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Abstract: We have investigated, using NMR, IR, and CD spectroscopy and X-ray crystallography, the
conformational properties of peptides 1-10 of â3-aminoxy acids (NH2OCHRCH2COOH) having different
side chains on the â carbon atom (e.g., R ) Me, Et, COOBn, CH2CH2CHdCH2, i-Bu, i-Pr). The â N-O
turns and â N-O helices that involve a nine-membered-ring intramolecular hydrogen bond between NHi+2

and COi, which have been found previously in peptides of â2,2-aminoxy acids (NH2OCH2CMe2COOH), are
also present in those â3-aminoxy peptides. X-ray crystal structures and NMR spectral analysis reveal that,
in the â N-O turns and â N-O helices induced by â3-aminoxy acids, the N-O bond could be either anti
or gauche to the CR-Câ bond depending on the size of the side chain; in contrast, only the anti conformation
was found in â2,2-aminoxy peptides. Both diamide 1 and triamide 9 exist in different conformations in solution
and in the solid state: parallel sheet structures in the solid state and predominantly â N-O turn and â
N-O helix conformations in nonpolar solvents. Theoretical studies on a series of model diamides rationalize
very well the experimentally observed conformational features of these â3-aminoxy peptides.

Introduction

The side chains of individual residues play important roles
in the formation and stability of secondary structures in peptides
comprisingR-amino acids. It is well known that some amino
acids, such as leucine and alanine, have higher propensities than
others for formingR-helices.1-10 Interactions between side
chains, including salt bridges,11-16 hydrogen bonds,11,12,17,18and
aromatic and hydrophobic interactions,19-30 also have important

effects on the folding ofR-helices. The addition of one more
R-substituent toR-amino acids leads to acyclic or cyclicR,R-
disubstituted amino acids, which strongly promote the formation
of 310 or R-helices, even in small oligopeptides.31-35

For â-peptides, that is, peptides ofâ-amino acids, the
formation of secondary structures is also dependent on the
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structures of the individual residues.â-Peptides having a variety
of different substitution patterns can adopt distinct helical
structures.36-38 The 14-helix, which contains a 14-membered-
ring hydrogen bond between N-Hi and CdOi+2 groups, has
been observed inâ-peptides consisting ofâ2-, â3-, or acyclic
â2,3-amino acids.39-50 â-Peptides comprisingtrans-2-aminocy-
clohexanecarboxylic acid (ACHC) residues, a constrained cyclic
amino acid, also favor 14-helix formation; the cyclohexane rings
on the peptide backbone are believed to contribute to the stability
of this 14-helix.51-56 Another helical conformation, the 12-helix,
is, however, preferred byâ-peptides having cyclopentane rings
on their backbones.54,57-65 â-Peptides with alternatingâ2- and
â3-amino acid residues display a “12/10/12 helix”, which is

characterized by intertwined 12- and 10-membered-ring hydro-
gen bonds.66,67Building â-peptides with a backbone constrained
by cis-disubstituted oxetane rings leads to an unprecedented 10-
helix.68 The 8-helix, with hydrogen bonding between adjacent
amino acid residues, can be found in cyclopropane-constrained
â-peptides69 and in acyclicâ2,3-peptides having a hydroxyl group
in the 2-position of the backbone.70 In contrast to the intensive
research onâ-peptides, γ-peptides have received far less
attention. Only the 14-helix conformation has been found in
acyclic γ4-, γ2,4-, andγ2,3,4-peptides.71-75

Replacing the carbon atoms in a peptide’s backbone with
heteroatoms represents an interesting approach toward identify-
ing new classes of foldamers. Replacing theâ-carbon atom of
â-amino acid residues inâ-peptides with a nitrogen atom has
led to the discovery of new kinds of foldamers, hydrazino
peptides, which were reported by Grel and Hofmann et al.76,77

We are interested in determining the secondary structures of
peptides composed ofR- and â-aminoxy acids in which the
â-carbon atom ofâ-amino acids and theγ-carbon atom of
γ-amino acids, respectively, have been replaced by oxygen
atoms. Previously, we reported that theR N-O turn (involving
an eight-membered-ring intramolecular hydrogen bond) and 1.88

helix conformations observed in peptides ofR-aminoxy acids
are independent of their side chains.78-82 Recently, oligomers
constructed fromâ2,2-aminoxy acids have been demonstrated
to adopt novel 1.79-helices consisting of consecutive N-O turns,
each featuring a nine-membered-ring intramolecular hydrogen
bond (referred to as a “â N-O turn”).83

Backbone torsional angles are usually used to analyze the
conformations of peptides (Figure 1A). The torsional anglesφ

andψ of R-helix backbones inR-peptides have repeating values
near the canonical values of-60° and-40°, respectively. For
â-peptides, helical conformations always require a gauche
orientation with respect to the torsional angleθ defined by the
CR-Câ bond (Figure 1B).36 The 14-helix formed byγ-peptides
adopts a gauche conformation with respect to the dihedral angle
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θ defined by the Câ-Cγ bond.71-75 For R N-O turns and 1.88
helices in peptides composed ofR-aminoxy acids, gauche
conformations are also favored with respect to the torsional angle
θ defined by the O-CR bond, rather than the CR-Câ bond in
â-peptides.78-82 The crystal structures ofâ2,2-aminoxy peptides
indicate thatâ N-O turns and 1.79-helices all favor anti
conformations, with dihedral anglesθ (defined by the O-Câ

bond) close to 170°.83

In comparison withR-aminoxy acids, the extraâ-carbon atom
in the backbone ofâ-aminoxy acids leads to greater variations
in substitution patterns and results in considerable conforma-
tional flexibility. As a consequence, many more secondary
structures are possible. Therefore, the following questions arise
immediately: (1) Will theâ N-O turn and helix observed in
â2,2-aminoxy peptides be maintained in otherâ-aminoxy pep-
tides having different substitution patterns? (2) Will the nature
of the side chains affect the conformations of thoseâ-aminoxy
peptides? To address these questions, we designed and synthe-
sized a series ofâ3-aminoxy peptides1-10 having different
side chains on theâ-carbon atom (Chart 1). Here, we report
conformational studies of those peptides along with a theoretical
understanding of the conformational features.

Results and Discussion

Studying Diamides 1-5 and 7 by1H NMR Spectroscopy.
Two 1H NMR spectroscopy methods, (a) studying the concen-

tration dependence of the chemical shifts of amide protons84

and (b) the gradual addition of a strong hydrogen-bond acceptor
(such as DMSO-d6) to a dilute solution of the peptide in a non-
hydrogen-bonding solvent (such as CDCl3),85 are commonly
used to probe the formation of intramolecular hydrogen bonds
by amide protons in linear peptides. We have applied these two
methods to characterize the intramolecular hydrogen bonds
present in the oligomers ofâ3-aminoxy acids.

1H NMR spectra of diamides1-5 and7 progressively diluted
from 100 to 0.78 mM in CDCl3 indicate that theN-oxy amide
NHa proton shifts upfield more significantly than does the amide
NHb proton at the C-terminus (Figure 2a provides an example
of the dilution study using1).86 The chemical shifts of both the
NHa and the NHb protons remain constant at concentrations
below 6 mM, which is a result of deaggregation. In addition,
1H NMR spectra obtained upon adding DMSO-d6 to solutions
of 1-5 and 7 at 5 mM in CDCl3 show that, with increasing
amounts of DMSO-d6, the signal of the NHa proton shifts
downfield dramatically (∆δ ) 1.39-2.14 ppm) whereas the
signal of the NHb proton exhibits little change (∆δ ) 0.18-
0.64 ppm) (Figure 2b provides an example of the DMSO-d6

addition study using1).86 These results suggest that theN-oxy

(84) Haque, T. S.; Little, J. C.; Gellman, S. H.J. Am. Chem. Soc.1994, 116,
4105-4106.

(85) Copeland, G. T.; Jarvo, E. R.; Miller, S. J.J. Org. Chem.1998, 63, 6784-
6785.

(86) See the Supporting Information.

Figure 1. (A) Defining torsional angles in (a)R-peptides, (b)â-peptides, (c)R-aminoxy peptides, (d)γ-peptides, and (e)â-aminoxy peptides. (B) Rotamers
of â-alanine with respect to the dihedral angleθ.

Chart 1

A R T I C L E S Yang et al.
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amide NHa proton is solvent accessible and that the amide NHb

proton at the C-terminus is intramolecularly hydrogen-bonded.
Therefore, theâ N-O turns involving an intramolecular nine-
membered-ring hydrogen bond that are found inâ2,2-aminoxy
peptides are maintained in diamides1-5 and7 of â3-aminoxy
acids.

Studying Diamides 1-8 by IR Spectroscopy.The small
abundance of non-hydrogen-bonded states cannot be determined
from the1H NMR spectra because the equilibrium between the
non-hydrogen-bonded and hydrogen-bonded states is usually
rapid on the time scale of NMR spectroscopy. Thus, each
observed value ofδNH represents a population-weighted average
of the contributing states. In contrast, the time scale of IR
spectroscopic measurements is short enough to distinguish
clearly the N-H stretching signals of hydrogen-bonded and non-
hydrogen-bonded states. Therefore, data from the N-H stretch-
ing region of IR spectra provide insight into the degree of
hydrogen bond formation in nonpolar solvents.

According to our previous studies,78,81 the IR absorption of
the non-hydrogen-bonded amide NH andN-oxy amide NH
appeared in the region of 3450-3400 and 3340-3400 cm-1,
respectively, while the absorption peaks corresponding to the
hydrogen-bonded normal amide NH andN-oxy amide NH
appeared below 3370 and 3250 cm-1, respectively.

Figure 3 presents the N-H stretching region of the FTIR
spectra of diamides1-8. The spectra were recorded at a very
low concentration (2 mM) at which intermolecular hydrogen
bonding is unlikely to occur (Figure 2). We observe three major
peaks for diamides1-4 and6: the small N-H stretching bands
at 3421-3428 cm-1 are assigned to the stretching of the non-
hydrogen-bonded amide NHb groups at the C-termini; the
absorptions in the region 3387-3399 cm-1 correspond to the
non-hydrogen-bondedN-oxy amide NHa groups at the N-
termini; the biggest peaks in the region 3297-3308 cm-1 are
due to the stretching of the hydrogen-bonded C-terminal amide
NHb groups. For diamides5, 7, and8, in addition to the small

Figure 2. (a) Chemical shifts of amide protons as a function of the logarithm of the concentration of diamide1 in CDCl3 at room temperature. (b) Chemical
shifts of amide protons as a function of the amount of DMSO-d6 added in a solution of diamide1 (5 mM) in CDCl3 (0.5 mL at room temperature).

Figure 3. The N-H stretching region of FTIR spectra of diamides1-8 at 2 mM in CH2Cl2 at room temperature after subtraction of the spectrum of pure
CH2Cl2.
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peaks of the non-hydrogen-bonded NHb groups at the C-termini
(3431, 3416, and 3430 cm-1, respectively), we assigned the
broad peaks at 3330, 3322, and 3349 cm-1, respectively, to the
stretching of the hydrogen-bonded amide NHb groups at the
C-termini overlapped with those of the non-hydrogen-bonded
carbamate NHa groups at the N-termini. Two additional small
peaks at 3270 and 3200 cm-1 in the spectrum of diamide7 are
due to the vibrational coupling of the C-terminal N-H unit with
its adjacent aryl group.81 The significantly larger populations
of the hydrogen-bonded amide NHb groups at the C-termini
indicate that the nine-membered-ring hydrogen-bonded confor-
mations of theâ3-aminoxy diamides1-8 predominate in CH2-
Cl2 solutions.

X-ray Crystallographic Analysis of Two Types of â N-O
Turns. We obtained samples of diamides3 and5-7 that were
suitable for single-crystal X-ray structural analysis. The expected
â N-O turns involving a nine-membered-ring hydrogen bond
between the CdOi and NHi+2 units, which are stabilized further
by another six-membered-ring hydrogen bond between the
NHi+2 and NOi+1 units, are observed in the crystal structures
of all four compounds (Figure 4). There are significant differ-
ences, however, between the turns observed in3 and those in
5-7. In diamide3 (Figure 4), the N-O bond of theâ N-O
turn is anti to the CR-Câ bond, having a dihedral angleθ of
167.2°; the H‚‚‚H distance between the NHa and CâH units is
3.11 Å, which is longer than that between the NHb and CâH
units (2.34 Å). The torsional angles of3 are comparable to those

of the previously reportedâ2,2-aminoxy peptide18 (Table 1),
but they are distinct from those of5, 6, and7, in which the
N-O bond is gauche to the CR-Câ bond with dihedral angles
θ of 73.8°, 70.42°, and 81.4°, respectively. The H‚‚‚H distances
between the NHa and CâH units in the solid-state structures of
5-7 are ca. 2.7 Å and are shorter than those between the NHb

and CâH units (ca. 3.8 Å) (Figure 4). Taken together, we
conclude that two types ofâ N-O turns, having anti and gauche
conformations, respectively, about theθ dihedral angle, can
occur for â3-aminoxy peptides in the solid state and that the
former is similar to theâ N-O turns found inâ2,2-aminoxy
peptides.

Studying Diamide 4 by 1H NMR Spectroscopy. Interest-
ingly, two sets of signals in 1:5 ratios are present for both the
NHa and the NHb protons in the1H NMR spectrum of diamide
4 (Figure 5a). The fact that both signals are observed to shift
simultaneously in the dilution and DMSO-d6 addition studies

Figure 4. Solid-state structures of diamides3, 5, 6, and7.

Table 1. Torsional Angles of Diamides 3, 5-7, and 1883 in Their
Solid-State Structures

compound φ θ æ ψ

3 -97.76° 167.23° -71.69° 9.80°
5 -120.67° 73.86° 75.19° -71.60°
6 -115.85° 70.42° 77.49° -70.10°
7 -123.69° 81.47° 70.52° -77.33°

18a -90.23° 172.83° -64.97° 4.20°

a Structure of18:
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implies that they arise from two conformers, rather than from
impurities, and the rate of exchange between the two conformers
is slow enough for them to be distinguished by NMR spectros-
copy (Figure 5b presents the DMSO-d6 addition study as an
example).86

2D-NOESY Studies of Diamides 1-8. We performed 2D-
NOESY studies of diamides1-8 in CDCl3 or CD2Cl2 to probe
their conformations in solution. The nuclear Overhauser effect

(NOE) patterns observed for1-3, 7, and8 are distinct from
those of5 and 6 (Figure 6).86 For 1-3, 7, and 8, the NOE
observed between protons Ha and Hâ is weaker than that between
Hb and Hâ, with the NOE between protons Hb and Hâ of 3 being
particularly stronger than those of the others. In contrast, slightly
stronger NOEs are observed between Ha and Hâ than between
Hb and Hâ for 5 and6, and a medium/medium NOE pattern is
observed for4.

Figure 5. (a) The1H NMR spectrum of diamide4 in CDCl3 (5 mM at room temperature). (b) Overlaid1H NMR spectra of diamide4 recorded during the
DMSO-d6 addition experiment. Starting from the foremost spectrum (5 mM solution in 0.5 mL of CDCl3), 5 µL of DMSO-d6 was added to the NMR tube
before each successive spectrum was recorded at room temperature.

Figure 6. Summary of the NOEs observed (s, stronger NOE; m, medium NOE; w, weaker NOE) in the NOESY spectra of diamides1-8 at 5 mM in CDCl3
or CD2Cl2 at room temperature.
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Theoretical Calculations.To understand the conformational
features of compounds1-8, we carried out theoretical calcula-
tions on model systems11-17. All calculations were conducted

using the Gaussian 98 program,87 except that in evaluating the
solvent effects we used the Gaussian 94 program.88 The
geometry of each structure was fully optimized using the HF/
6-31G** method, and then vibration frequency calculations were
performed. Energies were evaluated using the B3LYP/6-311G**
and MP2/6-311G** methods. Solvent effects were estimated
from the SCIPCM model89-91 using the B3LYP/6-311G**

method.92,93The final relative energies of the different confor-
mations were estimated by eq 1, which has been shown to be
effective for other peptide systems:78-81,94-97

Figure 7 displays the six stable conformations of diamide
11. Both structures11aand11b feature strong, nine-membered-
ring, intramolecular hydrogen bonds, which are distinguished
by their dihedral anglesθ of ca. 85° in 11a(gauche) and-173°
in 11b (anti). These two structures have similar stabilities.
Structures11c and 11f also possess nine-membered-ring hy-
drogen bonds, but they are much less stable because of severe

(87) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Oritz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A.Gaussian 98, revision A.1; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(88) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.
G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. A.Gaussian 94, revision B.3; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(89) Wiberg, K. B.; Keith, T. A.; Frisch, M. J.; Murcko, M.J. Phys. Chem.
1995, 99, 9072-9079.

(90) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch, M. J.J.
Phys. Chem.1996, 100, 16098-16104.

(91) Tomasi, J.; Bonaccorsi, R.Croat. Chem. Acta1992, 65, 29-54.
(92) Becke, A. D.J. Chem. Phys.1993, 98, 5648-5652.
(93) Lee, C. T.; Yang, W. T.; Parr, R. G.Phys. ReV. B 1988, 37, 785-789.
(94) Zhao, Y. L.; Wu, Y. D.J. Am. Chem. Soc.2002, 124, 1570-1571.
(95) Wu, Y. D.; Zhao, Y. L.J. Am. Chem. Soc.2001, 123, 5313-5319.
(96) Wu, Y. D.; Wang, D. P.J. Am. Chem. Soc.1999, 121, 9352-9362.
(97) Wu, Y. D.; Wang, D. P.J. Am. Chem. Soc.1998, 120, 13485-13493.

Figure 7. Calculated conformations of11. The relative free energies (kcal/mol) were calculated at the MP2/6-311G** level in the gas phase and in CH2Cl2
(in parentheses). The N-H‚‚‚O hydrogen bond angles and the hydrogen bond distances (in angstroms) are indicated.

∆G ) ∆E(MP2) + [∆E(B3LYP, solvent)-
∆E(B3LYP)] + enthalpy correction- T∆S (1)
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geometrical distortions. Structure11dhas an extended backbone
and is ideal for the formation of sheet structures. It is ca. 2.6
and 1.2 kcal/mol less stable than11b in the gas phase and in
CH2Cl2 solution, respectively. Structure11e has a seven-
membered-ring hydrogen bond; we calculate it to be less stable
in CH2Cl2 solution than11b by ca. 1.9 kcal/mol. The calcula-
tions, therefore, suggest that the dominant conformations of
diamide 11 in CH2Cl2 solution are the two nine-membered-
ring hydrogen-bonded conformations11a and11b. These two
conformations can be readily interconverted by rotation about
the O-Câ bond. This conformational feature ofâ-aminoxy
peptides is quite different from that of analogousγ-peptides.
Gellman et al. studied a diamide of aγ-peptide model (replacing
the O atom in11 by a CH2 unit) and found that a nine-
membered-ring hydrogen-bonded conformation and a seven-
membered-ring hydrogen-bonded conformation are in equilib-
rium.98 Theoretical calculations on theγ-diamide model indicated
that a conformation similar to that of11a is the most stable
one, but five other conformations were found that were only
ca. 0.4-0.9 kcal/mol less stable in CH2Cl2 solution.99 Thus,
â-aminoxy peptides tend to form locally rigid conformations,
whereas the analogousγ-peptides are much more flexible in
their conformations.71-75,100 This situation arises because the
N-O bond is very rigid and the C-N-O-Câ unit has a strong
preference to be perpendicular. This phenomenon also contrib-
utes significantly to the rigid conformational features of
R-aminoxy peptides, which have a strong preference for an
eight-membered-ring hydrogen-bonded local structure.78-81

Consequently, we focused our attention on calculations of
the two nine-membered-ring conformations of the substituted

diamide models12-17. Figure 8 displays the most stable
conformations corresponding to11a and 11b having a â3-
substituent.101 The substituent does not change the overall
geometry significantly. The calculated backbone dihedral angles
are close to those found in the X-ray structures of3 and5-7.
Energetically, the methyl substituent has little effect on the
preference between the two conformations: the gauche con-
formation 12a is ca. 0.3 kcal/mol more stable than the anti
conformation12b in the gas phase, but it is ca. 0.2 kcal/mol
less stable than12b in CH2Cl2 solution, which is a finding that
agrees well with the weak/strong NOE pattern observed for
diamide1. When the methyl substituent is changed to an ethyl,
isopropyl, or isobutyl group, we calculate the gauche conforma-
tion to be more stable than the anti conformation. This
preference is larger in the gas phase than it is in solution. The
calculated trends for the effects that substituents have on the
conformational preferences can be applied to understand the
experimental observations. In general, a bulky substituent causes
destabilization of the anti conformation because the substituent
in the anti conformation is in a more-crowded position. Solvent
effects, on the other hand, favor the anti conformation.
Experimentally, compounds5-7 exist in gauche conformations
in the solid state. The results of calculations in the gas phase
do indicate a considerable preference for the gauche conforma-
tions 13a and 14a over the anti conformations13b and 14b,
respectively. In solution, however, the calculations indicate that
13a and 14a are only ca. 0.2 kcal/mol more stable than13b
and14b, respectively. We note that, in13aand14a, the NHa‚
‚‚CâH distance is ca. 2.7 Å, while in13b and14b the NHb‚‚‚
CâH distance is ca. 2.5 Å. If the anti and gauche conformations
are equally distributed, we would expect a weak NOE for the
NHa‚‚‚CâH interaction and a stronger one for NHb‚‚‚CâH. This
rationale seems to be in agreement with the NOE patterns
observed for diamides2, 7, and8. Calculations suggest a larger

(98) Dado, G. P.; Gellman, S. H.J. Am. Chem. Soc.1994, 116, 1054-1062.
Actually, their experiment used theN-methylated diamide; we expect that
this methylation has little effect on the conformational features.

(99) (a) The work was presented at the 219th ACS meeting in San Francisco,
CA, 2000. Zhao, Y.-L.; Wu, Y.-D. Abstract for ACS meeting. (b) Zhao,
Y.-L. Ph.D. Thesis, The Hong Kong University of Science & Technology,
2002.

(100) Brenner, M.; Seebach, D.HelV. Chim. Acta2001, 84, 1181-1189.
(101) In the cases of12-17, we calculated many possible conformations for

the side chains. For detailed information, see the Supporting Information.

Figure 8. Calculated structures for the gauche and anti conformations of the nine-membered-ring structures of12-17. Relative energies (kcal/mol) were
calculated at the MP2/6-311G** level in the gas phase and in CH2Cl2 solution (in parentheses). The H‚‚‚H distances of the NHa‚‚‚CâH and NHb‚‚‚CâH
interactions and the hydrogen bond distances of the NHb‚‚‚O interactions (in angstroms) are indicated.
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preference for the gauche conformation15a over the anti
conformation15b. This result explains the differences in the
NOE patterns observed between diamides6 and2.102

In the case of16, calculations indicate that the side-chain
ester group is involved in a hydrogen bond with the NHa group
in both the anti and the gauche conformations. In this case, the
anti conformation (16b) is considerably more stable than the
gauche conformation (16a), by ca. 0.8 and 1.4 kcal/mol in the
gas phase and in CH2Cl2 solution, respectively. This calculation
is in good agreement with the solid-state structure (Figure 4)
and the experimental observation that the NOE between the NHb

and CâH protons of diamide3 is obviously strong. In the gauche
conformation, both the Câ-CR and the Câ-Cγ bonds are gauche
to the N-O bond, which is destabilized sterically.

Calculations on17 reveal that the gauche conformation is
much more stable than the anti conformation. Thus, the
homoallyl group behaves as a sterically “larger” group than the
isopropyl and isobutyl groups. To understand this finding, we
note that there is a strong tendency for the vinyl substituent to
be gauche with respect to the Câ-Cγ bond. This conformational
preference is likely to be caused by an electrostatic attraction
between the vinyl group and the positively charged CâH group.
Such an interaction appears to be more effective in the gauche
conformation (17a) than it is in the anti one (17b).

CD Studies of Diamides 1, 2, and 6.Circular dichroism
(CD) spectroscopy has been used successfully to characterize
the secondary structures ofR-peptides,7-9,30,103,104 â-pep-
tides,38,56,60,67γ-peptides,75 and other unnatural oligomers.105-107

We used CD spectroscopy as an additional tool to probe the
conformations of the homochiral oligomers ofâ3-aminoxy acids.
Figure 9A presents the overlaid spectra of the diamides having
different side chains. Diamide2 exhibits a slightly different
absorption in two different solvents, CF3CH2OH and MeCN.

In CF3CH2OH, the curve for2 is observed having a maximum
at ca. 202 nm, a minimum at ca. 237 nm, and zero crossing at
224 nm, which is very similar to those traces observed for
R-aminoxy peptides, albeit with a slight blue-shift (maxima at
ca. 195 nm).80 The CD curves of2 changed little when the
concentration was increased from 1 to 10 mM, which indicates
that there was no aggregation (Figure 9B). Changing the solvent
for 2 from CF3CH2OH to MeCN led to a slight increase in the
intensity, and the negative minimum disappeared. The CD
spectra of diamides1 and 6 in CF3CH2OH could not be
determined because of their poor solubilities. In MeCN,
however, the CD spectra of1 and6 are similar to those of2
with maxima at ca. 200 nm, although the intensity of6 was
significantly higher than that of either1 or 2. This observation
indicates that the gauche conformation of6 is more favorable
in solution, whereas anti conformations might predominate for
1 and2. This conclusion is in agreement with the results of the
above calculations.

Two Types of â N-O Helices Induced by â3-Aminoxy
Peptides.Because there are two types ofâ N-O turns induced
by â3-aminoxy acids, we used triamides9 and10, which have
small (methyl) and large (isobutyl) side chains, respectively, to
probe the effect that the side chains have on the helical
conformations ofâ3-aminoxy peptides.

A dilution study of triamide10 (from 200 to 1 mM),
monitored by1H NMR spectroscopy, indicates that the chemical
shifts of the amide protons, except that of the NHa unit at the
N-terminus, were independent of the concentration.86 A similar
study of triamide9 could not be performed because of its poor
solubility in CDCl3. Nevertheless, the dramatic downfield shifts
(∆δ > 2.26 ppm) observed by1H NMR spectroscopy for the
NHa protons relative to the NHb and NHc protons (∆δ < 0.34
ppm) in the DMSO-d6 addition studies of both9 and10suggest
that the protons of theN-oxy amide NHb and regular amide
NHc groups are intramolecularly hydrogen-bonded, but the
N-terminal NHa groups are not.86 Four peaks are observed in
the N-H stretching region of the IR spectra of both9 and10
(Figure 10); they correspond to hydrogen-bonded NHb (3192
and 3234 cm-1, respectively), hydrogen-bonded NHc (3287 and
3289 cm-1, respectively), non-hydrogen-bonded NHa (3387 and
3354 cm-1, respectively), and non-hydrogen-bonded NHc (3430
and 3446 cm-1, respectively) units. The small peaks at 3430
and 3446 cm-1 indicate that only negligible concentrations of

(102) Calculations based on the Boltzman distribution of all of the conformations
considered give the following anti:gauche ratios at 298 K: R2 ) Me (12),
1.4:1; R2 ) Et (13), 1:1.2; R2 ) i-Pr (14), 1:1.3; R2 ) i-Bu (15), 1:2.8;
R2 ) COOMe (16), 17.1:1; R2 ) CH2CH2CHdCH2 (17), 1:4.1. In the
case of17, another conformation corresponding to rotation of the vinyl
group in 17b by ca. 180° has about the same stability as17b (see the
Supporting Information, Table S9).

(103) Lu, H. S. M.; Volk, M.; Kholodenko, Y.; Gooding, E.; Hochstrasser, R.
M.; DeGrado, W. F.J. Am. Chem. Soc.1997, 119, 7173-7180.

(104) Albert, J. S.; Peczuh, M. W.; Hamilton, A. D.Bioorg. Med. Chem.1997,
5, 1455-1467.

(105) Szabo, L.; Smith, B. L.; McReynolds, K. D.; Parrill, A. L.; Morris, E. R.;
Gervay, J.J. Org. Chem.1998, 63, 1074-1078.

(106) Gin, M. S.; Moore, J. S.Org. Lett.2000, 2, 135-138.
(107) Yu, M.; Nowak, A. P.; Deming, T. J.; Pochan, D. J.J. Am. Chem. Soc.

1999, 121, 12210-12211.

Figure 9. (A) Circular dichroism spectra of diamides1, 2, and6 recorded from 1 mM solutions at room temperature. (a)6 in MeCN; (b) 2 in MeCN; (c)
1 in MeCN; (d)2 in CF3CH2OH. (B) Circular dichroism spectra of different concentrations of diamide2 in CF3CH2OH recorded at room temperature. The
spectra have been normalized for the concentration of the compounds.
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the non-hydrogen-bonded conformations of both9 and10 are
present in CH2Cl2.

We observe a unique absorption in the CD spectra of triamide
9 in CF3CH2OH, MeCN, and MeOH with a maximum at ca.
198 nm (Figure 11a). The shape of the curve is similar to that
of the CD spectrum of diamide1 (Figure 9A), but the maximum
is slightly red-shifted. In MeOH, the CD absorption is slightly
less intense than it is in MeCN or CF3CH2OH, which is a finding
that is similar to the features of the 1.88-helix observed in
peptides of homochiralR-aminoxy acids.80 Triamide10exhibits
a maximum at 198.5 nm (Figure 11b), which is almost the same
as that of9 except that the intensity has increased significantly;
these findings are in agreement with the fact that the intensity
of diamide6 (Figure 9A) is much higher than that of diamide
1. Therefore, a helical structure having two nine-membered-
ring hydrogen bonds, that is, two consecutiveâ N-O turns, is
formed in both9 and10. In addition, these helices are stable
enough to be observed, even in a polar solvent such as methanol.

Interestingly, two different NOE patterns are also observed
for triamides9 and10 (Figure 12) that are analogous to those
observed in theâ N-O turns of diamides. Therefore, two types
of â N-O helix built from two types ofâ N-O turns are
dominant in9 and 10. The N-O bond is anti to the CR-Câ

bond in9, which features methyl side chains, but it is gauche
in 10, which has isobutyl side chains.

X-ray Crystallographic Analysis of the Sheet Structures
of 1 and 9 in the Solid State.The studies above indicate that,
in solution, the diamides1-8 adoptâ N-O turn conformations
and the triamides9 and 10 exist in â N-O helices. These
findings were also confirmed by the solid-state structures of3
and5-7 (Figure 4). Surprisingly, the solid-state conformations
of 1 and9 turned out to be different. Rather than a turn or a
helix, 1 and9 exist in the solid state in more-extended sheetlike
structures having intermolecular hydrogen bonds (Figure 13).
The backbone torsional angles of diamide1 and triamide9 in
their solid-state structures are summarized in Table 2. In these

Figure 10. The N-H stretching region of FTIR spectra of triamides9 and10 at 1 mM in CH2Cl2 recorded at room temperature, after subtraction of the
spectrum of pure CH2Cl2.

Figure 11. (a) The CD spectra of triamide9 in different solvents recorded at room temperature. (b) The CD spectrum of triamide10 (0.5 mM) in TFE
recorded at room temperature. All of the CD data have been normalized for the concentration of the compound and the number of backbone N-O turns.

Figure 12. Summary of the NOEs observed (s, stronger NOE; w, weaker NOE) for triamides9 and10 at 5 mM in CDCl3 at room temperature.
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extended conformations, all of the amide groups are involved
in intermolecular 16-membered-ring hydrogen bonding in a
parallel fashion. According to the results of calculations (Figure
7), although11d is less stable than the other conformations,
the difference between them in energy is not too great. For1
and 9, which have small side chains, it seems possible that
hydrophobic interactions between the protecting groups at both
the C- and the N-termini cause the existence of sheet structures
to be more favorable in the solid state where the molecules are
packed at exceedingly “high concentration”.

Conclusion

We have presented our studies on the conformational prefer-
ences ofâ3-aminoxy peptides, which are a new subclass of
â-aminoxy peptides. Both experimental studies and theoretical
calculations onâ N-O turns andâ N-O helices inâ3-aminoxy
peptides have provided much insight into the nature of the
folding of â-aminoxy peptides. The N-O bond in theâ3-

aminoxy peptides can be either anti or gauche to the CR-Câ

bond depending on the size of the side chain on theâ-carbon
atom, whereas only the anti conformation was found to be
present inâ2,2-aminoxy peptides. Moreover, we discovered that
some differences occur between the conformations in solution
and those existing in the solid state. Understanding the effects
that the side chains have on local conformational features should
stimulate the design of new foldamers.
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Figure 13. The solid-state structures of (a) diamide1 and (b) triamide9. The parallel sheet structures present in the packing of (c) diamide1 and (d)
triamide9 in the solid state. Plan views of the solid-state packing of (e) diamide1 and (f) triamide9.

Table 2. Torsional Angles of Diamide 1 and Triamide 9 in Their
Solid-State Structures

compound φ θ æ ψ

1 126.77° 172.46° -173.91° -120.60°

9 127.78° 172.41° -59.74° 118.16°
-116.57° 63.55° -171.18° -141.16°
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