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The conformational propensities of the proline analogue bearing a phenyl substituent attached to the B

carbon, in either a cis or a trans configuration relative to the carbonyl group, have been investigated.
The behaviour of cis- and trans(BPh)Pro has been compared with that of proline in homochiral and
heterochiral dipeptide sequences. NMR and IR studies as well as X-ray diffraction analysis provide
evidence that the B-phenyl substituent does not disrupt the tendency of proline to occupy the i+1
position of a B-turn. The puckering of the pyrrolidine ring is significantly affected by the presence of the

aromatic substituent, which tends to occupy positions that minimize steric repulsions. As a

consequence, this substituent adopts specific well-defined orientations, which are more restricted for the

cis derivative. Interactions between this aromatic group and that in the adjacent phenylalanine residue
may be responsible for some of the conformational differences observed among the different peptides

studied.

Introduction

The applications of peptides in medicine and other fields rely
on the three-dimensional arrangement of their main-chain and
side-chain functionalities. Great efforts have been devoted in the
last decades to developing methods to efficiently control the
folding mode of the peptide backbone.! Among them is the
incorporation of non-proteinogenic residues whose structure has
been designed to stabilize certain conformations among those
energetically accessible to the coded amino acids.'?

Proline is the only proteinogenic amino acid that exhibits limited
conformational flexibility and a marked propensity to explore
only a few regions of the Ramachandran map.** Due to its cyclic
structure, rotation around the C*~N bond is forbidden and, as a
consequence, proline can only adopt a narrow range of ¢ values
(= —60°). This is at the basis of the well-known tendency of
proline to act as a turn inductor and, in particular, to occupy
the i+1 position of B-turns.*® The unique structure of proline
may serve as inspiration for the construction of novel amino acids
with well-defined conformational propensities. Such proline-based
residues may incorporate modifications aimed at fine-tuning the
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conformational properties of the parent amino acid or at the
addition of new side-chain functionalities. Among the latter is the
attachment of a substituent to the pyrrolidine f§ carbon to generate
an analogue bearing the side chain of another proteinogenic
amino acid. This is the case with B-phenylproline, (BPh)Pro (Fig.
1), which can be regarded as a proline-phenylalanine hybrid
in which the orientation of the aromatic substituent is dictated
by the conformation of the five-membered ring and the cis or
trans configuration of the phenyl group relative to the carbonyl
moiety. Accordingly, cis(BPh)Pro and trans(BPh)Pro combine the
conformational properties of proline with an aromatic side-chain
functionality that is rigidly oriented with respect to the peptide
backbone, and this may be useful in the design of biologically
active peptides and other applications relying on specifically-
oriented side-chain moieties.

COOH
COOH HN—
HN—" Q, cis HoN_~COOH
Q Ph \k
.COOH Ph
L-Pro Hb\ L-Phe
trans
Ph
L~(BPh)Pro

Fig. 1 Comparison of the structures of proline and phenylalanine with
those of the hybrid amino acid B-phenylproline, (BPh)Pro. The aromatic
side chain in the latter may exhibit a cis or a frans configuration relative to
the carboxylic acid group.

(BPh)Pro has been inserted into a number of bioactive peptides®
as a replacement for either proline or phenylalanine and has led to
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enhanced peptide-receptor affinity and improved stability in some
cases. Although some of these studies have used computational
methods to try to rationalise the biological activity observed
as a function of the structural modification performed,®? the
conformational propensities of (BPh)Pro have not been established
to date. This can be best achieved through the in-depth analysis of
small model peptides that incorporate this amino acid. In the
present work, the ability of cis(BPh)Pro and trans(BPh)Pro to
induce a B-turn when occupying the i+1 position of a dipeptide
sequence has been evaluated and compared to that of the natural
amino acid. Although several B-substituted proline analogues
other than (BPh)Pro have been the subject of structural studies
(mainly, as diamide derivatives),” the formation of B-turns has
been addressed only in a few cases,® in which other amino acids
with restricted conformational properties either coded (proline)®¢
or not (N-methyl or cyclopropaneamino acids)*** were present. In
this work, (BPh)Pro is combined with phenylalanine, a residue
with no specific conformational bias. This allows the evaluation
of very subtle structural aspects and a precise comparison of
the behaviour of (BPh)Pro and proline as B-turn inductors. The
conformation adopted by the (BPh)Pro-containing model peptides
has been established in solution and in the solid state using
different spectroscopic techniques and X-ray diffraction studies.

Results and discussion

To explore the ability of (BPh)Pro to induce a -turn conformation,
both the cis and trans stereoisomers of this amino acid were
inserted in the i+1 position of two peptide sequences differing
in the chirality of the i+2 residue, namely RCO-L-Pro*-L-Phe-
NHR’ and RCO-L-Pro*-p-Phe-NHR’, where Pro* stands for cis
and trans (BPh)Pro as well as for the natural amino acid, L-Pro. In
all cases, the (BPh)Pro residues exhibiting an S stereochemistry at
the o carbon (equivalent to an L configuration) were considered,
thatis, (25,3S)(BPh)Pro for the cis derivative and (25,3 R)(BPh)Pro
for the trans isomer (note that the o and B carbons correspond
to positions 2 and 3 of the pyrrolidine ring, respectively). To
help comparison with the natural amino acid, these residues
will be termed L-cis(BPh)Pro and r-trans(BPh)Pro, respectively,
all through the text.

The terminally blocked dipeptides RCO-L-Pro*-L-Phe-NHR’
and RCO-L-Pro*-D-Phe-NHR’ are adequate models to study the
formation of B-turns of types I and I1. As stated in the Introduction
section, the ¢ dihedral of proline (defining rotation about the N—
C“ bond) is confined to around —60°. The y torsion angle (C*-C’
torsion) has been shown to prefer values around —30° or 140°.%*

tBuCO~ O "NH__ CONHMe

“Ph ph

~COOH
\ Piv-L-cis(BPh)Pro-L-Phe-NHMe (1)

tBUOCO~
. —_—
Ph >

Boc-L-cis(BPh)Pro-OH tBUCO~p LCO-NH

Boc-(2S,3S)(BPh)Pro-OH . \(
“Ph Ph

Piv-L-cis(BPh)Pro-D-Phe-NHMe (2)

CONHMe

Accordingly, proline is overwhelmingly found in the (—60,—30) and
(—60,140) regions of the Ramachandran map.** These (¢, y) angles
are very close to the ideal values corresponding to the i+1 position
of a B-turn of type I or IL,> respectively, which explains the high
propensity of proline to induce these folding modes. The presence
of an L or D residue in the i+2 position (as L-Phe or D-Phe in the
sequences selected for study) entails a preference for the type I or
IT B-turn in the absence of intermolecular interactions,*' as seen
below. The two B-turn types differ mainly in the orientation of the
central peptide bond (that formed by the Pro-C’O and Phe-NH
moieties), which is rotated by nearly 180°.5°

Enantiomerically pure L-cis(BPh)Pro bearing the amino func-
tion protected with a fert-butoxycarbonyl (Boc) group was coupled
with L- or D-phenylalanine-N’-methylamide (H-L-Phe-NHMe or
H-D-Phe-NHMe) through activation with BOP!" [(benzotriazol-
1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate].
The resulting dipeptides 1a and 2a were treated with a solution
of hydrogen chloride in ethyl acetate to remove the Boc group
and subsequently acylated with pivaloyl chloride to afford, respec-
tively, Piv-L-cis(BPh)Pro-L-Phe-NHMe (1) and Piv-L-cis(BPh)Pro-
D-Phe-NHMe (2) (Piv = pivaloyl, 1BuCO) (Fig. 2). Following an
identical procedure, enantiomerically pure L-trans(BPh)Pro was
transformed into Piv-L-trans(BPh)Pro-L-Phe-NHMe (3) and Piv-
L-trans(BPh)Pro-D-Phe-NHMe (4) (Fig. 2) through the N-Boc-
protected intermediates 3a and 4a.

Compounds 1 and 3 are characterized by a homochiral sequence
(L-L) and their behaviour is to be compared with that of the
analogous dipeptide containing the natural amino acid, Piv-L-
Pro-L-Phe-NHMe (5). In a similar way, Piv-L-Pro-D-Phe-NHMe
(6) serves as model for the heterochiral (L-D) dipeptides 2 and
4. The conformational propensities of the two L-Pro-containing
peptides have previously been established in detail, both in the
solid state'®"? and in solution.'*"

The four dipeptides 1-4 and the N-Boc precursor 4a provided
single crystals suitable for X-ray diffraction analysis.f Their
molecular structures are shown in Fig. 3-7. Two independent
molecules (A, B) were found in the asymmetric unit of 3, 4 and
4a. All the compounds crystallised adopt a B-turn stabilised by an
intramolecular hydrogen bond that links the terminal methylamide
NH and pivaloyl or Boc C'O group and closes a ten-membered
cycle. The distances and angles for this intramolecular hydrogen-
bond interaction are within the range 2.86-2.95 A (N - --O) and
151-161° (N-H--- O)." Table 1 lists the main backbone torsion
angles. Those corresponding to the pyrrolidine ring and the phenyl
substituent in (BPh)Pro as well as to the benzyl side chain of L/D-
Phe are given in Table 2. A complete list of geometrical parameters
is provided as ESI.{ The data in Tables 1 and 2 show that the

tBuCO~ O "NH__CONHMe

Ph “ph
COOH
Piv-L-trans(BPh)Pro-L-Phe-NHMe (3) tBUOCO~N—
-
tBuCO~ O "NH__CONHMe Boc-L-trans(Ph)Pro-OH
\( Boc-(2S,3R)(BPh)Pro-OH
Ph Ph

Piv-L-trans(BPh)Pro-D-Phe-NHMe (4)

Fig.2 Structure of dipeptides 1-4 that incorporate the cis or trans stereoisomer of L-(BPh)Pro in position i+1. Abbreviations: Boc = rert-butoxycarbonyl;

Piv = pivaloyl (terz-butylcarbonyl).
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Fig. 3 Crystal molecular structure of Piv-L-cis(BPh)Pro-L-Phe-NHMe
(1). Only the hydrogens linked to nitrogen or chiral carbon atoms are
shown. The intramolecular hydrogen bond is indicated by a dashed line.

~O

Fig. 4 Crystal molecular structure of Piv-L-cis(3Ph)Pro-D-Phe-NHMe
(2). Only the hydrogens linked to nitrogen or chiral carbon atoms are
shown. The intramolecular hydrogen bond is indicated by a dashed line.

two independent molecules in 3, 4 and 4a exhibit quite similar
backbone conformations while differing in the arrangement of the
side chain moieties.

<
St

\‘J\J/;
Fig. 5 Crystal molecular structure of Piv-L-trans(BPh)Pro-L-Phe-NHMe
(3) (two independent molecules: A, B). Only the hydrogens linked to

nitrogen or chiral carbon atoms are shown. The intramolecular hydrogen
bond is indicated by a dashed line.

All the amide bonds are found™ in the usual trans conformation
(0= 180°), including the urethane in 4a, with only slight deviations
from planarity except for that involving the pivaloyl groupin 2 (o=
171°). Not surprisingly, the torsion angles in Table 1 correspond
in all cases to a B-turn of type II, as previously observed in
the solid state for the reference compounds 5 and 6.'*'> In this
disposition, the (BPh)Pro C*~H and Phe N-H bonds are parallel
and point in the same direction (Fig. 3-7). All the (BPh)Pro

Table 1 Main backbone torsion angles* (deg) in the X-ray diffraction structures of dipeptides 1-4 and 4a.® Those reported for the analogous compounds

containing L-Pro (5, 6) are included for comparison

Pro*¢ Phe

Peptide ] v ) v
Piv-L-cis(BPh)Pro-L-Phe-NHMe 1 —60 130 52 35
Piv-L-cis(BPh)Pro-D-Phe-NHMe 2 —62 134 62 26
Piv-L-trans(BPh)Pro-L-Phe-NHMe 3 mol. =53 132 64 19

mol. B -56 135 60 25
Piv-L-trans(BPh)Pro-p-Phe-NHMe 4 mol. A -58 128 72 5

mol. B —60 128 91 -11
Boc-L-trans(BPh)Pro-p-Phe-NHMe 4a mol. A -56 127 86 4

mol. B -55 131 81 0
Piv-L-Pro-L-Phe-NHMe? 5 —64 139 62 23
Piv-L-Pro-D-Phe-NHMe® 6 =57 138 72 12

“For standard deviations, see the ESI.} * The asymmetric unit of 3, 4 and 4a contains two independent molecules (A, B). ¢ Pro* refers to Pro or the

corresponding (BPh)Pro stereoisomer. ¢ From ref. 10. ¢ From ref. 12.
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Fig. 6 Crystal molecular structure of Piv-L-trans(3Ph)Pro-D-Phe-NHMe
(4) (two independent molecules: A, B). Only the hydrogens linked to
nitrogen or chiral carbon atoms are shown. The intramolecular hydrogen
bond is indicated by a dashed line.

residues in the crystallised molecules, whatever the cis or trans
stereochemistry, display (¢,y) values near (—60,130) (Table 1),
that is, very close to those considered ideal for the i+1 position
of a BII-turn,* (-60,120). This suggests that the additional [3-
phenyl substituent in the pyrrolidine ring does not hamper the
orientation of the adjacent carbonyl moiety leading to a y angle
in this region of the conformational map. On the contrary, all
(BPh)Pro residues adopt w values about 10° inferior to those
exhibited by L-Pro in the reference compounds (y = 140°) and
therefore closer to those considered optimal for BIT-folding. As for

mol. A

mol. B

A
Sl

~C

Fig. 7 Crystal molecular structure of Boc-L-trans(BPh)Pro-bp-
Phe-NHMe (4a) (two independent molecules: A, B). Only the hydrogens
linked to nitrogen or chiral carbon atoms are shown. The intramolecular
hydrogen bond is indicated by a dashed line.

>

the i+2 residue, significant deviations are observed with respect to
the (¢,w) values of (80,0) in an ideal BII-turn, and the distortion
is more pronounced for L-Phe than for D-Phe (Table 1). The latter
has been shown to be a general trend when comparing the crystal
molecular structures of BII-folded L-Pro-L-Xaa and L-Pro-D-Xaa
dipeptides.' Indeed, the L-Phe residue in 1 and 3 (as in 5) is forced
to assume positive ¢ values when occupying the i+2 position of a
BII-turn, that is, to behave as a D residue.

Table 2 Side-chain torsion angles® (deg) in the X-ray diffraction structures of dipeptides 1-4 and 4a®

(BPh)Pro—pyrrolidine* (BPh)Pro—phenyl? Phe

Peptide 0 x X x Puckering x" x¥ x e
Piv-L-cis(BPh)Pro-L-Phe-NHMe 1 -9 30 40 34 -16 C'-endo/CP-exo 157 70/-111 =77 -6/174
Piv-L-cis(BPh)Pro-D-Phe-NHMe 2 -12 31 -39 31 —12  Cr-endo/CP-exo 160 78/-101 61 56/-126
Piv-L-trans(BPh)Pro-L.-Phe-NHMe 3  mol. A 8 =31 43 -38 18  C'-exo/CP-endo —158 73/-109 -90 94/-88

mol. B 9 -31 43 -37 18  C'-exo/CP-endo —157 31/-152 -74 90/-94
Piv-L-trans(BPh)Pro-D-Phe-NHMe 4  mol. A 11 -34 44 =37 16 Cv-exo/CP-endo —164 95/-81 72 73/-109

mol. B 0 19 =32 31 -19 C'-endo -107 82/-99 61 100/-82
Boc-L-trans(BPh)Pro-D-Phe-NHMe 4a mol. A 8 -28 39 33 16 Cl-exo/CP-endo —156 24/-158 57 26/-156

mol. B 2 -23 35 =33 19 Cl-exo® -151 113/-65 71 33/-154

“ For standard deviations, see the ESI.{ * The asymmetric unit of 3, 4 and 4a contains two independent molecules (A, B). ¢ 8 (C>~N-C*~CP dihedral), y'

>

%%, x°, and x* correspond to the pyrrolidine ring in (BPh)Pro. ¢ " and y correspond to the phenyl side chain in (BPh)Pro. ¢ C? deviates slightly from the

plane leading to some CP-endo character.

This journal is © The Royal Society of Chemistry 2012
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Table 3 Amide NH and C’O stretching frequencies® (cm™) for Piv-L-Pro*-L/D-Phe-NHMe® in CH,Cl, solution (¢ = 5 mm)

Comp. Peptide sequence NH(Me) Phe-NH Piv-C’'O Pro*-C’O* Phe-C'O
1 L-cis(BPh)Pro-L-Phe 3450%/3359° 3436™/3425™/3416° 1620 /1615°/1604" 1691 1667
3 L-trans(BPh)Pro-L-Phe 3448"/3358° 3431™/3412° 1620"/1614°/1603" 1692%/1686° 1666
5 L-Pro-L-Phe 3448*/3356° 3432m/3414° 1620*/1612°/1604* 1684 1666
2 L-cis(BPh)Pro-D-Phe 3354 3417 1614"/1602 1689 1665
4 L-trans(BPh)Pro-D-Phe 3349 3414 1614*/1601° 1691 1665
6 L-Pro-D-Phe 3449vv/3345° 3420 1614v/1602° 1691 1665

“When the same vibrator gives rise to several absorption bands, their relative intensity is indicated as strong (s), medium (m), weak (w) or very weak

(vw). ® Pro* refers to Pro or the corresponding (BPh)Pro stereoisomer.

The L-Pro-L-Xaa and L-Pro-D-Xaa dipeptide sequences are
known to prefer B-turns of type I and II, respectively, in
environments where intermolecular interactions do not play a
significant role.> In the BI-turn, the i+2 L-Xaa residue adopts
values near (=90,0), more favourable to its L stereochemistry than
those corresponding to the BII-turn, (80,0). However, in a BI-
folded L-Pro-L-Xaa dipeptide, the L-Xaa N-H bond is oriented
towards the side chains of the two adjacent L-residues and is
inaccessible to intermolecular hydrogen bonding,'®** whereas in
the BII form this N-H bond points in the opposite direction (as
in Fig. 3-7) and can interact with the surrounding molecules.
This is the reason why most L-Pro-L-Xaa sequences experience
a BI-to-PII transition on going from low-polarity solvents to
strongly solvating media'®'® or the solid state.>'*!* In comparison,
L-Pro-D-Xaa dipeptides are more propitious to BII-folding in all
environments.>*!3 The observation of a BII-turn in the solid state
for all the dipeptides crystallised in this work (1-4, 4a), irrespective
of their homochiral or heterochiral sequence, follows this trend.
As expected, in all cases, the NH of the L/D-Phe residue is engaged
in an intermolecular hydrogen bond with the carbonyl group of
a neighbouring molecule. The acceptor site is (BPh)Pro-C’O in
compounds 3 and 4, and Phe-C’O in 1, 2, and 4a.™*

In solution, the conformation adopted by compounds 1-4 was
investigated by FT-IR and '"H-NMR spectroscopies. Studies were
performed in dichloromethane and deuterochloroform, respec-
tively, on 5-10 mM peptide solutions after having confirmed that
no aggregation occurred at these concentrations. For comparative
purposes, new spectra were also registered for the reference
compounds 5 and 6 under identical conditions to those used for the
(BPh)Pro derivatives. The pivaloyl group linked to the pyrrolidine
nitrogen presents a two-fold advantage for solution-phase studies:
it prevents the cis state of the acyl-proline bond for steric reasons
and shifts the Piv-C’O frequency out of the IR region typical for
peptide carbonyls, thus enabling easier interpretation of spectra.

The IR and NMR studies confirmed that compounds 1-4
mainly or exclusively adopt a B-turn conformation in chlorinated
solvents, as previously observed for the L-Pro counterparts 5
and 6. Thus, the terminal NH(Me) and Piv-C’O groups are
hydrogen-bonded, as evidenced by their low IR stretching fre-
quencies in comparison with those expected for free groups (about
3450 and 1620 cm™, respectively),'™'* and this interaction must be
intramolecular because intermolecular contacts are discarded at
the concentration used. In all cases, the NH(Me) site gives rise
to an intense IR band around 3350 cm™ (Table 3) and its proton
resonance is only moderately affected by the addition of DMSO-
ds (Table 4), suggesting that it is engaged in a hydrogen bond.

Table 4 Chemical shift and solvent sensitivity (ppm) of the amide NH
proton resonances for Piv-L-Pro*-L/D-Phe-NHMe* (¢ = 10 mm)

NH(Me) Phe-NH
Comp. Peptide sequence CDCl, As®* CDCl, AS®
1 L-cis(BPh)Pro-L-Phe 5.66 1.08 5.55 1.92
3 L-trans(BPh)Pro-L-Phe  6.49 1.08  6.12 1.65
5 L-Pro-L-Phe 6.68 0.99 587 1.74
2 L-cis(BPh)Pro-D-Phe 7.11 0.55 5.17 2.85
4 L-trans(BPh)Pro-D-Phe  7.56 044 542 3.02
6 L-Pro-p-Phe 7.33 0.56  5.93 2.33

“Pro* refers to Pro or the corresponding (BPh)Pro stereoisomer. ® Shift of
the NH proton resonance on going from CDCl; to DMSO-d, solution.

In comparison, the Phe-NH stretching absorption appears above
3400 cm™ (Table 3) and its proton chemical shift shows a higher
sensitivity to DMSO-d solvation (Table 4), as expected for a free
NH amide moiety.

In spite of this common behaviour small, yet significant,
differences are observed between the homochiral and heterochiral
sequences. Thus, the L-L dipeptides 1, 3 and 5 present a weak
absorption near 3450 cm™ (Table 3) that corresponds to a free
NH(Me) site and denotes the presence of a small percentage of
molecules exhibiting an open conformation devoid of intramolec-
ular hydrogen bonds. This band also appears in the L-Pro-D-Phe
derivative (6), although with a lower intensity, and cannot be
distinguished in the IR spectra of 2 and 4 (Table 3). This suggests
that the higher B-turn forming tendency exhibited by the L-Pro-
D-Phe sequence in comparison to L-Pro-L-Phe'™" (in general, L-
Pro-p-Xaa vs. L-Pro-L-Xaa dipeptides'®) is not only maintained
but even increased when the natural Pro residue is replaced by
(BPh)Pro independently of the trans or cis stereochemistry of the
B-phenyl substituent. The existence of a superior percentage of
open conformers in the homochiral peptides is in agreement with
the larger variation induced by DMSO-d, on their NH(Me) amide
proton resonance (A§ = 1.0 and 0.5 ppm for the L-L and L-D
dipeptides, respectively; Table 4).

However, the main difference observed in solution does not
concern the extent to which the homochiral and heterochiral
dipeptides under study adopt a B-turn conformation but the
type of P-turn accommodated, which can be unambiguously
distinguished by the IR frequency of the Piv-C’O group.”® The
three L-D dipeptides (2, 4, 6) present an identical profile in this
region of the IR spectrum, with a major contribution at 1602
cm™ and a weak absorption near 1612 cm™ (Table 3), which have
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been shown to reflect two different hydrogen-bonded states of the
Piv-C’O group in Piv-L-Pro-Xaa-NHR dipeptides, namely those
corresponding to a BII- and a BI-turn, respectively.”® Thus, the
BII-turn observed in the solid state for 2 and 4 is also preferred
in solution, indicating that the incorporation of a -phenyl group
into L-Pro does not alter the behaviour typically observed for L-
Pro-D-Xaa sequences.

In comparison, the L-Pro-L-Phe derivative (5) shows two very
weak contributions at about 1620 and 1602 cm™, corresponding,
respectively, to a free and a BII-hydrogen-bonded Piv-C’O group,
and an intense absorption at 1612 cm™ (Table 3). This indicates
the predominance of the BI-turn for 5 in chlorinated solvents,
as already established.'™® The band near 1602 cm™ becomes
slightly more intense in the analogous sequence incorporating L-
cis(BPh)Pro (1) and even more in the L-trans(BPh)Pro derivative
(3) (Table 3), which shows the highest percentage of BII-folded
molecules among the three homochiral dipeptides investigated.
Yet, the BI-turn remains the preferred conformation for all three
compounds in chlorinated solvents.

In the discussion above, the conformation adopted by the
peptide backbone in the (BPh)Pro derivatives under study has
been considered both in solution and in the solid state. The phenyl
substituent attached to the pyrrolidine moiety has been shown not
to perturb the conformational properties of L-Pro and, indeed, the
B-turn forming propensities of (3Ph)Pro resemble closely those of
the parent amino acid. However, the arrangement of the side-
chain moieties in the compounds investigated and their possible
influence on the subtle conformational changes observed upon
replacement of L-Pro by cis or trans L-(BPh)Pro have not been
considered yet. They are discussed in the following.

In the crystal, the side chain of the L-Phe residue in dipeptides
1 and 3 (Table 2) exhibits a gauche(—) orientation (y' = —74° to
—90°) while that of D-Phe in 2, 4 and 4a corresponds to gauche(+)
(x' = 57° to 72°), as respectively found for the parent peptides 5
(x' =-42°)"" and 6 (' = 74°)." It should be noted that gauche(-)
is a sterically favoured y' disposition (rotational state of the
C*~CP bond) for the L-Phe side chain and is, indeed, the one most
commonly encountered in crystallised peptides and proteins.”> A
similar situation corresponds to the gauche(+) conformation for
D-Phe.

The most remarkable feature in Table 2 regarding y' for the
i+2 residue (L/D-Phe) is the significantly more negative values
attained by this dihedral angle when L-Phe is attached to L-
(BPh)Pro, either cis (1) or trans (3), in relation to L-Pro (5).
Actually, the y' angle of L-Phe deviates from the standard value
corresponding to a canonical gauche(-) orientation (—60°) in
opposite directions in 1 and 3 with reference to 5. In the latter
compound, y' = —42° makes the phenyl ring of L-Phe approach
the contiguous NH group probably to allow a weak attractive
NH- - & interaction. In the (BPh)Pro derivatives 1 and 3, the
L-Phe y' moves in the opposite direction (y' ranges from —74°
to —90°) and this distinct orientation may be attributed to the
interaction established between the two aromatic rings in the
(BPh)Pro-containing compounds, which are seen to adopt a
parallel arrangement in the cis derivative (1, Fig. 3) and to be
almost perpendicular in both independent molecules of the trans
compound (3, Fig. 5). When D-Phe is present (2, 4, 4a), the
adequate geometry for the two phenyl rings to interact is attained
without the need for a significant deviation of ' from the standard

60° value (in molecule B of 4, it is precluded by the arrangement of
the pyrrolidine moiety). The optimisation of such intramolecular
aromatic—aromatic interactions also seems to be the basis of the
uncommon y” values observed for the L/D-Phe residue in some of
the crystallised molecules (Table 2). The y* angle (C*~C" torsion)
reflects the orientation of the phenyl plane with respect to the
peptide backbone and is known to prefer values near 90/-90°,
for which steric repulsions with the main chain are minimal, with
deviations within £30° being frequent.’® One notes, however, that
some of the y* values assumed by the L/D-Phe residue in the
(BPh)Pro-containing dipeptides in Table 2 are severely distorted
from this optimal position, as is the case of 4a (y> =26/-156° and
33/-154° in molecules A and B, respectively) and, particularly,
of 1 (y* =-6/174°). In comparison, the corresponding y* values
in the reference compounds 5 and 6 are —68/110° and 63/-122°,
respectively. In fact, the variety of orientations adopted by the
phenyl plane of the L/D-Phe residue in 1-4 and 4a, reflected in y*
(Table 2), seem to be the consequence of the interaction established
with the B-phenyl substituent in (BPh)Pro.

The intramolecular aromatic-aromatic interactions observed in
the solid state for all the (BPh)Pro derivatives crystallised (with the
exception of one of the independent molecules in 4) seem to be
retained in solution only for the sequences incorporating D-Phe, as
inferred from the following observations. A striking feature in the
'"H-NMR spectra of compounds 2 and 4 in CDCl;, which is also
present for the Boc precursors 2a and 4a,'" is the appearance of
an aromatic proton near 6.70 ppm. This signal has been assigned
to the ortho hydrogens of the D-Phe residue. In comparison, all
the aromatic protons in the parent D-Phe derivative 6, that lacks
the phenyl ring in the i+1 position, appear above 7.10 ppm, as
do those in the three L-Phe-containing peptides (1, 3, 5). The
strongly upfield shifted aromatic proton resonance of 2 and 4
can be attributed to the proximity of the phenyl group of the
contiguous (BPh)Pro residue. The relative orientation of the two
aromatic rings is to be perpendicular, with an ortho D-Phe hydrogen
pointing to the centre of the phenyl unit in (3Ph)Pro.

Such a relative disposition between the two aromatic rings in
2 and 4 differs from that observed in the solid state (Fig. 4 and
6). Molecular models show that it can be achieved if the aromatic
moiety of (BPh)Pro is roughly kept as in their respective crystalline
structures (in the case of 4, that in molecule A) while the C*-CP
bond of D-Phe is rotated by about 120° (from y' = 60° in the
crystals to = —60°) and the phenyl plane is allowed to assume the
usual®s y? values = 90/-90° (£30). Fig. 8 illustrates the relative
arrangement of the two aromatic rings when the orientation of the
D-Phe side chain in the crystalline structure of 4 (molecule A) is
changed in this way.

The modification proposed above for the orientation of the D-
Phe side chain in 2 and 4 with respect to that observed in the
X-ray diffraction structures is by no means surprising. Actually, it
has been proposed to occur for the parent compound containing
D-Phe (6) on going from the solid state to CDCI; solution.'
As previously established and commented above, dipeptide 6
shows a preference for the same BII-turn conformation in both
environments. However, the aromatic side chain changes from the
gauche(+) disposition in the crystal'? (y' = 74°) to a predominant
gauche(—) arrangement (y' = —60°) in CDCl; or CH,CL." The
latter places the phenyl ring in the least sterically favoured among
the three staggered positions available to y', namely flanked by
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Fig. 8 Molecular model of 4 showing an ortho aromatic proton of D-Phe
pointing to the centre of the phenyl ring in L-frans(BPh)Pro. It has been
built from the X-ray diffraction structure of 4 (molecule A) by changing
the p-Phe y' torsion from 72° to = —60° and keeping x* in the sterically
favourable region = 90/-90° (£30°).

the NH and CO substituents, but provides the optimal geometry
for an attractive interaction with the adjacent NH moiety. The
existence of this NH - - - & interaction is reflected'®'® in the lower
IR frequency observed for this NH in 6 (3420 cm™'; Table 3)
with respect to the analogous compound incorporating D-Ala in
place of D-Phe, in which no aromatic-NH interaction can occur
(3430 cm™)." In the crystal, the D-Phe NH moiety is involved
in a hydrogen bond with a carbonyl group of a neighbouring
molecule” and the benzyl side chain adopts the sterically more
favourable gauche(+) arrangement.

It is highly probable that the D-Phe side chain in 2 and 4
experiences a similar rotation about the C*~CP bond on going
from the solid state to chlorinated solvents. In fact, the stretching
frequency of the D-Phe-NH site in these compounds also indicates
the existence of an NH - - - interaction (3417 cm™ in 2 and 3414
cm™ in 4; Table 3) and, therefore, of a high population of the D-Phe
x' conformer providing the optimal geometry for it, gauche(-).
As shown in Fig. 8 for 4, this arrangement of the D-Phe side
chain places an ortho hydrogen of this residue pointing to the
centre of the phenyl ring in (BPh)Pro, thereby accounting for
the upfield aromatic signal observed in the "H-NMR spectra of
2 and 4. The population of the gauche(—) D-Phe rotamer in 6
was estimated!®'® to be 52%" from the vicinal coupling constants
between the o and two B protons measured for this residue in
CDCI; solution. Notably enough, the same method' provides
an increased percentage of this y' conformer for both 2 (74%)
and 4 (66%). The stabilizing interaction established between the
two aromatic rings in the latter compounds could contribute
to increase the population of gauche(—) conformer for D-Phe in
spite of being the most sterically hindered staggered arrangement
available to y', thus operating in the same sense as does the
NH-- - &t interaction. The disappearance of the small amount
of open conformers detected for 6 upon replacement of L-Pro
by cis or trans L-(BPh)Pro (to yield 2 and 4, respectively) could
also be related to this additional stabilising interaction. Actually,
interactions between the side chain groups of aromatic residues

have been recognized as an important stabilizing factor in the
conformation of peptides and proteins.*®

The situation is different for the three L-Phe-containing peptides
(1, 3, 5). There is no evidence that the aromatic contacts observed
in the X-ray diffraction structures of 1 and 3 (Fig. 3 and 5) are
kept in solution. The orientation of the benzyl side chain of L-Phe
in 5 has been shown to change from gauche(-) in the crystal® (y' =
—42°) to a preferential gauche(+) arrangement (y' = 60°) in CDCl,
solution,'® thereby bringing the NH and phenyl moieties of L-Phe
into close proximity, in an analogous way to that described above
for 6 [note that gauche(+) for L-Phe is equivalent to gauche(-) for D-
Phe]. The same modification seems to occur for 1 and 3, as reflected
by the L-Phe-NH stretching frequency that denotes the existence
of a similar NH - - -  interaction in the three homochiral peptides
(Table 3). However, it should be noted that in the L-L sequences,
this side chain rotation is associated with the BII-to-BI transition
experienced by the peptide backbone on going from the solid
to the solute state and the combination of both changes makes
the phenyl ring of L-Phe move far away from the (3Ph)Pro side
chain, thus precluding the existence of intramolecular aromatic—
aromatic interactions. Not surprisingly, the population of L-Phe
gauche(+) species estimated'®! for 5 in chloroform (54%)" is not
increased in 1 (56%) and 3 (46%). This fact, together with the
observation of a similar percentage of non-B-turn-folded species
in solution for the three homochiral dipeptides, suggests that no
additional stabilising interaction operates in 1 and 3 with respect to
5. Obviously, this applies to the major conformer in solution, but
does not discard the existence of minor species with a BII-folded
backbone in which the L-Phe side chain retains the gauche(-)
arrangement and interacts with the (BPh)Pro aromatic substituent
as in the crystal structures.

The postulated interaction between the two aromatic rings
in the D-Phe derivatives 2 and 4 in solution also requires an
adequate orientation of the phenyl group in the contiguous
(BPh)Pro residue, which should be similar in both compounds
and is proposed not to differ much from that observed in the X-
ray structures (molecule A for 4). Such an orientation is given by
the cis/ trans stereochemistry at the f carbon and the puckering of
the pyrrolidine moiety, as discussed below.

The five-membered ring in all (BPh)Pro derivatives crystallised
(Table 2) assumes a puckered conformation, with the y carbon
deviating from the plane towards the same (C'-endo or down) or
the opposite (C'-exo or up) side of the ring to where the carbonyl
group lies.”” In most of the cases, also the 3 carbon protrudes from
the plane, in the opposite direction to C?, so that the conformation
is twist (half-chair) instead of envelope-like. The twisted character
is highly marked, as indicated by the magnitude of the 6 angle
(C3-N-C*—CP dihedral) (Table 2), which gives the extent to which
CP deviates from the plane defined by the atoms involved in the
peptide bond (C?, N, C*) and is 0° for an ideal envelope with
C¥ at the flap. The frequent occurrence of twist conformations
in Table 2 and the strong out-of-plane displacement observed for
C* in them are certainly related to the B-substituted character
of (BPh)Pro. Deviation of CP from planarity alleviates the steric
hindrance introduced by the bulky aromatic ring attached to it,
which is particularly severe in the cis derivative.

In the crystalline state, the two compounds incorporating L-
cis(BPh)Pro (1, 2) exhibit the same C'-endo/CP-exo puckering,
characterized by positive y' and negative 6 values (Table 2; note

646 | Org. Biomol. Chem., 2012, 10, 640-651

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c1ob06561k

Downloaded by Universitaire dAngers on 08 February 2012
Published on 05 October 2011 on http://pubs.rsc.org | doi:10.1039/C10B06561K

View Online

that the " values given for (3Ph)Pro correspond to the pyrrolidine
moiety while those describing the orientation of the phenyl side
chain in this residue are termed y" and x*). This arrangement
moves the B-phenyl ring away from the vicinal carbonyl substituent
(Fig. 9a), which would otherwise be eclipsed. Thus, the C'-C*~
CP-C,,, torsion angle, A [C” is the carbonyl carbon and C,,, is
the substituted aromatic carbon in (BPh)Pro], is as much as 40°
in 1 and 43° in 2." In this C’-endo/CP*-exo half-chair, the phenyl
substituent occupies an equatorial position, which is known to
minimize steric repulsions with the five-membered ring. The other
possible twist arrangement (C'-exo/CP-endo) (Fig. 9b) does not
seem to introduce any advantage because the phenyl ring would
separate from the contiguous carbonyl substituent in a similar
extent (although in the opposite direction, A = —40°) but would
be oriented axially, thus producing severe steric hindrance with
some pyrrolidine protons. The latter disposition should then be
strongly disfavoured. The five-membered ring in L-cis(BPh)Pro
is not likely to adopt a C'-envelope conformation either, since
keeping CP in the plane would make the B-phenyl and a-carbonyl
substituents lie closer to the eclipsed disposition associated with
their cis stereochemistry.

L-cis(BPh)Pro

L-trans(BPh)Pro

a) | Cr-endo/CP-exo c) | Crexo/CB-endo
eq H* 1 eq Ph He
Phg\ v cY
-oc N— -oc N
CYJ HB
b)  Crexo/CB-endo d)  C-endo/CB-exo
HB H* H* Ph @x
-oc N -oc N—
Ph 5%

ax

Fig. 9 Newman projection through the C*~C* bond for the two possible
half-chair conformations of the pyrrolidine ring in L-cis(BPh)Pro (a,b) and
L-trans(BPh)Pro (c,d). Those observed in the X-ray structures of the cis (1,
2) and trans peptides (3, 4, 4a) are marked. The equatorial (eq) or axial
(ax) orientation of the phenyl substituent is indicated.

The C'-endo/CP-exo arrangement observed in the solid state
seems therefore to be the most favourable puckering mode of L-
cis(BPh)Pro. There is strong evidence that this conformation also
predominates in solution. The vicinal coupling constants between
the pyrrolidine B hydrogen and those in the o (Ju, s = 8.5 Hz)
and Y (Jup wyenso = 13 Hz, Jup syere = 6 Hz) positions®® measured
in CDCI; are similar for 1 and 2 (Table 5) and are in excellent
agreement with those calculated from their X-ray diffraction
geometries (Table 5). The latter have been estimated** using the
modification of the Karplus equation developed by Haasnoot et
al., which has been shown to provide more reliable estimates for
the proline system.” In contrast, a very small Jip e Value (<2
Hz) is expected for the other possible half-chair arrangement (C¥-
exo/CP-endo) (Table 5). The large Jup 1yens, measured for both 1 and
2 allows us to discard the presence of a significant population of
species exhibiting the latter pyrrolidine shape. Another argument
supporting the assignment of a highly predominant C"-endo/C"-
exo conformation for L-cis(BPh)Pro in solution is the observation
in 1 and 2 (shown in Fig. 10 for 1) of a NOE cross-peak between
HP and H?,,,, denoting their proximity, along with the absence of

Table 5 Comparison of the vicinal coupling constants (Hz) of the
hydrogen of L-cis(BPh)Pro measured in 1 and 2 with those estimated for
different arrangements of the pyrrolidine ring

Calculated® Observed®
Ct-endo/ CY-exo/
3’ CB-exo® CPB-endo? 1 2
He—gP 7.5 6.4 8.6 8.3
HP-HY 00 12.5 1.5 11.9 13.9
uf-n7,,, 5.7 4.4 6.1 6.0

“ The pyrrolidine y hydrogens are labelled as endo or exo as indicated in note
20. ® Using the Haasnoot-Altona equation (ref. 21,22). ¢ CDCI; solution.
4 Half-chair (twist) conformation. ¢ Estimated from the geometry observed
in the crystalline structure of 1 (similar results are obtained from that of
2).
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Fig. 10 Section of the NOESY spectrum of compound 1 in CDCl,
solution (10 mM), showing the pyrrolidine HP-H?,,, cross-peak. The
absence of H*-H",,, correlation is also noteworthy. The hydrogen atoms
labelled® correspond to the (BPh)Pro residue.

correlation between H* and H,,,. The two latter protons should
become close for a y carbon deviating in the opposite direction to
the carbonyl substituent (C’-exo), that is, towards the o hydrogen
(Fig. 9b).

The situation for the frans isomer is more complex. In
most of the crystallised molecules, the five-membered ring of
L-trans(BPh)Pro adopts a half-chair conformation (Table 2).
Displacement of the B carbon occurs in the direction that places
the phenyl substituent in an equatorial position (CP-endo), with 6
values around 10°, and the y carbon moves towards the opposite
side (C"-exo0). However, this C'-exo/CP-endo arrangement (Fig. 9¢)
makes the phenyl and carbonyl substituents approach (note that
they are trans here), with A angles about 80° being observed in the
X-ray structures.” Accordingly, deviation of CP from the plane
to place the aromatic ring equatorially is not as advantageous as
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seen before for the cis isomer, in which case it also provided the
maximum separation between the vicinal substituents.

This probably explains why other pyrrolidine arrangements
other than the most abundant C'-exo/CP-endo half-chair are
seen among the crystallised zrans(BPh)Pro-containing peptides
(Table 2). Thus, molecule B of 4a retains the CY-exo disposition
found for most trans compounds but C* remains near the ring
plane (8 = 2°) so that the puckering is close to a C'-exo
envelope. As a result, the phenyl substituent is pseudoequatorial
(an intermediate position between that corresponding to a planar
ring and the equatorial one in a half-chair), but this less favourable
orientation is somehow compensated for by the lower proximity
to the carbonyl substituent (4 = 90°)." It appears, therefore,
that conformations with a geometry intermediate between a C'-
exo/CP-endo half-chair and a C-exo envelope are also accessible
to L-trans(BPh)Pro, although they are expected to be less stable
than the half-chair.

Additionally, a third type of pyrrolidine puckering is seen among
the X-ray structures of the trans(BPh)Pro derivatives, namely that
in molecule B of 4 (Table 2). In this case, C* lies in the plane formed
by the atoms involved in the peptide bond (6 = 0°) and a pure C'-
endo envelope is seen. This arrangement provides the maximum
distance with the carbonyl moiety (4 = 134°)"* while making the
aromatic substituent pseudoaxial.

The other possible half-chair of L-trans(BPh)Pro (C'-endo/CP-
exo) is not observed in any of the compounds crystallised. It would
introduce the maximum distance between the oo and B substituents
(A=150°, Fig. 9d) but also orientate the phenyl substituent axially
and therefore introduce severe steric repulsions. Indeed, when C¥
is endo, there seems to be no benefit in CP also deviating from the
plane, that is, in changing from the C"-endo envelope observed in
the molecule B of 4 to the C'-endo/CP-exo half-chair, since A is
slightly superior (AA = 15°) but at the cost of increasing the axial
character of the aromatic substituent. Accordingly, the C'-endo
envelope but not the C?-endo/ CP-exo twist form is seen among the
trans compounds crystallised. Yet, the stability difference between
the two half-chairs in trans(BPh)Pro is expected to be less marked
than in the cis derivative because, in the latter, the most stable
half-chair combines an equatorial phenyl group and the maximum
possible separation between the bulky vicinal substituents whereas
this is not the case for the trans compound.

The vicinal coupling constants measured for the L-
trans(BPh)Pro H? in CDCl; solution for 3 and 4 are substantially
different (Table 6), indicating that the pyrrolidine puckering differs
in the two compounds. Comparison of the experimental values
with those predicted®** for the different geometries exhibited by
the five-membered ring in the crystalline structures of the frans
compounds (Table 6) suggests that dipeptide 4 adopts with high
preference a C'-exo arrangement. Whether it corresponds to a C'-
exo/CP-endo half-chair, a C'-exo envelope, a mixture of both or a
single conformation with an intermediate geometry is difficult to
ascertain on the basis of the J values only. However, the greater
stability expected for the half-chair form, which correlates with its
more frequent occurrence in the X-ray structures, together with
the detection' of NOE cross-peaks between H? and H?,,, (that
get close for an endo CP) and the H*-H",,, protons (denoting the
exo arrangement of CY) point to a situation proximal to the C'-
exo/CP-endo half-chair, as observed in the crystalline state for
most L-trans(BPh)Pro derivatives (Table 2). In any case, and most

Table 6 Comparison of the vicinal coupling constants (Hz) of the
hydrogen of L-frans(BPh)Pro measured in 3 and 4 with those estimated
for different arrangements of the pyrrolidine ring

Calculated® Observed®
C¥-exo/ CY-endo/
3’ CP-endo®* Cl-exo™t  Cl-endo™* CP-exo? 3 4
H'—HP 11.1 9.9 2.1 0.6 55 93
HP—H 0 5.1 6.8 9.3 5.6 = 6.5 6.3
-, 12.7 11.9 0.5 1.0 = 7.5 11.8

“ The pyrrolidine y hydrogens are labelled as endo or exo as indicated in note
20. ® Using the Haasnoot-Altona equation (ref. 21,22). ¢ CDCI; solution.
4 Half-chair (twist) conformation. ¢ Estimated from the geometry observed
in the crystalline structure of mol. A of 3. /Envelope or envelope-like
conformation. ¢ Estimated from the geometry observed in the crystalline
structure of mol. B of 4a (there is some CP-endo character, see Table 2).
" Estimated from the geometry observed in the crystalline structure of mol.
B of 4.  Not determined with higher precision due to signal overlapping.

importantly, the large magnitude of Jy, s (9.3 Hz) and Jup myeno
(11.8 Hz) measured for this compound allows us to discard the
presence of a significant ratio of C'-endo conformers, for which
very small Jy, up (0.6-2.1 Hz) and Jup uyero (<1 Hz) values are
expected (Table 6). Conversely, the coupling constants observed
for H? in 3 can only be explained if a non-negligible population of
C¥-endo-puckered species is present (40-60%). In such conformers,
an ortho proton of the (pseudo)axial phenyl ring becomes close
to H%,,, and, accordingly, a NOE cross-peak appears.’* This fact
together with the NOE correlation detected between H* and
H,,,, typical of the C’-exo arrangement, is consistent with the
coexistence of C?-endo and C7-exo shapes in 3. Again, it is difficult
to discern from these results the extent to which they are envelope-
like or twist, that is, the degree of non-planarity at C?. Yet, they
are most probably of the C'-endo envelope and C'-exo/CF-endo
half-chair types, respectively, according to the X-ray diffraction
results and the comments thereof. It is worth noting that the higher
flexibility observed for the pyrrolidine ring in trans(BPh)Pro with
respect to the cis isomer is in agreement with the results from
computational analysis on diamide derivatives of the B-isopropyl
counterparts.®

According to the above discussion, the pyrrolidine ring in the
cis derivative 2 and the frans compound 4 adopts in solution a
conformation close to that observed in the solid state for each
compound (molecule A in the latter case). It is interesting to
note that the proposed intramolecular interaction between the
aromatic moieties in these peptides is based on an orientation
of the phenyl ring in (BPh)Pro similar to those in the crystals
(molecule A for 4). Even if the B-phenyl substituent is cis in 2
and frans in 4, their respective C'-endo/CP-exo and CY-exo/CP-
endo arrangements, observed in the solid state and believed to
be highly predominant in solution, place this group in positions
that are much closer than a priori expected from their different
stereochemistry (compare Fig. 9a and 9c). Thus, the y" values
in Table 2, giving the orientation of the phenyl substituent in
(BPh)Pro with respect to the peptide backbone (N-C*-CP-C,,,),
are of 160° in 2 and —164° in 4 (molecule A), which means
a difference of only 36°. When the relative orientation of the
aromatic substituent is compared taking as a reference the position
of the carbonyl group, a similar result is obtained: A is 43° in 2 and
75° in 4 (molecule A)." Therefore, the (BPh)Pro aromatic group
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in 2 and 4 are not so differently oriented in solution, and this is
consistent with the existence, in both cases, of a similar interaction
with the D-Phe residue exhibiting the same gauche(—) side-chain
arrangement. In each case, small y'/y* variations in the latter
residue could allow for the optimal geometry. In turn, the fact that
this orientation of the (BPh)Pro phenyl group in 4 is necessary for
this interaction to occur could be the reason why the C'-exo/C"-
endo pyrrolidine conformation is overwhelmingly populated in
solution for this compound whereas the same does not hold true
for 3. In other words, the existence of an interaction with the
aromatic ring of D-Phe could shift the conformational equilibrium
of the pyrrolidine ring in 4 towards the puckering mode providing
the adequate geometry for it. In 3, the presence of L-Phe instead of
D-Phe does not allow for this interaction to occur and, accordingly,
such equilibrium is not shifted to any particular conformer.

Conclusions

The structural propensities of homochiral and heterochiral dipep-
tide sequences that incorporate in the i+1 position the L-Pro ana-
logues L-cis(BPh)Pro and L-trans(BPh)Pro have been determined
in solution and the solid state and compared to those induced by
the natural amino acid. The phenyl substituent attached to the
pyrrolidine B carbon has been shown to be fully compatible with
the conformational properties of L-Pro and, thus, (BPh)Pro essen-
tially retains the B-turn forming propensities of the parent amino
acid. In the solid state, all the (BPh)Pro derivatives crystallised
adopt a BII-turn, as do the analogous compounds containing L-
Pro. In solution, L-trans(BPh)Pro induces a higher B-turn folding
ratio while the preference for the BI or BII folding modes parallels
that of the natural sequences, with only subtle differences.

The pyrrolidine conformation is significantly affected by the
presence of the B-phenyl group. The puckering modes that alleviate
most the steric hindrance introduced by this substituent are
preferred. The cis(BPh)Pro residue shows a marked propensity
for the C'-endo/CP-exo arrangement both in the solid state
and in solution whereas the trans compound exhibits a higher
flexibility, with different pyrrolidine shapes being accessible. As
a consequence, the phenyl group in cis(BPh)Pro is fixed at y'
near 160°, while in trans(BPh)Pro it may explore the —160°
(for a C-exo/CP-endo pyrrolidine half-chair) or —110° (CY-endo
envelope) regions. This issue is essential when a particular spatial
arrangement is required for interaction with the receptor binding
pocket if (BPh)Pro is inserted into a biologically active peptide or
for other applications requiring well-oriented substituents.

Interactions between the aromatic ring of (BPh)Pro and the
contiguous L- or D-Phe residue are observed in all the dipeptides
crystallised. In solution, they seem to occur only for the heterochi-
ral sequences. This intramolecular aromatic-aromatic interaction
may be responsible for the higher B-turn ratio observed for such
sequences and may also affect the conformational preferences of
the pyrrolidine ring.

Experimental section
General

All reagents were used as received from commercial suppli-
ers without further purification. Enantiomerically pure Boc-L-

cis(BPh)Pro-OH and Boc-L-trans(BPh)Pro-OH were obtained by
chromatographic resolution of a racemic precursor; details will be
reported elsewhere. Thin-layer chromatography (TLC) was per-
formed on Macherey-Nagel Polygram® SIL G/UV,s, precoated
silica gel polyester plates. The products were visualized by exposure
to UV light or submersion in ninhydrin or cerium molybdate stain
[aqueous solution of phosphomolybdic acid (2%), CeSO,-4H,0
(1%) and H,SO, (6%)]. Column chromatography was performed
using 60 M (0.04-0.063 mm) silica gel from Macherey-Nagel.
Melting points were determined on a Gallenkamp apparatus. IR
spectra in the solid state were recorded on a Nicolet Avatar 360
FTIR spectrophotometer; v,,,, is given for the main absorption
bands. 'H- and ®C-NMR spectra were registered at room tem-
perature on a Bruker AV-500 or AV-400 instrument, respectively,
using the residual solvent signal as the internal standard; chemical
shifts (8) are expressed in ppm and coupling constants (J) in
Hertz. Peptide solutions at 10 mM concentration were used for the
'"H-NMR spectra. Complete assignment of all proton resonances
was performed on the basis of COSY, NOESY (500 ms mixing
time), and HSQC experiments registered on the Bruker AV-500
instrument on 10 mM peptide solutions. High-resolution mass
spectra were recorded on a Bruker Microtof-Q spectrometer.

General procedure for the synthesis of peptides 1-4

Boc-L-cis(BPh)Pro-OH  or  Boc-L-trans(BPh)Pro-OH (500
mg, 1.72 mmol) was suspended in acetonitrile (20 mL) and
BOP  [(benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexafluorophosphate] (912 mg, 2.06 mmol) was added. After
10 min, N,N-diisopropylethylamine (0.66 mL, 3.78 mmol) was
added followed by L- or D-Phe-NHMe hydrochloride (552 mg,
2.58 mmol) and the stirring was continued for 4 days. The solvent
was evaporated and the remaining residue was redissolved in
dichloromethane (30 mL). The solution was successively washed
with 5% aqueous potassium bisulfate (15 mL), 5% aqueous
sodium bicarbonate (15 mL), and brine (15 mL). The organic
layer was dried over anhydrous MgSO, and filtered. Evaporation
of the solvent followed by column chromatography (eluent:
ethyl acetate—dichloromethane-hexanes 6:3:1) furnished the
corresponding N-Boc protected dipeptide 1a—4a (644-690 mg,
1.43-1.53 mmol, 83-89% yield; full characterization is given in
the ESIf). A 3N solution of hydrogen chloride in ethyl acetate
(5 mL) was then added to 1a—4a (500 mg, 1.11 mmol) and the
suspension formed was stirred at room temperature for 2 h. After
evaporation of the solvent, the residue was taken up in water
and lyophilized. The resulting solid was suspended in chloroform
(10 mL) and N-methylmorpholine (0.27 mL, 2.44 mmol) and
pivaloyl chloride (0.16 mL, 1.33 mmol) were added. The reaction
mixture was stirred at room temperature for 24 h. Evaporation
of the solvent followed by column chromatography (eluent:
hexanes—ethyl acetate 1:9) provided the desired dipeptide 1-4 in
the yield indicated in each case.

Piv-L-cis(BPh)Pro-L-Phe-NHMe (1). (459 mg, 1.05 mmol,
95% yield); mp 199 °C; [a]y = +64.1 (¢ = 0.40, MeOH); IR
(nujol) V. /cm™ 3341, 3306, 1667, 1652, 1604, "H-NMR (500
MHz, CDCl;, ¢ = 10 mMm) 6y 1.20 (9H, s, Piv), 2.21 (1H, m, Pro-
H..,),2.55(3H, d, J =4.5 Hz, NHMe) overlapped with 2.47-2.67
(1H, m, Pro-H",,,,), 2.79 (1H, dd, J = 13.8, 6.3 Hz, Phe-HP), 3.19
(1H, dd, J = 13.8, 5.4 Hz, Phe-H?), 3.53 (1H, ddd, J =11.9, 8.6,

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 640-651 | 649


http://dx.doi.org/10.1039/c1ob06561k

Downloaded by Universitaire dAngers on 08 February 2012
Published on 05 October 2011 on http://pubs.rsc.org | doi:10.1039/C10B06561K

View Online

6.1 Hz, Pro-HP), 3.75 (1H, m, Pro-H?,,,), 4.05 (m, 1H, Pro-H?%,,,),
4.35 (1H, ddd, J = 8.4, 6.3, 5.4 Hz, Phe-H*), 4.60 (1H, d, J =8.6
Hz, Pro-H*), 5.55 (1H, br d, J = 8.4 Hz, Phe-NH), 5.66 (1H, m,
NHMe), 7.10-7.19 (4H, m, Ar), 7.21-7.34 (6H, m, Ar); *"C-NMR
(100 MHz, CDCl,) 6. 26.23 (NHMe), 27.14 (Piv-Me;), 29.91 (Pro-
CY), 36.84 (Phe-C*), 39.15 (Piv-C), 44.87 (Pro-C?), 48.13 (Pro-C?),
53.35 (Phe-C%), 67.51 (Pro-C*), 126.93 (Ar), 127.40 (Ar), 127.92
(Ar), 128.47 (Ar), 128.64 (Ar), 129.48 (Ar), 136.76 (Ar), 136.83
(Ar), 169.37 (CO), 170.65 (CO), 177.95 (Piv-CO); HRMS (ESI)
C,sHi:N3NaO; [M+Na]': caled. 458.2414, found 458.2437.

Piv-L-cis(BPh)Pro-p-Phe-NHMe (2). (377 mg, 0.87 mmol,
78% yield); mp 260 °C; [o]y = +98.4 (¢ = 0.34, MeOH); IR
(nujol) V. /cm™ 3330, 3276, 1672, 1653, 1606; '"H-NMR (500
MHz, CDCl;, ¢ = 10 mm) 8, 1.26 (9H, s, Piv), 2.07 (1H, dd, J =
13.6, 6.0 Hz, Phe-H?), 2.18 (1H, m, Pro-H",,,), 2.68 (3H, d, J =
4.0 Hz, NHMe), 2.97 (1H, m, Pro-H',,,), 3.33 (1H, dd, J = 13.6,
3.8 Hz, Phe-HP), 3.47 (1H, ddd, J = 13.9, 8.3, 6.0 Hz, Pro-HP),
3.72 (1H, m, Pro-H?,,,), 4.16-4.22 (1H, m, Pro-H?,,,,) overlapped
with 4.20 (1H, d, J = 8.3 Hz, Pro-H%), 4.40 (1H, ddd, J =9.5, 6.0,
3.8 Hz, Phe-H®), 5.17 (1H, br d, J = 9.5 Hz, Phe-NH), 6.70 (2H,
m, Ar), 7.11 (1H, m, NHMe), 7.13-7.21 (3H, m, Ar), 7.27-7.46
(5H, m, Ar); "C-NMR (100 MHz, CDCl,) §. 26.37 (NHMe),
27.18 (Piv-Me;), 29.76 (Pro-C?), 35.60 (Phe-C?), 38.87 (Piv-C),
45.49 (Pro-CP), 48.39 (Pro-C?), 52.40 (Phe-C%), 68.44 (Pro-C%),
126.94 (Ar), 127.82 (Ar), 128.21 (Ar), 128.56 (Ar), 128.62 (Ar),
129.50 (Ar), 135.85 (Ar), 136.24 (Ar), 170.11 (CO), 170.73 (CO),
178.15 (Piv-CO); HRMS (ESI) C,sH3;N;NaO; [M+Na]*: calcd.
458.2414, found 458.2393.

Piv-L-trans(fPh)Pro-L-Phe-NHMe (3). (343 mg, 0.79 mmol,
71% yield); mp 143 °C; [o]5 = +53.4 (¢ = 0.47, MeOH); IR
(nujol) V. /cm™ 3331, 3315, 1671, 1660, 1607, '"H-NMR (500
MHz, CDCl;, ¢ = 10 mMm) 64 1.17 (9H, s, Piv), 2.03 (1H, m, Pro-
H..,), 2.29 (1H, m, Pro-H",,,,), 2.74 (3H, d, J = 4.6 Hz, NHMe),
3.10 (1H, dd, J = 14.0, 6.0 Hz, Phe-H?), 3.34 (1H, dd, J = 14.0,
6.7 Hz, Phe-HP), 3.44 (1H, ddd, J == 7.5, = 6.5, 5.5 Hz, Pro-HP),
3.60 (1H, m, Pro-H3,,,), 3.89 (1H, m, Pro-H?,,,), 4.53 (1H, d, J =
5.5 Hz, Pro-H%), 4.61 (1H, ddd, J =8.4, 6.7, 6.0 Hz, Phe-H%), 6.12
(1H, br d, J = 8.4 Hz, Phe-NH), 6.49 (1H, m, NHMe), 7.10-7.33
(10H, m, Ar); *C-NMR (100 MHz, CDCl;) 6. 26.27 (NHMe),
27.09 (Piv-Me;,), 34.01 (Pro-CY), 36.72 (Phe-CP), 39.00 (Piv-C),
45.55 (Pro-CP), 47.72 (Pro-C?%), 53.94 (Phe-C%), 68.77 (Pro-C%),
126.83 (Ar), 126.88 (Ar), 127.10 (Ar), 128.60 (Ar), 128.74 (Ar),
129.21 (Ar), 137.02 (Ar), 140.68 (Ar), 170.93 (CO), 170.99 (CO),
178.22 (Piv-CO); HRMS (ESI) C,xH;;N;NaO; [M+Na]*: caled.
458.2414, found 458.2398.

Piv-L-trans(pPh)Pro-p-Phe-NHMe (4). (396 mg, 0.91 mmol,
82% yield); mp 208 °C; [a]Z = +106.9 (¢ = 0.46, MeOH); IR
(nujol) V. /cm™ 3332, 3297, 1657, 1623, 1609; '"H-NMR (500
MHz, CDCl;, ¢ = 10 mm) 6y 1.27 (9H, s, Piv), 2.15 (1H, m, Pro-
H'..,), 2.37 (1H, m, Pro-H",,,,), 2.69 (1H, dd, J = 13.8, 5.5 Hz,
Phe-HP), 2.74 3H, d, J =4.5 Hz, NHMe), 3.37 (1H, dd, J = 13.8,
5.1 Hz, Phe-H?), 3.41 (1H, ddd, J =11.8,9.3, 6.3 Hz, Pro-HP), 3.81
(1H, m, Pro-H%,,,), 3.93 (1H, d, J = 9.3 Hz, Pro-H®*), 4.08 (1H,
m, Pro-H?,,,), 4.76 (1H, ddd, J = 10.0, 5.5, 5.1 Hz, Phe-H?), 5.42
(1H, brd, J=10.0 Hz, Phe-NH), 6.69 (2H, m, Ar), 7.05-7.23 (5H,
m, Ar), 7.32-7.42 (3H, m, Ar), 7.56 (1H, m, NHMe); *C-NMR
(100 MHz, CDCl;) d¢ 26.46 (NHMe), 27.09 (Piv-Me;), 34.31 (Pro-

C"), 36.08 (Phe-C?), 38.75 (Piv-C), 46.78 (Pro-C?), 49.15 (Pro-C?),
52.77 (Phe-C%), 71.13 (Pro-C*), 126.79 (Ar), 127.26 (Ar), 127.57
(Ar), 128.56 (Ar), 128.95 (Ar), 129.29 (Ar), 135.95 (Ar), 139.15
(Ar), 170.94 (CO), 171.31 (CO), 177.65 (Piv-CO); HRMS (ESI)
C,H;;:N;NaO; [M+Na]*: caled. 458.2414, found 458.2396.

IR spectroscopy in solution

IR spectra were recorded in a Nicolet Avatar 360 FTIR spec-
trophotometer working at a resolution of 2 cm™ and averaging
a total of 256 scans. A cell equipped with CaF, windows and a
path length fixed at 0.5 mm was used. The sample chamber was
flushed continuously with dry air. Measurements were carried out
at room temperature in dichloromethane at peptide concentrations
of 5 mM. The absence of solute—solute 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. Second-
derivative and curve-decomposition of spectra were carried out to
obtain the absorption maxima of overlapping bands.

X-ray diffraction structures

Single crystals were obtained by slow evaporation from
dichloromethane—ethyl acetate—hexanes (1), diethyl ether—ethyl
acetate (2) or diisopropyl ether-dichloromethane (3, 4, 4a) so-
lutions. The X-ray diffraction data were collected at 150 K on
an Oxford Diffraction Xcalibur diffractometer provided with a
Sapphire CCD detector, using graphite monochromated Mo-Ko.
radiation (A = 0.71073 A). The structures were solved by direct
methods using SHELXS-97%* and refinement was performed
using SHELXL-97*" by the full-matrix least-squares technique
with anisotropic thermal factors for heavy atoms. Hydrogen atoms
were located by calculation (except those at the nitrogen atoms,
which were found on the E-map) and affected by an isotropic
thermal factor fixed to 1.2 times the U., of the carrier atom (1.5
for the methyl protons). CCDC 842881-842885 contain the sup-
plementary crystallographic data for this paper.i These data can
be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Summary of crystallographic data for 1 (C,H;;N;0;): mono-
clinic, space group P2,; a = 5.7243(3) A, b = 18.0071(8) A, ¢ =
11.1680(5) A, B =96.429(4)°; Z = 2; d.yeq = 1.265 g cm™; 11168
reflections collected, 4431 unique (R, = 0.033); data/parameters:
4431/291; final R indices (I > 26I): R, = 0.033, wR, = 0.056;
highest residual electron density: 0.16 ¢ A=3.

Summary of crystallographic data for 2 (C,sH;;N;0;): mono-
clinic, space group P2;; a = 5.7726(6) A, b = 17.590Q2) A, ¢ =
11.5824(14) A, B=96.205(10)°; Z = 2; dyeq = 1.237 g cm™; 20298
reflections collected, 4111 unique (R;,, = 0.104); data/parameters:
4111/290; final R indices (I > 2cl): R, = 0.048, wR, = 0.087;
highest residual electron density: 0.21 ¢ A=,

Summary of crystallographic data for 3 (C,H3;;N;0;): mono-
clinic, space group P2,; a = 9.5504(3) A, b = 25.2883(7) A, ¢ =
10.0653(3) A, B =103.733(3)%; Z = 4; d.yeq = 1.225 g cm?; 57501
reflections collected, 10806 unique (R;, = 0.044); data/parameters:
10806/579; final R indices (I > 26I): R, = 0.031, wR, = 0.057;
highest residual electron density: 0.14 ¢ A=3.
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Summary of crystallographic data for 4 (C,sH;;N;05): mono-
clinic, space group P2,; a = 9.6700(3) A, b = 12.4890(5) A, ¢ =
19.8078(7) A, B =93.060(3)%; Z = 4; deye = 1.211 g co13; 17815
reflections collected, 9060 unique (R;, = 0.038); data/parameters:
9060/580; final R indices (I > 2cl): R, = 0.055, wR, = 0.091;
highest residual electron density: 0.19 ¢ A=,

Summary of crystallographic data for 4a (C,H;;N;0,): mon-
oclinic, space group P2;; a = 13.539Q2) A, b = 13.615Q2) A, ¢ =
13.6874(17) A, B=97.1390(12)°; Z = 4; d e = 1.198 g cm>; 14654
reflections collected, 7271 unique (R, = 0.077); data/parameters:
7271/597; final R indices (I > 2cl): R, = 0.056, wR, = 0.091;
highest residual electron density: 0.16 ¢ A=,
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