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We studied the DFT (B3LYP) and HF at 6-31þG/6-31þG** levels of theory in order to throw light on the
conformation, structure, intramolecular hydrogen bond network, as well as proton and nitrogen NMR
(GIAO method) of a series of model primary amides in the gas phase and/or in solution (chloroform,
methanol, water, dimethyl sulfoxide, and heptane). In this manner, it was possible to show that the
amidic group of these model compounds acts as the H-bond donor and interacts with two different
H-bond acceptors, thus stabilizing the C8 pseudocycle. The study was conducted to gain a better
understanding of the conformation (both experimentally and theoretically) adopted by hydrazino
acetamides (model compounds for aza-b3-peptides). In the light of this, we were able to explain why aza-
b3-peptides develop a different H-bond network in comparison to their isosteric b3-peptide analogues
(an extension of the b-peptide concept).

� 2010 Elsevier Ltd. All rights reserved.
N
N

NH2 N
N

NH2

O O O O
n

RH

H

H

R
n

N

H
N

N

O

O

H

R

bound free

H

Scheme 1. Hydrazino peptides (left), aza-b3-peptides (middle), and Hydrazinoturn,
with the ‘bound’ hydrogen atom and the reference ‘free’ hydrogen atom (right)
illustrated.
1. Introduction

We know of hydrogen bonds that are so strong that they re-
semble covalent bonds (quasi-covalent hydrogen bonds) in most of
their properties, and some of others are so weak that they can
hardly be distinguished from van der Waals interactions.1 In many
chemical and biochemical processes, hydrogen bonding is one of
the most important interactions that occurs in aqueous and polar
environments. The ‘O/HO, O/HN’ are two very important types of
hydrogen bonds; however, the heteronuclear NH/O system is even
more important than the homo nuclear OH/O bond because of its
important role in living systems.2a–d

Ab initio calculations imply that amide–amide hydrogen
bonding is strongest when the NH/O angle approaches linearity
(optimum values are calculated to be around 160�). Hydrogen bond
energy, however, appears to be less sensitive to the C]O/H angle
as long as this angle is greater than 90�.3,4 One of the challenging
issues in molecular design is the control of three-dimensional
structures.5 Hydrazinopeptides6 and aza-b3-peptides7 (Scheme 1)
are viewed as promising pseudopeptides in order to build self-
organizing foldamers,8 mimicking the secondary structure of
biomolecules.
x: þ98 311 391 2350.
h).
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The introduction of supplementary nitrogen inside the peptide
backbone allows new intramolecular interactions involving either
this nitrogen atom or the one directly bound to it. These in-
teractions (a putative bifurcated hydrogen bond) reinforce the
formation of an eight-membered cyclic hydrogen-bond. These
networks of hydrogen bonding, called ‘hydrazinoturn’, occur in this
family of molecules9 and have been viewed as a major force leading
to the secondary structures of certain families of foldamers
(Scheme 1).

Recently, Salaün et al. investigated the role of hydrogen bonding
in aza-b3-peptide structure using NMR structural study of model
hydrazine acetamide compounds mimicking the aza-b3-peptide
backbone to characterize the ‘hydrazinoturn’ with a measurable
change in chemical shift for the hydrogen atom involved.10 Simo
et al. examined the role of the hydrogen bonding network in
hydrazino peptides and aza-b3-peptides by an AIM topological
analysis of the electron density.11 Recently, we reported the quantum
chemical analysis of the effect of triazene acetamide substitution.12a
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Bax et al. reported the determination of amide N–H equilibrium
bond length using concerted dipolar coupling measurements.12b

Timmoms and Wipf reinvestigated the structure of a cyclic amide
diazaphenanthrene alkaloid (samoquasine A) using DFT calculation
of 13C NMR shifts.12c Dabbagh et al. investigated the experimental
and quantum chemical diastereoselective formation of eighteen-
membered hydrogen bonded pseudocycles.13a They reported the
experimental and theoretical results for an eleven-membered bi-
furcated hydrogen-bonded pseudocycle for methyl-2,4-dimethoxy-
salicilate (a potential anti-tumor agent).13b Kleinpeter and Frank
studied the steric substituent effect on the intensity of the push-pull
effect in substituted alkynes using DFT calculation of 13C NMR
shifts.13c Jimenez-Fabiant et al. investigated the molecular structure
and the intramolecular hydrogen bonding of b-aminoacroleins at
MP2 and B3LYP levels of theory. They utilized AIM and NBO analyses
to characterize the nature of hydrogen bonding in these systems.
They also demonstrated that the topological parameters could be
applied to estimate the hydrogen bond strength.13d

The aim of the present study is to apply quantum chemical
methods to 14 sample molecules described by Salaün et al.10 and to
compare the results of experimental NMR chemical shift differ-
ences Dd with those of a theoretical proton NMR. The optimized
geometry and the energy minima and maxima of the compounds
1–9c (Scheme 2) were computed both in the gas phase and in so-
lution (chloroform, methanol, water, dimethyl sulfoxide, and hep-
tane). Furthermore, the X-ray structural features of two of these
molecules10 were compared with computed values.
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Scheme 2. The 14 molecules for which structures have been investigated in this study.
Finally, in order to throw light on the intramolecular hydrogen
bond network of these molecules, conformational analysis was
performed for each sample by rotation around the bond next to the
amide group. The objective of the study was to a gain a better
understanding of the H-bond interaction in a more general context.

2. Computational methods

All of the structures of primary amides studied in this work were
optimized by Hartree-Fock (HF) and density functional method
(DFT) at B3LYP level applying 6-31þG and 6-31þG** basis sets in-
dividually. The density functional method adopted here is B3LYP, i.e.,
Becke’s three-parameter hybrid functional using Lee–Yang–Parr14,15

correlation function. The various levels at which optimizations
were performed included HF/6-31þG, HF/6-31þG**, B3LYP/6-31þG,
and B3LYP/6-31þG** methods. All calculations reported were carried
out using GAUSSIAN 03 software.16 The starting geometry for each
optimization was performed independently and/or chosen from the
X-ray diffraction study results in Ref. 10. Potential energy scan (PES)
studies of these compounds were performed in order to obtain the
internal barrier to rotation at HF/6-31G level. The geometry obtained
from the minimum energy of these compounds was computed at the
DFT level of theory (B3LYP/6-31þG**), which included the diffuse
shells as well as d and p polarization functions. The chemical shift
differences was computed at the same level of theory using the
gauge-invariant atomic orbital (GIAO)17 method and referenced to
TMS shielding values also calculated at HF/.6-31G*. The population of
the orbitals and the occupation of relevant orbitals of these mole-
cules were calculated by NBO analysis18a,b and by reference to B3LYP/
6-31þG** molecular geometries.

3. Results and discussion

The 14 molecules selected for this study are listed in Scheme 2.
These molecules were selected because 1 and 9c showed an
eight-membered bifurcated hydrogen bonded pseudocycle net-
work. The influence of replacing one nitrogen atom by a carbon
atom was investigated in molecules 9a, 9b, and 9c. Molecules 3, 4,
and 5 showed an O/H hydrogen bond but no N/H hydrogen
bond. Molecules 6a and 6b showed no internal hydrogen bond.
Molecule 6b rather than 6a here serves as the reference because
it has no internal hydrogen bond and does not experience any
anisotropic effect by the phenyl group. Molecule 2 showed an
N/H hydrogen bond but no O/H hydrogen bond. Molecules 7
and 8 showed two folded states with O/H and N/H hydrogen
bonds, respectively. However, the dominant conformers of 7 and
8 showed NH/N hydrogen bonds. Molecules 1a, 1b, 2, 3, 4, 5, 6a,
7a, 7b, 8, 9a, 9b, and 9c are those of 1a, 1b, 1c, 2a, 3a, 4a, 5, 6a,
6b, 7, 8a, 8b, and 8c in Ref. 10, respectively. We investigated the
structural parameters of the molecules, which were influenced
by the internal hydrogen bonding network (C]O/HN and HN/
HN). In this respect, we defined, as also reported in Refs. 10 and
11, two geminal amidic protons for the comparison of structural
parameters: the bonded NH (Hb) relative to the ‘free’ one (Hf)
(Scheme 3).



Table 1
Experimental and calculated proton NMR chemical shift differences at HF/DFT/6-
31G and DFT/6-31þG** in gas phase of 1–9ca

Amide Proton NMR Chemical Shift Difference (Dd)

Com. Expt.b Calculated in gas phasec

CHCl3 HF/6-31G DFT/6-31G DFT/6-31þG**

1a 2.60 4.17 4.22 4.25
1b 3.10 4.68 4.64 4.74
2 1.60 1.88 2.25 1.92
3 2.30 2.21 2.45 2.43
4 0.70 3.18 3.23 3.24
5 0.15 2.60 2.74 2.49
7a 1.60 2.28 2.62 2.29
7b 1.75 2.51 2.92 2.59
8 2.15 3.74 3.85 3.715
9a 2.10 3.48 3.61 3.47
9b 2.60 4.15 4.18 4.012
9c 1.2 3.85 3.91 3.75

a Molecules 1–9c were optimized at B3LYP/6-31þG**.
b Ref. 10.
c Reference to TMS at HF/6-31G (d)/GIAO.
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Scheme 3. Hydrazinoturn hydrogen bonding network, showing the ‘bound’ hydrogen
atom and the reference ‘free’ hydrogen atom.
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The total energy, dipole moment, ratio of energy, and ratio of
dipole moment of optimized substituted hydrazino or primary
acetamides of structures reported in Table S1 were optimized at HF/
6-31þG, HF/6-31þG**, B3LYP/6-31þG, and B3LYP/6-31þG** levels.
The intramolacular hydrogen bond length and bond angle (C]O/
H–N and HN/HN) of 1–9c were calculated at HF/B3LYP/6-31þG/6-
31þG** levels, which complement those of Ref. 11 at B3LYP/6-
31þþG** level (where available) (Table S2).

There are two intramolecular H-bonds in molecules 1a, 1b, 9a,
9b, and 9c: (NH/N) and (NH/O). The resulting H-bond gives rise
to a five- and eight-membered hydrogen-bonded pseudocycles.
The (NH/O) and (NH/N) bond lengths for compound 1a are
2.09 Å and 2.39 Å, those for compound 1b are 2.00 Å and 2.45 Å,
those for compound 9a are 2.19 Å and 2.50 Å, those for compound
9b are 2.00 Å and 2.50 Å, and those for compound 9c are 2.12 Å and
2.52 Å, respectively using the B3LYP/6-31þG** method. Molecules
1a, 1b, 9a, 9b, and 9c are very similar: The O/H and N/H dis-
tances, as well as the NH/O and NH/N angles, indicate a bi-
furcated hydrogen bond, as has also been summarised in Ref. 10.
Comparison of 1a and 1b, on the one hand, and 9a, 9b, and 9c, on
the other, show small differences between the O/H intramolecular
hydrogen bonding networks and larger differences for the N/H
hydrogen bond. Molecules 1a and 1b experienced stronger internal
hydrogen bonding, which could be due to the presence of a b ni-
trogen atom in molecule 1a and 1b. This nitrogen atom is not
present in molecules 9a, 9b, and 9c. This could be related to the
lone-pair electron repulsion in the N–N fragment. This structural
constraint is known to favor an orthogonal arrangement between
the lone pairs. In this sense it restrains, to some extent, the flexi-
bility of the hydrazino fragment, acting as a type of braking
mechanism against the rotation about the N–N bond. When rota-
tion occurs, lone pairs tend to eclipse and electronic repulsion in-
creases. Part of the repulsion could be released if the Nb lone-pair
conjugated efficiently with the adjacent carbonyl group. The lat-
ter would become more polarized, thus making it a stronger H-
bond acceptor.19 In other words, a carbamate moiety double
bonded oxygen atom would be a better H-bond acceptor than an
ester or an amide one. Molecules 1a and 1b revealed a greater
propensity to stabilize the bifidic arrangement (two hydrogen-
bonded pseudocycles) than 9a, 9b, and 9c. Secondly, for mole-
cules 4 and 5, which prefer the eight-membered hydrogen-bonded
pseudocycle, and both of which possess an intramolecular O/H
hydrogen bond but no N/H hydrogen bond, the reading of Table S2
indicates a strong intramolecular hydrogen bonding, particularly
for molecule 4. We can deduce from the figures that the amide
function oxygen atom (in molecule 4) is a more efficient hydrogen
bond acceptor than the ester function oxygen (in molecule 5), in
agreement with the results in Ref. 10. Molecules 7a and 7b exhibit
similar intramolecular hydrogen bonds. A clear intramolecular
hydrogen bond exists between H and N, thus forming a C5 pseudo
ring. Intramolecular hydrogen bonding in molecule 8 reveals
a C6-membered pseudo ring, the intramolecular hydrogen bonding
network obviously prefers the C6 pseudo ring to the C5 pseudo ring
in terms of the efficiency of hydrogen bonding (Scheme 2).10,11

In the next phase, the differences of computed chemical shift
differences (Dd) of the amidic protons were compared with
experimental values (conformation of Na-substituted hydrazine
acetamides in CDCl3, the analysis of Dd between amidic hydrogens,
and correlation to the conformation of aza-b3-peptides10). Un-
fortunately, there was no experimental value reported for the other
solvents used in our calculations. In these cases, we simply dis-
cussed the effect of increasing polarity of the solvent on chemical
shift differences.

The initial strategy was to compute the NMR values from the
optimized geometry (at DFT/B3LYP/6-31þG**) of each molecule
using X-ray input parameters (Table S2). Much to our surprise, the
calculated Dd values showed large deviations from those of the
experimental values. In the next step, the effect of basis set on
computed chemical shift differences (Dd) of amidic protons was
studied. The geometry of molecules optimized at B3LYP/6-31þG**

level was selected to compute Dd using various basis sets (HF/6-
31G, DFT/B3LYP/6-31G, and DFT/B3LYP/6-31þG**) (Table 1). These
clearly indicate that the computed NMR values of these systems
depend on the geometry20 of the molecules rather than on the
applied basis set. We, therefore, calculated Dd in solution (chloro-
form, methanol, water, dimethyl sulfoxide, and heptane) at HF/6-
31G/GIAO level of theory (Table S3). These observations promoted
a search for conformer (s) to produce NMR values similar to those of
experimental findings. To achieve this goal, the potential energy
scan (PES) was performed for these compounds by rotating about
the bond next to the primary amidic moiety (–C–C–CO–NH2 group
for compounds 3, 4, 5, and 8) and (–N–C–CO–NH2 group for com-
pounds 1a, 1b, 2, 7a, 7b, 9a, 9b, and 9c).
The conformer (s) with minimum energy was extracted from
the PES plot and optimized at DFT/B3LYP/6-3þG**. The structural
parameters (H-bond length and H-bond angle) of the minima
conformers (optimized at DFT/6-31þG**) are listed in Table S4.

The 1H NMR chemical shift differences of this conformer was
computed at the same level of theory both in the gas phase and in
solution. These results were compared with experimental values
(Tables 2 and S5).

One example of conformational analysis (for 7a) is discussed
below for illustration. The rotation about the C(2)–C(3) bond of
molecule 7a gave two maxima and two minima energy conformers.
The energy maximum conformer at 290� experienced the repulsion
of –NH2 and –Ph groups but no intramolecular H-bonding. The
conformer at 80� was slightly more stable (0.60 kcal/mol) than the
conformer at 290�. The conformer at 350� had the lowest energy
(a result of intramolecular H-bonding). The resulting H-bond gave
rise to a five-membered hydrogen-bonded pseudocycle. The



Table 2
Computed amidic proton NMR chemical shift differences (Dd) and their natural
charges of optimized minima conformer of 1–9c

Com. Dihedral
(4)a

Dd (ppm) Natural Charges (q) Dq

Gasb CHCl3 (Exp.)c Hb Hf Hb H f

1a 61.8 3.22 (3.36) 2.85 (2.6) 0.449 0.426 0.024
1b 23.7 3.87 (3.89) 3.52 (3.10) 0.452 0.426 0.026
2 329.3 1.93 (2.01) 1.83 (1.6) 0.439 0.435 0.004
3 30.1 2.63 (2.70) 2.23 (2.3) 0.456 0.427 0.029
4 119.0 0.54 (0.52) 0.74 (0.7) 0.426 0.428 -0.002
5 315.2 0.03 (0.09) 0.29 (0.15) 0.417 0.432 -0.015
7a 350.2 1.85 (1.94) 1.77 (1.6) 0.433 0.429 0.004
7b 346.3 1.99 (2.19) 1.93 (1.75) 0.435 0.429 0.006
8 302.9 2.26 (2.33) 2.19 (2.15) 0.436 0.425 0.011
9a 50.9 2.40 (2.32) 2.11 (2.10) 0.444 0.427 0.017
9b 5.9 3.11 (3.09) 2.83 (2.6) 0.455 0.433 0.021
9c 68.6 1.71 (1.65) 1.52 (1.20) 0.441 0.427 0.014

a X–C–CdCO–NH2 (X¼C and N).
b Values in parenthesis are the calculated proton NMR at DFT/6-31þG**/(GIAO).
c The experimental Dd values are in parenthesis.
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conformer at 180� also experienced an internal H-bond between
the hydrogen of the amine and the oxygen of the amidic group
(NH/O]C). The H-bond acceptors in conformers at 180� and 350�

were the oxygen of the amidic group (C]O) and the nitrogen of the
amine (NH), respectively (Figs. 1 and 2).
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Figure 1. Plot of dihedral angle vs (calculated) energy of compound 7a.

Figure 2. (A) The next highest energy maxima conformer (w80�), (B) the next lower energ
(D) the lowest energy minima conformer (w350�) of 7a.
An excellent correlation was observed between experimental
and calculated chemical shift differences values
[(Dd)calcd¼0.9685(Dd)exp�0.0397 (R2¼0.9757)] (Fig. 3). This correla-
tion indicates that the correct geometry had been selected for NMR
calculations. The computation of 1H chemical shifts is usually rather
poor; the methodology used herein is aimed for chemical shift dif-
ferences hence most of the systematic errors in chemical shift cal-
culations are canceled out in subtraction. Poor correlation was
observed when experimental absolute chemical shifts were plotted vs
the computed absolute chemical shifts (Figs. S1 and S2). The absolute
1H chemical shift of the two amidic hydrogens (Hb and Hf) of the
minima conformers of 1–9c (which was optimized at DFT/6-31þG**

in gas phase at HF/6-31G level of theory) are listed in Table S6.
Figure 3. Correlation of experimental10 and computed 1H chemical shift differences
(Dd) of the amidic protons Hb and Hf.
The hydrazino acetamide 1a reveals a much higher Dd value
(2.85 ppm) than the experimental one (Dd¼2.60 ppm). Since this
compound folds into an eight-membered hydrogen-bonded pseu-
docycle, the value of 1a implies that specific structural features
must be present, displacing the propensity toward the folded state.
Both five-membered and eight-membered pseudocycles could
contribute to the folding process in a competitive way. The aza-
analogues 1a (Dd¼2.85 ppm) and 1b (Dd¼3.52 ppm) showed
higher calculated Dd values in comparison to compounds 9a and 9b.
This argues against a significant population of a C6 conformation.
y minima conformer (w180�), (C) the highest energy maxima conformer (w290�), and



Figure 4. NHb ( ) and NHf ( ) computed chemical shifts of 3 (top), 4 (middle) and 5
(bottom) as a function of solvent polarity.
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The increase of 0.67 ppm observed for Na-substituted hydrazino
acetamides 1a and 1b reveals a greater propensity to stabilize the
bifidic arrangement. We assume that this must be related to the
lone-pair electron repulsion in the N–N fragment (Ref. 10).

The Dd value (1.83 ppm) of 2 was obtained at a dihedral angle of
185� where a five-membered conformation contributes to the
folding process in a competitive way. As the Dd value of 2 is closer to
that of 7a (1.77 ppm) than to that of 8 (2.19 ppm), it seemingly
indicates a preference for a five-membered hydrogen-bonded
pseudocycle or may be the result of the lone-pair electron repulsion
with an exocyclic terminal nitrogen.

The Dd values of compounds 3, 4, and 5 were calculated to be
2.23, 0.74, and 0.29 ppm. These values are in excellent qualitative
agreement with the experimental values of 2.30, 0.70, and 0.15 ppm,
respectively, reported by Salaün et al. Proton NMR of 3 was com-
puted for the conformer at the dihedral angle of 30.10�. Compound 3
predominantly exists as a six-membered hydrogen-bonded pseu-
docycle. The NMR Dd value of 4 was calculated (0.74 ppm) for the
conformer at 119.03� in chloroform. In the solvent, the predominant
conformer (at dihedral angel 119�) with a weak intramolecular H-
bond does not experience the gauche repulsion. The calculated NMR
for the conformer at the dihedral angle of 69� exhibiting hydrogen
bonding deviated from the experimental NMR. This was the result of
gauche repulsion. In other words, the steric hindrance overcomes the
stability exerted by H-bond. A similar observation was made for 5
but with smaller Dd. This conformation (at a dihedral angle of 315.2�)
allows H-bonding between NH2 and the ester group (the ester group
is less polarized and a weaker hydrogen bond acceptor than the
amide group). The much larger value observed for 3 compared to 4 is
due to the shift of the equilibrium toward the six-membered pseu-
docyclic folded state (Table 2).

In the case of 3, by increasing polarity from the gas phase to
water, intermolecular H-bonding was favored (Hf shifted down-
field, 3.77 ppm) while Hb was almost unaffected (trapped in an
intramolecular H-bond, 5.86 ppm) (Fig. 4). The same tendency was
reported experimentally at higher concentrations or when the
amounts of DMSO (d6) were increased.10 For 4 and 5, both NHs
moved downfield at higher polarity levels of the solvent, confirm-
ing that the unfolded state is predominantly populated, Ref. 10
(Fig. 4). In the unfolded state, Hb formed a stronger H-bond
(deshielded) with the polar solvents because of the less repulsion
between the incoming solvent and the carbonyl.

To verify if the steric hindrance alone could differentiate the two
amidic protons, Salaün et al. prepared the sterically comparable
4-phenylbutyramid 6a in which no significant H-bond acceptor was
present. The experimental zero Dd of 6a revealed no interaction. In
this work, a very small Dd (0.22 ppm) value in chloroform was
calculated for 6a indicating a small interaction (H-bonding with
aromatic p-system)21 between the phenyl and the amidic protons.
In contrast to compound 6a, the Dd value of the isosteric amide 7a is
1.77 ppm, and the Dd of the upper homolog 8 is 2.19 ppm. A strong
anisotropic effect for 7a by the phenyl ring on the Dd value was
observed or 8 can be eliminated, as Dd is 1.93 ppm for 7b. These
values are in excellent qualitative agreement with experimental
values.10 Nevertheless, it is clear that the primary amides of 7a and
7b substantially interact with the lone-pair of the sp3 nitrogen. The
resulting H-bond gives rise to a five-membered hydrogen-bonded
pseudocycle. To further test the steric factor and eliminate any
possible H-bonding interaction between the phenyl and the amidic
protons of 6a, the Dd of proton NMR of 4,4-dimethylpentanamide
6b was examined to obtain a value of 0.26 ppm in chloroform.

For the tertiary amine 9a, the Dd value (2.11 ppm) calculated at
the dihedral angle of 50.9� is in excellent qualitative agreement
with the experimental value (2.10 ppm). The tertiary amine 9b
combines the structural features present in compounds 4 and 7a
(Scheme 2). The Dd value of 9b (2.83 ppm) is higher than the sum of
the individual values (0.74þ1.77). Assuming that compound 9b can
adopt a bifidic folded state, the nonlinearity observed can be
interpreted as the result of a more favorable entropic situation. In
such a conformation, the two H-bond acceptors, although com-
petitive, mutually reinforce their efficiencies by restraining the
flexibility of the molecule.10 Considering the respective Dd values of
4 and 7a, it is reasonable to propose that the five-membered
hydrogen-bonded pseudocycle is the most important contributor
to the folding process, since its most favorable formation makes the
subsequent participation of the carbonyl group easier. This is con-
firmed by the Dd value of compound 9a, which reaches 2.11 ppm
(theory for conformer at 50.9�), despite the presence of the sig-
nificantly less polarized ester group. For the symmetrical tertiary
amine 9c, the Dd value (1.52 ppm) calculated from the conformer at
a dihedral angle of 68.6� is in qualitative agreement with the ex-
perimental value (1.20 ppm) and is almost half the value reported10

for tertiary amide 9b (2.83 ppm). This makes sense since each
amide group acts alternatively as a H-bond donor and a H-bond
acceptor. The deviation between the experimental (1.20 ppm) and
the expected (1.52 ppm) values was a result of the difference in
polarity between primary and tertiary amides.

Furthermore, there is a linear relationship between the increase
in DdHb,Hf, DqHb,Hf, and the strength of hydrogen bond (Fig. 5). The
higher the differences in chemical shift and charge polarization of



Figure 5. Correlation between the 1H chemical shift differences (DdHb,Hf) and the
charge density differences (DqHb,Hf) of amidic hydrogens.
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amidic protons, the stronger the hydrogen bond. This increase is
more pronounced for molecules 1 and 9 both of which are involved
in a C8 pseudocycle H-bond network system.

The results of NBO analysis (occupation number for the assign-
ments and their corresponding orbital energies) for these systems are
given in Table S7. In this Table, the NBO occupation numbers are
reported for s (N–Hb) bonds; s* (N–Hb) antibonds; the oxygen lone
pairs, n O; the nitrogen lone pairs, n N; and their respective orbital
energies, E. In the NBO analysis of hydrogen bonded systems, the
charge transfer between the lone pairs of proton acceptor and anti-
bonds of proton donor is highly important. The results of the NBO
analysis (Table S7) shows that in the chelated structures of these
molecules, two lone pairs of oxygen atom (n2 O) and (n1 N) participate
as donors and s* (N–Hb) antibonds serve as acceptors.13c,13d

There is also a linear correlation between the quotient (s* N–Hb/s
N–Hb) and the NH/O and NH/N bond distance (Fig. 6). This plot
predicts that the quotient (s*/s) of the N–Hb bond (N–Hb of pri-
mary amidic was involved in intramolecular hydrogen bonding)
and the charge polarization at two hydrogen (Hb Hf) correlate well
as descriptors of the hydrogen bond strength.

The molecular orbital anti-bonding s*of N–Hb of hydrazinoturns
1a, 1b, 9a, and 9b are depicted in Figure 7. These orbitals noticeably
verified the greater intramolecular hydrogen bonding in molecules
1b and 9b than in 1a and 9a, and the greater electron density be-
tween the atoms involved in hydrogen bonding.

Finally, the nitrogen chemical shift of primary amidic nitrogen
(which was involved in intramolecular hydrogen bonding) of
compounds 1–9c was calculated at HF/6-31G/GIAO level of theory
(reference to NH3 at HF/6-31G (d) GIAO) (Table S8).
Figure 6. Dependence of the NH/O ( ) and NH/N ( ) bond distance (in a C8

pseudocycle) on the occupation quotients of the anti-bonding s* and bonding s
orbitals of N–Hb bond.
Unfortunately, there was no experimental nitrogen NMR value
available for comparison. However, comparison of the nitrogen
chemical shifts of 1a, 5, and 9a both in the gas phase and in solution
(chloroform, methanol, water, dimethyl sulfoxide, and heptane) shed
some light on the effect of pseudocycles and b-nitrogen on the extent
of H-bonding (Table S8). All three molecules experience an eight-
membered H-bond pseudocycle, 1a and 9a form a true ‘hydrazino-
turn’ pattern and a bifurcated hydrogen bonding network with the
former having additional b-nitrogen. The stronger H-bond of the
pseudocycle makes the amidic N–H bond weaker (proton more
acidic), which deshields Hb and the amidic nitrogen. The chemical
shifts of the amidic nitrogen of molecules 1a, 5, and 9a were calcu-
lated to be 79.6, 74.6, and 82.3 ppm in the gas phase; 84.0, 81.2, and
86.6 ppm in chloroform; and 85.9, 83.9, and 88.2 ppm in water, re-
spectively (Table S7). The nitrogen of the amidic group 1a and 9a is
more deshielded than that of 5 as a result of bifurcated hydrogen
bonding network. Compound 1a shields more than 9a due to back-
donation by b–nitrogen. More deshielding was observed in more
polar solvents favoring the unfolded state.

The formation of intramolecular hydrogen-bonds increases the
magnetic deshielding of amidic nitrogen. In these cases, the in-
termolecular hydrogen bonds involving oxygen of carbonyl, amidic
nitrogen, and proton-donor solvents contribute significantly to the
total hydrogen-bonding effect; however, the former effect is more
important. Hydrogen-bonds between proton-donor water and the
oxygen of the amidic group show maximum deshielding effect.20

Other factors (inductive, steric, size of pseudocycle, number of pseu-
docycles) also influence the chemical shift of the amidic nitrogen.

The intramolecular and intermolecular hydrogen bonds of
molecules 1a and 7a extracted from X-ray data of Ref. 10 were
compared with the hydrogen bond lengths optimized at B3LYP/6-
31þG** (Figs. 8 and 9).

The information derived from the Dd analysis appears in the
solid state as 7a crystallizes in a trimeric system, where each
molecule, despite making intermolecular contacts through the
amide group, is internally H-bonded with the lone-pair of the sp3

nitrogen atom (Na/Hb¼2.32 Å) as postulated.10 The optimized
geometry of the trimer 7a using the conformer of the monomer
(with minimum energy) obtained from PES plot was compared
with H-bonds extracted from X-ray crystallography (Fig. 8). Ex-
perimental geometry of the trimer complements the computed
values with excellent accuracy. In this trimer, one molecule of 7a
acts as an H-bond donor with two other molecules and constitutes
an eight-membered pseudocyclic.

In the next step, the computed bond length and torsional angles
of two enantiomers of 1a (R)- and (S)-hydrazinoturny with mini-
mum energy were compared with the X-ray structure10 of
hydrazinoturn-type arrangement (Fig. 9 and Table S9). One of the
amidic protons was H-bonded with both the lone-pair of the sp3

nitrogen atom (Na/H–N¼2.68 Å) and the oxygen of the carbazidic
group (C]O/H–Nz2.13 Å). The experimental values of these H-
bond lengths were 2.41 and 2.52 Å, respectively.10 These values
indicate much stronger H-bonds with the oxygen of C]O and
a weaker interaction with Na in the gas phase (these results were
also verified by NBO analysis). The H-bonded hydrogen atom of the
hydrazinoturn arrangement of the acetamidic methylene (NH/
CH¼3.60 Å) was equal to the benzylic protons (NH/CH¼3.84 Å).
This is in contrast to the reported experimental values of 3.08 and
4.03 Å (Fig. 9).10

The four torsion angles u, 4, q, and j, which characterize a (R)-
hydrazinoturn and a (S)-hydrazinoturn in compound 1a, are shown
in Table S8. The slight pyramidal geometry of the Nb nitrogen atom
y (R)-or (S)-Hydrazinoturn refer to the corresponding absolute configuration of
the Na nitrogen atom.



Figure 7. Depiction of the s* (N–Hb) orbitals of 1a, 1b, 9a, and 9b.
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induces a small deviation of u from the experimental value
expected for the Z geometry of the carbazidic linkage. The value of
the torsion angle 4 permits the lone-pair of electrons of the two
adjacent nitrogen atoms to adopt an orthogonal arrangement
(Fig. 9a). The values taken by q (around �122� or þ122�), which are
imposed by the stronger H-bonding with the amide group, corre-
spond to a (�)-synclinal or (þ)-synclinal conformation. This places
the benzyl group in a favorably less strained position (Fig. 9b). The
large deviation of j, 4, and q calculated values from those of ex-
perimental values reported by Salaün et al. must be the result of the
Figure 8. (a) X-ray crystal structure of trimer of 7a (left). (b)
degree of freedom of 1a in the gas phase as compared with the solid
phase. This demonstrates the severe danger of assuming solid-state
structure has any relationship to solution-state for small flexible
molecules. This flexibility allows formation of a much stronger
hydrogen bond (2.13 Å) and reinforces the formation of an eight-
membered pseudocycle. The experimental hydrogen bond length
is 2.52 Å.

The value of 62� for j was calculated to be equal to four times
the experiment value (14�)10 with an opposite sign. However, these
values were much smaller than those reported (140�) for L-b3-
Computed geometry of trimer of 7a in gas phase (right).



Figure 9. (a) X-ray crystal structure of 1a H-bond length and torsional angles (left) and distances between NHb and methylenic showing H-protons from (right).10 The t-Bu group is
omitted for clarity. (b) Computed minimum energy geometry of 1a H-bond length and torsional angle. (c) Conformer at dihedral angle 222� with j¼�138� (z�140 reported for the
b3-peptides).6b
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peptides.6b The calculated high energy conformer of 1a with a tor-
sion angle of j¼�138� showed no intramolecular hydrogen
bonding (Fig. 9c). The computed angle j for the conformer at 342�

are virtually the results of Ref. 10.
The projections illustrating the structural features in relation-

ship to angles 4, q, and j for a (R) and (S)-hydrazinoturn 1a con-
former with minimum energy are shown in (Fig. S3 and Scheme
S1). The structural features associated with the sets of angles per-
mit us to conclude that the hydrazinoturn conformation allows the
simultaneous minimization of both steric crowding and electronic
repulsion.

4. Conclusions

Our conclusions were made possible by comparing the differ-
ences in calculated and experimental chemical shift differences
(Dd) between the geminal hydrogen atoms of the primary amide
group. An excellent correlation was found between the
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experimental and calculated chemical shift differences. These cal-
culations are a valuable tool for exploring the intramolecular H-
bonded systems. The total energy, H-bond length, H-bond angle,
and the effect of substitution helped us to gain insight into the
nature of five, six, eight, and larger pseudocycles.

The Dd values (calculated from the next step, which was related
to the optimized geometry) showed large deviations from those of
the experimental values. However, a conformer with minimum
energy from PES curve, when optimized, gave Dd complementing
the experimental values. Increasing polarity of the solvent (gas
phase, heptane, chloroform, dimethyl sulfoxide, methanol, and
water) for 3 favored the intermolecular H-bonding by shifting Hf

downfield while Hb was almost unaffected (Hb predominantly is
trapped by intramolecular hydrogen bonding in the folded state).
The unfolded state was predominant for the compound with
a weaker H-bond.

Quantum chemical study of these compounds indicated that
hydrogen bonding is one of the most important factors contributing
to the stabilization of these amides. A quantitative comparison
between the chemical shift differences (Dd) values of these struc-
tures should be used with caution since the nature of the hydrogen
bond acceptors, the geometry of the hydrogen bonds, the steric
environment, and the size of the pseudocyle are different. The
resulting H-bond gives rise to five, six, and larger ring membered
hydrogen-bonded pseudocycles (bi, tri, tetra).

We believe that this work is important for future studies of
hydrogen bonded systems as well as for the design of strong in-
termolecular interconnections. This is of crucial importance when
trying to design organic systems, which are capable of interacting
with other systems of interest via hydrogen bonds.

Finally, the ‘hydrazinoturn’ hydrogen bonding pattern appears
to be a very stabilizing folding driving force, provided that the
neighboring molecular functional groups do not provide other
competing hydrogen bonding patterns.
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Marraud, M. Biopolymers 1991, 31, 793–801.

10. Salaün, A.; Favre, A.; Le Grel, B.; Potel, M.; Le Grel, P. J. Org. Chem. 2006, 71,
150–158.

11. Simo, C.; Salaün, A.; Arnarez, C.; Delemotte, L.; Haegy, A.; Kachma, A.; Laurent,
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