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Abstract: Replacing the Câ atoms in theâ-amino acid constituents ofâ-peptides by nitrogen atoms leads to
hydrazino peptides. A systematic conformation analysis of blocked hydrazino peptide oligomers of the general
type I at the HF/6-31G*, MP2/6-31G*, and DFT/B3LYP/6-31G* levels of ab initio MO theory and on the
basis of molecular mechanics reveals a wide variety of secondary structures, as for instance various helices
and sheet- and turnlike conformers. Some of them are closely related to secondary structure types found in
â-peptides; others represent novel types. Thus, a very stable, novel helix with 14-membered hydrogen-bonded
pseudocycles, which occupies a conformation space different from that of helices with 14-membered rings
found among the most stable conformers inâ-peptides, is indicated. The most important secondary structure
elements are characterized by interactions between peptidic NH and CO groups. The additional hydrazino
NRH group takes part in special structuring effects but is of lesser importance for secondary structure formation.
The influence of environmental effects on the existence and stability of the various structure types is discussed.
Due to the wide variety of structural possibilities, hydrazino peptides might be a useful tool for peptide and
protein design.

Introduction

There are considerable efforts to improve the pharmacological
properties of natural peptides by structure modification of the
amino acid constituents.1 A very important point for the utility
of such modified peptides as peptidomimetics is the realization
of well-defined three-dimensional structures mimicking the
essential features of their natural counterparts. Among the
numerous possibilities of peptide structure alteration, the
replacement ofR-amino acids byâ-amino acids is a well-known
principle documented by numerous studies in the last three
decades.2 A very interesting idea is the synthesis of peptide
sequences completely fromâ-amino acids (â-peptides).3-6

Extensive studies from Seebach’s3 and Gellman’s4 groups

demonstrate the formation of stable secondary structures, as for
instance various helix, sheet, and turn types. In particular, helix
formation, which was first observed inâ-peptides in the 1980s,5

might be surprising since a higher conformational flexibility
could be expected inâ-amino acid oligomers due to the
additional methylene group in each monomer constituent. In
the meantime, the conformation space ofâ-peptides has been
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systematically examined by employing quantum chemical and
empirical force field methods illustrating the wide variety of
secondary structure possibilities and their peculiarities in relation
to R-peptide structures.5c,7Extensive molecular dynamics studies
describe folding phenomena in these oligomers.8 Even in
γ-peptides, characteristic folding patterns were found.9

In the search for further useful structural variations, the
replacement of the CR and Câ atoms of theâ-amino acid
constituents by heteroatoms could be an attractive extension of
the â-peptide concept. In fact, oligomers of aminoxy acids,
which have an oxygen atom instead of theâ-carbon atom,
exhibit also characteristic elements of secondary structure. The
most stable one differs from the preferred ones inâ-peptides.10

Another idea might be the introduction of nitrogen atoms for
the Câ atoms leading to hydrazino peptides composed of
R-hydrazino acids (H2Nâ-NRH-CH(R)-COOH). These hy-
drazino peptides, which could be considered asâ-azapeptides
derived fromâ-peptides, offer a wide variety of possibilities
for structure modifications at CR and the two nitrogen atoms of
their constituents in analogy to the well-known azapeptide11 and
peptoid12 concepts inR-peptides. Moreover, the additional NRH
group might be responsible for novel types of secondary
structure.

There are some natural peptides with singleR-hydrazino acid
constituents, e.g. linatine and negamycin. First attempts of
peptide modification byR-hydrazino acids providing bioactive
peptides have been done in the early 1970s.13 However, the
difficulties to obtain pureR-hydrazino enantiomers have prob-

ably prevented more extensive studies in this field. In recent
years, these difficulties have been overcome. Now, peptides with
singleR-hydrazino amino acids are accessible14 and even a solid-
phase synthesis for hydrazino peptides by N-electrophilic
amination has been elaborated.15 Thus, a systematic examination
of the possibilities of secondary structure formation in hydrazino
peptides and its peculiarities could be useful. For this purpose,
we employ quantum chemical and molecular mechanics methods
which have provided an overview on the conformational aspects
in the parentâ-peptides.7

Computational Methods

The dihydrazide derivative h(Nâ-Ac)Gly-Nâ′H-NR′H-Me (I ) with
n ) 1 derived fromR-hydrazinoacetic acid hGly)H2Nâ-NRH-CH2--
COOH, the hydrazino analogue of glycine, and oligomers withn )
2-5 in I , where the-CO-NâH-NRH- structure element replaces
the peptide bond (Nâ-coupling), were considered in theoretical con-
formational analyses as model compounds for hydrazino peptides. In
a first step, the blocked monomerI with n ) 1 was examined to describe
the intrinsic conformation possibilities of the single constituents of
hydrazino peptides and to look for those conformers which might be
suited for the formation of characteristic secondary structures. Even
for n ) 1, a systematic investigation of the complete conformational
space characterized by the rotation anglesæ, θ, andψ within a grid of
small angle intervals is rather tedious at a higher level of ab initio MO
theory. Here, we followed a strategy similar to that already employed
in our previous study onâ-peptides.7b Starting conformations with
values of 180, 120, 60, and 0°, respectively, for the central torsion

angleθ were selected. Compounds such as hydrazine, 1,2-diformyl-
hydrazine, and N,N′-diacetylhydrazide, respectively, could be consid-
ered as models for the hydrazide part in the hydrazino peptides.
According to several higher level ab initio MO conformation studies,16

these molecules prefer values of about-90° and, alternatively, 90°
for the backbone rotation angle around the NN bond. Therefore, these
values were assigned to the torsion angleæ in the blocked hydrazino

(5) (a) Ferna´ndez-Santı´n, J. M.; Aymamı´, J.; Rodrı´guez-Gala´n, A.;
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peptide monomer. Finally, the torsion angleψ was set to values of
180,-120,-60, 0, 60, and 120°, respectively. The above-mentioned
quantum chemical studies indicated a remarkable dependence of the
pyramidality at the hydrazine/hydrazide nitrogen atoms on the NN
torsion angle. This configuration aspect at both nitrogens, NR (hy-
drazino) and Nâ (peptidic), in theR-hydrazino acid constituents deserves
special attention because of chirality. Thus, a wider variety of
conformers could be realized, even if nitrogen inversion might reduce
the importance of such effects. Nevertheless, to obtain the information
on the conformers as completely as possible, the two possibilities of
pyramidality of the two nitrogen atoms were considered in additional
calculations for each (æ, θ, ψ) angle combination. The conformations
obtained in this way cover the complete conformation (and configu-
ration) space of the hydrazino peptide monomerI . They were the
starting points for complete geometry optimizations at the HF/6-31G*
level of ab initio MO theory.17 Numerous studies have shown this level
sufficient to provide a reliable picture of the conformational properties
in peptides.18 To get information on a possible influence of correlation
effects arising from the hydrazide structure, the optimizations were
repeated at the MP2/6-31G* and DFT/B3LYP/6-31G* levels of ab initio
MO theory.17,19 The quantum chemical grid search was supplemented
by a complete molecular mechanics conformational search employing
the CHARMm23.1 force field20 with grid intervals of 30° for the
backbone torsion angles. Conformers from this search, which were not
found so far at the HF/6-31G* level, were reoptimized for verification.
Finally, conformations with rotation angles of conformers determined
in unsubstituted and substitutedâ-peptide monomers of the general
type Ac-NH-CH(R2)-CH(R1)-CO-NHMe with R1 and R2 ) H and/
or Me in our previous study,7b which were not confirmed for the
hydrazino peptide monomer by the two described procedures, were
also considered in geometry optimizations. All stationary points
estimated at the HF/6-31G* level were characterized by frequency
analyses. Because of the interest in periodic secondary structures, a
systematic HF/6-31G* conformation search for the blocked hydrazino
dipeptideI (n ) 2) was started from grid points withæ ) 90° or,
alternatively,-90° and always the same combinations of(60° intervals
between 0 and 180° for θ andψ in both amino acids. Although starting
from periodic structures, nonperiodic conformers could also be obtained
from this search. HF/6-31G* and DFT/B3LYP/6-31G* geometry
optimizations of hydrazino peptide trimers, tetramers, and pentamersI
with n ) 3-5, respectively, were focused on periodic structures as
they are suggested by the conformers found in the (æ, θ, ψ)
conformation space of the monomers and dimers (vide infra). Since
the results for the various trimer, tetramer, and pentamer structures are
in close agreement, only the data of the pentamers are presented and
discussed.

The solvent influence on the secondary structures was estimated by
employing two quantum chemical continuum models, the Onsager self-
consistent-reaction field (SCRF) and the polarizable continuum model
(SCI-PCM) formalisms.21 Although peptide and protein structures might
essentially be influenced by specific solute-solvent interactions, such

continuum calculations provide a general idea of the trends of solvent
influence, even if the quantitative aspect of the data should not be
overestimated. In the Onsager SCRF calculations, the geometries of
the various structures were optimized at the HF/6-31G* level. The
molecular radii necessary for such calculations were determined from
the Conolly surfaces on the basis of the HF/6-31G* gas-phase
geometries. These geometries were also the basis for the single-point
SCI-PCM calculations, which do not need the molecular radii. An
isodensity value of 0.001 was used in these calculations. Calculations
in the presence of a solvent were for water with a dielectric constant
of ε ) 78.4. The quantum chemical calculations were performed
employing the Gaussian94 and Gaussian98 software packages (Gaussian
Inc., Pittsburgh, PA 15106). The molecular mechanics conformation
search employed the QUANTA97 software (Molecular Simulations,
Inc., San Diego, CA 92121).

Results and Discussion

Conformation of Dihydrazide I ( n ) 1). At first, the
possibility of cis peptide bonds in hydrazino peptides has been
examined in a conformational analysis on the backbone fragment
II varying systematicallyψ andæ for starting values ofω ) 0
and 180°, respectively, and considering the alternative pyramidal
arrangements at both nitrogen atoms. The calculations indicate
the trans orientation is distinctly preferred. Thus, all conforma-
tion studies are based on this structure.Table 1 informs on the
geometry and stability of 12 conformer families in the dihy-
drazideI (n ) 1) obtained in the conformation search at the

HF/6-31G* level of ab initio MO theory. The results of the
correlation energy methods, MP2/6-31G* and DFT/B3LYP/6-
31G*, are in good agreement. Thus, only the energy data from
these calculations are listed in Table 1. The geometry informa-
tion is available in Table S1 of the Supporting Information. For
each conformer in this table, there is an energetically equivalent
mirror image with opposite signs of the values for the torsion
anglesæ, θ, andψ. The greater diversity of the basic conformer
types in comparison withâ-peptides comes from the above-
mentioned possibility of pyramidal alternatives of the two
nitrogens. It is further increased by consideration of the
alternative hydrazine conformers in the terminal hydrazide part
described by the torsion angleæ2. With respect to the central
torsion angleθ, typical values of about(60, (120, and 180°
for gauche, skew, and anti-periplanar conformations are pre-
ferred, with the gauche conformations being favored. The torsion
angleæ corresponds to that for hydrazine ((90°) within a range
of about (30° in most conformer families. As inR- and
â-peptide monomers, conformers that are characterized by
hydrogen-bonded rings denoted by Cx, where x means the
number of atoms in the pseudocycle, predominate. The hydrogen-
bonding patterns for the most stable conformer in each family
are indicated in Table 1. They may be considered as part of a
general scheme of hydrogen bond formation in hydrazino
peptide sequences illustrated in Figure 1. The structures of some
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A.; Cimiraglia, R.; Hofmann, H.-J.J. Phys. Chem.1997, 101A, 8571.

(19) (a) Becke, A. D.J. Chem. Phys.1993, 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. G.Phys. ReV. 1988, 37B, 785.

(20) (a) Momany, F. A.; Rone, R. J.J. Comput. Chem.1992, 13, 888.
(b) Momany, F. A.; Rone, R. J.; Kunz, H.; Frey, R. F.; Newton, S. Q.;
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Table 1. Torsion Angles and Relative Energies of Conformers of DihydrazideI (n ) 1) Obtained at HF/6-31G*, MP2/6-31G* and DFT/B3LYP/6-31G* Levels of ab Initio MO Theorya

a Energies in kcal/mol, angles in deg.b Cx: Hydrogen-bonded cycle withx atoms. Hx: Basic unit of a periodic structure with hydrogen-bonded Cx turns. Hx/y: “Mixed” helix. c ET ) -563.804 670 au.d ET

) -565.445 522 au.e ET ) -567.168 126 au.
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conformers selected from Table 1 are visualized in Figure 2.
Analogy with conformers found inâ-peptides7 exists for several
rather stable C6 and C8 conformers, e.g.M3-M5 andM8, with
forward and backward formation of the hydrogen-bonded rings
between the peptidic NâH and CO groups along the sequence.
These C6 and C8 rings could be regarded as analogues of the
so-called C5 conformer in R-peptides, which is the parent
conformation inâ-strands there, and the C7 conformer, respec-
tively, a model compound forγ-turns in peptides and proteins.
However, some peculiarities in hydrazino peptides arise from
the NRH group, which participates in several types of hydrogen
bonds (Figure 1). This group may serve as a proton donor to
realize hydrogen-bonded cycles of the same size but different
type in forward and backward directions with peptidic CO
groups, e.g. C5, C9, etc. As a proton acceptor, hydrogen bonds
between the nitrogen atom and the NH groups of peptide bonds
and other NRH groups could be thought of. In fact, the most
stable conformerM1a shows two types of C5 rings, the one
with backward formation of the hydrogen bond between NRH

as proton donor and the preceding peptidic CO group and the
other with the nitrogen atom of this group as proton acceptor
and the peptidic NH of the following amino acid (Table 1,
Figure 2). There are further structures of high stability in Table
1 with such characteristics, which cannot be compared with the
above-mentioned C5 rings in R-peptides. There are even
conformers showing both the typical peptidic CO‚‚‚HN interac-
tions and the effects involving NRH, e.g. M3a and M4a.
However, according to our conformation studies on oligomers
of I up to n ) 5, the hydrazino NRH group is not involved in
hydrogen-bonded rings larger than C5. Obviously, geometry
factors generally favor the interactions between peptidic structure
elements in the rings of larger size. The proton donor capability
of the peptidic NâH is anyway preferred over that of the NRH
group, which could be seen in a comparison of the electron
densities at both nitrogen atoms or the electrostatic potentials
around these groups. Most conformers of Table 1 are confirmed
when considering solvation influence (Table 2). There are,
however, changes of the stability order. Thus, C8 conformers
of family M4, e.g.M4bs,cs, are now most stable followed by
conformers of familyM2 and only then by conformers of family
M1 with the most stable conformers in vacuo. The torsion angles
estimated for the conformers of familyM4 are supported by
X-ray data obtained for fourR-peptide derivatives with a single
hydrazino acid constituent.14 It is interesting to find structures
in the conformer pool of the dihydrazideI that represent the
basic units of helical secondary structures with hydrogen-bonded
pseudocycles larger than C6 and C8, respectively, although the
structural prerequisites for hydrogen bond formation are not yet
fulfilled at the blocked monomer level (e.g.M1 andM7).7,12b-e

Conformation of Oligomers of I (n ) 2-5). The monomers
of Table 1 may serve as starting points for estimating the
formation of periodic and nonperiodic secondary structures in
hydrazino peptide oligomers. Obviously, the same and different
C6 conformers can be oligomerized since hydrogen bonding is
realized in forward direction within the same amino acid (1f

Figure 1. Various possibilities of hydrogen bonding in hydrazino peptides for secondary structure formation: (a) hydrogen bonding from a peptidic
NâH group to peptidic CO and other peptidic and hydrazino NH groups; (b) hydrogen bonding from a hydrazino NRH group to peptidic NâH and
CO groups and to other hydrazino NRH groups.

Figure 2. Selected conformers of the hydrazino peptide monomerI
with different hydrogen-bonding patterns.

Hydrazino Peptides as Foldamers J. Am. Chem. Soc., Vol. 123, No. 2, 2001251



1 interaction). Examples are given in the Tables 3 and 4, which
summarize data for a selection of periodic and nonperiodic dimer
(n ) 2) and pentamer (n ) 5) conformers ofI . One of the
periodic H6 pentamers can be seen in Figure 3. Such structures
are typically sheet- or ladderlike. Even if hydrogen bonding in
C8 pseudocycles ofI is organized in backward direction between
three amino acids (3f 1 interaction), it can be seen that
oligomerization of the same or different C8 rings is always
possible keeping all monomer torsion angles. Most interesting
of the various H8 structures are oligomers from the conformer

family M4 (Tables 1 and 2), which have been found to be rather
stable in a polar environment. The sheet- or stairlike H8

pentamer prototype derived fromM4a is shown in Figure 3. It
is equivalent to the theoretically predicted and experimentally

Table 2. Torsion Angles and Relative Energies of Conformers of
DihydrazideI (n ) 1) Obtained at the HF/6-31G* Level of the
SCRF Solvation Modela

conf æ θ ψ æ2 ∆E typeb

M1as 81.9 83.9 15.3 87.4 1.0 C5 (H14
II )

M1bs 81.2 82.6 21.6 -82.2 1.5
M1cs 79.5 85.6 13.5 -119.4 1.7
M1ds 79.4 85.2 16.3 117.4 1.4
M2as 81.8 165.7 -19.3 -84.9 0.8 C5 (H5(N))
M2bs 82.4 162.9 -25.1 84.2 0.6
M2cs 79.6 162.0 -24.7 111.9 0.6
M2ds 79.6 161.8 -27.4 -125.0 0.9
M3as 86.2 72.1 155.6 -82.7 5.4 C5, C6

M3bs 84.7 71.6 156.8 83.3 5.5
M3cs 130.3 67.5 158.8 120.6 6.7
M3ds 134.4 67.8 156.4 -115.8 6.5
M4bs -117.4 96.6 1.9 -85.4 0.4 C5, C8 (H8)
M4cs -119.8 92.1 1.8 83.4 0.0c

M4ds -105.6 89.6 -10.1 83.1 1.9
M4es -117.1 99.0 -3.7 -132.0 1.6
M4f s -117.1 100.1 -5.0 104.2 1.4
M5as 80.9 -123.1 36.4 89.1 1.2 C5, C8

M5cs 86.3 -118.5 34.2 -102.8 2.0
M5ds 86.2 -119.6 36.7 134.4 2.1
M6as 84.3 -174.1 -139.2 84.3 3.0 C5
M6bs 84.1 -174.1 -140.8 -83.9 3.0
M6cs 87.4 -178.9 -126.1 -107.6 3.6
M7as -60.3 100.1 -139.1 86.8 3.3
M7bs -63.3 101.5 -140.7 -71.2 4.1 C5 (H12)
M7cs -63.4 101.9 -133.1 -92.7 4.8
M7ds -98.7 77.1 -88.8 153.5 4.0
M8as 129.8 63.4 175.2 -82.0 3.7 C5, C6 (H6(N))
M8bs 128.4 62.1 176.8 82.0 3.6
M8cs 139.8 63.1 173.5 -121.1 3.9
M11s 120.1 166.8 158.4 -81.6 6.0 C5

M12s 107.7 -179.9 -78.6 -86.2 8.4 C5

a Energies in kcal/mol, angles in deg.b Cx: Hydrogen-bonded
pseudocycle withx atoms. Hx: Basic unit of a periodic structure with
hydrogen-bonded Cx turns. Hx/y: “Mixed” helix. c ET ) -563.811 617
au.

Table 3. Torsion Angles and Relative Energies of Selected Periodic and Nonperiodic Minimum Conformations of the DimerI (n ) 2)
Obtained at the HF/6-31G* Level of ab Initio MO Theorya

conf æ θ ψ ∆E typeb conf æ θ ψ ∆E type

D1 83.6 70.3 41.9 0.0c C10 D6 -95.0 61.7 92.1 5.2 C5, C5
70.8 67.4 49.26 (H10) 72.1 65.3 178.8 (H12/10)
81.5 87.1

D2 86.3 76.2 22.5 0.7 C5, C5 D7 -69.0 98.5 -145.6 5.8 C12
85.4 75.2 23.7 (H14

II ) -65.3 95.9 -131.1 (H12)
86.1 -68.8

D3 -117 .7 79.6 22.9 3.1 C8, C8 D8 98.9 61.9 -128.6 7.7 C10
-125 .0 80.5 17.8 (H8) -92.2 60.1 96.3 (H10/12)

-85.0 81.2
D4 -90.2 -82.2 72.5 3.6 C10 D9 -83.9 -84.8 67.5 8.7 C6, C6

67.0 76.1 137.9 -87.0 -84.2 70.1 (H6(N))
-82.5 -86.1

D5 84.9 161.3 -26.1 3.7 C5, C5 D10 125.4 -58.6 150.5 14.1 (H14
I )

81.7 162.3 -25.0 (H5(N)) 128.6 -62.0 147.7
81.9 85.3

a Energies in kcal/mol, angles in deg.b Cx: Hydrogen-bonded pseudocycle withx atoms. Hx: Dimer unit of a helix with hydrogen-bonded Cx

turns. Hx/y: “Mixed” helix. c ET ) -825.614 018 au.

Figure 3. Various periodic secondary structures found for the
hydrazino peptide pentamerI .
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confirmed most stable secondary structure in oligomers of
aminoxy acids, which have oxygen instead of the NR nitrogen
in their monomer constituents.10 The corresponding C8 conform-
ers have also been predicted inâ-peptides7a,b and indicated in
1-(aminomethyl)cyclopropanecarboxylic acid oligomers, where
both C8 ring alternatives occur.3g,j

Whereas the C6 and C8 oligomers of hydrazino peptides
correspond toâ-peptide oligomers, further periodic secondary
structure types in hydrazino peptides can be derived from all
C5 monomer structures. Such structures are impossible in
â-peptides since the hydrazino nitrogen atom NR is now involved
in the hydrogen bonds. Thus, oligomerization ofM2b andM10a
leads to the helical structures H5(N) and H6(N) (Tables 3 and 4),
which are visualized as pentamers in Figure 3. In H5(N), the
hydrazino nitrogen is employed as proton acceptor and proton
donor at the same time, whereas the peptidic nitrogen fulfills
these functions in H6(N). The indices 5(N) and 6(N) in the
symbols for the two special helices denote the size of the
pseudocycles as in all other periodic structures and the fact that

only nitrogen atoms are involved in hydrogen bonding. Although
these structures are interesting, these two helices are distinctly
less stable in comparison to other structures (Table 5) and their
existence might, therefore, be improbable. Nevertheless, C5

interactions could be a stabilizing factor in higher oligomers.
This is striking when considering the most interesting monomer
with C5 structure elements, the very stable conformerM1a
(Table 1). Oligomerization of this monomer provides a novel
H14 helix (Tables 3 and 4, Figure 4), which does not have a
counterpart inâ-peptides. The 14-membered hydrogen-bonded
pseudocycle with a hydrogen bond in forward direction between
the peptidic NH group of amino acidi and the CO group of
amino acidi + 2 can only be formed in the trimer, where the
structural prerequisites for hydrogen bonding are fulfilled (1
f3 interaction, Figure 1), but the conformation is already
present in the monomer and dimer structures (M1a andD2 in
Tables 1-3). In comparison to the well-known H14 alternative
in â-peptides3a,c,4a,e,5with torsion angles ofæ ≈ (150°, θ ≈
-60°, and ψ ≈ (130°, the novel helix occupies a different

Table 4. Torsion Angles of Selected Minimum Conformations of the PentamerI (n ) 5) Obtained at the HF/6-31G* Level of ab Initio MO
Theorya

conf typeb æ θ ψ conf type æ θ ψ

P1 H6 120.6 62.8 -178. 2 P2 H8 -117. 9 80.6 20.3
117.3 62.5 -179. 8 -120. 9 81.6 19.2
116.9 62.2 179.4 -120. 8 81.2 19.9
116.8 62.2 -178. 1 -123. 3 83.5 15.1
77.4 72.2 156.8 -113. 0 69.9 16.7
83.4 -86.4

P3 H10 83.2 68.5 38.6 P4 H12 -71.1 95.1 -139 .0
76.6 66.3 68.0 -70.9 91.4 -127 .9
67.0 58.1 62.5 -69.1 90.7 -127 .8
71.1 64.0 57.0 -69.6 91.4 -130 .6
67.9 65.7 47.8 -65.8 94.6 -128 .7
81.5 -68.9

P5 H14
I 126.5 -48.6 130.1 P6 H14

II 84.0 80.7 17.7
134.9 -50.2 137.0 79.5 69.2 28.3
129.5 -43.3 133.2 76.9 70.5 29.4
126.9 -49.9 140.2 72.9 72.1 28.9
131.3 -59.4 152.0 75.8 70.4 34.6
84.5 82.7

P7 H5(N) 84.9 161.0 -26.3 P8 H6(N) -84.7 -84.6 69.1
81.7 160.3 -25.8 -85.2 -84.1 70.4
81.7 160.0 -25.5 -85.9 -84.1 71.2
81.6 160.4 -25.5 -85.3 -84.4 69.1
81.7 162.2 -24.8 -86.6 -84.1 69.7
81.9 -85.7

P9 H10/1 2 76.2 68.2 -109. 2 P10 H12/10 -94.7 61.8 94.5
-93.9 61.0 92.2 77.1 72.2 -118 .3

78.8 73.6 -118. 6 -96.7 56.8 93.2
-94.6 49.3 87.0 83.6 71.2 -121 .1
100.5 57.7 -167. 2 -86.8 53.7 87.3

-70.0 -81.9

a Angles in deg.b Hx: Pentamer of a periodic structure with hydrogen-bonded Cx turns. Hx/y: “Mixed” helix.

Table 5. Relative Energies of Selected Minimum Conformations of the PentamerI (n ) 5)a

typeb HF/6-31G*c PCM/HF/6-31G*// HF/6-31G* SCRF/HF/6-31G*d DFT/B3LYP/6-31G*

H6 22.1 (14.9) 8.8 19.1 23.9
H8 11.0 (19.7) 7.3 0.0e 7.8
H10 6.2 (10.7) 12.6 8.3 3.8
H12 14.7 (18.8) 22.3 2.0 9.6
H14

I 34.1 (19.5) 30.4 17.2 23.5

H14
II 0.0f (10.2) 0.0g 3.3 0.0h

H5(N) 16.2 (8.9) 8.5 20.2 16.3
H6(N) 28.7 (10.2) 19.3 28.7 29.5
H10/12 10.9 (1.6) 18.9 20.7 4.3
H12/10 10.2 (3.9) 21.0 19.0 1.6

a Energies in kcal/mol.b Hx: Pentamer of a periodic structure with hydrogen-bonded Cx turns. Hx/y: “Mixed” helix. c Dipole moments (in Debye)
in parentheses.d Dielectric constantε ) 78.4.e ET ) -1611.066 470 au.f ET ) -1611.050 401 au.g ET ) -1611.118 572 au.h ET ) -1620.495 977
au.
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conformation space indicated by torsion angles ofæ ≈ (80°,
θ ≈ (70°, andψ ≈ (30°. Here, the torsion angleæ is close to
the ideal hydrazine rotation angle. It could be interesting to look
for the H14 structure alternative of theâ-peptides in hydrazino
peptides. The basic conformer is not among the monomers of
Table 1 but can be indicated at the dimer level (D10 in Table
3). It is maintained in all higher oligomers (Table 4). In the
following paragraphs, theâ-peptide-like H14 conformer and the
novel H14 helix in hydrazino peptides are denoted by H14

I and
H14

II, respectively. Figure 4 visualizes these two important helix
types in a stereoview. Whereas the H14

I helix belongs to the
most stable secondary structures inâ-peptides, its stability is
remarkably lower in hydrazino peptides (Tables 3 and 5). The
main reason for this seems to be the considerable deviation of
the rotation angleæ from the optimum value for hydrazine-
like conformers. In theâ-peptide H14

I helix, this angle is closer
to that of the s-trans arrangement of hydrazine. A search for
the novel helix type H14

II in â-peptides was not successful.
Starting the optimization of aâ-peptide sequence from the
corresponding rotation angles provides a periodic H10 helix in
this conformation space, which has already been obtained as a
rather stable conformer in our systematic conformation search
in â-peptides.7b The reduction of the size of the hydrogen-
membered pseudocycle is caused by steric effects arising from
one of the hydrogens at the Câ atoms of theâ-amino acid
constituents. This H10 helix with hydrogen-bonded cycles in
forward direction between the peptidic NH group of amino acid
i and the CO group of amino acidi + 1 appears in hydrazino
peptides at the dimer level (D1 in Table 3), where the structural
prerequisites for the hydrogen bond formation are fulfilled (1

f 2 interaction; cf. Figure 1). The H10 helix proves to be very
stable in the higher oligomers, too (Tables 4 and 5, Figure 3).
Obviously, H14 and H10 helices can principally be formed in
two independent conformational regions in hydrazino peptides
and â-peptides. Whether the two helix types appear in both
regions depends on the actual structure. Thus, the two different
H14 helices, H14

I and H14
II, can be seen in hydrazino peptides

but only one of them inâ-peptides (H14
I). The H10 helix is only

indicated in one conformational region, which is the same in
â-peptides and hydrazino peptides and involves also the H14

II

helix. H10 helices in the other conformation space change into
the corresponding H14

I helix there. Another helix type found in
â-peptides exhibits C12 rings formed in backward direction
between peptidic CO and NH groups of the amino acidsi + 2
andi (3 f 1 interaction; cf. Figure 1).4b,e,g,hThe basic conformer
for this H12 helix is among the hydrazino peptide monomers of
Table 1 (M7b), although the prerequisites for hydrogen bond
formation are only fulfilled at the dimer level (D7 in Table 3).
The H12 pentamer helix is shown in Figure 3.

All characteristic helix types for the hydrazino peptides are
confirmed at the B3LYP/6-31G* level of DFT theory. The DFT
geometry data are available in the Tables S2 and S3 of the
Supporting Information. According to both approximations, the
novel H14

II helix is most stable followed by H10, H8, and H12

(Table 5). The energy data in Table 5 show a considerable
influence of a polar medium. Helix H14

II remains rather stable,
H8 gains considerable stability, but the stability of the H10 helix
decreases such as inâ-peptides as suggested by the smaller helix
dipole moment due to a less parallelity of the hydrogen bonds
to the helix axis (Table 5). The energy data provided by the

Figure 4. Stereoview of the two hydrazino peptide helix alternatives, H14
I and H14

II, with 14-membered hydrogen-bonded pseudocycles.
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two solvation models, SCRF and SCI-PCM, are contradictory
and might only be considered as a qualitative trend estimation
of solvent influence. In any case, both models indicate consider-
able stability differences between the corresponding helices in
â-peptide and hydrazino peptide models. In particular, the
preference of the H14

I helix in â-peptides cannot be confirmed
in hydrazino peptides, which distinctly prefer the H14

II alternative
with a proper hydrazine rotation angle. This helix competes with
the periodic H8 conformer in a polar environment, which is the
most stable secondary structure type in oligomers of aminoxy
acids.10 All conformation data indicate a great influence of the
hydrazine structure element on the type and stability of
hydrazino peptide secondary structures.

An unusual “mixed” helix type with alternating C12 and C10

rings has been found inâ-peptides.3e,7b,cSuch mixed helices,
for which basic conformers can be recognized among the
monomers in Table 1 (M9), are also predicted for hydrazino
peptides. The geometry and energy data for the corresponding
dimer (D6, D8) and pentamer (P9, P10) alternatives are given
in the Tables 3-5. Figure 5 visualizes this helix type for the
two alternatives with C10/C12 and C12/C10 orders of the
pseudocycles. In a polar environment, these helices should be
disadvantaged in comparison to the periodic helices because of
compensating effects on the helix polarity due to the opposite
directions of the hydrogen bonds in the alternating pseudocycles
(cf. dipole moments in Table 5).

Amino acid dimers are of particular importance, since they
are able to induce turn structures, which are necessary to reverse
the direction of a sequence. Such reverse turns can be realized
on the basis of periodic and nonperiodic structures. Most of
the well-knownâ-turns inR-peptides exhibit a C10 ring with a
hydrogen bond in backward direction from the NH group of
amino acidi + 3 to the CO group of amino acidi (4 f 1
interaction).22 Blocked hydrazino peptide andâ-peptide dimers
possess the structural prerequisites for C10 but also for C12 ring
formation. They offer, therefore, access to two different types

of turns with the hydrogen bonds in forward (C10, 1 f 2
interaction) and backward (C12, 3 f 1 interaction) directions.
Figure 6 shows the blocked nonperiodic dimerD4, which
belongs to the most stable dimer conformers (Table 3), as a
representative example for a hydrazino peptide turn with a C10

ring. Recently, such C10 turn structures were experimentally
found in tripeptides of 1-(aminomethyl)cyclohexanecarboxylic
acid.3f,j

Conclusions

The conformation analyses on hydrazino peptide oligomers
show a wide variety of secondary structure elements, as for
instance various helices and sheet- and turnlike structures.
Whereas some of them correspond to secondary structure types
found inâ-peptides, others represent novel types. Most interest-
ing is a very stable helix with 14-membered hydrogen-bonded
pseudocycles located in a conformation space different from
that of helices with 14-membered rings found among the most
stable conformers inâ-peptides. Secondary structure formation
in hydrazino peptides is determined by the peptidic NH and
CO groups. The hydrazino NRH group takes part in some
structuring effects, but its importance for secondary structure
formation is distinctly smaller. The wide variety of well-defined
secondary structure types and the considerable potential for
structural modification make hydrazino peptides a useful tool
for peptide and protein design.
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Figure 5. “Mixed” helix alternatives in the hydrazino peptide pentamer
I with alternating C10 and C12 hydrogen-bonded rings.

Figure 6. Hydrazino peptide C10 turn in the dimer minimum
conformationD4 (cf. Table 3).
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