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Absrracr: In testing and refining our model of the receptor-bound conformation of tbe potent small-ring somatostatin 

‘armtog cyclo-(Proo-Phe7-D-Trp8-Lys9-Thr10-Phe11), we have investigated structures constrained within bicyclic 
systems. Speciftcaily, we have incotporated the *-membered -CG~S- unit in trlace of the -~helJ-~06. seement. 
thus achieving two -aims: 1) constrahtt of the ll-% amide bond to the cis geometry established for thecyclic 
hexapeptide; 2) positioning of the disulfide in place of the position-l 1 phenyl group, to act as surrogate for phenyl 
in receptor binding. Synthetic methodology which provides ready access to thts &s of compounds is p&ented, 
along with results of NMR spectral studies of the bicyclic systems. Biological assays show retention of high 
potency, in confirmation of our view of cycvclo-cystine as a good mimetic for cis amide. Other mported mimetics for 
the cis amide bond am reviewed from the perspectives of comparative ease of accessibility and approximation of 
various amide bond parameters. 

INTRODUCTION 

Efforts in these laboratories to develop reduced-size active analogs of somatostatin culminated in the 

synthesis of the highly potent cyclic hexapeptide Ia. 1 A model proposed for the solution conformation of Ia 

allows that the side chains of the tetrapeptide unit (-Phe-D-Trp-Lys-Thr-) closely approximate the key binding 

elements in the 7- 10 segment of the receptor-bound hormone. 2 We have considered that these four residues, 

when induced to adopt the correct conformation, position receptor-interactive functions to express the total 

activity of the natural hormone. 

la: n = I Ib: n = 0(+2H) 
X=H X=OH 
Y=OH Y=CHa 
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We have pursued the constrained analog approach as a means to define that particular conformation in u peptide 

which triggers or blocks a biological response. Compound la represents a key milestone in our application of 

this approach and has sharpened our view of allowed structure at the somatostatin receptor. III the proposed 

receptor-bound conformation of Ia the residue pairs -D-Trpg-Lysg- and -Phe 1 l-~,ob- comprise the i+ I and i + 

2 residues of type II’ and type VI reverse turns, respectively.3 The role of the -Phej l-~ro6- dipeptide unit has 

been viewed largely as one of structural constraint, although an important component of ligand-receptor 

interaction via the phenyl nucleus has been recognized. 4 NMR studies on hexapeptide Ia have established that 

in solution the amide bond of this unit is essentially all cis and the phenyl nucleus is positioned close to the 

proline ring. Similar investigations of the analog N-Me-Ala6-Ia have indicated a cis-Phel l-N-Me-Ala6- amide 

bonds, and we have inferred the same to be the case in super-potent analog Ib.6 

In seeking means to test and refine our model of the receptor-bound conformation of these small-ring 

somatostatin analogs, we were prompted to investigate structures made yet more rigid by connection of proximal 

@-carbons in residue pairs bridgable by disulfide linkages. Specifically, we viewed the joining of Phel 1 and 

Pro6 (asterisked carbons) in this manner, as an opportunity to direct the side chain of the position-l 1 residue 

toward that of the position-6 residue, thus simulating the proposed solution conformation. In addition, it 

seemed that the amide bond between residues 11 and 6, even though not a tertiary amide, would be fixed to the 

cis geometry in the eight-membered ring formed by closure of two neighboring cysteinyl residues, with minimal 

perturbation of stereoelectronic and physicochemical parameters. We also felt that such disulfide-linked analogs 

would be readily accessible by reliable and convenient synthetic procedures.7 Herein we report analogs of 

somatostatin, and practical routes to their synthesis, in which the -Phe-X- segment in Ia (X = Pro) and Ib (X = 

N-Me-Ala) is replaced by -Cyzys-, at once constraining the side chains of this segment and assuring fixation 

of the amide bond in the cis form.* 

MODELLING RESULTS 

Modelling of N-acetyl-cycle-cystinyl-N-methyl amide was carried out to compare the structural 

parameters of -Cywys- with those of the -Phe-Pro- segment of the model (MM2) of Ia. Our results, as 

summarized in Figure 1, led us to conclude that: 1) attempts to construct the ring with a tram amide bond lead 

to an unacceptably high level of strain energy; 2) the backbone dihedral angles in -Phe-Pro- are close to those 

calculated for -Cywys-; 3) optimal separation of the P-carbons in -Cypys- would require only slight 

compression of the p-C( 11)-p-C(6) distance from the value of 4.67 A calculated for Ia. These results are 

consistent with other energy calculations that predict the existence of cycle-cystine in the cis form9 and the fact 

that the cis amide has been confirmed for the solid state by single-crystal X-ray diffraction analysis.tn 

Furthermore, replacement of -Phe-Pro- with -Cyzys- in the model of cyclic hexapeptide Ia and energy 

minimization resulted in little overall change in the conformation of the cyclic hexapeptide. 
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Figure I. Comparison of Structural Parameters of -C;S-r;;s- and-Phc-Pro- Segments 

Segment: 

H 

Model: Ac-C~~NHMe c-(Pro-Phe-R-TrpLys-Ttw-Phe) (Ia) 

GaLa i5aidJ 
Y 134” 156” 148” 

0 P -P 3” 

e -13OO -129” -750 

6C(S)-PC(l1) 4.2A 4.1A 4.67A 

uH(6)-aH(1 1) 1.9lA 2.02A 2.01 A 

+ 910 94” ____ 

aEnergy-minimized structure created using Merck Molecular Modeling System (MM2). 

bFrom H-Cywl;s-OH (see ref. lOa)). 

cFrom ref. 1; values in parentheses are for energy-minimized structure (MM2). 

In the case of both analogs Ia and Ib, removal of Phel 1 was of special concern because the phenyl 

group had been identified as an important contributor to receptor binding.4 Nonetheless, we theorized that 

disulfide might constitute an efficacious replacement for phenyl, based on literature reports that disulfide can 

form complexes with aromatic nuclei of a pi or charge-transfer type. Thus, disulfide could be capable of 

assuming a “surrogate” role for pi systems in receptor binding by means of its capacity for electron 

delocalization. Examples of sulfur-pi contact regions have been proposed for proteins based on X-ray data,tt 

and sulfur-pi interactions are thought to contribute to structural stability in certain globular proteins.t2 

Calculations by Scheraga and Nkmethy have revealed a specific favorable non-bonded interaction of approx. 0.8 

kcal/mole between benzene and dimethyldisulfide. 13 Likewise, the existence of complexes between various 

divalent sulfur compounds and aromatic molecules has been observed spcctrophotometrically.t4 

Thus, bicyclic analogs IIa and IIb replace la and Ib. respectively, with -Cys-cys- in place of -Phe-X- 

(X = Pro or N-Me-Ala) and the disulfide moiety occupying the former position of the phenyl group. Herein we 

report readily-applied synthetic methodology to access these constrained peptides, along with the rest&s of 

molecular modelling studies, biological evaluation, and characterization by NMR. 
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cycb-(Phe-l!-r-D-Trp-Lys-Z) 
, 

r-l la : x= Pro, Y=Phe, z=Thr 

change 
to II 

III: X=N-Me-Ala, Y=Tyr, Z=Val 

cycb- (Cjrs-C;s-y-PTm-Lys-Z) 

ml: YzPh.3. z=-rh 

IIb: Y=Tyr, Z=Vd 

SYNTHETIC RESULTS 

Synthesis of the two bicyclic somatostatin analogs IIa and IIb proceeded along parallel lines. 

Appropriate resin-hound sequences IIIa and IIIb were assembled according to standardized protocols, using 

Boc-protected amino acids for coupling and trifluoroacetic acid with 2% ethane dithiol as scavenger for Boc 

removal. Use of side chain unprotected tyrosine (IIIb) meant that liquid HF was not needed for protecting 

group removal; the iso-nicotinyloxycarbonyl (i-Not) function15 on lysine being readily cleaved reductively. 

Cl2 Bzl Am Acm 

(TFA) H-D-Trp-L:s-TClr-C:s-ds-Phe-O-~ 

IIIn 

l.N&l,/DMF 

2. c AmoNo (add@ 

3. HF / misdo (B:l) 

4. gd fitin 

i-NW AcmAcm 

(TFA) H-Tyr-D-Trp-Llys-Val-CGs-CCs_O-~ 

IIIb 

1. w1DF.F 

2. choNo(adde) 

3.zn15l%HoAG 

4.gdlwadm 

cvdo-(~~-C:s-X-D-Trp-Lys-y) 

IVn: X=Phe,Y=Thr 

IVb : X = Tyr, Y = Val 

1 

1.12 (5equix)lDMF 

2.9elfdaahaprep.HPLC 

cycb - (C-s - X - D-Trp - Lys - y) 

IIa: X=Phe,Y=Thr 

IIb : X = Tyr, Y = Val 
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Thus in each example, following assembly and hydrazinolytic cleavage from the solid support, cyclization was 

accomplished after azide activation, in mildly basic media, to give fully-protected cyclic products. lo In the one 

case (Illa) treatment with liquid HF sufficed to cleave the Lys (2-chloro-Cbz) and Thr (benzyl) protecting 

groups; whereas in the other case (IIIb) activated powdered zinc in acetic acid was needed to remove the Lys (i- 

Not) function. Gel filtration afforded the intermediate his-acetamidomethyl (Acm) peptides IVa and IVb, 

respectively. Alternatively, monocyclic intermediate IVb could be handily synthesized starting from resin- 

bound precursor IIIc, assembled using optimized protocols on a fully-automated peptide synthesis 

instrument.17 wherein cyclization after HF cleavage was implemented using water-soluble carbodiimide/ 

hydroxybenztriazole activation at high dilution. la Reductive removal of the i -Not group with powdered zinc 

proceeded as above. 

8oc-D-~~-~~“~-~~-~~-~~-~-~~-~ 
Y Acm Acm BrZ 

IIIC 

i 

HF / anisole (%I) 

I 

1 
1. EDC/liOBt, 0.002 M peptide 

WF-NMM,24hr. 

2. Zn 150% HOAc,’ 48 hr. 

3. prep. HPLC 

IVb 

Formation of the bicyclic system was accomplished by oxidative removal of the Acm groups employing 

iodine. It was the application of DMF at high dilution (cu. 0.002 M peptide) which Proved most reliable in 

assuring optimally efficient conversion to monomeric products. 19 Thus, his-Acm precursor (IVa/IVb) 

undergoes rapid (< 5 min.) cyclization using a limited excess of iodine (5 equiv.) in DMF,zo followed by 

removal of excess iodine by treatment with powdered zinc, 21 then concentration in vacw and either gel 

filtration in 50% acetic acid or preparative HPLC. Monomeric product (IIamb) was isolated by concentration 

and lyophilization of pooled fractions. 

A key analytical finding (TLC, HPLC) was the presence of two components (70:30) in the bicyclic 

product Da, which were shown to be conformation-related. The components were separable by preparative 

HPLC, but re-equilibrated by the time they were re-injected for analysis (see Experimental). Moreover, IIa was 

found to be stable only in acidic solution (aqueous acetic acid); apH-stability study (ammonium acetate buffers) 

indicated decomposition in aqueous media at pH > 5, the rate increasing with higher pH. The possibility that 

trace amounts of sulfhydryl might be catalyzing polymerization was suggested by the presence of 2.5 mole 8 of 

free SH in IIa by quantitative Ellman assay. 22 Of several sulthydryl-reactive reagents tested, N-ethyl maleimide 

(NEM)23 completely prevented the degradation of peptide in aqueous solution, and treatment with NEM was 
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accordingly incorporated into lhe workup procedure for the 12 cyclization. Alternatively, in the case of :cnalog 

lib. partitioning the excess 12 into CC14 eliminated the need for zinc powder and afforded product with no free 

sulfhydryl. 

The NMR spectrum of both analogs Ila and IIb at 300 MHz clearly indicated their conformational 

heterogeneity. not seen in the monocyclic structures Ia and Ib. While the NMR spectrum of compound IIa 

proved to be too complex for ready interpretation, that of compound IIb clearly showed two isomeric forms in 

rapid equilibrium (ca. 55:45 in CD30D). In both bicyclic analogs two main components were resolved on 

analytical HPLC. By means of a ROESY experiment% we were able to discern Overhauser effects between the 

two cc-protons of the -Cysl l-Cys6- segment of both isomeric forms of compound IIb. This finding, definitive 

evidence for the cis amide bond in both isomers, led us to consider, alternatively, the interconversion of 

disulfide rotameric forms as the source of the observed isomerism. Specific precedent for such interconversion 

exists in the strained bicyclic system, cycle-bis- cystine, 25 which has been shown to interconvert between P- 

helical and M-helical -S-S- isomers with an estimated energy barrier (AG*) at 25’ of 15.6-16.0 kcal./mole, too 

low to allow isolation but high enough to be evidenced on the NMR time scale. Our findings stand in contrast to 

the recent report of a monocyclic disulfide, 26 in which it was cisltrans amide bond isomerism that was invoked 

to account for observed conformational heter0geneity.n 

For some time now we have applied acetamidomethyl to prepare a variety of peptides of biological 

interest. Initial procedures were devised to optimize yields of constrained small-peptide analogs of somatostatin, 

and more recently we have been able to improve and standardize our synthetic techniques in approaches to other 

peptides. Typically, the his-Acm peptide obtained upon HF-mediated cleavage of resin-bound precursor is 

subject to cyclization using the oxidative condition of iodine in DMF or aqueous acetic acid followed by brief 

slunying with zinc dust or, in the case of more strained disulfides, partitioning with CC14 to remove excess 

iodine. An important goal achieved through our recent efforts has been the development of efficient routes to 

strained disulfide-bridged structures. Acetamidomethyl as protection for cysteine has proven ideal for this 

application, since the penultimate intermediate can be purified before the sensitive disulfide bond is formed in the 

final step. 

BIOLOGICAL FINDINGS AND DISCUSSION 

The results of biological assays of the somatostafin analogs are shown in Table 1. The bridged bicyclic 

analogs IIa and IIb retain essentially the full potencies of the corresponding monocyclic compounds Ia and Ib, 

respectively, across both in viva and in vitro biological parameters. Further assessment of analog IIb with 

respect to competitive binding to somatostatin receptors derived from a murine pituitary tumor cell line ViS-h-ViS 

1251-labelled I@ showed lC50 = 4.4 nM, comparable to the affinity of both Ib (1.6 nM) and SOmatOstatin 

(2.6 nM). Thus, the same receptor is implicated in interaction with somatostatin and both highly Potent 

constrained analogs Ib and IIb. Overall, these findings support our proposition that the disulfide link 

constitutes a constraint which fixes the conformation of the monocyclic species in it$ bioactive form. 
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Table I. Biological Activities 01 Somatostatin Analogsa 

Compound Insulin Glucagon Growth Hormone 

c-(Pro-Phe-Q-Trp-Lys-Thr-Phe) la 5.2 (2.4,11) 8.0 (1.4,60) 1.7 (1.3,2.3) 
I 

c-(Cys-Phe-Q-Trp-Lys-Thr-Cys) , IIa 10.6 (5519.9) 10 (3,26) 2.5 (1.7,3.8) 

c-(NMe-Ala-Tyr-R-Trp-Lys-Val-Phe) Ib 70.0 (28,173) 117.0 (56,270) 52.3 (35,75) 

c-(Cys-Tyr-D-Trp-Lys-Val-C$s) I IIb 69.3 (21,214) 106.9 (37,265) 15.3 (8,29) 

c-(Pro-Phe-P-Trp-Lys-Thr-Ala)b 0.05 (0.03,O.l) 0.08 (0.04,0.2) 0.08 (0.04,0.2) 

aPotencies for inhibition of hormone release relative to somatostatin (=l); insulin and glucagon are 

in viva (rats), growth hormone is an in vitro pituitary cell suspension. Bioassay methods are as 

reported in ref. 16; confidence limits in parentheses. 

bref. 4. 

The much reduced potency of the Alatt analog (last entry) highlights the importance of having a suitable 

hydrophobic receptor ligand at position 11. We conclude that the high potency of analogs IIa and IIb is a likely 

consequence of, not only constraint of the 1 l-% amide bond to the cis form, but also of the role of disulfide as 

a surrogate for position-l 1 phenyl, which we infer must occupy the same position in analogs Ia and Ib as does 

disulfide in analogs IIa and IIb (i.e., between the P-carbons of residues 6 and 11). Thus, the bicyclic analogs 

represent examples of substitution of disulfide for an aromatic moiety in key receptor-ligand interaction, in direct 

analogy to the aforementioned physico-chemical models. 

Previous investigators have sought, as we have, to design and incorporate into bioactive molecules 

constraints which mimic features of peptidyl secondary structure (peptidomimetics. amide bond isosteres, 

peptide surrogates, etc.), while retaining or enhancing biological potency and if possible, introducing desirable 

properties such as enhanced oral absorption or in vivo half-life. 30 The field has been especially active with 

respect to amide bond replacements in analogs of somatostatin, with the incorporation of a variety of reverse- 

turn mimetics in place of the segment residues 7-10 designed to enforce a type II’ /3-turn.3* Most of these 

structures have been devised to simulate the tra.ns amide bond typically encountered within reverse turns of type 

1 and Il. 

There have likewise been some, though fewer, reports of replacements for the -Thrlo-Phel l-Pro6 

Phe7- segment (see Ia) which incorporate mimetics of the cis amide bond between the Phel 1 and Pro6 residues 

(see Figure 1). As one example, the -Phe-D-Trp-Lys-Thr- (7-10) sequence in Ia was subject to closure by 

means of the N-methyl-a-benzyl o-(aminomethyl) phenylacetyl (o-OMPA) unit A, thus incorporating the 

probable key components of the secondary amine (N-Me) and the aromatic side chain (Phe) found in the highly 

potent Ala 1 I, N-Me-Phe6 analog of la .32 One stereoisomer of moiety A incorporated in place of-Ala-N-Me- 
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Phe- conferred about 25% of the activity of the parent, thereby providing evidence that this entity is an 

appropriate mimetic: for the dipeptide unit. 

A functionality specifically designed as a surrogate for the cis amide bond is the I.5disubstituted 

tetrazole ring introduced by Marshall and co-workers33 as a synthetic probe for the role of cisltruns isomerism 

of N-alkyl amide bonds in molecular recognition, and incorporated into a large number of structures of 

biological interest. As a test of the assumption that the presence of cis amide may be correlated with biological 

response,J‘t the peptidomimetic segment B (-Phe-Y[CN4]-Ala) was incorporated into analog Ib in place of 

-Phel l-N-Me-Alah-. On the basis of in vitro biological assays showing modest potency the authors 

Ph 

Ph 

concluded that the tetrazole serves as a conformational mimic of the cis amide bond presumed to occur in the 

receptor-bound form. However, in recent work assessing the tetrazole mimetic in analogs of bradykinin36 the 

authors observed loss of activity, which they ascribed either to a requirement for a trans amide bond, or perhaps 

as likely, to prevention of interaction with receptor due to steric bulk of the tetrazole. The latter speculation 

suggests that potential surrogates for the cis amide bond which occupy more space than the -CO-N< moiety do 

not ideally fit the spatial parameters of the amide bond. A recent reports7 describes a similar mimetic, the i ,2- 

disubstituted pyrrole C, as a surrogate for a -Gly-L-Aaa- dipeptide with a cis amide bond. The synthesis, 

though convenient, is limited to introduction of the u&ranched aminomethyl function. 

Another entity devised to force a cis amide bond in the backbone of a somatostatin analog is the cis -2- 

aminocyclopentyl carboxyl (2-Acgc) moiety D, incorporated in place of proline in analog Ia.J8 Although 

maintaining the preferred p-11’ turn about the -D-Trpg-Lysg- segment, the bridged region retained the “normal” 

trans amide bond between Phe l l and 2-Acgc, as evidenced by spectral data; and consistent with the loss of 

biological activity. In a similar design, the L,L- 3-amino-2-piperidone-6-carboxyl (LLAcp) moiety (E: n = 2) 

was introduced by Kemp39 to serve as a rigid analog of -L-Ala-L-Ala- in which the amide bond, constrained 

within the six-membered ring, must adopt the cis orientation. Kemp presented this structure as simulating a p- 

turn of the “rare s-cis type” observed in cyclic peptides containing N-alkyl amino acids. However, as 
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distinguished from -Cypys-. in which the two WH are definitively close to one another, the methine protons 

(Ha and Hb) were shown by NMR analysis to be axial and equatorial. respectively. thus too far apart to exhibit 

proximity (NOE) effects. In this context. we could consider that the WWII- or ciqhr- membered ring lactam 

(E: n = 3 or 4) would be a closer mimic of a type VI (s-cis) turn. 

Among important constraints incorporated into peptides as amide bond mimetics is the double bond 

isostere, shown as the traru (E) isomer F. Substituting for a dipeptidyl unit of L,L configuration, this olefinic 

linker ‘P[E-CH=CH] has found a place in numerous pseudo-peptide structures.40 Its similarity to the amide 

bond in regard to its effect on backbone structure was recognized early on, and a number of novel means for 

introduction of side chains R 1 and R2 with high enantioselectivity have appeared in recent years,41 expanding 

greatly the range of accessible surrogate amino acid residues. Difficulties associated with stability of the 

corresponding cis olefinic species have precluded assessment of the geometrically isomeric Y[Z-CH=CH] as a 

surrogate for cis-CO-NH.42 However, the recent advances in synthetic methodology should be readily 

adaptable to structures having the C-methyl form Y[ZCH=C(CH3)] in place of -Aaa-Pro- or -Aaa-N-Me-Ala- 

in proposed type Vl turns, thus providing a source of interesting structures. 

Figure 2 depicts our structure proposed for the bioactive conformation of analog IIa, along with a 

superposition of this structure onto that proposed for analog Ia. The model overall is consistent with previous 

conceptions of the conformational preferences of this series of cyclic hexapeptides, and in addition demonstrates 

good overlap of the sulfur atoms in IIa with the phenyl nucleus in Ia. It is noteworthy that none of the above 

cis amide bond surrogates preserves the exact steric and electronic properties of -CO-N<. Thus, the close 

approximation of the cyclic diiulfide structu~ to a dipeptidyl segment may be a significant factor in retention of 

biological response. This could be a key consideration in the design of amide bond mimetics. 

Figure 2. Proposed Bioactive Conformation of Analog Ha, Derived Using Parameters From Energy- 

Minimized Ia, Superposition with Analog Ia (Dashed Structure) 
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EXPERIMENTAL 

(kneral. Unless otherwise noted, all solvents and reagents were obtained from commercial sources 

and used without further purification. DMF was degas& before use. 1 H-NMR spectra were rworded on a 

Varian 300, a Nicolet NT36O. a VXR-4OOS, or a UNITY 400 instrument with chemical shifts (6) reported in 

ppm relative to sodium TMS-propanesulfonate. Mass spectra were obtained on a Finnegen-MAT 731 

spectrometer (FD) or a Fisons 7070E spectrometer (FAB). HPLC analyses were carried out on a Hewlett- 

Packard 10X4-B liquid chromatography instrument with a DuPont ODS column using a pH 3.2 TMA-phosphate 

buffer -acetonitrile or -methanol gradient system (30 min.) or a Spectra-Physics SP88OO system having an 

SP4270 integrator with a Vydac Protein & Peptide Cl8 column, 300 A, 5~. 150 x 4.6 mm. using a 0.1% TFA 

/H20acetonitrile gradient system (30 min.), with detection by U.V. at 210 or 280 nm. Preparative HPLC was 

run on a Separations Technology ST/LAB 8OOB instrument fitted with a Waters 1000 PrepPak module and 

Delta-Pak Cl 8 radial compression column, 300 A pore size, 15~ particle size, 13” x 2” i.d., eluting with a 

gradient system: 0.1% TFA-99.9% H20 (solvent A) and 0.1% TFA-0.9% H20-99.096 CH3CN (solvent B). 

Gel filtration was performed on Sephadex G25 SF (Pharmacia), eluting with 50% HOAc or 2N HOAc, 

monitoring by U.V. at 254 nm on an ISCO UA5 instrument. Thin layer chromatography (TLC) was performed 

on 250 mm 5 x 20 cm silica gel plates (Analtech), using U.V. light and/or teti -butyl hypochlorite / starch-iodine 

spray for visualization. Solvent systems employed were: CHCl3-MeOH-H20 (CMW); EtOAc-pyridine-HOAc- 

H20 (EPAW); 1-Butanol-HOAc-H20 (BAW). Amino acid analyses were performed on a Beckman 

Instruments amino acid analyzer. Molecular models were built using the Merck Molecular Modelling System 

(MMMS) and minim&d using MM2. 

Resin-bound precursors. Assembly of peptides on solid support was carried out using either a 

Beckman Instruments Model 990B peptide synthesizer @Ia and IIIb) or an Applied Biosystems, Inc. Model 

430A automated peptide synthesizer (IIIc). NaBoc amino acids were employed throughout, appropriately 

side-chain protected, from Bachem, Inc. or Applied Biosystems, Inc. 

Assembly protocols were as follows: (IIIa) Starting from 1.65 g. (2.0 mmoles) of Boc-Phe- 1% 

crosslinked polystyrene (Merrifield) resin, Boc removal (33% TFA/CH2Cl2), neutralization (Et3N/CH2Cl2), 

and coupling with 5 mmoles of Boc amino acid (DCC/CH2Cl2), followed by recoupling each residue 

(DCCRIOBt), were implemented over 5 cycles. Thus, incorporated in order, were: Boc-Cys(Acm)-OH (2 

cycles), Boc-Thr(Bzl)-OH, Boc-Lys(ZCl-Cbz)-OH, and Boc-D-TIP-OH. Final resin weight was 4.00 g. 

(IIIb) Starting from 7.23 g. (6.0 mmoles) of Boc-Cys(Acm)-1% crosslinked polystyrene (Merrifield) resin, 

the above incorporation protocol was applied through 5 cycles: Boc-Cys(Acm)-OH, Boc-Val-OH, Boc-Lys(i 

-Noc)-OH, Boc-D-Trp-OH, and Boc-Tyr-OH (no side protection used). Final resin weight was 11.12 g. 

(III@ Starting from 0.80 g. (0.5 mmole) of Boc-Tyr(Br-Cbz)-PAM-resin (I % cross-linked), incorporation of 

the following residues was carried out according to protocols provided by Applied Biosystems, Inc. (each 

subjected to double coupling): Boc-Cys(Acm)-OH (2.0 mmoles); Boc-Cys(Acm)-OH (I .O mmole); Boc-W- 

OH; Boc-Lys(i -Not)-OH (I .O mmole); and Boc-D-Trp-OH. The Cys(Acm) and Lys(i-Not) residues were 
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coupled using DCC/HOBt activation from DMF solution made up prior to assembly. Final resin weight W:IS 

I.34 g. 

‘. _ $9 c, _ n) Cvs(AcmI-Phe-D-Tro-Lvs-Thrl (IVa). Hyrlrclzi?rolysis. A sample of 3.95 g. of 

resin-bound peptide IIIa suspended in 36 ml. of DMF was treated with 4.0 ml. of YS% hydrazine, followed by 

stirring for I- Ii2 hr. The reaction mixture was filtered to remove spent resin, and the filtrate was concentrated in 

VUCLW . Trituration with 50 ml. of H20 afforded a white solid, which was isolated by filtration and washing 

with 6 portions of H20, followed by drying in vacua to give 2.46 g. of crude hydrazide: TLC Rf (CMW, XO- 

20-2) 0.1’7. Cyclization. A solution of hydrazide (2.41 g.) in 40 ml. of DMF, cooled to -20’ under N2. was 

treated withg 2.0 ml. of freshly prepared 5.OM HCl/THF (reaction pH = 1.5, moistened narrow-range pH 

paper), followed portion-wise by iso-amyl nitrite (total of 0.31 ml., 2.31 mmoles) over 45 min. Monitoring by 

starch-iodide paper was used to assure uptake of nitrite and complete azide formation. After 75 min.the solution 

was added to 1200 ml. of pre-cooled (-25”) DMF, followed by addition of diisopropyl ethyl amine (DIEA) to 

pH 7.5-8 (moistened narrow-range pH paper); cyclization took place over a period of 3 days at -15’-‘, as 

determined by TLC. The reaction solution was concentrated in vactw, and trituration with 50 ml. of H20 gave 

a white solid, which was isolated by filtration and drying in vacua to give 2.30 g. of crude cyclic product: TLC 

Rf (CMW, 80-20-2) 0.65. HF Cleavage. A sample of 2.03 g. of protected cyclic peptide was &red with 2.0 

ml. of anisole and 20 ml. of HF in a Kel-F reactor at 0’ for 1 hr. After removal of the J-IF in vacua , the peptide 

was isolated by precipitation with 50 ml. of ether, filtration, then drying in vacuu to give 1.87 g. of crude 

product. This sample was purified by gel filtration (50% HOAc), and fractions pooled on the basis of TLC 

were concentrated and lyophilized to give 1.17 g. (60% overall yield) of his- Acm intermediate IVa: TLC Rf 

(EPAW, 10-5-l-3) 0.26; HPLC (95~>5%, 30 min.) 88% (RT 9.9 min.); FAB-MS m/e 912 (talc. M + H = 

912); amino acid analysis (HCl, 70 hr.) Lys = 0.77, Phe = 0.77 pmole/mg., Cys, Thr, Trp decomp.; JH NMR 

(300 MHz, D20) 6 2.05.2.02 s,s (Cys CH3-CO-, 2 x 3H), 4.35 s (Cys -HN-CH2-S-, 2 x 2H), 7.66 d, 7.56 d 

(J = 9 Hz)@-Trp H4, H7), 7.21 s (D-Trp H2), 0.45.0.26 (Lys ‘YCH2, 2H), 3.98 q (Thr PCH, lH), 4.72 d 

(l), 4.62 q (l), 4.55 m (2), 4.26m (2) (6 UCH). 

cw-Tvr-D-Tru-J.vs-VaQ (IVb). Method A. Hydrazinolysis. A sample of 

11.02 g. (equiv. to a 6.0-mmole run) of resin-bound peptide IIIb suspended in 96 ml. of anhydrous CH30H 

was treated with 24 ml. of 95% hydrazine, stirring for 1 ID hr. The mixture was filtered to remove the spent 

resin, which was washed with 3 portions of DMF to recover precipitated hydrazide. The solvent was removed 

in vacm , and H20 was added to give solid product, which was isolated by filtration, washing several times 

with H20, then dried in vucuo to give 3.3X g. of crude hydrazide: TLC Rf (EPAW, 10-5-l-3) 0.44. 

Cyclizrrtim. A solution of hydrazide (3.30 g.) in 33 ml. of DMF. cooled to -20” under N2, was treated with 2.4 

ml. of freshly-prepared 6.5 M HCl/T’HF, followed by iso-amyl nitrite portion-wise (total of 0.44 ml., 2.99 

mmoles) over 45 min. After azide formation was deemed complete (see above), this solution was added to 1600 

ml. of pre-cooled (-25’) DMF, followed by DIEA until pH 2 8; cyclization took place over a period of 3 days at 

- 15”. as determined by TLC. The reaction solution was concentrated in vucuo, and IO0 ml. of H20 was added 

to give a tacky solid, which was triturated and isolated by filtration, washing with H20. and drying in vucuo to 
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give 2.39 g. of crude cyclic product. Gel filtration (50% HOAc) afforded I .70 g. of purified intermediate (i- 

Not-Lys). which was carried on without purification: TLC Rf (EPAW, 10-S- l-3) 0.5X: (BAW, hS-10-25) 

0.5 I. Zirrc. lw~Jfnwut. A solution of I .5X g. of the i- Not intermediate in 52 ml. of 50% HOAc was stirred with 

freshly-activated Zn (prepared from X.5 g. of powdered zinc43) for a period of 20 hr. The reaction was 

followed by TLC to completion, the suspended solids were removed by filtration, and the filtrate was 

concentrated irt VfJCUO and charged to gel filtration (50% HOAc). Concentration of pooled fractions and 

lyophilization afforded I .25 g. (21% overall yield) of his- Acm intermediate IVb (acetate): TLC Rf (BAW, 65 

10-25) 0.43; HPLC (Y5->5%, 30 min.) 86% (RT X.7 min.): amino acid analysis (HCI, 70 hr.) Lys = 0.91, Val 

= O.Y2, Tyr = 0.89 pmole/mg., Cys, Trp decomp. Method B. HF Cfeavagc I Cyclization . A sample of 1.34 

g. (equiv. to 0.5 mmole) of resin-bound peptide 111~. suspended in 3.0 ml. of anisole, was treated with 30 ml. 

of HF in a K&-F reactor, at 0“ for 1 l/2 hr. After removal of the HF in vacua, the product was isolated by 

precipitation with ether (60 ml.), filtration of the solids, and after brief drying, transfer to 300 ml. of DMF, 

addition of 750 mg. (4.9 mmoles) of HOBt.H20, then N-methyl morpholine (NMM) until pH 7 (moistened 

narrow-range pH paper); followed by 635 mg. (3.3 mmoles) of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC). The reaction, shown by TLC Rf (EPAW, 12-5-l-2) 0.36 (linear), Odl(cyclic) to be 

complete in 24 hr., was worked up by evaporation of solvent in vacua and partition of the residue with 100 ml. 

of n-butyl alcohol / 30 ml. of H20, then washing with dil. KHS04 (pH 5 2). H20, dil. NaHC03 (pH - 8). 

and H20/NaCl(2x). The organic phase was concentrated to a volume of < 5 ml. and taken up in 20 ml. of 50% 

HOAc, followed by addition of freshly-activated Zn (prepared from 1.5 g. of powdered zinc 42) and stirring 

until i-Not cleavage was shown to be complete (TLC). After 2 days the suspended solids were removed by 

filtration, and the residue after concentration in vacua was taken up in 60 ml. of H20 and charged to preparative 

HPLC (100 -> 60, 60 min.). Pooled fractions afforded, after lyophilization, 187 mg. (36% overall yield) of 

his-Acm derivative IVb (trifluoroacetate): TLC Rf (EPAW, 12-5-1-2) 0.26; HPLC (lOO-%O%, 30 min.) 98% 

(RT 18.6 min.); FAB-MS m/e 925 (talc. M + H = 925); 1~ NMR (400 MHz, CD30D) 6 2.00,1.98 s,s (Cys 

CH3-CO-, 2 x 3H). 4.40, 4.32 s, s (Cys-HN-CH2-S-, 2 x 2H), 7.50 d, 7.33 d (J = 9 Hz) (D-Trp H4, H7), 

6.99 s (D-Trp H2), 7.04 d (J = 9 Hz) (Tyr H2, H6), 6.71 d (J = 9 Hz) (Tyr H3, H5), 0.64 env. (Lys Y CH2, 

2H), 0.95 d/d (Val CH3,2 x 3H), 1.35 env. (Lys PCH2,6 CH2,4H), 1.77 env (Val kH, lH), 4.52 m (I), 

4.43 m (I), 4.25-4.35 env (2), 4.00-4.10 m (2) (6 aCH). 

c_vclo-(Cv&&-Phe-D-Tm-Lvs-Thrl (Ha). To a briskly-stirred solution of 182 mg. (0.20 mmole) of 

his-Acm derivative iVa in 90 ml. of DMF was added all at once a solution of 254 mg. (I .O mmole) of 12 in 90 

ml. of DMF. After 3.5 min. 600 mg. of powdered Zn was added, followed by 40 ml. of cold (0”) 50% HOAc, 

and the mixture wan filtered immediately after decolorization (l-2 min.). The filtrate was concentrated itt vactw 

to a small volume, redissolved in IO ml. of 50% HOAc, and charged to gel filtration (50% HOAc). Pooled 

fractions were concentrated in vacua, and lyophilization from 10% HOAc yielded 67 mg. (44% yield) of 

product showing two components: TLC Rf (EPAW, 10-5-1-3) 0.3UO.33; HPLC (95~>5%. 30 min.) 98% (RT 

10.4/l 1.3 min., 2Y:71). A sample submitted to semipreparative HPLC (0.1% TFA/70:30 H20/CH3CN 

isocratic) afforded fractions containing the separated components, each of which reverted to the starting mixture 
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iu 12-24 hr., indic;~ting that the constituents were interconverting. A study of the pH dependence of stability 

revealed significant decomposition to more polar constituents, determined as polymeric try gel filtration, at pH > 

3 (0. IN NH40Ac buffers). Addition of 0.5 molar equivalent of N-ethylmaleimide (NEM)23 was shown to 

stabilize an aqueous solution at (ambient) pH 5 for > 24 hr. Excess NEM was separated by gel filtration, 

Ellman assay*2 showed free SH to have fallen from cu. I% before to < 0.2% after NEM treatment, and 

lyophilization afforded a pH-stable sample: amino acid analysis (HCI / performic acid, 20 hr.) Lys = 0.X7, Thr 

= 0.97, Phe = 0.97, Cys(SO3H) = 1.91, Trp (u.v. at 280 nm) = 0.96 pmole/mg.; FAB-MS m/e 767 (talc. M + 

H = 767); l H-NMR (300 MHz, CD30D/l% CD3COOD) complex (multicomponent), e.g. 6 I. 10 d (J - 7 Hz) 

(minor Thr CH3) coupled with 4.02 (Thr BCH); I.18 d (J - 7 Hz) (major Thr CH3) coupled with 4.66 (Thr 

BCH). 

1 
_ _ - -_ Val) (Mb). Method A. To a briskly-stirred solution of 463 mg. (0.50 

mmole) of his-Acm derivative IVb in 420 ml. of DMF was added all at once a solution of 635 mg. (2.50 

mmoles) of I2 in 40 ml. of DMF. After 3.0 min. 1.5 g. of powdered Zn was added, followed by 100 ml. of 

cold (0”) 50% HOAc, and after decolorization (l-2 min.) the mixture was filtered, and the filtrate was 

concentrated in vucuo. The residue was submitted to gel filtration (50% HOAc), and pooled fractions containing 

product wete-concentrated in vacua, and lyophilization gave 141 mg. (36% yield) of white lyophilizate, Ellman 

analysis of which showed cu. 3% free SH. Treatment of a solution in 1.0 ml. of H20 with 11 mg. of NEM for 

20 min., followed by addition of 0.25 ml. of HOAc and gel filtration (2N HOAc), pooling of fractions and 

lyophilization, afforded 101 mg. (72% recovery) of white fluffy powder: Ellman assay ~0.4% free SH; TLC 

Rf (EPAW, 10-5-l-3) 0.41; HPLC (95-G%, 30 min.) 96% (RT 9.1 min.); amino acid analysis (HCl, 70 hr.) 

Lys = 1.03, Val = 1 .O 1, Tyr = 1.02, Trp (u.v. at 280 nm) = 0.98 pmole/mg. (HCl/performic acid, 20 hr.) Lys 

= 0.99. Val = 0.99, Cys(S03H) = 2.14 pmole/mg.; FAB-MS m/e 781 (talc M + H = 781); lH NMR (360 

MHz, CD30D) 2 components (cu. 2:3) 6 5.50 d (J = 10.5 Hz) : 5.14 d (J = 12.6 Hz) (Cysx aCH), 5.27 d (J 

= 12.4 Hz) : 5.05 d (J = 11.0 Hz) (Cysy aCH), 4.36/4.15 split d (J - 8 Hz) (Val aCH), 3.80/3.63 d/d (J - 

12,3 Hz) (Lys oCH), 4.45-4.70 m (D-Trp. Tyr aCH), 0.5 env. (Lys “ICH2). Method B. To a briskly-stirred 

solution of 126 mg. (0.121 mmole) of his-Acm derivative IVb in 115 ml. of DMF was added all at once a 

solution of 173 mg. (0.68 mmole) of I2 in 13 ml. of DMF. After 3.0 min. 410 mg. of powdered Zn was 

added followed by 28 ml. of cold (0’) glacial HOAc, and after decolorization (2 mm.) the mixture was filtered, 

and the filtrate was concentrated in vacua to a volume of c 5 ml., to which was added 60 ml. of H20. HPLC 

(100~>60%, 30 min.) indicated about 75% of the product IIb as a double peak, RT 1 U/19.7 min. (cu. 4: 1) 

and 25% of a contaminant, RT 20.8 min .‘14 The crude product was purified by preparative HPLC (loo->60%, 

60 min.), no resolution of the double peak being seen, and pooled fractions afforded, after concentration and 

lyophilization, 3 I mg. (29% yield) of a white, fluffy powder: Ellman assay < 0.1% free SH; TLC Rf (EPAW, 

12-5-I-3) 0.53; HPLC (RIO-%O%. 30 min.) 99% (RT lX.8/lY.8 min., 80:20); FAB-MS m/e 781 (talc. M + H 

= 7X 1). The 1 H NMR spectrum (500 MHz, CD30D). indistinguishable from that of IIb prepared by Method 

A, was assigned as follows: 2 components (ca. 2:3) 6 5.47 d (J = IO Hz): 5.11 dd (J = 11.X. 4.1 Hz) (Cysx 

aCH), 5.24 dd (J = 11.X. 4.1 Hz): 5.02 dd (J = 11.2, 1.X Hz) (CysY aCH), 4.66 dd (J = X.5, 4.8 Hz): 4.61 
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