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Important protein secondary structures such asR-helix, â-
sheet, and turns are formed through intramolecular hydrogen
bonding betweenR-amino acid residues (1).1 There have been
extensive studies on the conformation of peptides containing
analogs ofR-amino acids and their utility as peptidomimetics.2

Sinceâ-amino acids (2)3 have excellent stability toward prote-
ases, they also have been widely used as backbone-modified
amino acids4 in drug design. However, the extra carbon-carbon
single bond (CR-Câ bond) in aâ-amino acid significantly in-
creases the flexibility of peptide backbones.5 Here, we report
that aâ-alanine analog,R-aminoxy acid residue (-NH-O-CH2-
CO-;3with R) H), has unusual conformational rigidity when
incorporated into peptide backbones,6 and it allows a strong
eight-membered-ring hydrogen bond between adjacent amino
acids.7

It is well-known that the N-O bond of hydroxylamine has
unusual conformational properties due to the lone-pair electron
repulsion.8 We reasoned that replacing theâ-carbon of a
â-amino acid with an oxygen atom would result in an analog
with more rigid conformations.Ab initio molecular orbital
calculations were first carried out on amide4 (Figure 1).9 The
most favorable conformation was found to be structure5.
Although the N-O bond is about 20° out of the amide carbonyl
plane, theZ-conformer in which the amide carbonyl iscis to
the N-O bond is more stable than theE-conformer by about 2
kcal/mol, in agreement with the experimental data.10,11 Unlike
â-alanine, which prefers extended conformations, the O-CH3

bond ofN-oxy amide4 strongly prefers out-of-plane orientations
with the<CNOC angle close to 100° (or-100°), and the barrier
for the N-O bond rotation through transition structure6 is about
7 kcal/mol.12 Interestingly, it was proposed that diamide7
would adopt a rigid eight-membered-ring hydrogen-bonded
structure8. The strong hydrogen bond in8 is indicated by the
short O‚‚‚H distance and the nearly linear O‚‚‚H-N angle.
Despite about 4.4 eu less entropy, structure8 is predicted to be
significantly more stable than structure9, which benefits little
from the six-membered-ring hydrogen-bonding interaction. Note
that the hydrogen-bonding pattern of8 is analogous to aγ-turn
found in proteins except that it contains an extra oxygen atom
in the backbone.13

Several diamides with the general formulat-Bu-CO-NH-O-
CH2-CO-NRR′ (compounds10-12 with R, R′ ) Et, Et; H,
OMe; H, i-Bu) were synthesized and examined in dichlo-
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C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.;
Pople; J. A. Gaussian, Inc.: Pittsburgh, PA, 1993. Geometry optimizations
were first done with the HF/6-31G* method. For CHCl3 solvation, the self-
consistent reaction field method was used with the volume of the HF/6-
31G* structure. Thermal energy and entropy were obtained by the HF/6-
31G* frequency calculation.
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W. K.; Mageswaran, R.Magn. Reson. Chem.1988, 26, 970.

(11) For theoretical calculation on the favored conformations ofN-oxy
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(12) This barrier is smaller than that for hydroxylamine because of the
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Figure 1. Structures ofN-oxy amides. The calculatedGrel (kcal/mol)
are in the order: HF/6-31G*, (MP2/6-31G*), and [HF/6-31G* CHCl3

solvation].
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Figure 2 shows NH stretch region FT-IR data for compounds
10-12at varying concentrations in CH2Cl2 at room temperature,
after subtracting the spectrum of pure CH2Cl2. Throughout the
concentration range of 1-40 mM, only a single peak was
observed for compound10 at 3400 cm-1, which corresponds
to the stretching frequency of the non-hydrogen-bonded NH of
an N-oxy amide. This precludes the possibility of six-mem-
bered-ring hydrogen bonding between the NH and the CdO
within oneR-aminoxy acid residue (see structure9). Compared
with 10, diamide 11 has an extra amide proton. At low
concentrations (0.5-20 mM), IR spectra of11 showed two
peaks: one at 3386 cm-1 and the other at 3198 cm-1. Following
the precedent of10, the former peak was assigned to a non-
hydrogen-bonded amide NH (at the N-terminus) and the latter
to an intramolecular hydrogen-bonded amide NH (at the
C-terminus).
Compound12has oneN-oxy amide unit and oneN-isobutyl

amide unit. Since these two types of amides have distinct
stretching frequencies for both hydrogen-bonded NH and non-
hydrogen-bonded NH, IR spectra of12may provide information
on the extent of hydrogen bonding. Spectra of12 at 0.5 mM
showed two major peaks at 3384 and 3294 cm-1. The former
peak suggests that theN-oxy amide proton is solvent exposed
(non-hydrogen-bonded) while the latter corresponds to the
hydrogen-bondedN-isobutyl amide NH. The presence of a
small shoulder at 3427 cm-1, which was assigned to the non-
hydrogen-bonded isobutyl amide NH, indicates that the in-
tramolecular hydrogen-bonded structure of compound12 (see
structure8) is predominant in CH2Cl2.
Table 1 summarizes the1H NMR chemical shift data for

diamides10-12 in CD2Cl2 at room temperature. TheN-oxy
amide NH of compound10at 5 mM appeared at 9.74 ppm and
did not change upon further dilution. However, the chemical
shifts of the twoN-oxy amide protons of compound11 at or
below 1 mM are 11.41 and 8.71 ppm. The downfield signal
corresponds to an intramolecular hydrogen-bonded NH, whereas
the upfield signal corresponds to a non-hydrogen-bonded NH.
For compound12, the singlet at 8.63 ppm was assigned to the
N-oxy amide NH and the triplet at 8.28 ppm to the isobutyl
amide NH. The unusually downfield chemical shift of the latter
was attributed to the presence of an eight-membered-ring
intramolecular hydrogen bond between the N-terminus CdO
and the C-terminus amide NH.
It is interesting to probe whether the eight-membered-ring

hydrogen bond is still favored in large peptides where there are

other hydrogen-bonding possibilities between adjacent amino
acid residues. Tripeptide13 was thus analyzed.14 In the 1H
NMR spectra of13 at or below 1 mM, there are three amide
NH signals at 9.25, 8.28, and 5.23 ppm, which were assigned
to N-oxy amide NH, alanine NH, and valine NH, respectively,
by 2D-COSY NMR experiment. Compared with that of
dipeptideN-Cbz-Val-Ala-OMe in whichδ(Ala-NH) andδ(Val-
NH) were found to be 6.35 and 5.37 ppm (at 5 mM),16

respectively, the eight-membered-ring intramolecular hydrogen
bond Val-CdO‚‚‚HN-Ala of tripeptide13was evident from its
unusually downfieldδ(Ala-NH) of 8.28 ppm.17

The intramolecular eight-membered-ring hydrogen bonding
induced by anR-aminoxy acid residue (-NH-O-CH2-CO-)
represents a novel type of backbone folding which we call the
N-O turn. AsN-oxy amides are readily available and have
excellent biostability, the N-O turn should have potential in
the molecular design of peptide analogs.18
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Figure 2. N-H stretch region FT-IR data for diamide solutions in CH2Cl2 at room temperature after subtraction of the spectrum of pure CH2Cl2.
From left to right: 10 (5 mM), maximum at 3400 cm-1; 11 (0.5 mM), maxima at 3386 and 3198 cm-1; 12 (0.5 mM), maxima at 3427 (shoulder),
3384 and 3294 cm-1.

Table 1. Amide Proton NMR Chemical Shift for Diamides10-12
in CD2Cl2 at 25°C

compound 10a 11b 12b

δNH (ppm) 9.74 (s) 11.41 (s) 8.63 (s)
8.71 (s) 8.28 (t)

a 5 mM. b 0.25 mM.
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