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Abstract: We have synthesized the model dipeptides IPRro-gPhe-NHPr, incorporating each of the two
cis cyclohexane analogues of phenylalaningSy- and R R)-1-amino-2-phenylcyclohexanecarboxylic acid.
Their structural analysis has been carried out in solutioAtb{NMR and FTIR absorption spectroscopy and
in the solid state by X-ray diffraction. In weakly polar chlorinated solvents, #®dgPhe-containing dipeptide
mainly accommodates a typestturn, whereas theRR) residue shows a greater propensityptt-folding.
This behavior does not differ significantly from that exhibited by the analogous dipeptides contaigingd
pD-Phe. However, the-Proi-Phe sequence has been shown to underfibte-5ll transition in the presence
of a strong solvating medium, such as DMSO, or in the crystalline state. Interestingly;F?o~+S S)csPhe-
NHiPr, incorporating its cyclohexane analogue wjthfixed at +-60°, retains thesl-folded structure under
these conditions. Theoretical calculations, supported by the experimental data, indicate gfPla¢H to
aromaticsr-orbitals interaction has an important influence on the obsefvalding preferences.

Small and medium peptides are generally highly flexible modificationl®¢2incorporation of specific amino acidg,and
molecules that exist in solution in a dynamic equilibrium of use of fragments of a nonpeptide nature that mimic secondary
interchanging conformations. As a consequence, most naturalstructure elements (a-helices,-sheets, turns).
peptides with physiological activity cannot be used for thera-  Although recent years have seen enormous progress in the
peutic purposes, since the various conformers available maydesign of peptides with well-defined backbone conformations,
activate different receptors, thus leading to undesired side effects.insufficient attention has been paid to the geometry of the side
The introduction of conformational constraints constitutes one chain moieties. Side chains are, however, essential in peptide-
of the most promising approaches to overcome this difficulty.  (2) (a) Gilon, C.; Halle, D.; Chorev, M.; Selinger, Z.; Byk, 8iopoly-

In comparison with native peptides, restricted analogues usuallyg";rzsé?g;ogl,(7)43—750- \gb)J T%]ioolg, %;lné- JI.(Pepp PLC_JU?,E_ Reh5‘199QJ
. . . ) — . (C rupy, v. J.; - eldl, F.; Kazmierski, ljochem. J.
display more favorable pharmacological properties, such as 1990 268 249-262. (d) Kessler, HAngew. Chem., Int. Ed. Engl9s2

enhanced selectivity and increased metabolic stability. In 21, 512-523,
addition, this strategy offers a valuable means to investigate (3) (a) Spatola A. F. IrChemistry and Biochemistry of Amino Acids,

; ; ; _Peptides and ProteindVeinstein, B., Ed.; Marcel Dekker: New York, 1983;
the relationship between structure and function, the understand Vol. 7, pp 267-357. (b) Marraud. M.: Aubry, ABiopolymers1996 40,

ing of which is essential for the rational design of peptide-based 45-g3 '(c) Hruby, V. JBiopolymers1993 33, 1073-1082. (d) Gante, J.

drugs.
A major approach in the development of conformationally

restricted peptides is to decrease the flexibility of the backbone.

The different methodologies applied to limit the allowed
combinations of the,y torsion angles include short-, medium-
and long-range cyclizatidkc2 (backbone to backbone, side

Synthesis1989 405-413.

(4) (a) Obrecht, D.; Abrecht, C.; Altorfer, M.; Bohdal, U.; Grieder, A,;
Kleber, M.; Pfyffer, P.; Miler, K. Helv. Chim. Actal996 79, 1315-1337.
(b) Benedetti, EBiopolymers1996 40, 3—44. (c) Toniolo, C.; Crisma,
M.; Formaggio, F.; Benedetti, E.; Santini, A.; lacovino, R.; Saviano, M.;
Di Blasio, B.; Pedone, C.; Kamphuis, Biopolymersl1996 40, 519-522.
(d) Toniolo, C.; Crisma, M.; Formaggio, F.; Valle, G.; Cavicchioni, G.;
Precigoux, G.; Aubry, A.; Kamphuis, Biopolymersl993 33, 1061-1072.

chain to backbone, side chain to side chain), peptide bond (e) Toniolo, C.; Benedetti, EVilacromoleculesl991, 24, 4004-4009. (f)
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receptor recognition processes, to the extent that their interactioncases, rotation about®€C? is limited by steric interactions

with the complementary receptor groups determines biological
specificity. Their three-dimensional arrangement is therefore
critical for bioactivity, and the elucidation of the precise spatial
disposition required for binding to the receptor is of the utmost
importance in establishing the so-called bioactive conformation.
The incorporation of side chain constrained amino acids
constitutes a powerful tool to explore this important aspect of
peptide structuréRestrictions on the torsion angles will affect

between the vicinal substituents. Rigidity can be increased
through the introduction of bridges of variable length between
different parts of the molecule, and this type of modification
has proven extremely useful in the case of Tic (1,2,3,4-
tetrahydroisoquinoline carboxylic aciéd?d14

An attractive series of phenylalanine cyclic derivatives can
be obtained by linking theo- and p-carbons through an
alkylidene bridge. Rotation abouf€C? is then prohibited, the

the conformational preferences of the side substituents and haveside chain orientation being dictated by both the bridge length

an impact on the rotameric distribution with respect to unmodi-
fied residues. The equilibrium among the three low-energy C

(and subsequent ring size) and the stereochemistry* @n@
CF. The smallest member of this family, in which an additional

C staggered conformations assumed by proteinogenic aminomethylene unit closes a cyclopropane and which we denote as

acids may be shifted to a particular rotamer. Moreover,
dispositions not accessible to these residues may be allowed
preferred, or even fixed by adequately restricting thealues.
Thus, the incorporation of amino acids with well-defingd
tendencies into bioactive peptides may provide fundamental
insights into the precise conformational requirements of the side
chain groups to fit the receptor binding site.

Phenylalanine, in the same way as other aromatic residues

csPhe, has been incorporated into several peptide sequéhEes.

in this context, we have studied its behavior in the model
dipeptides RCQ-Pro-gPhe-NHM@&® and observed an influence
of csPhe chirality on thgg-turn type accommodated in weakly
polar solvents. Of special relevance is the finding that, among
the two cis derivatives, §ScsPhe (analogous ta-Phe)
preferentially induces a type f-turn, whereas K ,R)csPhe

(analogous tm-Phe) tends more tg@ll-folding. It should be

seems to play an important role in recognition processes and isnoted that for bottcis stereoisomers the rigid cyclopropane

often located in pharmacophoric regiohk addition, a wide
variety of constrained phenylalanine analogues with different
degrees of control over the benzylic chain orientation has
become synthetically availabfeThis amino acid therefore

moiety confines the amino and phenyl groups to an eclipsed
conformation ¢! ~ 0°, Figure 1). On the basis of these
observations we have proposed that an attractive interaction
between the freesPheNH and the aromatier-orbitals might

constitutes an appropriate candidate to investigate the structuraplay an important role on the observgeturn tendencies. It

and biological consequences arising from side chain restriction.
The rotational freedom of the side chain can first be influenced
by methylation at theo- or S-positions, which has been
extensively studied irofMe)Phe?d?and 3Me)Phe-containirfgf’10

appears that this stabilizing intramolecular interaction can be
overcompensated by solvation or molecular aggregation, since
in DMSO solution and in the solid state both dipeptides
incorporatingcis-csPhe accommodate the sapié-turn struc-

peptides. The presence of more sterically demanding groups.ture.

as in @Et)Phe!! (8Pr)Pheé12and Dip (diphenylalaningf will
further reduce the space available to the phenyl ring. In all these

(6) Hruby, V. J.; Li, G.; Haskell-Luevano, C.; Shenderovich, M.
Biopolymers1997, 43, 219-266.

(7) Marshall, G. RCurr. Opin. Struct. Biol.1992 2, 904-919.
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615.
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1995 1, 349-359. (c) Pantano, M.; Formaggio, F.; Crisma, M.; Bonora,
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G. Tetrahedron1993 49, 3641-3653. (f) Huang, Z.; He, Y.-B.; Raynor,
K.; Tallent, M.; Reisine, T.; Goodman, M. Am. Chem. S0d.992 114
9390-9401.
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D.; Trivedi, D.; Li, G.; Sturm, N. S.; Hruby, V. Jl. Med. Chem1996 39,
2449-2455. (e) Mosberg, H. I.; Omnaas, J. R.; Lomize, A.; Heyl, D. L.;
Nordan, I.; Mousigian, C.; Davis, P.; Porreca,J-FMed. Chem1994 37,
4384-4391. (f) Nikiforovich, G. V.; Prakash, O. M.; Gehrig, C. A.; Hruby,
V. J.Int. J. Pept. Protein Red.993 41, 347-361. (g) Hruby, V. J.; Toth,
G.; Gehrig, C. A,; Kao, L.-F.; Knapp, R.; Lui, G. K.; Yamamura, H. |;
Kramer, T. H.; Davis, P.; Burks, T. F. Med. Chem1991, 34, 1823~
1830.
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Toniolo, C.; Broxterman, Q. B.; Kamphuis, Beptide Res1995 8, 294—
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(12) Liao, S.; Shenderovich, M. D.; Lin, J.; Hruby, V. Tetrahedron
1997 53, 16645-16662.
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Pept. Res1997 49, 145-154. (b) Dey, O.; Josien, H.; Grassi, J.; Chassaing,
G.; Couraud, J. Y.; Lavielle, Biopolymers1996 39, 67—74. (c) Cody,
W. L.; He, J. X.; DePue, P. L.; Waite, L. A.; Leonard, D. M.; Sefler, A.
M.; Kaltenbronn, J. S.; Haleen, S. J.; Walker, D. M.; Flynn, M. A.; Welch,
K. M.; Reynolds, E. E.; Doherty, A. MJ. Med. Chem1995 38, 2809~
2819. (d) Josien, H.; Lavielle, S.; Brunissen, A.; Saffroy, M.; Torrens, Y.;
Beaujouan, J.-C.; Glowinski, J.; Chassaing,JGMed. Chem1994 37,
1586-1601. (e) Cheng, L.; Goodwin, C. A.; Schully, M. F.; Kakkar, V.
V.; Claeson, GJ. Med. Chem1992 35, 3364-3369.

(14) (a) Flippen-Anderson, J. L.; Deschamps, J. R.; George, C.; Reddy,
P. A.; Lewin, A. H.; Brine, G. A.; Sheldrick, G.; Nikiforovich, Gl. Pept.
Res. 1997 49, 384-393. (b) Manning, M.; Cheng, L. L.; Stoev, S
Bankowski, K.; Przybyiski, J.; Klis, W. A.; Sawyer, W. H.; Wo, N. C;
Chan, W. Y.J. Pept. Sci1995 1, 66—79. (c) Wilkes, B. C.; Schiller, P.
W. Biopolymers1995 37, 391-400. (d) Valle, G.; Kazmierski, W. M.;
Crisma, M.; Bonora, G. M.; Toniolo, C.; Hruby, V. [ht. J. Pept. Protein
Res.1992 40, 222-232. (e) Kazmierski, W. M.; Yamamura, H. |.; Hruby,
V. J. J. Am. Chem. Socl99], 113 2275-2283. (f) Schiller, P. W.;
Weltrowska, G.; Nguyen, T. M.-D.; Lemieux, C.; Chung, N. N.; Marsden,
B. J.; Wilkes, B. C.J. Med. Chem199], 34, 3125-3132. (g) Lebl, M,;
Hill, P.; Kazmierski, W.; Kaészova L.; Slaninova J.; Fric, |.; Hruby, V.
J.Int. J. Pept. Protein Re4.99Q 36, 321-330. (h) Kazmierski, W.; Hruby,
V. J. Tetrahedron1988§ 44, 697—710.

(15) (a) Burgess, K.; Ho, K.-K.; Pal, Bl. Am. Chem. S0d.995 117,
3808-3819. (b) Yoshitomi, H.; Shimohigashi, Y.; Matsumoto, H.; Waki,
M.; Takano, Y.; Kamiya, H.; Stammer, C. IPept. Chem1989 26, 43—

46. (c) Ogawa, T.; Yoshitomi, H.; Kodama, H.; Waki, M.; Stammer, C.
H.; Shimohigashi, Y.FEBS Lett.1989 250, 227-230. (d) Mapelli, C.;
Stammer, C. H.; Lok, S.; Mierke, D. F.; Goodman, Mt. J. Pept. Protein
Res.1988 32, 484-495. (e) Shimohigashi, Y.; Takano, Y.; Kamiya, H.;
Costa, T.; Herz, A.; Stammer, C. HHEBS Lett.1988 233 289-293. (f)
Shimohigashi, Y.; Costa, T.; Pfeiffer, A.; Herz, A.; Kimura, H.; Stammer,
C. H.FEBS Lett1987 222 71-74. (g) Mapelli, C.; Kimura, H.; Stammer,
C. H. Int. J. Pept. Protein Res1986 28, 347—359.

(16) (a) Jimmez, A. |.; Cativiela, C.; Aubry, A.; Marraud, Ml. Am.
Chem. Soc1998 120, 9452-9459. (b) Jimaez, A. |.; Vanderesse, R.;
Marraud, M.; Aubry, A.; Cativiela, CTetrahedron Lett1997 38, 7559~
7562.



Phenylalanine Cyclohexane Analogues

(8,5)c3Phe Ph H (R,R)c3Phe
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Figure 1. Newman projections of the twas stereoisomers of;Phe
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Figure 2. Synthesis of the two Piv-Prasehe-NHPr dipeptides and
2 from racemic H-gPhe-OMe. Conditions: (a) BacPro-OH/BuO-
COCI/NMM/CH,Cl,, —15 °C 24 h; yield: 85%. (b) Eluent AcCOEt/
hexanes 1/1R 0.67 §9), 0.50 R R). (c) 'PrNH/AIMe3/toluene, °C
1 h, 50°C 36 h; yield 48-50%. (d) 1: TFA/CHCI, 2/3, room

and gPhe (assuming a chair conformation for the cyclohexane ring temperature 2 h. 2: Pi@/EtN/DMAP/CH,Cl,, 0 °C 1 h, room
and an equatorial orientation for the phenyl substituent). Comparison temperature overnight; yield 885%.

with the three staggered*€CF rotamers in.- andp-Phe.

anecarboxylic acid. The existence of an NH to phenyl ring

To further investigate the existence of the aforementioned interaction as a discriminating factor between geand S11-
NH-+-7 interaction and in an attempt to evaluate its influence {US has also been investigated by theoretical calculations.

on the g-folding mode, we undertook the study of thés

cyclohexane analogues of phenylalanine, which we denote as

csPhe. Although, in principle, the cyclohexane ring containing
C* and @ would be expected to exhibit a certain degree of
flexibility, its conformational freedom is in fact reduced by the

Preliminary results have already been publisted.

Experimental Section

Synthesis.Figure 2 shows the synthetic route for dipeptidesnd
2. The preparation otis-methyl 1-amino-2-phenylcyclohexanecar-

presence of the aromatic substituent. The six-membered cyclePoxylate by Diels-Alder reaction of 1,3-butadiene and)¢2-phenyl-

is likely to adopt a chair conformation and the bulky phenyl
ring most probably accommodates an equatorial disposition.
Assuming that this is the case, the side chain will be confined
to begauche(+) in (SScsPhe (analogous toPhe) andyauche

(—=) in the RR) residue (analogous -Phe). As depicted in

4-benzylidene-5()-oxazolone has already been reportedrhe
racemic amino ester was classically coupletlitert-butyloxycarbonyl-
L-proline by the mixed anhydride procedure using isobutyl chlorofor-
mate?® and the resulting diastereoisomeric dipeptides were separated
by column chromatography on silica gel. Subsequent treatment with
isopropylamine in the presence of Alallowed the transformation

Figure 1, the aromatic substituent is, in both cases, flanked by of the methy! esters into the corresponding amfdékhe Boc group
the amino and the carbonyl groups, and this disposition was then cleaved by TFA and the amino group was acylated with pivalic

corresponds to the sterically most disfavored conformation
among the three &-C? staggered rotamers accessibletand
D-Phe.

The present paper describes the synthesis and structur
elucidation of the model dipeptides RivPro-S S)csPhe-NHPr
(1) and Pivt-Pro-R R)csPhe-NHPr (2). Their conformational
properties have been studied in the solid state by X-ray
diffraction and in solution byH NMR and FTIR absorption

spectroscopy, and the results compared to those of the analogous

dipeptides incorporating- and p-Phelt217 With the aim of

evaluating separately the effects of the selective orientation of

€

anhydride to give enantiomerically puteand2. TakingL-proline as

a reference, the resolution of their crystal structures revealed the absolute
configuration of the gPhe residue to be 839) in 1 and (R,3R) in 2.

The Agc-containing dipeptide3 was obtained from commercially
available 1-aminocyclohexanecarboxylic acid following standard pro-
cedures, using Boc as transitory protection and isobutyl chloroformate
as the coupling agent. The use of the Piv groufi-#8 was preferred

to Boc to avoid thesis—transisomerization about the Boc-Pro tertiary
urethane bonéR All intermediate derivatives gave satisfactory analytical

(18) Jimmez, A. |.; Cativiela, C.; Pas| M.; Peregrina, J. M.; Avenoza,
A.; Aubry, A.; Marraud, M.Tetrahedron Lett1998 39, 7841-7844.
(19) (a) Avenoza, A.; Cativiela, C.; Par M.; Peregrina, J. M.

the aromatic side chain and those arising from tetrasubstitution Tetrahedron.996 52, 4839-4848. (b) Cativiela, C.; (az-de-Villegas, M.

at C*, we have carried out a parallel study on RPiRro-Acc-
NHPr (3), which contains the unsubstituted 1-aminocyclohex-

(17) Aubry, A.; Cung, M. T.; Marraud, MJ. Am. Chem. Socl985
107, 7640-7647.

D.; Avenoza, A.; Peregrina, J. Metrahedron1993 49, 1098710996.

(20) (a) Bodanszky, M.; Bodanszky, Ahe Practice of Peptide Synthesis
Springer-Verlag: Berlin, Germany, 1994. (b) Vaughan, J. R., Jr.; Osato,
R. L. J. Am. Chem. Sod.952 74, 676-678.

(21) Cativiela, C.; Daz-de-Villegas, M. D.; Gaez, J. A.Synthesid499Q
198-199.
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and spectroscopic data. Elemental analyses were carried out on a PerkinTable 1. Crystal Data

Elmer 200 C,H,N,S analyzer. Specific rotations were measured in a
10 cm cell at 25°C using a Perkin-Elmer 241-C polarimeter. Melting
points were determined on a 8u SMP-20 or Behi 510 apparatus

and were not corrected. Solid-state IR spectra were registered on a

Mattson Genesis FTIR spectrophotometét.and 13C NMR spectra
were recorded on a Bruker ARX-300 apparatus using the solvent signal
as internal standard./(C? and G'/C denote the carbon atoms of the
cyclohexane ring that occupy positiofisand y, respectively, in an
L-/p-amino acid.

Piv-L-Pro-(2S,3S)csPhe-NHPr (1): mp 155°C. R (AcOEt/hexanes
1/1) = 0.22. jp]p —111.7 € 1.33, CHCL,). IR (Nujol) 3402, 3373,
3338, 1678, 1641, 1605 crh Anal. Calcd for GeH3gN3Os: C, 70.71;

H, 8.90; N, 9.52. Found: C, 70.59; H, 8.94; N, 9.88.NMR (CDCl,,
¢0.01 M, 300 MHz)d 0.78 (d, 3H,J = 6.6 Hz,'Pr-CHg); 1.04 (d, 3H,
J = 6.6 Hz,'Pr-CHy); 1.12 (s, 9H, Piv-(€l3)s); 0.80—-2.20 (m, 11H,
cPhe-GHa + csPhe-GH, + cPhe-GH; + cePhe-CH, +
Pro-GH, + Pro-CHy); 3.06 (bd, 1HZ) = —14.7 Hz, @Phe-(@Heu);
3.33 (dd, 1HJ = 12.9, 3.0 Hz, gPhe—CﬁH); 3.68 (m, 1H, Pro-¢H);
3.79 (m, 1H, Pro-¢H); 3.89 (m, 1H,Pr-CH); 4.36 (dd, 1H,J = 6.3
Hz, J = 5.7 Hz, Pro-CH); 6.18 (bs, 1H, g”?he-NH); 6.20 (bd, 1H,
J= 7.8 Hz, \HPr); 7.15-7.30 (m, 5H, ¢Phe-GHs). 13C NMR (CDCl,
75 MHz) 6 21.3, 22.1, 22.2, 25.7, 26.4, 26.7, 27.5, 27.7, 30.3, 39.1,

41.3, 48.1, 48.7, 64.5, 64.8, 127.1, 128.3, 128.6, 140.5, 171.1, 171.3,

176.8.

Piv-L-Pro-(2R,3R)csPhe-NHPr (2): mp 192°C. R (AcOEt/hexanes
1/1)= 0.29. jo]p +8.0 (¢ 1.8, CHCL,). IR (Nujol) 3373, 3323, 1691,
1631, 1616 cm'. Anal. Calcd for GeHzoN3Os: C, 70.71; H, 8.90; N,
9.52. Found: C, 70.80; H, 8.87; N, 9.4%1 NMR (CDCls, ¢ 0.01 M,

300 MHz) 6 0.83 (d, 3H,J = 6.6 Hz,'Pr-CH); 0.98 (d, 3H,J =

6.6 Hz, 'Pr-CHg); 1.18 (s, 9H, Piv-(€l3)3); 1.10-2.25 (m, 11H,
cPhe-GHa + cPhe-GHz + coPhe-GH, + cePhe-CHy +
Pro-C’H; + Pro-C'H,); 3.08 (bd, 1H2J = —15.0 Hz, @Phe-(’éHeq);

3.41 (dd, 1HJ = 13.2, 3.0 Hz, g°he-GH); 3.71 (M, 2H, Pro-CH,);

3.93 (m, 1H,Pr-CH); 4.02 (dd, 1H,J = 7.5, 5.1 Hz, Pro-€H); 5.57

(bs, 1H, gPhe-NH); 6.76 (bd, 1HJ = 7.8 Hz, NH'Pr); 7.18-7.33 (m,

5H, aPhe-GHs). 3C NMR (CDCk, 75 MHz) 6 21.4, 21.7, 22.4, 25.8,
26.3, 26.6, 27.2, 28.3, 30.2, 38.5, 41.2, 47.8, 48.6, 63.7, 64.9, 127.4,
128.1, 128.7, 140.1, 170.9, 172.4, 177 .2.

Piv-L-Pro-Acec-NH'Pr (3): mp 240°C. R (CH.Cl//PrOH 9/1)=
0.50. [oJo —14.3 € 0.47, MeOH). IR (Nujol) 3351, 3297, 1691, 1639,
1604 cntl. Anal. Calcd for GoH3sNsOs: C, 65.72; H, 9.65; N, 11.50.
Found: C, 65.79; H, 9.67; N, 11.484 NMR (CDCl;, ¢ 0.01 M, 300
MHz) ¢ 1.06 (d, 3H,J = 6.6 Hz,'Pr-CHy); 1.13 (d, 3H,J = 6.6 Hz,
'Pr-CHs); 1.26 (s, 9H, Piv-(El3)3); 1.18-2.23 (M, 14H, Agc-GsHio +
Pro-CH, + Pro-GH,); 3.73 (m, 2H, Pro-CH,); 4.0 (m, 1H,'Pr-CH);

4.29 (dd, 1H,J = 6.8, 5.8 Hz, Pro-@H); 5.96 (bs, 1H, Agc-NH);

6.87 (bd, 1HJ = 7.8 Hz, NH'Pr). **C NMR (CDCk, 75 MHz) 6 21.3,
21.4, 22.2, 22.5, 25.1, 26.2, 27.3, 27.7, 30.5, 33.1, 38.9, 41.2, 48.7,
60.4, 63.2,171.8, 173.1, 177.9.

X-ray Diffraction. Colorless single crystals df(monohydrate) and
2 were obtained by slow evaporation from cyclohexane/diisopropyl
ether solutions. The X-ray diffraction data were collected at room
temperature on a Nonius CAD-4 four circle diffractometer, using
graphite-monochromated CucKradiation ¢ = 1.54180 A). The
independent reflections were measured indt29-scan mode and in
the 6 range -70°. Unit cell parameters were determined by least-
squares refinement of the setting angles of 25 high-angle reflections
(20° < 6 < 30°). The crystal structures were solved by direct methods
using SIR922 The E-maps revealed the whole molecules, except the

1 2
crystal system triclinic orthorhombic
space group P1 P22,2;
unit cell dimensions

a A 10.165(2) 17.166(2)
b, A 10.536(2) 23.613(3)
c A 12.664(1) 6.347(1)
a, deg 86.27(1)
f, deg 78.62(1)
y, deg 87.52(1)
z 2 4
densityaicq grcm—2 1.151 1.140
no. of reflcns collected 4688 2514
no. of independent reflcns 4688 2514
data/parameters 4688/618 2514/297
residual factorsI[> 2 o(1)] R, =0.0392 R, =0.0391
wR, = 0.1117 wR, = 0.0869
goodness-of-fit 1.038 1.125

located by calculation and affected by an isotropic thermal factor of 5
A2 The NH hydrogens were replaced at a distance of 1.03 A from
nitrogen in the direction found by refinemefitThe main crystal-
lographic data, together with the resid&afactors, are given in Table

1. Crystal data, fractional coordinates for the hydrogen and non-
hydrogen atoms, equivalent thermal parameters and anisotropic tem-
perature parameters for the non-hydrogen atoms, interatomic bond
lengths and bond angles, and torsion angles have been deposited as
Supporting Information.

H NMR and IR Absorption Spectroscopy. Structural analysis of
dipeptidesl, 2, and 3 in solution was performed by NMR and IR
absorption techniques. IR spectra were run in the Fourier transform
mode on a Bruker IFS-25 apparatus at a resolution of 2'cé cell
equipped with Cajwindows and with a path length fixed at 0.5 mm
was used, and a total of 256 scans were averaged. The sample chamber
was flushed continuously with dry air. Measurements were carried out
at room temperature in G&l, and DMSO with peptide concentrations
of 0.005 M. The absence of solutgolute interactions was confirmed
by the fact that unmodified spectra were obtained after further dilution.
Absorbance of samples was calculated by subtracting the pure solvent
spectrum scanned under the same conditions, and the contribution of
residual water was eliminated, if necessary, by correction in the-3500
3600 cnt? region, where the peptide does not absorb. Attention was
focused on the most informative frequency domains corresponding to
the NH (3200-3500 cm?) and CO (1550-1750 cm?) stretching
vibrations. A free secondary amide group is expected to give an NH
absorption at 34003450 cmt and a CO band at 16561700 cni™.
When involved in a hydrogen bond these absorptions are shifted to
lower frequencies. The tertiary nature of the Pro-preceding amide group,
along with the presence of a quaternary carbon adjacent to the carbonyl,
results in a very low frequency for the free R3/© (about 1620 cm*
both in CHCI, and DMSO). Thus, the pivaloyl group has a 2-fold
advantage: it excludes thas conformation of the Piv-Pro bond for
steric reasortd and shifts the Pivz'O frequency out of the usual region
for peptide carbonyls, allowing easier interpretation of IR data. The
NH and CO absorption bands for dipeptidés2, and3 were assigned
on the basis of previous studies on similar peptid@¥;and of the
perturbation induced by Boc/Piv and OMe/N# exchange. Second-
derivative and curve-decomposition of spectra were carried out to obtain
the absorption maxima of overlapping bands.

hydrogen atoms, and the existence of two independent peptide and water 'H NMR spectra were acquired using a Bruker ARX-300 spectrom-

molecules per asymmetric unit fdr(molecules A and B). Structure
refinement was performed using SHELXL-83Heavy atoms were
affected by anisotropic thermal factors while hydrogen atoms were

(22) (a) Liang, G. B.; Rito, C. J.; Gellman, S. Biopolymersl992 32,
293-301. (b) Nishihara, H.; Nishihara, K.; Uefuji, T.; Sakota, Bull.
Chem. Soc. Jpril975 48, 553-555.

(23) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi. Appl.
Crystallogr. 1993 26, 343-350.

(24) Sheldrick, G. MSHELXL 93, Program for the Refinement of Crystal
Structures University of Gdtingen: Germany, 1993.

eter with the solvent signal as the internal reference. Solutions of
peptides (0.01 M) in CDGland DMSO#d; were used. Proton resonances
were assigned by COSY and HOHAHA experiments. Nuclear Over-
hauser enhancement due to the proximity of Pf&l&aa-NH was
estimated through 1D-NOESY difference experiments by irradiation
at the Xaa-M frequency. The solvent accessibility of the amide protons
was investigated by considering their resonance shift in GDMSO-

(25) Taylor, R.; Kennard, QActa Crystallogr., Sect. B983 39, 133—
138.
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ds mixtures with increasing DMS@s content. The signal of a solvent-
exposed M is rapidly downfield shifted, whereas that of a solvent-
protected proton (most probably by hydrogen bonding) is only weakly
affected by DMSQds NH-solvation!62.17.26

Theoretical Analysis. Molecular mechanics calculations on the
csPhe residue, as well as on the Ac-Pro-Xaa-NHMe dipeptides, were Table 2. Main Torsion Angles (deg) with Standard Deviations for
performed using the AMBER 4.1 progréhwith the standard Cornell Peptidesl® and 2
(parm94) force field set of parametéfsComputations were carried frag-
outin vacuq using a dielectric constant of 1. Low-energy minima were ment angle 1a 1g 2
characterized using the conjugate gradient algorithm of the SANDER

Figure 4. Bond distances (A) and bond angles (deg) for the
cyclohexane ring in the crystal molecular structure& ¢holecules A
and B) and2. ¢/ and Gg denote the carbon atom in the position
corresponding to an- andp-residue, respectively.

module with a convergence criterium of 0.001 kcal/mol'/n the E'r\; Z;c _lgggg)) _123_'?8 _1;3_'5((2;
energy gradientAb initio calculations on the ¢2he residue were Yy  —38.1(3) -28.3(3) 144.2(2)
performed using the Gaussian94 suite of progréhiartree-Fock as w —175.8(2) —179.3(2) 169.3(2)
well as second-order MgllePlesset (MP2) calculations were carried xt —36.7(3) 22.5(4) —18.8(4)
out using the standard-@1(d) basis se¥ Energy decomposition Xi 41.4(3) —33.8(4) 33.5(4)
analysis of the formamidebenzene interaction was performed using X _3(7)'28)) 7136183(%) _3;?%2)
the constrained space orbital variation mefidthplemented in the }(5 18..3(3) _3_'1(3) _3"3(4)
HONDO8.5 prograni? This procedure permits the partition of the c¢phe ¢  —62.2(3) —81.4(3) 65.8(3)
different contributions to the SCF interaction energy by computing the Yo  —17.4(3) -5.2(3) 19.1(4)
frozen core-core contribution, a polarization term, and a charge-transfer @ —123-38)) —12%13((22) 17724-2?(’S)
term, which is corrected for the basis set superposition error (BSSE) i” 86.7()1-97.1(3)  844(34-96.0(3)  77.9(4)-104.1(3)

with the counterpoise methdéin addition, the dispersion contribution

aSee ref 34 for definition® Two independent molecules per asym-
metric unit (molecules A and BY.Values for ideals-turns are (ref
42) the following: ¢i+1 = —60 (I, plI); yiza = —30 (Bl), 120 @l);
¢ir2 = —90 (Bl), 80 (BIl); i+ =0 (Bl, AlI). @ This angle refers to the
orientation of the phenyl ring.

(26) Pitner, T. P.; Urry, D. WJ. Am. Chem. S04972 94, 1399-1400.

(27) Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S;
Cheatham, T. E., Ill; Ferguson, D. M.; Seibel, G. L.; Singh, U. C.; Weiner,
P. K.; Kollman, P. AAMBER 4.1 University of California: San Francisco,
1995.

(28) Cornell, W. D.; Cieplak, P.; Bayly, C. L.; Gould, I. R.; Merz, K.
M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Cadwell, J. W.;
Kollman, P. A.J. Am. Chem. Sod.995 117, 5179-5197.

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; . . .
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Crystal Structures. Figure 3 shows the X-ray diffraction
Fox, J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head- structures ofl (molecule A) and2. The dimensions of the
ﬁgrgogitgbh%%nzgfs’lgé’5P°p'e' J.Baussiand4, Resion B.2 Gaussian  cycohexane ring in thesPhe residues are indicated in Figure

(30) Hariharan, P. C.: Pople, J. Aheor. Chim. Actal973 28, 213 4. Table 2 summarizes the most relevant torsion ariglébe
222 ' geometry of the intra- and intermolecular hydrogen bonds is

(31) Bagus, T. S.; Hermann, K.; Bauschlicher, C. W.JJChem. Phys. given in Table 3. ThéBu methyl groups in both and2, as

well as théPr methyl groups and the water moleculed jrare

1984 81, 1966-1974.
thermally agitated. All amide bonds assume the usraais

to the interaction energy was computed as the difference between the
Hartree-Fock and MP2 energies, once the BSSE had been corrected.

Results and Discussion

(32) Dupuis, M.; Johnson, F.; Marquez, J. AONDO8.5 from Chem-
Station, 19941BM Corporation: Kingston, NY 12401mplementation of
the constrained space orbitaariation method to HONDO8.by Marquez,
J. A.; Rubio, J.; lllas, F. 1994.

(33) Boys, S. B.; Bernardi, iMol. Phys.197Q 19, 553-566.

(34) IUPAC-IUB Commission on Biochemical Nomenclatui&inchem-
istry 197Q 9, 3471-3479.
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Table 3. Dimensions (A, deg) with Standard Deviations of the Hydrogen BbfatsPeptidesl® (Monohydrate) an@

peptide donotH acceptor symmetry code donoacceptor H--acceptor donorH---acceptor
10 NH(Pr)a Piv-C'Oa XY, Z 3.039(3) 2.05(2) 163(3)
NH(Pr) Piv-C'Og Xy; Z 3.098(4) 2.10(4) 165(3)
W-Ha Piv-C'Op XY,z 2.966(4) 2.11(4) 144(3)
W-H'a csPheC'Og XY Z 2.833(5) 1.93(4) 151(4)
W-Hg W-Oxp x;1+y;z 2.875(6) 1.99(4) 146(3)
W-H'g csPheC'On XY Z 2.828(6) 2.30(5) 113(3)
2 NH('Pr) PivC'O XY,z 3.354(4) 2.43(3) 151(2)
csPheNH csPheC'O Xy, —1+z 3.058(3) 2.05(2) 168(3)

aThe NH hydrogens have been replaced at 1.03 A from N in the direction found by refingfefitvo independent molecules per asymmetric

unit. The subscript A or B refers to molecule A or B, respectively.

conformation?® with only Prow in 2 (169°) and Pive in 15
(—163) deviating significantly from planarity. The Piv-Pro
amide link is forced to accommodate ttrans disposition for
steric reason? The proline ring adopts the twisted®@ndd
Cr-exoconformation inla, the envelope Gendoconformation
in 1g, and the envelope "@&xo conformation in2.3%

The dimensions of the cyclohexane ring in tRBlee moieties
are quite similar to those reported for the gdaesidue’’ It
should be noted, however, that the endocycl{&—ca—cf,
bond angle is smaller (167L09), and the distance between

respective Phe analogdégFigure 1). As fory?, which is not
restricted by covalent constraints, the values observed in all three
cases lie close t&-90°. This y?-conformation, which is generally
preferred by aromatic residues in peptides and protéins,
minimizes steric interactions between the phenyl ring and the
backbone atoms. Another notable feature is the proximity
between the g2he amino and phenyl groups, with the distance
between the N atom and the closest aromatic ring C atgs)C
being 3.02 A inla, 2.98 A in1g, and 3.19 A in2.

All three molecules are stabilized by an intramolecular

C* and the @ bearing the phenyl group increases with respect NH(Pr) to Piv-C'O hydrogen bond that closes a 10-membered

to the unsubstituted Ac residue. These variations, together with

the large exocyclic bond angles corresponding to phenyl

pseudocycle typical of g-turn#? The N---O distance of 3.35
Ain 2is at the upper limit for hydrogen bonditiand is larger

branching (112 116°), must be ascribed to the steric interactions than the corresponding distance in(3.04 and 3.10 A). The

arising from -substitution. In all three molecules the six-

orientation of the middle amide group, with the proline=©

membered ring accommodates a chair conformation, with a @nd C—H bonds in thesyn disposition for1 and theantzi
mean absolute value for the endocyclic torsion angles of aboutdisposition for2, corresponds to the type | and frturn/

57°, which is slightly higher than that theoretically predicted
for cyclohexane (547.38 As expected, the phenyl ring and the

respectively (Figure 3). It should be noted that, as far as the
residue in positioni + 2 is concerned, the fundamental

carbonyl group assume the equatorial disposition, while the difference between thgl- andll-turns lies in the sign of the

amino substituent is oriented axially. It is noteworthy that in
all crystal structures containing Acso far described, with the
exception of the free amino aci®*%dthe amino group occupies
the axial positior$”4° Clearly, in the case of theshe deriv-
atives, the presence of the aromatic substituentiarerelative

¢ angle. Comparison of the torsion angles gathered in Table 2
shows that th¢l-folded structures adopted by molecules A and
B of dipeptidel differ mainly in the conformation of ¢Phe.
Thus, 15 exhibits gPhee,;p values close to those expected for
an ideal type |B-turn, while thegl structure of moleculd, is

stereochemistry with respect to the carbonyl group will further distorted at the ¢>he residue. _ _
stabilize this conformation. As a consequence, and according The molecular packing is completely different in the two

to our expectations, the rigidly held phenyl ring adoptmache
(+) disposition inl (4 = 60° in 15 and 62 in 1g) and a slightly
distorted gauche (=) orientation in2 (y* = —72°), both

crystals. Thegll-folded molecules of2 are intermolecularly
hydrogen bonded by aleheNH to c;Phe' O interaction with
a N---O distance of 3.06 A. Il monohydrate, the molecules

corresponding to the least favored staggered rotamer in theirinteract by WH to C'O hydrogen bonds with two connected

(35) Benedetti, E. InChemistry and Biochemistry of Amino Acids,
Peptides and Protein®Veinstein, B., Ed.; Marcel Dekker: New York, 1982;
Vol. 6, pp 105-184.

(36) (a) Nair, C. M. K.; Vijayan, M.J. Indian Inst. Sci. C1981, 63,
81-103. (b) DeTar, D. F.; Luthra, N. B. Am. Chem. So&977, 99, 1232
1244. (c) Ashida, T.; Kakudo, MBull. Chem. Soc. Jprl974 47, 1129-
1133.

(37) (a) Pavone, V.; Benedetti, E.; Barone, V.; Di Blasio, B.; Lelj, F.;
Pedone, C.; Santini, A.; Crisma, M.; Bonora, G. M.; Toniolo, C.
Macromolecules1988 21, 2064-2070. (b) Paul, P. K. C.; Sukumar, M.;
Bardi, R.; Piazzesi, A. M.; Valle, G.; Toniolo, C.; Balaram JPAm. Chem.
Soc.1986 108 6363-6370.

(38) Bixon, M.; Lifson, S.Tetrahedron1967, 23, 769-784.

(39) Varughese, K. I.; Chacko, K. K.; Zand, Rcta Crystallogr., Sect.
B 1975 31, 866—868.

(40) (a) Strasler, C.; Linden, A.; Heimgartner, Hiely. Chim. Actal997,

80, 1528-1554. (b) Fabiano, N.; Valle, G.; Crisma, M.; Toniolo, C.;
Saviano, M.; Lombardi, A.; Isernia, C.; Pavone, V.; Di Blasio, B.; Pedone,
C.; Benedetti, Elnt. J. Pept. Protein Re4993 42, 459-465. (c) Benedetti,
E.; Di Blasio, B.; Pavone, V.; Pedone, C.; Santini, A.; Crisma, M.; Toniolo,
C. Acta Crystallogr., Sect. @989 45, 634-638. (d) Valle, G.; Crisma,
M.; Toniolo, C.; Sen, N.; Sukumar, M.; Balaram,P.Chem. Soc., Perkin
Trans. 21988 393-398. (e) Bardi, R.; Piazzesi, A. M.; Toniolo, C.;
Sukumar, M.; Raj, P. A.; Balaram, mt. J. Pept. Protein Res.985 25,
628-639. (f) Chacko, K. K.; Srinivasan, R.; Zand, R.Cryst. Mol. Struct.
1971, 1, 261-269.

water molecules so that the water dyad is in contact with two
molecules A and one molecule B. Contrary to tReRjcsPhe-

NH in 2, the §9csPheNH in 1 is not involved in any
intermolecular interaction. This finding is in line with the known
lower accessibility of the Xa&iH site in fl-folded Pro-Xaa
sequence¥’

It is pertinent to mention that both PivPro+ -Phe-NHMé&”
and Pivt-Prob-Phe-NHMé* have been shown to accommodate
a type Il 5-turn in the solid state, the aromatic side chain lying
close to thegauche(—) (y* = —42°) and gauche(+) (y* =
74°) dispositions, respectively. With regard to ¢&¢ the two
crystal structures containing the Prog8csequence described

(41) (a) Gould, R. O.; Gray, A. M.; Taylor, P.; Walkinshaw, M. D.
Am. Chem. Socl985 107, 5921-5927. (b) Benedetti, E.; Morelli, G.;
Némethy, G.; Scheraga, H. Ant. J. Pept. Protein Resl983 22, 1-15.

(42) Rose, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Chem1985
37, 1-1009.

(43) (a) Gobitz, C. H. Acta Crystallogr., Sect. B989 45, 390-395.
(b) Taylor, R.; Kennard, O.; Versichel, cta Crystallogr., Sect. B984
40, 280-288. (c) Ramakrishnan, C.; Prasad,Int. J. Pept. Protein Res.
1971 3, 209-231.

(44) Bardi, R.; Piazzesi, A. M.; Toniolo, C.; Sen, N.; Balaram, H;
Balaram, P Acta Crystallogr., Sect. @988 44, 1972-1976.
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Table 4. Amide NH and CO Stretching Frequencieécm™?) for Piv-L-Pro-Xaa-NHPr 1—3 in CH,Cl, and DMSO Solutiond = 0.005 M)
and Comparison with the Analogous Dipeptides Incorporatingnd p-Phe

XaaNH NH(Pr) PivC'O ProC'O Xaa-C'O
solvent peptide Xaa bonded free free bonded fregl-bonded fll-bonded y-bonded fSl-free pli-free  free
CH.Cl; 1 (S9csPhe 3310vw 3381 m 3435vw 3359s 1614 s 1596 vw 1689 s 1648 s

2 (RR)csPhe 3404 m 3360 s 1613 w 1603 s 1686w 1701s 1646s
3 AceC 3428 m 3362s 1614 m 1603 m 1693s 1655s
L-Phe 3413 m 3450w 33558 1620w 1612s 1685 s 1666 s
D-Phe 3419 m 3450 v 3345 § 1614 w 1601 s 1692 s 1666 s
DMSO 1 (S9csPhe 3380 m 3350 s 1610s 1687 s 1647 s
2 (RR)csPhe 3400 m 3365s 1606 s 1689s 1648s
3 AceC 327¢ 3357s 1605 s 1687 s 1650 s
L-Phe 3273 3337 nf 1619 m 1604 m 1685m 1667 s
D-Phe 32601 33288 1619w 1603 m 1684s 1666 s

aStrong (s), medium (m), weak (w), and very weak (vw) absorption baBee ref 16a¢ The NH(Pr) group is replaced by NH(Mej.Broad
absorption denoting a DMSO-solvated free NH.

Table 5. Chemical Shift and Solvent Sensitivity (ppm) of the Amidél ®roton Resonances for PivPro-Xaa-NHPr 1-3 (c = 0.01 M),
Nuclear Overhauser Enhancement of the Pt#bl®@roton Resonance by Irradiation at the Xald-Resonance, and Comparison with the
Analogous Dipeptides Incorporating and p-Phé

Xaa-NH NH(Pr) nOe (%)
peptide Xaa cbal DMSO-ds AP CDCl; DMSO-ts AP CDCl; DMSO-ds
1 (S9csPhe 6.18 6.11 —0.07 6.20 6.55 0.35 4 16
2 (RR)csPhe 5.57 6.74 1.17 6.76 6.44 —0.32 21 47
3 AceC 5.96 7.82 1.86 6.87 7.13 0.26 26 55
L-Phe 1.81 0.97 8 d
p-Phe 2.37 0.56 27 d

a See ref 16aP Shift of the NH proton resonance on going from CR®& DMSO-ds. ¢ The NH(Pr) group is replaced by NH(MeJ.Not determined
because of Pro“@& and Phe-€H resonance overlapping.

thus faP’®4%are alsosll-folded. Not surprisingly, in all four NHMe for thel structurel®17and in both cases the presence

cases the XadlH sites (Xaa= L-Phe, p-Phe, Agc) are of Sll-folded molecules can be excluded since no absorption is
intermolecularly hydrogen bonded to carbonyl groups of sym- discernible at about 1603 crh These two systems do, however,
metry related molecules. show important differences. A nonnegligible percentage of open

Structures in Solution. The conformational tendencies of conformation is present for the latter, as evidenced by the IR
1, 2, and3 were investigated by FTIR absorption atiti NMR bands denoting free Pi@-O andNH(Me) vibrators!62 The NH-
in chlorinated solvents of low polarity (Gi&l,, CDCk) and in (Pr) in 1 also exhibits a minor contribution at high frequency,
the NH-solvating medium DMSO. Table 4 lists the amide but the absence of any absorption near 1620%aecludes the
stretching frequencies and Table 5 shows the NMR data. Resultsexistence of free Piz'O sites. The only possibility compatible
previously reportetf? for Piv-L-Proi-Phe-NHMe and Piv- with these observations is the occurrence of @8)¢sPheNH
Prob-Phe-NHMe are included for comparison. to Piv-C'O y-folded® conformer. The involvement of these

In CH,Cl; solution, theNH('Pr) in 3 displays the typical vibrators in a hydrogen bond is in fact confirmed by the weak
behavior of a hydrogen-bonded site. It exhibits an intense and contributions at 3310 and 1596 cf which are also found in
broad absorption near 3360 chand its proton resonance Piv-Pro-NHMe, where the only folded form can pdike. The
experiences a very small shift on going from C@ DMSO- y-turn structure is known to be accommodated by some Pro-
ds. In comparison, the free Ac-NH gives rise to a sharp band  Xaa sequences in C{&3olution, and to disappear in the presence
at 3428 crmit and its resonance shows a much higher sensitivity of more polar chlorinated solvent$46
to solvent polarity. In the €O stretching region, the Pig-O As stated above, th@l and Il conformations predominantly
absorption is shifted to lower frequencies in comparison to that adopted in CHCI, by 1 and2, respectively, were attributed on
encountered at 1619 crhfor Piv-Pro-OMe, where it is free  the basis of the Pi&'O stretching frequencies. Two other
from any intramolecular interaction. It ensues tBas folded criteria allowed us to corroborate this assignment. We have
in a B-turn conformation stabilized by aNH('Pr) to Piv-C'O proposeéPa17that the free Prd&’ O stretching frequency should
intramolecular hydrogen bond. The composite band observedbe higher for the type Il than for the typegtturn, respectively
for Piv-C'O, with contributions at 1614 and 1603 ctnof translating thesyn or anti disposition of the i(+ 1) proline
approximate relative intensity 45/55, denotes the occurrence ofN—C* and C=O bonds (Figure 3). Dipeptide, which
two different hydrogen-bonded states for this carbonyl and we exclusively adopts the typeA-turn, gives rise to a single Pro-
have identified these as corresponding to the type | afetdin, C'O absorption at 1689 cm, while 2, which is preferentially
respectively.ta Bli-folded, presents a major contribution at 1701 ¢nand a

The compound incorporatindR{R)csPhe @) also adopts a  weak shoulder at 1686 cth Compound3, which exhibits high
[-turn structure in CHCI; solution, with a clear preference for  percentages of botfil- and jlI-turns, presents two partially
the SlI-disposition. Thesl/All ratio of about 20/80, according  overlapping bands centered at 16937éniThe type | and I
to the relative intensities of their respective RO contribu- p-turns also differ in the Pro#&4/Xaa-NH interproton distance,
tions, is in fact very similar to that encountered for Rirro- which is shorter for the latter (Figure 3) and should therefore

_ _ 6a
D-Phe NHMelf . . . . (45) Namethy, G.; Printz, M. PMacromolecules972 5, 755-758.
.The behavior of the§ScsPhe-containing dlp?ptldélX in (46) Boussard, G.; Marraud, M.; Aubry, Biopolymersl979 18, 1297
this solvent also parallels the preference of RiRroL-Phe- 1331.
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be reflected by a stronger nOe effect. In line with the IR
absorption results in Ci€l,, the enhancement of the Pre4€
signal in CDC} solution upon irradiation of thegPhe-NH
resonance proved significantly smaller fbthan for2.

The behavior displayed by thgRheNH in 1 and2 deserves
particular comment. Apart from the mingrfolded conformer
detected forl and characterized by a weak absorption at 3310
cm 1, csPheNH is not hydrogen bonded to any carbonyl group
in the molecule. However, and contrary to what would be
expected for a free NH groui§a17-2¢he (S S)csPhe-NH proton
resonance is unaffected by addition of DM$&@and that of
(RR)csPhe-NH is actually downfield shifted, although to a lesser
extent than is usually encountered for free NHs-82ppm).
This weak or extremely weak sensitivity to solvation must be
interpreted in terms of solvent inaccessibility. Protection from
solvent certainly arises from the close proximity to the phenyl
ring, which also results in a very low stretching frequency in
CH,CI, for the free gPheNH vibrator at 3381 and 3404 crh
in 1 and2, respectively. Thus, the shift by about 50 Thin 1
and 25 cmt in 2 with reference to the absorption at 3428¢m
exhibited by Agc-NH in 3 evidences the existence of an
interaction between the fregRheNH and the aromatic ring.

Such an attractive interaction involving the Phe side chain

and NH in Pro-Phe dipeptides, and being more intense for
homochiral than for heterochiral sequences, has been invoke

to explain their respective preferences for fiteand Sll-forms
in low-polarity solvents’” This interaction decreases the NH
frequency by about 15 cm for L-Phe and 10 cmi for p-Phe
with respect to that found near 3430 thfor L-/D-Ala-NH in

analogous dipeptides. Moreover, it would also account for the

predominance of the Phe*€CF gauche(+) andgauche(—)
dispositions respectively observed in CR®@r the L-Pro+-
Phe andL-Prob-Phe sequencés, despite being sterically
disfavored orientatiort (Figure 1). In this solvent thegBhe-
CPH benzylic proton exhibits one small and one large vicinal
coupling constant (3.0 and 12.9 Hz fbr3.0 and 13.2 Hz for
2), which denote the axial orientation of thé-€H bond and

therefore the equatorial disposition of the aromatic substituent.

‘Jiereet al.

solution and is in agreement with the moderate or extremely
low sensitivity of the gPhe-NH proton resonance to solvation.
The fact that in2 this resonance is downfield shifted by 1.17
ppm on going from CDGlto DMSO-des, while there is no IR
indication for NH-solvation, suggests that the DMSO molecules
are not in direct contact with th&R)csPheNH proton to form

a hydrogen bond, but sufficiently close to perturb its magnetiza-
tion state. It is worth mentioning that the proximity of the phenyl
ring to the gPheNH for both 1 and 2 inferred from the
observations discussed above constitutes the main argument in
favor of the assignment of a typestturn structure forl and a

Sll disposition for2 in DMSO solution.

Theoretical Analysis. The experimental data reveal that
dipeptidesl and?2 display a marked propensity for ti#- and
Bll-turn, respectively. The relative stability of these structures
for each compound has been analyzed by theoretical calcula-
tions, and the possible influence of gebeNH to aromatic ring
attractive interaction on the observgdurn tendencies has been
examined.

Previously, we assessed the suitability of molecular mechanics
calculations to describe the NHrz interaction, taking form-
amide-benzene as a model system. The ability ofAtedectron
density of aromatic compounds to act as a Lewis base and thus
interact with proton donors has long been natédnd more

decently has been recognized as an important factor in peptide

and protein stability® At the theoretical level, complexes
between benzene and a variety of HX systems«(K, Cl, OH,
SH, NH;, CN, CCh) have been characteriz&#.94%-51 |n most
cases, a symmetric structure with the HX molecule placed over
the center of the phenyl ring has been suggested as the most
favorable topology8d.949but considerably off-centered geom-
etries with H-X pointing toward the midpoint of a €C bond
have also been report&¥Nevertheless, in crystallized proteins
the N—H groups are found to lie parallel to aromatic rings rather
than adopt a perpendicular disposititSa."

The interaction curve between formamide and benzene was
computed as described in the Experimental Section. Calculations
were performed with the SCF-optimized geometries of both

Consequently, and as occurs in the crystal molecular structures, (47) (a) Pimentel, G. C.; McClellan, A. LThe Hydrogen Bond

the cyclohexane moiety forces the phenyl ring into glagiche
(+) disposition forl and thegauche(—) orientation for2, thus
favoring the interaction between thgPtbeNH and the aromatic
side chain.

In DMSO-ds solution, the phenyl substituent is also equatorial
in both gPhe residues. In contrast, DMSO NH-solvation results

Freeman: San Francisco, 1960. (b) Kopple, K. D.; Marr, DJ.HAm. Chem.
S0c.1967, 89, 6193-6200. (c) Robinson D. R.; Jencks, W.PAm. Chem.
Soc.1965 87, 2470-2479.

(48) (a) Nishio, M.; Hirota, M.; Umezawa, YThe CHf Interaction:
Evidence, Nature, and Consequencéshn Wiley & Sons: New York,
1998. (b) Steiner, T.; Schreurs, A. M. M.; Kanters, J. A.; KroonAdta
Cryst., Sect. 1998 54, 25—-31. (c) Crisma, M.; Formaggio, F.; Valle, G.;
Toniolo, C.; Saviano, M.; lacovino, R.; Zaccaro, L.; BenedettiB®poly-

in a modification of the side chain rotameric preferences in the mers1997 42, 1-6. (d) Worth, G. A.; Wade, R. Cl. Phys. Cheml993

Pro-Phe sequencésalong with the presence of high percent-
ages of open conformet&17In addition, the folded form in
Piv-L-Pro+1-Phe-NHMe becomes of th@ll-type.162

In this solvent theNH('Pr) stretching frequency ih—3 retains
practically the same value as in @E,, meaning that this
vibrator is still intramolecularly hydrogen bonded, a situation
that is in line with the very weak solvent sensitivity of its proton
resonance. For all three compounds, Bi@ gives rise to a

99, 17473-17482. (e) Mitchell, J. B. O.; Nandi, C. L.; McDonald, I. K;;
Thornton, J. M.J. Mol. Biol. 1994 239 315-331. (f) Flocco, M. M;
Mowbray, S. L.J. Mol. Biol. 1994 235 709-717. (g) Mitchell, J. B. O.;
Nandi, C. L.; Ali, S.; McDonald, I. K.; Thornton, J. MNature1993 366,
413. (h) Singh, J.; Thornton, J. M. Mol. Biol. 1990 211, 595-615.

(49) (&) Rodham, D. A.; Suzuki, S.; Suenram, R. D.; Lovas, F. J.;
Dasgupta, S.; Goddard, W. A., Ill; Blake, G. Nature1993 362 735—
737. (b) Suzuki, S.; Green, P. G.; Bumgarner, R. E.; Dasgupta, S.; Goddard,
W. A., lll; Blake, G. A. Sciencel992 257, 942-945. (c) Jorgensen, W.
L.; Severance, D. LJ. Am. Chem. S0d.99Q 112 4768-4774. (d) Tang,
T.-H.; Hu, W.-J.; Yan, D.-Y.; Cui, Y.-PJ. Mol. Struct. (THEOCHEM)

single peak, denoting the sole existence of one-folded conformer.199Q 207, 319-326. (e) Levitt, M.; Perutz, M. FJ. Mol. Biol. 1988 201,

This corresponds to thél-turn in 1 and thegll-turn in 2 and
3, as evidenced by the magnitude of the Pf#4CXaa-NH nOe.
The presence of open forms can be ruled out, since n&CRiv-
contribution can be detected near 1620ém

DMSO is known to interact with accessible NHs and, indeed,
the Agc-NH absorption is actually shifted from 3428 ciin
CH,Cl, to 3271 cmi?, while the gPheNH in 1 and2 exhibits
the same frequency as in @El,. This result provides evidence
for the retention of the NH tar-orbitals interaction in DMSO

751-754. (f) Bradas, J. L.; Street, G. Bl. Am. Chem. Sod 988 110,
7001-7005. (g) Menapace, J. A.; Bernstein, E. R.Phys. Chem1987,
91, 2533-2544.

(50) (a) Alkorta, I.; Rozas, I.; Elguero, &hem. Soc. Re 1998 27,
163-170. (b) Rozas, |.; Alkorta, I.; Elguero, J. Phys. Chem. A997,
101, 94579463.

(51) (a) Augspurger, J. D.; Dykstra, C. E.; Zwier, T.J5Phys. Chem.
1992 96, 7252-7257. (b) Cheney, B. V.; Schulz, M. W. Phys. Chem.
199Q 94, 6268-6273. (c) Cheney, B. V.; Schulz, M. W.; Cheney, J.;
Richards, W. GJ. Am. Chem. S0d.988 110, 4195-4198. (d) Karlstfm,
G.; Linse, P.; Wallgvist, A.; Jusson, B.J. Am. Chem. Sod983 105,
3777-3782.
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-45
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Figure 5. Energy profile and decomposition analysis of the form-
amide-benzene interaction (see Experimental Section for details). -135 -135
Comparison with the results of AMBER calculations.
Table 6. Geometrical Features of the Minima Obtained for %80 135 -90 -5 @ % 90 135 188
Ac-(S9csPhe-NHMe by Molecular Mechanics ardb Initio pht
Calculations ¢,, deg; AE, kcal/mol) :
AMBER ab initio
confor-
mation ¢ v AE ¢ y AE(SCF) AE(MP2) 160 B9 ‘ ‘ 135 189
ed A —56 8 00 -74 30 00 0.0 \ i
B 47 —-10 3.0 51 -1 6.2 5.4 135 <> > 175
C -59 167 59 -64 170 35 4.0 b
D -179 —-179 81 180 180 5.9 5.9 J/
a®¢ A —63 25 26 —76 70 2.9 3.0 90 90
B 61 -10 31 74 —72 4.1 3.2
aEquatorial (eq) or axial (ax) disposition of the phenyl ring. 45 45
molecules. On keeping benzene fixed, two approaching paths ..
for the formamide molecule were investigated: on the center © @ e
and on a C-C bond of the benzene ring. Both pathways exhibit
a low-energy conformation at a distance of about 2.7 A with a -45 -45
well depth between 2.5 and 2.8 kcal/mol. When the system is
completely relaxed the only minimum found at the SCF level _99 -50
shows the formamide molecule approximately on the center of
the aromatic ring, with a distance from the closer formamide  _, . 13s
hydrogen to the plane of the aromatic ring of 2.68 A. The
interaction energy computed with this geometry at the MP2 level 160 L / 150
and corrected for the basis set superposition error is 2.94 kcal/ -182 -135 180
mol. In an attempt to better characterize the nature of this pht

interaction, the different contributions to the energy were Figure 6. (¢,) energy maps obtained by molecular mechanics
assessed following the constrained space orbital variation calculations for Ac-§ScsPhe-NHMe with the cyclohexane ring in a
method. These contributions are shown in Figure 5, and their chair conformation and the phenyl substituent in an equatorial (up) or
analysis reveals the electrostatic term to be the larger. Thesean axial (down) disposition. Energy contours are drawn at intervals of
results suggest that this interaction can be well accounted for 1.0 kcal/mol and minima are depicted by letters. Minima obtained from
in force field calculations. For the sake of comparison, the @P initio calculations are indicated with an asterisk.
interaction energy of formamide yvith benzene comp_uteql With 1ap1e 7. B-Turn Low-Energy Conformations of
the Cornell force field of AMBER is also represented in Figure Ac-L-Pro-gPhe-NHMe 6,3, deg; AE, kcal/mol)
5. Although the minimum differs by about 1 kcal/mol from that

2 - csPhe
of the gb initio resullts, the plot clearly shpws the apmty of the configuration Pray  cPhe¢ cPhey  AE  structure
force field calculations to account for this interaction.

Prior to the analysis of thg-turn preferences of the Pro- (S9 _ﬁé _Ef; _1107 _4214 g:l
csPhe sequences, we investigated the conformational space (rR) 111 59 16 —-22 Bl

available to the ¢he residue to confirm that the theoretical aThe fSl-turn structure is located in a flat region at about 2.0 kcal/
predictions agree with the experlmental_ewdence. The Rama- . "nit it does not exhibit a stationary poi?]t (the lowest energy
chandran maps of Ac§S)csPhe-NHMe with the cyclohexane  corresponds to Prg-= 7, Phed = —47, aPhey = 4).

ring in a chair conformation and the phenyl substituent either

in an equatorial or an axial disposition were computed within performance of the force field parameters in the description of
the molecular mechanics framework. Contour energy maps arethe gPhe residue, minima thus obtained were contrasted with
shown in Figure 6. Minima, which were characterized by energy results ofab initio calculations. The molecular mechanics low-
minimization, are depicted by letters, and their geometrical energy structures were used as starting conformations for
features are described in Table 6. With the aim of assessing thegeometry optimization at the Hartre€ock level. The results
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Table 8. Geometrical Features of the Low-Energy Conformations of.A&Rro-gPhe-NHMe Listed in Table#7(d = distance, A)

csPhe structure d[Ac-C'O---NH(Me)]? d[cePhe-NH---PhF d[Pro-CO-+-Ph}f d[cePhe-CO---Ph
(S9 Bl 1.99 2.60 5.11 3.45

Al 2.08 3.98 3.05 3.20
(RR Bl 1.97 2.64 5.06 3.56

2 Short contact distances are indicated in béldength of the hydrogen bond closing the C10 cyélBistance from H to the center of the
closest phenyl €C bond.9 Distance from O to the closest phenyl C atom.

of these calculations are also listed in Table 6 and minima Table 9. g-Turn Low-Energy Conformations of
obtained are shown in Figure 6 with an asterisk. Comparison Ac-L-Pro-Xaa-NHMe, with Xaa= 1-Amino-2-cyclopentyl-

of results indicates that molecular mechanics aidinitio cyclohexanecarboxylic Acidgy, deg; AE, kcal/mol)
geometries are within a 25olerance, with the exception of Xaa configuration Prap Xaa¢ Xaawp AE  structure
they dihedral angle in the case of _the a>_<ia| conformer, due to S9 o8 63 2 1.0 Al
the shallowness of the map in this region. Furthermore, the 115 50 12 5.4 Bl
relative energies of conformations B and C of the equatorial (RR) —25 —49 —14 3.5 Pl
conformer are interchanged in the molecular mechanicsband 108 57 732  pl

initio calculations. Although MP2 calculations correct this
difference to a certain extergb initio and molecular mechanics ~ Table 10. Comparison of the Conformational Preferences of
do not provide the same relative ordering of these two minima. RCO+-Pro-Xaa-NHR Dipeptide Sequences

Despite these differences, both methods clearly support that the solution

_conformation with the ben_zene ring in the_ equatoria! positic_m Xaa CHCl, DMSO solid state
is more favorable, as experimentally established both in solution - > | |

and in the solid state, and suggest an acceptable performance g%ﬁph‘iﬁ §||>>>Vﬂ| gll g”

of force field calculations in describing the geometries of the  p¢ cab Bl = fI Bl il
conformations accessible to this residue. Obviously, the maps | -phe Bl > open oper> Sl Bl

of Ac-(RR)csPhe-NHMe exhibit the same features as those of  p-Phed Bl > gl Bll > open Pl
Ac-(SScsPhe-NHMe since they are related by the correspon-  (S9csPhe pL=z gl Bl Bl
dence 45,1/)) — (_¢,_1/)) (R,R)C;;Phé ﬁ” > ﬂl ﬁ” ﬂ”

We then studied the conformational propensities ofL Ac- aThis work.? See refs 37b and 40bSee refs 16a and 17 See ref

Pro-S9csPhe-NHMe and Aa-Pro-R R)csPhe-NHMe using 44.¢ See ref 16.

the set of molecular mechanics parameters assessed above and ) ) ]

considering the phenyl substituent to be oriented equatorially. tylcyclohexanecarboxylic acid, thél structure is more stable
The terminal pivaloyl and isopropylamide groupslirand 2 thap thegll-turn by 4.4 kcal/mpl, while |n.the case of.th'R,R)'
were replaced by acetyl and methylamide for the sake of residue both_ structu_res are isoenergetic. Thus_, elimination of
simplicity. Table 7 lists the low-energy conformations obtained. the NH--7 interaction leads to a decrease in the energy
For the compound incorporating8)csPhe both type | and 1l difference between type I andftturns for both §S) and RR)
B-turns appear as minima, the former being more stable by 6.5 configurations, suggesting that the attractive interaction between
kcal/mol, whereas for theRlR)csPhe-containing dipeptide only the gPheNH and the benzene ring stab_lhzes fheturn in the

a li-turn structure can be located as a low-energy minimum. L-Pro-&ScsPhe sequence and tfi-turn in L-Pro-R R)csPhe.
Indeed, the8I-turn is situated on a flat section of the confor- [N the case of the former, steric factors also seem to favor the
mational energy map about 4.2 kcal/mol aboveHeconfor- Sl disposition since th_ls folde_d form remains preferred in the
mation, but it does not exhibit a stationary point. As a typical absence of the Nt interaction.

feature off3-turns, minima are characterized by hi(Me) to
Ac-C'O hydrogen bond. Inspection of the structural parameters
of the different low-energy conformations (Table 8) suggests The conformational behavior of the PivPro-gPhe-NHPr

that the stability of the structures is modulated by the distance dipeptides investigated in this work is summarized in Table 10,
between the g?heNH and the phenyl moiety. Indeed, the two where it is compared to that of the analogous compounds

Conclusion

lowest energy conformations exhibit gPtie-NH proton to incorporating Agc, Phe, and #”he. Experimental data provide
aromatic ring distance of about 2.6 A, which may result in an evidence that the Prasehe sequences exhibit a high tendency
attractive NH--sr interaction. to s-folding in solution, even in DMSO. The high stability of

In accordance with the experimental results, theoretical the folded conformation in the presence of such a strong
calculations reveal the preference of th@ro-(SS)csPhe and solvating medium is also typical of the 4z and gPhe-
L-Pro-R,R)csPhe sequences for th#- and jlI-turn, respec- containing dipeptides and seems to be related to the C
tively. In an attempt to evaluate the contribution of the aromatic tetrasubstituted character of these residues. In contrast, the
m cloud to gPheNH attraction to the stability of the lowest  unmodified Pro-Phe sequences exhibit high percentages of open
energy conformations obtained, we performed calculations on conformers under the same conditions.
similar dipeptides where the possibility for this interaction had  The-folded modes adopted by the PrgRbe dipeptides are
been eliminated. To this end, we replaced the phenyl ring of dictated by gPhe chirality and are little dependent on the solvent
the gPhe residue by a cyclopentyl group. The cyclopentyl nature and on the solute or crystalline state. T&&)¢:Phe
substituent was preferred to the cyclohexyl one because theresidue, analogous toPhe withy! fixed at about 60, mainly
former deviates from planarity to a lesser extent and was or exclusively occupies the+ 2 position of a type |3-turn,
therefore considered to be more appropriate to reproduce thewhile (R,R)csPhe, analogous to-Phe withy* constrained near
steric effects of the phenyl substituent. The low-energy con- —60°, shows a marked preference for fpléstructure. We have
formations obtained are listed in Table 9. For the I1ABfo- presented experimental and theoretical arguments showing that
Xaa-NHMe dipeptide where Xaa i§§)-1-amino-2-cyclopen- the influence of the side chain disposition on theurn type is
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related to the fact that the aromatieorbitals are involved in of specific secondary structures. To gain a deeper knowledge
an attractive interaction with thesRheNH. of the -folding modulation by side chain orientation, further

In comparison, for the Pro-Ac sequence, which does not inve;tigations on otheg!-restricted surrogates of phenylalanine
have an aromatic substituent, bg#kturn types | and Il have  are In progress.
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The retention of thefl-folded conformation of Piv—Pro-
(S9cePhe-NHPr in DMSO and in the crystalline state is
therefore particularly noteworthy and evidences the value of
the cyclohexane analogues of phenylalanine in the induction JA993568K



