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ABSTRACT

Bicyclic hexapeptides 1a —c were synthesized via an intramolecular ring-closing metathesis reaction on solid phase followed by an N- to
C-terminal cyclization in solution. Structural elucidation showed that these compounds assumed a C,-symmetrical structure with two ~ -turns.
The trans-ethylene plane was found to occupy two positions in rapid interconversion. One of the hicyclic hexapeptides crystallized with five

water molecules, which made an arch above the ethylene group.

The synthesis of rigid molecules and particularly in peptide the so-called “bivalent ligand” approach can lead to agonists
chemistry has generated a great deal of interest over the pasbr antagonists of peptide receptors with a considerably
few years because the reduction of conformational freedomincreased potency/selectivity ratialhis concept has been
often results in higher receptor binding affinity and/or extensively applied to several peptide hormong®reover,
modulation in biological activity. Although cyclic peptides several receptors, including tyrosine kinase and the cytokine
represent good candidates for conformational restriction, receptor superfamily, require dimerization for signal trans-
they still exhibit significant flexibility. Extra conformational  duction® These reports emphasize the significance of design-
restriction is necessary to introduce stronger conformational ing new dimeric compoundg-Turns play an important role
constraint. Usually, this is achieved by a second cyclization in many biological molecular recognition everifsAmong
through disulfide or lactam bridge formation. As an example, structures that should mimi6-turns, cyclic hexapeptides

a cyclic hexapeptide-based tachykinin NK2 receptor antago- constitute interesting lead compourfd8.in this study, we
nist, after a second cyclization via a lactam, resulted in a were stimulated to design bivalent, small, rigidurn mimics
10100 fold increase in activity2 It is well established that

(3) Pavone, V.; Lombardi, A.; Nastri, F.; Saviano, M.; Maglio, O.;
D’Auria, G.; Quartara, L.; Maggi, C. A.; Pedone, &.Chem. Soc., Perkin
T Current address: LCM3B, ESA CNRS 7036, Université Henri Poincare Trans.2 1995, 987—993.

de Nancy I, BP 239, 54506 Vandoeuvre lés Nancy Cedex, France. (4) Erez, M.; Takemori, A. E.; Portoghese, P.JSMed. Chem1982,
* Current address: Laboratoires de Recherche FOURNIER, Route de 25, 847—849.
Dijon, 21121 Daix France. (5) Halazy, S. InG-Protein Coupled Receptors Bivalent Ligands and
8 Current address: LCPM, UMR CNRS 7568, INPL, Groupe ENSIC, Drug Design, Expert Opinion on Therapeutic Pateri899; Vol. 9, No. 4,
BP 541, 54001 Nancy Cedex, France. pp 431—446.
(1) Davies, J. SJ. Pept. Sci2003,9, 471—-501. (6) Bazan, J. FProc. Natl. Acad. Sci., U.S.A990,87, 6934—6938.
(2) Pavone, V.; Lombardi, A.; Maggi, C. A.; Quartara, L.; Pedone].C. (7) Burgess, KAcc. Chem. Re001,34, 826—385.
Pept. Sci1995,1, 236—234. (8) Suat, K.; Jois, S. D. Surr. Pharm. Des2003,9, 1209—1224.

10.1021/0l0487940 CCC: $27.50  © 2004 American Chemical Society
Published on Web 09/03/2004



based on bicyclic hexapeptides havifig-symmetry. We The synthesis of the alkene-containing linear hexapeptides
focused our attention on cyclic hexapeptides bridged by 2a—c was accomplished by conventional solid-phase peptide
functions that disrupt neither the peptide backbone confor- synthesis (Scheme 1) using Boc chemistry on a Boc-Pro-
mation by supplementary interaction nor the molecular Merrifield resin (substitution 0.6 mmol/g).
Co-symmetry. Boc--(or b)-Phe-OH and Boc-Pro-OH were coupled with
The disulfide bond between Cys residues and the lactambenzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium
group between Asp and Dap residues are usually used tohexafluorophosphate (BOP) reagent &ixBoc-allylglycine
create conformational constraints, but the asymmetry of the (Boc-allylGly-OH) with 2-(1H-benzotriazol-1-yl)-1,1,3,3-
former and the ability of the latter to interact with the peptide tetramethyluronium hexafluorophosphate (HBTU). Resin
groups may induce asymmetrical global conformations. The linear hexapeptides were treated with 5 mol % Grubbs'’s
chiral disulfide group in cyclo(Cys-Gly-Pro-Phegsults in Ru-catalysB in CH.CI, for 48 h at 40°C to yield compounds
two Cys residues having different side chain rotamers and 4a—c. After deprotection of the Boc group by TFA and
two Pro-Phe sequences assuming the type | and type licleavage from the resin using standard liquid HF procedure
B-turns in the crystal! On the other hand, the lactam bridge (10 mL of 9:1 HF/anisole per gram of peptidyl resin, 1 h at
in the pseudosymmetrical cyclohexapeptide cyclo(Phe-Asp-0 °C), the cyclic compound&a—c were obtained. Their
Trp-Phe-Dap-Trp)cyclo(28-54) interacts with the Trp-Phe analyses by HPLC and mass spectrometry coupled to liquid
amide bond so that the type | and typeSHurn structures  chromatography (LC/MS) revealed total conversion of the
are adopted by the Trp-Phe sequences in the solid 'étate. acyclic compound$® The second cyclization step was
These conformations are retained in solution. performed in dilute DMF (1 mM) with DIEA, using HBTU
Contrary to the lactam or disulfide-bridge, the trans car- as a coupling reagent amdthydroxybenzotriazole (HOBt)
bon—carbon double bond presents the advantage of keepingas an additive, for 4 h. Under these conditions, compounds
symmetry in the molecule and possesses a low probability 5a—c afforded bicyclic compoundsa—c in 80% conversion
of interaction with the molecular backbone. We then focused and 50% yield after HPLC purification.
our effort on ring-closing metathesis (RCM), which has found =~ Compoundlb crystallized with five water molecules (Fig-
extensive use for the synthesis of cyclic compoutids. ure 1)1° The peptide backbone assumed a ri@iglsym-
However, as far as we know there is no example in the
literature of cyclic compounds with the additional constraint
of a carbon-earbon double-bond bridge. We focused on the
synthesis of constrained compourits—c, which differ in
the L- or p-stereochemistry of the Phe residue (Scheme 1).

Scheme 1. Synthesis of Bicyclohexapeptidés—c
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Table 1. Main Torsional Angles for A and B Forms db in
the Crystal

allylGly*

torsional angles? Pro D-Phe A B

¢ —65 78 —149

P 117 9 172

w 180 —172 175

2t —25 68 83 46

212 37 —97/82 —94 92

P -34 170 -171

bl 19

a According to the usual IUPAC-IUB nomenclatii%HBTU, HOB,
DIEA, DMF

Table 2. Nature and Length (A) of the HBonds forlb

donor acceptor distance
allylGly*-NH allylGly*-CO 3.12
p-Phe-NH w1 2.87
W1H W3 281
WI1H' W2 2.68
W2H p-Phe-CO 2.76
W2H' Pro-CO 2.74
W3H allylGly*-CO 2.78

in a type Il g-turn (Table 1). The ethylene carbons accom-
modated two dispositions, A and B, in a 65:35 ratio (Figure
1). There is no direct peptidgeptide interaction, and each
molecule was surrounded by five water molecules (Table 2)
making an archway above the ethylene group.

In acetone-g 1a and 1b gave only one set of proton
resonances, indicating that both molecules re@irsym-
metrical conformations (Table 3). On the other hand 'the
NMR spectrum for the nonsymmetrical compouhciwas
practically the addition of that ofa and 1b, so that each
half of moleculelc retained the same conformations as in
the symmetrical moleculekaand1b. In all three cases, the
allylGly*-NH resonances were much less affected than the
Phe-NH resonances by addition of DMS@; indicating that
the Pro-Phe and Pm-Phe sequences wefiefolded.

The highJye coupling constant (8.4—8.9 Hz) for both
andp-Phe residues indicated#-folded Pro-Phe sequence
in both 1a and 1c and apll-folded Prob-Phe sequence in
both 1b and1c?!

Due to molecular symmetry, th&)- or (E)-conforma-
tion of the ethylene bond could not be determined in solu-
tion for both1a and1b. However, a vicinal coupling con-
stant of 15.7 Hz, typical for anE)-ethylene bond? was
measured forlc using irradiation of the allylGly*-CH,
resonances. On the other hand, irradiation of the ethylene
CH resonances gave access to the allylGlyf couplings.
Their small values (343.9 Hz) would account for the
gauche side chain rotamer correspondingte= 60° 23 but
such a disposition, implying that the ethylene plane was
perpendicular to the peptide ring, must be rejected be-
cause of severe hindrances. We therefore concluded that the
Jus coupling constants were in fact average values corre-
sponding to the two rapidly interconverting orientations A
and B of the ethylene group, already observed in the crystal
of 1b. On the basis of the two torsional angjgsin Table
1 and of thelys vs x* correlation?® the A:B ratio is estimated
to be about 60:40, quite close to that in the crystal structure
of 1b.

Table 3. Chemical Shifts (ppm) and Coupling Constants (Hz, in Parentheses) for Compbanidsn Me,CO-d;

compound la 1b 1c

Pro C*H 4.35 4.22
CPH, + C"H, 1.8—2.3 1.9-23
CoH, 3.95/3.72 3.85/3.60

L-Phe NH 7.94 (8.4) 7.77 (8.4)
CeHy 4.08 3.97
CPHAHB (Jax/JIex/Ias) 3.38/3.36 (6.8/8.0/—13.1) 3.39/3.34 (4.2/11.3/-13.7)
Ph 7.3—-7.5 7.3-7.5

allylGly NH 7.94 (7.7) 7.85 (7.9)
C*Hx 4.89 4.79
CPHAHE (Jax/Iex/Iap) 2.47/2.32 (3.4/3.6/—13.1) 2.42/2.28 (3.7/3.6/—13.1)
CHy = (Iav/Jev/Ivy?) 5.58 (4.9/5.1) 5.37 (5.4/7.3/15.7)

Pro CoH 4.43 4.38
CPH, + C"H, 1.9-2.4 1.8-2.3
CoH, 3.81/3.51 3.80/3.50

D-Phe NH 7.80 (8.6) 7.80 (8.9)
C*Hyx 4.46 4.42
CPHAHB (Jax/JIex/Ias) 3.21/2.99 (3.3/11.0/-14.3) 3.20/2.98 (3.3/11.3/—14.2)
Ph 7.3-7.5 7.3—-7.5

allylGly NH 7.95(8.1) 7.94 (8.1)
C*Hyx 4.81 4.78

CPHAHB (Iax/Ix!IaB)
C'Hy = (JAY/JBY/JYY')

2.50/2.23 (3.8/3.5/-13.2)
5.21 (5.0/7.9)

2.50/2.22 (3.9/3.5/-13.0)
5.29 (5.6/7.4/15.7)
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In conclusion, both symmetrical compountla and 1b The intrinsicC,-symmetry of the trans ethylene group and
contain two -turns of type | and Il, respectively, thus the absence of strong interactions with the main chain are
confirming our initial postulate that such a bicyclic structure probably responsible for the glob&,-symmetry of mol-
could be used for the design @%-symmetrical molecules.  eculesla andl1b.

The trans planar structure of the ethylene bridge is demon- Ongoing work is directed at investigating the synthesis of
strated in the crystal and in solution by NMR analysis of a library by modulating the Pro and Phe positiong-turns.
the nonsymmetrical derivativie, but it adopts two orienta-

tions with reference to the peptide backbone. Supporting Information Available: Experimental pro-
cedures andb X-ray data (CIF). This material is available
. ge)sliaﬂgép' W.R.; Brimble, M. A.; Gluckman, P. Drg. Lett 2003 free of charge via the Internet at http:/pubs.acs.org.

(18) Analysis is based on HPLC peak areas at 214 and 254 nm of the | 0487940
linear hexapeptide and the cyclic compound.
(19) Crystal data: H42NgOe'5 H,0, My = 744.84 g mot?, ortho-

rhombic, space grouB2,2;2, a = 13.408(1),b = 15.869(1),c = 9.591(1) (21) Aubry, A.; Cung, M. T.; Marraud, MJ. Am. Chem. Soc985,

A,V =2040.7(3) B, Z = 2, pcaica= 1.212 Mg n73, Cu Ka. radiation (1 107, 7640—7647.

= 154178 A), T = 293(2) K,R; = 0.059 [I > 20(1)] and wR = 0.17 [l (22) Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Bpectroscopic

> 20(1)]. Identification of Organic Compoungddohn Wiley & Sons: New York,
(20) IUPAC-IUB Commission on Biochemical Nomenclatuggchem- 1991; p 221.

istry, 1970,9, 3471—3479. (23) Cung, M. T.; Marraud, MBiopolymers1982,21, 953—967.
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