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Abstract: TheN-Boc O-tert-butyldimethysilyl-substituted hex@peptide methyl estet8 was constructed from

the O-TBS ether of ()-(2R, 39-phenylisoserine. By NMR, it was determined that this hg#rmeptide adopts

a highly stablgs-strand-type secondary structure in chloroform solution, which is stabilized by both hydrophobic
interactions involving the OTBS methyl groups of residuesdi + 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 conformatl&n of

Introduction the heptas?3-disubstituted peptidd adopts a novel 1210—
. 12 helical conformation in which the central 10-membered
Independent studles_by Gellman and S_eebach have_clearlyhydrogen bonded ring resembles @mpeptide turn-type struc-
demonstrated thgt-peptides composed of six or more residues yre4 Further incorporation of this turn motif into peptide
can auto-organize to give remarkably sta@tdelix structures permits the C- and N-termingi23-unlike configuration frag-
. . 3 ) . !
in solution (MeOH, pyridine}.”® For instance, thg-peptidel ments to adopt A-sheet structure (evidenced by the occurrence
formed fromtrans-2-aminocyclohexane carboxylic acid orga- ¢ 5 large 10 Hz82H—f%H coupling constant).Gellman has
nizes into a &M o-helix, and compoung, derived from the ;56 -proline—glycolic acid and dinipecotic acid systems to
porre§pond|ng cyclopentane carbpxyhc acid, .adopts a lZ-hellx create hairpin motifs (cf6) in which the2,8® hydrogens are
in which the H-bonds are oriented in the opposite (or C-terminal) 5150 antiperiplanaf. First-generation examples of the three
direction. Seebach showed that th_e acyfhpeptide3 forms a principle secondary structure elementshelix, -turn, and
stable left-handed :3M a-_heln; (pitch of 5 A) and that the 3 gheet) present in-proteins have, thus, been found. These
corresponding-configuration/3*-peptide folds to give aright-  gystems bear a number of important analogies and differences
handed & helical structure. However, this latter system appears (4 the corresponding-peptides/proteins substructures. Perhaps
to be less stable tha#?-peptides in solution. Most interesting,  ne of the most noticeable differences for théelix conforma-
Tinstitut de Chimie des Substances Naturelles CNRS. tion is that, whereas on_Iy sjxamino aqld reS|due_s are necessary
* Laboratoire de Biophysique Maelaire. to f_orm a stablq@-_peptlde-ba_sed helix, approxmat_ely—lzo
§ Laboratoire de Pharmacochimie. residues are required to obtain a stadlpeptidea-helix.These
Ge(nlr%g’r‘]) ’;p‘ﬁ.ej""";\r'?{ 'éﬁecni]r'égingséjé"ﬁg Ai;sg?fisl’blﬁ '?8;"’::{'#] glllaR'; unexpected results mark a point of departure for an exciting
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of applications for such systems as artificial enzymes (bio-

catalysts) and perhaps even as therapeutic agents.
Recognizing that, like naturat-peptides/proteins, the pro-

pensity of the abovg-peptide sequences to form stabihelix,

J. Am. Chem. Soc., Vol. 123, No. 1, 2001

Scheme 2
Ph O
s j\ Ph O
HoN OH
2 3 = R N Y
H 6H

7 (-)-(2R,38)-Phenylisoserine HO ! AcO
OCOCgHs
H o\
I R =Ph Taxol

R = Ot-Bu Taxotere

Ho > Ph )
H. > Ph
HO™ ™7 @
HO"H

H,N
v 0o HoN
L1l

7A 7B

evaluation of this concept, a singleamino acid, phenylisoserine

7, was chosen as thzamino 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, 39 and enantiomeric form, as well as thdR(2

3R) and (& 39) configurational isomers are readily available
by synthesid® 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 the? 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 theB-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
B-peptides. The results of both NMRand X-ray? 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 TA) 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

B-sheet and hairpin structures is determined largely by their systems [N-H---:O (hydroxyl) and G-H-:-O (carbonyl)]. In

ability to form strong geometry-optimized-f\H--O=C hydrogen
bond network$;® we defined as an objective the study of

contrast, in polar solvents (MeOH and MeOH/water) conformers

(10) (a) In Enantioselectie Synthesis of-Amino Acids;Juarisiti, E.,

p-peptide systems in which additional or alternate opportunities gq.: \VCH: Weinheim and New Yorkl997 Chapters 1, 16, and $®1.
are provided for the formation of secondary structure due to (b) Ojima, I.; Delaloge, FChem. Soc. Re 1997, 26, 377—386. (c) Jost,

the presence of polar H-bonding donor/acceptor oxygen sub- S.; Gimbert, Y.; Greene, A. E.; Fotiadu, J..Org. Chem1997, 62, 6672

stituents at thg? positions on the peptide backbone. In the initial

(7) The factors determining peptide/protein folding are not yet fully
elucidated: (a) Duan, Y.; Kollman, P. Acience1998 282 740-744.
(b) Berendsen, H. J. CScience 1998 282, 642—643. (c) Riddle, D. S;
Santiago, J. V.; Bray, S. T.; Doshi, N.; Grantcharova, V.; Yi, Q.; Baker, D.
Nat. Struct. Biol 1997, 4, 805-809. (d) Bahar, |.; Atilgan, A. R.; Jernigan,
R. L.; Erman, B.Proteins1997 29, 172-185. (e) Fetrow, J. S.; Palumbo,
M. J.; Berg, G.Proteins1997, 27, 249-271.

(8) Electrostatic (dipole), van der Waals interactions, and side chain

6677. (d) For a general review gfamino acid synthesis, see: Cole, D. C.
Tetrahedron1994 50, 9517-9582.

(11) (a) Miller, R. W.; Powell, R. G.; Smith, C. R., Jr.; Arnold, E.; Clardy,
J.J. Org. Chem1981, 46, 1469-1474. (b) Gueritte-Voegelein, F.; Guenard,
D.; Mangatal, L.; Potier, P.; Guilhem, J.; Cesario, M.; PascardA@a
Cryst 199Q C46, 781-784. (c) Peterson, J. R.; Do, H. D.; Rogers, R. D.
Pharm. Res1991 8, 908-912. (d) Swindell, C. S.; Krauss, N. E.; Horwitz,
S. B.; Ringel, 1.J. Med. Chem1991, 34, 1176-1184. (e) Mastropaolo, D.;
Camerman, A.; Luo, Y.; Brayer, G. D.; Camerman, toc. Natl. Acad.
Sci. U.S.A1995 92, 6920-6924. (f) Gao, Q.; Chen, S.-H.etrahedron
Lett. 1996 37, 3425-3428. (g) Gao, Q.; Parker, W. Tetrahedronl996

entropic effects are also important factors that contribute to the propensity 52, 2291-2300.

of a given peptide sequence to adopt a helical or other secondary structure.

See: (a) Creamer, T. P.; Rose, G.Broc. Natl. Acad. Sci. U.S.A992
89, 5937-5941. (b) Burley, S. K.; Petsko, G. Adv. Protein Chem1988
39, 125-189. (c) Brandon, C.; Tooze, lhtroduction to Protein Structure,
2nd ed.; Garland: New Yorki 998

(9) (@) Non-hydrogen-bonded helices can be formed fbatkyl glycine

and proline oligomers. For a general review, see: Rabanal, R.; Ludevid,

M. D.; Pons, M.; Giralt, EBiopolymersl 993 33, 1019. (b) For an example

(12) (a) Dubois, J.; Guward, D.; Guette-Voegelein, F.; Guedira, N.;
Potier, P.; Gillet, B.; Beloeil, J.-Cletrahedronl993 49, 6533-6544. (b)
Vander Velde, D. G.; Georg, G. |.; Grunewald, G. L.; Gunn, C. W.;
Mitscher, L. A.J. Am. Chem. S04993 115 11650-11651. (c) Williams,

H. J.; Scott, A. |.; Dieden, R. ATetrahedron1993 49, 6545-6560. (d)
Paloma, L. G.; Guy, R. K.; Wrasidlo, G. W.; Nicolaou, K. Chem. Biol.
1994 1, 107-112.

(13) For comprehensive theoretical treatment of the taxol side chain

of af3-peptide displaying ordered non-hydrogen-bonded secondary structure,conformations, see: Milanesio, M.; Ugliengo, P.; ViterboJDMed. Chem.

see: Huck, B. R.; Langerhan, J. M.; Gellman, SQtganic Lett.1999 1,
17171720.

1999 42, 291-299. (b) See also: Lozynski, M.; Rusinska-Roszak, R.
Tetrahedron Lett1995 36, 8849-8852.
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are preferred (cf7B) in which H¥/H2 are anti (hydrophobic
collapse)3-15

Five- and six-membered H-bonding arrangements are com-
mon features in organic chemistry, and are frequently observed
in natural product$® However, relative to the larger directionally
optimized H-bond systems observed in helix afiesheet
structures it is generally considered that five/six-membered
H-bonding arrangements contibute little, if at all, to the overall
stability of a-peptides/proteins. Gellman has taken as a premiss
that this will also be the case fg+peptide structure¥18

As a first step toward the construction of oligepeptides
that contain differing variants of the phenylisoserine subunit,
the N-Boc O-tert-butyldimethysilyl-substituted hexgpeptide
esterl8was constructed from the-TBS ether of )-(2R, 39-
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 ana-helix.2¢ Intrinsic properties of compount
brought to light from NMR measurements are its highly
preferred and highly stabféstrand-type structure. A repeating
series of hydrophobic interactions are observed in this molecule
involving the methyl substituents of ti@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 residue 1.

Results and Discussion

Synthesis of HexgB-peptide 18.To obtain compound.8,
the free hydroxyl group oN-Boc phenylisoserine methyl ester
810was converted to it®-TBDMS ether, affording compound
9 in quantitative yield. Compoun® was then selectively
N-deprotected using formic acid in G@al, to give 10 and
O-deprotected by treatment with potassium trimethylsilanolate
to give 11.1° Coupling of10 and11to give dipeptidel2 (55%)
was achieved under Pybop/HOBT conditions using NMM as
the bas&® This compound was in turiN-deprotected and
coupled with11to give tripeptidel3in 86% yield. Subsequent
elaboration of tripeptidel3 to the target moleculd8 was
achieved by a convergent route where the free amine derivative
14 and the acid.5, both derived fronl3, were condensed using
Pybop/HOBT. Compound.8 was also obtained in a linear
fashion via intermediate46 and 17 through successivé\-
deprotection and coupling steps with adifl It is noteworthy
that the efficiency of coupling decreases from dimer to hexamer
(possibly due to hydrophobic repulsion) and that, consequently,

(14) p-Peptides designed to be soluble in water, see: (a) Appella, D.
H.; Barchi, J. J., Jr.; Durell, S. R.; Gellman, S.HAm. Chem. S0d.999
121, 2309-2310. (b) Wang, X.; Espinosa, J. F.; Gellman, S.JHAm.
Chem. So0c200Q 122, 4821-4822 (c) Abele, S.; Guichard, G.; Seebach,
D. Helv. Chim. Actal998 81, 2141-2156.

(15) For a discussion of the influence of solventainelix formation,
see: Kinoshita, M.; Okamoto, Y.; Hirata, F. Am. Chem. So00Q 122,
2773-2779.

(16) The crystal structure of the macrolide bryostatin serves as an
illustrative example: Petit, G. R.; Herald, D. L.; Gao, F.; Sengupta, D.;
Herald, C. L.J. Org. Chem1991, 56, 1337-1340.

(17) Dado, G. P.; Gellman, S. H. Am. Chem. S0d 994 116, 1054
1062.

(18) For discussion of five- and six-membered H-bond conformations
in f-peptides; see: (a) Gung, B. W.; Zhu,Z Org. Chem1997, 62, 6100~
6101. (b) Gung, B. W.; MacKay, J. A.; Zou, D. Org. Chem1999 64,
700-706. (c) See also refs 4e and 4f.

(19) Laganis, E. D.; Chenard, B. [etrahedron Lett1984 25, 5831
5834.

(20) Coste, J.; Le-Nguyen, D.; Castro, Betrahedron Lett199Q 31,
205-208.
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a(a) TBSCI, Imidazole, DMF, RT, 20 h, 100%. (b) HG® CH.Cl,,
RT, 4 h, 100%. (c) KOTMS, EO, RT, 4 h, 100%. (d) Pybop, NMM,
CHxCl,, HOBT, RT, 15 h. (e) Conditions (d) plus addition df. (f)
KOTMS, EtO, RT, 7 h then reflux 2 h.

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
hexapeptidel8 in 40% overall yield from13. 3-Peptidel8, 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
pB-peptidesl-3 with a-helical structure are strikingly similar to
the typical CD pattern afi-helical proteins (extrema of opposite
sign near 200 and 215 nm). Considering that CD absorptions
in the region 186-250 nm result mainly from the — z* (200
nm) and ther — z* (190 nm) transitions of the peptide boAH,
one may thus assume that fepeptides, the additional £&2—

Cp? bond will not substantially modify the CD effect.

In the CD spectrum of beta-peptid8 (CHCl) (Figure 1), a

negative Cotton effect with a maximum at 185 nm, and a

(21) Cantor, C. R.; Schimmel, P. Biophysical Chemistry, Part I,
Techniques for the Study of Biological Structure and Functidh H.
Freeman and Company: New York, 1980.
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Figure 1. CD spectrum of homg@-peptidel8 (0.1 nM in CDC}, 1-mm
path length).
positive effect of lower amplitude in the region 19820 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 1) h v\j
negative minimum at 215220 nm). , . ; - . T . . ; . )
By analogy to the spectra for polypeptides derived from 8 7 6 5 4 3 2 1 0 ppm

o-amino acids, the optical behavior Bfpeptidel8 resembles Figure 2. One-dimensionalH NMR spectrum of homg-peptide18

more closely that for an elongated conformation, such as ain CDCl; at 298 K.

twisted 5-strand, g5-turn, or even a distorted-helix. On this ) _ .

assumption, and given the dependence of the CD spectral patternTabIe 1. ™H NMR Chemical Shifts in ppm for Homg-peptide18

on geometrical factor& the presence of two positive maxima module NH A°H f?H t-butyl Si-CHs; phenyl  module

at 200 and 210 nm suggests that two distinct phenomenon are 1 6.3 5.04 437 0.98 0.066—-0.087 7.22/7.26

in play. This may correspond to either two different peptide 2 839 505 3.84 1018 0.25 0.157 7.3

conformer populations or to a single population plus a contribu- 3~ 827 506 3.45 1042 0235 0139 7.24

tion from another source such as the phenyl rings. In fact, the g’ 2'82 i'g; 2'25 8'355 8.115)5 g'ggg 77115

interpretation of the CD spectrum gfpeptidel8is complicated 6 718 5 3.87 0.709 —0212 —0212 7.13

by the presence of the six phenyl grodpsnaking it difficult

to predict the molecule’s secondary structure from the CD data B¢ 1.3 ppm. OMe: 3.23 ppm.

alone. ) Table 2. Coupling Constants in Hz for Hom@-peptide18
NMR-Determined Structure. In the *H NMR spectrum of 2 e

18 (500 MHz), it was remarkable to observe that even though module J (NH.AH) J (BPHAH)

the molecule is composed of six identical repeating units, distinct 1 9.2 2.9

resonances were observed for the NH {8®% ppm) and the g gg g?
six CB2—H protons (3-4.5 ppm) (Figure 2). No significant 4 10 3.4
differences were observed between the spectra that were 5 11 3.9
obtained for differing concentrations 8, which indicates that 6 n.d 2.3

the molecule exhibits no tendency toward aggregation. In
addition, well-defined cross-peaks were observed for each
B-amino acid residue in the DQRCOSY and TOCSY spectra,
which permitted the identification of the individual NH3&-

H, and (3°—H resonances.

From subsequent analysis of the long distanc#i€% and
Ci,NHi + 1 couplings in the HMBC spectrum it was possible
to make peak assignments for the entire molecular backbone . . . s . :
of hexag-peptide18. In particular, the chemical shift charac- systems have_d|st|nct chemical shlf_ts. This is consistent with
teristic for the Boc GO group enabled the identification of ~nindered rotation about thef&-0—Si bonds. _
the amide proton in the first residue (module), and the absence The complete set ofH chemical shift values and coupling
of the correlation GNHi + 1 permitted the location of the amide ~ constants fod8 are presented in Tables 1 and 2. From the data,
carbonyl absorption in the C-terminal residue (module 6). a_nd in partlcular from the fm_o_llng that there is a chemical shift

Assignment of the phenyl ring and theit-butyl)dimethyl- dlsper5|on for the same entities between modules and that the
silyl group in each module was possible by using the spatial coupling constants are not averaged out, it becomes apparent

: that homopg-peptide 18 adopts a stable ordered secondary
195(3%2)3'1\"%*1'3% M. C.; lllangasekare, M.; Woody, R. Biophys. Chem.  gtry;cture in chloroform solution. This conclusion was reinforced

(23) Manning, M. C.; Woody, R. WBiochemistry1989 28, 8609 by the results of amide proton exchange studies which showed
8613. that, whereas NH-1 and NH-6 exchange rapidly, no proton

internal correlations that were observed in the ROESY spectra,
because strong cross-peaks were observed betwéeH @nd

the phenyl-ring protons and betweefi%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
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exchange for NH-2 to NH-5 was detected after 4 days in-CD 2 4 6
OD (see Supporting Information). This observation, together ,
with the downfield chemical shifts of NH-2 through NH-5 oy
(ranging from 8.06 to 8.39 ppm) provided a first indication that iyl .1
these amide protons are involved in hydrogen bonds. s ',,§ ‘ ]

Having assigned all of the proton signals, the following step ; o’ B
was to achieve a quantitative interpretation of the spectra in =¥/ T |
terms of both the dihedral angle constraints derived from the ‘ =, T e R _ |
J(NH, H—C$?3) and J(H—Cf®, H—Cp?) couplings calculated S | ‘
from the 1D spectra, and the distance constraints estimated from S
all of the cross-peaks in the ROESY spectra. By recording the 1 3 5

spectra at different mixing times, it was determined that the Figure 3. Overlay of the 24 best structures of hofigeptide18 as

intensities were not influenced by spin diffusion (strong/medium  getermined by NMR spectroscopy and constrained molecular dynamics
intensity ratio remained constant). Thus, NOE assignment wassjmulations.

made from the spectra with the least baseline noise (mixing _ _
time, 200 ms). Furthermore, with the exception of an exchange Table 3. Mean Torsion Angles of Homg-peptide18

cross-peak detected for NH-1 (flexible N-terminal region) the (0O=)C—N—Cp3-Cp32 —147.0+6.0°
correlation pattern depicted in the ROESY spectra was consistent N—Cp3-C3%-C(=0) —66.0+ 2.0
with a unique folding of the molecule. Cp*—~Cp*—C(=0)-N —132.0+£5.00
) 46322 no NOE peak N—CB*—Cp?>—0 168.0+ 2.0°
Unlike the spectra fc_;ﬁ-pepnde?; no NOE peaks were O—Cf—C=0 173.04 5.0°
detected between the Nlidnd the @3—H of residues + 2 or H—N—-CA3—C(Ph) —92.0+ 8.0°
i + 3. Indeed, for the peptide backbone, only correlation peaks Cp3—Cp*—O-Si —97.0+£3.0°
internal to each module or between two consecutive modules Cp>—0—Si—C(Hs)s —80°/179

were observed. It is also important that, contary to what is found
for a-helix structures, only one NH/NH NOE between modules
1 and 2 was observed. However, as is characteristic for a
B-strand structure in natural peptides, six internaH\B2 NOE
signals, all identical and intense, and five sequentig(H—
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.

structures were generated using only unambiguous experimental
data. In this way, NOEs of strong intensity observed between
each internal NH-CA%H, and NOEs of medium intensity
between consecutive modules3®€l(i — 1)—NHi could be
translated into distance intervals [2.0 A, 3.0 AJand [3.0 A, 5.0
A}, 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 A.
The lower limit for the internal distances NH-Bu and the

The calculation of the three-dimen§ional structur&.&from consecutive distances NHNH, H3?—Hp2 and phenylisoserine,
the NMR data proved not to be straightforward. This was due pp—NH. was thus imposed. Note, however, that all NOEs

to the absence ofa suitable_refere_n_ce o_Iistance that_would perm"involving methy! groups or aromatic protons were not retained
interpretation of the NOE intensities in terms of interproton g, ring this preliminary step because the peak intensities could
distance constraints. Indeed, because the structures of oligomerg ,: ye transformed into distances as a consequence of proton
of phenylisoserine have not previously been studied, No .hamical shift degeneracy.
structural criterion could be used to interpret any of the peak A ot of 50 structures were generated with a first series of
heights. Furthermore, due to proton resonance overlap for the.,ngiraints. The confrontation of the geometrical characteristics
methyl groups and those for tlietho andpara protons within of this set of structures with the experimental data immediately
each phenyl ring, an unequivocal measurement of the NOE peak,ormitted a better definition of the constraints. The dihedral
intensities for intra-spin system cross-peaks within each entity angles H-N—CB3—H and H-CB3—CB>—H were, thus, re-
was not possible. To circumvent this situation, distance con- gy ained to the intervals [180 1607] and [-60°, —507,
stra_ints were introdgced and_ refined_ Fhrough an iterative Processyegpectively. The list of constraints was completed by introduc-
during the calculations, which verified at each step the cor- oy of distance intervals relative to spatial proximities that were
respondence between the geomet.rlcal characteristics of theygtected on the ROESY spectra between t}#é proton and
generated structures and the experimental data. the phenyl ring and between3and the closest Si(Gifiwithin
Precise information concerning the backbone torsion angleseach module. Distance restraints relative to the weak NOEs
could be extracted from the coupling constai{tsH, H—Cf?) observed between the degenerate methyls diftdutyl group
andJ(H—Cp%H—-Cp?) using Karplus equations. However, this  of modulei and thef? proton of modulei + 2 were also
translation gave rise to a series of different spatial organizations.included. Finally, a total of 12 chirality constraints, 17 angle
The five couplings)(NH, H—Cp®), all larger than 9 Hz, ledto  restraints, and 100 distance restraints were used for the
two angular intervals, both of which are consistent with a trans computation of a new batch of structures (see Supporting
conformation, that is, [150 18C0°] and [-18C°, —15C°]. The Information). Several cycles of calculation were run to improve,
six couplingsJ(H—Cp3*~H—Cp?), ranging from 2 to 4 Hz,  where necessary, the definition of the constraint intervals until
imposed two cis angular orientations of thg*€ C2bond, that  the conformers with the lowest violation and the lowest energy
is, [60°, 12(F] and [-12C°, —60°]. Four angular situations were  \yere obtained.
ultimately taken into account during the first calculation in order  From this calculation, 24 structures were selected. All of them
to explore a priori all the allowed conformational space. converged to the same fold, with no violations larger than 0.4
After having introduced the theoretical constraints corre- A or 2.5°. These structures are shown superimposed onto the
sponding to the R,3S configuration of the3?- and33-carbons best-fitted structure in Figure 3. The root-mean-square deviation
centers, as well as the angle constraints inherent to the peptidgrmsd) is 0.24 and 1.56 A for the N8, C32, C=0 backbone
bond (O-C—N—H = 160-18(), a preliminary series of  atoms, and all heavy atoms, respectively. The structure is, thus,
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module 1

a)

Figure 4. a, b: OTBS-phenyl group interactions.
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module i

b)

better described for the backbone than for the side-chain —30° is observed. The mean distance between these phenyl rings

conformation. The backbone of modules2 appears particu-
larly well-overlaid, with a rmsd of 0.11 A, which suggests a

is approximately 9 A.
The dihedral angle g—C3?—0—Si = —97° is relatively

greater rigidity for this peptide segment. The most important fixed, which indicates that there is hindered rotation about the

conformational changes occur at both termini of flapeptide,
which is consistent with a greater flexibility of this region of
the molecule (evidenced by the rapid NIND exchange rate
observed for module 1 and 6).

As seen, the main chain of thé-peptide 18 adopts an
extendegs-strand-type conformation in CHg$olution, whose

CB°—0 bond. The G-Si bond is, thus, more or less perpen-
dicular to the G3—Cp? 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 B2—0O—Si—C(CHg); = —80° and £ 179.
From the mean values derived from analysis of the 24 NMR

mean backbone dihedral angles are indicated in Table 3.structures, it is clear that the OTBS side-chain orientations in
Immediately apparent from the data is that each of the six modules 2 and 380°) are better determined and, thus,
modules adopts essentially the same conformation in which therelatively immobile when compared to the other residues.

N—CpB3—CpB2—C(=O0) torsion angle is-66°. Thus, within each

In the solution structure gi-peptidel8, there is a high degree

module, a gauche relationship exists between the NH and theof similitude between modules. This gives rise to a series of

amide G=0O as well as between the phenyl and (DerBS-

interactions which are repeated along the peptide chain. These

protected oxygen substituent. In this conformation, the NH and cumulative interactions are at the origin of the remarkable

OTBS groups are almost peri-antiplanar (96&nd the B2—0

bond is pointing in the opposite direction to the amide carbonyl

(O=C—-CB?—0 = 173).
Further consequences of the gauche @3—Cp32—C(=0)

conformational stability of the molecufé.

Consider first the van der Waals-type interactions oftére
butyldimethylsilyl groups on oxygen with their surrounding
environment. As depicted in Figure 4a, when th##-€0O—Si—

torsion angle are that the amide carbonyls of adjacent residuesC(CHs); dihedral angle is—80°, the Si-C(CHs)s bond is
are oriented in opposing directions and that with respect to approximately perpendicular to the&-O bond. In this

modulei (g™), the moduld + 1 is “upside down” (g).62 Thus,

orientation the two Si-methyl groups point toward the phenyl

on going from module 1 to module 2, the phenyl ring changes ring of the same module [SICH:—A distance/angle: (Si

sides (rotation of 157. Continuing to module 3, it returns to

CH)H—H(Ph) = 2.58 A, C(Ph}-H(Ph):H(SiCHs) = 131°]

the same side of the molecule as for module 1, but it is shifted [Si—CH;—B distance/angle: (SiCH3)H—H(Ph) = 2.86 A,

in an anticlockwise sense by approximatel$0°. From this
observation, one can deduce that longgueptide oligomers
of O-TBS-protected (R, 35)-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 HN—CB3—C(Ph) dihedral angle is-92°. The
adjacent NH bond is, thus, almost perpendicular to tfié-C

C(Ph)-H(Ph)--H(SiCHs) = 143], whereas the three degener-
ate methyls of theert-butyl group are oriented toward the
phenyl ring of the next moduladrt-butyl CH; distance/angle:
(t-Bu)H—H(Ph) = 2.27 A, C(Ph}-H(Ph)--H(t-Bu) = 155].
Alternatively, when G>—0—Si—C(CHg); = 4 180, the Si-
C(CHs)z bond is collinear to the g2—0 bond (Figure 4b). In
this instance, one of the silyl methyls and one tbag-butyl

C(Ph) bond and, indeed, to the plane of the ring. The NH is, methyls points toward the phenyl ring of the same module [Si
thus, positioned in the negative anisotropic zone of the aromatic CH; distance/angle: (SiCHs)H—H(Ph) = 2.68 A, C(Phy
ring, and this, together with the involvement of the amide H(Phy--H(SiCHs) = 150°] [t-butyl CHs distance/angle: tért-
hydrogen in hydrogen bonding (vide infra), would account for Bu)H—H(Ph)= 2.37 A, C(Ph}-H(Ph)+-H(t-Bu) = 100].

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 modulieandi + 2, an angle of

To explore in more detail the orientation of the OTBS group

(24) Others-peptide systems displaying ordeygdtrand-type backbone
structures. Oligoanthranilimides: (c) Hamuro, Y.; Geib, S. J.; Hamilton,
A. D. J. Am. Chem. Sod.997 119 10587-10593.-hexa-alanyl PNA:
Diederichsen, U.; Schmitt, H. WEur. J. Org. Chem1998 827, 7—835.
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t-butyl 2 <-= di-methyl 4

S

t-butyl 1 -

- di-methyl 3

Figure 5. van der Waals-type interactions between thee&-butyl
methyl groups on residueand the Si-Me groups on residue+ 2.

in 18, the (32—0—Si—C(CH); 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 positions80°, + 179 resulted in
the short Si(CH)i/phenyl ring, C(CH)s/phenyl ringi + 1,
C(CH)s/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 (CHs-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 SiMe 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

Motorina et al.

module i+1

I

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

%?"P @"f’ (P'f’ @"P 9
A NNy coae

BocHN H H H | H ' :
RO---H RO---H RO---H RO---H" RO H RO

18 R=TBS

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

However, such arrangements have been documented for specific
a-peptide fragment? and are a fundamental feature in certain
B-peptide oligomers? Theoretical studies g#-peptide folding

also suggest the existence of six-membered H-bonding con-

upfield, which suggests that these groups are oriented face-ore mationste

with respect to the phenyl ring, that is, they also experience a
CH-m 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 dert-butyl methyl group on residuiewith
one of the Si-methyl groups on residu¢ 2, observed between
residues 1 and 3, 3 and 5, and 2 and 4 (distancéiH3.4 A,
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
B?-center in18 is the involvement of the oxygen atom in a
network of intramolecular hydrogen bonds. lllustrated in Figures
6 and 7 is the fact that the-€5i(CHg) in modulei, and the NH
and C=0 groups in module + 1 are basically located in the

As mentioned earlier, intramolecular H-bonding has been
observed and evoked as an important feature in the conformation
adopted in CHGlby the side chain of taxol/taxotete?Indeed,
this property of phenylisosering is one of the reasons why
this entity was chosen as the monomer unit in the construction
of the homopg-peptidel8. In a theoretical model developped
by Viterbo et al}%it was suggested that only the-®i---O
(carbonyl) interaction contributes significantly to the stability
of 7, while the N-H---O (hydroxyl) interaction is purely
electrostatic (dipoledipole) in nature. Furthermore, it is
suggested that the former interaction is due more to the shielding
of the O (hydroxyly--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 structies

same plane, with short distances between the NH hydrogen andavailable; however, these H-bonds are clearly weak because

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: ©--NHi + 1, mean distance ©HN = 2.26 A,
mean angle formed by ©@H—N = 109°; six-membered: NH
-+ (O=)C, mean distance N++O = 2.35 A, mean angle formed
by N—H---O=C = 118, which spans the length of the peptide,
thus consolidating itg-strand structure.

It has been argued that intraresidue hydrogen bonding, and
H-bonding between adjacent residues will contribute little to
the secondary structure ffpeptide$’ because, for geometrical

reasons, such H-bonds are necessarily weaker than alternatgg

possibilities which lead tax-helicies, 5-sheets, angs-turns.

neither the distances nor the angles are optf. 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 b§. Indeed, it may well be that
the one of these through-space interactions alone would be
insufficient to stabilize thes-strand conformation.

(25) (a) Crisma, M.; Formaggio, F.; Toniolo, C.; Yoshikawa, T
Wakamiya, T.J. Am. Chem. S0d.999 121, 3272-3278. (b) Toniolo, C.
CRC Crit. Re. Biochem.198Q 9, 1-44.

(26) A quantitatve description of H-bonds has recently been achieved.
e ref 1 in: Martin, T. W.; Derewenda, Z. Bature Struct. Biol1999
6, 403—406.
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Conclusion silylphenylisoserine methyl esté& (0.89 g, 2.2 mmol) in a 1:1 viv

. . . mixture of CHCl, and formic acid (20 mL) was stirredfd h atroom
~ From this study, it is seen that the oxygen substituent@#t C  omperature under nitrogen. The solvent was then evaporated, and the
in the S-peptide monomer unit plays a determining role in  residue was dried under vacuum until a solid was obtained. The resulting
stabilizing the secondary structure @feptide18. In light of solid was washed with a small amount of ether and dried under vacuum
this finding, it is interesting to speculate what will occur if, for  giving O-tert-butyldimethylsilylphenylisoserine methyl estddCOH
instance, two strands of this molecule are connectedttuan 10 as a white solid (0.77 g; 100%):H NMR (200 MHz, CDC}) 6
element to give a structure analogous$ts Note that both the ~ —0.15 (s, 3H),~0.07 (s, 3H), 0.82 (s, 9H), 3.67 (s, 3H), 4.47 Jd=
N- and C-terminal fragments #and the phenylisoserine units 4.0 Hz, 1H), 4.63 (dJ = 4.0 Hz, 1H), 7.36 (m, 5H), 8.10 (br.s, 2H).
in 18 possess th@2,83-unlike configuration. However, whereas PotassiumN-tert-butoxycarbonyl-O-tert-butyldimethylsilylphen-
a N—CpB3—CB2—C(=0) gauche conformation is preferred for Ylisoserinate (11).To a solution of N-tert-butoxycarbonylo-tert-
tion, in part so as to minimize unfavorable steric interactions N dry ether (50 mL) was added potassium trimethylsilanolate (0.31 g,
between the bulky? and/3® substituents. The important question 2.42 mmol, 1.1 equivs), and the mixture was stirred4ch atroom
one can ask concerning a peptide containing t8subunits temperature under _nltroger_]._After the first-180 min, the formation
. - 2. - of a voluminous white precipitate was observed. The solvent was then
joined by a hairpin motif is whether the conformation of each

. evaporated, and the solid residue was washed with hep&ther (1:
18 component held together by the weak but combined van der 1). Drying in a vacuum afforded potassiusatert-butoxycarbonylo-

Waals/hydrogen bond interactions will be disrupted in favor of tert-butyldimethylsilylphenylisoserinaté1 as a white solid (0.96 g;
formation of an anti-conformatiofi-sheet structure which is  100%): 'H NMR (200 MHz, CDC}) ¢ 0.00 (s, 3H), 0.10 (s, 3H),
stabilized by strong interstrand hydrogen bonds. The study of 0.94 (s, 9H), 1.55 (s, 9H), 4.35 (d,= 2.8 Hz, 1H), 5.25 (br s, 1H),
such a structure, both in chloroform and more polar solvents, 6.43 (br s, 1H), 7.377.48 (m, 5H).
will thus provide valuable information concerning the magnitude  Boc-Dipeptide-OMe (12). To a solution of potassiunN-tert-
of the forces that stabilize the conformation i&. butoxycarbonylo-tert-butyldimethylsilylphenylisoserinatil (1.38 g,
Finally, a pertinent point concerning the secondary structural 3.18 mmol, 1.3 equivs) in dry Ci€l, (30 mL) at 0°C under nitrogen
features of phenylisoserine bagggeptides is the consequence Was added Pybop (1.82 g, 3.50 mmol, 1.4 equivs), followed by a
of changing the configuration at thé® center. Seebach has solution of O-tert—butyldlmethy|3|Iylp_henyllsoserlne methyl ester
shown thaj-peptides with thg2,%like configuration can fold ~ HCOH 10 (0.87 g, 2.44 mmol) in CbCl (10 mL), and N-
to give helix structures because the two substituents will occupy methylmorpholine (NMM) (0.77 mL, 7.00 mmol, 2.8 equivs). The

lateral itionge H | | del of the h mixture was stirred for 5 min at 0C before adding hydroxybenzo-
ateral posiions-~ However, a moiecular model of the NOMo-  yj574j¢ (0.47 g, 3.50 mmol, 1.4 equivs), then was stirred overnight

hexapeptide constructed from32S)-phenylisoserine suggests (15 ) at room temperature under nitrogen. The reaction was subse-
an alternative extendef@-strand structure in which van der  quently diluted with CHCI, (20 mL), washed with brine, and back-
Waals interactions involving the OTBS groups in residuasd extracted with CHCl,. The combined organic layers were dried over

i + 1 again play a major role. The crucial feature of this model NaSQ, and concentrated under reduced pressure, and the residue was
structure relative td.8 is the positioning of the phenyl group flash column chromatographed on silica gel (heptane:EtOAc, 6:1),
directly in between the two TBS groups such that the hydro- affording dipeptidel2 as a colorless oil (0.92 g; 55%)Rr 0.69
phobic interaction is of the Ckt-type, that is, the silyl methyl ~ (heptane:EtOAc, 2:1fH NMR (250 MHz, CDC}) 6 —0.25,-0.23,
andtert-butyl methyl groups interagk through> the 7z-system —0.01,0.16 (s, 3H), 0.71, 1.01 (s, 9H), 1.39 (s, 9H), 3.49 (s, 3H), 4.22

of the aromatic ring. Further work is currently being persued (d:J = 2.0 Hz, 1H), 4.39 (dJ = 3.1 Hz, 1H), 5.01 (dd) = 3.3, 9.6
to validate this prediction, Hz, 1H), 5.11 (dJ = 7.4 Hz, 1H), 6.28 (dJ = 9.4 Hz, 1H), 7.2

7.29 (m, 10H), 7.52 (d] = 7.0 Hz, 1H);33C NMR (50.32 MHz, CDGJ)

0 —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,
N-tert-Butoxycarbonyl-O-tert-butyldimethylsilylphenylisoserine 138.54, 138.95, 155.03, 171.38; MS (ClI, isobutane, A8D687 [M

Methyl Ester (9). To a solution ofN-tert-butoxycarbonylphenyliso- + H], 510 ([M + 57]—Boc -TBSOH), 454 ([M+ H]—-TBSOH-Boc),

serine methyl este8 (2.00 g, 6.77 mmol) in dry DMF (5 mL) was 410 (M + H] — monomer), 354 ([416}t-Bu); [0]?D +17.9 (¢ =

addedert-butyldimethylsilyl chloride (4.59 g, 30.48 mmol, 4.5 equivs) 0.38, CHCI); Anal. calcd for GegHsgN2O7Si: C, 62.94; H, 8.52; N,

and imidazole (4.15 g, 60.96 mmol, 9 equivs). The resultant mixture 4.08. Found: C, 62.86; H, 8.48; N, 4.03.

was stirred for 20 h at room temperature under nitrogen then diluted  Boc-Tripeptide-OMe (13). As for 10, Boc-dipeptide-OMel2 was

with CH,Cl, (150 mL) and washed with brine. The aqueous washings  stirred fa' 5 h atroom temperature under nitrogen in a 1:1 v:v mixture
were extracted with CKCl, (3 x 100 mL), and the organic layers were  of CH,CI, and formic acid (20 mL). The resultiny-deprotected
combined, dried over N&Q,, and concentrated under vacuum. The dipeptide methyl esterHCO;H (white solid) (0.83 g, 1.31 mmol) and
oily residue was purified by flash column chromatography on silica potassiumN-tert-butoxycarbonylo-tert-butyldimethylsilylphenyliso-

gel (heptane, then heptanBtOAc, 2:1), affording after prolonged  serinatel1 (1.12 g, 2.62 mmol, 2 equivs) were reacted in the presence
drying under vacuuff N-tert-butoxycarbonylo-tert-butyldimethyl- of Pybop (1.36 g, 2.62 mmol, 2 equivs), NMM (0.58 mL, 5.24 mmol,
silylphenylisoserine methyl estéras a colorless oil (2.80 g; 100%): 4 equivs) and HOBt (354 mg, 2.62 mmol, 2 equivs). Tripeptide

Re 0.76 (11, heptane:EtOAciH NMR (250 MHz, CDC}) 6 —0.36 was obtained as a white solid (1.08 g; 86%) after flash column
(S, 3H),—0.18 (s, 3H), 0.74 (s, 9H), 1.42 (s, 9H), 3.76 (s, 3H), 4.38 (S, chromatography on silica gel (heptane:EtOAc, 10:R: 0.77 (1:1,
1H), 5.20 (d,J = 9.1 Hz, 1H), 5.52 (dJ = 9.1 Hz, 1H), 7.2¥7.35  heptane:EtOAC)H NMR (250 MHz, CDCh) 6 —0.16 (s, 6H),~0.08,

(M, 5H);*C NMR (62.89 MHz, CDGJ) 6 —5.94,-5.53, 18.28, 25.59, 01, 0.17, 0.28 (s, 3H), 0.75, 0.93, 0.99 (s, 9H), 1.33 (s, 9H), 3.28 (s,
28.39, 52.26, 57.25, 75.93, 79.80, 126.62, 127.48, 128.38, 139.78,314) '3.71 (d.J = 3.9 Hz, 1H), 3.98 (dJ = 2.7 Hz, 1H), 4.34 (dJ =
155.27, 171.85;@]20[) +7.4 (C = 2.16, CHC|2); Anal. Calcd for 2.7 HZ, 1H), 5.01 (mJ =2 HZ, lH), 5.13 (de — 2_4’ 9.0 HZ, 1H),
C21H35N05Si: C, 61.58; H, 8.62; N, 3.42. Found: C, 61.71; H, 8.81; 6.22 (d,\] = 9.4 Hz, 1H), 7.147.33 (m’ 15H), 7.39 (d.J = 8.6 Hz,

Experimental Section

N, 3.41. _ _ o 1H), 8.37 (dJ = 9.0 Hz, 1H);**C NMR (62.89 MHz, CDGJ) 6 —5.52,
O-tert-Butyldimethylsilylphenylisoserine Methyl Ester (Formate —5.27,—5.06,—4.53,—3.46, 17.97, 18.30, 25.56, 25.92 @), 28.40
Salt) (10).A solution of N-tert-butoxycarbonylo-tert-butyldimethyl- 51.78‘55.11'(< 2) 57 35 73.62. 75.16. 76.33. 79.24. 127 00 127.22

(27) The yield of9 after chromatography exceeds 100% due fo the 127:49,127.60, 128.06, 128.12, 137.16, 138.33, 138.98, 155.11, 170.54,

presence of TBSOH. This contaminant was removed by prolonged drying 170.72, 171.15; MS (Cl, isobutane, 210) 964 ([M + H]), 864 ([M
under vacuum with slight heating (3@0 °C). + H] — Boc), 687 (M + H] — monomer), 410 ([monomet H]);
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[0]?% +19.2° (c = 0.86, CHCL); Anal. cald for GiHgiN3OeSis: 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 stirredifd h atroom temperature
under nitrogen in a 1:1 v:v mixture of GBI, and formic acid (30

Motorina et al.

J = 9.8 Hz, 1H), 8.40 (dJ) = 9.4 Hz, 1H);*C NMR (62.89 MHz,
CDCl) 6 —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,

mL). The solvent was then evaporated, and the residue was dried undefl27.99, 128.26, 134.06, 136.98, 137.16, 138.46, 139.07, 155.14, 169.94
vacuum until a solid was obtained. The resulting solid was washed (x 2), 170.17, 170.75, 171.09; MS (FAB, 50C): 1518.7 ([M+

with a small amount of ether and dried under vacuum, giving
N-deprotected tripeptide methyl estddCO,H 14 as a white solid (0.49
g; 100%).*H NMR (250 MHz, CDC}) 6 —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 ¢,
4.0 Hz, 1H), 4.25 (dJ = 4.2 Hz, 1H), 4.32 (d) = 4.6 Hz, 1H), 4.38
(s, 1H), 5.14-5.25 (m, 2H), 7.147.33 (m, 17H), 7.47 (d) = 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-OMel3 (0.44 g, 0.46 mmol) in dry ether (20 mL)

H]), 1419.7, 1418.7 (IM+ H] — Boc), 1313.6, 1242.6, 1141.60%%
+95.0° (c = 0.02, CHCI,).

Boc-Hexapeptide-OMe (18).Tripeptide Coupling (14+ 15). As
for dipeptidel2, H-tripeptide-OMe (HCGH) 14 (136 mg, 0.15 mmol)
and theO-deprotected tripeptidé5 (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 (5&L, 0.48 mmol, 3.2 equivs), and
HOBt (32 mg, 0.24 mmol, 1.6 equivs). Hexapeptiwas obtained
as a white solid (107 mg, 40%) after flash column chromatography on

was added potassium trimethylsilanolate (0.29 g, 2.28 mmol, 5 equivs) silica gel (heptane:EtOAc, 10:1):

in 3 portions ove 2 h intervals, and the mixture was stirred under
nitrogen at room temperaturerf6 h and then at refluxed for 2 h. The

Linear Approach (17 + 11). Boc-pentapeptide-OM&7 (180 mg,
0.12 mmol) was stirred fo3 h atroom temperature under nitrogen in

solvent was then evaporated, and the residue was washed with heptanea 1:1 v:v mixture of CHCI, and formic acid (20 mL). The solvent

ether (3:1). After drying under vacuum, compoutflwas carried on
to the next coupling step without further purification.
Method B.To a solution of Boc-tripeptide-OM&3 (151 mg, 0.16

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 correspondig

mmol) in dry ether (15 mL) was added potassium trimethylsilanolate deprotected pentapeptide methyl estdCO,H as a white solid (176
(0.022 g, 0.17 mmol, 1.1 equivs), and the mixture was stirred under mg; 100%). As for dipeptidé&2, this intermediate (176 mg, 0.12 mmol)

nitrogen fo 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 heptther (3:1). After
drying under vacuum, compourdd was carried on to the next coupling
step without further purification.

Boc-Tetrapeptide-OMe (16). As for 12, the formate salt of
H-tripeptide-OMe 14 (236 mg, 0.26 mmol) and potassiuNtert-
butoxycarbonyl©- tert-butyldimethylsilylphenylisoserinatkl (338 mg,

and potassiun-tert-butoxycarbonylO-tert-butyldimethylsilylphenyl-
isoserinatell (338 mg, 0.78 mmol, 6.5 equivs) were reacted in the
presence of Pybop (406 mg, 0.78 mmol, 6.5 equivs), NMM 486

0.78 mmol, 6.5 equivs), and HOBt (105 mg, 0.78 mmol, 6.5 equivs).
Hexapeptidel8 was obtained as a white solid (107 mg, 50%) after
flash column chromatography on silica gel (heptane:EtOAc, 8RE):
0.59 (2:1, heptane:EtOAC). In certain instances preparative HPLC was
alternatively used to purifg8[C18 column (10 mmx 250 mm); CH-

0.78 mmol, 3 equivs) were reacted in the presence of Pybop (406 mg, CN:ETOAc, 806-20; elution rate, 6 mL/min; elution time, 19 mirf}4

0.78 mmol, 3 equivs), NMM (8&L, 0.78 mmol, 3 equivs) and HOBt
(105 mg, 0.78 mmol, 3 equivs). Tetrapeptill®é was obtained as a

NMR (250 MHz, CDC}) 6 —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,

white solid (277 mg, 86%) after flash column chromatography on silica 9H), 0.96 (s, 18H), 0.99, 1.02, 1.05 (s, 9H), 1.31 (s, 9H), 2.99 (€,

gel (heptane:EtOAc, 6:1]R- 0.49 (2:1, heptane:EtOAC)H NMR (250
MHz, CDCk) 6 —0.26,—-0.18,—0.17 (s, 3H),—0.04 (s, 6H), 0.01,

3.9 Hz, 1H), 3.24 (s, 3H), 3.24 (d,= J Hz, 1H), 3.45 (dJ = 3.5 Hz,
1H), 3.83 (d,J = 3.9 Hz, 1H), 3.87 (dJ = 2.3 Hz, 1H), 4.38 (dJ =

0.11, 0.13, 0.24 (s, 3H), 0.73, 0.79, 0.99, 1.01 (s, 9H), 1.32 (s, 9H), 2.7 Hz, 1H), 4.87 (dd) = 3.5, 10.2 Hz, 1H), 4.955.10 (m, 5H), 6.31

3.25 (s, 3H), 3.29 (d) = 3.9 Hz, 1H), 3.80 (dJ = 3.9 Hz, 1H), 3.88
(d,J = 2.3 Hz, 1H), 4.39 (dJ = 2.7 Hz, 1H), 4.945.05 (m, 4H),
6.31 (d,J = 9.0 Hz, 1H), 7.02-7.53 (m, 20H), 8.07 (dJ = 8.2 Hz,
1H), 8.25 (d,J = 9.8 Hz, 1H), 8.34 (dJ = 9.4 Hz, 1H);*C NMR
(62.89 MHz, CDCY) 6 —5.89, —5.46, —5.01, —4.54, 17.97, 18.18,

(d,J = 9.4 Hz, 1H), 6.98 (m, 3H), 7.097.35 (m, 28H), 8.03 (dJ =
12.1 Hz, 1H), 8.07 (dJ = 10.6 Hz, 1H), 8.27 (dJ = 9.8 Hz, 1H),
8.40 (d,J = 9.4 Hz, 1H);*C NMR (50.32 MHz, CDGJ) 6 —5.51,
—5.18,—5.06,—4.70,—4.57, 17.94, 18.17, 18.28, 25.57, 25.963),
28.42, 51.74, 53.48, 54.04, 54.78, 55.14, 57.39, 57.60, 73.66, 73.82,

18.29, 19.31, 25.57, 25.97, 26.08, 28.47, 51.76, 54.09, 54.82, 55.09,73.99, 74.27, 74.71, 75.19, 79.28, 127.03, 127.28, 127.57, 127.65,
57.59, 73.86, 74.39, 75.08, 76.17, 78.08, 78.41, 80.66, 120.51, 125.05,127.80, 127.91, 128.04, 128.16, 137.06, 137.24, 138.53, 139.04, 155.19,
126.66, 127.03, 127.13, 127.33, 127.48, 127.82, 127.97, 128.08, 128.18169.84, 169.98, 170.22, 170.80, 171.17; MS (FAB, 50: 1796.7,
128.85, 137.06, 137.25, 138.40, 139.15, 155.22, 170.06, 170.38, 170.851795.7 ((M+ H]), 1696.7 (M + H] — Boc), 1682.7, 1639.6; UV

171.20; MS (FAB, 500°C): 1241.6 ([M+ H]), 1141.6 M+ H] —
Boc), 1036.5, 864.5;0]%% +37.C° (c = 0.40, CHCL).
Boc-Pentapeptide-OMe (17)Boc-Tetrapeptide-OM&6 (260 mg,
0.21 mmol) was stirred fo3 h atroom temperature under nitrogen in
a 1:1 v:v mixture of CHCI, and formic acid (20 mL). The solvent

vis (c = 0.014 mM, CHCY) Amax 294 nm € = 3.2 x 10%) nm; [a]®%
+31.4 (c = 0.87, CHCI,); Anal. calcd for GeH150015N6Sis: C, 64.18;
H, 8.42; N, 4.68. Found: C, 64.27; H, 8.45; N, 4.47%.

CD of Hexa3-peptide (18).The CD spectrum was recorded from
190 to 280 nm on a JASCO J-710 dichrograph equipped with a

was then evaporated, and the residue was dried under vacuum until ghermostatically controlled cell holder and connected to a computer
solid was obtained. The resulting solid was washed with a small amount for data acquisition. For a 0.1 nM solution 8 dissolved in chloroform

of ether and dried under vacuum, giving the correspondiig
deprotected tetrapeptide methyl esteiCOH as a white solid (249
mg; 100%). As forl2, this intermediate (249 mg, 0.21 mmol) and
potassiumN-tert-butoxycarbonylO-tert-butyldimethylsilylphenylisos-

the data were collected at 2C using cells with a 1-mm path length.
NMR of Hexa-S-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) x 350 (t1) data points;

erinatel1 (338 mg, 0.78 mmol, 3.7 equivs) were reacted in the presence 32 scans per tl increment; 0.341-s acquisition time in t2; max

of Pybop (406 mg, 0.78 mmol, 3.7 equivs), NMM (886, 0.78 mmol,

acquisition time in t1, 0.0583 s; relaxation delay, 2 s; states quadrature

3.7 equivs) and HOBt (105 mg, 0.78 mmol, 3.7 equivs). Pentapeptide detection inw1. Processing: zero filling and Ft to 2K 1K real data
17 was obtained as a white solid (185 mg, 58%) after flash column points after multiplication with sin filter shifted by/4 in 2 and sin

chromatography on silica gel (heptane:EtOAc, 5:R: 0.66 (2:1,
heptane:EtOAc)*H NMR (250 MHz, CDC}) 6 —0.19,—0.16,—0.10,

filter in wl.
Clean-TOCSY (MLEV16 with Spin Lock Power of 11 kHegquisi-

0.05, 0.08, 0.11, 0.18, 0.19, 0.20, 0.29 (s, 3H), 0.72, 0.97, 0.98, 0.99, tion: 4 K (t2) x 350 (t1) data points; 64 scans per t1 increment; 0.341-s

1.06 (s, 9H), 1.30 (s, 9H), 3.07 (d= 3.5 Hz, 1H), 3.24 (s, 3H), 3.46
(d,J = 3.5 Hz, 1H), 3.88 (m, 2H), 4.38 (d,= 2.7 Hz, 1H), 4.91 (dd,
J = 3.5, 9.8 Hz, 1H), 5.085.11 (m, 4H), 6.30 (dJ = 9.0 Hz, 1H),

7.00 (m, 3H), 7.13-7.42 (m, 23H), 8.12 (d] = 10.6 Hz, 1H), 8.22 (d,

acquisition time in t2; max acquisition time in t1, 0.0583 s; mixing
time, 40 ms; states quadrature detectiomin Processing: zero filling
and Ft to 2Kx 1K real data points after multiplication with sin filter
shifted byz/3 in w2 and sin filter inw1.



Phenylisoserine: A Versatile Amino Acid

HSQC Acquisition: 2 K (t2) x 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 detectiomin Processing: zero filling
and Ft to 1Kx 1K real data points after multiplication with Gaussian
filter (gf = 0.072 s, gfs= 0.025 s) inw2, and sid filter shifted byz/4
in wl.

HMBC: Acquisition: 4 K (t2) x 512 (t1) data points; 96 scans per
tl increment; 0.341-s acquisition time in t2; max acquisition time in
t1, 0.0455 s; nd3C decoupling. Processing: zero filling and Ft to 2K
x 2K real/real data points after multiplication by sin filter shifted by
/4 in w2, and sin filter inw1.

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)x 350 (t1) data points; 64 scans per
tl increment; 0.341-s acquisition time in t2; max acquisition time in
t1, 0.0583 s; states quadrature detectiomin Processing: zero filling
and Ft to 2K x 1K real/real data points after multiplication by 3in
filter shifted bya/5 in w2, and sin filter shifted byt/5 in w1.

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

J. Am. Chem. Soc., Vol. 123, No. 1, 2001

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 functionx( 107%). 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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