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A quantum mechanical study about the effects of replacing the amide link by theN-amino amide group in
peptides is presented. More specifically, this work deals with (i) the isomerization process of theN-amino
amide link and (ii) the conformational changes induced byN-amination on both the glycine- and proline-
containing dipeptides. Molecular geometries were optimized at both HF/6-31G(d) and MP2/6-31G(d) levels
of theory. High-level ab initio calculations were performed on the optimized geometries in order to investigate
the effects of both the basis set and electron correlation on the relative energies. Furthermore, the reliability
of the density functional approximation on the conformational studies ofN-amino peptides was investigated
by considering six different functionals. Calculations in solution (dielectric constants ofε ) 2, 4, 8, 33, and
78.5) were performed using the polarizable continuum model in the framework of the ab initio HF/6-311++G-
(d,p) level.

Introduction

In recent years, there has been considerable interest in the
conformational properties of both naturally occurring and
modified amino acids. The study of the formers has been mainly
driven by a desire to understand the hydrogen-bonding properties
of the constituents of peptides and proteins.1 On the other hand,
modified amino acids are of relevant interest for their use as
building blocks in molecular engineering since they can be used
to control the peptide secondary structure2 and to design
molecules with enhanced resistance to biodegradation but
retaining the receptor binding ability and biological response
of native peptides.3 The design of all these compounds requires
the advanced knowledge of the impact on the amino acid
conformations of such modifications.

Modifications may involve changes in the amino acid side
chain or alteration of the peptide bond. A potential advantage
of the latter is that introduction of modified peptide links makes
it possible to influence the biological properties of a molecule
but retaining the receptor binding ability, which usually depends
of the side chains.4 The most common modified amide bond is
the retroamide, which has been subject of a number of both
experimental and theoretical studies.5,6 Thus, the conformational
impact of retromodification on different amino acids, i.e.,
glycine, alanine, valine, and dehydroalanine, has been investi-
gated using ab initio quantum mechanical calculations.6

Contrary to retromodification, it is surprising to see how little
attention has receivedN-amination. It is worth noting that
N-amination can induce important conformational changes
because this modification of the peptide bond produces impor-
tant alterations in the intra- and interhydrogen bonding networks
(Scheme 1). This topic was investigated by introducingN-amino
amide links into simple peptides and analyzing the induced
conformational perturbations in both solution and solid state.7

Results allowed to conclude that theN-amino amide link has a
potential interest in the design of peptidomimetics when the
side chains are required for bioactivity and cannot be modified.

However, it should be mentioned thatN-amino peptides are not
easily obtained when theR-carbon bears a side chain. Thus,
from a synthetic point of view, theN-amino group must be
introduced beforeN-coupling, the yield ofN-amino peptide
being particularly small due to the low accessibility and
nucleophilicity of the NH group connected to theR-carbon.

In this work, I wish to provide a complete theoretical study
about theN-amination. First, the energetics and structural
changes associated to the isomerization process of theN-amino
amide link have been investigated by considering theN-amino
peptide derived fromN-methylacetamide (1). Results have been
compared with those obtained for the amide link. Next, a study
about the conformational changes induced byN-amination in
simple peptides has been undertaken. For this purpose, an
extensive quantum mechanical investigation on theN-amino
glycine-containing dipeptide (2) has been performed using both
ab initio and DFT methods. This compound was chosen because
the conformational properties of unmodified glycine-containing
dipeptide (3) are well-known. Thus, it is the dipeptide most
studied by high-level ab initio calculations.8 Finally, to inves-
tigate the dependence between the conformational changes
induced byN-amination and the position of theN-amino amide
group in the chain, two additional peptides have been considered.
These are the proline-containing dipeptide (4) and the analogue
with the N-amino amide link at the C-terminal position (5).* Corresponding author. E-mail: aleman@eq.upc.es.

SCHEME 1: Hydrogen Bonding Scheme for the
N-Amino Amide Group
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Results have been compared with those previously reported by
X-ray crystallography.7a,9

Methods

Calculations were performed on an IBM/SP2 and a HP-V2500
computer of the Centre de Supercomputacio´ de Catalunya
(CESCA) using the Gaussian 98 program.10 Molecular geom-
etries of all the conformations considered for1 and 2 were
optimized in the gas phase at both the HF/6-31G(d)11 and MP2/
6-31G(d)12 levels of theory, while conformations of4 and 5
were only optimized at the former level. The default force and
displacement termination criteria within Gaussian 98 were used
for all optimizations. All the stationary points located at the
HF/6-31G(d) level were characterized as minima or transition
states by harmonic vibrational frequency calculations. Frequency
analysis was also used to provide the zero-point vibrational
energy (ZPE), the thermal correction to the energy, and the
entropy following the standard formulas (the imaginary fre-
quency at the transition states was removed from the frequency
analysis). Single-point energy calculations were performed on
the MP2/6-31G(d) geometries at the HF/6-311G(d,p), MP2/6-
311G(d,p), HF/6-311++G(d,p), MP2/6-311++G(d,p), and
MP4/6-31G(d) levels of theory. Thus, the best estimate to the
energy was that with the MP2 corrections computed from the
6-311++G(d,p) basis set and the small correction up to MP4
calculated at the 6-31G(d) level and added to the MP2/6-
311++G(d) energy. The final value is denoted as MP2/6-
311++G(d,p)+MP4#//MP2/6-31G(d).

The relative energies for minimum-energy conformations of
2 have been investigated using density functional theory (DFT).
In this study, we have used the following combinations: Slater-
Dirac (S) exchange13 and Vosko, Wilk, and Nusair (VWN)
correlation functional14 (S-VWN); Becke (B) exchange15 and
VWN correlation functional (B-VWN); Becke’s three-param-
eter hybrid functional with gradient corrections provided by the
Lee, Yang, and Parr (LYP) functional16 (B3-LYP);17 S exchange
and LYP gradient correction to correlation (S-LYP); B exchange
and Perdew and Wang’s (PW91) gradient correction to cor-
relation18 (B-PW91); and S exchange and PW91 correlation (S-
PW91). DFT calculations were performed with both the
6-31G(d) and 6-311++G(d,p) basis sets and using the molecular
geometries optimized at the MP2/6-31G(d) level.

The effect of the solvent in conformational preferences of
the compounds under study was estimated following the
polarizable continuum model (PCM) developed by Tomasi and
co-workers.19 PCM calculations were performed in the frame-
work of the ab initio HF level with the 6-311++G(d,p) basis
set. Calculations were performed with the following dielectric
constants:ε ) 2 for CCl4, ε ) 4 for CHCl3, ε ) 8 for CH2Cl2,
ε ) 33 for CH3OH andε ) 78.5 for H2O.

Results and Discussion

N-Amino Amide Bond Isomerization. An interesting char-
acteristic of theN-amino amide bond is that it is able to adopt
two trans conformations, which are displayed in Figure 1. As
can be seen, in these arrangements the lone pair (trans1) or the
hydrogen atoms (trans2) of the N-amino moiety are closest to
the carbonyl carbon atom. Accordingly, eight conformations
were considered for1: four minima (trans1, trans2, cis1 and cis2)
and four transition states (TSanti,1, TSanti,2, TSsyn,1 and TSsyn,2).
The MP2/6-31G(d) optimized geometries are displayed in Figure
1, the main geometrical parameters being listed in Table 1. The
values of the CR-C-N-CR dihedral angle, denotedω1 in
Scheme 2, and C-N-CR bond angle at the transition states are

consistent with the change from sp2 to sp3 hybridization.
Furthermore, the C-N bond length elongates around 0.07 Å
when the conjugation is broken.

Enthalpy differences are listed in Table 2. In all cases, the
trans1 conformation is more stable than the trans2, the enthalpy
difference being 1.4 kcal/mol at the MP2/6-311++G(d,p)-
+MP4#//MP2/6-31G(d) level. This enthalpy difference is
overestimated by 0.8 kcal/mol at the HF level independently
of both the basis set used in energy calculations and the level
of geometry optimization. The cis1 conformation is 6.0 kcal/
mol less stable than the trans1 at the best level of theory. The
low stability of this structure is mainly due to the repulsive
interactions between the electron lone pairs of theN-amino
group and the oxygen atom. The fourth energy minimum is the
cis2, which is clearly stabilized by an electrostatic interaction
of C5 type (five-membered hydrogen bonded ring) between one

Figure 1. MP2/6-31G(d) optimized minima and transition states of1.
Distance in Å.

SCHEME 2: Compounds under Study
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of the hydrogen atoms belonging to theN-amino moiety and
the oxygen atom of the carbonyl group (Figure 1). As a result,
this is the most stable conformation at the MP2/6-311++G-
(d,p)+MP4#//MP2/6-31G(d) level, the enthalpy difference with
respect to the trans1 being -0.3 kcal/mol. It is worth noting
that the enthalpy of the two cis conformations strongly depends
on the level of theory. Thus, the omission of electron correlation
effects and the use of a small basis set induce a destabilization
of about 2 kcal/mol.

The enthalpy differences of the transition states TSanti,1,
TSanti,2, TSsyn,1, and TSsyn,2 with respect to the trans1 minimun
are 11.3, 8.9, 13.2, and 15.1 kcal/mol at the best level of theory.
Accordingly, the TSanti,1and TSanti,2, are the most favored route
for the cis1 T trans1 and cis2 T trans2 interconversions,
respectively. Comparison between the results obtained at the
MP2/6-311++G(d,p)+MP4#//MP2/6-31G(d) and HF/6-311++
G(d,p)//MP2/6-31G(d) levels indicates that electron correlation
reduces the enthalpy differences of the transition states by about
3 kcal/mol. On the other hand, results displayed in Table 2

reveals that the use of a small basis set can induce an
overestimation of about 1.5 kcal/mol.

Table 3 shows the entropic contribution in the gas phase,
-T∆Sgp, at 298 K for the eight stationary points of1. This
correction notably increases the rotational barriers (around 1.5-
1.7 kcal/mol at 298 K). The free energies for the isomerization
of theN-amine amide bond in the gas phase,∆Ggp, are included
in Table 3. These values have been obtained by combining the
enthalpy differences derived from MP2/6-311++G(d,p)+MP4#//
MP2/6-31G(d) calculations and the entropic contributions
provided by HF/6-31G(d)//HF/6-31G(d) frequency calculations.

Results indicate the enthalpic nature of the isomerization of
theN-amino amide bond. The cis2 is the most stable minimum,
being favored with respect to the trans1, trans2 and cis1 structures
by 0.3, 1.1, and 6.4 kcal/mol, respectively. On the other hand,
the TSanti,2 is the most stable transition state by 2.9-6.2 kcal/
mol. Atomic charges and dipole moments revealed that the
preferences for the TSanti,2 in the gas phase may be explained
by the larger charge separation in the other transition states.

TABLE 1: Geometrical Parameters of the Eight Stationary Points of 1 Resulting from MP2/6-31G(d) Optimizationsa

parameter trans1 trans2 TSanti,1 TSanti,2 TSsyn,1 TSsyn,2 cis1 cis2

d(CR-C) 1.512 1.518 1.506 1.506 1.512 1.519 1.519 1.514
d(CdO) 1.233 1.234 1.222 1.226 1.221 1.222 1.226 1.236
d(C-N) 1.378 1.374 1.437 1.437 1.440 1.439 1.392 1.375
d(N-N) 1.406 1.410 1.436 1.443 1.465 1.433 1.411 1.421
d(N-CR) 1.449 1.452 1.474 1.474 1.437 1.465 1.455 1.453
∠CR-C-N 116.2 116.0 113.5 113.8 117.8 118.6 115.6 117.1
∠O-C-N 122.7 122.1 122.3 122.4 118.9 119.3 115.6 117.1
∠C-N-CR 121.4 121.4 109.7 110.8 111.2 111.1 123.3 125.2
∠C-N-N 119.3 124.1 108.2 111.9 109.9 115.4 115.4 117.3
∠CR-C-N-CR 180.0 180.0 90.0 90.0 -90.0 -90.0 22.9 18.1

a Bond lengths are in Å, and bond angles and torsional angles are in deg.

TABLE 2: Enthalpy Differencesa (in kcal/mol) in the Gas Phase among the Eight Conformations of 1 Computed from Different
Theoretical Levelsa

level trans1 trans2 TSanti,1 TSanti,2 TSsyn,1 TSsyn,2 cis1 cis2

HF/6-31G(d)//HF/6-31G(d)b 0.0
ω1 ) 180°

2.2
ω1 ) 180°

14.3
ω1 ) 90°

11.4
ω1 ) 90°

15.8
ω1 ) -90°

18.2
ω1 ) -90°

8.0
ω1 ) 13.6°

0.9
ω1 ) 12.0°

MP2/6-31G(d)//HF/6-31G(d)c 0.0 1.8 14.1 10.6 15.6 17.9 7.7 0.3
MP2/6-31G(d)//MP2/6-31G(d)d 0.0 1.7 13.5 10.0 15.2 17.4 7.5 0.1

ω1 ) -180° ω1 ) 180° ω1 ) 90° ω1 ) 90° ω1 ) -90° ω1 ) -90° ω1 ) 22.9° ω1 ) 18.1°
HF/6-311G(d,p)//MP2/6-31G(d)e 0.0 2.2 16.1 12.0 18.3 18.1 7.9 1.5
MP2/6-311G(d,p)//MP2/6-31G(d)f 0.0 1.5 12.6 9.8 16.3 14.5 6.9 0.4
HF/6-311++G(d,p)//MP2/6-31G(d)g 0.0 2.2 14.3 12.0 15.9 18.1 7.7 1.2
MP2/6-311++G(d,p)//MP2/6-31G(d)h 0.0 1.4 11.9 9.6 13.8 15.7 6.2 -0.2
MP4/6-31G(d)//MP2/6-31G(d)i 0.0 1.6 12.8 9.4 14.6 16.7 7.3 0.0
MP2/6-311++G(d,p)+MP4#//

MP2/6-31G(d)j
0.0 1.4 11.3 8.9 13.2 15.1 6.0 -0.3

a Zero-point energies and thermal corrections at 298 K computed at the HF/6-31G(d) level are included. All the values are relative to the trans1

conformation. The values of the dihedral angleω1 (in deg) resulting from HF/6-31G(d) and MP2/6-31G(d) geometry optimizations are displayed
in parenthesis.b E ) -301.898400 au.c E ) -302.783190 au.d E ) -302.786406 au.e E ) -301.977824 au.f E ) -302.972199 au.g E )
-301.984267 au.h E ) -302.986172 au.i E ) -302.864747 au.j E ) -303.064513 au.

TABLE 3: Free Energy Differences (in kcal/mol) at 298 K in the Gas Phase and Aqueous Solution among the Eight
Conformations of 1a

# trans1 trans2 TSanti,1 TSanti,2 TSsyn,1 TSsyn,2 cis1 cis2

∆Hgp
b 0.0 1.4 11.9 8.9 13.2 14.1 6.0 -0.3

-T ∆Sgp (T ) 298 K)c 0.0 -0.5 1.6 1.5 1.6 1.7 0.1 0.0
∆Ggp

d 0.0 0.8 13.5 10.6 14.8 16.8 6.1 -0.3
∆Gsol,aq

e -10.2 -10.8 -10.3 -8.2 -10.3 -11.3 -14.3 -9.6
∆∆Gsol,aq 0.0 -0.7 -0.1 1.9 -0.2 -1.1 -4.1 0.5
∆Gaq

f 0.0 0.2 13.4 12.6 14.6 15.7 2.0 0.2

a Enthalpy and entropic correction differences in the gas Phase and free energies of solvation in aqueous solution are also displayed (in kcal/
mol). All the values are relative to the trans1 conformation.b Enthalpies at 298 K in the gas phase calculated at the MP2/6-31++G(d,p)+MP4#//
MP2/6-31G(d) level (see Table 1).c Entropic corrections at 298 K calculated at the HF/6-31G(d)//HF/6-31G(d) level.d Free energy differences at
298 K in the gas phase:∆Ggp ) ∆Hgp - T∆Sgp. e Free energies of solvation in aqueous solution computed from the PCM model at the HF/6-
311++G(d,p) level.f Free energy difference at 298 K in aqueous solution:∆Gaq)∆Ggp + ∆∆Gsol,aq.
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Thus, the dipole moments of the TSanti,1, TSanti,2, TSsyn,1, and
TSsyn,2 transition states are 3.85, 2.28, 4.70, and 4.00 D,
respectively. The free energy barriers for the cis1-to-trans1 and
cis2-to-trans2 interconversions are 7.4 and 10.9 kcal/mol,
respectively, while barriers for the trans1-to-cis1 and trans2-to-
cis2 isomerisms are 13.5 and 9.8 kcal/mol, respectively.

The free energies of solvation in aqueous solution (∆Gsol,aq)
from PCM/6-311++G(d,p) calculations for the eight stationary
points are listed in Table 3. The trans2 and cis1 conformers are
stabilized relative to the trans1 by 0.6 and 4.1 kcal/mol, whereas
the cis2 minimum is destabilized by 0.6 kcal/mol. These
∆∆Gsol,aq differences are not fully consistent with the relative
variation of the molecular dipoles predicted at the HF/6-
311++G(d,p): 4.56 (trans1), 4.02 (trans2), 5.65 (cis1), and 3.31
(cis2) D. Thus, ∆Gsol,aq values are also influenced by the
accessibility of the polar atoms involved in theN-amino amide
bond to the bulk water.

The free energy differences in aqueous solution (∆Gaq), which
were estimated with the classical thermodynamical scheme by
adding the∆∆Gsol,aq to the corresponding∆Ggp, are included
in Table 3. Results indicate that the trans2 and cis2 conformations
are only 0.2 kcal/mol less stable than the trans1 one, which is
the lowest-energy minimum. On the other hand, the free energy
difference of the cis1 conformation decreases from 6.1 kcal/
mol in the gas phase to 2.0 kcal/mol in aqueous solution.

The ∆Gsol,aq values predicted for the four transition states
are also explained by the accessibility of the polar atoms to the
bulk solvent rather than by the dipole moments (3.85, 2.28, 4.70,
and 4.00 D for the TSanti,1, TSanti,2, TSsyn,1, and TSsyn,2,
respectively). Results in Table 3 show that the TSanti,2 is
destabilized with respect to the trans1 by 2.0 kcal/mol whereas
the stability of TSsyn,2is increased by 1.1 kcal/mol. On the other
hand, the stability of TSanti,1 and TSsyn,1 in aqueous solution
remains practically unaltered with respect to the gas phase. Thus,
∆Gaq values indicate that the preferred routes for the cis1 T
trans1 and cis2 T trans2 interconversions in aqueous solution
are the TSanti,1 and TSanti,2, respectively. The trans1-to-cis1 and
the trans2-to-cis2 conversions have free energy barriers in water
of 13.4 and 12.6 kcal, respectively, whereas the cis1-to-trans1
and the cis2-to-trans2 barriers have 11.4 and 12.4 kcal/mol,
respectively.

The isomerization of the amide group was examined by a
number of experimental and theoretical works.20 Resonance
Raman spectroscopic studies20i indicated that the free energy
difference in aqueous solution between the cis and trans
conformation is 2.6( 0.4 and 3.1 ( 0.5 kcal/mol for
N-methylacetamide and glycilglycine, respectively, in good
agreement with previous theoretical determinations.20c,20fThese
energy gaps are similar to that predicted between the cis1 and
trans1 conformations of1 (2.0 kcal/mol) but larger than that
obtained for the cis2 and trans2 conformations (<0.05 kcal/mol).
A common trend between the rotational isomerisms of the
N-amino amide and the amide bonds is that the TSanti is the
most favored route for the cisT trans interconversion in both
gas phase and aqueous solution.20 However, the energy barriers
of the amide and theN-amino amide bonds are closer in aqueous
solution than in the gas phase. Thus, the free energy barrier
predicted in the gas phase20f for the trans-to-cis interconversion
of the amide bond is 17.7 kcal/mol, while for the cis-to-trans
isomerism is 15.2 kcal/mol. These values, which are in good
agreement with those provided by NMR studies in 1,2-
dichloroethane,20aare several kcal/mol larger than those obtained
for the isomerization of1. On the other hand, activation barriers
of 13.8 ( 0.8 and 11.0( 0.7 kcal/mol were measured for

aquous solutions ofN-methylamide and glycilglycine, respec-
tively, by using UV resonance Raman,20i these values being
similar to those obtained for1 (13.4 and 12.4 kcal/mol).

Conformational Changes Induced by N-Amination in
Glycine. A systematic exploration of the conformational space
was performed in order to characterize the minimum-energy
conformations of2. Because each of the two flexible dihedral
anglesæ andψ is expected to have three minima, 3× 3 ) 9
minima can be anticipated for the potential energy hypersurface
(PEHS) E ) E(æ,ψ). However, the results of the previous
section showed that the dihedral angleω1, which is associated
to the N-amino amide bond, is able to adopt four minimum-
energy conformations, the three more stable being very close
in energy, i.e., trans1, trans2, and cis2. The latter three minima
have been considered in the conformational analysis of2, the
3 × 3 × 3 ) 27 structures resulting for the PEHSE )
E(ω1,æ,ψ) being taken as starting points in geometry optimiza-
tions.

Geometry optimizations at the HF/6-31G(d) level provided
six minima, whose dihedral angles are displayed in Table 4.
These structures were labeled according to the conformations
associated to the dihedral anglesω1, æ, andψ. The conforma-
tions of theN-amino amide group (ω1) were classified using
the trans1 (t1), trans2 (t2), cis1, (c1) and cis2 (c2) description. The
conformation associated to the flexible dihedral anglesæ and
ψ were denoted according to the convention proposed by
Csizmadia23 and co-workers rather than by the nomenclature
usually employed for dipeptides constituted by nonmodified
amino acids,8,24 i.e., C5, C7, PII, andR. This is because some of
the conformations obtained for2 are considerably different from
those usually observed for such dipeptides. Accordingly, the
convention used for the anglesæ,ψ was as follows: RD ≈
60°,60°; εD ≈ 60°,180°; γD ≈ 60°,-60°; δD ≈ 180°,-60°;
âL ≈ 180°,180°; δL ≈ 180°,60°; RL ≈ -60°,-60°; εL ≈
-60°,180°; andγD ≈ -60°,60°.

The six HF/6-31G(d) structures were used as starting points
for full optimization at the MP2/6-31G(d) level. The dihedral
angles of the six MP2/6-31G(d) minima are included in Table
4. As can be seen, the MP2/6-31G(d) results are close to the
HF/6-31G(d) ones. Thus, the mean change in the dihedral angles
is less than 5.8°, and the largest change, which corresponds to
the c2/RL minimum, is 17.9°. Relative enthalpies estimated from
single-point calculations at different ab initio levels are shown
in Table 5.

TABLE 4: Torsional Anglesa and Relative Enthalpiesb for
the Minimum-Energy Conformations of the Dipeptide Model
2 Obtained at the HF/6-31G(d) and MP2/6-31G(d) Levels

#c ω1 æ ψ ω2 ∆Ed

HF/6-31G(d)//HF/6-31G(d)
t1/γL 176.6 -85.5 95.0 -172.4 0.0e

c2/εD 20.6 79.6 155.1 -178.9 2.8
t2/εD -166.6 76.4 -172.7 176.7 3.0
c2/RL -9.1 -86.7 -65.4 175.6 3.2
t2/γD 177.4 88.3 -52.9 -173.9 4.5
t2/RD 176.3 111.0 35.3 173.0 7.4

MP2/6-31G(d)//MP2/6-31G(d)
t1/γL 172.6 -80.7 93.8 -170.0 0.0f

c2/εD 28.1 73.6 155.0 -178.7 3.6
t2/εD -164.2 68.4 -168.1 176.7 4.4
c2/RL -24.2 -68.8 -56.6 175.4 2.3
t2/γD 178.4 85.3 -57.1 -176.0 5.0
t2/RD 175.8 117.5 39.7 173.9 8.1

a In units of deg.b In units of kcal/mol.c The structures have been
labeled asω1 conformation/æ,ψ conformation (see text).d Zer-point
energies and thermal corrections computed at the HF/6-31G(d) level
are included.e E ) -508.612890 au.f E ) -510.094705 au.
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Figure 2 shows the six minima located for2. The lowest-
energy conformation, denotedt1/γL, is stabilized by two
intramolecular interactions. Thus, it forms a C7 hydrogen bonded
ring, involving the NH of the amide group and the CdO of the
N-amino amide group, and a C6 ring, in which the hydrogen
bond is set between theN-amino moiety group and the CdO
of the amide group. As can be seen in Figure 2, the hydrogen

bonding parameters are slightly more favorable for the latter
interaction than for the former one. It is worth noting that
calculations including electron correlation effects also predict
theγL, usually denoted C7, as the most stable conformation for
the unmodified dipeptide3.8 Indeed, the dihedral angles
predicted for such conformation (æ,ψ ) -85.5°,72.0°) are
similar to those listed in Table 4 for thet1/γL conformation of
2. On the other hand, in the crystal structure of theN-amino
alanine-containing peptide (Z)-Pro-ψ[CO-N(NH2)]-Ala-NHi-
Pr, theN-amino residue was almost extended with a C6 ring,
the latter being a consequence of the intramolecular hydrogen
bond between theN-amino moiety group and the CdO of the
amide group.25 The c2/εD conformation, which is 2.5 kcal/mol
less stable than the global minimum at the best level of theory,
presents three weak electrostatic interactions between the
hydrogen atoms of theN-amino amide group and the oxygen
atoms. Thet2/εD conformation can be derived from thec2/εD

one by rotating the dihedral angle associated to theN-amino
amide group from cis2 to trans2. This change lead to the loss of
two electrostatic interactions but allows a small rearrangement
of the dihedral angleψ enhancing the strength of the third one.
Accordingly, thet2/εD structure is less stable than thec2/εD one
by only 0.2 kcal/mol at the MP2/6-311++G(d,p)+MP4#//MP2/
6-31G(d) level.

Conformationc2/RL, which is 1.9 kcal/mol less stable in the
gas phase thant1/γL, presents both C5 and C6 hydrogen bonding
rings. The two atoms involved in the former belong to the
N-amino amide group, whereas the latter corresponds to the
interaction between the hydrogen atom of the amide group and
the nitrogen lone pair of theN-amino moiety. Conformert2/γD

is destabilized by 3.8 kcal/mol with respect to the global
minimum. However, the dihedral angles oft2/γD are similar to
those oft1/γL but of opposite sign. Furthermore, in thet2/γD

arrangement, the hydrogen atoms of theN-amino moiety are in
front of the methyl end group, while in thet1/γL conformation
one of these atoms interacts with the amide group. Consequently,
the former conformation is not able to form the C6 hydrogen-

TABLE 5: Relative Enthalpiesa (in kcal/mol) in the Gas Phase for the Six Minimum-Energy Conformations of the Dipeptide
Model 2

level t1/γL c2/εD t2/εD c2/RL t2/γD t2/RD

HF/6-31G(d)//HF/6-31G(d)b 0.0 2.8 3.0 3.2 4.5 7.4
MP2/6-31G(d)//HF/6-31G(d)c 0.0 3.5 4.2 2.9 4.8 8.0
HF/6-31G(d)//MP2/6-31G(d)d 0.0 2.7 2.8 4.3 4.2 7.2
MP2/6-31G(d)//MP2/6-31G(d)e 0.0 3.6 4.4 2.3 5.0 8.1
HF/6-311G(d,p)//MP2/6-31G(d)f 0.0 2.8 2.4 4.3 4.0 7.1
MP2/6-311G(d,p)//MP2/6-31G(d)g 0.0 3.4 3.8 2.1 4.6 7.5
HF/6-311++G(d,p)//MP2/6-31G(d)h 0.0 2.4 1.9 4.0 3.4 6.5
MP2/6-311++G(d,p)//MP2/6-31G(d)i 0.0 2.6 2.9 1.9 3.8 7.2
MP4/6-31G(d)//MP2/6-31G(d)j 0.0 3.5 4.2 2.3 5.0 7.9
MP2/6-311++G(d,p)+MP4#//MP2/6-31G(d)k 0.0 2.5 2.7 1.9 3.8 7.0
B3LYP/6-31G(d)//MP2/6-31G(d)l 0.0 4.0 4.6 2.1 4.0 6.9
B3LYP/6-311++G(d,p)//MP2/6-31G(d)m 0.0 3.5 3.5 1.8 2.8 5.6
SLYP/6-31G(d)//MP2/6-31G(d)n 0.0 6.1 6.4 0.7 5.1 8.3
SLYP/6-311++G(d,p)//MP2/6-31G(d)o 0.0 5.1 4.8 0.5 3.8 7.0
BVWN/6-31G(d)//MP2/6-31G(d)p 0.0 3.8 4.6 1.8 3.4 6.0
BVWN/6-311++G(d,p)//MP2/6-31G(d)q 0.0 3.3 3.6 1.4 2.3 4.7
SVWN/6-31G(d)//MP2/6-31G(d)r 0.0 5.6 6.0 0.8 4.5 7.5
SVWN/6-311++G(d,p)//MP2/6-31G(d)s 0.0 4.9 4.6 0.6 3.4 6.4
B3PW91/6-31G(d)//MP2/6-31G(d)t 0.0 3.9 4.6 1.8 3.8 6.5
B3PW91/6-311++G(d,p)//MP2/6-31G(d)u 0.0 3.6 3.6 1.7 2.9 5.7
SPW91/6-31G(d)//MP2/6-31G(d)V 0.0 5.9 6.3 0.3 4.9 7.9
SPW91/6-311++G(d,p)//MP2/6-31G(d)x 0.0 5.3 5.0 0.2 3.9 7.0

a Zero-point energies and thermal corrections computed at the HF/6-31G(d) level are included.b E ) -508.612890 au.c E ) -510.088045.
d E ) -508.605566 au.e E ) -510.094705 au.f E ) -508.740554 au.g E ) -510.387270 au.h E ) -508.750488 au.i E ) -510.411356 au.
j E ) -510.216845 au.k E ) -510.533495 au.l E ) -511.651551 au.m E ) -511.814708 au.n E ) -505.037729 au.o E ) -505.211887 au.
p E ) -515.429578 au.q E ) -515.599981 au.r E ) -508.982960 au.s E ) -509.149460 au.t E ) -511.460350 au.u E ) -511.613459 au.
V E ) -505.166233 au.x E ) -505.325089 au.

Figure 2. MP2/6-31G(d) optimized minima of the dipeptide2.
Distances and angles in Å and deg, respectively.
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bonded ring and only presents a C7 ring. Thet2/RD conformation
is 7.0 kcal/mol less stable than the global minimum at the best
level of theory. This minimum is quite high in energy because
it only presents an intramolecular hydrogen bond set between
the NH of the amide group and the nitrogen atom of theN-amino
moiety. Recent studies indicated that the N-H‚‚‚N interaction
is much less attractive than the N-H‚‚‚O interaction.6e,26

It should be noted that the fully extended conformation was
not characterized as the energy minimum in the PEHS of2,
while for 3 this is a very stable minimum.8 Both, the appearance
of additional minima in2 with respect to3 and the annihilation
of the fully extended conformation as energy minimum indicate
that N-amination induces drastic conformational changes.

Results in Table 5 show that the relative enthalpies are quite
independent of the ab initio method used to optimize the
molecular geometries. This is noted in the close similarity
between the quantities determined at a given level of theory
using HF/6-31G(d) and MP2/6-31G(d) geometries. Thus, the
differences were typically around 0.1-0.3 kcal/mol with the
exception of thec2/RL conformation, for which differences close
to 1 kcal/mol were obtained.

On the other hand, a notable dependence of the relative
enthalpies on both the basis set and the level of theory was
found, even though thet1/γL was the global energy minimum
in all cases. Thus, a comparison of the energies provided by
the 6-31G(d), 6-311G(d,p), and 6-311++G(d,p) basis sets
indicates that the expansion of the basis set usually leads to
significant changes. Furthermore, these changes are more
important at the MP2 level than at the HF one. The relative
enthalpies become smaller as the basis set is enlarged. For
instance, the relative enthalpy oft2/εD is 4.4 kcal/mol at the
MP2/6-31G(d)//MP2/6-31G(d) level. This value decreases to
2.9 kcal/mol at the MP2/6-311++G(d,p)//MP2/6-31G(d). Thus,
the reduction due to the extension of the basis set amounts to
1.5 kcal/mol at the MP2 level. However, the change from HF/
6-31G(d)//MP2/6-31G(d) to HF/6-311++G(d,p)//MP2/6-31G-
(d) leads to a reduction in the relative enthalpy of this
conformation of only 0.9 kcal/mol. Similar effects are observed
in the remaining minima.

The effect of electronic correlation on the relative enthalpies
as important as that of basis set. Thus, the change from HF to
MP2 level leads, in general, to a stabilization of the conforma-
tion. The largest change is obtained for thec2/RL. Thus, the
relative enthalpies predicted for this conformation at the HF/
6-311++G(d,p)//MP2/6-31G(d) and MP2/6-311++G(d,p)//
MP2/6-31G(d) levels are 4.0 and 1.9 kcal/mol, respectively. On
the other hand, the change from MP2/6-31G(d)//MP2/6-31G-
(d) to MP4/6-31G(d)//MP2/6-31G(d) introduces very small
changes (∼0.2 kcal/mol). According to the results displayed in
Table 5 and to the preceding discussion, it is expected that
calculations at the MP2/6-311++G(d,p)+MP4#//MP2/6-31G-
(d) level correctly describe the conformational preferences
of 2.

The relative enthalpies of2 were also determined from DFT
calculations. A set of six functionals were chosen for this
purpose: B3LYP, SLYP, BVWN, SVWN, B3PW91, and
SPW91. Results, which are included in Table 5, indicate a strong
basis set effect for all the DFT methods, as noted in the
discrepancy of the values determined with the 6-31G(d) and
6-311++G(d,p) basis sets. Indeed, the sensitivity to the basis
set extension of the different functionals is similar to that
displayed by HF and MP2 methods.

Figure 3 shows the relative enthalpies of thec2/εD, t2/εD, c2/
RL, t2/γD, andt2/RD conformations plotted against all the DFT

approximations employed here using the 6-311++G(d,p) basis
set. Relative enthalpies obtained at the MP2/6-311++G-
(d,p)+MP4#//MP2/6-31G(d) level have been included for the
sake of comparison. All the density functional approximations
provide an important discrepancy with respect to the ab initio
method. Thus, ab initio calculations predict that thec2/εD and
t2/εD conformations are very close in energy, these two
conformations being stabilized with respect to thet1/γD one by
more than 1 kcal/mol. All the DFT approximations are able to
predict similar enthalpies for thec2/εD andt2/εD conformations,
although their stability is underestimated by about 0.8-2.8 kcal/
mol depending on the method. However, the six functionals
used in this work predict that these two conformations are less
stable than thet1/γD one by about 0.7-1.5 kcal/mol (Figure 3).
The strength of the C7 interaction involved in the latter
conformation seems to be overestimated by all the DFT
methods. On the other hand, the SLYP, SVWN, and SPW91
approximations overestimate the relative enthalpy of thec2/RL

conformation by about 1.3-1.7 kcal/mol.
From the study carried out here, it appears that the six density

functional methods used are not able to account reasonably for
the energetics of2. The failures of the density functional
methods are probably related with the different type of hydrogen
bonds involved in the minimum energy conformations of2.
Thus, it is well-known that systems with intramolecular
hydrogen bonds are particularly difficult for many of the current
DFT methods.27

The free energies of solvation (∆Gsol) derived for the five
dielectric constants considered (ε ) 2, 4, 8, 33, and 78.5) are
listed in Table 6. As it was expected,∆Gsol rapidly decreases
with the polarity of the surrounding environment. Thet2/RD

conformation, which is less favored in the gas phase, provides
the lowest free energy of solvation in the five solvents
considered. Moreover, thet1/γL, which is the global minimum
in the gas phase, presents the highest free energy of solvation
in all cases. The free energy differences in the gas phase (∆Ggp)
and in solution (∆G) are also listed in Table 6.

Results reveal that the solvent plays a crucial role on the
stability of the different conformations. The effects induced by
the solvent increase with the dielectric constantε. For instance,
thec2/εD conformation, which in the gas phase is 2.1 kcal/mol
less stable than the global minimum, becomes more stable than
the t1/γL conformation in environments withε g 8. In solvents
with ε g 33, thet2/γD andt1/γL are almost isoenergetic, whereas
the former is 3.6 kcal/mol less stable than the latter in the gas
phase. However, the largest change is displayed by thet2/RD

that is the least stable conformation in the gas phase (∆Ggp )

Figure 3. Variation of the relative enthalpies computed with the
6-311++G(d,p) basis set: (2) c2/RL; (9) c2/εD; (0) t2/εD; (3) t2/γD;
([) t2/RD.
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6.3 kcal/mol). Thus, solvation significantly stabilizes conforma-
tion t2/RD with respect tot1/γL. The free energy difference
decreases to 2.4, 1.4 and 0.3 kcal/mol forε ) 4, 8, and 78.5,
respectively.

Figure 4a shows the variation of the dipole moment with the
dielectric constant of the environment for each conformation.
As can be seen, forε e 8, the solvent-induced polarization effect

sharply increases with the dielectric constant, while forε > 8,
this variation is smoothed. A quantitative measure of the solvent
polarization effect was given by the scaling coefficient (c)
provided by the linear regression analysis (y ) cx) of the solution
phase versus the gas-phase dipole moments. The evolution of
the scaling coefficient with the dielectric constant of the
environment is displayed in Figure 4b. It is worth noting that
an organic solvent withε ) 2 induces changes in the dipole
moments of 12%, which is a small but nonnegligible value.
Results predict an increase of 20% and 26% for solvents with
ε ) 4 and 8, respectively. On the other hand, the changes
induced by solvents withε ) 33 and 78.5 (30% and 31%,
respectively) are the largest ones. However, they only differ in
1% even though the dielectric constant of the latter is more
than twice that of the former.

N-Amination of the Proline Dipeptide. To better understand
the conformational perturbations induced byN-amination in
model dipeptides, some calculations were performed on4 and
5. Results obtained for the more important minima characterized
for such two compounds are summarized in Table 7.

The εD conformation (ω1 ) -178.8°, æ ) 75.1°, ψ )
-158.0°, andω2 ) -178.6°) found by X-ray crystallography
for an analogue of5,7a i.e., the dipeptide blocked at the
N-terminus by thetBu-CO group rather than by the CH3-CO
group, was used as starting point for complete geometry
optimization of4 and5 at the HF/6-31G(d) level. The dihedral
angles resulting for5 (ω1 ) -176.1°, æ ) 69.8°, ψ ) -150.0°,
and ω2 ) 177.3°) were in close agreement with those found
for the analogue. As can be seen in Figure 5a, this minimum,
which was the lowest-energy one for5, is mainly stabilized by
the interaction between the dipoles rather than by an intramo-
lecular hydrogen bond. In contrast, geometry optimization of4
led to aγD conformation (ω1 ) 172.9°, æ ) 86.0°, ψ ) -75.9°,
and ω2 ) 175.6°), which is stabilized by a C7 ring. This
structure, which is displayed in Figure 5b, also corresponds to
the lowest energy conformation of both alanine and glycine
dipeptides.8

It is worth noting that the substitution of the amide link by
theN-amino amide one precludes the existence of the C7 ring.
However, a minimum-energy conformation (ω1 ) -176.7°,
æ ) 55.4°, ψ ) -128.9° andω2 ) 168.1°) with a C8 ring was
obtained for5 by changing the orientation of theN-amino group
(Figure 5c). This conformation, labeled asεD/C8, is 0.7 kcal/

TABLE 6: Free Energy Differences (in kcal/mol) at 298 K
in the Gas Phase and Solution between the Six
Minimum-Energy Conformations of the Dipeptide Model 2a

# t1/γL c2/εD t2/εD c2/RL t2/γD t2/RD

∆Hgp
b 0.0 2.5 2.7 1.9 3.8 7.0

-T ∆Sgp
c 0.0 -0.4 -0.3 -0.7 -0.2 -0.7

∆Ggp
d 0.0 2.1 2.4 1.2 3.6 6.3

∆Gsol(ε)2)e -4.8 -5.9 -5.6 -5.2 -6.3 -7.1
∆G(ε)2)f 0.0 1.1 1.7 0.8 2.1 4.1
∆Gsol(ε)4)e -8.2 -10.1 -9.4 -8.9 -10.6 -12.1
∆G(ε)4)f 0.0 0.2 1.2 0.4 1.1 2.4
∆Gsol(ε)8)e -10.3 -12.6 -11.7 -11.2 -13.3 -15.2
∆G(ε)8)f 0.0 -0.2 1.0 0.3 0.5 1.4
∆Gsol(ε)33)e -12.1 -14.8 -13.7 -13.2 -15.7 -18.0
∆G(ε)33)f 0.0 -0.6 0.8 0.1 0.0 0.4
∆Gsol(ε)78.5)e -12.5 -15.3 -14.1 -13.6 -16.2 -18.6
∆G(ε)78.5)f 0.0 -0.7 0.8 0.1 -0.1 0.3

a Enthalpy and entropic correction differences in the gas phase and
free energies of solvation in the different solvents are also displayed
(in kcal/mol). Values are relative to thet1/γL conformation.b Enthalpies
at 298 K in the gas phase calculated at the MP2/6-311++G(d,p)+MP4#//
MP2/6-31G(d) level (see Table 4).c Entropic corrections at 298 K
calculated at the HF/6-31G(d)//HF/6-31G(d) level.d Free energy dif-
ferences at 298 K in the gas phase:∆Ggp ) ∆Hgp - T∆Sgp. e Free
energies of solvation in solution computed from the PCM model at
the HF/6-311++G(d,p)//MP2/6-31G(d) level.f Free energy difference
at 298 K in solution: ∆G ) ∆Ggp + ∆∆Gsol.

Figure 4. (a) Variation of the dipole moment with the dielectric
constant of the solvent for the six minimum-energy conformations of
2: (0) t1/εL; (O) c2/εD; (9) t2/εD; (]) c2/RL; ([) t2/γD; (b) t2/RD. (b)
Variation of the scaling coefficient resulting from the comparison
between the dipole moments in the gas phase and solution phase (see
text) with the dielectric constant of the solvent for2.

TABLE 7: Free Energy Differences (in kcal/mol) at 298 K
in the Gas Phase and Aqueous Solution between the More
Relevant Minimum-Energya Conformations of the Dipeptide
Models 4 and 5

compound # εD εD/C8 γD RD

4 ∆Hgp
b - - 0.0c 4.7

-T ∆Sgp
d - - 0.0 -0.3

∆Ggp
e - - 0.0 4.4

∆Gaq
f - - 0.0 3.2

5 ∆Hgp
b 0.0g 0.8 7.2 -

-T ∆Sgp
d 0.0 -0.1 -0.3 -

∆Ggp
e 0.0 0.7 6.9 -

∆Gaq
f 0.0 4.8 6.3 -

a An empty entry indicates that the conformation was not found as
the energy minimum at the HF/6-31G(d) level. Enthalpy and entropic
correction differences in the gas phase are also displayed (in kcal/mol).
b Enthalpies at 298 K in the gas phase calculated at the MP2/6-
311G(d,p)//HF/6-31G(d) level.c E ) -571.543236 au.d Entropic cor-
rections at 298 K calculated at the HF/6-31G(d)//HF/6-31G(d) level.
e Free energy differences at 298 K in the gas phase:∆Ggp ) ∆Hgp -
T∆Sgp. f Free energy difference at 298 K in aqueous solution:∆G )
∆Ggp + ∆∆Gsol. g E ) -665.860379 au.
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less less stable than the global minimum in the gas phase at the
MP2/6-311G(d,p)//HF/6-31G(d) level. However, the former
conformation becomes 4.8 kcal/mol more stable than the latter
one in aqueous solution by computing the free energies of
solvation at the HF/6-311++G(d,p) level. It should be men-
tioned that the stability of the different conformations will be
influenced by the chirality of the peptide.

Another interesting point concerns to the helical conforma-
tions characterized as minimum for both4 and 5. The RD

conformation of5 (ω1 ) 179.0°, æ ) 61.6°, ψ ) 20.8° and
ω2 ) -169.7°), which is displayed in Figure 5d, is 6.9 kcal/
mol less stable than the global minimum in the gas phase. This
free energy difference is 2.5 kcal/mol larger than that obtained
for 4 when theγD and theRD (Figure 5e) conformations (ω1 )
171.3°, æ ) 71.2°, ψ ) 20.2°, andω2 ) 175.5°) are compared.
On the other hand, for4, the stability of RD conformation
increases in aqueous solution by 1.2 kcal/mol. The stabilization
of the helical minimum has been also observed in other
dipeptides constituted by nonmodified amino acids.24 However,
for 5, the solvent only stabilizes the helical conformation by
0.5 kcal/mol, theRD minimum being 6.4 kcal/mol less stable
than theεD in aqueous solution.

The above data obtained from ab initio calculations on simple
model compounds give an indication on the conformational
changes induced byN-amination. Results show that introduction
of aN-amino amide link in a peptide chain significantly perturb
the conformation. Therefore, this modification of the amide link
can be a useful tool to generate pseudopeptide analogues with
specific conformational properties, i.e., peptide design. Studies

in larger compounds to improve our understanding on the
perturbations induced byN-amination are in progress.
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