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Preferred 3D-Structure of Peptides Rich in a Severely Conformationally
Restricted Cyclopropane Analogue of Phenylalanine
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Abstract: Terminally blocked, homo-
peptide amides of (R,R)-1-amino-2,3-
diphenylcyclopropane-1-carboxylic acid
(c;diPhe), a chiral member of the
family of C“tetrasubstituted o-amino
acids, from the dimer to the tetramer,
and diastereomeric co-oligopeptides of
(R,R)- or (S,5)-c;diPhe with (S)-alanine
residues to the trimer level were pre-
pared in solution and fully character-
ized. The synthetic effort was extended
to terminally protected co-oligopeptide
esters to the hexamer, where c;diPhe

aminoisobutyric acid residues. The pre-
ferred conformations of the peptides
were assessed in solution by FT-IR ab-
sorption, NMR, and CD techniques,
and for seven oligomers in the crystal
state (by X-ray diffraction) as well.
This study clearly indicates that
c;diPhe, a sterically demanding cyclo-
propane analogue of phenylalanine,
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[a]

tends to fold peptides into B-turn and
3,-helix  conformations. However,
when c;diPhe is in combination with
other chiral residues, the conformation
preferred by the resulting peptides is
also dictated by the chiral sequence of
the amino acid building blocks. The
(S,S)-enantiomer of this a-amino acid,
unusually lacking asymmetry in the
main chain, strongly favors the left-
handedness of the turn/helical peptides
formed.

residues are combined with achiral o-

Introduction

Insertion of non-protein, C*-tetrasubstituted a-amino acids
into peptides dramatically reduces the available conforma-
tional space by stabilizing specific secondary structures,?
such as B-*! and y-**7 turns, 3,,- and a-helices,**! and the
fully-extended structure.**! Furthermore, these backbone-
modified peptides become more resistant to proteases. It
was suggested that peptides rich in C®tetrasubstituted o-
amino acids may represent unique foldamers'” and be ex-
ploited as useful, conformationally constrained, molecular
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peptides - X-ray diffraction

bridges or scaffolds in supramolecular chemistry, spectrosco-
py, electrochemistry, and catalyzed asymmetric synthesis.*!]
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The preferred conformations of the prototypical Acsc (1-
aminocyclopropane-1-carboxylic acid or 2,3-methanoala-
nine) residue (I)»'>™ and its mono- (IN" and di-
(M) phenyl side-chain substituted congeners were eval-
uated in solution as well as in the crystal state and found to
be strongly biased towards the f-/y-turn and related helical
conformations. Interestingly enough, a terminally-blocked
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dipeptide characterized by residue III at position 2 was re-
cently found to fold in the unusual, incipient 2.2,-helix (two
consecutive y-turns).?!

oy
(R,R)-IV (S,S)-IV

To complete our understanding of the 3D-structural pro-
pensities of the phenyl-substituted, C*—C*-cyclized, cyclo-
propane a-amino acids and to offer new tools to peptide
chemists for the control of conformation, we embarked on a
program directed towards an in-depth 3D-structural charac-
terization of peptides rich in either the (R,R)- or the (S,S)-
enantiomer of c;diPhe (IV, l-amino-c-2,t-3-diphenylcyclo-
propane-r-1-carboxylic acid). This residue may be consid-
ered as derived from C*“dibenzylglycine (V)P through a
formal CP—CF covalent bond formation (cyclopropanation).
The stereochemical properties of this a-amino acid are pe-
culiar in that it bears two phenyl substituents on adjacent
side-chain (-carbons in a trans relative disposition and is
therefore characterized by an achiral a-carbon and two
chiral B-carbons, with two enantiomeric forms being possi-
ble, (R,R) and (S.,S).

The few published articles containing conformational data
on c;diPhe derivatives and peptides as short as dipep-
tides® 2 seem to indicate that this residue tends to fall in
the helical regions [A and A*] of the ¢,y space.”™ However,
these compounds are either too short to form any commonly
found H-bonded folded structure (amino acid derivatives)
or they are preceded in the sequence by a Pro residue,
which is known to possess by itself a strong conformational
bias.’*?"! Interestingly, a single (R,R)-c;diPhe residue, posi-
tioned in the middle of an N- and C-blocked, all-S, 13-mer
peptide, was shown to enforce helicity.”® Conversely, (S,S)-
c;diPhe precludes helicity in the diastereomeric peptide.

In particular, in this paper we describe the synthesis and
chemical characterization of a variety of terminally-blocked
c;diPhe model peptides. These include a homo-chiral, homo-
oligomeric c;diPhe series (to the tetramer level) and co-oli-
gopeptides in which c;diPhe is combined with the achiral
residue o-aminoisobutyric acid (Aib) (to the hexamer) or
with the chiral residue (§)-Ala (to the trimer). In this latter
case diastereomeric di- and tripeptides were also prepared.
A detailed conformational analysis in solution (by FT-IR ab-
sorption, NMR, and CD techniques) and in the crystal state
(by X-ray diffraction) of twelve carefully selected examples
1-12, the sequences of which are shown and numbered in
Table 1 (see below), is also reported. Aib is known to
strongly stabilize turn/helical structures,™? while Ala easily
accommodates in turns or in extended conformations. Pre-
liminary results of a part of this work have been reported.”’)
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Results and Discussion

Synthesis and characterization: The preparation and charac-
terization of the c;diPhe derivatives Boc-(R,R)-c;diPhe-
OH™  (Boc, tert-butyloxycarbonyl), Boc-(S,S)-c;diPhe-
OH,™ and Boc-(R,R)-c;diPhe-NHiPr®! (iPr, isopropyl)
were already reported. Peptide synthesis was performed
step-by-step in solution beginning from the C-terminus. Sat-
isfactory to excellent yields were achieved in the difficult
steps of peptide bond formation involving one or two
cydiPhe residues. Products were obtained after a few days of
reaction using the EDC (N-ethyl,N'-[3'-(dimethylamino)pro-
pyl]carbodiimide)/HOAt  (7-aza-1-hydroxy-1,2,3-benzotri-
azole) or the HOAt/HATU {N-[(dimethylamino)-1H-1,2,3-
triazolo[4,5b |pyridin-1-yl-methylene]-N-methylmethanamini-
um hexafluorophosphate N-oxide} method®™ in methylene
chloride (or chloroform) solution in the presence of a ter-
tiary amine (N-methylmorpholine or N,N-diisopropylethyl-
amine). The Boc-Xxx-NHMe (NHMe, methylamino) deriva-
tives, where Xxx is (S,5)-c;diPhe, (R,R)-c;diPhe or (S)-Ala,
were synthesized via the mixed anhydride method with iso-
butylchloroformate and N-methylmorpholine. Pivaloylation
was obtained by use of Piv-Cl (Piv, pivaloyl or fert-butylcar-
bonyl) in chloroform solution in the presence of N-methyl-
morpholine. The Boc group was removed by using mild
acidolysis.

The physical properties and analytical data for the
c;diPhe derivatives and peptides are listed in Table 1. All
newly synthesized compounds were also characterized by
'"H NMR and elemental analyses (see Supporting Information).

Solution conformational analysis: Preliminary information
on the solution conformational preferences of the c;diPhe
rich peptides, in particular of the homo-chiral homo-pep-
tides 10-12 and c;diPhe/Aib co-oligopeptides 6-9, was ob-
tained in a solvent of low polarity, CDCl;, by FI-IR absorp-
tion as a function of concentration (in the range 10-0.1 mm).
The spectra in the informative N—H stretching region
(amide A) are reported in Figure 1.

In the longest oligomers the curves are characterized by
two prominent bands, at 3430-3425 cm™! (free NH groups)
and 3355-3320cm™ (H-bonded NH groups), respective-
1y.*'%5 The intensity of the low-frequency band relative to
that of the high-frequency band increases as the main-chain
length is enhanced. Concomitantly, the absorption maximum
shifts markedly to lower wavenumbers. In the shortest
oligomers a band at 3415-3390 cm™' of variable intensity,
arising from weakly H-bonded NH groups of fully-extended
conformers, is also seen. By examining the spectra at various
concentrations we demonstrated that significant self-associa-
tion is absent in all peptides except in the c;diPhe/Aib hex-
amer 9 (but only above 1 mMm concentration) (spectra not
shown). Consequently, the observed hydrogen bonding
should be interpreted as due almost exclusively to intramo-
lecular C=O---H-N interactions.

The present FT-IR absorption study has provided clear
evidence that main-chain length dependent intramolecular
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Table 1. Physical properties and analytical data for the c;diPhe derivatives and peptides.

Peptide Yield [%] M.p. [°C]® Recryst. solvent!"! [l TLC!Y
R(I) R(II) R(11I)

Boc-(S,S)-c;diPhe-NHMe 95 176-177 Et,0 —159.7 0.45 0.85 0.30
Boc-(R,R)-c;diPhe-NHMe 96 176-177 Et,0 152.8t¢ 0.45 0.90 0.30
Boc-(8,5)-c;diPhe-(S)-Ala-NHMe 98 197-198 iPr,0/CH,Cl, 1453 0.50 0.85 0.40
Boc-(R,R)-c,diPhe-(S)-Ala-NHMe 97 186-188 iPr,0/CH,Cl, 1382 0.45 0.85 0.35
Boc-(S)-Ala-(S,S)-c;diPhe-NHMe (1) 85 240-241 iPr,0/CH,Cl, 1746 0.50 0.85 0.35
Boc-(S)-Ala-(R,R)-c;diPhe-NHMe 85 184-185 iPr,0/CH,Cl, 67.1 0.50 0.85 0.35
Boc-(S)-Ala-(S,S)-c;diPhe-(S)-Ala-NHMe (2) 89 252-253 EtOAc/CH,Cl, 1542 0.40 0.90 0.30
Boc-(S)-Ala-(R,R)-cidiPhe-(S)-Ala-NHMe (3) 71 252-254 EtOAc/CH,Cl, 116.8 0.35 0.85 0.25
Piv-(S,5)-c;diPhe-(S)-Ala-NHMe (4) 97 298-299 EtOAc/CH,Cl, —147.1M 0.50 0.85 0.40
Piv-(R,R)-c;diPhe-(S)-Ala-NHMe (5) 99 245-246 EtOAc/CH,Cl, 149.3 0.45 0.80 0.35
Piv-(S)-Ala-(S,S)-c;diPhe-NHMe 96 284 iPr,0/CHCl, -173.8 0.50 0.85 0.35
Piv-(S)-Ala-(R,R)-c;diPhe-NHMe 99 165-166 iPr,0/CH,Cl, 72.4 0.45 0.85 0.35
Piv-(S)-Ala-(S,S)-c;diPhe-(S)-Ala-NHMe 94 269-270 EtOAc/CH,Cl, —-160.6 0.35 0.85 0.25
Piv-(S)-Ala-(R,R)-c,diPhe-(S)-Ala-NHMe 74 291-292 EtOAc/CH,Cl, 106.7 0.35 0.90 0.25
Boc-(8,5)-c;diPhe-Aib-Aib-OMe (6) 92 155-156 EtOAc/PE -102.2 0.85 0.90 0.45
Boc-Aib-(S,5)-c;diPhe-Aib-Aib-OMe (7) 65 228-229 EtOAc/PE —88.9 0.80 0.70 0.40
Boc-Aib-Aib-(S,5)-c;diPhe- Aib-Aib-OMe (8) 70 253-254 CHCI/Et,0 —71.0 0.70 0.85 0.30
Boc-[(S,S)-c;diPhe-Aib-Aib],-OMe (9) 43 285-286!" CHCIy/Et,0 —-150.9 0.75 0.90 0.35
Boc-[(R,R)-c;diPhe],-NH;Pr (10) 61 196-197 Et,0/PE 209.6 0.95 0.90 0.70
Boc-[(R,R)-c;diPhe];-NHiPr (11) 84 226-227 EtOAC/PE 290.21¢! 0.95 0.95 0.60
Boc-[(R,R)-c,diPhe],-NH;Pr (12) 70 253-254!1 EtOAc/PE 363.3 0.90 0.90 0.40

[a] Determined on a Gallenkamp (Loughborough, U.K.) apparatus and are uncorrected. [b] EtOAc=ethyl acetate, PE =petroleum ether, iPr,O =diiso-
propyl ether. [c] Determined on a Jasco P-1020 (Tokyo, Japan) polarimeter equipped with a thermostat; c=0.5 (methanol). [d] Kieselgel F-254 silica gel
plates (Merck, Darmstadt, Germany) and the following solvent systems: I) chloroform/ethanol 9:1; II) butan-1-ol/acetic acid/water 3:1:1; III) toluene/eth-
anol 7:1; the spots were visualized by using UV light (A=254 nm) or through development with the hypochlorite/starch/iodide chromatic reaction as ap-
propriate; a single spot was observed in each case. [e] c=0.85 (methanol). [f] with decomposition. [g] c=0.1 (methanol). [h] c=0.2 (methanol).
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Figure 1. FT-IR absorption spectra in the 35003250 cm ™' region of a) the
Boc-[(R,R)-c;diPhe],-NHiPr (n=2-4) (10-12) homo-peptides, and b) the
tri- tetra-, penta-, and hexapeptides of the Boc/OMe terminally protect-
ed, Aib/(S,S)-c;diPhe 6-9 series in CDCl; solution (peptide conc. 1 mm).
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hydrogen bonding is a relevant factor stabilizing the confor-
mation of the terminally blocked c;diPhe-based peptides in
structure supporting solvents. This finding is in full agree-
ment with those already reported for the Aib-’** and
AcsclPrich peptides, although in both of these cases the
amounts of intramolecularly H-bonded folded forms appear
to be somewhat higher. However, on the basis of the FT-IR
absorption analysis only, it is not safe to distinguish unam-
biguously among the possible types of intramolecularly H-
bonded folded forms.

To obtain more detailed information on the solution pre-
ferred conformations of the terminally-blocked c;diPhe-rich
peptides, an NMR study was performed. The delineation of
inaccessible (or intramolecularly H-bonded) NH groups was
carried out by evaluation of the temperature dependence of
NH proton chemical shifts in [Dg]DMSO (dimethylsulfox-
ide) solution® [the usual titrations of NH proton chemical
shifts by adding [Dg]DMSO or TEMPO (2,2,6,6-tetrameth-
yl-1-piperidinyloxy) to a CDCl; solution could not be suc-
cessfully performed with the c;diPhe peptides because for
each compound a relevant fraction of the NH proton signals
is not visible in this halohydrocarbon due to overlapping
with the c;diPhe aromatic CH protons]. Figure 2 shows the
behavior of the longest oligomers of the c;diPhe homo-
chiral homo-peptide and the c;diPhe/Aib co-oligopeptide
series (12 and 9, respectively). For both peptides the com-
bined analysis of TOCSY and NOESY 2D-NMR spectra®®
led to the complete assignment of all NH proton resonances.
It is evident that the chemical shifts of only two protons,
NH1 and NH2, in each peptide are remarkably sensitive to

—— 253

www.chemeurj.org


www.chemeurj.org

CHEMISTRY=

C. Toniolo et al.

A EUROPEAN JOURNAL

a) NH protons b)

NH protons

tides,"*** presumably because

— 0
NHT

[
NH4
NH3

AS/AT [ppb per deg]
AS/AT [ppb per deg]

¢, diPhe’

ot NH2
NH1

7 7

Figure 2. Plot of the variations of NH proton chemical shifts in the '"H NMR spectra of a) 12 and b) 9 as a
function of increasing temperature (from 25 to 60°C) in [D¢]DMSO solution.

heating. These findings are consistent with the conclusion
that even in this strong H-bonding acceptor solvent®! the
two cidiPhe-rich peptides are still overwhelmingly intramo-
lecularly H-bonded. Specifically, this is precisely the classic
signature of the 3,,-helix.'>3*%! The observation that the
separation of the amide NH protons into this simple bimo-
dal temperature sensitive pattern persists over the entire
temperature range is a clear indication that the 3;,-helical
hydrogen-bonding scheme is preserved up to 60°C.

Our 2D-NMR analysis in [D¢]DMSO solution additionally
suggests that the Boc-[(R,R)-c;diPhe],-NHiPr homo-chiral
homo-tetrapeptide 12 adopts a right-handed 3,,-helical con-
formation. The ROESY 'H NMR spectrum shows a com-
plete set of dyn(i,i4+1) NOE cross-peaks indicative of a heli-
cal structure (Figure 3a). The presence of an NOE between
a CPH proton of residue 1 and the NH proton of residue 4
(not shown), confirms that the most populated helix is of
the 3,-type. The right-handedness of the helix (Figure 4a)
was deduced from the observation of an NOE cross-peak
between the same CPH proton of residue 1 and a C°H
proton of residue 4 (Figure 3b). In the left-handed 3;,-helical
conformation steric repulsion between side-chain phenyl
groups of residues 1 and 4 disfavors a close contact between
these two CPH protons (Figure 4b).

Although the c;diPhe-based peptides studied in this work
are short and rich in aromatic chromophores, we decided to
investigate three relevant examples by CD spectroscopy. In
methanol solution in the near-UV region (above 250 nm)
the CD spectra of the Aib/(S,S)-c;diPhe pentapeptide 8
(used as a “blank” as it contains only one aromatic amino
acid), the Aib/(S,S)-c;diPhe hexapeptide 9 (with two c;diPhe
residues), and the (R,R)-c;diPhe homo-tetrapeptide 12 (with
four such residues) all exhibit a vibrational structure (Fig-
ure 5a) typical of benzene-derived chromophores ('B,, «—
'A,, transition).”* In general, these bands are remarkably
more intense than those of Phe derivatives and homo-pep-
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of the considerably more re-
stricted mobility of the aromat-
ic chromophores in the cyclo-
propane-based c;diPhe residues
(in any case, it is worth pointing
out that, in contrast to Phe,
each c;diPhe residue is charac-
terized by two phenyl-substitut-
ed chromophores). As expect-
ed, the intensities of these
bands for peptide 9 are approx-
imately double than those of
peptide 8. However, this linear
response is not shown by the
homo-peptide 12 where intensi-
ties about ten times higher than
those of the “blank” 8 are seen.
This latter observation might

Aib’
Aib
¢ diPhe’

Aib®

a) 9.5 9.0 8.5 8.0 7.5
75 <= |75
NHT-NH4 NHT
& 8.0
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9.0 INH3 -NH2 } NH3-NH4 9.0
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,-"H[ppm]
b) 302928
3.3 Sy 13.3
T 34 H 34
E }
& 35 35
X
s 36 36
3.7 3.7
3029238
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Figure 3. Sections of the ROESY spectrum of 12 in [D¢]DMSO solution
a) NH region and b) C*H region.

indicate for peptide 12 a further restriction of mobility of
the c;diPhe side chains and/or some interaction among
them. In any case, the linear response exhibited by hexapep-
tide 9 does not suggest per se a lack of ordered secondary
structure, but simply an absence of further side-chain con-
formational constraints and interresidue aromatic---aromatic
separations too large for productive chromophoric interac-
tions. The sign reversal of the CD bands observed for pep-
tide 12 is obviously assigned to the opposite chiralities of its
constituent c;diPhe residues.

Chem. Eur. J. 2006, 12, 251 -260
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Figure 5. CD spectra of 8, 9, and 12 in MeOH solution in the a) near-UV
and b) far-UV regions (peptide conc. 1 mm).

In the far-UV region the CD spectrum of each peptide ex-
amined exhibits oppositely signed bands, centered near 235
and 217-218 nm, respectively (Figure 5b). These curves do
not correspond to any of the CD spectra typical of ordered
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conformations of non-aromatic peptides. Indeed, this prob-
lem is complicated by the contribution to CD of the mono-
alkylated benzene side-chain chromophores which overlaps
that of peptide main-chain chromophores.””) However, the
much more intense CD bands shown by the homo-tetramer
12 are clearly indicative of effective aromatic--aromatic and/
or aromatic--amide interactions that can be operative only
in the presence of a highly ordered conformation.

Crystal-state conformational analysis: We were able to grow
single crystals amenable for an X-ray diffraction analysis
from the following seven c;diPhe di-, tri-, and hexapeptides:
10, with three independent molecules (A, B, and C) in the
asymmetric unit, 4, 5, 1, 2, 3, and 9. The corresponding mo-
lecular structures with atom numberings are illustrated in
Figures 6-12. Table 2 lists the relevant backbone torsion
angles ¢, v, 0. Tables of intra- and intermolecular H-
bond parameters and of crystallographic data and structure
refinements may be found in the Supporting Information
(Tables S1 and S2, respectively). Despite numerous at-
tempts, we were unable to grow any good single crystal
from neither 11 nor 12. In particular, crystals of the homo-
tetrapeptide 12 were actually grown from acetonitrile solu-
tion, but they turned out to be twinned.

All thirteen c;diPhe residues examined are right- or left-
handed helical, the ranges of their backbone ¢ and 3 angles
being rather narrow: ¢ from +72.1(6) to £50.4(7)°, v from
+41.2(6) to +16.1(4)°.

All three molecules of the (R,R)-c;diPhe homo-dipeptide
10 are conformationally similar and folded in a right-
handed, slightly distorted, type-III B-turn, that is, one loop
of a 3;y-helix (Figure 6). This conformation is stabilized by
an 14 intramolecular (C;=0,-H-N;) H-bond of moderate
strength, the N--O distances being in the range from
2.987(6) to 3.004(6) A.H

The 3D-structures of the two diastereomeric c;diPhe-Ala
dipeptides 4 and 5 are remarkably different (Figures 7 and
8). Although all four residues are helical, the (S.5)-(S) se-
quence 4 generates an overall S-shaped conformation, while
the (R,R)-(S) sequence 5 produces a f-turn, intermediate
between type-I and type-III, this latter folded structure pre-
senting a strong intramolecular C;=0O,-H-N; H-bond [the
N+, distance is 2.824(4) A]. The distinct behavior of the
two diastereomeric dipeptides is associated with the obser-
vation that the (S§,5)-c;diPhe residue is left-handed helical
whereas the (R,R)-c;diPhe residue is right-handed helical,
and that these conformational propensities are combined
with the usual right-handed helical tendency of (§)-Ala.

Conversely, the (5)-Ala-(S,S5)-c;diPhe dipeptide 1 is folded
in a (slightly distorted) type-1I B-turn conformation, further
characterized by a weak intramolecular C=O,--H-N; H-
bond [the N0, distance is 3.101(3) A], again confirming
the bias of the (distorted) helical (S,S)-c;diPhe residue for
the left-handed screw sense (Figure 9).

A comparison of the two diastereomeric Ala-c;diPhe-Ala
tripeptides 2 and 3 additionally confirms the relevant role
played by the sequence chirality. In the (S)-(S,S)-(S) tripep-
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Table 2. Relevant backbone torsion angles [°] for the seven c;diPhe peptide structures solved in this work.

Torsion (R,R)-c;diPhe homo-dipeptide  (S,5)-c;diPhe-  (R,R)-c;diPhe-  (S)-Ala-(S.S)- (5)-Ala-(S.S)- (5)-Ala-(R,R)- Aib/(S,S)-
angle (5)-Ala (5)-Ala c;diPhe c;diPhe-(S)-Ala c;diPhe-(S)-Ala c;diPhe
dipeptide dipeptide dipeptide tripeptide tripeptide hexapeptide
10 4 5 1 2 3 9
A B C

0' 172.2(4) —178.3(5) 179.7(6) 168.7(3) —172.3(5) —160.2(3) 177.8(6)
, —159.4(4) —169.7(4) —160.1(5) 178.8(2) —172.1(3) —177.9(3) 169.9(5) —179.9(3) 168.1(5)
@ —72.0(6) —67.1(6) —72.1(6) 57.3(3) —64.9(4) —56.9(4) —67.3(7) —55.3(4) 64.5(7)
W, —229(7) —222(7) —17.6(7) 39.2(3) —25.8(4) 134.6(2) 147.8(5) —30.6(4) 28.8(8)
[N 168.8(4) 173.2(5) 167.6(5) —167.1(2) 172.1(3) 177.4(2) 169.6(5) 177.7(3) —176.5(5)
@ —50.4(7) —53.4(7) —53.1(7) —92.8(3) —82.6(3) 68.5(3) 63.8(7) —58.0(4) 49.3(8)
P, —359(7) —412(6) -31.9(7) -31.2(3) —14.4(5) 20.1(4) 31.2(8) —16.1(4) 34.8(7)
, —173.1(6)  169.8(5) —177.6(6) —179.7(3) —179.1(4) —176.3(3) 179.7(6) 170.9(3) 174.9(5)
@3 —79.6(12) —55.4(4) 55.2(8)
Y3 —30.4(4) —37.8(4) 34.6(8)
3 —176.8(9) —177.5(3) 177.7(5)
s 56.8(8)
" 355(9)
w, 178.2(6)
@5 70.4(9)
Ps 15.8(10)
ws 175.2(8)
Ps —50.2(12)
“1Pg” —43.2(10)t!
“wg” —170.7(8)™

[a] Ns-C¢-Cg-Orp. [b] Cg-Ce-O-Cre

tide 2 (Figure 10), which co-crystallizes with one water mol-
ecule, the N-terminal and central amino acids exhibit sets of
¢, v torsion angles reasonably close to those expected for a
type-II B-turn. However, a direct 14 intramolecular C=
O,-H-N; H-bond is not seen, as a water molecule interca-
lates between those two peptide functionalities with forma-
tion of a “water-bridge”.*>*! The water molecule interacts,
as an acceptor, with the N;-H group, and, as a donor, with
the O=C, group. The (S)-Ala residue at position 3 is helical,
but a second B-turn is not formed as the (S,S)-c;diPhe resi-
due at position 2 is left-handed helical, that is, of opposite
handedness with respect to that of (S)-Ala. On the other
hand, the (S)-(R,R)-(S)-tripeptide 3 (Figure 11) is highly
folded in two, consecutive (slightly distorted) type-III (-
turns, thus generating an incipient, right-handed 3,;-helical
structure [thus, here too, the (R,R)-c;diPhe residue is right-
handed-helical]. Two 1<4 intramolecular H-bonds, C~=
Oy+H-N; and C=0;-H-Ny, stabilize the 3D-structure of
this tripeptide.

The Aib/c;diPhe hexapeptide molecule 9 is found in a reg-
ular 3;,-helical conformation (Figure 12). In accord with the
other 3D-structures described in this work, this bis(S,S)-
c;diPhe peptide adopts the left-handed screw sense. All
four, consecutive, type-III' B-turn forms are stabilized by
1+4 intramolecular C=0O-+H-N H-bonds of moderate to
modest strength, the N--O separations being from 2.978(7)
to 3.086(7) A. In this hexapeptide the two c;diPhe residues
are positioned one on top of the other after a complete turn
of the ternary helix.

As we found for the Acsc residues in peptides, > the
average value for the conformationally sensitive exocyclic 7
(N-C*-C’) bond angle of each c;diPhe residue examined is
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very large, 115.6+2.0°, for a regular tetrahedral value
(109.5°). In each c;diPhe residue there are two types of aver-
age values for the side-chain x' torsion angles: y'=
+137.0+£5.8° (phenyl towards the carbonyl) and y" =
F6.7(8)F5.2° (phenyl towards the nitrogen). Not surprising-
ly, they are quite different from that most frequently report-
ed for the phenyl ring of Phe in peptides (g~ or —60°).* In-
terestingly, in each c;diPhe residue the signs of the y! and
x!" torsion angles are opposite and strictly correlate with
those of the backbone ¢, y torsion angles. More specifically,
%" is positive and y' is negative (right-handed turn/helix).
As for the torsion angles relating the cyclopropane ring of
each cydiPhe residue to the peptide chain, N-C*“-CP-C* and
N-C*CPF-CP, all sets of values observed are in the range +
102.5-113.3°, reasonably close to the ideal skew (s™, s~ or

+ 120°) conformations.

Conclusion

In this work we describe the successful solution-phase syn-
thesis of sterically hindered peptides rich in c;diPhe [some
of them in combination with (§)-Ala or Aib residues] using
the step-by-step strategy. Furthermore, the results of our so-
lution conformational analysis, taken together with those ex-
tracted from the crystal-state study, also reported here, con-
firm earlier preliminary findings®*2**! that c;diPhe has
the ability to conform well to an ideal B-turn or a 3,j/a-
helix. This general 3D-structural tendency parallels those re-
ported earlier for the prototypical Aib residue, Acsc (I) and
other side-chain cyclized, C*-tetrasubstituted a-amino acids
with a larger ring size.> 1>
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Figure 6. X-ray diffraction structures of the three independent molecules
(A, B, and C) in the asymmetric unit of 10 with atom numbering. The in-
tramolecular H-bond is represented by a dashed line.

As for the relationship between c;diPhe chirality and the
screw sense of the turn/helix that is adopted by its peptides,
our NMR and X-ray diffraction data definitely support the
view that the (S,S) amino acid is strongly biased in favor of
the left-handedness, whereas the opposite screw sense is
overwhelmingly preferred by the enantiomeric (R,R) resi-
due, thus further authenticating the results reported by Bur-
gess and co-workers.®® It is worth noting that c;diPhe repre-
sents one of the first amino acids investigated so far which
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Figure 7. X-ray diffraction structure of 4 with atom numbering.
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Figure 8. X-ray diffraction structure of 5 with atom numbering. The intra-
molecular H-bond is represented by a dashed line.
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Figure 9. X-ray diffraction structure of 1 with atom numbering. The intra-
molecular H-bond is represented by a dashed line.
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Figure 11. X-ray diffraction structure of 3 with atom numbering. The two
intramolecular H-bonds are represented by dashed lines.

lacks asymmetry in the backbone (on the a-carbon atom)
but possesses side-chain asymmetry (on each of the two f3-
carbon atoms). Previous examples include the atropoisomer-
ic binaphthyl amino acid Bin, described by some of us (F.F.
and C.T.),”®! and the side-chain bis-substituted 1-aminocy-
clopentane-1-carboxylic acid recently reported by Tanaka,
Suemune and their co-workers,“**"! the latter being strictly
related to cydiPhe as both residues are members of the class
of side-chain disubstituted (on two vicinal carbons) 1-amino-
cycloalkane-1-carboxylic acids. It is also worth pointing out
that the 3D-structural propensity of c;diPhe seems to be di-
vergent, at least in part, from that of its side-chain positional
isomer 1-amino-2,2-diphenylcyclopropane-1-carboxylic acid
(or a,pf-methanodiphenylalanine) (III) in the sense that the
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Figure 12. X-ray diffraction structure of 9 with atom numbering. The four
intramolecular H-bonds are represented by dashed lines.

latter may easily explore the region of the ¢, space
(=70°,70°) where the <y-turn conformation is usually
found,**" as recently demonstrated by two of us (A.LJ. and
C.C.).21

Finally, the effect of formal side-chain cyclization upon
the preferred peptide backbone 3D-structure turns out
clearly from a comparison of the results of c;diPhe (IV) dis-
cussed in this work with those already published® of the
open-chain analogue C*“-dibenzylglycine (V) residue with
the same number of side-chain carbon atoms: the latter is
strongly biased towards the fully-extended conformation,**]
whereas folded structures are overwhelmingly preferred by
the former. A parallel trend was already reported for other
1-aminocycloalkane-1-carboxylic acids as compared to their
corresponding open-chain analogues.”

Experimental Section

FT-IR absorption spectroscopy: FT-IR absorption spectra were recorded
in solution with a Perkin-Elmer 1720X FT-IR spectrophotometer, nitro-
gen flushed, with a sample-shuttle device, at 2 cm™!' nominal resolution,
averaging 100 scans. Solvent (baseline) spectra were recorded under the
same conditions. Cells with CaF, windows and path lengths of 0.1, 1.0
and 10 mm were used. Spectrograde CDCl; (99.8% ) was obtained from
Fluka.

NMR spectrometry: 'H NMR spectra were recorded with a Bruker AM
400 spectrometer. Measurements were carried out in CDCl; (99.96 %,
Acros Organics) and [Dg]dimethylsulfoxide (99.96 %, Acros Organics).

CD spectroscopy: CD spectra were recorded on a Jasco model J-715
spectropolarimeter. Fused quartz cells of 10, 1, and 0.2 mm path lengths
were employed. The data are expressed in term of [6], the total molar
ellipticity (deg cm?dmol™"). Spectrograde methanol (Fluka) was used as
solvent.

X-ray-diffraction: Crystals of 10 monohydrate and diethyl ether solvate,
1-5, and 9 were grown by slow evaporation from the solvents listed in
the Supporting Information (Table S2). Diffraction data were collected
on a Philips PW 1100 diffractometer. Crystallographic data are given in
the Supporting Information (Table S2). All structures were solved by
direct methods with the SIR 20021*¥ program. Refinements were carried
out on F? by the full-matrix block least-squares procedure, using all data,
by application of the SHELXL 971! program, with all non-hydrogen
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atoms anisotropic and their positional parameters and the anisotropic dis-
placement parameters being allowed to refine at alternate cycles. The
phenyl groups of all c;diPhe residues were constrained to the idealized
geometry. Hydrogen-atoms were calculated at idealized positions. During
the refinement they were allowed to ride on their carrying atoms with
U, set equal to 1.2 (or 1.5 for the methyl groups) times the U, of the
parent atom.

Expected density considerations, based upon cell volume and symmetry,
pointed to the likely presence of three independent peptide molecules
(A, B, and C) in the asymmetric unit of 10. The structure was solved by
the SIR 2002 program in its default mode for medium-sized molecules by
use of 2128 E-values >1.2. The trial solution with the best figure of
merit allowed the location of all non-hydrogen atoms of the three inde-
pendent peptide molecules and the co-crystallized water molecule. The
positions of additional atoms, belonging to two co-crystallized diethyl
ether molecules, were recovered from subsequent AF maps. During the
refinement the displacement parameter of the atoms of one of the co-
crystallized diethyl ether molecule (atoms C1Y, C2Y, O3Y, C4Y, and
C5Y) leveled off to values too high to be compatible to fully occupied
sites. In addition: i) some residual electron density occurs in proximity of
the aforementioned atoms, and ii) there are no obvious, strong stabilizing
interactions with surrounding molecules. Taken together, these observa-
tions point to the likely occurrence of some molecular disorder. On these
bases, a 0.50 population parameter was imposed to all atoms of the dieth-
yl ether molecule, although the residual electron density turned out to be
too diffuse to allow a satisfactory modeling of a second conformer. Re-
straints were applied to the bond angles of the N- and C-terminal /Bu
and iPr groups of the three peptide molecules, as well as to the bond
angles, bond angles, and the anisotropic displacement parameters of the
non-hydrogen atoms of both co-crystallized diethyl ether molecules. The
hydrogen atoms of the co-crystallized water molecule were located on a
AF map and their positional parameters were not refined.

The tBu group of the N-terminal Piv moiety of 4 is disordered. It was re-
fined with the three methyl groups on two sets of positions with popula-
tion parameters of 0.64 and 0.36, respectively. Restraints were applied to
the bond angles involving the disordered atoms. Restraints were also im-
posed to the bond angles and the anisotropic displacement parameters of
the C03 and C04 atoms of the N-terminal Boc group of 1, and to the ani-
sotropic displacement parameters of the C204, C3A, C3B, C3, and O3
atoms of 2. In this latter structure the hydrogen atoms of the co-crystal-
lized water molecule were located on a AF map and their positional pa-
rameters were not refined.

CCDC 254024 and 278785 to 278790 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data request/cif/
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