ORGANIC
LETTERS

Strained-Cyclophane-Induced f-Turn e

Template: Design, Synthesis, and 31833186
Spectroscopic Characterization

Pierre Cristau,’ Marie-Thérése Martin," Marie-Elise Tran Huu Dau,’
Jean-Pierre Vors,* and Jieping Zhu*'

Institut de Chimie des Substances Naturelles, CNRS, 91198 GifvstteYCedex, France,
and Bayer CropScience, 14-20 Rue Pierre Baizet, 69009 Lyon, France

zhu@icsn.cnrs-gif.fr

Received June 18, 2004

ABSTRACT
OMe OMe
NO, o
NO,
H
HN' HN
fo) [¢]
BocHN [¢]
BocHN o ay, O Bee o HNK
k(300]\/13 COOMe
la 2

Three tetrapeptides incorporating a 14-membered (Ri+1, Si+2) cycloisodityrosine at the i + 1 and i + 2 positions were designed and synthesized.
Conformational analysis by H NMR and CD spectra as well as molecular modeling indicated that they all adopt a #-turn conformation. While
the CD spectrum of compound 2 is characteristic of the typical type-Il f-turn (maximum at ~200 nm and a minimum at ~220 nm), that of la
(atropisomer of 2) is opposite in sign to the expected spectrum of the type-Il f-turn.

B-Turns are a subset of reverse turns and consist of arespectively’® While macrocycles have been used for the
tetrapeptide sequence in which thei—oci+s distance is construction of interngs-turn mimetics' they have only been
shorter than 7 A. Such turns are often stabilized by an rarely used for inducing an externgturn. In this regard,
intramolecular hydrogen bond between the carboxyl oxygen Katzenellenbogen has demonstrated that a 10-membered
of thei residue and the amide proton of the- 3 residue, lactam is capable of restricting tlgeandy torsion angles
which leads to the formation of a 10-membered ring-type of a tetrapeptide to those found in a typs-turn® Herein,
structure.3-Turns are often located on the protein surface we report the design, synthesis, and spectroscopic charac-

and hence play |mportant roles in the molecular recognition (3) (@ Kahn, M Synlett1993, 821826, (b) Maller, GAngew. Chenn.
events of biological systentsA great deal of effort has |y Ed Engl 1996 35, 2767-2769. (c) Hanessian, S.; McNaughton-

therefore been focused on the design and synthesis of smaler%ith, Gd: LtS)mbart, H.-G.; LllJlbeII, w. Dretraﬂegronlz%%l%, 1273{39—
constrained mimetics of this turn pattérTwo types of 284 (d) Souers, A. J. Ellman, J. Aetrahedron2001, 57, 7431
B-turn have been devised and synthesized; they are com- (4) Recent examples: (a) Olson, G. L.; Voss, M. E.; Hill, D. E.; Kahn,
i i ; M.; Madison, V. S.; Cook, C. MJ. Am. Chem. S0d 990,112, 323—333.
monly referred to as internal and external mimetics, (b) Virgilio, A.; Ellman, J. A.J. Am. Chem. So4994 116, 11586-11581.
(c) Kitagawa, O.; Velde, D. V.; Dutta, D.; Morton, M.; Takusagawa, F.;
TInstitut de Chimie des Substances Naturelles. Aubg J.J. Am. Chem. S0&995,117, 5169-5178. (d) Kreye, P.; Kihlberg,
* Bayer CropScience. J. Tetrahedron Lett1999,40, 6113—6116. (e) Jiang, L.; Burgess, K.
(1) (a) Rose, G. D.; Gierasch, L. M.; Smith, J. A./Ad:ances in Protein Am. Chem. So02002, 124, 9028—9029. (f) Blomberg, D.; Hedenstrp
Chemistry; Rose, G. D., Gierasch, L. M., Smith, J. A., Eds.; Academic: M.; Kreye, P.; Sethson, |.; Brickmann, K.; Kihlber,11.0rg. Chem2004,
Orlando, 1985; Vol. 37, pp-1109. (b) Ball, J. B.; Hughes, R. A.; Alewood, 69, 3500—3508 and references therein.
P. F.; Andrews, P. RTetrahedron1993,49, 3467—3478. (5) Finks, B. E.; Kym, P. R.; Katzenellenbogen, J.JAAmM. Chem. Soc.
(2) Burgess, KAcc. Chem. Re001,34, 826—835. 1998,120, 4334—4344.
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Figure 1. Structure of tetrapeptides incorporating cycloisodity-
rosine unit a + 1 andi + 2 positions.

terization of a cyclophane-induced external typgHturn
structure { and2) and document the effect of planar chirality
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on the circular dichroism (CD) spectra of these turns (Figure Figure 2. Structure of RA-VII and isodityrosine.

1).

RA-VII (3, Figure 2), a natural product with potent
antitumor activity, was the departure point for the present
research prografBoth X-ray and solution NMR spectro-
scopic analysis of RA-VII indicate the presence of a typical
type-Il S-turn structure for the major conformer. Since it is

well-known that 18-membered cyclic hexapeptides are prone

to adopting a turn-extended-turn conformationis thus not
unexpected that RA-VII contains&turn motif within the
18-membered ring. On the other hand, it was unknown
whether the 14-memberead,p-cyclophane alone (dr its
diastereomeb) was able to induce an exterrfaturn at the
outset of this work. Inspection of the X-ray structure of
(S+1,S+2)-cyclophane (4) and (R,S+2)-cyclophane (5,
Figure 2% indicated that only the nonnaturaRi{,S:>)-
stereomeb was capable of acting asfaturn inducer To
gain further insight into the conformational properties of

these two cyclophanes, molecular modeling of compounds

6 and7 was carried out. In accord with our speculation, only
the (Ry1,S+2)-7, not the §+1,S5+2)-6, adopted aS-turn

size-selective ring forming process based on the intramo-
lecular SYAr reaction (Scheme 1). Thus, cycloetherification
of dipeptide8 (DMSO K,COs, molecular sieve 3 A, room
temperature) gave, after methylation of the remaining phenol
function, the corresponding 14-membenagh-cyclophane
as two separable atropisom@&and10in 45% yield!® The
observed NOE correlation between protons-Hy, for 9 and
Ha—H. for 10, respectively, is indicative of their respective
planar chirality*! The diastereomerically pure atropisomers
9 and10 were converted to the corresponding tetrapeptides
laand2, respectively, following the standard deprotection-
coupling protocol. Tetrapeptidesb incorporating a (S)-
NHBoc leu at theN-terminal were synthesized following the
same synthetic sequence from cyclophfne

Conformational analyses dfa,b and2 were undertaken
to probe if they could indeed acceggurn conformations.
NMR studies of these compounds in DMSlpindicated the
presence of a sole conformer at room temperature. Spectro-
scopic assignments of all protons were made on the basis of

conformation. Indeed, the values of the torsion angles of the COSY and ROESY spectra. Temperature coefficient/ (

lower energy conformer of, ¢ (i+1) 70.8,y (i+1) —117.1,
¢ (i+2) —79.1,y (i+2) —7.6, corresponded nicely to that
of an ideal type-II'g-turn.

To verify these computational results and to probe the
influence of the planar chirality on the conformation of the
tetrapeptide, compoundsa,b and2 were synthesized via a

(6) (a) Morita, H.; Kondo, K.; Hitotsuyanagi, Y.; Takeya, K.; Itokawa,
H.; Tomioka, N.; Itai, A.; litaka, Y.Tetrahedron1991 47, 2757
2772. (b) Itokawa, H.; Takeya, K.; Hitotsuyanagi, Y.; Morita, fhe
Alkaloides; Cordell, G. A., Ed.; Academic Press: 1997; Vol. 49, pp 301—
387.

(7) Kessler, HAngew. Chem., Int. EA982,21, 512—523.

(8) Boger, D. L.; Zhou, J.; Borzilleri, R. M.; Nukui, S.; Castle, S.1.
Org. Chem.1997,62, 2054—2069.

(9) For the effect of stereochemistry of the pseudo2 residues on the
conformation of cyclic peptides, see: (a) Feng, Y.; Pattarawarapan, M.;
Wang, Z.; Burgess, KJ. Org. Chem1999,64, 9175—9177. See also: (b)
Wipf, P.; Henninger, T. C.; Geib, S. J. Org. Chem 1998, 63, 6088—
6089. (c) Haque, T. S.; Gellman, S. H.Am. Chem. S02997,119, 2303—
2304.
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AT) were measured by recording 261 NMR spectra
between 298 and 343 K with an increment 6&in DMSO-

ds and are summarized in Table 1. The relatively low-
temperature coefficient values for the Nkof compounds
la, 2, and1lb (AS/AT = —2.77,—2.95, and—3.68 ppb/K,
respectively) indicated that these protons were engaged in
intramolecular hydrogen bonding. Significant NOE connec-
tivities between the NH, and NH.3; NH;;, and aCHiy
and the lack of correlation between protons;Nrnd NH.,
were indicative of type lI-likes-turn conformations. The
observation of an NOE cross-peak between protong. NH

(10) (a) Bigot, A.; Zhu, JTetrahedron Lett1998,39, 551—-554. (b)
Bigot, A.; Tran Huu Dau, E.; Zhu, J. Org. Chem1999,64, 6283—6296.
(c) Bois-Choussy, M.; Cristau, P.; Zhu, Angew. Chem., Int. ER003,
42, 4238—4241. For a short account, see: (d) Zh&yhlett1997, 133—
144.

(11) Eliel, E. L.; Wilen, S. H.Stereochemistry of Organic Compounds
John Wiley & Sons Inc.: New York, 1994; Chapter 14.
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Scheme 1. Synthesis of Tetrapeptidesa and?2 Table 1. Temperature Coefficients (AS/AT, ppb/K) for the NH
Protons of Compoundsa,b and 22

NHi+3 NHi+2 NHi+1 NH;
1a 277 —4.65 -8.36 ~6.26
. 1b ~3.68 —454 —981 ~11.63
BocHN 2 —2.95 —4.07 —8.42 —6.21

COOMe

alH NMR spectra were recorded on a Bruker Avance-600 (600 MHz).

(a) K,COs, DMSO,
molecular sieve 3A

gl%)O/Mfel, K.CO3 DMSO, spectrum of a given peptide and thus provide inconclusive
b for two steps information. Furthermore, these compounds have a plane of
chirality that could modify the CD spectrum. Keeping this

NO, Me in mind, different solvents (DMSO, DMS©H,0, MeOH—
H,0, and MeCN) were used for recording the CD spectra
of 1a,b and2 and those recorded in acetonitrile are shown
BocHN“, BocHN‘ in Figure 313

COOMe
COOMe

(a) TFA, CH,ClI,

(b) D-NHBoc Leu, EDCI,
HOBY, EtzN, CH,Cl,,
93%for two steps

NO, Me o o
40 N i
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0 BocHN

BocHN MeO MeQ” ~0 .
Figure 3. CD Spectra of compoundka,b and 2.
1 12
(a) LIOH, THF-H,0 (31) In this solvent, the CD spectrum for compoudis
(b) methyl glycinate, EDCI, characteristic of a typical type IB-turn, it exhibits a
HoBt Eul, gg‘;g'z maximum at~200 nm and a minimum at220 nm. On the
other hand, the CD spectra for compoutaithe atropisomer
OMe OMe of 2, contained a minimum at200 nm and a maximum at
NO. o ~220 nm, exactly the opposite of the expected spectrum of
NO, a type-Il S-turn. Since it i_s Knovyn that atropisqmers can
i1 T » H o ap d|§pla¥ CD spectra opposite in si¢ghwe hypothesaed that
i N HN\\« N thIS. might be the case for the-turn motifs. QD .spe'ctra
. 0 , 0 similar to 1a were observed for compounth, indicating
BocHN ¢ an’ O BocHNG Lisg i that this trend may be a general phenomenon. The maximum
KC';?’OMG chgMe absolute value of the molar ellipticity fata was higher
1a 2 than for2 and 1b, indicating that both the planar chirality

and the absolute configuration of amino adidmight
influence the conformational flexibility of the tetrapeptide,
and aCHi;1 also indicated the trans configuration of the with la being less flexible. This conclusion is in accord
central amide bond in contrast to this-configuration for with the lower AS6/AT value of NH43 for compoundla.
RAs. Computational studies of compounds and 2 indicate
Circular dichroism CD spectra have been used extensivelythat the low-energy conformations adopted by these com-
for the characterization of peptide conformations. The pounds are indeeg@-turns (Monte Carlo random search,
presence of two aromatic rings in the cyclophabesd?2*? optimized by Macromodel program, version 5.5, AMBER
may significantly influence or dominate the expected CD

(13) Solvent effect on CD spectra: Halab, L.; Lubell, W.JDAmM. Chem.
(12) It is worth noting that the 1,4-disubstituted benzene ring in So0c.2002,124, 2474—2484.

compoundda,band2 was deformed due to the high ring strain associated (14) For example, see: Jeffs, P. W.; Chan, G.; Mueller, L.; Debrosse,

with this m,p-cyclophane. C.; Webb, L.; Sitrin, RJ. Org. Chem1986,57, 4272—4278.
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Figure 4. Low energy conformers of compounds and 2.

force field and GB/SA water solvation, Figure 4, cf.
Supporting Information).
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In summary, we have demonstrated th&{,S+2)-
cycloisodityrosine can act effectively as an exterflrn
inducer and we have documented for the first time, a situation
in which two-turns, with identical amino acid residues and
central carbon chiralities, gave CD spectra opposite in sign
due to the presence of a remote planar chirality. The
cycloisodityrosined or 10 can be considered as a promising
scaffold for the design and synthesis of libraries of short
oligomers with a well-defined secondary structure.
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Supporting Information Available: Spectroscopic data
for compoundd ap, 2, and8—10and conformational studies

(1a,b and 2). This material is available free of charge via
the Internet at http://pubs.acs.org.
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