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14/12-helix

An (S)-C-linked carbo-g-amino acid [(S)-e-Caa(y)] was prepared from the known (S)-0-Caa. This
monomer was utilized together with 1L-Ala to give novel o/e-hybrid peptides in 1:1 alternation.
Conformational analysis on penta- and hexapeptides by NMR (in CDCl;), CD, and MD studies led
to the identification of robust 14/12-mixed helices. This is in agreement with the data from a theoretical
conformational analysis on the basis of ab initio MO theory providing a complete overview on all
formally possible hydrogen-bonded helix patterns of a/e-hybrid peptides with 1:1 backbone alterna-
tion. The “new motif” of a mixed 14/12-helix was predicted as most stable in vacuum. Obviously, the
formation of ordered secondary structures is also possible in peptide foldamers with amino acid
constituents of considerable backbone lengths. Thus, o/e-hybrid peptides expand the domain of
foldamers and allow the introduction of desired functionalities via the o-amino acid constituents.

Introduction

Peptide foldamer research contributes to a better
understanding of folding and function of native peptides
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and proteins' and opens up considerable possibilities for a
rational peptide design and mimicry. This development
began with the investigation of p-peptides'® ** more
than 10 years ago and was continued with the oligomers
of the higher homologous y- and d-amino acids.'®2
Important stimulation came from the suggestion to
employ dipeptide repeats of various homologous amino
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acids.® Indeed, o/B-hybrid peptides containing o- and
pB-amino acid constituents in 1:1 backbone alternation dis-
played a variety of helical structures* and some of these
peptides elicited substantial biological activity.” In the mean-
time, this concept was successfully extended to a/y-, o/o-,
and f3/y-hybrid peptides.® In all these hybrid peptide classes,
mixed or fS-helices play an important role.” Thus, 11/9-
helices with alternating 11- and 9-membered hydrogen-
bonded pseudocycles showing an alternate direction change
of the hydrogen bonds along the sequence were found in
o/B-hybrid peptides together with unidirectional 11-, 14/15-,
and 12/13-helices.* For a/y- and o/d-hybrid peptides, mixed
12/10-°*7¢ and 13/11-helices® have been obtained, which
are the counterparts of the 11/9-helices of o/3-hybrid pepti-
des.*¢ Structural investigations in these hybrid peptides
provide a good example of the strength of combining theo-
retical and experimental studies. For some of the helices,
theoretical prediction of most stable structures preceded the
synthesis and other experiments.®”
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In this study, we extend the concept of hybrid peptides
with dipeptide repeats and synthesized the first representa-
tives of ordered structures in a/e-hybrid peptides following a
concerted strategy of theoretical and experimental methods
as in our recent work on o/d-hybrid peptides.®” For this
purpose, a new (S)-C-linked carbo-g-amino acid [(S)-ée-
Caa(y)] was synthesized and combined with L-Ala in 1:1
alternation. It was interesting to find that progressive length-
ening of the amino acid backbone up to e-amino acids still
allowed the formation of ordered secondary structures.

Results and Discussion

Theoretical Studies. A look at a sequence of o/e-hybrid
peptides with dimer periodicity (Figure 1) provides the
folding patterns with hydrogen-bonded pseudocycles of
different sizes given in Table 1. Various helix types belong
to groups with unidirectional hydrogen bonds formed in
forward or backward direction of the sequence (Figure 1a),
respectively, or to mixed or S-helices, where the hydrogen
bonds are alternately formed in forward and backward
direction (Figure 1b). To find all formal possibilities of
periodic folding patterns, a systematic conformational
search was performed on blocked a/e-hybrid peptide octa-
mers following strategies already employed for other peptide
foldamers.*d-¢®-7854¢ T av0id any restriction of the con-
formational space, side chains were omitted. The complete
catalogue of all periodic backbone folding alternatives and
their stability relationships obtained from this search opens
up the possibility to look for substitution patterns which are
suited to favor special helix types.

For our a/e-hybrid peptide model, a pool of 10485750
conformations, was generated by a systematic variation of
the backbone torsion angles (¢,) of the a- and (¢,0,5,p,u,)
of the e-amino acid constituents in intervals of 45° consider-
ing the dipeptide periodicity (Figure 1). On the basis of
general geometry criteria for hydrogen bonds, all conforma-
tions corresponding to the described hydrogen bonding
patterns were selected (Table 1, Figure 1). A total of 192
conformations resulted from this procedure, which were
starting points for complete geometry optimizations at the
HF/6-31G* level of ab initio MO theory. Correlation effects
on the structure were estimated by reoptimization of the HF/
6-31G* conformers at the B3LYP/6-31G* level of density
functional theory (DFT). These approximation levels have
proved to be reliable enough to describe the possibilities of
helix formation in peptide foldamers.®° The minimum char-
acter of all structures was confirmed by vibration analysis,
which was also the basis for the estimation of the free
enthalpy differences. To estimate the solvent influence,
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FIGURE 1. Possible hydrogen bonding patterns for helices of a/e-hybrid peptides: (a) with unidirectional hydrogen bonds either in forward or in
backward directions of the sequence; (b) with hydrogen bonds alternately changing their directions (#/m = 1: o-amino acid; n/m = 5: e-amino acid).

TABLE 1.  Formal Possibilities of Hydrogen-Bonded Helices in o/e-Hybrid Peptides

relative positions of

interacting amino acids® ab

type of interacting amino acids

1—2/1—4 o—e/oe—e
e—a/e—a

1—4/1—6 o—e/o—¢
e—a/e—a

1—-2 o—e/e—o
1—3 o—o/e—e
1—4 oa—e/a—e
13 o—o/e—e
1—4 o—¢/e—a
15 o—a/e—e
1—6 o—¢/e—o

alternating no. of
pseudocycles C,/C,* helix notation representatives
Ci2/Ci4 Hizjg 8
C|4/C12 Hl4/‘12 6
Cy/Cas Hazp4 7
Co4/Cxo Hos/2o 9
C12/Cia Hi» 6
Ci5/Cio Hisjio 4
Cp/Cx Hy, 3
Co/Chy H7m 6
Ci4/Ciy4 Hyy 6
Ci7/Cay Hi7p21 0
C4/Coy Hsy 0

a—: forward direction. <—: backward direction of the hydrogen bonds. “o: a-amino acid. e: e-amino acid. “x,y: number of atoms in alternating

hydrogen-bonded pseudocycles.

single-point calculations on the HF/6-31G* conformers were
performed for an aqueous environment employing a polar-
izable continuum model (IEFPCM).

The conformational search provided 55 helical confor-
mers. Their distribution on the various helix types is given in
the last column of Table 1. In Table 2, the relative energies of

the most stable helical conformer of each helix pattern are
summarized. Table 3 shows the HF/6-31G* backbone tor-
sion angles. The corresponding data for all other helix
conformers at all approximation levels are given in the
Supporting Information. In Figure 2, representative exam-
ples of the various helix types are illustrated.
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TABLE 2.  Relative Energies” and Free Enthalpies” of the Most Stable
Helices of Alternating o/e-Hybrid Peptide Octamers in Vacuo (HF/
6-31G*, B3LYP/6-31G*) and in an Aqueous Environment (PCM//HF/
6-31G*)

AE

helix  HF/6-31G* B3LYP/6-31G* PCM//HF/6-31G**  AG®

Hizd 6.6 78 14.2 27.4
Hyupo' 3.0 0.0/ 11.1 12.4
Haopd! 0.0¢ 1.6 9.8 13.6
Houno' 9.1 11.4 8.9 0.0"
Hi» 74.1 73.1 13.1 71.7
His/o' 87.3 96.1 24.8 88.6
Ha! 124.0 138.3 37.3 105.3
Hoi! 55.6 54.8 50.5 68.8
Hy! 55.5 67.9 25 63.0

“InkJ/mol. PHF/6-31G*. “See Table 1. % = 78.4. “ Helix H,4" is most
stable at this approximation level with Et = —2526.106196 au and
therefore, reference point for this column; AET(HF/é 31G¥*) for H14 =
67.7 kJ/mol; AEr(B3LYP/6-31G*) for Hy,"" = 66.7 kJ/mol. "Er =
—2541.7010474 au. Er = —2526.1416676 au. "G = —2525.155819 au.

Most stable are the mixed helices H14/12 s H22/24 s H12/14 s
and H24,22 Their energies are close together at all approx-
imation levels. Followmg our convention with a/y- and
B/y-hybrid peptides,®*® a mixed 12/14-helix results, when
the amide protons of the a-residues take partin the hydrogen
bonding of 12-membered rings and those of the e-residues in
the formation of 14-membered rings. The reverse situation
leads to a 14/12-helix (Figure 1). H14/12 is most stable in
vacuum considering correlation energy, whereas H22/24 is
slightly favored at the Hartree—Fock level.

Mixed or S-helices are generally disadvantaged in more
polar environments in comparison to helix types with uni-
directional hydrogen bonds due to their smaller macrodipole
moments resulting from the alternate change of the hydrogen
bond directions.*®-0782¢ [ndeed, the two helices H; 4" and
H,,' with backward directions of the hydrogen bonds are
predicted to be slightly more stable than the most stable
mixed helices (Table 2).

Peptide Syntheses. The peptides 2—5 (Figure 3) were pre-
pared by the standard peptide coupling method, using
EDCL'? HOBt, and DIPEA in solution phase. The constitu-
ent monomers, (S)-e-Caay and L-Ala, were obtained from the
corresponding Boc-(S)-e-Caa-OMe (1) and Boc-L-Ala-
OMe (A), respectively. The requisite 1 (see the Supporting
Information)1 !'was prepared from the known Boc-(S)-9-Caa-
OMe® by the homologation method. The synthesis of the
peptides 2—5 is outlined in Scheme 1. Accordingly, treatment
of 1 with CF;COOH in CH,Cl, at room temperature for 2 h
afforded the TFA salt 6. Similarly, ester 1 on hydrolysis with
aq 4 N NaOH at room temperature for 2 h gave the corre-
sponding acid 7 in 94% yield. Peptide coupling of the salt 6
with acid 8 in the presence of EDCI, HOBt, and DIPEA in
CH,Cl, at room temperature for 4 h afforded the dipeptide 10
in 84% yield. Likewise, acid 7 on coupling with salt 9 in the
presence of EDCI, HOBt, and DIPEA in CH,Cl, gave the
dipeptide 11 in 90% yield. Acid (CF;COOH) mediated
hydrolysis of the Boc group in 11 at room temperature
furnished the salt 12, which on further coupling (EDCI,
HOBt, and DIPEA) with 8 in CH,Cl, at room temperature

(10) (a) Chan, L. C; Cox, G. B. J. Org. Chem. 2007, 72, 8863-8869.
(b) Bodanszky, M. Peptide Chemistry: A Practical Textbook; Springer: New
York, 1988.

(11) See the Supporting Information.
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for 4 h gave the tripeptide 2 in 82% yield. Base (aq 4 N NaOH)
hydrolysis of 2 gave the acid 13, which on coupling with 12
under the above reaction conditions at room temperature for
4 h afforded the pentapeptide 4 in 56% yield. Peptide 10 on
hydrolysis with aq 4 N NaOH gave the acid 14, while 10 on
exposure to CF;COOH furnished the salt 15. Peptide cou-
pling of 14 in the presence of EDCI, HOBt, and DIPEA with
15 at room temperature for 4 h in CH,Cl, afforded the
tetrapeptide 3 in 46% yield. Furthermore, peptide 3 on base
(aq4 N NaOH) hydrolysis gave the acid 16, which on coupling
with the salt 15 in the presence of EDCI, HOBt, and DIPEA in
CH,Cl, provided the hexapeptide 5 in 46% yield.

Conformational Analysis. The proton NMR spectra of
peptides 2 and 3 did not show signatures of any secondary
structure. In the "H NMR spectrum of peptide 4,'' four amide
protons, NH(2) to NH(5), displayed downfield shifts (INH >
7 ppm), suggesting their involvement in hydrogen bonding.
Solvent titration studies (see the Supporting Information)
showed very small chemical shift changes (AONH < 0.40 ppm)
for NH(2) to NH(5), thus confirming their participation in
hydrogen bonding. For the Boc-urethane NH, the AONH >
1.0 ppm clearly indicates its nonparticipation in H-bonding.
For the e-residue, 3JNH—C,H = 9.7 Hz is consistent with an
antiperiplanar arrangement of NH and C.H, corresponding
to a value of ~120° for the torsion angle ¢(¢) (C(O)—N—C,—
Cy). One very strong and another rather weak NOE correlation
between the amide protons of the third and fifth residues
[NH(3) and NH(5)] with both the C,H of the preceding
e-residue, NH(3)/C,H(2) and NH(5)/C,H(4) (for convenience
we denote the C,H as the one with the weaker and Cy/H as the
one with the stronger NOE cross peaks), support a value of
£120° for y(e) (Cs—Co—C(O)—N). NH(2)/CsH(2), NH(4)/
CsH(4), and CsH(4)/C4H(4) NOE correlations provide strong
evidence for the backbone torsion angles O(N—C,—Cs—C,)
being constrained. The presence of medium range NOE, C,H-
(2)/C,H(2), along with a rather strong NOE CgH(4)/CsH(4)
suggest constrained values of the intervening dihedral angles 6,
&(C, C(; C,—Cp), p(Cs—C,—Cp—Cy), and u(C,—Cyp—Cy—
C(O)) JC H—C,H ~ =43 Hz and JC H—C,H =10.2 Hz for the
second res1due and *J¢ H-c,n and JC H-c,n ~ 5.0 Hz for the
fourth residue further support a constrained value of u. For the
a-residues, values of 3JNH,CuH ~ 7 Hz are not distinctive and
do not permit distinction between likely averaging over several
conformations or a single well-defined value for y(o). How-
ever, strong NH(2)/C,H(1) NOE correlation is consistent with
(o) &~ 120° for the N-terminal a-residue.

Due to spectral overlaps it was not possible to get indivi-
dual chemical shifts for several protons. Similarly, most of
the coupling constants involving Cg-, C,-, and Cs-protons of
e-residues prevented us from deducing more definitive values
of 0, &, p, and u. The NOE correlations C,H(1)/NH(3) and
CoH(3)/NH(5) are reminiscent of very distinctive features in
all our mixed helices, where the amide proton of the ith
residue is in the proximity to the backbone protons of the
(i—2)th residue due to a hydrogen bond between NH(i) and
CO(i—3). In this case, such a hydrogen bond forms a 14-
membered pseudocycle.

Molecular dynamics (MD) calculations for 4'' were car-
ried out by using the distance constraints derived from the
ROESY experiments, using two-spin approximation. The 15
lowest energy structures obtained have a backbone rmsd of
0.51 Aanda heavy atoms rmsd of 0.63 A.The average value
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TABLE3. Backbone Torsion Angles” of the Most Stable Helices of Alternating o/e-Hybrid Peptide Octamers at the HF/6-31G* Level of ab Initio MO Theory
(o] T (o]
~ A\
N N/
o w ¢ 6 ¢ v
H
n=4
helix” 0 0 13 0 u 7
Hiyd' 87.1 -70.5
—105.7 554 67.7 —172.4 78.0 102.8
135.5 —64.2
—113.0 54.8 65.9 —169.7 78.5 105.2
135.9 —67.1
—113.5 55.5 66.6 —169.9 78.8 104.6
136.4 —73.4
—109.1 55.6 66.6 —170.4 76.0 98.3
Higno' —78.6 151.8
104.6 —-73.9 158.1 —88.4 75.3 —127.9
=79.0 143.5
110.3 —72.8 159.2 —88.6 74.5 —124.3
—79.1 143.6
109.9 —72.6 160.2 —89.6 73.5 —122.5
—76.5 138.1
111.2 —69.7 165.3 —90.4 68.5 —118.0
Hasnd' 85.3 =771
—82.3 —180.0 —176.6 179.8 —178.9 118.0
84.5 —76.6
—88.6 —177.3 —178.2 —179.1 —178.8 104.2
108.2 —103.1
—82.7 —175.6 —176.2 —176.9 —176.2 98.7
120.8 —128.9
—-77.4 179.3 —177.0 —179.9 179.9 117.0
Haqno' —141.7 158.1
106.4 —70.1 162.4 177.4 167.1 —151.5
—124.3 143.3
99.8 —67.6 168.7 —179.0 164.7 168.3
—=74.7 117.4
111.0 —66.7 177.1 179.0 170.4 173.6
—=77.2 102.5
122.6 —66.8 177.4 178.7 179.3 —166.6
Hi, 95.6 151.1
129.0 —45.1 —56.2 170.1 —67.5 110.3
101.1 135.4
141.3 —459 —54.5 167.6 —68.4 111.1
98.2 138.8
138.9 —45.1 —54.4 168.1 —68.5 111.1
97.9 143.6
121.0 —50.2 —57.6 179.8 —68.2 159.7
Hiso' 100.1 144.1
97.1 —62.9 —175.7 180.0 70.6 20.9
98.0 158.4
101.9 —66.7 176.1 176.0 61.5 47.8
103.3 144.5
101.6 —67.5 179.3 177.9 59.9 56.0
99.2 146.7
98.3 —76.6 —178.5 170.4 63.7 85.7
Ha,' 98.7 143.1
75.4 176.7 174.7 175.4 174.2 86.8
93.1 76.1
83.3 179.6 —176.1 —179.9 —176.2 98.9
92.1 61.9
89.9 179.7 —=171.7 —178.7 —170.9 97.8
87.1 87.8
71.5 —176.7 176.4 —=177.7 175.9 145.2
Hypy' 85.8 —50.4
78.3 —151.2 70.2 69.0 —166.8 90.3
85.0 —52.4
81.0 —146.9 68.7 65.7 —173.2 84.2
83.5 —-53.9
85.6 —162.0 59.3 58.9 —162.2 108.1
85.5 —58.0
83.4 —168.1 53.8 56.4 —158.4 92.8
Hyy —-73.9 —34.6
—123.7 50.8 53.6 —174.5 156.8 —84.9
—73.2 —36.2
—122.1 50.0 54.2 —173.3 156.8 —86.4
—73.8 —34.9
—122.0 49.8 53.7 —173.8 157.2 —85.5
—78.2 =273
—137.0 48.8 52.6 —177.7 169.6 —89.1

“In degrees. “See Table 1.
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12 15/19 22

FIGURE 2. Most stable helix types for various hydrogen bond patterns of o/e-hybrid peptides: (a) mixed helices; (b) helices with backward
hydrogen bond directions; and (c) helices with forward hydrogen bond directions.

SCHEME 1. Synthesis of Peptides 2—5

b c
H-g-Caa(y-OMe.CF;CO,H ~ ——— Boc-L-Ala-g-Caa(,-OMe
Boc-L-Ala-OH
6 3 10
Boc-g-Caa(y)-OMe _— Boc-g-Caay)-OH _ Boc-g-Caay)-L-Ala-OMe
7 H-L-Ala-OMe.HCI
1 11
9
b c a c
— H-g-Caay, L-Ala-OMe.CF;CO,H _>s 2 —> Boc-L-Ala-e-Caa(y-L-Ala-OH " > 4
13
. 12
a
—> Boc-L-Ala-g-Caa-OH c a
b 14 +—» 3 —» Boc-L-Ala-g-Caay-L-Ala-g-Caa(y-OH
10 — H-L-Ala-c-Caay) OMe.CF;CO,H ~ —— 16
15
c
— 5
15

Reagents and conditions: (a) aq 4 N NaOH, MeOH, 0 °C—rt, 2 h; (b) CF;COOH, dry CH,Cl,, 2 h; (c) HOBt (1.2 equiv), EDCI (1.2 equiv), DIPEA

(1.5 equiv), dry CH,Cl,, 0 °C—rt, 4 h.
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FIGURE 3. Structures of peptides 2 to 5 (arrows indicate the hydrogen bonding pattern).

of the dihedral angles for 4, obtained after removing the
terminal residues (in order to reduce the effect of the fraying),
are o(a) =(—79 £ 2)°, Y(a)=(111 & 12)° and @(e) = (119 £
5)°,0=(=70£3)°,5=(170 £ 3)°, p=(—90 £ 3)°, u=(72 £
4)°, and y(e) = (—102 £ 3)° for the two amino acid consti-
tuents. These values agree fairly well with the theoreti-
cally estimated average backbone torsion angles for the
H 4/12"-helix of 4, which are (o) = —75.3°, y(a) = 144.9°
and @(e) = 117.7°, 0 = —72.0°, { = 154.8°, p = —85.6°, u =
77.2°, and y(e) = —131.8°.

The '"H NMR spectrum of 5 showed that four of the amide
protons (except the N- and C-terminal ones) appear at
ONH > 7 ppm, which suggests their participation in hydrogen
bonding. Further confirmation for this was derived from

solvent titration studies with AONH < 0.29 ppm for NH(2)
to NH(5) (Figure 4). For the &- residues, the coupling
constant 3JNH,CLH > 9.0 Hz suggests an antiperiplanar
arrangement of NH and C.H, which is consistent with a
value of ~120° for the torsion angle ¢(¢). Due to spectral
overlap only little information could be obtained, yet it was
heartening to find 3JCEH_QH values of 3.9 and 9.5 Hz for the
6th residue, and, as for 4, a very strong NH(4)/CsH(4) NOE
cross peak giving support for a constrained value for
0 ~ +60°. As in 4, one strong and another rather weak
NOE correlation involving NH(3) and C,H(2) and also
NH(5) and C,H(4) provide adequate evidence for a value
of £120° for y(e). The presence of very strong C,H(2)/
C,H(2) and CyH(4)/C,H(4) correlations (CoyH being the

J. Org. Chem. Vol. 74, No. 17, 2009 6709



Downloaded by Jonathan Berry on September 11, 2009 | http://pubs.acs.org
Publication Date (Web): August 10, 2009 | doi: 10.1021/j0901277a

JOC Article

0\‘
—— W,
e
8.0 A\AiA/—A-t :j 7§
- e
.;’/V v : 7//”7!>'
154 v <«
£ <«
~
s e
— 7.0 <«
=
= /
» P
g 65 / I/.—/-
£ < — —&— NH-1
5 s0- — e NH-2
/ —A— NH-3
o —w— NH-4
5.5 w —&— NH-5
- < NH-6
L T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350

Vol of DMSO-d_ added(uL)

FIGURE 4. Solvent titration plot for peptide 5.

proton in the e-residue with a strong NOE correlation to the
NH of the following residue) as well as CzH(4)/CsH(4)
NOEs suggested constrained values of the intervening
dihedral angles 6, &, p, and u (Figure 5). Further support
for this comes from medium range NOEs NH(2)/CsH(2),
NH(4)/CsH(4), C4H(2)/CsH(2), and C4H(4)/CsH(4). As in
4 for the a-residue, values of 3JNH_C“H ~ 7 Hz are not
distinctive, yet strong NH(2)/C,H(1) NOE correlation sup-
ports (o) ~120° for the N-terminal a-residue. The distinc-
tive signature of a 14/12-helix was observed in the ROESY
spectrum (Figure 6), in which the NOE correlations for
NH@3)/C,H(1) and NH(5)/C,H(3) support 14-mem-
bered hydrogen bonds for Boc-C=O---H—N(3) and
(2)C=0---H—N(9), respectively. Similarly, the presence of
weak, but characteristic NOEs NH(2)/NH(3) and NH(4)/
NH(5) is consistent with 12-membered hydrogen bonds
between (2)N—H:--O=C (3) and (4)N—H:.--O=C (5),
respectively.

NH(4YNH(5) 8
4, "

T T T T T T T T T T T T
86 85 84 83 82 81 80 79 78 77 76 75 pRPM

<4+— §/ppm

FIGURE 6. Fingerprint region in the ROESY spectrum of peptide 5.
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FIGURE 5. Characteristic NOEs supporting 14- and 12-membered
hydrogen bonding (structure determination on the basis of the
NMR measurements in CDCl; solution). Dark arrows represent
NOEs, which are unique. The NOEs represented by blue double
arrows are ambiguous (stereospecific assignment of the protons at
Ca, CB, Cy, and C6 could not be made). These are thus the NOEs
observed and correspond to those expected from the helix model
derived from the theoretical calculations. Dotted lines represent the
H-bonds.

In Figure 7, the superimposition of the 15 lowest energy
structures obtained from MD calculations on 5 having a
backbone rmsd of 0.94 A and a heavy atom rmsd of 1.01 A
is shown.!" To reduce the effect of fraying, the average values
of the dihedral angles for 5 were obtained by removing the
terminal residues. They are ¢ (o) =(—75 £ 3)°, w(o) = (123 £
5)°, and @(e) = (101 £2)°,0=(—75£ 1)°, =173 £ 1)°, p=
(—89 £ 2)°, u=(71 £ 2)°, and (&) = (—111 £ 3)° for the two
amino acid constituents.

The CD spectra'’ of a 0.2 mM solution in methanol for
both 4 and 5 show a narrow negative maxima at ~194 nm
and another broad shallow negative maxima at about 225—
228 nm, while the [6] values show a crossover point at around
205 nm. Though the molecular ellipticities [6] per residue are
rather small, the pentamer 4, with [0] ~ 7000 deg-cm?-

_—JM ppm
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FIGURE 7. Stereoview of the superimposition of the 15 lowest
energy structures for peptide 5 (for clarity, sugars are replaced with
methyl groups after the calculations).

dmol ™', has stronger differential absorption than the larger
hexamer 5, with [#]~ 5000, suggesting a more robust sec-
ondary structure for 4.

Conclusions

Stimulated by a systematic theoretical conformational
analysis based on ab initio MO theory, the novel foldamer
class of a/e-hybrid peptides is presented in this study. The
detailed NMR structure analyses show the formation
of a novel 14/12-motif. This mixed or -helix was predicted
to be most stable according to the theoretical calculations.
Despite the high flexibility of the backbone, which is
expected in the e-amino acid constituents, the formation of
stable ordered secondary structures is still possible in this
hybrid peptide class. The pool of theoretically predicted
folding patterns may serve to find further secondary struc-
ture types by introduction of suited substituents in the
backbone.

Experimental Section

NMR spectra (1D and 2D experiments) for peptides 2—5
were obtained at 200, 400, and 600 MHz (1H), and at 100 and
150 MHz ('3C). Chemical shifts are reported in 0 scale with
respect to internal TMS reference. Information on hydrogen
bonding in CDCIl; was obtained from solvent titration studies
at 298 K by sequentially adding up to 300 uL. of DMSO-dj in
600 uL of CDCl; solution of peptides.

The CD spectra were obtained with a spectropolarimeter in
rectangular fused quartz cells of 0.2 cm path length at room
temperature with a scan range of 190—260 nm and scanning
speed of 50 nm/min, using peptide concentrations of 0.2 mM in
MeOH. The binomial method was used for smoothing the
spectra. The values are expressed in terms of [6], the total molar
ellipticity (deg-cm?-dmol ™ ")/residue.

The Insight-II program was used for construction of molec-
ular model and for structural analysis of different obtained
conformations. The DISCOVER software was used for mole-
cular modeling calculations, including energy minimization.
The CVFF MSI version with default parameter was used as
the force field throughout the calculation, using a distance
dependent dielectric constant with ¢ = 4.8 (dielectric constant
of deuterated chloroform). The constraints were derived from
the volume integrals obtained from the ROESY spectra by using
a two-spin approximation and a reference distance of 2.37 A for
the vicinal protons C1H and C2H in the sugar ring, which has
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been shown by us to take a >, T conformation earlier. The upper
and lower bound of the distance constraints have been obtained
by enhancing and reducing the derived distance by 10%. The
complete set of NOE distance constraints, used for structure
calculation, is shown in Supporting Information. As a first
step, a mild minimization with constraints was performed in
order to remove bad steric contacts. The following general
protocol was used for minimizing energy. Energy minimization
of each structure was first carried out by the steepest descent
method followed by the conjugate gradient method until a
maximum of 1000 iterations or an rms deviation of 0.001 kcal/
mol have been achieved. For MD runs, a temperature of 300 K
was used. The molecules were initially equilibrated for 50 ps and
subsequently subjected to 1 ns dynamics with a step size of 1 fs,
sampling the trajectory at equal intervals of 10 ps. In this
trajectory, 106 samples were generated and were again energy
minimized.

Boc-1-Ala-e-Caa-OMe (10). A solution of 1 (0.32 g, 0.77
mmol) and CF;COOH (0.32 mL) in CH»Cl, (3 mL) was stirred
at room temperature. After 2 h, solvent was evaporated under
reduced pressure to obtain 6, which was dried under high
vacuum and used as such without any further purification. A
cooled (0 °C) solution of 8 (0.15 g, 0.77 mmol), HOBt (0.13 g,
0.92 mmol), and EDCI (0.18 g, 0.92 mmol) in CH,Cl, (6 mL)
was stirred under N, atmosphere for 15 min and treated
sequentially with the salt 6, DIPEA (0.2 mL, 1.16 mmol). After
4 h, the reaction mixture was cooled to 0 °C, treated with
saturated NH4Cl solution (10 mL), and stirred for 10 min.
The reaction mixture was diluted with CHCl; (20 mL), then
washed sequentially with 1 N HCI (10 mL), water (10 mL), aq
saturated NaHCOj solution (10 mL), and brine (10 mL). The
organic layer was dried (Na,SO4) and evaporated and the
residue obtained was purified by column chromatography
(silica gel, 50% ethyl acetate in petroleum ether) to give 10
(0.31 g, 84%) as a white solid, mp 80—82 °C; [o]p —129.8 (¢ 0.3
CHCl3); IR (KBr) v 3353, 2984, 2932, 1732, 1692, 1540, 1518,
1457, 1374, 1317, 1261, 1166, 1077, 1027, 901, 852 cm™'; 'H
NMR (CDCl;, 400 MHz) 6 6.14 (d, IH, J=9.1 Hz, NH-2), 5.89
(d, 1H, J=3.8 Hz, C{H-2), 5.11 (d, 1H, J=8.2, NH-1), 4.56 (d,
1H, J=3.8 Hz, C,H-2), 4.25 (m, 1H, C,H-2), 4.11 (m, 1H, J=
7.2, C4H-1), 4.10 (dd, 1H, J=3.2, 6.1 Hz, C4H-2), 3.66 (s, 3H,
COOMe), 3.64 (d, 1H, J = 3.2 Hz, C3H-2), 3.56 (s, 3H, OMe),
2.35(m, 2H, C,H-2), 1.68 (m, 1H, CgH-2), 1.58 (m, 1H, CyH-2),
1.56 (m, 1H, C,H-2), 1.51 (m, 1H, C,/H-2), 1.49 (s, 3H, Me), 1.43
(s, 9H, Boc), 1.37 gm, 2H, CsH-2), 1.32(d, 3H, J=7.1 Hz, CH3),
1.31 (s, 3H, Me); °C NMR (CDCls, 100 MHz) 6 174.0, 172.1,
155.4,111.4, 104.0, 84.7, 81.3, 80.6, 77.2, 76.7, 57,6, 51.4, 50.1,
47.7, 33.8, 32.5, 29.6, 28.3, 26.7, 26.1, 24.9, 24.6, 18.2; HRMS
(ESI) m/z caled for C»3H4N,O9Na (M + Na) 511.2631, found
511.2632.

Boc-e-Caay)-1-Ala-OMe (11). A solution of 1 (0.23 g, 0.55
mmol) in methanol (2 mL) was cooled to 0 °C and treated with
aq 4 N NaOH solution (2 mL). The reaction mixture was stirred
at room temperature for 2 h. Solvent was evaporated and the pH
was adjusted to 2—3 with aq 1 N HCI solution at 0 °C and
extracted with ethyl acetate (2 x 10 mL). The organic layer was
dried (Na,SO4) and evaporated under reduced pressure to
afford 7 (0.21 g, 94%), which was used as such for further
reaction.

A solution of acid 7 (0.21 g, 0.52 mmol) in CH,Cl, (5 mL) was
cooled to 0 °C, then treated with HOBt (0.08 g, 0.62 mmol) and
EDCI (0.12 g, 0.62 mmol); the salt 9 and DIPEA (0.13 mL, 0.78
mmol) were added as described for the synthesis of 10. Workup
and purification by column chromatography (silica gel, 50%
ethyl acetate in petroleum ether) gave 11 (0.21 g, 90%) as a
semisolid; [o]p —28.0 (¢ 0.25 CHCIl;); IR (KBr) v 3362, 2983,
2937, 1756, 1695, 1652, 1525, 1458, 1385, 1260, 1171, 1076 cm ™ ';
"H NMR (CDCls, 500 MHz) 6 6.10 (d, 1H, J=7.6 Hz, NH-2),
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5.90 (d, 1H, J=3.9 Hz, C1H), 4.66 (d, |H, J=9.0 Hz, NH-1),
4.58 (m, 1H, C,H-2),4.55(d, 1H, J=3.9 Hz, C,H), 4.11 (m, 1H,
C.H),4.01(dd, 1H,J=3.2,7.1 Hz, C4H), 3.74 (s, 3H, COOMe),
3.62(d, 1H, J=3.2 Hz, C3H-1), 3.36 (s, 3H, OMe), 2.21(m, 2H,
CoH-1),1.80—1.48 (m,4H, CgH, C,H), 1.47 (s, 3H, Me), 1.43 (s,
9H, Boc), 1.42 (m, 3H, CH;3-2), 1.40—1.30 (m, 2H, CsH), 1.31 (s,
3H, Me); HRMS (ESI) m/z caled for Co3HsoN>OgNa (M™T +
Na) 511.2631, found 511.2635.

Boc-L-Ala-£-Caayy-L-Ala-OMe (2). A solution of 11 (0.13 g,
0.26 mmol) and CF3;COOH (0.13 mL) in CH,Cl, (1.5 mL) was
stirred at room temperature as described for 6 to give 12, which
was used as such without any further purification. As described
for the synthesis of 10, a mixture of acid 8 (0.05 g, 0.26 mmol),
HOBt (0.04 g, 0.31 mmol), and EDCI (0.06 g, 0.31 mmol) in
CH,Cl, (3 mL) was stirred at 0 °C for 15 min, followed by the
salt 12 and DIPEA (0.07 mL, 0.39 mmol). Workup and pur-
ification by column chromatography (silica gel, 90% ethyl
acetate in petroleum ether) afforded 2 (0.12 g, 82%) as a white
solid, mp 79—81 °C; [a]p —57.9 (¢ 0.25, CHCl3); IR (KBr) v
3309, 2982, 2934, 1718, 1650, 1543, 1455, 1373 1215, 1167, 1083,
1023, 850 cm ™~ '; '"H NMR (CDCls, 600 MHz) 6 6.93 (d, 1H, J=
7.6 Hz, NH-3), 6.63 (d, 1H, J=9.4 Hz, NH-2), 5.89 (d, IH, J=
3.9 Hz, C{H-2),5.29 (d, 1H, J=8.1 Hz, NH-1), 4.59 (m, 1H, J=
7.2Hz,C,H-3),4.56 (d, IH,J=3.9 Hz, C,H-2),4.27 (dq, |H, J=
3.5,8.8 Hz, C,H-2),4.09 (dd, 1H, J=3.0, 7.8 Hz, C4H-2), 3.75 (s,
3H, COOMe), 3.62 (d, 1H, J = 3.0 Hz, C5H-2), 3.36 (s, 3H,
OMe), 2.24 (td, IH, J=6.4, 14.3 Hz, C,H-2), 2.19 (td, IH, J =
7.1,14.0 Hz, Cy'H-2), 1.66 (m, 2H, C4H-2), 1.53 (m, 1H, C,H-2),
1.51 (m, 1H, C,,H-2),1.49 (s, 3H, Me), 1.43 (s, 9H, Boc), 1.42 (m,
3H, Me), 1.39 (m, |H, CsH-2), 1.38—1.37 (m, 6H, CHj3), 1.36 (m,
1H, Cs'H-2), 1.32 (s, 3H, Me); '*C NMR (CDCls, 100 MHz) 6
174.4, 173.1, 172.5, 155.6, 111.4, 104.7, 84.4, 84.2, 81.3, 80.9,
80.8,79.8,57.6,52.5,50.4,47.9, 36.4,32.0,29.7, 28.3, 26.7, 26.2,
24.8,18.2, 18.1, 17.9; HRMS (ESI) m/z caled for CosHysN3O -
Na (M* + Na) 582.3002, found 582.3023.

Boc-L-Ala-£-Caa y-L-Ala-e-Caa-OMe (3). As described for
the synthesis of 7, a solution of 10 (0.12 g, 0.25 mmol) on
reaction with aq 4 N NaOH solution (1 mL) and workup
furnished 14 (0.12 g, 96%), which was used as such for the next
reaction. A solution of 10 (0.11 g, 0.23 mmol) and CF;COOH
(0.14 mL) in CH,Cl, (1 mL) was stirred at room temperature as
described for 6 to give H-L-Ala-e-Caay)-OMe- CF;COOH (15),
which was used as such without any further purification. As
described for the synthesis of 11, a mixture of acid 14 (0.11 g,
0.23 mmol), HOBt (0.04 g, 0.27 mmol), and EDCT (0.053 g, 0.27
mmol) in CH,Cl, (3 mL) was stirred at 0 °C for 15 min followed
by the salt 15 and DIPEA (0.06 mL, 0.34 mmol). Workup and
purification by column chromatography (silica gel, 2% MeOH
in CHCl;) afforded 3 (0.09 g, 46%) as a white solid, mp 74—76
°C; [a]p —129.6 (¢ 0.65, CHCly); IR (KBr) v 3328, 2983, 2934,
1656, 1537, 1454, 1376, 1251, 1167, 1080, 1022, 857 cm™'; 'H
NMR (CDCl;, 600 MHz) 6 7.00 (d, 1H, J=7.1 Hz, NH-3), 6.77
(d, 1H,J=9.6 Hz, NH-2),6.18 (d, 1H, J=9.4 Hz, NH-4), 5.90 (d,
1H, /J=3.8 Hz, C;H-4), 5.88 (d, |H, J=3.8 Hz, C;H-2), 5.41 (d,
IH, J=7.9 Hz, NH-1), 4.56 (d, 1H, J=3.8 Hz, C,H-4), 4.55 (d,
1H, J=3.8 Hz, C,H-2), 4.34 (m, 1H, C,H-3), 4.25 (m, 1H, C,H-
2),4.12(m, 1H, C4H-1),4.06 (m, 1H, C4H-4),4.05 (m, 1H, C4H-
2),3.67(s,3H,COOMe), 3.64 (d, 1H, J=3.4 Hz, C3H-4),3.62 (d,
1H, J=3.4 Hz, C3H-2), 3.35 (s, 3H, OMe), 3.34 (s, 3H, OMe),
2.30 (m, 2H, C,H-4),2.11 (m, 2H, C,H-2), 1.68 (m, 2H, C4H-2),
1.65 (m, 2H, CgH-4), 1.53 (m, 2H, C,H-4), 1.50 (s, 3H, Me), 1.48
(m, 2H, C,H-2), 1.43 (s, 9H, Boc), 1.42 (m, 3H, CH3-3), 1.34 (s,
3H, Me), 1.33 (m, 3H, CHs-1), 1.32 (s, 3H, Me), 1.31 (s, 3H, Me);
3C NMR (CDCls, 100 MHz) 8 174.1,174.0,173.1,172.6, 172.2,
155.6,111.5,111.3,104.7,104.6, 84.6, 84.4,81.3,81.2,81.0, 80.8,
79.7,57.7,57.6,51.5,51.3,50.3, 50.1,49.3,47.9,47.8, 36.5, 36.3,
33.8,32.4,32.2,29.7,28.4,26.7,26.1,25.0,24.8,24.7, 18.1, 17.8;
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HRMS (ESI) m/z caled for CyHeggN4O1sNa (MT + Na)
867.4578, found 867.4599.

Boc-L-Ala-£-Caayy-L-Ala-e-Caa y-L-Ala-OMe  (4). As de-
scribed for the synthesis of 7, reaction of 2 (0.1 g, 0.17 mmol)
with aq 4 N NaOH solution (1 mL) and workup furnished
13 (0.09 g, 98%), which was used as such for the next reaction.
A solution of 11 (0.07 g, 0.14 mmol) and CF;COOH (0.07 mL)
in CH,Cl, (1 mL) was stirred at room temperature as described
for 6 to give 12, which was used as such without any further
purification. As described for the synthesis of 10, a mixture
of acid 13 (0.08 g, 0.14 mmol), HOBt (0.02 g, 0.17 mmol),
and EDCI (0.03 g, 0.17 mmol) in CH,Cl, (3 mL) was stirred
at 0 °C for 15 min followed by the salt 12 and DIPEA (0.04 mL,
0.22 mmol). Workup and purification by column chromato-
graphy (silica gel, 3.0% MeOH in CHCI;) afforded 4 (0.07 g,
56%) as a white solid, mp 85—87 °C; [a]p —121.3 (¢ 0.2, CHCly);
IR (KBr) v 3423,2928, 1653, 1543, 1456, 1378, 1260, 1166, 1083,
1023, 858,802 cm ™ '; "TH NMR (CDCls, 600 MHz) 6 8.33 (d, 1H,
J=7.3Hz, NH-5), 7.93 (d, 1H, J=6.7 Hz, NH-3), 7.66 (d, 1H,
J=9.7Hz, NH-2), 7.19 (d, 1H, J=9.7 Hz, NH-4), 5.92 (d, IH,
J=39Hz, CH-2),587(d, 1H, J=3.8 Hz, C{H-4), 5.23 (d, 1H,
J=17.8 Hz, NH-1), 4.58 (m, 2H, C,H-4, C,H-5), 4.55 (d, 1H,
J=3.9 Hz, C,H-2), 4.19 (m, 1H, C,H-3, C.H-4), 4.16 (m, 1H,
C.H-2),4.11(dd, 1H,J=3.1,8.9 Hz, C4H-2),4.10 (p, IH, J=7.5
Hz, C,H-1), 4.08 (dd, 1H, J=2.9, 8.6 Hz, C4H-4), 3.74 (s, 3H,
COOMe), 3.60 (d, 1H, J=2.9 Hz, C;H-4), 3.51 (d, 1H, J=3.1
Hz, C3H-4), 3.35(s, 3H, OMe), 3.33 (s, 3H, OMe), 2.30 (td, 1H, J
= 5.0, 14.1 Hz, C,H-4), 2.24 (m, IH, C,H-2), 2.23 (m, lH,
CyH-4), 2.17 (ddd, 1H, J = 4.3, 10.2, 14.1 Hz, Cy/H-2), 1.61
(m, 2H, CzH-4), 1.60 (m, 2H, CgH-2), 1.49 (s, 3H, Me), 1.44
(m, 2H, C,H-4), 1.43 (s, 9H, Boc), 1.42 (d, 3H, J = 7.4 Hz,
CH;-5), 1.39 (d, 3H, J=7.3 Hz, CH;-3), 1.36 (d, 3H, J=7.0 Hz,
CH;-1), 1.31 (m, 2H, C,H-2), 1.31 (m, 2H, CsH-4), 1.25 (s, 3H,
Me), 1.22 (m, 2H, CsH-2); 3*C NMR (CDCl;, 150 MHz) ¢
175.2,174.1, 173.0, 172.9, 172.0, 155.6, 111.2, 104.6, 96.0, 83.9,
83.6,81.3,81.0,80.9,79.6,57.4,57.2,52.4,50.7,50.2, 48.5, 47.9,
36.8,31.8,31.5,31.1,29.6,29.3, 28.3,27.2,26.8, 26.7, 26.2, 26.1,
25.7, 25.5, 24.6, 22.7, 18.4, 17.6, 17.5, 14.1; HRMS (ESI) m/z
caled for C43H73N50¢(Na (M' + Na) 938.4950, found
938.4972.

Boc-L-Ala-e-Caa y)-L-Ala-e-Caa y)-L-Ala-e-Caa)-OMe  (5).
As described for the synthesis of 7, a solution of 3 (0.07 g, 0.08
mmol) on reaction with aq 4 N NaOH solution (0.32 mL) and
workup furnished 16 (0.05 g, 81%), which was used as such for
the next reaction. A solution of 11 (0.03 g, 0.06 mmol) and
CF3;COOH (0.03 mL) in CH»Cl, (0.3 mL) was stirred at room
temperature as described for 6 to give 15, which was used as such
without any further purification. As described for the synthesis
of 10, a mixture of acid 16 (0.05 g, 0.06 mmol), HOBt (0.01 g,
0.07 mmol), and EDCI (0.01 g, 0.06 mmol) in CH,Cl, (2 mL)
was stirred at 0 °C for 15 min followed by the salt 15 and DIPEA
(0.02 mL, 0.09 mmol). Workup and purification by column
chromatography (silica gel, 2.6% MeOH in CHCI;) afforded 5
(0.03 g, 46%) as a white solid, mp 104—106 °C; [o]p —126.2
(¢ 0.6, CHCLy); IR (KBr) v 3312, 2984, 2936, 1652, 1541, 1454,
1376, 1250, 1167, 1080, 1022, 857 cm ™ '; 'H NMR (CDCl3, 600
MHz) 6 8.54 (d, 1H, J=6.4 Hz, NH-5), 8.13 (d, 1H, J=6.7 Hz,
NH-3), 7.93 (d, 1H, J=9.0 Hz, NH-2), 7.66 (d, 1H, J=9.2 Hz,
NH-4), 6.33 (d, 1H, J=9.4 Hz, NH-6), 5.91 (d, lH, J=3.9 Hz,
CH-2),5.90 (d, 1H, J=3.9 Hz, C;H-6), 5.87 (d, 1H, J=3.9 Hz,
CH-4),5.37(d, 1H, J=7.8 Hz, NH-1), 4.59 (d, 1H, /J=3.9 Hz,
C,H-2),4.57(d, 1H, J=3.9 Hz, C,H-4),4.55(d, 1H, J=3.9 Hz,
C,H-6),4.25(dq, 1H, J=3.9,9.5, C.H-6), 4.24 (m, 1H, C,H-3),
4.22 (m, 1H, C,H-5), 4.15 (m, 2H, C.H-1, C4;H-2), 4.14 (m, 1H,
C4H-6),4.12 (m, 2H, C.H-4, C4H-2),4.11 (m, |H, C,H-1), 3.69
(s,3H,COOMe), 3.63 (d, 1H, J=3.1 Hz, C3H-6),3.58 (d, I1H, J=
3.1 Hz, C;H-4), 3.49 (d, IH, J = 3.4 Hz, C3H-2), 3.35 (s,
3H, OMe), 3.34 (s, 3H, OMe), 3.33 (s, 3H, OMe), 2.35 (m, 2H,
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CoH-6),2.25 (m, 1H, CH-2), 2.24 (m, 1H, Co H-4), 2.20 (m, 1H,
CyH-4), 2.16 (m, 1H, CyH-2), 1.65 (m, 2H, CzH-6), 1.64 (m,
2H, C4H-4), 1.59 (m, 2H, C4H-2), 1.52 (s, 6H, 3 x Me), 1.50 (s,
3H, Me), 1.44 (m, 2H, C,H-6), 1.43 (s, 9H, Boc), 1.40 (m, 2H,
C,H-4), 1.39 (d, 3H, J=7.4 Hz, CH;-3), 1.37 (d, 3H, J=7.3 Hz,
CH;-1), 1.36 (m, 2H, CsH-6), 1.35 (d, 3H, J = 7.0 Hz, CH;-5),
1.3 (s, 3H, Me). 1.31 (s, 3H, Me). 1.30 (m, 2H, C,H-2), 1.24 s,
3H, Me), 1.20 (m, 2H, CsH-2), 1.16 (m, 2H, CyH-4); *C NMR
(CDCls, 150 MHz) 6 174.2, 174.1, 173.1, 155.6, 111.4, 111.2,
111.1, 104.8, 104.7, 104.6, 96.1, 84.3, 84.1, 83.7, 81.5, 81.4, 81.1,
81.0, 80.9, 80.8 79.6, 57.5, 57.4, 57.3, 51.6, 50.8, 50.4, 50.1, 48.9,
48.7,47.9,37.2,37.0,36.9, 33.9,32.1, 31.4, 31.2,29.7, 28.4, 26.9,
26.8,26.6,26.3,26.2,26.0, 25.9,25.8, 25.0, 24.8, 24.7, 24.4,22.2
18.5, 17.6, 17.3, 14.8; HRMS (ESI) m/ calcd for Cs7HogNgO5;-
Na (M* + Na) 1223.6526, found 1223.6525.

Quantum Chemical Calculations. All quantum chemical cal-
culations were performed employing the program package
Gaussian 03.12
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