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External bicyclic f-turn dipeptide mimetics provide an excellent design approach that can offer a rich chiral ensemble of structures with
different backbone conformations. We report herein a novel design of a convergent combinatorial synthetic methodology, which is illustrated
by the solid-phase synthesis of a series of [3.3.0]-bicyclol?3-Leu-enkephalin analogues. The reactions were optimized and the epimeric
configurations were determined by 2D NMR spectroscopy. Biological assays show that these analogues have more potent é binding affinity
and bioactivity for d vs u opioid receptor, which may be related to the different conformations preferred by these analogues in our modeling
studies.
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Numerous efforts have been focused on building a variety and ¢ dihedral angles of the backbone but also fhend

of B-turn peptidomimetics.Among them, bicyclics-turn x2 dihedral angles of side chain groups (Figure 1). Different
dipeptide (BTD) mimetics have been generally classified as kinds of external bicyclic scaffold synthetic methodologies
internal or externgB-turn mimetic? based on the covalent have been developed by several grotipsit a systematic
scaffold support located inside or outside the turn structure. application of these methods to solid-phase synthesis has not
Several types of interngd-turn-stabilizing structures have been reported. Due to the lack of efficient synthetic
been develope#;%? a few of which have been used to methodologies for preparing structurally diverse bicyclic

generate combinatorial libraries by using solid-phase
(2) (a) Eguchi, M.; Lee, M. S.; Nakanishi, H.; Stasiak, M.; Lovell, S.;

|2ac.e i i - i 1 -
sythe5|.§. Ex.ternal bicyclic-turn dipeptide® are es Kahn, M. 01999 121 12204. (5) Eguchi. M.: Shen, R,
pecially interesting because they can control not onlygthe v, w.; Shea, J. P.; Lee, M. S.; Kahn, \imkiiammaaan2002, 45, 1395.
(c) Acharya, A. N.; Nefzi, A.; Ostresh, J. M.; Houghten, R. BGamb.
T University of Arizona Health Science Center. Chem 2001 3, 189. (d) Ostresh, J. M.; Schoner, C. C.; Hamashin, V. T;
(1) For recent reviews g¢i-turn mimetics, see: (a) Souers, A. J.; Ellman,  Nefzi, A.; Meyer, J.-P.; Houghten, R. fainitaiaaain1998 63, 8622. (e)
J. A. hadabegsa”001, 57, 7431. (b) Halab, L.; Gosselin, F.; Lubell, W. Souers, A. J.; Virgilio, A. A;; Rosenquist, A.; Fenuik, W.; Ellman, J.JA.
D. I 12000 55, 101. Forp- “turn definitions and their imEReRimin0 1999 121, 1817. (f) Virgilio, A. A.; Ellman, J. AJ. Am.

significance in biological activity, see: (c) Rizo, J.; Gierasch, L.Adou. Chem. Soc1994 116, 11580.
Basmiiaaias 1992 61, 387. (d) Rose, R. D.; Glerasch L. M.; Smith, J. (3) For a bicyclic dipeptides review, see: Hanessian, S.; McNaughton-
A. IS 1985 37, 1. Smith, G.; Lombart, H.-G.; Lubell, W. Daiaaagean1 997 53, 12789.
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peptide’ Enkephalin analogues withandg opioid agonist
activities have been extensively studfe@revious work
indicated that although enkephalin itself has a random
structure in water, #@-turn conformation at the GHGly?
positions is important for its biological activiyA (3S6S9R)-
[4.3.0]-azobicycl&-3-Leu-enkephalif?? and a (R,5S89)-
[3.4.0]-thiazobicycl&-3-Leu-enkephalitf® have been pre-
pared previously by conventional methdfi$iowever, one
single isomer inserted in the enkephalin structure gives a

2.n=012 very limited picture. Here we report a novel synthesis of
External BTD several [3.3.0]-bicycl&3l-Leu-enkephalin analogues with
different geometries by nonconventional solid-phase syn-
R Ruq, _X thesis!! The synthesis of SFm-cysteine was accomplished
/'\i + ﬁ*\/ by a modified method? S*-Fm protection was chosen so
FmocHN” “CO,H FmocHN” “CO,H that both theN*-Fmoc andS’-Fm protecting groups can be
3 4.X=CHy, O simultaneously deprotected by piperidine_. Allylglycine was
:> ’ protected by anN*-Fmoc, and the terminal alkene was
FmS,, _R'u R oxidized to the aldehyde by OsMalO,.*?
+ J: + 3 N*-Fmoc-Leu-Wang resin was used to begin our synthesis
FmocHN” “CO,H FmocHN™ ~CO,H of the [3.3.0]-bicycl&3-Leu-enkephalin analogues (Scheme
5 6 1). N*-Fmoc deprotection and the subsequent coupling steps

Figure 1. Design of external BTD and its retrosynthetic analysis _
on the solid phasé.
Scheme 1. Total Synthesis of [®,5R,79- and
(2R,5579-[3.3.0]-Bicycld?3-Leu-enkephalin Analogues on a
Solid-Phase Suppért

dipeptides, most of this work has been limited to obtaining

only a few of the possible isomers of bicyclic dipeptides in Fms y o .

a particular scaffold. _ ) —— MFmocHN\QN AN o —
Recently, we have been working on the asymmetric 5 o i H o

synthesis of different kinds of BTD mimetit$o obtain a 7

better understanding of the molecular basis of peptide °

ligand—protein receptor interactions that lead to high potency |FmocHn He i Hs

and receptor selectivity. The BTD desigh (Figure 1) HOLC HN\%,Phe—Leu ‘OL ——— _g’\; ‘gphe_mu Q
maintains the original peptide backbone. This design is z o o

general enough to be used for all peptides which may involve 10

[B-turn structures. The stereochemistry of these BTDs gener|

H
ally has been predetermined by the nature of the novel aming Fmoc,_,N\j)\ 2
wili, ix 2 ﬁ N Phe—Leuvo
e o

9

acid building blocks which are used for the synthesis. We

envisioned that bicyclic dipeptides could be synthesized on @

a solid-phase support in conjunction with synthesis of larger,

peptides in a manner similar to solid-phase peptide chemistry o H 4

A retrosynthetic analysis of this concept indicates that thesg HzN\_)J\N,q}(N%/H 2 ¢OH

bicyclic dipeptides actually need only two nonstandard amino %, xi N g T

acids (Figure 1). They afe-substituteds-unsaturated amino Q @

acids4 and thes-substituted cysteines; respectively. Both OH 12

of these enantiomerically pure nonproteinous amino acids akey: (i) 25% piperidine in DMF; (i) Fmoc-Phe-OH, HBTU,

can be synthesized using synthetic methodologies we recentlyHOBT, DIEA; (i) identical to i; (iv) Fmoct-Cys-S(Fm)-OH,

have develope#. DCM/DMF, HBTU, HOBT, DIEA; (v) 50% piperidine, 5% TIPS,
To demonstrate this novel concept, we chose Leu- DMF; (vi) S2-(9H-fluorenyl-9-methoxycarbonylamino)-4-oxo-

. - . butyric acid, DMF, DIEA; (vii) HBTU, HOBT, DIEA; (viii)
enkephalin, an endogenous opioid peptide as a target g iical to i: (ix) Fmoc-Tyr-(OBu)-OH, HBTU, HOBT, DIEA;

(x) identical to i; (xi) 90%TFA, 5% HO, 5% TIPS.

(4) Eight diastereomer peptides are possible for external bicyclic dipep-
tides with no side chain groups involved, while 32 possible isomers are
available if the side-chain groups are included.

(5) (a) Zhang, J.; Xiong, C.; Wang, W.; Ying, J.; Hruby. uslisebei¥  were accomplished by conventional meth&usfter cysteine
2002 4, 4029. (b) Gu, X.; Tang, X.; Cowell, S.; Ying, J.; Hruby, V. J. . o .

2002 43, 6669. (c) Wang, W.; Yang, J.; Ying, J.; Xiong, coupling, theN*-Fmoc andS’-Fm were deprotected using
\(/‘(/'; Zha\;\llg,;_.; CaI,CC-:HHrl;be\,/V- MZ%JOZl%, g?i55?é Edg 50% piperidine in DMF and 5% TIPS to guarantee the
ang, W.; Xiong, C.; Hruby, Vi . (e ion i i iserl
Qiu, W.; Gu, X.. Soloshonok, V. A., Carducei, M. D.. Hruby, V. J. completeness of the reaction in 30 min. The Kaiser*test

imntssisssasening (12007, 42, 145. for Cys residues does not show a deep blue color in the
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presence of the unprotected thiol because the sulfur react:
in an intramolecular reactiéhto give a thiazolidine. As a

matter of fact, a positive color indicated an incomplete ROE % H
deprotection of the8-Fm on sulfur. TheN,Sthiazolidine /—\';" s \© H, S
formation withR- or S-2-(9H-fluorenyl-9-methoxycarbonyl- H,g;r \) ~~HN N\Z,H
amino)-4-oxobutyric acid followed and was optimized in "N N~ o  cOow
DMF with 2 equiv of DIEA within 2 h. A similar strategy , 2ac(>2R,5R(,2/c\>S;w a2 @RS |
for thiazolidine synthesis on a solid-phase support has been

reported previously® Diastereomeric peptides with the H & ROE H
epimeric bridge head H were formed at this stage. The H ?/-83“‘ H S
lactamization of the secondary amine using HBTU and MHN\g\g/H MHN\q\g,H
HOBT in the presence of DIEA progressed quickly. Finally, 0  Ccow O  COw
Ne-Fmoc-Tyr-(O!Bu)-OH was introduced by conventional 13a PR5R.7R) 13b (2R5S.7R)

, : o : :
peptide Synthe5|§°’.Aﬁ§r N*-Fmoc geprotegtmn, the peptide Figure 2. Stereochemistry of bicyclic dipeptides and the bridgehead
was cleaved from resin. The peptide solution was evaporatedgoes.

and neutralized, and the diastereomeric analogues were
isolated and purified on a reversed-phase HPLC coltimn.
This 11-step synthesis of bicy&d-Leu-enkephalin thus The synthesized [3.3.0]-bicydté-Leu-enkephalin ana-
was completed, and two bridgehead diastereomeric peptidegogyes were examined for their binding affinities to opioid
were generated in about 12 h time. The combined yl_eld of receptors in competition withifl]-deltorphin 1l () and BH]-
the final products was 48% with clean HPLC speétrahis DAMGO (x) (Table 1). All the analogues show binding
optimized procedure was used to synthesize two other g¢finities with ICso values in the micromolar range. In

diastereomerg3aand13bfrom p-allylglycine in a combined  comparing the andy binding affinities, we observed they
yield of 43%. The diastereomeric ratio b2a(2R,5R,7S) to

to 13b (2R,557R) was 40:60:3 The bridgehead configuration - — - :
were assigned on the basis of ROE connectivity patterns Table 1. Binding Affinity in Competition with PH]-DAMGO

(Figure 2). We were fortunate that the bridgehead hydrogensand PH]-Deltorphin 11 in Mouse Brain Membranes and Potency
(4.8-5.0 ppm) are well separated from other protons in the 1" MVD and GPI/LMMP Bioassays

D0 solution NMR spectra, allowing the relationship of these peptide Del I1 () (%) DAMGO MVD GPI/LMMP
isomers to be assigned unambiguously. analogues 1Csp (M) @) %) (0) (%) () (%)
b b

(6) For a convenient asymmetric synthesigeafromatic angs-aliphatic 12a (2R 5R,7S) 22,5 0.6 14'4b 3'8b
substituted cysteines, see: (a) Xiong, C.; Wang, W.; Cai, C.; Hruby, V. J. 12b (2R,5S,7S)  47+9 02 10.3 6.1
Emmitinia 2002 67, 1399. (b) Xiong, C.; Wang, W.; Hruby, V. J. 13a (2R,5R,7R) 24+0.9 20.62 15.5° 5.9°
Eiamlae 2002 67, 3514. ForB-substitutedy,e-unsaturated amino acid, 13b (2R,5S8,7R)  33.12 2.62 11.5b 4.6b
see: (c) Gu, X.; Scott, C.; Ying, J.; Tang, X.; Hruby, uiikiiSiasa
Lett 2003 44, 5863. apercent decrease of maximum binding at ¥ peptide.? Percent

(7) Hughes, J.; Smith, T. W.; Kosterlitz, H. W.; Fothergill, L. A.; Morgan,  decrease of maximum effect awM peptide.
B. A.; Morris, H. R. Nafure 1975 258 577.

(8) Hruby, V. J.; Gehrig, C. Aiiataiiatemige 1989 9, 343.

(9) (a) Kreye, P.; Kihlberg, Jiminniassmmsmuntt1999 40, 6113. (b)
Malicka, J.; Groth, M.; Czaplewski, C.; Kasprzykowska, R.; Liwo, A.; inid li indi ini
Lankiewicz, L.; Wiczk, W |pfiiinSiianCi1998 5, 445. (c) Hruby, V. J.; all are more pot.eni opioid .Ilgand.s' The blr.".jmg aﬁmlty of
Kao, L.-F.; Pettitt, B. M.; Karplus, Vi 1988 110, 3351. 13a (2.4 uM) with a p-amino acid in position-2 is about
: (lOIZ (&) ?_oisﬁllinWFB Tourwd®.; %8819?7’ “§§7M(?§'h T, _Haylesn,tL.: 20-fold better than that of2b (47 uM) with an L-amino
urzak, M.; Lubell, W. D juRaiaiaRg s . agai, U.; Sato, . . o, . e
K. Prepr.: Struct. Funct.; Proc. Am. Pept. Symp., 9885 465, acid at thls position. The effect af-amino acids in Leu- .

(11) It should be noted that the [3.4.0]- and [3.5.0]-bicyclic dipeptides enkephalin analogues DPDPE has been previously dis-
cannot be simply synthesized using the methodology we have developedcussedj The functional assays (I\/IVD and GPI/LMMP) also
here due to the formation of 5- and 6-membered hemiaminals (see ref 5b ) o O
and 6c). The methodology for [3.4.0]- and [3.5.0]-bicyclic dipeptides can show more potend activity thany activity (Table 1).
ﬁﬁle”;‘t’igg't?gnfﬁ”;l}??azg‘r’g’t%rs;rategy' and such studies currently are under  \10deling studie® have shown that the backbones con-

(12) (a) Albericio, F.; Nicolas, E.; Rizo, J.; Ruiz-Grayo, M.; Pedroso, formations of [3.3.0]-bicycl?-Leu-enkephalin are con-

E.; Giralt, E-Sﬂﬁ%ﬁ%@ 112139- (b) Campbell, A. S.; Fraser-Reid, B.  trolled by different bicyclic chiralities. Although [3.3.0]-

(13) For experimental details, see the Supporting Information. BTDs haye been proposed gsturn mimetics'? thejr
(14) KTS% 521; Ei;)sl)escott, R. L.; Bossinger, C. D.; Cook, Raal, conformations may be modulated not only by the configura-
(15) An intermédiaté generated in Kaiser test prevents the formation of tIOhS of the BT[_)S_ but also by the”f SpeCIfIC peptlde sequence.
Ruhemann’s purple. Also see ref 14. It is not surprising that no typicgb-turn structure was

(0]
O HS
l S (17) (a) Mosberg, H. I.; Hurst, R.; Hruby, V. J.: Gee, K.; Yamamura, H.
| N — J.; Galligan, J. J.; Burks, T. *.AQSS 80, 5871.
HN (b) Mosberg, H. J.; Hurst, R.; Hruby, V. J.; Galligan, J. J.; Burks, T. F.;
o o 0 o) Gee, K.; Yamamura, H. Life.Sgi 1983 32, 2565.

(18) Sabasingh, N. L.; Bontems, R. J.; Mcintee, E.; Mishra, R. K;
(16) Patek, M.; Drake, B.; Lebl, Viissiossasauingtt1995 36, 2227. Johnson, R. Ljxidatisiain1993 36, 2356.
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observed for the bicyclé®-analogues. However, a type | diastereomeric libraries of these novel compounds. It should
pB-turn conformation inl3a occurs at positions-34 (¢3 = provide a unique tool for studying structure-biological
—46.C, 3= —43.Q, ps = —94.9, v, = +7.3), consistent activity relationships in combination with NMR and model-
with the X-ray structure of Leu-enkephalin previously ing techniques. The method is general enough for parallel
reported® In addition, the distance (8.78 A) between the synthesis of all chiral side-chain containing bicyclic dipep-
two aromatic ring centroids fits well with expected distances tides using the appropriate amino acid precursors. The
for o receptor ligand$? In light of the type I turn structure  syntheses of [3.3.0]-bicyclic dipeptides with side-chain
and the pharmacophore distance requirements, no otheigroups and [3.4.0]- and [3.5.0]-bicyclic dipeptides on solid-
analogues show a better fit, which may provide the structural phase supports are currently under investigation.
basis for the highed binding affinity andd bioactivity of
13arelative to the other analogues. Acknowledgment. This work was supported by US
In summary, we have developed a novel methodology for Public Health Service grants (DK 17420) and the National
the synthetic assembly of external bicyclic dipeptide contain- Institute of Drug Abuse (DA 06284, DA 13449). The Bruker
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