylation side reactions that 

result when carbocations are generated Furthermore, owing to their lower 

steric hindrance and less hydrophobic character, allyl derivatives couple 

more efficiently than do rBu-based derivatives. 
The Fmoc/rB u/ally! strategy has become an attractive approaôh and i 

incorporated in a variety of sequences. The antibiotic bacitracin has been 

synthesized by initially attaching the side chain of L-Fmoc-Asp(OH)-OA1 

to PAL�PS Linear assembly, allyl removal with Pd(PPb3)4, acetic acid 

and triethylaimne cyclization addition of the N-terminal tluazohne dipep-

tide, and cleavage afford the cyclic peptide. 
The preparation of cyclic peptides on solid phase with Fmoc/tBu/allyl 

based methods has been automated.35 Standard allyl removal uses a sus-

31 A. Trzeciak and W. Bannwarth, Tetrahedron Lett. 33, 4557 (1992). 
32M. H. Lyttie and D. Hudson, in "Peptides: Chemistry and Biology, Proceedings of the 

Twelfth American Peptide Symposium" (J. A. Smith and J. E. Rivier, eds.), p. 583 Escorn, 

Leiden, The Netherlands, 1992. 
A. Loffet and H. X. Zhang, in "Innovation and Perspectives in Solid Phase Synthesis: 
Peptides. Polypeptides and Oligonucleotides" (R Epton, ed.), p. 77. Intercept, Andover 
UK, 1992. 
J. Lee, J. H. Griffin, and T. Nicas, J. Org. Chem. 61, 3983 (1996). 

° S. A. Kates, S. B. Daniels, and F. Albericio, Anal. Biochem. 212, 303 (1993). 
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pended palladium catalyst, which is not feasible on a batch and continuous-
flow peptide synthesizer. Solvent conditions have been examined and 
optimized to solubilize the catalyst, prevent undesired Frnoc debiocking, 
and be compatible with sensitive amino acids (Tip and Met) and with ;glyco-
and sulfopeptides. CHC13�acetic acid�NMM (37:2: 1, by volume), has, 
proved to be most effective for the use in automated instruments, and 
the results give comparable purity to that obtained by performing the 
cydlization manually. 

Procedure. Automated side-chain deblocking of the allyl group is per-
formed by placing a vial containing Pd(PPh3)4 (125 mg) under Ar in the 
amino acid module following the last amino acid m the sequence The 
catalyst is dissolved to a final concentration of .0 14 M in CHCI3�acetic 
acid�NMM (37:2:1, by volume), delivered to a 0.3 mrnolig substituted 
peptidyl�resin (500 mg), and recycled through the column for 2 hr. The 
column is washed with a solution of 0.5% PlEA and 0.5% sodium diethyldi-
thiocarbamate in DMF (10 mm, 6 ml/min) and DMF (10 mm, 6 mi/rn�) 
The N°-Fmoc group of the final amino acid is removed, and benzotria.zol-
1-yI-N-oxytrispyrrolidinophosphoniurn hexafluorophosphate .(PyBOP)I 
HOBt (4 equivalent) is dissolved to a final concentration of 0.3 M in a 
solution of 0.6 M DIEA in DMF. and delivered to the solid support. The 
cyclization is allowed to occur until the resin gives a negative ninhydrin 
test, and the resin is washed with DMF (15 sec, 3 ml/min) and CH2Cl2 (6 
mm, 3 ml/mm). The cyclic peptide is cleaved from the resin using ThA�.. 
anisole-2-mercaptoethanol (95:3:2, by volume), for 2 hr and the filtrate 
collected. The resin is washed with. TFA and the combined filtrates treated 
with ether and cooled to �70°. After removal of the supernatant, the 
precipitated cyclic peptide is washed with ether, dissolved in acetic acid, 
and lyophilized. 

After assembly of a linear peptide on MBHA�resin (0.4 mmol/g) the 
N°-allyloxycarbonyl (Abc) protecting group is removed by addition of 
PdCl2(PPh3)2 (0.04 equivalent) and acetic acid (3.5 equivalent) in CH202 
(3 mug of resin).36 Tributyltin hydride (3 equivalent) is then added and 
allowed to react for 5 min before washing with CH2C12, triethylamine�
CH2C12 (1:9, v/.v), CH2Cl2, methanol, and CH202. 

Dde/aliyl/Frnoc/tBu/PAL Handle (Scheme 1a) 

A branched, cyclic peptide has been prepared by-Bloomberg et aL7 with 
an Fmoc/tBu/allyl/l-(4,4-dimethyl-2,6-dioxocyclOhe)t-1-ylidine)ethyl (Dde) 

0 Dangles, F. GuibØ, G. Balavoine, S. Lavielle, and A. Marquet, J. Org. Chem. 52,4984 
(1987)-
G. B. Bloomberg, D. Askin, A. H. Gargaro, and M. J. A. Tanner, Tetrahedron Lett. 34, 
4709 (1993). 
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protection scheme. The first branch is assembled by sequential coupling 
of Fmoc-Lys(Dde)-OH, Fmoc-Ala-OH, Fmoc-Glu(OAI)-OH, and Fmoc-
Cys(Trt)-OH to PAL-PEG-PS followed by acetylation. The Dde function 
is removed with hydrazine, and the second branch is added. Allyl removal 
of the carboxyl side chain of Glu, NaFmoc removal, cyclizalion, and cleav-
age from the resin give the crude peptide, which is purified by HPLC. 

Procedure. Following assembly of the appropriate linear peptide the 
Dde group is removed by flowing a 1.5010 solution of hydrazine in DMF 
through the resin for 9 mm. Elongation from the side chain is carried out 
with Fmoc-amino acids. Allyl removal is achieved by suspending the resin 
in DMSO-THF-0.5 M HQ-NMM (20:10:10:1. by volume) (5 ini/iDO 
mg of resin) and Pd(PPh3)4 (0.15 to 1.0 equivalent based on resin substitu-
tion) for 3 hr in an inert atmosphere. The Frnoc group is removed and 
cyclization is carried out by treatment of the resin with 1.5 equivalents of 
N-[(1H-benzotriazol-1-yl)(dimethylamino)methylenej-X-methylmethana-
minium hexatluorophosphate N-oxide (HBTU)/HOBt/NMM (1 : 1:2, by 
volume) in DMF (2 mi/lOG mg resin) for 2 hr. The cyclic peptide is 
cleaved from the resin using TFA-1,2-ethanedithiol-phenol-water-
triisohutylsilane (92:3:2:2: 1, by volume) and the product isolated by pre-
cipitation with ether. 

N-ivDde-Dmab/Fmoc/IBu/PAC.-PAL Handle (Scheme lab) 

To complement the Dde protecting group, 4-{N-[1-(4,4-dirnethyl.2,6-
dioxocyclohexyhdine) 3-methylbutyl]amino}benzyl (ODmab) ester protec-
tion for the carboxylic acid function of Asp and Glu residues andthe more 
stencally hindered 1-(4,4-dimethyl 2 6-dioxocyclohexyhdine)-3-methylbu 
tyl (N-ivDde) group for amine protection have been reported38 Both pro 
tecting groups are orthogonal to Fmoc/tBu methods, and cleavage is 
achieved within minutes on treatment with hyd.razinŁ-DMF (1:49, v/v). 

Procedure. Fmoc-Asp(ODmab)-OH is coupled to 2.-chlorotrityl resin 
and the linear sequence assembled using .Fmoc/tBu method. The Dmab 
group is removed by reaction with hydrazine-.DMF (1:49, vIv) for 9mm. 
Cyclization is carried out by addition of D1PCDI/HOAt in :DMF and the 
product cleaved from the resin using TFA-CH202 (1:99, v/v). 

CA M/Fmoc/tB u/PA C Handle (Scheme ib) 

Starting with Fmoc Trp-PepsynK resin Mendre et aL have assembled 
a head-to-side chain cyclic peptide. "To avoid àspartiinide formation, dimer 

D. J. Evans, B. W. Bycroft, W. C. Chan, and P. D. White, in "Peptides 1996: Proceedings 
of the Twenty-fourth European Peptide Symposium" (R. Ramage, ed.), in press. Mayflower 
Worldwide, Birmingham, UK, 1996. 
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Fmoc-Asp([Z]-Dpr-CAM)-OH (CAM, carboxyamidomethyl) is prepared 
in solution and incorporated into the linear sequence. Hydrolysis of the 
CAM group is achieved with NaOH, cyclization and cleavage from the 
resin with concomitant removal of tBu-based side-,chain protecting groups 
give the desired target. 

Procedure. The CAM side-chain protecting group is removed by treat-
ment with NaOH (3 equivalent) in 2-propanol�water (7:3, v/v) for 1 hr 
at 25° followed by neutralization with 1.75 N acetic  acid�(5equivalent)and 
washed with acetic acid in 2 propanol�water (7 3, v/v) 2-propanol--water, 
(7:3, vlv), 2-propanol and diethyl ether. The linear peptide -is cyclized 
by three Successive treatments with N-[(1H-benzotriazol-1-yidimethyl-
amino)methylene] N-methylmethanaminium tetrafiuoroborate-N-oxide 
(TBTIJ)IHOBt (3 equivalent) and DIEA (6 equivalent) for 2 hr. After 
washing, side-chain protecting groups are removed and the product cleaved 
from the resin by treatment with reagent K (TFA�water�phenol�
thioanisole-1,2-ethanedithiol, 34:2:2:1 :1, by volume) for 1.5. hr at 25°. 

TMSE/Fmoc/tBu/PAL Handle (Scheme Ib) 

The trimthylsilylethyl ester (TMSE) group has been used for, side-
chain carboxyl protection in a three-dimensional orthogonal scheme for 
preparing cyclic peptides on Rink amine resin.39 Fmoc-Asp(OTMSE)-OH 
is first coupled to the resin following standard Fmoc/tBu elongation to 
elaborate the linear sequence. Treatment of the resin-bound peptide with 
1 M tetrabutylarnrnonium fluoride (TBAF) in D removes both the 
TMSE side chain and the N°-Fmoc group; cyclization and cleavage give 
the desired target. 

Procedure. Frnoc-Asp(OTMSE)-OH is coupled to Rink amide resin 
using DCC/HOBt, and residual amino groups are capped by treatment 
with acetic anhydride. After construction of the linear sequence, treatment 
with 1 M TBAF in DW for 20 %min removes both the TMSE and N° -
terminal Frnoc protecting groups. Cyclization is carried out by treatment 
with BOP (10 equivalent) and DIEA (5 equivalent) in DMF for 4 hr. 
Treatment with reagent K removes the side-chain remaining prctecting 
groups and releases the cyclic peptide from the resin. 

Adpoc-OPp/Fmoc/tBu/PA C-PAL Handle (Scheme lab) 

2-Phenyl-2-propyl (OPp) ester and 2-(1 ’-adamantyl)-2-propoxycarbo-
nyl (Adpoc) carbamate protection for carboxylic acids and amines, respec-

" C. K. Marlowe, Bioorg. Med. Client Lea. 3,437 (1993). 
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tively, have been introduced as a third level of orthogonality in Fmo’c/tBu 

methods-’ Linear sequences are assembled on p-alkoxybenzyl alcohol and 

5 -amino -10,11- dihydro - 5H-dibenzo [a, dj cycloheptenyl-2-oxyacetyl -Nie-

methylbenzhydrylamine resins for C-terminal acids and amides, respec-

tively, and the OPp and Adpoc protecting groups are removed with TFA�

CH202 (1: 99, v/v). Neutralization, on-resin cyclization, and final cleavage 

yield the desired targets in high purity. 
Procedure. Adpoc and OPp deprotections are conducted by mixing the 

resin with TFA�CH2Cl2 (1: 99, vlv) six times for 10 mm. The resin is washed 

with CH202 (twice, 1 mm), DIEA�CH2C12 (1:49, v: v, twice, 1 mm), and 
DMF (three times, 1 mm). The peptide is cyclized with TBTU (1.2 equiva-
lent) and DIEA (1.8 equivalent) in DMF three times for 1.5 hr. Treatment 
of the resin with TFA�water�p-cresol-1,2-ethanedithiol-2-methylifldole 
(75:5:5:12.5:2.5, by volume) gives the crude peptide. 

Reagents for Cyclization 

Once a protection scheme has been chosen and successfully incorpo-

rated into a synthetic strategy, the penultimate step for on-resin cyclization 

requires an efficient coupling reagent (Fig. 3). Initially, carbodiimides were 

used for ring closure. In the first report for the assembly of side chain-to-
side chain cyclic peptides, representative opioid analogs were treated with 

DCC (5 equivalent) aiTdHOBt (5 quivalent) in DMF over a period, of 
several days, adding fresh DCC and ’HOBt Ø/ery 48 hr, to give 6-22% 
yields.29 

A comparison of different activators for lactamization was studied by 
Felix et aL4’ Cyclization of a linear peptidyl�resin with 6 equivalents of 
DCC/HOBt in DMF required 6 days for a negative ninhydrin test, but 
the cleaved product was contaminated with side products. Alternatively, 
treatment with 6 equivalent of BOP in DMF containing excess DIEA gave 
a purer product in 4 hr. Bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BOP-
Cl)- and diphenylphosphoryl azide (DPPA)-mediated cyclizations gave 
even less efficient cyclization in comparison to DCC as measured by quanti-
tative ninhydrin. In a similar study, Hruby et al. investigated the cyclization 

R Dick, U. Fritschi, G. Haas, 0. Hässler, R. Nyfeler, and E. Rapp. in "Peptides 1996: 
Proceedings of the Twenty-fourth European Peptide Symposium" (R Ramage, ed.), in 
press. Mayflower Worldwide, Birmingham, UK, 1996. 

41 A M. Felix, C. T. Wang, E. R Heimer, and A. Fournier, mt. J. Pept. Protein Res. 31, 
231 (1988). 
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of model peptides.42 To facilitate ring closure and.miniinize cyciodimeriza-
tions, 1)-ammo acids were incorporated in the design, and linear peptides 
were assembled on chioromethyl and MBHA resins at loadings of 0.2 to 
0.45 mmol/g. For on-resin cydizations, BOP was found to be superior to 
DIPCDI/HOBt and DPPA, and to solution methods in terms of product 
yield, purity, and reaction rate. 

PlauØ found that BOP/HOBt/DIEA-mediated cydlization of a model 
peptide occurred in 2 hr, whereas with DIPCDI/HOBt lactamization re-
quired 3 days for completion.11 The same ratio of cyclic monomer to dimer 
was obtained, but the amount of polymeric material formed was greater 
when using the BOP-containing mixture. For the formation of large loop. 
peptides, cyclodimenzation occurs at high resin loading if the cyclization 
rate is slow (DIPCDI). Polymerization occurs at high loading when cycliza-
tion is fast (BOP). 

McMurray et al. studied the side reactions of head-to-tail cyclizations 
of resin-bound peptides.43 BOP/HOBt/DIEA-mediated cyclizations gave 
more racemization and oligornerization than DIPCDI/HOBt. In addition, 
oligomerization and racemization were resin dependent but solvent inde-
pendent with DIPCIDI (BOP in CH2C12 gave greater amounts of oligomer). 
Story and Aldrich found that HBTU-mediated on-resin cyclizations gave 
poor results due to formation of a tetramethylguanidinium (Tmg) Schiff 
base derivative of the c-aminogroup of ta,$-diarninopropjonic acid (Dap). 44 

BOP- and DIPCDI/HOBt-activated cyclizations gave higher yields, but the 
reaction proceeded more slowly. 

Applications of 1 hydroxy 7 azabenzotriazole (HOAt) and its uromum 

{ N- [(dimethylammo) 1H 1,2,3 tnazolo [4,5-b]pyridrn- 1 ylmethylene] -N-
methylmethanaminium hexafluorophosphate N-oxide (H TU)}. and phos-
phonium [7 azabenzotriazol-1 yloxytns(pyrrohdmo)phosphonium hexa-
fluorophosphate (PyAOP)] derivatives have been thoroughly examined for 
both solution and solid phase peptide synthesis45 These reagents enhance 
coupling rates and yields, reduce racemization, and are suitable for the 
synthesis of difficult peptides such as those which incorporate hindered 
amino acids and hydrophobic peptides or involve the coupling of protected 
segments. To study the utility of azabenzotriazole derivatives, the linear 

42\1 J. Hruby, F. Al-Obeidi, D. G. Sanderson, and D. D. Smith, in "Innovation and Perspectives 
in Solid Phase Synthesis: Peptides, Polypeptides and Oligonucicotides" (R. Epton, ed.), 

p. 197. SPCC, Birmingham, U.K., 1990. 
43 J. S. McMurray, C. A. Lewis, and N. U. Obeyesekere, Pep:. Res. 7,195 (1994). 

S. C. Story and J. V. Aldrich, mt. J. Pept. Protein Res. 43, 292 (1994). 
4S A Kates, L. A. Carpino, and F. Albericio, in "Peptides: Chemistry and Biology, Proceed-

ings of the Fourteenth American Peptide Symposium" (P. T. P. Kaunsaya and R. S. Hodges, 
eds.), p. 893. Mayflower Worldwide, Birmingham, UK, 1996. 
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TABLE Ii 
COMPARISON OF COUPLING REAGENTS 
FOR THE LACTAMIZATION STEP OF 

Cycio(Asp-Tyr-nTrp-Val-DTLp-DTrp-Arg) 

Coupling method Linear (%) Cyclic (%) Purity (%) 

PyAOP/HOAt 5 74 61 
PyBOP/HOBt 5 69 51 
HATU/HOAt 5 70 50 
HBTU/HOBI 5 63 44 

heptapeptide cyclo(Asp-Tyr-DTrp-Val-DTrp-DTrp-Arg) was cyclized. For 
this model, azabenzotriazole-based reagents performed slightly better than 
the ben.zotriazole analogs, with PyAOP producing the peptide in highest 
yield (74%) and purity (61%) (Table II). 

Aldrich and co-workers surveyed several activating reagents for their 
efficiency of resin bound lactain formation in the cyclic dynorphm A 
model47 Uronium-based reagents HBTU, HATU and 1-(1-pyrrohdinyl-
1H-1 ,2,3-triazolo[4,5-b]pyridin-1-ylmethylene) pyrrolidinium hexafluoro-
phosphate N-oxide (HAPyU) gave low yields of desired product and a high 
formation of the linear alkyl gtianidinium by-products even when a low 
concentration of reagent was used HATU and HAPyU gave better results 
than RBTU but the dipyrrolidinylguamdimum (Dpg) by product from 
HAPyU was more difficult to remove during purification. On the contrary, 
the phosphonium-based reagents BOP, PyBOP, and PyAOP gave satisfac-
tory yields of cyclic peptide, but the reactions progressed more slowly 
(3 days). PyXOP cydlizations were faster than those with BOP, but all 
phosphoniurn reagents gave similar yields of cyclic peptide, undesired linear 
starting peptide, linear peptide imide, and cyclodimer. 

Zhang and Taylor examined solvent conditions for solid-phase cycliza-
tions.48 Solvent mixtures were chosen that combine high polarity with excel-
lent resin swelling properties. For BOP/DIEA lactamization on a p-chiorO-
methylbenzyl�polystytene resin, optimal monomer�dimer ratios were 
obtained with DMSO�N-methylpyrrolidone (NMP) (1:4, v/v) > THE�
NMI’ (35:65, v/v), DMF, and DMF-04202 (1: t, vfv) > CH202�DMF 
(96:4, v/v). 

16 S. A. Kates, C. A. Minor, H. Shroff, R. C. Haaseth, S. Triolo, A. El-Faham, L. A. Carpino, 
and F. Albericio. in "Peptides 1994: Proceedings of the Twenty-third European Peptide 
Symposium" (H. L. S. MaiÆ, ed.), p. 248. Escn, LeidŁæ, The Netherlands, 1995. 

47s Arttamangkul, B. Arbogast, D. Barofsky, and J. V. Aldrich, Lett. Pept. ScL 3,357 (1996). 
W. Zhang and I. W. Taylor, Tetrahedron Len. 37,2173 (1996). 
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Cyclic Peptide Libraries 

Combinatorial libraries serve as a source of diverse potential therapeutic 
candidates and have become an important tool in the drug discoveryfield. 
Pioneering work involving the creation and screening of lineai peptide 
libraries has expanded to the preparation of cyclic ’peptide hbranes49 

Spatola et al. coupled the side chair* of Boc-Asp-OFrn to a heazyi alcohol 
resin (Merrifield) using Mitsunobu conditions and then constructed combi-
natorial libraries of cyclic pentapeptides 50 The linear chain was assembled 
using Boc amino acids with the exception of the last ammo acid, which was 
added as the Fmoc derivative. To avoid partial racemization of the C-
terminal Asp residue during chain elongation, 1 equivalent of DIE-A in the 
couplings was used. Removal of Fmoc and Fm groups was accomplished 
using pipendine�DMF (1 4, v/v) Initially cyclizations were accomplished 
using BOP/HOBt, but the final lactarn bond was formed faster uing;BOPI 
HOAt activation. Cleavage of peptide mixtures from the resin .was carried 
out using HE 

Mihara et al. prepared cyclic peptide mixtures using oxirne�resin. The 
cyclic peptides contained c-aininocaproic acid (Aca) as a flexible residue 
to enhance the cycization step.5’ The synthesis of cell adhesion inhibitors 
cyclo[Arg(Tos)-Gly-Asp(OcHex)-Ser(Bl)..Acaj was accomplished by 
BOP/HOBt-induced coupling of Boc-amino acids to Aca-oxixne resin. After 
removal of the N-terminal Boc group, cyclization was effected by treatment 
with acetic acid�DIEA. A combinatorial library based on this structure in 
which Ser was replaced by Lys, Gin, Ala, Glu, Pro, Val, Tyr, Phe, and Trp 
was constructed via both the "mix and split" and mixture methods. For 
the mix and split technique, the cyclic peptides were formed in almost 
equal amount throughout the coupling and cyclization reactions. The mixed 
protocol (0.3 equivalent of each amino acid) gave similar results except 
lower yields for Pro and Val. 

Side Reactions 

Although fluoride-labile protecting groups and linkers have been dev-
loped as an extra level of orthogonahty, a side reaction was observed 
when peptidyl�resins were treated with tetrabutylammonium fluoride For 
Glu(OtBu)- and Asp(OtBu)-containing peptides, fluoride ions were found 

49K.-H. Wiesmuller, S. Feiertag, B. Fleckenstein, S. Kienie, D. Stoll, M. Herrmann, and G. 
Jung, in "Peptides and Nonpeptide Libraries�A Handbook" (G. Jung, ed.), p. 203. VCH, 
Germany, 1996 

° A. F. Spatola, K. Darlak, and P. Romanovskis, Tetrahedron Lea 37, 591 (1996). 
51 H. Mihara, S. Yamabe, T. Niidome, and H. Aoyagi, Tetrahedron Lett. 36, 4837 (1995). 
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to convert a-peptides to their corresponding y- or /3-rearranged sequence.52 

Although HPLC, matrix-assisted laser desOrption/time-of-flight..(MA.LDI-
TOP) mass spectrometry, and amino acid analysis are powerful techniques 
for peptide identification, the use of capillary zone elŁcttophore is (CZE) 
was .required to detect this phenomenon.’ 

In the synthesis of small looppeptides using FiiBzl axmn:o aci’th by 
Plau6,1’ HF cleavage afforded the desired cyclic petid ’d à secdd 
product that was identified to be the result of irnide formation between 
Asp-146 and Phe-147. To avoid the sUcdni.tidesidØ reactinii, y616hexyi 
side-chain protection of Asp-146 was incorporated into the lineat sequence. 

With FmocIFm protecting groups, following standard treimeut with 
piperidirie-DMF (1:4, v/v), awash with 04% coneutratØd..flQ in DMF,1 

HOBt in E$vl 443or a tertiary amine50 Was recOmriiended prior to cdià-
tion. This step ensured complete removal ofpiperidine and avoided the 
formation of C-terminal piperidylamides as a by-product’i.n the cyclization 
step. If DBU-piperidine-DMF (1:1: 48, by volume) was used, the acid 
wash was not required. 

Epimerization during linear assembly was identified to be problematic 
for strategies that include side-chain anchoring of Asp residues. Coupling 
with preactivated pentafluorophenyl esters or reducing the am, Ount 0- fbase 
to 1 equivalent for BOP/11013t significantly reduced the level of racethiza-
tion.51 The degree of racemization during on-resin cyclization j . affected 
by the amino acid sequence.43 

52 S. A. Kates and F. Albericio, Lett. PepL Sci 1, 213 (1994). 

11.01 Dlsuifide Bond Formation in Peptides 

By IOANA ANNIS, BALAZS HARGITrAI, and GEORGE BARANY 

Introduction 

Disulfide bridges represent important evolutionarily conserved struc-
tural motifs in many biologically important peptides and proteins including 
hormones, enzymes, growth factors, toxins, and iinmunoglobulins.15 Intra-

J. M. Thornton, J. MoL BioL 1519 261 (1981). 
T. E. Creighton, BioEssays 8, 57 (1988). 

3N. Srinivasan, R. Sowdhamini, C. Rathaloishnan, and P. Balaram.; ma I. PepL:.Proteth Rà. 
36,147 (1990). 
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