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Abstract: TheN-BocO-tert-butyldimethysilyl-substituted hexa-â-peptide methyl ester18was constructed from
theO-TBS ether of (-)-(2R, 3S)-phenylisoserine. By NMR, it was determined that this homoâ-peptide adopts
a highly stableâ-strand-type secondary structure in chloroform solution, which is stabilized by both hydrophobic
interactions involving the OTBS methyl groups of residuesi and i + 2, and inter-(five-membered)/intra (six-
membered)-residue H-bonding interactions. These interactions are systematically repeated along the peptide
chain and, thereby, operate in concert to stabilize the observed conformation of18.

Introduction

Independent studies by Gellman and Seebach have clearly
demonstrated thatâ-peptides composed of six or more residues
can auto-organize to give remarkably stableR-helix structures
in solution (MeOH, pyridine).1-3 For instance, theâ-peptide1
formed fromtrans-2-aminocyclohexane carboxylic acid orga-
nizes into a 314-M R-helix, and compound2, derived from the
corresponding cyclopentane carboxylic acid, adopts a 12-helix
in which the H-bonds are oriented in the opposite (or C-terminal)
direction. Seebach showed that the acyclicâ-peptide3 forms a
stable left-handed 314-M R-helix (pitch of 5 Å) and that the
correspondingR-configurationâ2-peptide folds to give a right-
handed 314 helical structure. However, this latter system appears
to be less stable thanâ3-peptides in solution. Most interesting,

the heptaâ2,3-disubstituted peptide4 adopts a novel 12-10-
12 helical conformation in which the central 10-membered
hydrogen bonded ring resembles anR-peptide turn-type struc-
ture.4 Further incorporation of this turn motif into peptide5
permits the C- and N-terminalâ2,3-unlike configuration frag-
ments to adopt aâ-sheet structure (evidenced by the occurrence
of a large 10 Hzâ2H-â3H coupling constant).5 Gellman has
usedL-proline-glycolic acid and dinipecotic acid systems to
create hairpin motifs (cf.6) in which theâ2,â3 hydrogens are
also antiperiplanar.6 First-generation examples of the three
principle secondary structure elements (R-helix, â-turn, and
â-sheet) present inR-proteins have, thus, been found. These
systems bear a number of important analogies and differences
to the correspondingR-peptides/proteins substructures. Perhaps
one of the most noticeable differences for theR-helix conforma-
tion is that, whereas only sixâ-amino acid residues are necessary
to form a stableâ-peptide-based helix, approximately 15-20
residues are required to obtain a stableR-peptideR-helix.These
unexpected results mark a point of departure for an exciting
new field of investigation with the promise for new insights
and perspectives into the problem of amino acid interactions
and natural/unnatural protein folding,7 as well as a wide range
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of applications for such systems as artificial enzymes (bio-
catalysts) and perhaps even as therapeutic agents.

Recognizing that, like naturalR-peptides/proteins, the pro-
pensity of the aboveâ-peptide sequences to form stableR-helix,
â-sheet and hairpin structures is determined largely by their
ability to form strong geometry-optimized N-H...OdC hydrogen
bond networks,8,9 we defined as an objective the study of
â-peptide systems in which additional or alternate opportunities
are provided for the formation of secondary structure due to
the presence of polar H-bonding donor/acceptor oxygen sub-
stituents at theâ2 positions on the peptide backbone. In the initial

evaluation of this concept, a singleâ-amino acid, phenylisoserine
7, was chosen as theâ-amino acid building unit. This molecule
possesses in its structure both a hydrophobic phenyl ring at C-3,
and a polar hydroxyl group at C-2. Furthermore, as a direct
consequence of research on the taxanes (taxol/taxotere), its
natural (-)-(2R, 3S) and enantiomeric form, as well as the (2R,
3R) and (2S, 3S) configurational isomers are readily available
by synthesis.10 Considerable structural diversity can thus be
obtained through different combinations of these four phenyli-
soserine units. This diversity can be further increased by
functionalization of the hydroxyl group on theâ2 center by
groups of differing steric volume and electronic properties. In
this latter context, the interaction (repulsive or attractive) of the
oxygen substituent with the adjacent hydrophobic phenyl ring
and the amide nitrogen can be exploited to bias either gauche
or anti conformations and, thereby, modulate and orient move-
ment of theâ-peptide chain.The polarity of the solvent medium
will be another important factor which will determine the
secondary structure that is adopted by phenylisoserine-based
â-peptides. The results of both NMR11 and X-ray12 diffraction
studies show that in apolar solvents such as chloroform, the
side chain in taxol/taxotere, and analogues, as well as simple
ester/amide derivatives of (-)-(2R, 3S)-phenylisoserine, adopt
a conformation (7A) in which the amide nitrogen is gauche to
both the C-2 hydroxyl and ester groups. This conformation is
stabilized by two five-membered intramolecular hydrogen bond
systems [N-H‚‚‚O (hydroxyl) and O-H‚‚‚O (carbonyl)]. In
contrast, in polar solvents (MeOH and MeOH/water) conformers
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are preferred (cf.7B) in which H2/H3 are anti (hydrophobic
collapse).13-15

Five- and six-membered H-bonding arrangements are com-
mon features in organic chemistry, and are frequently observed
in natural products.16 However, relative to the larger directionally
optimized H-bond systems observed in helix andâ-sheet
structures it is generally considered that five/six-membered
H-bonding arrangements contibute little, if at all, to the overall
stability ofR-peptides/proteins. Gellman has taken as a premiss
that this will also be the case forâ-peptide structures.17,18

As a first step toward the construction of oligo-â-peptides
that contain differing variants of the phenylisoserine subunit,
theN-Boc O-tert-butyldimethysilyl-substituted hexa-â-peptide
ester18was constructed from theO-TBS ether of (-)-(2R, 3S)-
phenylisoserine (Scheme 2), and its ability to auto-organize in
chloroform solution was studied. This particular amino acid was
employed because the 2,3-anti (2,3-unlike) sterochemistry of
the phenyl and the protected hydroxyl substituents prevent the
formation of anR-helix.2e Intrinsic properties of compound18
brought to light from NMR measurements are its highly
preferred and highly stableâ-strand-type structure. A repeating
series of hydrophobic interactions are observed in this molecule
involving the methyl substituents of theO-tert-butyldimethysilyl
groups. A further repeating motif is the presence of a bifurcated
H-bond system involving the amide nitrogen and the carbonyl
group of each individual residue and the same NH with the
OTBS oxygen atom of the preceding residuei - 1.

Results and Discussion

Synthesis of Hexa-â-peptide 18.To obtain compound18,
the free hydroxyl group ofN-Boc phenylisoserine methyl ester
810 was converted to itsO-TBDMS ether, affording compound
9 in quantitative yield. Compound9 was then selectively
N-deprotected using formic acid in CH2Cl2 to give 10 and
O-deprotected by treatment with potassium trimethylsilanolate
to give11.19 Coupling of10 and11 to give dipeptide12 (55%)
was achieved under Pybop/HOBT conditions using NMM as
the base.20 This compound was in turnN-deprotected and
coupled with11 to give tripeptide13 in 86% yield. Subsequent
elaboration of tripeptide13 to the target molecule18 was
achieved by a convergent route where the free amine derivative
14and the acid15, both derived from13, were condensed using
Pybop/HOBT. Compound18 was also obtained in a linear
fashion via intermediates16 and 17 through successiveN-
deprotection and coupling steps with acid11. It is noteworthy
that the efficiency of coupling decreases from dimer to hexamer
(possibly due to hydrophobic repulsion) and that, consequently,

the utilization of a large excess of the acid component (up to
6.5 equivs) was necessary to obtain reasonable yields. The
former approach proved to be slightly more efficient, providing
hexapeptide18 in 40% overall yield from13. â-Peptide18, a
colorless solid, proved to be completely insoluble in water, and
only sparingly soluble in methanol. However, it was highly
soluble in chloroform and methylene chloride.

Circular Dichroism Experiments. The CD spectra of
â-peptides1-3 with R-helical structure are strikingly similar to
the typical CD pattern ofR-helical proteins (extrema of opposite
sign near 200 and 215 nm). Considering that CD absorptions
in the region 180-250 nm result mainly from then f π* (200
nm) and theπ f π* (190 nm) transitions of the peptide bond,21

one may thus assume that forâ-peptides, the additional Câ3-
Câ2 bond will not substantially modify the CD effect.

In the CD spectrum of beta-peptide18 (CHCl3) (Figure 1), a
negative Cotton effect with a maximum at 185 nm, and a
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700-706. (c) See also refs 4e and 4f.
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5834.
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Scheme 3a

a (a) TBSCl, Imidazole, DMF, RT, 20 h, 100%. (b) HCO2H, CH2Cl2,
RT, 4 h, 100%. (c) KOTMS, Et2O, RT, 4 h, 100%. (d) Pybop, NMM,
CH2Cl2, HOBT, RT, 15 h. (e) Conditions (d) plus addition of11. (f)
KOTMS, Et2O, RT, 7 h then reflux 2 h.
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positive effect of lower amplitude in the region 196-220 nm
was observed. This latter broad absorption is composed of two
maxima, centered respectively at 200 and 210 nm. These
extrema of opposite signs indicate that the molecule possesses
a defined nonhelical secondary structure (absence of the typical
negative minimum at 215-220 nm).

By analogy to the spectra for polypeptides derived from
R-amino acids, the optical behavior ofâ-peptide18 resembles
more closely that for an elongated conformation, such as a
twistedâ-strand, aâ-turn, or even a distortedR-helix. On this
assumption, and given the dependence of the CD spectral pattern
on geometrical factors,22 the presence of two positive maxima
at 200 and 210 nm suggests that two distinct phenomenon are
in play. This may correspond to either two different peptide
conformer populations or to a single population plus a contribu-
tion from another source such as the phenyl rings. In fact, the
interpretation of the CD spectrum ofâ-peptide18 is complicated
by the presence of the six phenyl groups,23 making it difficult
to predict the molecule’s secondary structure from the CD data
alone.

NMR-Determined Structure. In the 1H NMR spectrum of
18 (500 MHz), it was remarkable to observe that even though
the molecule is composed of six identical repeating units, distinct
resonances were observed for the NH (6.0-8.5 ppm) and the
six Câ2-H protons (3-4.5 ppm) (Figure 2). No significant
differences were observed between the spectra that were
obtained for differing concentrations of18, which indicates that
the molecule exhibits no tendency toward aggregation. In
addition, well-defined cross-peaks were observed for each
â-amino acid residue in the DQF-COSY and TOCSY spectra,
which permitted the identification of the individual NH, Câ3-
H, and Câ2-H resonances.

From subsequent analysis of the long distance Ci,Hâ2i and
Ci,NHi + 1 couplings in the HMBC spectrum it was possible
to make peak assignments for the entire molecular backbone
of hexa-â-peptide18. In particular, the chemical shift charac-
teristic for the Boc CdO group enabled the identification of
the amide proton in the first residue (module), and the absence
of the correlation Ci,NHi + 1 permitted the location of the amide
carbonyl absorption in the C-terminal residue (module 6).

Assignment of the phenyl ring and the (tert-butyl)dimethyl-
silyl group in each module was possible by using the spatial

internal correlations that were observed in the ROESY spectra,
because strong cross-peaks were observed between Câ3-H and
the phenyl-ring protons and between Câ2-H and the signals for
both thetert-butyl group and the methyls that were attached
directly to silicon. It is noteworthy that, with the exception of
module 6, the two SiMe groups in the five remaining O-TBS
systems have distinct chemical shifts. This is consistent with
hindered rotation about the Câ2-O-Si bonds.

The complete set of1H chemical shift values and coupling
constants for18are presented in Tables 1 and 2. From the data,
and in particular from the finding that there is a chemical shift
dispersion for the same entities between modules and that the
coupling constants are not averaged out, it becomes apparent
that homo-â-peptide 18 adopts a stable ordered secondary
structure in chloroform solution. This conclusion was reinforced
by the results of amide proton exchange studies which showed
that, whereas NH-1 and NH-6 exchange rapidly, no proton

(22) Manning, M. C.; Illangasekare, M.; Woody, R. W.Biophys. Chem.
1988, 31, 77-86.

(23) Manning, M. C.; Woody, R. W.Biochemistry1989, 28, 8609-
8613.

Figure 1. CD spectrum of homo-â-peptide18 (0.1 nM in CDCl3, 1-mm
path length).

Figure 2. One-dimensional1H NMR spectrum of homo-â-peptide18
in CDCl3 at 298 K.

Table 1. 1H NMR Chemical Shifts in ppm for Homo-â-peptide18

module NH â3H â2H t-butyl Si-CH3 phenyl module

1 6.3 5.04 4.37 0.98 0.066-0.087 7.22/7.26
2 8.39 5.05 3.84 1.018 0.25 0.157 7.3
3 8.27 5.06 3.45 1.042 0.235 0.139 7.24
4 8.02 4.97 3.25 0.95 0.105 0.025 7.16
5 8.06 4.87 3 0.95 0.139 0.066 7.13
6 7.18 5 3.87 0.709 -0.212 -0.212 7.13

Boc: 1.3 ppm. OMe: 3.23 ppm.

Table 2. Coupling Constants in Hz for Homo-â-peptide18

module J (NH,â2H) J (â3H,â2H)

1 9.2 2.9
2 9.6 3.9
3 9.6 3.7
4 10 3.4
5 11 3.9
6 n.d. 2.3

Phenylisoserine: A Versatile Amino Acid J. Am. Chem. Soc., Vol. 123, No. 1, 200111



exchange for NH-2 to NH-5 was detected after 4 days in CD3-
OD (see Supporting Information). This observation, together
with the downfield chemical shifts of NH-2 through NH-5
(ranging from 8.06 to 8.39 ppm) provided a first indication that
these amide protons are involved in hydrogen bonds.

Having assigned all of the proton signals, the following step
was to achieve a quantitative interpretation of the spectra in
terms of both the dihedral angle constraints derived from the
J(NH, H-Câ3) and J(H-Câ3, H-Câ2) couplings calculated
from the 1D spectra, and the distance constraints estimated from
all of the cross-peaks in the ROESY spectra. By recording the
spectra at different mixing times, it was determined that the
intensities were not influenced by spin diffusion (strong/medium
intensity ratio remained constant). Thus, NOE assignment was
made from the spectra with the least baseline noise (mixing
time, 200 ms). Furthermore, with the exception of an exchange
cross-peak detected for NH-1 (flexible N-terminal region) the
correlation pattern depicted in the ROESY spectra was consistent
with a unique folding of the molecule.

Unlike the spectra forâ-peptide3,2a no NOE peaks were
detected between the NHi and the Câ3-H of residuesi + 2 or
i + 3. Indeed, for the peptide backbone, only correlation peaks
internal to each module or between two consecutive modules
were observed. It is also important that, contary to what is found
for R-helix structures, only one NH/NH NOE between modules
1 and 2 was observed. However, as is characteristic for a
â-strand structure in natural peptides, six internal NH-Hâ2 NOE
signals, all identical and intense, and five sequential Hâ2(i -
1)-NH NOEs were detected, also identical, albeit weaker in
intensity. The data were, thus, inconsistent with a helix folding
pattern, but were consistent with an elongated conformation for
the molecule.

The calculation of the three-dimensional structure of18 from
the NMR data proved not to be straightforward. This was due
to the absence of a suitable reference distance that would permit
interpretation of the NOE intensities in terms of interproton
distance constraints. Indeed, because the structures of oligomers
of phenylisoserine have not previously been studied, no
structural criterion could be used to interpret any of the peak
heights. Furthermore, due to proton resonance overlap for the
methyl groups and those for theortho andpara protons within
each phenyl ring, an unequivocal measurement of the NOE peak
intensities for intra-spin system cross-peaks within each entity
was not possible. To circumvent this situation, distance con-
straints were introduced and refined through an iterative process
during the calculations, which verified at each step the cor-
respondence between the geometrical characteristics of the
generated structures and the experimental data.

Precise information concerning the backbone torsion angles
could be extracted from the coupling constantsJ(NH, H-Câ3)
andJ(H-Câ3,H-Câ2) using Karplus equations. However, this
translation gave rise to a series of different spatial organizations.
The five couplingsJ(NH, H-Câ3), all larger than 9 Hz, led to
two angular intervals, both of which are consistent with a trans
conformation, that is, [150°, 180°] and [-180°, -150°]. The
six couplingsJ(H-Câ3-H-Câ2), ranging from 2 to 4 Hz,
imposed two cis angular orientations of the Câ3-Câ2 bond, that
is, [60°, 120°] and [-120°, -60°]. Four angular situations were
ultimately taken into account during the first calculation in order
to explore a priori all the allowed conformational space.

After having introduced the theoretical constraints corre-
sponding to the 2R,3S configuration of theâ2- andâ3-carbons
centers, as well as the angle constraints inherent to the peptide
bond (O-C-N-H ) 160-180°), a preliminary series of

structures were generated using only unambiguous experimental
data. In this way, NOEs of strong intensity observed between
each internal NH-Câ2H, and NOEs of medium intensity
between consecutive modules Câ2H(i - 1)-NHi could be
translated into distance intervals [2.0 Å, 3.0 Å] and [3.0 Å, 5.0
Å], respectively. To avoid prohibited conformational sampling,
the lack of a NOE cross-peak between two protons was also
considered by introducing a lower distance boundary of 5 Å.
The lower limit for the internal distances NH-t-Bu and the
consecutive distances NH-NH, Hâ2-Hâ2 and phenylisoserine,
PhH-NH, was thus imposed. Note, however, that all NOEs
involving methyl groups or aromatic protons were not retained
during this preliminary step because the peak intensities could
not be transformed into distances as a consequence of proton
chemical shift degeneracy.

A total of 50 structures were generated with a first series of
constraints. The confrontation of the geometrical characteristics
of this set of structures with the experimental data immediately
permitted a better definition of the constraints. The dihedral
angles H-N-Câ3-H and H-Câ3-Câ2-H were, thus, re-
strained to the intervals [150°, 160°] and [-60°, -50°],
respectively. The list of constraints was completed by introduc-
tion of distance intervals relative to spatial proximities that were
detected on the ROESY spectra between the Hâ2 proton and
the phenyl ring and between Hâ3 and the closest Si(CH3) within
each module. Distance restraints relative to the weak NOEs
observed between the degenerate methyls of thetert-butyl group
of module i and theâ2 proton of modulei + 2 were also
included. Finally, a total of 12 chirality constraints, 17 angle
restraints, and 100 distance restraints were used for the
computation of a new batch of structures (see Supporting
Information). Several cycles of calculation were run to improve,
where necessary, the definition of the constraint intervals until
the conformers with the lowest violation and the lowest energy
were obtained.

From this calculation, 24 structures were selected. All of them
converged to the same fold, with no violations larger than 0.4
Å or 2.5°. These structures are shown superimposed onto the
best-fitted structure in Figure 3. The root-mean-square deviation
(rmsd) is 0.24 and 1.56 Å for the N, Câ3, Câ2, CdO backbone
atoms, and all heavy atoms, respectively. The structure is, thus,

Figure 3. Overlay of the 24 best structures of homo-â-peptide18 as
determined by NMR spectroscopy and constrained molecular dynamics
simulations.

Table 3. Mean Torsion Angles of Homo-â-peptide18

(Od)C-N-Câ3-Câ2 -147.0( 6.0°
N-Câ3-Câ2-C(dO) -66.0( 2.0°
Câ3-Câ2-C(dO)-N -132.0( 5.0°
N-Câ3-Câ2-O 168.0( 2.0°
O-Câ2-CdO 173.0( 5.0°
H-N-Câ3-C(Ph) -92.0( 8.0°
Câ3-Câ2-O-Si -97.0( 3.0°
Câ2-O-Si-C(H3)3 -80°/179°
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better described for the backbone than for the side-chain
conformation. The backbone of modules 2-5 appears particu-
larly well-overlaid, with a rmsd of 0.11 Å, which suggests a
greater rigidity for this peptide segment. The most important
conformational changes occur at both termini of theâ-peptide,
which is consistent with a greater flexibility of this region of
the molecule (evidenced by the rapid NH-ND exchange rate
observed for module 1 and 6).

As seen, the main chain of theâ-peptide 18 adopts an
extendedâ-strand-type conformation in CHCl3 solution, whose
mean backbone dihedral angles are indicated in Table 3.
Immediately apparent from the data is that each of the six
modules adopts essentially the same conformation in which the
N-Câ3-Câ2-C(dO) torsion angle is-66°. Thus, within each
module, a gauche relationship exists between the NH and the
amide CdO as well as between the phenyl and theO-TBS-
protected oxygen substituent. In this conformation, the NH and
OTBS groups are almost peri-antiplanar (168°), and the Câ2-O
bond is pointing in the opposite direction to the amide carbonyl
(OdC-Câ2-O ) 173°).

Further consequences of the gauche N-Câ3-Câ2-C(dO)
torsion angle are that the amide carbonyls of adjacent residues
are oriented in opposing directions and that with respect to
modulei (g+), the modulei + 1 is “upside down” (g-).6a Thus,
on going from module 1 to module 2, the phenyl ring changes
sides (rotation of 150°). Continuing to module 3, it returns to
the same side of the molecule as for module 1, but it is shifted
in an anticlockwise sense by approximately-60°. From this
observation, one can deduce that longerâ-peptide oligomers
of O-TBS-protected (2R, 3S)-phenylisoserine would form a very
elongated twist, with one complete turn every 13 residues.

By looking more closely at the phenyl ring orientation, one
sees that the H-N-Câ3-C(Ph) dihedral angle is-92°. The
adjacent NH bond is, thus, almost perpendicular to the Câ3-
C(Ph) bond and, indeed, to the plane of the ring. The NH is,
thus, positioned in the negative anisotropic zone of the aromatic
ring, and this, together with the involvement of the amide
hydrogen in hydrogen bonding (vide infra), would account for
the particularly marked downfield chemical shift of four of the
six amide protons. From a measure of the dihedral angles, it
was further found that the angle between two adjacent phenyl
rings is( 178°, which indicates that they are essentially parallel,
and between phenyl rings in modulesi and i + 2, an angle of

-30° is observed. The mean distance between these phenyl rings
is approximately 9 Å.

The dihedral angle Câ3-Câ2-O-Si ) -97° is relatively
fixed, which indicates that there is hindered rotation about the
Câ3-O bond. The O-Si bond is, thus, more or less perpen-
dicular to the Câ3-Câ2 bond and points away from the phenyl
ring. The orientations of the two methyls and the freely rotating
tert-butyl group around the silicon atom are described by the
dihedral angles Câ2-O-Si-C(CH3)3 ) -80° and ( 179°.
From the mean values derived from analysis of the 24 NMR
structures, it is clear that the OTBS side-chain orientations in
modules 2 and 3 (-80°) are better determined and, thus,
relatively immobile when compared to the other residues.

In the solution structure ofâ-peptide18, there is a high degree
of similitude between modules. This gives rise to a series of
interactions which are repeated along the peptide chain. These
cumulative interactions are at the origin of the remarkable
conformational stability of the molecule.24

Consider first the van der Waals-type interactions of thetert-
butyldimethylsilyl groups on oxygen with their surrounding
environment. As depicted in Figure 4a, when the Câ2-O-Si-
C(CH3)3 dihedral angle is-80°, the Si-C(CH3)3 bond is
approximately perpendicular to the Câ2-O bond. In this
orientation the two Si-methyl groups point toward the phenyl
ring of the same module [Si-CH3-A distance/angle: (Si-
CH3)H-H(Ph) ) 2.58 Å, C(Ph)-H(Ph)‚‚‚H(SiCH3) ) 131°]
[Si-CH3-B distance/angle: (Si-CH3)H-H(Ph) ) 2.86 Å,
C(Ph)-H(Ph)‚‚‚H(SiCH3) ) 143°], whereas the three degener-
ate methyls of thetert-butyl group are oriented toward the
phenyl ring of the next module [tert-butyl CH3 distance/angle:
(t-Bu)H-H(Ph) ) 2.27 Å, C(Ph)-H(Ph)‚‚‚H(t-Bu) ) 155°].

Alternatively, when Câ2-O-Si-C(CH3)3 ) ( 180°, the Si-
C(CH3)3 bond is collinear to the Câ2-O bond (Figure 4b). In
this instance, one of the silyl methyls and one thetert-butyl
methyls points toward the phenyl ring of the same module [Si-
CH3 distance/angle: (Si-CH3)H-H(Ph) ) 2.68 Å, C(Ph)-
H(Ph)‚‚‚H(SiCH3) ) 150°] [ t-butyl CH3 distance/angle: (tert-
Bu)H-H(Ph) ) 2.37 Å, C(Ph)-H(Ph)‚‚‚H(t-Bu) ) 100°].

To explore in more detail the orientation of the OTBS group

(24) Otherâ-peptide systems displaying orderedâ-strand-type backbone
structures. Oligoanthranilimides: (c) Hamuro, Y.; Geib, S. J.; Hamilton,
A. D. J. Am. Chem. Soc.1997, 119, 10587-10593.â-hexa-alanyl PNA:
Diederichsen, U.; Schmitt, H. W.Eur. J. Org. Chem.1998, 827, 7-835.

Figure 4. a, b: OTBS-phenyl group interactions.
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in 18, the Câ2-O-Si-C(CH3)3 dihedral angle was modified
using INSIGHT tools (Molecular Simulations Inc.). It was found
that different positions may be occupied without steric conflict.
However, only the angular positions-80°, ( 179° resulted in
the short Si(CH3)i/phenyl ring, C(CH3)3/phenyl ring i + 1,
C(CH3)3/phenyl ringi distances that are systematically observed.
The orientation of the OTBS group relative to the phenyl ring,
thus, appears to represent the best compromise between
hydrophobic (CH-π-type) interactions and steric hindrance that
can be achieved for the gauche conformation of these substit-
uents.

These interactions are reflected in the chemical shift displace-
ments (Table 1). Indeed, in modules 2 and 3 where the dihedral
angle is-80°, the tert-butyl methyl proton signal is at lower
field, and inversely, the Si-Me proton signals are at a higher
field than for modules 1, 4, and 5. In these latter modules, the
chemical shift values represent a statistical distribution of the
orientations-80° and( 179°

For module 6, with the highest degree of flexibility, both the
Si-methyl and thetert-butyl proton absorptions are shifted
upfield, which suggests that these groups are oriented face-on
with respect to the phenyl ring, that is, they also experience a
CH-π interaction.

A further, and very important, property of the positioning of
the OTBS groups is the creation of a network of van der Waals
contacts involving atert-butyl methyl group on residuei with
one of the Si-methyl groups on residuei + 2, observed between
residues 1 and 3, 3 and 5, and 2 and 4 (distance H-H: 3.4 Å,
as expected from the NOE data) (Figure 5). Although such
hydrophobic interactions are individually weak, they most
probably contribute in an additive fashion to hold the molecule
in the observed conformation.

A second important role played by the OTBS group on the
â2-center in18 is the involvement of the oxygen atom in a
network of intramolecular hydrogen bonds. Illustrated in Figures
6 and 7 is the fact that the O-Si(CH3) in modulei, and the NH
and CdO groups in modulei + 1 are basically located in the
same plane, with short distances between the NH hydrogen and
the flanking carbonyl oxygen and OTBS oxygen atoms. This
architecture is translated in terms of an inter-(five-membered)/
intra-(six-membered) module bifurcated H-bonding system [five-
membered: Oi‚‚‚NHi + 1, mean distance O‚‚‚HN ) 2.26 Å,
mean angle formed by O‚‚‚H-N ) 109°; six-membered: NH‚
‚‚ (Od)C, mean distance NH‚‚‚O ) 2.35 Å, mean angle formed
by N-H‚‚‚OdC ) 118°], which spans the length of the peptide,
thus consolidating itsâ-strand structure.

It has been argued that intraresidue hydrogen bonding, and
H-bonding between adjacent residues will contribute little to
the secondary structure ofâ-peptides17 because, for geometrical
reasons, such H-bonds are necessarily weaker than alternate
possibilities which lead toR-helicies, â-sheets, andâ-turns.

However, such arrangements have been documented for specific
R-peptide fragment,25 and are a fundamental feature in certain
â-peptide oligomers.24 Theoretical studies ofâ-peptide folding
also suggest the existence of six-membered H-bonding con-
formations.4e,f

As mentioned earlier, intramolecular H-bonding has been
observed and evoked as an important feature in the conformation
adopted in CHCl3 by the side chain of taxol/taxotere.11,12Indeed,
this property of phenylisoserine7 is one of the reasons why
this entity was chosen as the monomer unit in the construction
of the homo-â-peptide18. In a theoretical model developped
by Viterbo et al.,13a it was suggested that only the O-H‚‚‚O
(carbonyl) interaction contributes significantly to the stability
of 7, while the N-H‚‚‚O (hydroxyl) interaction is purely
electrostatic (dipole-dipole) in nature. Furthermore, it is
suggested that the former interaction is due more to the shielding
of the O (hydroxyl)‚‚‚O (carbonyl) Coulombic repulsion by the
interposed hydrogen than to the formation of a hydrogen bond.
At present, no quantitative evaluation of the stabilizing effect
of the hydrogen bonding network detected in structure18 is
available; however, these H-bonds are clearly weak because
neither the distances nor the angles are optimal.8b,26 This
constatation leads us to suspect that the van der Waals
interactions involving the OTBS methyl groups and H-bonding
operate in concert to privilege the highly solution-stable
secondary structure adopted by18. Indeed, it may well be that
the one of these through-space interactions alone would be
insufficient to stabilize theâ-strand conformation.

(25) (a) Crisma, M.; Formaggio, F.; Toniolo, C.; Yoshikawa, T.;
Wakamiya, T.J. Am. Chem. Soc.1999, 121, 3272-3278. (b) Toniolo, C.
CRC Crit. ReV. Biochem.1980, 9, 1-44.

(26) A quantitatve description of H-bonds has recently been achieved.
See ref 1 in: Martin, T. W.; Derewenda, Z. S.Nature Struct. Biol.1999,
6, 403-406.

Figure 5. van der Waals-type interactions between the Si-tert-butyl
methyl groups on residuei and the Si-Me groups on residuei + 2.

Figure 6. Inter(five-membered)/Intra(six-membered) bifurcated hy-
drogen bond network.

Figure 7. Graphic representation of the inter(five-membered)/intra-
(six-membered) bifurcated hydrogen bond network in homo-â-peptide
18.
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Conclusion

From this study, it is seen that the oxygen substituent at Câ2

in the â-peptide monomer unit plays a determining role in
stabilizing the secondary structure ofâ-peptide18. In light of
this finding, it is interesting to speculate what will occur if, for
instance, two strands of this molecule are connected to aâ-turn
element to give a structure analogous to6.6a Note that both the
N- and C-terminal fragments in6 and the phenylisoserine units
in 18possess theâ2,â3-unlike configuration. However, whereas
a N-Câ3-Câ2-C(dO) gauche conformation is preferred for
18, the corresponding fragments in6 adopt the anti conforma-
tion, in part so as to minimize unfavorable steric interactions
between the bulkyâ2 andâ3 substituents. The important question
one can ask concerning a peptide containing two18 subunits
joined by a hairpin motif is whether the conformation of each
18 component held together by the weak but combined van der
Waals/hydrogen bond interactions will be disrupted in favor of
formation of an anti-conformationâ-sheet structure which is
stabilized by strong interstrand hydrogen bonds. The study of
such a structure, both in chloroform and more polar solvents,
will thus provide valuable information concerning the magnitude
of the forces that stabilize the conformation of18.

Finally, a pertinent point concerning the secondary structural
features of phenylisoserine basedâ-peptides is the consequence
of changing the configuration at theâ3 center. Seebach has
shown thatâ-peptides with theâ2,â3-like configuration can fold
to give helix structures because the two substituents will occupy
lateral positions.2e However, a molecular model of the homo-
hexapeptide constructed from (2S,3S)-phenylisoserine suggests
an alternative extendedâ-strand structure in which van der
Waals interactions involving the OTBS groups in residuesi and
i + 1 again play a major role. The crucial feature of this model
structure relative to18 is the positioning of the phenyl group
directly in between the two TBS groups such that the hydro-
phobic interaction is of the CH-π-type, that is, the silyl methyl
andtert-butyl methyl groups interact, through. theπ-system
of the aromatic ring. Further work is currently being persued
to validate this prediction.

Experimental Section

N-tert-Butoxycarbonyl-O-tert-butyldimethylsilylphenylisoserine
Methyl Ester (9). To a solution ofN-tert-butoxycarbonylphenyliso-
serine methyl ester8 (2.00 g, 6.77 mmol) in dry DMF (5 mL) was
addedtert-butyldimethylsilyl chloride (4.59 g, 30.48 mmol, 4.5 equivs)
and imidazole (4.15 g, 60.96 mmol, 9 equivs). The resultant mixture
was stirred for 20 h at room temperature under nitrogen then diluted
with CH2Cl2 (150 mL) and washed with brine. The aqueous washings
were extracted with CH2Cl2 (3 × 100 mL), and the organic layers were
combined, dried over Na2SO4, and concentrated under vacuum. The
oily residue was purified by flash column chromatography on silica
gel (heptane, then heptane-EtOAc, 2:1), affording after prolonged
drying under vacuum27 N-tert-butoxycarbonyl-O-tert-butyldimethyl-
silylphenylisoserine methyl ester9 as a colorless oil (2.80 g; 100%):
RF 0.76 (1:1, heptane:EtOAc);1H NMR (250 MHz, CDCl3) δ -0.36
(s, 3H),-0.18 (s, 3H), 0.74 (s, 9H), 1.42 (s, 9H), 3.76 (s, 3H), 4.38 (s,
1H), 5.20 (d,J ) 9.1 Hz, 1H), 5.52 (d,J ) 9.1 Hz, 1H), 7.21-7.35
(m, 5H);13C NMR (62.89 MHz, CDCl3) δ -5.94,-5.53, 18.28, 25.59,
28.39, 52.26, 57.25, 75.93, 79.80, 126.62, 127.48, 128.38, 139.78,
155.27, 171.85; [R]20

D +7.4° (c ) 2.16, CH2Cl2); Anal. Calcd for
C21H35NO5Si: C, 61.58; H, 8.62; N, 3.42. Found: C, 61.71; H, 8.81;
N, 3.41.

O-tert-Butyldimethylsilylphenylisoserine Methyl Ester (Formate
Salt) (10).A solution ofN-tert-butoxycarbonyl-O-tert-butyldimethyl-

silylphenylisoserine methyl ester9 (0.89 g, 2.2 mmol) in a 1:1 v:v
mixture of CH2Cl2 and formic acid (20 mL) was stirred for 4 h atroom
temperature under nitrogen. The solvent was then evaporated, and the
residue was dried under vacuum until a solid was obtained. The resulting
solid was washed with a small amount of ether and dried under vacuum
giving O-tert-butyldimethylsilylphenylisoserine methyl ester-HCO2H
10 as a white solid (0.77 g; 100%):1H NMR (200 MHz, CDCl3) δ
-0.15 (s, 3H),-0.07 (s, 3H), 0.82 (s, 9H), 3.67 (s, 3H), 4.47 (d,J )
4.0 Hz, 1H), 4.63 (d,J ) 4.0 Hz, 1H), 7.36 (m, 5H), 8.10 (br.s, 2H).

PotassiumN-tert-butoxycarbonyl-O-tert-butyldimethylsilylphen-
ylisoserinate (11). To a solution of N-tert-butoxycarbonyl-O-tert-
butyldimethylsilylphenylisoserine methyl ester9 (0.90 g, 2.2 mmol)
in dry ether (50 mL) was added potassium trimethylsilanolate (0.31 g,
2.42 mmol, 1.1 equivs), and the mixture was stirred for 4 h at room
temperature under nitrogen. After the first 15-20 min, the formation
of a voluminous white precipitate was observed. The solvent was then
evaporated, and the solid residue was washed with heptane-ether (1:
1). Drying in a vacuum afforded potassiumN-tert-butoxycarbonyl-O-
tert-butyldimethylsilylphenylisoserinate11 as a white solid (0.96 g;
100%): 1H NMR (200 MHz, CDCl3) δ 0.00 (s, 3H), 0.10 (s, 3H),
0.94 (s, 9H), 1.55 (s, 9H), 4.35 (d,J ) 2.8 Hz, 1H), 5.25 (br s, 1H),
6.43 (br s, 1H), 7.37-7.48 (m, 5H).

Boc-Dipeptide-OMe (12). To a solution of potassiumN-tert-
butoxycarbonyl-O-tert-butyldimethylsilylphenylisoserinate11 (1.38 g,
3.18 mmol, 1.3 equivs) in dry CH2Cl2 (30 mL) at 0°C under nitrogen
was added Pybop (1.82 g, 3.50 mmol, 1.4 equivs), followed by a
solution of O-tert-butyldimethylsilylphenylisoserine methyl ester-
HCO2H 10 (0.87 g, 2.44 mmol) in CH2Cl2 (10 mL), and N-
methylmorpholine (NMM) (0.77 mL, 7.00 mmol, 2.8 equivs). The
mixture was stirred for 5 min at 0°C before adding hydroxybenzo-
triazole (0.47 g, 3.50 mmol, 1.4 equivs), then was stirred overnight
(15 h) at room temperature under nitrogen. The reaction was subse-
quently diluted with CH2Cl2 (20 mL), washed with brine, and back-
extracted with CH2Cl2. The combined organic layers were dried over
Na2SO4 and concentrated under reduced pressure, and the residue was
flash column chromatographed on silica gel (heptane:EtOAc, 6:1),
affording dipeptide12 as a colorless oil (0.92 g; 55%):RF 0.69
(heptane:EtOAc, 2:1);1H NMR (250 MHz, CDCl3) δ -0.25,-0.23,
-0.01, 0.16 (s, 3H), 0.71, 1.01 (s, 9H), 1.39 (s, 9H), 3.49 (s, 3H), 4.22
(d, J ) 2.0 Hz, 1H), 4.39 (d,J ) 3.1 Hz, 1H), 5.01 (dd,J ) 3.3, 9.6
Hz, 1H), 5.11 (d,J ) 7.4 Hz, 1H), 6.28 (d,J ) 9.4 Hz, 1H), 7.22-
7.29 (m, 10H), 7.52 (d,J ) 7.0 Hz, 1H);13C NMR (50.32 MHz, CDCl3)
δ -5.73,-5.18,-4.94,-3.51, 18.00, 18.35, 25.48, 26.03, 28.41, 52.17,
56.47, 57.16, 75.45, 79.34, 126.85, 127.30, 127.72, 128.15, 128.33,
138.54, 138.95, 155.03, 171.38; MS (CI, isobutane, 180°C) 687 [M
+ H], 510 ([M + 57]-Boc -TBSOH), 454 ([M+ H]-TBSOH-Boc),
410 ([M + H] - monomer), 354 ([410]-t-Bu); [R]20

D +17.9° (c )
0.38, CH2Cl2); Anal. calcd for C36H58N2O7Si2: C, 62.94; H, 8.52; N,
4.08. Found: C, 62.86; H, 8.48; N, 4.03.

Boc-Tripeptide-OMe (13). As for 10, Boc-dipeptide-OMe12 was
stirred for 5 h atroom temperature under nitrogen in a 1:1 v:v mixture
of CH2Cl2 and formic acid (20 mL). The resultingN-deprotected
dipeptide methyl ester-HCO2H (white solid) (0.83 g, 1.31 mmol) and
potassiumN-tert-butoxycarbonyl-O-tert-butyldimethylsilylphenyliso-
serinate11 (1.12 g, 2.62 mmol, 2 equivs) were reacted in the presence
of Pybop (1.36 g, 2.62 mmol, 2 equivs), NMM (0.58 mL, 5.24 mmol,
4 equivs) and HOBt (354 mg, 2.62 mmol, 2 equivs). Tripeptide13
was obtained as a white solid (1.08 g; 86%) after flash column
chromatography on silica gel (heptane:EtOAc, 10:1):RF 0.77 (1:1,
heptane:EtOAc);1H NMR (250 MHz, CDCl3) δ -0.16 (s, 6H),-0.08,
0.01, 0.17, 0.28 (s, 3H), 0.75, 0.93, 0.99 (s, 9H), 1.33 (s, 9H), 3.28 (s,
3H), 3.71 (d,J ) 3.9 Hz, 1H), 3.98 (d,J ) 2.7 Hz, 1H), 4.34 (d,J )
2.7 Hz, 1H), 5.01 (m,J ) 2 Hz, 1H), 5.13 (dd,J ) 2.4, 9.0 Hz, 1H),
6.22 (d,J ) 9.4 Hz, 1H), 7.14-7.33 (m, 15H), 7.39 (d,J ) 8.6 Hz,
1H), 8.37 (d,J ) 9.0 Hz, 1H);13C NMR (62.89 MHz, CDCl3) δ -5.52,
-5.27,-5.06,-4.53,-3.46, 17.97, 18.30, 25.56, 25.92 (× 2), 28.40,
51.78, 55.11 (× 2), 57.35, 73.62, 75.16, 76.33, 79.24, 127.00, 127.22,
127.49, 127.60, 128.06, 128.12, 137.16, 138.33, 138.98, 155.11, 170.54,
170.72, 171.15; MS (CI, isobutane, 210°C) 964 ([M + H]), 864 ([M
+ H] - Boc), 687 ([M + H] - monomer), 410 ([monomer+ H]);

(27) The yield of9 after chromatography exceeds 100% due to the
presence of TBSOH. This contaminant was removed by prolonged drying
under vacuum with slight heating (30-40 °C).
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[R]20
D +19.1° (c ) 0.86, CH2Cl2); Anal. cald for C51H81N3O9Si3: C,

63.52; H, 8.47; N, 4.36. Found: C, 63.43; H, 8.39; N, 4.19.
H-Tripeptide-OMe (Formate Salt) (14).As for 10, Boc-tripeptide-

OMe 13 (0.52 g, 0.54 mmol) was stirred for 4 h atroom temperature
under nitrogen in a 1:1 v:v mixture of CH2Cl2 and formic acid (30
mL). The solvent was then evaporated, and the residue was dried under
vacuum until a solid was obtained. The resulting solid was washed
with a small amount of ether and dried under vacuum, giving
N-deprotected tripeptide methyl ester-HCO2H 14as a white solid (0.49
g; 100%).1H NMR (250 MHz, CDCl3) δ -0.49,-0.21,-0.20,-0.19,
0.19, 0.26 (s, 3H), 0.72, 0.83, 0.98 (s, 9H), 3.35 (s, 3H), 4.09 (d,J )
4.0 Hz, 1H), 4.25 (d,J ) 4.2 Hz, 1H), 4.32 (d,J ) 4.6 Hz, 1H), 4.38
(s, 1H), 5.14-5.25 (m, 2H), 7.14-7.33 (m, 17H), 7.47 (d,J ) 9.3 Hz,
1H), 8.18 (d,J ) 9.3 Hz, 1H).

Boc-Tripeptide-OH (Potassium Salt) (15).Method A. To a solution
of Boc-tripeptide-OMe13 (0.44 g, 0.46 mmol) in dry ether (20 mL)
was added potassium trimethylsilanolate (0.29 g, 2.28 mmol, 5 equivs)
in 3 portions over 2 h intervals, and the mixture was stirred under
nitrogen at room temperature for 5 h and then at refluxed for 2 h. The
solvent was then evaporated, and the residue was washed with heptane:
ether (3:1). After drying under vacuum, compound15 was carried on
to the next coupling step without further purification.

Method B.To a solution of Boc-tripeptide-OMe13 (151 mg, 0.16
mmol) in dry ether (15 mL) was added potassium trimethylsilanolate
(0.022 g, 0.17 mmol, 1.1 equivs), and the mixture was stirred under
nitrogen for 4 h atroom temperature before adding an additional 0.5
equiv of TMSOK and stirring for another 5 h. The solvent was then
evaporated, and the residue was washed with heptane-ether (3:1). After
drying under vacuum, compound15was carried on to the next coupling
step without further purification.

Boc-Tetrapeptide-OMe (16). As for 12, the formate salt of
H-tripeptide-OMe14 (236 mg, 0.26 mmol) and potassiumN-tert-
butoxycarbonyl-O- tert-butyldimethylsilylphenylisoserinate11 (338 mg,
0.78 mmol, 3 equivs) were reacted in the presence of Pybop (406 mg,
0.78 mmol, 3 equivs), NMM (86µL, 0.78 mmol, 3 equivs) and HOBt
(105 mg, 0.78 mmol, 3 equivs). Tetrapeptide16 was obtained as a
white solid (277 mg, 86%) after flash column chromatography on silica
gel (heptane:EtOAc, 6:1):RF 0.49 (2:1, heptane:EtOAc);1H NMR (250
MHz, CDCl3) δ -0.26, -0.18, -0.17 (s, 3H),-0.04 (s, 6H), 0.01,
0.11, 0.13, 0.24 (s, 3H), 0.73, 0.79, 0.99, 1.01 (s, 9H), 1.32 (s, 9H),
3.25 (s, 3H), 3.29 (d,J ) 3.9 Hz, 1H), 3.80 (d,J ) 3.9 Hz, 1H), 3.88
(d, J ) 2.3 Hz, 1H), 4.39 (d,J ) 2.7 Hz, 1H), 4.94-5.05 (m, 4H),
6.31 (d,J ) 9.0 Hz, 1H), 7.02-7.53 (m, 20H), 8.07 (d,J ) 8.2 Hz,
1H), 8.25 (d,J ) 9.8 Hz, 1H), 8.34 (d,J ) 9.4 Hz, 1H);13C NMR
(62.89 MHz, CDCl3) δ -5.89, -5.46, -5.01, -4.54, 17.97, 18.18,
18.29, 19.31, 25.57, 25.97, 26.08, 28.47, 51.76, 54.09, 54.82, 55.09,
57.59, 73.86, 74.39, 75.08, 76.17, 78.08, 78.41, 80.66, 120.51, 125.05,
126.66, 127.03, 127.13, 127.33, 127.48, 127.82, 127.97, 128.08, 128.18,
128.85, 137.06, 137.25, 138.40, 139.15, 155.22, 170.06, 170.38, 170.85,
171.20; MS (FAB, 500°C): 1241.6 ([M+ H]), 1141.6 ([M + H] -
Boc), 1036.5, 864.5; [R]20

D +37.0° (c ) 0.40, CH2Cl2).
Boc-Pentapeptide-OMe (17).Boc-Tetrapeptide-OMe16 (260 mg,

0.21 mmol) was stirred for 3 h atroom temperature under nitrogen in
a 1:1 v:v mixture of CH2Cl2 and formic acid (20 mL). The solvent
was then evaporated, and the residue was dried under vacuum until a
solid was obtained. The resulting solid was washed with a small amount
of ether and dried under vacuum, giving the correspondingN-
deprotected tetrapeptide methyl ester-HCO2H as a white solid (249
mg; 100%). As for12, this intermediate (249 mg, 0.21 mmol) and
potassiumN-tert-butoxycarbonyl-O-tert-butyldimethylsilylphenylisos-
erinate11 (338 mg, 0.78 mmol, 3.7 equivs) were reacted in the presence
of Pybop (406 mg, 0.78 mmol, 3.7 equivs), NMM (86µL, 0.78 mmol,
3.7 equivs) and HOBt (105 mg, 0.78 mmol, 3.7 equivs). Pentapeptide
17 was obtained as a white solid (185 mg, 58%) after flash column
chromatography on silica gel (heptane:EtOAc, 5:1):RF 0.66 (2:1,
heptane:EtOAc);1H NMR (250 MHz, CDCl3) δ -0.19,-0.16,-0.10,
0.05, 0.08, 0.11, 0.18, 0.19, 0.20, 0.29 (s, 3H), 0.72, 0.97, 0.98, 0.99,
1.06 (s, 9H), 1.30 (s, 9H), 3.07 (d,J ) 3.5 Hz, 1H), 3.24 (s, 3H), 3.46
(d, J ) 3.5 Hz, 1H), 3.88 (m, 2H), 4.38 (d,J ) 2.7 Hz, 1H), 4.91 (dd,
J ) 3.5, 9.8 Hz, 1H), 5.00-5.11 (m, 4H), 6.30 (d,J ) 9.0 Hz, 1H),
7.00 (m, 3H), 7.13-7.42 (m, 23H), 8.12 (d,J ) 10.6 Hz, 1H), 8.22 (d,

J ) 9.8 Hz, 1H), 8.40 (d,J ) 9.4 Hz, 1H);13C NMR (62.89 MHz,
CDCl3) δ -5.57,-5.41,-5.32,-5.14,-4.90,-4.69,-4.47,-3.50,
17.86, 18.10, 18.19, 25.27, 25.51, 25.75, 25.89, 25.94, 28.35, 51.67,
53.55, 53.89, 54.72, 55.05, 57.56, 73.87, 74.06, 74.53, 75.14, 76.26,
77.48, 79.18, 83.39, 126.93, 127.02, 127.16, 127.33, 127.65, 127.78,
127.99, 128.26, 134.06, 136.98, 137.16, 138.46, 139.07, 155.14, 169.94
(× 2), 170.17, 170.75, 171.09; MS (FAB, 500°C): 1518.7 ([M +
H]), 1419.7, 1418.7 ([M+ H] - Boc), 1313.6, 1242.6, 1141.6; [R]20

D

+95.0° (c ) 0.02, CH2Cl2).
Boc-Hexapeptide-OMe (18).Tripeptide Coupling (14+ 15). As

for dipeptide12, H-tripeptide-OMe (HCO2H) 14 (136 mg, 0.15 mmol)
and theO-deprotected tripeptide15 (potassium salt) (158 mg, 0.16
mmol, 1.1 equivs) were reacted in the presence of Pybop (125 mg,
0.24 mmol, 1.6 equivs), NMM (53µL, 0.48 mmol, 3.2 equivs), and
HOBt (32 mg, 0.24 mmol, 1.6 equivs). Hexapeptide18 was obtained
as a white solid (107 mg, 40%) after flash column chromatography on
silica gel (heptane:EtOAc, 10:1):

Linear Approach (17 + 11). Boc-pentapeptide-OMe17 (180 mg,
0.12 mmol) was stirred for 3 h atroom temperature under nitrogen in
a 1:1 v:v mixture of CH2Cl2 and formic acid (20 mL). The solvent
was then evaporated, and the residue was dried under vacuum until a
solid was obtained. The resulting solid was washed with a small amount
of ether and dried under vacuum, giving the correspondingN-
deprotected pentapeptide methyl ester-HCO2H as a white solid (176
mg; 100%). As for dipeptide12, this intermediate (176 mg, 0.12 mmol)
and potassiumN-tert-butoxycarbonyl-O-tert-butyldimethylsilylphenyl-
isoserinate11 (338 mg, 0.78 mmol, 6.5 equivs) were reacted in the
presence of Pybop (406 mg, 0.78 mmol, 6.5 equivs), NMM (86µL,
0.78 mmol, 6.5 equivs), and HOBt (105 mg, 0.78 mmol, 6.5 equivs).
Hexapeptide18 was obtained as a white solid (107 mg, 50%) after
flash column chromatography on silica gel (heptane:EtOAc, 8:1):RF

0.59 (2:1, heptane:EtOAc). In certain instances preparative HPLC was
alternatively used to purify18 [C18 column (10 mm× 250 mm); CH3-
CN:ETOAc, 80-20; elution rate, 6 mL/min; elution time, 19 min];1H
NMR (250 MHz, CDCl3) δ -0.21,-0.20,-0.07, 0.03 (s, 3H), 0.07
(s, 6H), 0.11 (s, 3H), 0.15 (s, 6H), 0.16, 0.24, 0.26 (s, 3H), 0.72 (s,
9H), 0.96 (s, 18H), 0.99, 1.02, 1.05 (s, 9H), 1.31 (s, 9H), 2.99 (d,J )
3.9 Hz, 1H), 3.24 (s, 3H), 3.24 (d,J ) J Hz, 1H), 3.45 (d,J ) 3.5 Hz,
1H), 3.83 (d,J ) 3.9 Hz, 1H), 3.87 (d,J ) 2.3 Hz, 1H), 4.38 (d,J )
2.7 Hz, 1H), 4.87 (dd,J ) 3.5, 10.2 Hz, 1H), 4.95-5.10 (m, 5H), 6.31
(d, J ) 9.4 Hz, 1H), 6.98 (m, 3H), 7.09-7.35 (m, 28H), 8.03 (d,J )
12.1 Hz, 1H), 8.07 (d,J ) 10.6 Hz, 1H), 8.27 (d,J ) 9.8 Hz, 1H),
8.40 (d,J ) 9.4 Hz, 1H);13C NMR (50.32 MHz, CDCl3) δ -5.51,
-5.18,-5.06,-4.70,-4.57, 17.94, 18.17, 18.28, 25.57, 25.96 (× 2),
28.42, 51.74, 53.48, 54.04, 54.78, 55.14, 57.39, 57.60, 73.66, 73.82,
73.99, 74.27, 74.71, 75.19, 79.28, 127.03, 127.28, 127.57, 127.65,
127.80, 127.91, 128.04, 128.16, 137.06, 137.24, 138.53, 139.04, 155.19,
169.84, 169.98, 170.22, 170.80, 171.17; MS (FAB, 500°C): 1796.7,
1795.7 ([M + H]), 1696.7 ([M + H] - Boc), 1682.7, 1639.6; UV-
vis (c ) 0.014 mM, CHCl3) λmax 294 nm (ε ) 3.2 × 104) nm; [R]20

D

+31.4° (c ) 0.87, CH2Cl2); Anal. calcd for C96H150O15N6Si6: C, 64.18;
H, 8.42; N, 4.68. Found: C, 64.27; H, 8.45; N, 4.47%.

CD of Hexa-â-peptide (18).The CD spectrum was recorded from
190 to 280 nm on a JASCO J-710 dichrograph equipped with a
thermostatically controlled cell holder and connected to a computer
for data acquisition. For a 0.1 nM solution of18dissolved in chloroform
the data were collected at 20°C using cells with a 1-mm path length.

NMR of Hexa-â-peptide (18).1D 1H NMR (500 MHz): 16 K data
points, 32 scans, 1.365-s acquisition time.

2D NMR DQCOSY: Acquisition: 4 K (t2)× 350 (t1) data points;
32 scans per t1 increment; 0.341-s acquisition time in t2; max
acquisition time in t1, 0.0583 s; relaxation delay, 2 s; states quadrature
detection inω1. Processing: zero filling and Ft to 2K× 1K real data
points after multiplication with sin filter shifted byπ/4 in ω2 and sin
filter in ω1.

Clean-TOCSY (MLEV16 with Spin Lock Power of 11 kHz): Acquisi-
tion: 4 K (t2)× 350 (t1) data points; 64 scans per t1 increment; 0.341-s
acquisition time in t2; max acquisition time in t1, 0.0583 s; mixing
time, 40 ms; states quadrature detection inω1. Processing: zero filling
and Ft to 2K× 1K real data points after multiplication with sin filter
shifted byπ/3 in ω2 and sin filter inω1.
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HSQC: Acquisition: 2 K (t2)× 400 (t1) data points; 32 scans per
t1 increment; 0.171-s acquisition time in t2; max acquisition time in
t1, 0.0412 s; states quadrature detection inω1. Processing: zero filling
and Ft to 1K× 1K real data points after multiplication with Gaussian
filter (gf ) 0.072 s, gfs) 0.025 s) inω2, and sin2 filter shifted byπ/4
in ω1.

HMBC: Acquisition: 4 K (t2)× 512 (t1) data points; 96 scans per
t1 increment; 0.341-s acquisition time in t2; max acquisition time in
t1, 0.0455 s; no13C decoupling. Processing: zero filling and Ft to 2K
× 2K real/real data points after multiplication by sin filter shifted by
π/4 in ω2, and sin filter inω1.

ROESY: a series of 3 ROESY spectra with mixing time of 100,
200, and 400 ms was acquired with spin-lock pulse with effective field
of 6.2 kHz. Acquisition: 4 K (t2)× 350 (t1) data points; 64 scans per
t1 increment; 0.341-s acquisition time in t2; max acquisition time in
t1, 0.0583 s; states quadrature detection inω1. Processing: zero filling
and Ft to 2K× 1K real/real data points after multiplication by sin2

filter shifted byπ/5 in ω2, and sin filter shifted byπ/5 in ω1.
Structure Determination.Model-building and molecular dynamics

simulations were performed on a SGI Indigo workstation in the context
of the Insight/Discover molecular modeling package (Molecular

Simulations, Inc.). The calculation began with energy minimization
steps on the starting structure with only the covalent constraints using
a quartic potential and very low force constants for each term of the
pseudo-energy function (× 10-6). Restrained dynamics were then
carried out by heating the system to 1000 K. Distance, angle, and
chirality constraints were included, and the force constants were scaled
up during these steps. Then the system was cooled to 300 K while
maintaining the constraints force constants to their full value. The final
structures were obtained after a last restraint erergy minimization step
with other parameters left unchanged.
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