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The conformational behavior and magnetic properties of theR-acetylamino,N′-methylamide derivative of
TOAC (4-amino-2,2,6.6-tetramethylpiperidine-1-oxyl-4-carboxylic acid) have been investigated in vacuo and
in aqueous solution by an integrated computational approach including density functional, post-Hartree-
Fock, and continuum solvent models. According to our computations, piperidine rings with an equatorial
placement of the nitroxide moiety are more stable by about 1 kcal/mol than their axial counterparts both in
vacuo and in aqueous solution. With respect to natural residues, TOAC shows a marked preference for helical
conformers, which is further enhanced by polar solvents. A comparison with other CR-tetrasubstituted residues
points out the difference between cyclic and open-chain substituents. The nitrogen isotropic hyperfine coupling
constants (AN) of folded TOAC conformers are similar to those of other nitroxides involving six-membered
rings and are well reproduced by a composite QM/QM/PCM model. TheAN values of extended TOAC
conformers are significantly lower because of the constrained nearly planar structure of the piperidine ring.

Introduction

In the last few years, organic free radicals, especially
nitroxides, have been largely exploited as magnetic probes or
labels in the study of macromolecular systems by means of
electron spin resonance (ESR) spectroscopy. The particularly
interesting spin label 4-amino-2,2,6,6-tetramethylpiperidine-1-
oxyl-4-carboxylic acid (hereafter, TOAC) is shown in Figure
1. This radical is stable under ordinary conditions, has a well-
localized unpaired electron, and can enter into polypeptides or
proteins, replacing natural amino acids and providing useful
conformational information through well-established magneto-
structural relationships. TOAC was first synthesized more than
3 decades ago1 and was introduced into peptide chemistry about
15 years later.2 A favorable property of TOAC over other spin-
labeled amino acids is that rotation about side-chain bonds is
hampered by the incorporation of the nitroxide nitrogen, CR,
Câ, and Cγ atoms into a cyclic moiety.3-5

TOAC is able to induce a dramatic quenching of suitably
designed, fluorescence-labeled peptides6,7 and is characterized
by a weak (ε ) 5-20) adsorption band in the visible spectral
region (λ ) 420-450 nm), assigned to the nf π* transition
of the nitroxide chromofore, which may become optically active
in a chiral peptide and be detected by CD.8 Furthermore, it is
able to undergo a reversible, nitroxide-based redox process that
can be monitored by cyclic voltammetry and gives derivatives
and peptides of extremely high crystallinity, whose structures
have been characterized by X-ray diffraction.9

From a structural point of view, TOAC belongs to the family
of conformationally constrained CR-tetrasubstitutedR-amino
acids whose most widely investigated member isR-aminoiso-
butyric acid (Aib). Incorporating this class of residues into
peptide chains provides a means of restricting the available range
of backbone conformations.10-14 In particular, it is well known

that Aib strongly stabilizes 310/R helical structures, and more
recent studies have also shown that 1-aminocyclohexane-1-
carboxylic acid (Ac6c) has similar characteristics.

Crystallographic characterization of the geometry and con-
formation of TOAC in simple derivatives and short alanine (Ala)
polypeptides7,15established a marked stereochemical rigidity of
the peptide backbone, with a significant increase in helix stability
and an inhibition of the unfolding of water-soluble Ala-rich
sequences at elevated temperature.

TOAC is thus expected to become important in designing
stereochemically restricted analogues of bioactive peptides
containing a valuable spectroscopic probe.16

Because the magnitude of the nitrogen isotropic hyperfine
coupling constant (hcc,AN ) of nitroxides depends remarkably
on the features (mainly the polarity) of their environment, TOAC
is indeed an ideal probe of the medium in which it is embedded,
giving valuable information on the polarity, the hydrogen
bonding power, and the pH of the solvent and on the proximity
to other free radicals or charged species and so on. Furthermore,
the line widths of the ESR spectra (and the effective rotational
correlation timeτ) are controlled by the rotational and lateral
diffusion of the nitroxide, which is related, in turn, to the
viscosity and the amount of order in and the temperature of the

* Corresponding author. E-mail: baronev@unina.it.
† Permanent address: Istituto di Biostrutture e Bioimmagini-CNR, via

Mezzocannone 6, I-80134 Naples, Italy.

Figure 1. TOAC structure.
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spin-probe environment. Of course, isotropic hyperfine cou-
pling constants critically depend on conformational character-
istics.

TOAC incorporation into peptide sequences also provides
spectroscopic ESR signatures that are useful in determining
peptide geometry. TOAC double-labeled peptides were sinthe-
sized; biradicalJ coupling and dipolar interactions between
different TOAC residues within a peptide were used to
determine peptide geometry as a function of the solvent15 and
to distinguish clearly between 310 andR helices.

This situation prompted us to undertake a systematic quantum
mechanical (QM) study of the structure and spectroscopic
properties of TOAC and TOAC-labeled systems both in the gas
phase and in aqueous solution. As a starting point, we have
chosen theR-acetylamino-TOAC-N′-methylamide shown in
Figure 2, which will be referred to as the TOAC dipeptide
analogue (TOACDA).

It is now well established that computational models based
on density functional theory (DFT) are particularly suitable for
the analysis of the structure and magnetic properties of open-
shell species.18 The potential of DFT methods in the study of
free radicals has been fully appreciated for nitroxides, which,
being stable under ordinary conditions, allow a thorough
comparison between experiments and computations.19 Calcula-
tions have been performed on five-membered ring nitroxides,20

which have been used mostly as spin probes, as well as on six-
membered ring analogues.21

These calculations show bond lengths close to the corre-
sponding experimental values and good agreement between
calculated and experimental bond angles. Because the value of
AN critically depends on the competition between pyramidal and
planar geometry around the nitrogen atom, it is worth noting
that all of the calculated out-of-plane angles are close to their
experimental counterparts.

In the present context, the backbone conformation could have
some effect on the puckering of the piperidine ring, which might
in turn tune theAN value. These effects can be effectively studied
by proper QM computations, which also allow us to characterize
high-energy conformers.

DFT methods including a fraction of the Hartree-Fock (HF)
exchange (hybrid functionals) often provide a better description
of the structures and physicochemical properties of molecules
of biological interest.22 Therefore, we have decided to compare
in the present study a conventional functional (PBE)23 and its
hybrid counterpart (PBE0).24

Contrary to the general situation, the ESR couplings of
nitroxide nitrogens obtained by density functional methods
(irrespective of the specific functional) are significantly under-
estimated with respect to experiment.19-21 As a consequence

we have exploited the combined DFT/post-HF approach de-
scribed in the following text.

Computational Aspects

A development version of the Gaussian package25 was used
for the entire study. Post Hartree-Fock computations have been
performed by the quadratic configuration model including single
and double excitations (QCISD)26 and using the basis set
developed by Chipman to compute magnetic properties.27

DFT calculations were carried out at the PBE level using
the standard 6-31G(d) basis set and at the PBE0 level using
both 6-31G(d) and 6-31+G(d,p) basis sets.26,28

We recall that PBE0 is a parameter-free hybrid HF/DFT
method rooted in the adiabatic connection formula and based
on fourth-order perturbation theory:24

whereEX
HF is the HF exchange andEX

PBE andEC
PBE are the

exchange and correlation density functionals proposed by
Perdew, Burke, and Ernzerhof (PBE), respectively.23

For any magnetic nucleus,AN is given by29

whereFS(r N) is the electron spin density at the nucleus, andµn

andgn are the nuclear magneton and nuclearg factor, respec-
tively. The termge is theg value for the electron (in the present
work, ge ) 2.0), andµe is the Bohr magneton.

DFT methods are generally very effective for the evaluation
of magnetic properties, providing isotropic hyperfine coupling
constants in good agreement with their experimental counter-
parts.18 However, theAN of nitroxides is underestimated by DFT
calculations, but coupled cluster (CC) and quadratic configu-
ration interaction (QCISD) methods provide accurate estimates
for this observable.30

Although the reliability of PBE0 geometries allows us to use
the QCISD method only for single-point energy and propriety
evaluations, even these computations become prohibitive for
large systems. To conjugate accuracy and computational
feasibility,AN calculations have been performed on geometries
optimized at the PBE0/6-31G(d) level with the following
combined approach:

where the superscript denotes the level of calculations, “real”
refers to the whole amino acid derivative (including, when
needed, explicit solvent molecules and bulk solvent effects),
and the subscript “model” refers to a dimethyl nitroxide
molecule in vacuo whose geometry is frozen to that assumed
by the C2-NO moiety in the real nitroxide. Methyl hydrogens
are added following the standard recipe of ONIOM methods.31

Actually, the only difference between our procedure and a
conventional ONIOM calculation is the use of PBE0 geometries
also for the model system. The last term of eq 3 refers to
vibrational averaging effects induced by the out-of-plane motion
of the nitroxide moiety. However, contrary to planar or quasi-
planar nitroxide systems,20 vibrational averaging effects are
essentially negligible for piperidine rings.21

Bulk solvent effects on the structure and magnetic properties
have been taken into account by our most recent implementation

Figure 2. Definition of dihedral and bond angles for the TOAC
dipeptide analogue. Two explicit water molecules are also represented.
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of the polarizable continuum model (PCM).32 In this method,
the solvent is represented by an infinite dielectric medium
characterized by the relative dielectric constant of the bulk
(78.39 for H2O at 25°C and 1 atm). A molecule-shaped cavity
contains the system under study (the solute) and separates it
from the surrounding solvent. The cavity including the molecule,
defined in terms of interlocking spheres centered on nonhydro-
gen atoms, is built by a new version of the Gepol procedure33

using UAHF atomic radii.34 The free energy of solvation
(∆Gsolv) includes electrostatic, dispersion/repulsion,35 and cavi-
tation36 contributions. Note that, in the current implementation,
only electrostatic interactions are described by a quantum
mechanical operator and have a direct effect on computed
properties, even in the absence of geometry modifications.

In aqueous solution, it is also necessary to take into proper
account the interactions between the nitroxide moiety and
specific solvent molecules. The simultaneous inclusion of the
bulk effect and of specific interactions can be modeled by
considering adducts formed by the nitroxides and two water
molecules, whose disposition is shown in Figure 2.

Following the analysis introduced by Cremer and Pople,37

ring puckerings have been described in terms of the displace-
ments (zi ) of the atoms from the average plane of the ring. For
six-membered rings, there are three puckering degrees of
freedom described by the “spherical polar set” (Q, θ, φ), where
Q is the total puckering amplitude and the “distortion type” is
specified by two angular variablesθ (0 e θ e π) andφ. This
cooordinate system allows us to map all types of puckering for
a given amplitude (Q) on the surface of a sphere. In particular,
the polar position (θ ) 0 or 180°, φ ) 0°) corresponds to a
chair conformation (C); the position on the equator of the sphere
(θ ) 90°, φ ) 90°) is a twist-boat (TB) conformation, and the
special boat conformation (B) is defined byθ ) 0°, φ ) 0°.
The conformation characterized by a specific triplet of puckering
coordinates can thus be described as a mixture of C, TB, and T
structures with well-defined percentages.

Results and Discussions

The backbone arrangement of peptides depends mainly on
the æ and ψ torsional angles. With reference to staggered
conformations around each dihedral angle, the following five
regions can be defined in the (æ, ψ) subspace (the so-called
Ramachandran map):R (æ ≈ (60°, ψ ≈ (60°), â (æ ≈ 180°,
ψ ≈ 180°), γ (æ ≈ (60°, ψ ≈ -60°), δ (æ ≈ 180°, ψ ≈ (60°),
ε (æ ≈ (60°,ψ ≈ 180°). TOAC is not chiral, so we do not
have enantiomeric pairs (L and R) for each structure; however,
the number of possible minima is doubled by taking into account
that the R-amino group can occupy either an equatorial
(hereafter, eq) or an axial (hereafter, ax) position in the
piperidine cycle.

Conformational Behavior. Geometrical parameters issuing
from PBE/6-31g(d) optimizations are very close to their PBE0/
6-31G(d) counterparts, and the same applies to the relative
stabilities of different isomers (Tables 1 and 2). Furthermore,
the inclusion of diffuse functions on heavy atoms and of
polarization functions on hydrogens (6-31+G(d,p) basis set) has
only a negligible effect on relative stabilities (Table 2). As a
consequence, we will explicitly refer to PBE0/6-31G(d) results
in the following text.

A comparison of our optimized geometries with the available
experimental data13,36shows remarkable agreement concerning
both bond lengths and valence angles (Figure 3).

As usual for dipeptide analogues in the gas phase, the absolute
energy minimum falls in theγ region, its extra stability being

related to the formation of an intramolecular hydrogen bond
between carbonyl [CO(i - 1)] and amino [NH(i + 1)] groups that
is quite strong. However, theâ structure, exhibiting a distorted
NH-CO hydrogen bond, is much less stable than in natural
peptides (5-7 kcal/mol with respect to typical values of less
than 1 kcal/mol) because of the constraints induced by the
presence of the piperidine ring. For instance, in theâ structure,
the most stable chair ring arrangement would bring a hydrogen
atom of the CH2 group in the piperidine cycle too close to the
oxygen atom of CO in the backbone. The issuing ring distortion
leads to a significant energetic penalty. As a result, inR andγ
structures, the piperidine ring is close to an ideal chair puckering,

TABLE 1: Relative Stabilities (kcal/mol) and Selected
Geometrical Parameters of the TOACDA Conformers
Obtained at the PBE/6-31g(d) Level

æ (deg) ψ (deg) R (deg) τ (deg) ∆E

EquatorialR-Amino Group
R -72.2 -16.0 108.0 111.6 3.4
â 145.3 -151.2 110.7 101.6 6.7
γ -72.8 55.4 108.2 110.7 0.0a

ε 59.8 -140.1 110.0 106.1 6.9

Axial R-Amino Group
R -59.1 -44.2 109.1 107.3 5.8
â -178.2 -117.0 108.8 100.4 6.1
γ -74.4 69.2 108.2 107.0 0.9

a Total energy) -898.6330 au.

TABLE 2: Selected Geometrical Parameters of the
TOACDA Conformers Optimized at the PBE0/6-31G(d)
Levela

æ (deg) ψ (deg) R (deg) τ (deg) ∆E
∆E

(6-31+G(d,p)

EquatorialR-Amino Group
R -71.4 -17.7 107.8 111.5 3.0 (1.1) 2.6
â 145.4 -150.8 110.7 101.8 7.0 (8.0) 7.2
γ -73.7 55.8 107.8 110.5 0.0b (0.0c) 0.0d

ε 59.3 -141.0 110.0 106.1 6.1 (3.2) 5.2

Axial R-Amino Group
R -59.0 -44.4 109.1 107.5 5.6 (0.7) 5.8
â -177.9 -116.1 108.7 100.5 6.1 (6.2) 6.0
γ -75.0 70.5 108.0 106.8 1.0 (0.1) 1.2

a Using these geometries, relative stabilities (in kcal/mol) have been
computed with both 6-31G(d) and 6-31+G(d,p) basis sets in vacuo
and with the 6-31G(d) basis set also in aqueous solution (data in
parentheses).b Total energy-898.7174 au.c Total energy-898.7396
au. d Total energy) -898.7792 au.

Figure 3. Comparison between geometrical parameters for the TOAC
residue derived from the crystallographic analysis of peptides containing
TOAC. Panel a shows experimental bond lengths (in Å), and panel b,
experimental valence angles (in deg); the corresponding averages of
the geometrical parameters computed for different conformers are
reported in parentheses.
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but the piperidine ring of the other two conformers (â andε) is
intermediate between a twist and a boat (Table 3).

Helix structures of dipeptide analogues cannot form H bonds
and are, therefore, significantly less stable, at least in the gas
phase or in low-polarity solvents. As a consequence,δ conform-
ers collapse in the high-energyR andε minima shown in Figure
4 for both axial and equatorial placements of theR-amino group
in the piperidine ring.

In summary, the relative stability of energy minima isγ > R
> ε > â for the eq conformer andγ > R > â for the ax
conformer. Note that the energy difference betweenγ and â
structures is lower for an axial placement of theR-amino group
because this situation allows the reduction of steric contacts
with lower deformations of the piperidine ring. However, eq
conformers are always more stable than their ax counterparts,
the energy difference being∼1.0 kcal/mol for the most stable
γ structures. Crystallographic characterizations of peptides
containing TOAC show that in the more populated piperidine
ring conformation theR-amino andR-carboxy substituents
occupy positions that are intermediate between the classical
equatorial and axial positions.9 This is in agreement with a low-
energy difference between the limiting conformers, which can
be easily modified to optimize crystal packing. It is significant
that the insulated peptide derivative is characterized by two well-
separated energy minima.

We have next analyzed the specific effects related to the
presence of a nitroxide moiety on conformational equilibria.
To this end, we have carried out calculations on the molecular
system obtained by substituting the nitroxide group with-CH2

in the piperidine ring (Table 4) and on the Ac6c residue obtained

by further replacing all of the methyl groups in positions 2 and
6 with hydrogen atoms (Table 5).

Our results show that methyl groups do not affect the general
behavior of dipeptide analogues concerning both structural and
energetic characteristics. The conformational behavior of all of
the cyclic residues is quite similar but significantly different
from that of the prototype CR-tetrasubstituted amino acid residue
Aib (Table 6), especially concerning the relative stability of the
â conformer.

Both for TOAC and Ac6c dipeptide analogues, theâ
conformer is characterized by a NCRC′(τ) valence angle that is
considerably smaller than in other conformers, whereas the
CâCRCâ(R) angle is nearly constant and quite similar for
different residues.

Note that for all cyclic residues bothâ andε conformers are
destabilized with respect to Aib, thus confirming that steric
hindrances can be reduced only at the expense of significant
ring distortions.

Several previous studies have shown that polar solvents can
dramatically modify the relative stabilities of different conform-
ers of peptides and that continuum solvent models usually
provide reliable results.22 In the case of TOACDA, free-energy
calculations, performed in aqueous solutions for structures
optimized in the gas phase, give the results collected in Table

TABLE 3: Piperidine Ring Puckering for Different
Conformers of TOACDA with an Equatorial r-Amino
Groupa

R 20% B 5% TB 75% C
â 37% B 61% TB 3% C
γ 23% B 1% TB 76% C
ε 21% B 76% TB 4% C

a The acronyms C, TB, and T refer to chair, twist-boat, and boat
rings, respectively. (See the text for further details.)

Figure 4. â andγ optimized structures for equatorial (a, c) and axial
(b, d) placements of theR-amino group in the piperidine ring of TOAC
dipeptide analogues.

TABLE 4: Selected Geometrical Parameters and Relative
Stabilities (kcal/mol) for the PBE0/6-31G(d) Energy Minima
of the Amino Acid Derivative Obtained by Substituting the
Nitroxide with a Methylene Group in the Piperidine Ring of
TOAC

æ (deg) ψ (deg) R (deg) τ (deg) ∆E

EquatorialR-Amino Group
R -70.2 -19.4 107.8 111.5 2.8
â 159.1 -165.8 110.7 101.8 6.2
γ -73.6 52.8 107.8 110.5 0.0a

ε 76.1 -59.5 110.0 106.1 2.5

Axial R-Amino Group
R -57.7 -45 110.9 107.1 5.4
â -177.8 -121.7 111.0 100.4 5.4
γ -73.9 71.5 109.7 106.4 1.0

a Total energy) -808.2106 au.

TABLE 5: Selected Geometrical Parameters and Relative
Stabilities (kcal/mol) for the PBE0/6-31G(d) Energy Minima
of Ac6cDA

æ (deg) ψ (deg) R (deg) τ (deg) ∆E

EquatorialR-Amino Group
R -68.8 -21.6 109.6 112.2 2.9
â -167.8 -163.6 110.5 102.8 8.3
γ -74.3 56.2 109.4 111.4 0.0a

ε 60.9 -145.1 109.6 107.4 10.2

Axial R-Amino Group
R -63.1 -34.5 109.9 109.9 3.9
â -178.9 -173.7 111.3 102.9 3.6
γ -73.7 69.4 109.2 108.9 0.1

a Total energy) -651.1589 au.

TABLE 6: Selected Geometrical Parameters and Relative
Stabilities (kcal/mol) for the PBE0/6-31G(d) Minima of
AibDA in Vacuo and in Aqueous Solutiona

æ (deg) ψ (deg) R (deg) τ (deg) ∆E

R -66.8 -25.2 110.3 112.1 2.9 (-0.5)
â 180 180 111.0 104.3 0.3 (-0.6)
γ -73.8 57.2 109.8 111.8 0.0b (0.0c)
δ -174.7 33.9 110.8 108.0 4.4 (1.6)

a Data in parentheses.b Total energy) -534.5558 au.c Total energy
) -534.5730 au.
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2. The general solvent effect is to reduce the stabilization
induced by intramolecular hydrogen bonds due to their competi-
tion with intermolecular hydrogen bonds or, in macroscopic
terms, due to the increase of the dielectric constant with the
consequent reduction of the electrostatic attraction, which
dominates the H-bond strength. As a consequence, the relative
stability of helix structures is not far from that ofγ conformers
for both equatorial and axial placements of theR-amino group.
However,â structures remain quite unstable because the solvent
does not have a remarkable effect on steric hindrance. The effect
of geometry reoptimization in solution was next investigated
for theR andγ conformers. The results of Table 7 show a further
slight stabilization of helical structures but confirm that, as
previously reported,22 geometries optimized in vacuo are suf-
ficient for semiquantitative analyses.

Isotropic Hyperfine Couplings. We have computed the
isotropic hyperfine couplings of all of the TOACDA conformers
both in vacuo and in aqueous solution using the composite
procedure described in the computational details. (See Table 8
for the essential results.)

The QCISD correction (second term on the right side of eq
3) is nearly constant (0.36 G) for all of the conformers and leads
to AN values that are in good agreement with the corresponding
values measured in apolar solvents for related piperidine
nitroxides.21

The most stable conformers (R and γ) of TOACDA show
quite pyramidal nitroxide moieties, whereas theâ and ε

conformers are characterized by significantly lower hyperfine
couplings and degrees of pyramidalization when the NO moiety
occupies an equatorial position.

Because the singly occupied molecular orbital (SOMO) is
mostly localized on the NO moiety (Figure 5), our results can
be analyzed in terms of the competition between pyramidal (sp3-
like hybridization) and planar (sp2-like hybridization) geometry
around the nitrogen atom, which is tuned by the subtle balance
of at least three different effects:

(1) the partialπ bonding at the NO moiety, which favors
sp2 hybridization and thus planar geometry at the nitrogen atom;

(2) steric repulsions between the oxygen atom and the
substituents on theR-carbon atom of the ring; and

(3) the stabilization (e.g., by polar solvents) of the resonance
structure of nitroxides formally involving an N+O- moiety.

The neutral resonance structure with a lone pair on nitrogen
is stabilized by a pyramidal environment, which minimizes
the interelectronic repulsions; however, the N+O- resonance
structure involves just one electron in the p-like orbital on
nitrogen, and this favors planar geometry, which minimizes the
repulsion among the three two-electronσ bonds of nitrogen.

When the nitrogen and its three substituents lie in the same
plane, the SOMO is a pureπ orbital, and the nitrogen atom
lies in its nodal plane. As a consequence, the nominally unpaired
orbital cannot give any direct contribution to hcc (delocalization
term). However, the presence of an electron with unpaired spin
(say,R) in theπ system polarizes the electrons of theσ system
and causes a slight excess ofR electrons at the nitrogen
nucleus: in a planar NO moiety, only this spin-polarization
(indirect) effect contributes toAN .

When the NO moiety is not perfectly planar, there is an
increase in the s character of the SOMO, leading to some
delocalization contribution to the hcc: theAN value, then,
increases remarkably.

Polar solvents stabilize the resonance structure involving
charge separation, which implies an sp2 hybridization of the
nitrogen (planar geometry and bond angles closer to 120°).
Therefore, a polar embedding medium, shifting some spin
density from oxygen to nitrogen, increasesAN.

An experimental value is available for theAN of a TOAC-
labeled helical (310) lipopeptaibol in membranes.38 Considering
that AN strongly depends on the environmental dielectric
constant, we have performed some PCM computations using
CHCl3 and H2O solvents. TheAN value computed in CHCl3

solution (average value between eq and ax values of 15.2 G) is
in fair agreement with experiment (15.4 G).38

The situation is more involved in aqueous solution because
several studies have shown that the correct reproduction of
solvent shifts induced by hydrogen-bonding solvents on the
magnetic properties of polar solutes requires a balanced treat-
ment of first-shell and bulk effects.20,21 In particular, both
experimental and QM results indicate that two water molecules
are strongly bonded to the lone pairs of the nitroxide oxygen.

TABLE 7: Relative Stabilities (kcal/mol) and Selected
Geometrical Parameters of the Most Stable TOACDA
Conformers in Aqueous Solution Optimized at the PCM/
PBE0/6-31G (d) Level

æ (deg) ψ (deg) R (deg) τ (deg) ∆E

EquatorialR-Amino Group
R -70.1 -29.6 107.7 110.2 -0.2
γ -75.1 57.2 107.6 109.8 0.0a

Axial R-Amino Group
R -59.0 -44.4 109.1 107.5 0.8
γ -75.0 70.5 108.0 106.8 1.0

a Total energy) -898.7410 au.

TABLE 8: Isotropic Hyperfine Coupling Constants (Gauss)
of the Nitroxide Nitrogen Atom of TOACDA Calculated in
Vacuo and in Aqueous Solution with the Composite
Procedure of Equation 3a

AN

(vacuum)
AN

(PCM)
AN

(PCM + 2H2O)

EquatorialR-Amino Group
R 14.72 15.31 16.83
â 12.35 13.17 14.31
γ 15.13 15.32 17.05
ε 12.61 12.93 14.63

Axial R-Amino Group
R 14.39 15.48 16.65
â 15.44 15.54 17.35
γ 15.39 15.70 17.28

a See the text for further details.

Figure 5. Singly occupied molecular orbital (SOMO) of TOACDA.
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As a consequence, we have performed PCM computations both
for the bare nitroxide and for the adduct containing two explicit
water molecules (Figure 2). The results obtained by the latter
discrete-continuum model (averageAN around 17 G, see Table
8) are in fair agreeement with experimental values for other
six-membered ring nitroxides in aqueous solution (e.g.,AN )
17.1 G for 2,2,6,6-tetramethyl-4-carboxypiperidine nitroxide).21c

Conclusions

We have reported a detailed analysis of the structural and
magnetic properties of a TOAC derivative both in vacuo and
in aqueous solution. By analogy with natural amino acid
residues, the global energy minimum falls in theγ region of
the Ramachandran map, but the stability order of low-energy
minima is quite peculiar. In particular, theâ conformer is
unusually unstable because of the steric hindrance of the
piperidine ring, which can be relieved only by strong ring
deformations. This behavior is retained when replacing the
piperidine by a ciclohexane ring but changes significantly when
R,R substitution does not involve a cyclic structure (Aib). Polar
solvents modify the conformational behavior in a non-negligible
way, stabilizing, in particular, helix structures. Concerning next
the magnetic properties, our results are in remarkable agreement
with the available experimental data and point out a number of
interesting magneto-structural relationships. In particular, a
significant tuning of hcc’s by the backbone conformation has
been evidenced, which is related to the different puckerings
adopted by the piperidine ring to minimize steric repulsions.

The favorable scaling of our computational protocol with the
dimensions of the system and its remarkable performances for
both structural and magnetic properties pave the route for
systematic studies of large polypeptidic systems involving the
TOAC probe.
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