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Abstract: The model dipeptides RCOPro-gPhe-NHMe, whereghe stands for each of the four cyclopropane
analogues of phenylalanine (2,3-methanophenylalanine), have been studied in solution Bif éWiB and

FT-IR spectroscopy and in the solid state by using X-ray diffraction. The conformational behavior of these
compounds has been compared to that of the analogogsahelL- or b-Phe-containing dipeptides. When
associated to proline, the cyclopropane residues in the so-date?l position exhibit a marked tendency to
p-folding in solution, even in DMSO. The typeftturn is generally favored, but th#/Sll1-turn ratio depends

both on the experimental conditions (solvent, solution, or solid state) and on the chirality gPtiernoiety,

which rigidly fixes the orientation of the phenyl ring with respect to the peptide backbone. $3S)(2Phe
residue, analogous toPhe with they! angle constrained to about,ds the most propitious tgl-folding in

thei + 2 position of a putatives-turn.

The biological effects mediated by peptides greatly depend larger linear substituents in opero-dialkylated residues seem
on their conformational properties, which are of primary to favor extended structurés.d Folded conformations are often
importance in molecular recognition steps. However, small and observed in peptides containing 1-aminocycloalkanecarboxylic
medium-sized peptides often exhibit a conformational flexibility acids?a-¢4 However, very little work has been devoted to the
that gives them the possibility of interacting with different incorporation of chiral derivatives @f-amino acids other than
receptors, thus presenting a multiple biological activity. The o-methylated compounds.

stabilization of particular conformational features by the intro- It should also be noted that some particular side chains are
duction of geometrical constraints may be of major interest for directly involved in molecular contacts and are therefore strictly
the establishment of structuractivity relationships. required for adequate peptide-receptor recognition and binding

Structural restrictions can be induced in different ways, with affinity. Moreover, statistical analysis of the crystallized
one of the most efficient being the incorporation of nonprotein- proteins reveals that local structural motifs are often the
ogenico-amino acids with defined conformational preferentes. consequence of side chain/main chain interactfonsor
Among such methodsy-alkylation has proven to be valuable example, the Asx-turn is characterized by a hydrogen bond,
in the construction of peptides with specific secondary structures, which closes a 10-membered cycle, between a peptide NH and
and the resulting conformation depends on the type-afkyl- an Asn-CO or Asp-CO,~ two residues ahead and requires a
ation? Thus, a-amino isobutyric acid (Aib) induces;@ or particular orientation of the Asn or Asp side chaint then
a-helices depending on the number of Aib residtiesereas appears that, due to either steric hindrance or the occurrence of

T Abbreviations: Standard abbreviations as recommended by the ACS a deflr?ed |n_teract|0n, the. Conform.atlon of a peptld_e chain and
and the IUPAC-IUB Commission have been usedscAd-aminocyclo- the orientation of the side substituents are not independent
propanecarboxylic acid; Bodert-butyloxycarbonyl; gPhe, 2,3-methano- parameters. For these reasons, the introduction of conforma-

phenylalanine; HOHAHA, homonuclear Hartmaridahn spectroscopy;  tipnal constraints to force the side substituents to adopt a definite
NMM, N-methylmorpholine; PE, petroleum ether; Piv, pivaloyert

butylcarbonyl); TFA, trifluoroacetic acid; Z, benzyloxycarbonyl. (3) Karle, I. L.; Balaram, PBiochemistry199Q 29, 6747-6756.
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Methanophenylalanine

orientation, without necessarily modifying their chemical nature,
is of valuable interest.
Despite their potential utility, the conformational conse-
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To study the influence of the side chain orientation on the
folding mode of a peptide, we have prepared the model
dipeptides RCQ-Pro-Xaa-NHMe (RCO= Z, Boc, or Piv),

quences of selectively oriented side chains remain almostwhere Xaa represents each of the four 2,3-methanophenylalanine

unexplored. Cyclopropane (or 2,3-methano) amino acid ana-
logues are particularly attractive from this point of view. In
addition to the restrictions imposed loya-disubstitution, the
rigidity of the structure forces the side chain to adopt a well-
defined orientation with respect to the backbone, and this
orientation is different for each diastereoisomer. Evidence of

diastereoisomers (denoted agPle in the following text),
1-aminocyclopropanecarboxylic acid (denoted asch@andL-

or b-phenylalanine. The two dipeptides incorporating phenyl-
alanine have already been shown to adopt the typetlirn in

the solid state and thgl- or gll-turn structure, depending on
their stereochemistry, in Gi€l, solution?> We have applied

this interest is provided by the effort devoted during recent years IR and'H NMR spectroscopy to the structural analysis of the

to the synthesis of these derivativesStereoselective procedures
for the preparation of cyclopropane analogues of methichine,
phenylalaniné? leucine!! arginine!? proline 3 aspartic acid?
glutamic acid'® and glutamin& have recently been reported.

csPhe derivatives in solution and compared their behavior to
that of the Agc- and Phe-containing dipeptides. Three of the
four csPhe diastereoisomers gave crystallized dipeptides, which
have been investigated by X-ray diffraction. Preliminary results

Although 1-aminocyclopropanecarboxylic acid has been inserted have recently been published elsewhre.

into a certain number of peptidés 17 there are only a few

examples concerning substituted cyclopropane analogues o

proteinogenic amino acids. 2,3-Methanophenylalanine has bee
incorporated into aspartari&enkephalin? and substance P.

Various di- and tripeptides including 2,3-methanoaspartic acid
have been synthesizéH.Theoretical and spectroscopic analyses

of some 2,3-methanomethionine- or 2,3-methanoarginine-

containing peptides have been repode# The crystal mo-
lecular structure of only one dipeptide containing 2,3-methano-
phenylalanine has been descrilzéd.
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;Experimental Section

Synthesis. The derivatives that have been synthesized are shown
in Table 1 with their abbreviated codes. Amino est#ss8 andtrans-8
(racemic form), as well a8, were obtained by acid hydrolysis of their
respective diphenylmethylene imino esters (Figure 1), which were
prepared following previously reported proced#&®. The synthesis
of the four diastereoisomefis-4 is presented in Figure 2cis-8 and
trans-8 were coupled toN-tert-butyloxycarbonyle-proline by the
classical mixed anhydride method using isobutyl chloroformate as a
coupling agerif to give 1b—4b. Subsequent treatment of these
compounds with methylamine in methanolic solution afforded the
corresponding methylamideka—4a in good yields. Due to steric
hindrance arising from,a-disubstitution and the presence of the phenyl
group, the time required for completion of the reactions was in most
cases significantly longer than that under the standard conditions. The
cisdiastereoisomeric estetd and2b, and thetransdiastereoisomeric
amides3aand4a, were separated by column chromatography on silica
gel. The Boc group inla—4a was removed by treatment with
trifluoroacetic acid, and the amino group was acylated with pivaloyl
chloride to givel—4. At this stage, onlyl and3agave single crystals
suitable for X-ray diffraction experiments.-Proline was taken as a
reference, and the resolution of the crystal structures revealed the
absolute configuration of theslehe residue to be R3R) in seriesl
and (R 39) in series3. From these results, the stereochemistry of the
cyclopropane moiety in serigsand4 could be established as33S)
and (5,3R), respectively (Figure 3). This assignment was verified with
the crystal structure dc, obtained fronRaby changing the Boc group
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116 799-800. (b) Burgess, K.; Ho, K.-K.; Pettitt, B. Ml. Am. Chem.
Soc.1995 117, 54—65. (c) Burgess, K.; Ho, K.-K.; Pal, Bl. Am. Chem.
Soc.1995 117, 3808-3819. (d) Burgess, K.; Ke, C.-Y. Org. Chem1996
61, 8627-8631. (e) Burgess, K.; Ke, C.-YI. Pept. Res1997 49, 201~
209. (f) Malin, D. H.; Payza, K.; Lake, R.; Corriere, L. S.; Benson, T. M.;
Smith, D. A.; Kelley, R. S.; Ho, K.-K.; Burgess, KReptides1993 14,
47-51. (g) Malin, D. H.; Lake, R.; Payza, K.; Corriere, L. S.; Benson, T.
M.; Garber, T. L.; Waller, M. L.; Luu, T.-A.; Kelley, R. S.; Smith, D. A.;
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be changed into @3R).
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1994 50, 91579166.
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Commun.1992 22, 2955-2963.
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Table 1. Synthesized Dipeptides with Configurations and Codes

Xaa residue #he Phe
absolute configuration (2R,3R) (2539 (2R,39 (2S3R) € R
peptide nomenclatute Cis,D cis,L trans,p trans,L Acsg® L D
Piv-L-Pro-Xaa-NHMe 1b 2 3 4 5 6 7d
Boc-L-Pro-Xaa-NHMe la 2a 3& 4a 5a 6a 7a
Boc4.-Pro-Xaa-OMe 1b 2b 3b 4b 5b
Z-L-Pro-Xaa-NHMe 2¢°

aThe peptide nomenclature is indicated for comparison of the 2,3-methanophenylalanine configuration with that of the Phe residue. The disposition
of the phenyl ring with reference to the nitrogen is denotedisyandtrans ? The crystal molecular structure of this derivative has been solved
(this work).¢ The crystal molecular structure of this derivative has been sdiedlhe crystal molecular structure of this derivative has been
solved?”

P NH,
CO,Me
PhCHN , f} N=CPh, ¢ cis8
a P CO,Me
NH»
P CO,Me
N=CPh, trans 8 Figure 3. Schematic representation of a type | (left) and type Il (right)
COMe ﬁ_—turn 'f_or dipeptides1—4 showing the anti (left) or syn (right_)
disposition of the Pro NC* and C=0 bonds, and the difference in
the Pro-CH/csPhe-NH interproton distance. Numbets-4 indicate the
position of the phenyl ring in thesBhe-containing dipeptides as
b A<N:CPh2 d A<N-12 determined from the crystal structurespf2c, and3a.
CH,N, CO,Me CO,Me
9 Piv-L-Pro-(2R,3R)csPhe-NHMe (1): R (CH,Cl/i-PrOH 95/5)=

Figure 1. Synthesis of the starting cyclopropane amino esdeaad 0.33. White solid (mp 221C). [a] = + 3.8 ¢ = 0.40, MeOH). IR

9. Conditions: (a) Ref 28. (b) Ref 29.)(@ N HCI/CH,Cly, rt 24 h; (KBr) 3337, 3315, 1693, 1639, 1607, 1542, 1512 émAnal. Calcd
column chromatography (eluent AcCOEt/@E, 1/1), R 0.60 (is-8), for CaH2dN3Os: C, 67.90; H, 7.87; N, 11.31. Found: C, 67.78; H,
0.31 trans-8); overall yield: 98%. (d) 0.5 N HCI/CECly, rt overnight; 7.90; N, 11.35.
yield: 89%. Piv-L-Pro-(2S,3S)csPhe-NHMe (2): Re (CH.Cly/i-PrOH 95/5)=
0.23. White solid (mp 270C). [o] = —288.6 ¢ = 0.42, MeOH). IR
P NH, >A<N"2 (KBr) 3344, 3268, 1695, 1637, 1604, 1551, 1527 émAnal. Calcd
}A<C02Me P COMe for CoiHaoNsOs: C, 67.90; H, 7.87; N, 11.31. Found: C, 67.96; H,
ciss rans8 7.85; N, 11.32.
Piv-L-Pro-(2R,3S)csPhe-NHMe (3): R (CH.Cl,/i-PrOH 95/5)=
a ‘a 0.28. White solid (mp 248C). [o] = —110.0 ¢ = 0.51, MeOH). IR
o, (KBr) 3347, 3259, 1695, 1643, 1609, 1546 ¢m Anal. Calcd for
separat. (b) CaH2eN303: C, 67.90; H, 7.87; N, 11.31. Found: C, 68.00; H, 7.84;
1o 20 Boc - Pro - ¢ 3Phe - OMe 3br4b N, 11.27.
@R3A)  @S39) : (2RS,35A) Piv-L-Pro-(2S,3R)csPhe-NHMe (4): Ry (CH:Cly/i-PrOH 95/5)=
d 0.23. White solid (mp 84C). [a] = + 125.6 ¢ = 0.43, MeOH). IR
° oo (KBr) 3339, 3267, 1694, 1670, 1650, 1607, 1548 émAnal. Calcd
separat. (€) for CxH29N3Osz: C, 67.90; H, 7.87; N, 11.31. Found: C, 67.81; H,
1a 2a ) R R 3a 4a 7.89; N, 11.35.
eram)  @sas) ooTProrcdPhe-NHMe ophg  esam Piv-L-Pro-Acac-NHMe (5): R (CH,Cl/i-PrOH 9/1)= 0.41. White
solid (mp 245°C). [a] = —36.2 € = 0.42, MeOH). IR (KBr) 3340,
f f 3286, 1695, 1636, 1604, 1555, 1523 ¢m Anal. Calcd for
Ph CisH2sN3Os: C, 60.99; H, 8.53; N, 14.23. Found: C, 60.86; H, 8.55;
1 2 ﬁ NHMe 3 4 N, 14.28.
(2R.3R) (25,39) Bu b\ (2R,39) (25,3R) Piv-L-Pro-L-Phe-NHMe (6) Ry (CHzClz/I-PI’OH 95/5): 0.28.
o White solid (mp 145C). [a] = —70.8 ¢ = 0.61, MeOH). IR (KBr)
Piv - Pro - ¢ 3Phe - NHMe 3344, 3282, 1677, 1646, 1603, 1538, 1518 émAnal. Calcd for
CaoH29N303: C, 66.83; H, 8.13; N, 11.69. Found: C, 66.93; H, 8.12;
Figure 2. Synthesis of the four diastereoisomeric dipeptidest. N, 11.65.
Conditions: (a) Boa-Pro-OHI-BuOCOCI/NMM/THF, =15 °C 4 h, Piv-L-Pro-p-Phe-NHMe (7) R (CHzCIz/i-PrOH 95/5): 0.27.
rt overnight; yield> 95%. (b) Eluent AcCOE/PE 3/X&;: 0.44 (Lb), 0.37 White solid (mp 187C). [o] = —8.9 ¢ = 0.45, MeOH). IR (KBr)
(2b). (¢) 8m MeNH/MeOH, rt 24 h; yield>95%. (J 8 M MeNHJ/ 3315 3285 1688, 1642, 1605, 1547, 1533 tmAnal. Calcd for

MeOH, rt 8 d; yield>90%. (e) Eluent ACOE/CHCl,, 1/1; R 0.33 CaoH2oNz0s: C, 66.83; H, 8.13; N, 11.69. Found: C, 66.75; H, 8.15;
(32), 0.30 ¢a). (f) 1: TFAICHC,, 2/3, 1t 1 h; 2:t-BUCOCINMM/ 11 73,

CHCl, 0°C 2 h, 1t overnight; yield~92%. Z—1-Pro-(25,35)csPhe-NHMe (2¢):R; (ACOEYCHCI, 7/3) = 0.46.
into the Z one. Unfortunately, all efforts to crystallize derivatives in  White solid (mp 182C). [o] = —227.8 ¢= 0.54, MeOH). IR (KBr)
series4 were unsuccessful. The Aecontaining dipeptides was 3383, 3315, 1697, 1671, 1659, 1534 ¢m Anal. Calcd for
obtained from amino ested by using the same peptide synthesis CaaH2/N3O4: C, 68.39; H, 6.46; N, 9.97. Found: C, 68.48; H, 6.45;
procedures as described above. The preparation of the lp-&ite- N, 9.93.

containing dipeptide6 and7 was carried out as reported earfieithe Boc--Pro-(2R,3S)csPhe-NHMe (3a): Rr (ACOEt/CHCI, 1/1) =
1H- and'3C NMR data for1—7 are listed in Tables24. 0.33. White solid (mp 244C). [o] = —150.0 € = 0.40, MeOH). IR
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Table 2. Proton Chemical Shifts for Piv-Pro-Xaa-NHMe in CDJ (300 MHz,c = 0.01 M}

Pro Xa&
peptide t-Bu C*H CPH, CrH, C°H, NH CoH CH, CPoHo C°H CH+CH NH CHs
1 122 3.85 181 2.15/1.82 3.70 _5.58 1.59/2.12 3.04 7.08-7.12 7.19-7.32 7.78 2.79
2 115 407 1.74/1.23 1.66/1.52 3.50/3.30 5.61 3.1Q 151/2.04 7.12-7.17 7.157.28 7.39 2.80
3 1.26 4.38 2.03 2.18/1.96 3.74 6.87 1227 2.56 7.28-7.32 7.127.26 7.26 2.55
4 1.27 419 201 2.21/1.95 3.77 6.63 2,68 1.28/2.18§ 7.40-7.45 7.1F7.26 7.52 2.58
5 1.26 4.12 1.99/1.89 2.19/1.91 3.74 6.33 Y0B2 0.84/1.48 7.70 2.77
6 1.05 438 205191 1.89 3.63/3.515.84 4.68 3.41/2.96 7.097.14 7.16-729 6.71 274
7 121 4.04 192 2.16/1.87 3.70 591 4.71 3.27/3.10 Y49 7.1+7.30 7.35 273

aThe underlined resonances are significantly highfield shifted by ring current effect when contpasingth 5 and6 with 7. ® The subscripts
¢ andt specify thecis or trans disposition of the g?he and Agc cyclopropane protons with reference to the nitrogen atom. They have been
assigned on the basis of the coupling constahisX Jvang and of the perturbations introduced by the phenyl rinfy.a®d &, denote thes-carbon
atom in the position corresponding to enandp-residue, respectively.

Table 3. Proton-Proton Vicinal J) and Geminal3J) Coupling mixtures. The resonance of a free proton is rapidly shifted to low fields,
Constants for the Cyclopropane Ring in Dipeptides RRro-Xaa- whereas that of a hydrogen-bonded proton is only weakly affected by
NHMe 1-5% DMSO-ds NH-solvation?>3* IR spectra were obtained in the Fourier
peptide 3Jsis 3Jyrans 23, EAR transform mode on a Bruker IFS-25 apparatus in order to investigate
1 96 78 57 the NH ({320(_}3500 cnt?) and C'O (1580-1720 _crrTl) stretching
2 9.2 77 56 frequencies in CkCl,, MeCN, and DMSO. Peptide concentrations
3 9.8 8.4 —5.4 used were 0.005 M, and further dilution confirmed the absence of any
4 10.1 8.6 -51 molecular aggregation. A free secondary amide group exhibité-an
5 10.2 7.5 —4.2 -3.9 absorption at 34003450 cn1! and aC'O absorption at 16501700

cm™1, while the free urethane Boc/Z-O absorbs at 17061720 cm™.

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 Pi@O at about 1620 cnt, out of

(KBr) 3353, 3251, 1696, 1684, 1638, 1549 ¢m Anal. Calcd for the usual region for peptide carbonyts The Pro-preceding pivaloyl

CoHaNsOs: C, 65.10: H, 7.54: N, 10.84. Found: C, 65.21: H, 7.52; 9roup has another advantage; it prevents the Piv-Pro amide bond from

N 10.80. ' Y Y ' T ' assuming theis conformation for steric reasoR%. When engaged in
X-ray Diffraction. Single crystals ofl (CH.Cl, solvate),2c, and an intramolecular hydrogen bond, bdifH and C'O absorptions are

3a (CH.Cl, solvate) were grown as indicated in Table 5. The X-ray shifted to lower wavenumbers. The contributions of the residual water

diffraction data were collected on a Nonius CAD-4 four circle Inthe solvent, if any, were eliminated by correction in the 356600

diffractometer, using graphite-monochromated Cu radiatidbn=( cm™* region where the peptide does not absorb.

1.541 80 A). The independent reflections were measured imtp@-

scan mode and in the range +70°. Unique cell parameters were

determined by least-squares refinement of the setting angles of 25 high

angle reflections (20< 6 < 30°). The main crystallographic data of . .
the derivatives investigated in the present study are given in Table 5. Crystal Structures. The dichloromethane molecules in the

The crystal structures were solved by direct methods using S1IR92. solvates of botfl and3aare thermally agitated, as are thBu

The E-maps revealed the whole molecules except the hydrogen atomsand Me terminal groups. The same is true for tflehe phenyl
Refinement of the structures was performed using SHELXE293. carbons. The dimensions of the cyclopropane ring (Figure 4)
Heavy atoms were affected by anisotropic thermal factors, while the gre quite similar to those already found for thesAcesidué’
hydrogen atoms were located by calculation and affected by an isotropic although the bond connecting the branched carbons is ap-
thermal factor of 5 & The NH hydrogens were replaced at a distance proximately 0.04 A longer than the other two-C bonds. As

of 1.03 A from nitrogen in the direction found by refineméhtThe . -
residual R factors are indicated in Table 5. Crystal data, fractional expected, the intracyclic bond angles are near tg BQt the

coordinates for the hydrogen and non-hydrogen atoms, equivalentPond angle at the methylene carbon is a little larger than those
thermal parameters, and anisotropic temperature parameters for the nonat the other two branched carbons. We also note the short
hydrogen atoms, interatomic bond lengths and bond angles, andN—C* and &—C' bonds, which is in agreement with the
torsional angles have been deposited as Supporti_ng Information. conjugative ability of the cyclopropane ring, and the large
1H_NMR a_md IR Spectroscopy. Structural anaIyS|s_of compounds  N—Co—C' angle (117), which greatly exceeds the standard
1-7in solution was performed by NMR and IR techniquésl NMR value. The @—C link between the cyclopropane and phenyl
spectra were obtained using a Bruker AC-200P and ARX-300 apparatusrings ranges from 1.46 A icto 1.49 A in1 and3a, while the

with TMS or the solvent signal as the internal reference, respectively. d | ina th | bon bearing th
Peptide concentrations were 0.01 M. Proton resonances were assigne&on angles concerning the cyclopropane carbon bearing the

in CDCl; and DMSOé€s by COSY and HOHAHA experiments. ~ Phenyl ring are largely above 120 The other bond lengths
Nuclear Overhauser enhancement due to the proximity of Prt-C ~ and bond angles in the dipeptides have expected values.
csPhe-NH was estimated using the ARX-300 apparatus through 1D-  The main torsional angles are listed in Table 6. All three
NOESY difference experiments by irradiation at the Xddfequency. molecules are folded by an intramoleculifi(Me) to Piv-C'O

The solvent accessibility of the amide protons, which is related to their hydrogen bond (Table 7) that closes a 10-membered pseudocycle

free or hydrogen-bonded character, was investigated by considering, ~ 36 . .
the influence of changes in the DMS@-<content in CDGYDMSO<ds  yPical of aB-turn¢ We note the N-+O distance of 3.15 A in

a Dispositions of the vicinal protons are specified dig andtrans
L andp denote the carbon atom in the position corresponding tc- an
andbp-residue, respectively.

Results and Discussion

(31) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, Appl. (34) Pitner, T. P.; Urry, D. WJ. Am. Chem. S0d972 94, 1399-1400.
Crystallogr. 1993 26, 343—-350. (35) (a) Nishihara, H.; Nishihara, K.; Uefuji, T.; Sakota, Bull. Chem.

(32) Sheldrick, G. MSHELXL 93, Program for the Refinement of Crystal ~ Soc. Jpnl975 48, 553-555. (b) Liang, G. B.; Rito, C. J.; Gellman, S. H.
Structures University of Gdtingen: Germany, 1993. Biopolymers1992 32, 293-301.

(33) Taylor, R.; Kennard, QActa Crystallogr., Sect. B983 39, 133— (36) Rose, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Chem1985

138. 37, 1-1009.
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Table 4. 3C Chemical Shifts for Piv-Pro-Xaa-NHMe in CDG (75 M

Hz,c = 0.01 My

‘Jiereet al.

Piv Pro

Xaa

Cco c coO Cc

ol

c Ce ct CO CHs

48.72
48.56

174.05
172.49
173.80
174.07
173.77
171.41
172.73

178.08
178.22
178.46
178.15
178.29
178.69
177.98

~NOoO O~ WN PR

40.03
39.74

36.76

171.06
170.94

26.85
26.79

128.31
127.98
127.82
127.72

127.00
126.75
126.67 168.38
126.55 168.62
171.67 26. 80
127.13 171.02 26.36
126.96 171.04 26.41

135.41
135.80
135.49
135.80

128.52
128.78
129.06
129.33

128.74
128.71

136.67
136.69

129.33
129.25

aCh. and @, denote thgs-carbon atom in the position corresponding tolarand p-residue, respectively. They have been assigned by 2D
1H—13C heteronuclear zero and double quantum coherence correlation.

Table 5. Crystal Data
peptide 12 2¢° 3

crystal system orthorhombic monoclinic orthorhombic
space group P2:2:2; P2 P212,2;
unit cell dimensions

a A 9.542(1) 4.947(2) 10.127(1)

b, A 9.918(2) 21.204(4) 13.033(3)

c, A 26.268(6) 10.671(2) 19.130(3)

f, deg 99.33(3)
z 4 2 4
densityaica grecm—2 1.219 1.267 1.243
reflections collected 2550 2070 2537
independent reflections 249Bif: = 0.079] 2070 Rt = 0.000] 2474 R = 0.076]
data/restraints/parameters 2449/2/279 2070/2/287 2474/2/289

residual factorsI[> 2 o(1)] R; =0.055, wR = 0.139

R =0.048, wkR = 0.120

R =0.062, wR =0.170

a Single crystals ofl (CH,Cl, solvate) grown by slow diffusion of liquid petroleum ether in a £H solution.® Single crystals oRc grown by
slow evaporation of a C¥l /diisopropyl ether solutiorf. Single crystals oBa (CH,Cl, solvate) grown by slow evaporation of a &, solution.

\t,,, 5 _C' \,‘, \50_C N% \8_C
Q 0
l’ e / i’
B
CL [ﬁ
D\07
\
117 117 117 C
116 115 118
118 )
0
62 ‘23 62
s\ \
62 125
Cﬁ c D\cY
N-C“«CQ:HQ N-ce-cB=115 N‘C“-CBL=119
C‘-C“—CBL:HG c-_ca_cﬂo=117 C‘—C“—CBL=117

thg-oﬁL=123 Y-CBL-cg=123 Y—Cg—CBL=126

1 2c 3a
Figure 4. Bond distances (up) and bond angles (down) for the
cyclopropane ring in the crystal molecular structureg,dfc, and3a.
Cf, and @, denote the carbon atom in the position corresponding to
anL- andp-residue, respectively.

2¢, which is at the upper limit for hydrogen bondfignd larger
than the corresponding distancelif2.89 A) and3a (2.87 A).
The orientation of the middle amide group, with the proline
C'=0 and CG—H bonds in the anti disposition, corresponds to

(37) (a) Ramakrishnan, C.; Prasad,IhL J. Pept. Protein Re4.971, 3,
209-231. (b) Taylor, R.; Kennard, O.; Versichel, Wcta Crystallogr.,
Sect. B1984 40, 280-288. (c) Gorbitz, C. HActa Crystallogr., Sect. B
1989 45, 390-395.

Table 6. Main Torsional Angles (deg)

fragment angle 1 2c 3a

Piv/Z/Boc w 177 178 =177

Pro 1) —60 —51 —56
P 134 134 131
) —173 174 —175

csPhe ¢ 89 72 77
P -5 0 11
w —176 —174 —176
2t —4 8 —135
Va 56/—127 —47/133 9390

the type ll-turn (Figure 5), which has already been observed
in the crystal molecular structure of Boc-Pro+s8€5ly-NH, and

in homologous derivatives with larger cycloalkane ridgslt

is remarkable that all of the Ac-containing oligopeptides
crystallized thus far that are large enough to forig+turn are
actuallys-folded. However, the turn is generally of typé’f,
except for the tripeptide mentioned above.

The proline ring adopts the classical envelopé-e€o
conformation inl, and the twisted &-endo/C—exo conforma-
tion in 2cand3a3® As expected? the Piv group inl is trans-
planar. The participation of its carbonyl in the intramolecular
hydrogen bond typical of thg-folded structure imposes the
trans-trans conformation on the Z grotfpin 2c and on the
Boc groug®in 3a

The molecules are connected by intermolecular hydrogen
bonds betweehNH andC'O with typical N---O distances (Table
7)37 Additionally, in both1 and3a, one of the CHCI, protons
is in close contact with an amide oxygen. The two phenyl rings
in 2c are stacked in files.

(38) Nair, C. M. K.; Vijayan, M.J. Indian Inst. Sci.,
81-103.
(39) Benedetti, E.; Pedone, C.; Toniolo, C.; Dudek, M.nié¢hy, G
Scheraga, H. Alnt. J. Pept. Protein Red 983 21, 163-181.
(40) Benedetti, E.; Pedone, C.; Toniolo, C.;iethy, G.; Pottle, M. S;
Scheraga, H. Alnt. J. Pept. Protein Res98Q 16, 156-172.

Sect. €981 63,
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Table 7. Dimensions (A, deg) of the Hydrogen Bords
peptide donor (D) acceptor (A) symmetry code 27\ H---A D—H---A
1 NH(Me) Piv-C'O XY,z 2.89 2.01 141
csPheNH csPheC'O —X; —0.5+y; -0.5—z 2.83 1.80 175
CH,Cl,» ProC'O 1+xy,z 3.10 2.15 167
2c NH(Me) Z-C'O Xy z 3.15 2.17 159
csPheNH ProC'O -1+xy,z 2.95 1.94 167
3a NH(Me) BocC'O Xy z 2.87 1.99 142
csPheNH csPheC'O 05+x15—-y;,-1—-z 2.79 1.77 174
CHCl, ProC'O 05+x,05—y, -z 3.09 2.44 125

aThe NH hydrogens have been replaced at 1.03 A from N in the direction found by refin&ment.

Figure 5. Stereoviews of thgll-folded crystal molecular structures
of 1, 2¢, and3a, indicating the intramolecular hydrogen bond.

Structures in Solution. The NH and C'O stretching fre-
quencies for dipeptides—5 (Table 8) have been assigned by
comparison with those f& and7,2> and from the perturbation
induced by Piv/Boc and NHMe/OMe exchange. They confirm
the existence in CkCl, of a strong intramoleculalH(Me) to
Piv-C'O hydrogen bond that is typical of th&turn structure.
Thus,NH(Me) gives rise to an intense and brddH stretching
absorption at about 3358360 cnt! (Table 8) and its proton
resonance experiences a very small shift on going from GDCI
to DMSO-ds (Table 9). In comparison, the freegRheNH and

intramolecular interaction. One also notes its splitting into two
components at about 1601 and 1612 énwith the relative
intensities depending on the presence and orientation of the
aromatic substituent (Figure 6). This indicates the occurrence
of two different hydrogen-bonded states for this carbonyl group,
which we believe to denote types | andBHfolded molecules.
The same double contribution is observed Tprwhereast
displays a single bonded absorption at 1611 tand a weaker
free contribution at 1620 cnt (Table 8).

The type | and l|3-turns differ essentially in the orientation
of the middle amide bond (Figure 3). The absence of the Xaa-
C“H proton from1—5 precludes their discrimination by the
3JNH-can coupling constant commonly used for the structural
analysis of peptide$. Due to the existence of the second C
chiral center inl—4 and the particular electronic hybridization
state of the cyclopropane ring, circular dichroism, as proposed
by Perczel et al*? is also excluded. We therefore considered
the Pro-CH/Xaa-NH interproton distance, which is longer in
the I than in thepgll-turn (Figure 3) and should be reflected
by a weaker nuclear Overhauser enhancement (nOe) for the
former. The Pro-@H/Xaa-NH nOe in CDC} has actually
proven to be significantly smaller f&@ than for7 (Table 10),
and in CHCI, solution, these compounds are known to
essentially accommodate t#é& and Sll-turns, respectively®
We therefore conclude that in GEI, the Piv-C' O frequency
components at 16101615 and 16001605 cn! are effectively
typical of the type | and type IB-turn, respectively. On this
basis, thegl/gll ratio, estimated from the relative intensities of
the PivC'O components in CKCl, for all seven compounds,
nicely correlates with the Pro%Ei/Xaa-NH nOe in CDC}
solution (Table 10).

It has already been pointed out that fHeand jlI-turns can
also be discriminated by the P@O stretching frequency,
which respectively translates tla@ti or synorientation of the
(i + 1) proline N-C* and C=0 bonds (Figure 3> The former
gives rise to a lower frequency absorption (1685 &rfor 6)
than the latter (1692 cni for 7) (Table 8). Dipeptided, 3,
and4, which essentially assume the typestturn (Table 10),
present a single Pr6*O absorption at a high frequency (about

Acsc-NH are characterized by a sharp IR absorption at about 1700 cn?), whereas2, which equally adopts thgl- and jlI-

3410-3425 cntt and a much higher solvent sensitivity of the

turns, actually presents two P@O contributions at 1705 crt

proton resonance. This behavior is similar to that already (type Il) and 1694 cmt (type I). The particular hybridi-
reported for the homologous phenylalanine-containing dipeptides zation state of thes®hea-carbon in1—4 with reference td
6 and 7.25 However, the presence of an absorption at 3450 and7 is probably responsible for the higher et frequency

cm1, more intense fo6 than for7 and corresponding to a free

NH(Me) site, indicates the existence of a noticeable fraction of

in 1—4.
In the absence of the phenyl ring, tff-turn is the most

open molecules in these cases. This is confirmed by the higherfavored structure fob in CH,Cl,. It has also been observed in

sensitivity to solvent polarity observed for théHiMe) proton
resonance fo and, to a greater extent, fér(Table 9).

The PivC'O absorption, eventually corrected for residual
water contribution, for derivatives—5 in CHCl, (Table 8) is

shifted to lower frequencies with reference to that observed at

1619 cnt! for Piv-Pro-OMe, where it is free from any

the crystal structure of Boc-Pro-4eGly-NH,, P whereas other
Aczc-containing peptides devoid of proline adopt the type |

(41) Bystrov, V. F.Prog. Nucl. Magn. Reson. Spectro4876 10, 41—

.(42) Perczel, A.; Hollsi, M.; Sandor, P.; Fasman, G. Dnt. J. Pept.
Protein Res1993 41, 223-236.
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Table 8. Amide NH and QO Stretching Frequencies (cA) for Piv-L-Pro-Xaa-NHMe in CHCl,, MeCN, and DMSO Solutionsc(= 5 x

102 M)
peptide/ NH(Me) PivC'O ProC'O
solvent XaaNH, free free bonded free fl-bonded pll-bonded pl-free  plli-free  XaaC'O, free
1/CH.ClI, 3408" b 335G b 1612w 160F 170F 1658
MeCN 334F b 1606 1699 1660
DMSO 3248 334G b 1604 1693 1657
2/CH.Cl, 3424%3413" b 336C b 1612" 1601 1694" 1708 1660
MeCN 3410v 3353F— b 1605 1702 1660
DMSO 3248 3347 b 1603 1696 1657
3/CHCl, 3416" b 3362 b 1614 160F 1699 1662
MeCN 3354 b 1606 1697 1664
DMSO 3246 335G b 1604 169F 1663
4/CH,Cl, 341580 b 3358 b 1614w 1602 1699 1658
MeCN 335F b 1606 1695 166%
DMSO 3246 3348 b 1604 1689 1659
5/CHCl, 3420" b 3352 b 1612 160F 1700 1655
MeCN 3350 b 1605 1698 1658
DMSO 3251 334G b 1604 1692 1655
6/CH.Cl, 3428%/3413" 3450Y 3355 1620¥ 161% 1685 1666
MeCN 3430%/3413" 3355 1620Y 1608" 16858" 1670
DMSO 3273 333 1619" 1604" 1683" 1667
7/CHCl, 3419" 3450 3345 b 1614 160F 1692 1666
MeCN 342% 3346 1620" 1605 1689 1668
DMSO 3260" 3328 1619Y 1603 1684 1666

aStrong (s), medium (m), weak (w), and very weak (vw) absorption bamte free absorption is not visibleBroad absorption due to the
superimposed MeCN-solvated free and intramolecularly bonded NBi®ad absorption denoting the DMSO-solvated free NHs.

Table 9.

Chemical Shift and Solvent Sensitivity (ppm) of the

Amide NH Proton Resonances for PivPro-Xaa-NHMe ¢ = 0.01

M)
Xaa-NH NH(Me)
peptide CDCGJ DMSO-ds Ad6* CDCl; DMSO-ds A2
1 5.58 7.99 241 7.78 7.81 0.03
5.61 8.65 3.04 7.39 7.70 0.31
3 6.87 8.89 202 7.26 7.59 0.33
4 6.63 8.83 220 7.52 7.75 0.23
5 6.33 8.66 233 7.70 7.84 0.14
6 5.84 7.65 181 6.71 7.68 0.97
7 5.91 8.28 2.37 7.35 7.91 0.56
a Shift of the NH proton resonance on going from CR@ DMSO-
ds.
CH,Cl, DMSO
BI BII open  BII
= Fl - 750 | |
o\
é 2 - 500 -
;3) - 250
£
w
 — T T 0
g % § & v g % g8 %

(cm™)

Figure 6. Piv-C'O absorption profile with assignment for derivatives
1—4in CH,CI; (left) and1—4, 6, and7 in DMSO (right), showing the
influences of the stereochemistry and the solvent ongitell-turn

ratio.

Table 10. Nuclear Overhauser Enhancement of the P¥sC
Proton Resonance by Irradiation at the Xald-Resonance for
Piv-L-Pro-Xaa-NHMe. Comparison with th&l/gll Ratio in CH.Cl,

as Deduced from the Pi@-O Absorption Profile

nOe (%)
peptide Xaa CDGI DMSO<ds pl/fll2 CHLCl,

1 (2R,3R)csPhe 28 34 2179

2 (2539)csPhe 17 39 56/44

3 (2R,39)csPhe 23 31 37/63

4 (2S3R)csPhe 27 35 21179

5 AcsC 24 34 26/74

6 L-Phe 8 b 100/0

7 p-Phe 27 b 17/83

a Estimation from the relative intensities of the two components at
about 1612/1-turn) and 1601 cmt (Sl1-turn) of the PivC'O absorption
band (see Table 8 and Figure BNot determined because of Pro-
C*H and Phe-€H resonance overlapping.

Thepl/pll ratio varies with the orientation of the phenyl ring,
which is dictated by cyclopropane chirality in-4. Thefll-
turn is by far the most stable structure for bdtland4, while
the type I3-turn is present to a significant extent f8rand
even becomes the favored disposition 2ofTable 10). Thus,
the rigidity of the cyclopropane moiety, which fixes the phenyl
orientation at/! of about 0 for both dipeptided and2, allows
us to confirm the hypothesis previously proposed to explain
the different folding preferences férand7 in CH,Cl,.2> The
sr-orbitals of the aromatic ring are responsible for an attractive
interaction with the gPheNH and for a repulsive interaction
with the Pro€’'O, and both effects tend to favor tigéturn for
2 and thegll-turn for 1 (Figure 3). As for3 and4, the phenyl
ring probably affects by repulsion the orientation of thBlte-
C'O with reference to the cyclopropane, and this may modulate
to a smaller extent thgl/jll ratio, as indicated in Table 10.
The free XaaNH vibrator, which gives rise to a single

B-turn*’e In fact, proline is known to accommodate with & apsorption band fat, 3—5, and7, exhibits a double absorption

higher frequency than the other residues the conformationin the cases of and 6 (Table 8). This splitting probably
corresponding tay of about+150°,3 a value typical of the

pli-turn.

(43) MacArthur, M. W.; Thornton, J. MJ. Mol. Biol. 1991, 218 397—

412.

represents two different dispositions of the-N bond with
respect to the phenyi-orbitals in relation with thesl/pll
equilibrium for 2, and the rotation of the Phe*€C? bond in
6_25
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In DMSO, theNH(Me) stretching frequency fdr—5, at about tendency of the cyclopropane ring to favor a zero value for the
the same value as in GBI, (Table 8), confirms the hydrogen- 1 torsional angle, a prerequesite féufolding.17¢
bonded state of this vibrator, and this is in agreement with the  The-folding mode for the above derivatives, containing the
very weak sensitivity of the N(Me) proton resonance to  csPhe residue in the so-called+ 2 position, depends on the
DMSO-ds solvation (Table 9). The corresponding absorption solid or solution state, on the nature of the solvent, and on the
in MeCN overlaps that of the solvated Xa#d. In both aprotic stereochemistry of the cyclopropane ring. In weakly polar
media, the low value of the Pi@O stretching frequency  media, theSl- and thepll-turns coexist in a ratio that varies
supports the retention of thfolded structure. However, the  with phenyl orientation, while in DMSO solution and in the
existence of a single contribution at a low-frequency denotes solid state, where solvation or molecular packing play an
the sole occurrence of the typefHturn, and this is independent  important role, all of them accommodate tiH-folded con-
of the gPhe chirality (Figure 6). This is corroborated by the formation.
high Pro-CH/csPhe-NH or Acsc-NH nOe value in DMSQdg The glI- and glI-turns can be distinguished by the Rt/O
(Table 10), which provides evidence of a change in the folding stretching frequency, and the IR results are in good quantitative
mode with reference to that observed in CRCWe note that correlation with the Pro-@4/Xaa-NH nOe magnitude. This
the folded conformers of the-Phe-containing dipeptidéand, agreement allows us to conclude that both techniques constitute
to a greater extent, of thePhe derivative6 are much more reliable methods to distinguish tif#- and glI-folding modes
sensitive to DMSO solvation than those of the cyclopropane in peptides incorporatingy,a-disubstituted amino acids, in
dipeptidesl—5 (Table 8), a fact revealed by the absorption at which the Xaa®Jyy—cqn is Not present.
about 1619 cm!, which is typical of the free Piz'O site in The present work illustrates the influence of the side chain
Piv-Pro-OMe. orientation on the conformation of the peptide backbone. This

DMSO is a strong solvating aprotic medium and tends to point is of particular interest in the design of potent biologically
interact with the free Xa#dH site, which is in fact less  active peptide derivatives using!-constrained amino acid
accessible in thgl-turn, where it is directed toward the inner  residues. The structural analysis of model peptides containing
part the molecule, than in th#l-turn, where it points outward  other constrained phenylalanine analogues is in progress.
(Figure 3). This is probably the reason why all the cyclopro-

pane-containing dipeptidds-5 adopt the samgll disposition Acknowledgment. The authors are grateful to Dr. M. D.
and why the folded conformation 6fbecomes of thgll-type, Diaz-de-Villegas for her contribution to the NMR analysis and
under the above conditions. A supporting argument is provided to Drs. C. Didierjean and A. Vicherat for technical assistance.
by thepll-folded crystal molecular structures bf2c, 3a(Table Financial support from the Ministerio de Educatip Cultura

7), and6,2> where the XaaNH is hydrogen-bonded to an amide  (postdoctoral fellowship for A.l.J. and acciintegrada HF 96-
carbonyl of a neighboring molecule. These results indicate that 87), and Ministee des Affaires Etranges (action intgree
NH solvation or intermolecular interactions are able to com- 97039) is gratefully acknowledged.

pensate for the energy difference between type | afietlirns,

even in the cases & and6 where th$|_turn is stabilized by Supporting Information Available: CryStal data, fractional )

the XaaNH/aromatic ring attractive interaction. coordinates for the hydrogen and non-hydrogen atoms, equiva-
lent thermal parameters and anisotropic temperature parameters

Conclusion for the non-hydrogen atoms, interatomic bond lengths and bond

angles, and torsional angles (21 pages, print/PDF). An X-ray
crystallographic file, in CIF format, is available through the Web
only. See any current masthead page for ordering information
and Web access instructions.

The Pro-gPhe dipeptide sequences investigated in the present
study exhibit a high tendency 1-folding in solution, even in
DMSO, which is a strong solvating medium where the
homologous peptides with a linear side chain adopt open
conformations to a much larger extent. This fact confirms the JA9807439



