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Abstract: The results of X-ray diffrac-
tion analysis, fluorescence experiments
and molecular mechanics calculations
on the terminally protected hexapeptide
-(S)Bin-Ala-Aib-TOAC-(Ala)2- are pre-
sented. This is the first peptide inves-
tigated photophysically that is charac-
terized by a) a rigid, binaphthyl-based a-
amino acid (Bin) fluorophore, b) a rigid
interchromophore bridge, the -Ala-Aib-
sequence, and c) a rigid, nitroxide-based
a-amino acid quencher (TOAC). In the
crystal state the backbone of the spec-
troscopically critical 1 ± 4 segment of
both independent molecules in the

asymmetric unit of the hexapeptide is
folded in a regular, left-handed 310-helix.
The steady-state fluorescence spectra
show a remarkable quenching of Bin
emission by the TOAC residue located
one complete turn of the helix apart.
Time-resolved fluorescence measure-
ments exhibit a biexponential decay
with solvent-dependent lifetime compo-

nents ranging from 0.5 to 1.5 ns and from
3 to 5 ns. Time-decay data combined
with molecular mechanics calculations
allowed us to assign these lifetimes to
two left-handed 310-helical conformers
in which an intramolecular electronic
energy transfer from excited Bin to
TOAC takes place. For a given solvent
the difference between the two lifetimes
primarily depends on a different relative
orientation of the two chromophores in
the conformers, which is in turn related
to a different puckering of the TOAC
cyclic system.

Keywords: conformation analysis ´
fluorescence spectroscopy ´ molec-
ular modeling ´ peptides ´ structure
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Introduction

Rigid donor ± spacer ± acceptor systems provide well-defined
distances and orientations between appropriate probes, thus
greatly facilitating a reliable and correct interpretation of
experimental results based on the geometrical dependence of
photophysical processes.[1, 2] Peptide-based systems of differ-
ent lengths present a remarkable advantage over derivatized
polycyclic hydrocarbon skeletons, because they are very easily
synthetically assembled.

Oligopeptide helices of variable length have already been
used as spacers in photophysical studies. Following this
approach, distance dependences of energy[3] and electron
transfer[4] have been examined. However, particularly in the
case of relatively short peptides, only a restricted mobility has
been achieved. The most commonly used oligopeptide series
in this context are (l-Pro)n, followed by (Gly)n, (l-Ala)n, and
g-substituted (l-Glu)n. Extensive investigations on (l-Pro)n

oligomers have clearly shown that different populations of
multiple conformers arise from cis> trans (w torsion angle)
and cis'> trans' (y torsion angle) equilibria.[5] On the other
hand, (Gly)n oligomers are known to fold in the ternary helix
poly(Gly)n I, or in the antiparallel b-sheet conformation
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poly(Gly)n II,[6] while (l-Ala)n and g-substituted (l-Glu)n

oligomers may adopt either the a-helical or the b-sheet
conformation.[6a, 7] In addition, statistically disordered forms
occur largely in the complex conformational equilibria of
short oligopeptides from Ca-trisubstituted (proteinogen)
amino acids, with their total population inversely proportional
to the peptide main chain length.

As it is clear none of the peptide series discussed above can
produce truly rigid spacers, in the last few years we have
concentrated our efforts on oligomeric series rich in the
structurally restricted Ca-tetrasubstituted a-amino acids. Af-
ter careful investigations of model peptides in both solution
and crystal state, we[8] and others[9] have found that in peptides
rich in Aib (a-aminoisobutyric acid) (Figure 1), the prototype

Figure 1. Chemical structures of the five Ca,a-disubstituted glycines
discussed in this work.

of this family of amino acids, and in its Acnc (1-amino-
cycloalkane-1-carboxylic acid) cyclic analogues, stable type-
III (III') b-turns,[10] regular 310-helices,[11] or a-helices are
formed. This largely depends on the main chain length and
Aib (or Acnc) content.[8, 9b] Stimulating results from this
approach have already been reported by several groups.[12±15]

However, almost all of these investigations have exploited
as photoprobes a) flexible, unmodified, proteinogen amino
acids (Trp, Tyr, Met) or b) flexible, appropriately side-chain-
modified, proteinogen amino acids (Cys, Lys, Glu, Ala, Pro,
Phe). To our knowledge, the only notable exceptions are an
Ac6c-based, constrained Trp residue, which, however, has not
yet been incorporated into peptides,[16] and further two
aromatic homologues of Acnc, which have been inserted into
a 310-helical structure, but in the relative positions i and i�2,
after only part of one turn of the ternary helix.[12e, f]

In this article we report the results of our structural (X-ray
diffraction) analysis of the hexapeptide Boc-(S)-Bin-Ala-Aib-
TOAC-(Ala)2-OtBu (Boc, tert-butyloxycarbonyl; Bin,
2',1':1,2 ;1'',2'':3,4-dinaphthcyclohepta-1,3-diene-6-amino-6-
carboxylic acid; TOAC, 2,2,6,6-tetramethylpiperidine-1-oxyl-
4-amino-4-carboxylic acid; OtBu, tert-butoxy) in combination
with data of steady-state and time-resolved fluorescence
experiments and molecular mechanics calculations. This
peptide system is characterized by: a) a rigid donor, (S)-Bin,
an axially dissymmetric (atropoisomeric), 1,1'-binaphthyl
side-chain-substituted Ac7c ;[17] b) a rigid, Aib-based, 310-
helical interchromophore bridge, and c) a rigid, achiral, a-
amino acid acceptor, TOAC, an Ac6c analogue containing a

Abstract in Italian: In questo lavoro vengono presentati i
risultati di un�analisi con la diffrazione dei raggi X, di
esperimenti di fluorescenza e di calcoli di meccanica moleco-
lare sull�esapeptide N- e C-protetto -(S)-Bin-Ala-Aib-TOAC-
(Ala)2-. Questo � il primo peptide che viene studiato con
metodi fotofisici che sia caratterizzato da: a) un a-amminoa-
cido fluorescente (a base binaftilica) rigido (Bin); b) uno
spaziatore intercromoforico, la sequenza -Ala-Aib-, rigido, e
c) un a-amminoacido quencher (a base nitrossilica) rigido
(TOAC). Allo stato cristallino lo scheletro del segmento 1 ± 4,
critico dal punto di vista spettroscopico, di entrambe le
molecole indipendenti nell�unità asimmetrica dell�esapeptide
forma un�elica 310 sinistrogira regolare. Gli spettri di fluore-
scenza statica evidenziano un notevole quenching dell�emis-
ssione del Bin da parte del residuo di TOAC situato dopo un
giro completo dell�elica. Misure di fluorescenza dinamica
mostrano andamenti con decadimenti biesponenziali con
componenti con tempi di vita da 0.5 e 1.5 ns a da 3 a 5 ns.
Questi valori variano al variare del solvente. I dati di
fluorescenza, combinati con quelli dei calcoli di meccanica
molecolare, ci hanno consentito di assegnare i tempi di vita a
due conformeri 310-elicoidali sinistrogiri in entrambi i quali ha
luogo un trasferimento di energia intramolecolare dal Bin
eccitato al TOAC. Per un dato solvente la differenza tra i due
tempi di vita dipende principalmente dalla diversa orientazione
relativa dei due cromofori in ciascun conformero, la quale � a
sua volta collegata al diverso corrugamento del sistema ciclico
del residuo di TOAC.

Abstract in French: Dans l�article sont prØsentØs les rØsultats
d�une analyse de diffraction aux rayons X, des expØriences de
fluorescence et des calculs de mØcanique molØculaire concer-
nant l�hexapeptide -(S)Bin-Ala-Aib-TOAC-(Ala)2- dont les
deux extrØmitØs sont protØgØes. C�est le premier peptide
examinØ jusqu�Á prØsent du point de vue photophysique,
caractØrisØ par: a) un fluorophore a-amino acide binaphthy-
lique (Bin) rigide, b) un lien interchromophore, la sØquence
-Ala-Aib-, rigide, et c) un extincteur de fluorescence a-amino
acide nitroxyde (TOAC) rigide. A l�Øtat cristallin, le squelette
du segment 1 ± 4, spectroscopiquement crucial, des deux
molØcules indØpendantes dans l�unitØ asymØtrique, est repliØ
en forme d�hØlice 310 rØguli�re. Les spectres de fluorescence à
l�Øtat stationnaire montrent une extinction remarquable de
l�Ømission du Bin par le rØsidu TOAC situØ un tour complet
d�hØlice plus loin. Les mesures de fluorescence en fonction
du temps prØsentent une dØcroissance biexponentielle avec
des durØes de vie dØpendantes du solvant, dont les
composantes sont dans les intervalles 0.5 à 1.5 ns et 3 à 5 ns.
Les calculs de mØcanique molØculaire nous ont permis
d�attribuer ces durØes de vie à deux conform�res hØlicoïdaux
310 gauches dans lesquels un transfert intramolØculaire d�Øner-
rgie Ølectronique, de l�Øtat excitØ de Bin au rØsidu TOAC, a lieu.
Pour un solvant donnØ, la diffØrence entre les deux durØes de
vie dØpend principalement de l�orientation relative des deux
chromophores dans les conform�res, laquelle est à son tour liØe
à une gØomØtrie diffØrente du syst�me cyclique du rØsidu
TOAC.
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stable nitroxide free radical.[15] Appropriately substituted
naphthalene derivatives and nitroxide-containing compounds
are efficient fluorophores and fluorescence quenchers. The
Bin and TOAC residues were incorporated in relative
positions i and i�3, that is, after one complete turn of the
310-helix, to achieve an efficient spatial overlap of the two
chromophores.

Results and Discussion

Crystal structure : The X-ray diffraction structures of the two
independent molecules A and B in the asymmetric unit of
Boc-(S)-Bin-Ala-Aib-TOAC-(Ala)2-OtBu are depicted in
Figure 2. Relevant backbone torsion angles[18] are listed in
Table 1. In Table 2 the intra- and intermolecular H-bond
parameters are given.

Bond lengths and bond angles (deposited at CCDC, see
Experimental Section) are in good agreement with previously
reported values for the geometry of the Boc-urethane[19] and
-OtBu ester[20] groups, the peptide unit,[21] and the Bin,[17a]

Aib,[22] and TOAC[15a, d, e] residues. In particular, the NdÿOd

bond lengths of the TOAC
nitroxide group (1.302(5) � for
molecule A and 1.294(7) � for
molecule B), the external Od-
Nd-Cg bond angles [in the range
116.7(4)8 ± 118.3(5)8], and the
internal bond angle at the Nd

atom [125.0(4)8 for molecule A
and 124.0(4)8 for molecule B]
compare well with those pub-
lished for other TOAC resi-
dues.[15a, d, e] A similar conclusion
may be drawn for the length of
the characteristic CÿC bond
joining the two naphthyl moi-
eties of Bin [1.499(6) � for
molecule A and 1.493(6) � for
molecule B].[17a]

Figure 2. X-ray diffraction structures of the two independent molecules A and B in the asymmetric unit of the Bin ± TOAC hexapeptide. Nitrogen and
oxygen atoms are labeled. The intramolecular C�O ´´´ HÿN H-bonds are represented by dashed lines.

Table 1. Relevant backbone torsion angles [8] with their esd�s for the two
independent molecules A and B in the asymmetric unit of the Bin ± TOAC
hexapeptide.

Torsion angle Mol. A Mol. B

q1 ÿ 177.2(4) ÿ 168.9(3)
w0 159.6(4) 162.8(3)
f1 55.7(5) 59.7(5)
y1 44.5(5) 32.9(5)
w1 171.7(4) 177.0(4)
f2 56.3(5) 52.5(5)
y2 32.7(5) 34.5(5)
w2 177.1(4) 176.6(4)
f3 56.4(5) 58.1(6)
y3 19.0(5) 23.6(6)
w3 ÿ 179.8(3) 176.6(4)
f4 50.3(5) 59.6(5)
y4 36.2(5) 34.9(5)
w4 ÿ 174.4(4) ÿ 174.0(4)
f5 ÿ 109.1(5) ÿ 89.0(5)
y5 ÿ 2.0(6) ÿ 17.9(6)
w5 ÿ 176.9(5) ÿ 172.6(4)
f6 ÿ 168.7(5) ÿ 171.9(4)
y6 ÿ 177.8(5) ÿ 175.6(4)
w6 170.4(6) 170.1(4)

Table 2. Intra- and intermolecular hydrogen bond parameters for the two independent molecules A and B in the
asymmetric unit of the Bin ± TOAC hexapeptide.

Type of Donor Acceptor Symmetry Distance [�] Distance [�] Angle [8]
H-bond D A operation D ´´´ A H ´´´ A D-H ´´´ A

Intramolecular
Mol. A N3-H O0 x, y, z 2.993(5) 2.24 146

N4-H O1 x, y, z 2.978(4) 2.14 166
N5-H O2 x, y, z 3.116(5) 2.31 157
N6-H O6 x, y, z 2.630(6) 2.24 108

Mol. B N3-H O0 x, y, z 2.995(5) 2.20 155
N4-H O1 x, y, z 2.977(5) 2.15 163
N5-H O2 x, y, z 3.120(6) 2.38 145
N6-H O6 x, y, z 2.645(5) 2.26 107

Intermolecular
N1A-H O5A ÿ 1�x, y, z 2.946(5) 2.26 137
N2A-H O3B ÿ 1�x, y, z 2.890(5) 2.30 127
N1B-H O5B ÿ 1�x, y, z 2.988(6) 2.31 136
N2B-H O4DA 1ÿ x, ÿ 1=2 � y, 2ÿ z 2.801(7) 2.05 146
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The conformational differences between molecules A and
B are of minor significance. The -(S)-Bin1-Ala-Aib-TOAC4-
sequence of both independent molecules is folded into a
regular, left-handed 310-helix with average f, y torsion angles
54.78, 33.18 for molecule A and 57.58, 31.58 for molecule B.
The helical structure is stabilized by three successive 1 4
C�O ´´´ HÿN intramolecular hydrogen bonds of the b-
turn(C10)-III type.[10] The range of observed N ´´´ O distances
is 2.978(4) � ± 3.120(6) �; in both molecules the weaker
hydrogen bond[23] is that joining the (peptide) N5ÿH ´´´
O2�C'2 (peptide) groups. In both molecules the Ala5 residue
is found in the right-handed bridge region of the f, y space.[24]

Interestingly, again for both molecules, the C-terminal Ala6

residue is fully extended, producing an unusual 2!2 (or C5)
N6ÿH ´´´ O6�C'6 intramolecularly hydrogen-bonded struc-
ture.[8, 25]

The deviation of the urethane, peptide, and ester w torsion
angles from the ideal value of the trans planar conformation
(1808) is significant (jw j� 108) only at the two ends of the
peptide chain, namely for the urethane w0 and ester w6 angles.
The conformation of the Boc-urethane group (q1 and w0

torsion angles) is the usual trans, trans or type-b conforma-
tion.[19] The ester disposition with respect to the preceding
Ca6ÿN6 bond is close to the synperiplanar conformation.[26]

The tert-butyl ester groups of the -OtBu and Boc- moieties are
in a conformation in which the three methyl substituents of
the quaternary carbon atom are staggered with respect to the
-Ca6-C'6(�O6)-OT and N1-C'0(�O0)-Ou- planes, respectively,
as usually found in ester groups from tertiary alcohols.[20]

The TOAC residue in molecule A differs from that in
molecule B in the puckering of the piperidine ring. This six-
membered cyclic system is close to the boat conformation in
molecule A, with the puckering parameters[27] QT� 0.607(6) �,
V2� 91.2(5)8, F2� 294.8(5)8, whereas it adopts the twist-boat
conformation in molecule B, with the puckering parameters
QT� 0.621(6) �, V2� 93.4(5)8, F2� 274.0(5)8. As a consequen-
ce, small but significant differences are found in the orienta-
tion of the substituents relative to the normal to the piperidine
ring average plane. More specifically, the angle between the
normal to the average plane and the Ca4ÿN4 bond is 21.8(3)8
in molecule A, while 32.1(3)8 in molecule B. Furthermore, the
angle between the normal to the average plane and the
Ca4ÿC'4 bond is 51.8(3)8 in molecule A, while it is 42.8(3)8 in
molecule B. These values correspond to a slightly different
orientation of the TOAC average plane with respect to the
peptide backbone. Also, the nitroxide N4DÿO4D bond is shifted
in one molecule compared with the other by the different
TOAC puckering. This bond is perfectly equatorial (the angle
with the normal to the TOAC average plane is 90.0(4)8) in
molecule B, while this angle is 79.4(4)8 in molecule A.[15a, d, e]

In the Bin residue of both molecules the a-amino sub-
stituent is halfway between the axial and equatorial disposi-
tions with respect to the average plane of the seven-
membered ring. Again for both molecules, this cyclic system
shows a twist-boat conformation[28] with the following puck-
ering parameters: QT� 1.113(4) �, V2� 84.5(2)8, F2�
268.5(2)8, F3� 261(3)8 for molecule A, and QT� 1.115(4) �,
V2� 84.9(3)8, F2� 268.5(2)8, F3� 261(3)8 for molecule B. A
similar conformation of the Bin seven-membered ring was

recently reported for the free amino acid.[17a] Each naphthyl
moiety is substantially planar, the largest deviation from
planarity for carbon atoms in each moiety being in the range
�0.026(4) � ± 0.070(6) �. The dihedral angles between nor-
mals to the average planes of naphthyl ´´ ´ naphthyl', naphthyl
´´ ´ TOAC and naphthyl' ´ ´ ´ TOAC have values of 62.7(1)8,
58.8(1)8, 24.9(1)8, respectively, for molecule A, while they are
64.6(1)8, 57.6(1)8, 44.7(1)8 for molecule B. The angles between
the nitroxide bond and the normals to the average planes of
the two naphthyl moieties are 53.7(3)8, 80.8(3)8 for molecule
A, and 70.4(3)8, 52.3(4)8 for molecule B. The distance
between the Ca atoms of Bin1 and TOAC4, after one complete
turn of the 310-helix,[11] is 5.876(6) � in molecule A and
5.779(6) � in molecule B. The shortest intramolecular (TOAC
nitroxide) O ´´´ C (Bin aromatic) distance is 4.502(7) � in
molecule A and 5.039(9) � in molecule B. In addition, in each
molecule A and B one TOAC methyl group is directed toward
the center of the external phenyl ring of one binaphthyl
moiety; the corresponding (methyl) C ´´´ C (phenyl) separa-
tions being in the ranges of 3.509(7) � ± 3.861(7) � and
3.586(9) � ± 3.727(8) �, respectively.

In the crystal rows of each of the two independent
molecules A and B are formed along the a direction by
N1ÿH ´´´ O5�C'5 intermolecular hydrogen bonds. These rows
are linked into columns by N2AÿH ´´´ O3B�C'3B intermo-
lecular hydrogen bonds. The columns are connected into a
continuous 3D network by an N2BÿH ´´´ O4DA hydrogen
bond, which links molecules around a crystallographic screw
axis. The solvent (acetone) molecules lie in channels along the
a direction and do not interact with the peptide molecules.

Ground- and excited-state behaviors : The UV absorption
spectra of the Bin derivative (blank) and the Bin ± TOAC
hexapeptide in methanol (MeOH) solution are shown in
Figure 3. They exhibit a shift to 305 nm of the naphthalene

Figure 3. UV absorption spectra of the Bin derivative (full line), the Bin ±
TOAC hexapeptide (dashed line) and naphthalene (dotted line) in MeOH
solution.

band at 280 nm, while the band at about 225 nm is doubled,
and the maxima being found at 220 nm and 232 nm. Accord-
ing to Förster[29] this finding implies a strong electronic
coupling of the naphthyl (N) moieties in the ground state
through intramolecular exciton interaction, and at the same
time a much larger rate of excitation transfer between the
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chromophores in the binaphthyl group than the frequency of
molecular vibrations.[30] As a result, the exciton is delocalized
over the entire binaphthyl group. Accordingly, the CD
spectrum within the 200 ± 300 nm wavelength region (not
shown) exhibits an exciton splitting clearly ascribable to the
aforementioned coupling regime.

The presence of TOAC in the molecule does not perturb
such a strong coupling effect, since the absorption and CD
spectra of the Bin ± TOAC hexapeptide are almost identical to
those of the Bin derivative. This result is indicative of a severe
conformational restriction that prevents the overlap of the
electron density distributions of the probes. In addition, no
charge transfer bands are present in the spectrum of the Bin ±
TOAC hexapeptide, which rules out the formation of a
ground-state charge-transfer (CT) complex.[31]

Although the dielectric constant of the solvent may affect
the resonance interaction by altering the oscillator strength of
the transition, no significant variation of the spectra could be
observed by changing solvent. This lack of solvent effects is pre-
sumably connected with the strong electronic coupling between
the two naphthyl moieties in the Bin chromophore.[30]

We next examined the excited-state behavior of the Bin ±
TOAC hexapeptide. Despite the extensive literature aimed at
understanding the mechanism through which excited states
are quenched by paramagnetic species, such as a nitroxyl
radical, there is not yet a univocal interpretation of this
phenomenon, partly because of the sparseness of the experi-
ments. Indeed, most of the literature on nitroxide-based
quenchers concerns noncovalently linked fluorophore-
quencher dyads, leading to measured quenching rate con-
stants controlled by diffusion processes.[32a, 33a] Consequently,
the issue of a detailed quenching mechanism by a nitroxide
group, with specification of its distance and orientation
dependence in covalently linked donor ± acceptor dyads, must
be considered still unsettled, in spite of the widespread use of
doublet quenchers to probe the structural and dynamic
features of membranes,[34] micelles,[35] and protein surfaces.[32]

It is generally accepted that in freely diffusive systems a
major pathway of singlet-state quenching by a nitroxide would
either be an intersystem crossing to the triplet state induced
by electron exchange[32a, 36] or a catalyzed internal conversion
to the ground state;[33] the mechanisms are exclusive. In other
instances, however, charge transfer, electron transfer[32c] or
Förster[37] energy transfer[32b, 34f] were found to play an
important role. Calculations based on measured spectral
properties showed that Förster transfer mechanism extends
the nitroxide quenching radius to as much as 10 �,[34f] so that
the range of the induced quenching is considerably over what
it would be with only vibrational coupling or enhanced
intersystem crossing. On the other hand, Dexter energy
transfer[38] may also hold, but it requires singlet energies
(E00, Bin� 3.73 eV) greater than the lowest excited state energy
of the nitroxide, which in the case of TOAC is approximately
3.1 eV, besides a short center-to-center distance, less than,
say, 4 �.

Steady-state fluorescence spectra (lex� 305 nm) in MeOH
or dioxane show a substantial quenching of N singlet emission
by TOAC, as illustrated in Figure 4. No evidence for exciplex
emission from the Bin ± TOAC hexapeptide could be ob-

Figure 4. Fluorescence spectra of the Bin derivative (full line) and the
Bin ± TOAC hexapeptide (dashed line) in MeOH solution. Inset: same
spectra in dioxane solution.

tained, even by decreasing solvent polarity. The fluorescence
quantum yield of the peptide (F) in a number of solvents with
different polarity, and the efficiency of the quenching process,
E, as given by [1ÿ (F/F0)], where F0 is the quantum yield of
the blank, are reported in Table 3. Rather surprisingly, the
quenching efficiency from steady-state measurements varies
only slightly when the solvent is changed.

As far as the time decay measurements (lex� 305, lem�
360 nm) are concerned, the decay curve of the blank was
found to be strictly monoexponential, with t0 ranging from 3.6
to 4.9 ns, depending on the solvent (Table 4). It is definitely
shorter than that of naphthalene, tN� 52.5� 0.7 ns, thereby
indicating a strong dynamic quenching, ascribable to an
exciton interaction associated with the aforementioned cou-
pling regime. Instead, the Bin ± TOAC hexapeptide decays
biexponentially [Eq. (1), where i� 1 or 2]. Typical examples

I(t)�Siaiexp(ÿ t/ti) (1)

Table 3. Quantum yields and energy transfer efficiencies for the Bin ±
TOAC hexapeptide from steady-state fluorescence measurements.

Solvent er
[a] F0

[b] F[c] E[d]

1,4-Dioxane 2.2 0.77 0.07 0.91
Ethyl acetate 6.0 0.74 0.04 0.95
1-Butanol 17.1 0.72 0.06 0.92
Isopropanol 18.3 0.75 0.04 0.95
Ethanol 24.3 0.76 0.05 0.93
Methanol 32.6 0.71 0.07 0.90

[a] Dielectric constant [25 8C]. [b] Quantum yield of the blank (Bin
derivative). [c] Quantum yield of the Bin ± TOAC hexapeptide. [d] Energy
transfer efficiency, E� 1ÿ (F/F0).

Table 4. Fluorescence lifetimes and efficiencies for the Bin ± TOAC
hexapeptide in different solvents.[a]

Solvent t0
[b] [ns] a1 t1 [ns] E1

[c] a2 t2 [ns] E2
[d] c2

1,4-Dioxane 3.62 0.55 0.84 0.77 0.45 3.06 0.15 1.28
Ethyl acetate 3.95 0.59 0.95 0.73 0.41 3.48 0.09 1.14
1-Butanol 4.12 0.63 0.68 0.83 0.37 3.15 0.24 0.99
Isopropanol 4.12 0.79 0.53 0.87 0.21 3.25 0.21 1.19
Ethanol 4.55 0.75 1.01 0.78 0.25 3.90 0.15 1.13
Methanol 4.89 0.79 1.36 0.72 0.21 4.46 0.07 1.33

[a] lex� 305 nm, lem� 360 nm. The uncertainty in lifetimes is lower than
10%, while that of the preexponents is about 20%. [b] Fluorescence time
decay of the blank. [c] From Equation (2). The uncertainty is about 10%.
[d] From Equation (2). The uncertainty is about 30%.
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of decay curves for the Bin derivative and the Bin ± TOAC
hexapeptide in ethanol (EtOH) are presented in Figure 5. In
all cases, no significant change was observed on varying the
sample concentration within one order of magnitude
(1 ´ 10ÿ6 ± 2 ´ 10ÿ5m), so that intermolecular effects can be
ruled out.

Figure 5. Typical examples of fluorescence decay. Normalized decay
profile (lex� 305 nm, lem� 360 nm) for the Bin derivative a) and the
Bin ± TOAC hexapeptide b) in EtOH solution. The full lines represent the
best fit to the experimental data by a monoexponential a) and a
biexponential b) decay. The lamp profile is also shown.

The short decay time, t1, ranges from 0.5 to 1.4 ns and the
longer one, t2, from 3.1 to 4.5 ns, depending on the solvent. A
lifetime distribution analysis confirms these findings, because
it gives one distribution for Bin and two narrow distributions
for Bin ± TOAC. Therefore, we are inclined to assign these
lifetimes to two highly populated, low-energy conformers that
exhibit both a different center-to-center distance and mutual
orientation of the chromophores, in agreement with the
molecular mechanics data reported below.

Two experimental results confirm this assignment. First,
temperature-dependent, time-resolved fluorescence experi-
ments show that the preexponents of the two time decay
components remain practically the same from 290 K to 330 K,
thereby emphasizing the severe conformational restriction of
the compound. Secondly, the distribution analysis of the
fluorescence time decay in dimethyl sulfoxide (DMSO), a
solvent of well-known disruptive effects on peptide ordered
secondary structures, gives rise to one wide distribution only,
very likely arising from many slightly different conformations.

Table 4 lists lifetimes, preexponents and efficiencies in a
number of solvents; the transfer efficiency is given by
Equation (2).

Ei� 1ÿ (ti/t0) (2)

We then addressed the problem of the mechanisms that
could contribute to the singlet state quenching in the Bin ±
TOAC hexapeptide. In principle, the rate constant for intra-
molecular quenching of binaphthyl, (N,N)*, by the nitroxide
moiety is the sum of rate constants for each potential
relaxation pathway as given in Equation (3); for i� 1 or 2,
ki,(N,N)* is given by Equation (4).

ki,(N,N)*� kF,i�kD,i�ket,i�kex,i (3)

ki,(N,N)*� (tÿ1
i ÿ tÿ1

0 ) (4)

Equation (3) involves the rate constants for quenching by
Förster and Dexter energy transfer, electron transfer, and
electron exchange through the local relaxation of the singlet
state, while the rate constant for quenching by CT is not
incorporated because of the lack of CT absorption or emissive
components.

According to the dipole ± dipole interaction model, the rate
constant for Förster energy transfer can be expressed by
Equation (5). JF is the overlap integral calculated from
fluorescence spectra, as obtained by Equation (6) and listed

kF,i� 8.71 ´ 1023 ´ (JFk2
i F0)/(R6

i n4t0) (5)

JF�

Z1
0

FD�n�eA�n�nÿ4dn

Z1
0

FD�n�dn

(6)

in Table 5 for the different solvents used, k2
i the orientation

parameter of the probes [Eq. (7)], F0 the quantum yield of
the Bin derivative, Ri the interprobe separation distance and n
the refractive index of the solvent.

In Equation (6), FD (nÅ) is the fluorescence intensity of the
donor (Bin) and eA (nÅ) the extinction coefficient of the
acceptor (TOAC) at wavenumber (nÅ). On the other hand, the
relative orientation of the chromophores, when they do not
rotate fast enough to randomize their orientation during the
donor lifetime, can be determined[39, 40a] by Equation (7).

k2
i � cos2 q(3cos2 g � 1) (7)

In such a case, a particular relative orientation between the
donor and acceptor molecules is described by two angles only,
as shown in Figure 6, where the geometry for evaluating the
orientation in space of the transition dipole moments of the
acceptor and donor moieties[39] is illustrated. R' is the distance
between the center of mass of Bin* and TOAC, the transition
dipole moment of TOAC lying in the CNC plane[36b] and
perpendicular to the NÿO bond, while that of the binaphthyl
is a vectorial combination of the dipoles from each naphtha-
lene group. In addition, g is the angle that the Bin* transition
dipole moment makes with the line joining the center of mass
of Bin* and TOAC, E is the vector representing the electric
field at the center of mass of TOAC induced by the transition
dipole moment of Bin*, and q the angle between E and the
transition dipole moment of TOAC.[39, 40a] In the same figure
the total dipole moment of the 310-helical backbone chain is
also shown. It is known[41] that the helical dipole moment
generates an electrostatic potential directed from the N-ter-

Table 5. Förster (JF) and Dexter (JD) spectral overlap integral, and Förster
radius (R0) for the Bin ± TOAC hexapeptide in different solvents.

Solvent 1018JF [cm3 molÿ1][a] 105JD [cm][b] R0 [�][c]

1,4-Dioxane 13.2 4.38 10.5
Ethyl acetate 19.9 5.40 11.5
1-Butanol 8.6 3.31 9.9
Isopropanol 4.5 2.22 9.0
Ethanol 6.2 6.48 9.5
Methanol 6.1 2.85 9.7

[a] From Equation (6). [b] From Equation (10). [c] From Equation (13).
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Figure 6. Schematic representation of the two chromophores in the Bin ±
TOAC hexapeptide: A) with their electric dipole transition moments
(heavy double arrows); B) with the angles defining the orientation between
the transition dipole moments of the donor and acceptor molecules, and the
electric field vector generated by Bin* acting at the center of mass of the
TOAC moiety.

minus to the C-terminus of the peptide chain; this could affect
the coupling of the transition moments of the two probes.[13] In
our case, however, we will demonstrated that such an effect is
definitely minor.

The efficiency in the Dexter energy transfer mechanism is
exponentially dependent on the interchromophoric distance
as given in Equation (8), where i� 1 or 2, kD� tÿ1

0 is the rate
constant for the donor emission, and JD is the Dexter overlap
integral, obtained by spectroscopic measurements and re-
ported in Table 5 for the different solvents used.

Ei/(1ÿEi)� (2p/kD�h)V2
i JD (8)

The electronic matrix coupling element V2
i is defined in

Equation (9), where a is the average Bohr radius (0.625 �[42])
and Ki is a quantity with dimensions of energy, corresponding
to the electronic matrix coupling at orbital contact. The
Dexter overlap integral is given in Equation (10) and in
Equation (11) under normalization conditions.

V2
i �Kiexp(ÿ2Ri/a) (9)

JD�
Z1

0

Fi,D(nÅ)ei,A(nÅ)dnÅ (10)

Z1
0

FD(nÅ)dnÅ �
Z1

0

eA(nÅ)dnÅ � 1 (11)

Both Förster and Dexter models predict that for a given
donor ± acceptor distance and orientation the rate constants
for transfer will increase linearly with increasing values of the
spectral overlap integrals, JF and JD, respectively. This is
indeed the case for the plot of log kF,i against log JF, as in
Figure 7. Both the values of F0 , t0 and n in a given solvent, and
the values of Ri and k2

i listed in Table 6 were used to evaluate
kF,i , these latter parameters being obtained by molecular
mechanics calculations (see next Section), in which the
appropriate dielectric constant of the solvent was used in
the electrostatic term. By contrast, a plot of log kD,i against log
JD does not give such a relationship, as illustrated in Figure 8.
These findings strongly suggest that, on the nanosecond time
scale, a Förster transfer mechanism is the major pathway for
Bin quenching by TOAC. Consistently, evaluation of the
electronic matrix coupling at orbital contact, Ki [Eq. (9)], in
the six solvents used leads to the following average values

Figure 7. Intramolecular quenching constant against Förster spectral over-
lap integral, JF [cm3 molÿ1], in different solvents (listed in Table 5) for the
Bin ± TOAC hexapeptide. The rate constants have been normalized [k'F,i�
(ki,(N,N)* t0R6

i n4)/k2
i F0 (9.77 ´ 103)6; the last figure is the conversion factor

(when Ri is in �)], to account for lifetime, quantum yield and refractive
index dependence on solvent medium.

Figure 8. Intramolecular quenching constant against Dexter spectral over-
lap integral, JD [cmÿ1], under the same conditions as those in Figure 7
(k'D,i�ki,(N,N)*/exp(ÿ2Ri/a), for the Bin ± TOAC hexapeptide.

K1� (7.8� 4.9) ´ 10ÿ7 and K2� (8.0� 5.9) ´ 10ÿ8 dyne, which
differ by some 4 ± 5 orders of magnitude from the values
reported for electronic energy transfer by exchange inter-
action in bichromophoric molecules.[43] On the basis of these
results, we can rule out a Dexter transfer mechanism.

We are also inclined to rule out the occurrence of electron
transfer because of the lack of correlation between the solvent
polarity and the energetics of the electron transfer reaction
for the Bin* ± TOAC redox pair, despite the favorable
thermodynamic driving force for both the reductive (DG0�
ÿ1.6 eV) and oxidative (DG0�ÿ0.6 eV) processes. In addi-

Table 6. Molecular parameters and calculated efficiencies of the two most
stable conformers[a] of the Bin ± TOAC hexapeptide in different solvents.

Solvent R1[�] k2
1

[b] R2[�] k2
2

[b] E1, calc
[c] E2, calc

[c]

1,4-Dioxane 5.91 0.072 6.12 0.0055 0.773 0.174
Ethyl acetate 6.01 0.055 6.13 0.0045 0.802 0.227
1-Butanol 5.93 0.170 6.18 0.0150 0.847 0.275
Isopropanol 5.87 0.300 6.15 0.0160 0.854 0.191
Ethanol 5.98 0.150 6.19 0.0075 0.783 0.128
Methanol 5.84 0.090 6.18 0.0035 0.739 0.073

[a] As obtained by molecular mechanics calculations (Figure 10). [b] Ori-
entation parameter; from Equation (7). [c] Calculated efficiencies, from
Equation (12) to be compared with the experimental efficiencies (Table 4).
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tion, two other contributors to the total reaction free energy,
the coulombic attraction and the solvation of the charge
separated species, are strongly solvent dependent and are
expected to correlate with the observed quenching rate
constants. Apparently, however, this is not the case, because
of the following values: k1� 5.3 ´ 108 sÿ1 and k2� 2.0 ´ 107 sÿ1 in
MeOH (e� 32.7); k1� 16.4 ´ 108 sÿ1 and k2� 6.5 ´ 107 sÿ1 in
isopropanol (e� 18.9); k1� 9.14 ´ 108 sÿ1 and k2� 5.1 ´ 107 sÿ1

in 1,4-dioxane (e� 2.0).

Molecular modeling : Two conditions must be matched for
energy transfer to occur. The first is a spectral requirement,
that is, the emission spectrum of the donor must overlap the
absorption spectrum of the acceptor, as shown in Figure 9 for

Figure 9. Spectral overlap between the normalized donor stimulated
fluorescence, FD (dashed line), and the acceptor extinction coefficient, e

(full line), for the Bin ± TOAC hexapeptide.

the Bin ± TOAC hexapeptide. The second condition is a
geometric requirement: the emission and absorption dipoles
of the donor and acceptor molecules, respectively, must be at
an appropriate distance and properly oriented. Both these
requirements are related to the transfer efficiency by Equa-
tion (12), where Rm is the center-to-center distance of the
probes in the mth structure, k2

m the corresponding orientation
parameter, and R0 the distance at which 50 % transfer of
excitation energy occurs. The values of R0 in the different
solvents used, as given by Equation (13),[40a] are reported in
Table 5.

Em�
1

1� 2

3k2
m

Rm

R0

� �6
" # (12)

R0� 9.79 ´ 103 [(2�3F0JF)/n4]ÿ6 (13)

To gather information on the geometric and steric con-
straints that control both the interchromophoric distance and
probe orientation in the Bin ± TOAC hexapeptide we have
undertaken molecular mechanics calculations.[40b, c, 44] Briefly,
we started by putting the backbone chain in both a left-
handed (l.h.) and a right-handed (r.h.) 310-helix, and a l.h. and
a r.h. a-helix as well as to explore all plausible conformations
for the peptide main chain. The total energy of the mth
structure was then evaluated by Equation (14),[40b,c] which
comprises stretching and bending terms (STR and BEN),

besides electrostatic (COUL), nonbonding (NB), and tor-
sional (TOR) potentials similar to those previously employed
by us.[40, 45]

Um, tot�COUL�NB�TOR� STR�BEN (14)

Because of the rigidity of the Bin ± TOAC hexapeptide, we
expected a rather narrow distribution of conformers for each
backbone structure. In addition, the use of Equation (15)
overcomes the uncertainty in the absolute value of the total
energy arising from the empirical terms of Equation (14). In
fact, DUtot is the difference between the energy of the mth
structure, Um, tot , and the lowest energy among all structures of
the peptide, Umin [Eq. (15)], which plays the role of a
reference energy.

DUtot�Um, totÿUmin (15)

The most relevant computational results can be summar-
ized as follows: a) A few sterically favored conformers are
found, differing from each other by �2.5 kcal molÿ1, irrespec-
tive of the backbone screw sense and type of helical
conformation, as shown in Table 7. Additional structures

exhibit definitely higher energies, so that they can safely be
neglected. b) Among the most probable structures, the most
stable ones are two isoenergetic conformers with the back-
bone in the l.h. 310-helix (Figure 10). They differ for the spatial
orientation of TOAC with respect to Bin, as a result of a
different puckering of the TOAC moiety, as shown in
Figure 11, where the values of the side chain torsion angles
for TOAC in the crystal state are also reported. It is clear that
the topologies of the TOAC ring structure in the computed
conformations are close to those observed in the crystal state.
c) Consistent with computational results, a comparison
between the calculated [Eq. (12)] and experimental
[Eq. (2)] transfer efficiencies, reported in Table 7, shows an
excellent agreement only in the case of the two conformers
with the backbone in the l.h. 310-helix (Figure 10). d) These
two conformers are perturbed by the solvent, mainly affecting
the mutual orientation of the chromophores (Table 6). In fact,
in spite of the minor changes in the center-to-center distances
(DR� 0.2 �), the quenching efficiencies between the two
conformers markedly vary, because of the quite different
values of the orientation factor k2

m, the k2
1/k2

2 ratio ranging
from 11.3 to 25.7 in the different solvents used. This

Table 7. Conformers of the Bin ± TOAC hexapeptide in the deepest energy
minimum in methanol from molecular mechanics calculations.

Backbone conformation[a] DUtot
[b] Rm

[c] Ecalcd
[d] Eexp

[e]

[kcal molÿ1] [�]

l.h. 310-Helix[f] 0.0 5.84 0.74 0.72
0.0 6.18 0.07 0.07

r.h. 310-Helix 1.7 8.69 0.67
l.h. a-Helix 2.5 8.67 0.61
r.h. a-Helix 1.1 7.35 0.89

[a] Left-handed (l.h.) and right-handed (r.h.) helix. [b] From Equa-
tion (15). [c] Interchromophoric center-to-center distance. [d] Energy
transfer efficiency; from Eq. (12). [e] Experimental transfer efficiency
(E1 and E2, respectively); from Equation (2) and Table 4. [f] These two
isoenergetic conformers differ in both center-to-center distance and
mutual orientation of the chromophores (Table 6).
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Figure 10. Molecular models of the two most stable solution conforma-
tions for the Bin ± TOAC hexapeptide A), and topology of TOAC moiety in
the two conformers (B; see Figure 11). The peptide backbone is in the left-
handed 310-helix [viewed perpendicularly to the helical axis in A), where
the four intramolecular H-bonds are indicated by dashed lines]. Nitrogen
atoms are in black and oxygen atoms are in grey. Note in A) the close
approach of one methyl group of TOAC to one naphthyl moiety of Bin,
causing the chromophores to experience CÿH ´´´ p interactions that stiffen
the whole molecule.

conclusion is consistent with the observation that also the
preexponents ai, which measure the relative population of the
species undergoing energy transfer, change somewhat with
the solvent (Table 4). e) The angle between the transition
moment of TOAC and the total dipole moment of the helix
(Figure 6) is very close to 908 for both conformers, which
implies a definitely minor effect of the electrostatic potential
generated by the helical arrangement[41] on the energy-
transfer process.[13]

Since the calculated efficiency comprises the solvent-
dependent parameter R0 , the excellent agreement between
calculated and experimental efficiencies makes it reasonable
to consider the two computed conformations reported in
Figure 10 as a good representation of the actual structures
present in solution. Their conformational rigidity partly arises

from the steric proximity between one TOAC methyl group
and one Bin naphthyl moiety (see the crystal-state structure
discussed above), which stiffens the whole molecule. Change
in backbone screw sense and/or conformation perturbs these
geometric features; this causes the chromophores, and the
whole molecule as well, to acquire some conformational
mobility, but the ensuing gain in molecular entropy is
apparently overcompensated by an increase in energy, leading
to less stable structures. This is accounted for by the
fluorescence decay results, which clearly indicate that in
solution only the two conformers illustrated in Figure 10 exist,
which exhibit structural features similar to those found in the
crystal state.

Conclusion

Combination of X-ray diffraction and (steady-state and time-
decay) fluorescence data with results from molecular me-
chanics calculations was productive in determining the
structural and photophysical properties of the first peptide-
based, rigid donor ± spacer ± acceptor system. In solution, the
molecules preserve the ordered secondary structure, including
type and handedness of the helix formed observed in the
crystal state. In summary, this work strongly supports the view
that the exploitation of severely conformationally restricted
Ca-tetrasubstituted a-amino acids (such as the Aib, Acnc, Bin
and TOAC residues discussed here) ideally enables an easy
synthesis of rigid interchromophoric spacers of variable
intercomponent geometries and concomitantly allows for a
detailed investigation of through-space interactions between
rigid photoactive probes.

Experimental Section

Peptide synthesis : The synthesis and characterization of Boc-(S)-Bin-
OtBu[17b] (blank) and Fmoc-Ala-Aib-TOAC-(Ala)2-OtBu (Fmoc, 9-fluo-
renylmethyloxycarbonyl)[15c] have already been reported. The Fmoc Na-
protecting group of the pentapeptide was removed by treatment with a
20% diethylamine solution in acetonitrile. After evaporation of the
solvent, the Na-deprotected peptide was dissolved in CHCl3 and isolated
by elution through a 3 cm bed of silica gel with CHCl3/EtOH 8:2. Boc-(S)-
Bin-OH[17b] was subsequently incorporated into the pentapeptide with 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC ´ HCl)
and 7-aza-1-hydroxy-1,2,3-benzotriazole[46] (HOAt) in CH2Cl2. The termi-
nally protected Bin ± TOAC hexapeptide was purified by flash chromatog-
raphy with CHCl3/EtOH 96:4 and recrystallized from ethyl acetate/light
petroleum. Yield 73 %; m.p. 249 ± 250 8C; TLC (Kieselgel 60F254 plates;
Merck): Rf1(CHCl3/EtOH 9:1) 0.95; Rf2(toluene/EtOH 7:1) 0.30; [a]20

D :
ÿ59.38 (c� 0.1, methanol); IR absorption (KBr): 3324, 1724, 1665,
1524 cmÿ1.

X-ray diffraction : Clear colorless crystals were grown from acetone/light
petroleum by vapor diffusion. Crystal data and refinement parameter
information are given in Table 8. Diffraction data were collected on a
computer-controlled Bruker 1 K Smart CCD system with a 5 kW Rigaku
rotating anode source and Göbel mirrors. Unit cell dimensions were
determined by a least-squares refinement of 306 centered reflections within
ÿ41< 2q< 788. Data collection nominally covered a hemisphere in
reciprocal space by combining six sets of exposures with different 2q and
f angles: each exposure covered a range of 0.258 in w. The crystal-to-
detector distance was 5.05 cm. Data were collected to 0.9 � resolution and
a repetition of 60 of the initial frames at the end of the data set showed that
the crystal remained stable during data collection. An empirical absorption

Conformer c1 c2 c3 c4 c5 c6

X-ray (Mol. A) 3.9 ÿ 43.0 41.7 1.7 ÿ 46.7 43.4
X-ray (Mol. B) 20.4 ÿ 48.0 24.0 24.7 ÿ 55.2 33.2
Computed 1 ÿ 15.0 ÿ 33.0 48.3 ÿ 12.0 ÿ 40.4 53.4
Computed 2 24.5 ÿ 51.3 22.0 28.9 ÿ 57.3 30.2

Figure 11. Side-chain torsion angles of TOAC in the two conformations in
the crystal state and in solution, according to the X-ray diffraction and
molecular mechanics data, respectively. In both cases, the peptide back-
bone is in the left-handed 310-helical structure.
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correction was calculated with program SADABS[47a] which uses equivalent
reflections to calculate absorption effects.

The structure was solved by the Shake and Bake (SnB V1.5) direct-phasing
program[47b] with E values generated by XTAL V3.2.[47c] Eleven hundred
trial structures were calculated and subjected to 75 cycles of iterative
structure factor calculations, phase refinement, and density modification.
Only one trial, with a minimal function value[47d, e] of 0.37, gave a solution
for the structure. The minimal function values for the incorrect structures
ranged from 0.43 to 0.47. The structure was refined with the SHELXL-97
program.[47f] There were two peptide molecules and one acetone (solvent)
molecule in the asymmetric unit. The 1364 refined parameters included
coordinates and anisotropic thermal parameters for all nonhydrogen atoms.
Hydrogens were refined by means of a riding model. The acetone molecule
was disordered over three positions with occupancy ratios 65:20:15. The
two minor acetone molecules were constrained to be flat (nonhydrogen
atoms) and to have the same bonds and angles as the major acetone
molecule.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited within the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
114992. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk].

UV absorption and fluorescence : Ultraviolet absorption spectra were
obtained on a JASCO 7850 spectrophotometer. Steady-state fluorescence
spectra were recorded on a SPEX Fluoromax spectrofluorimeter operating
in the SPC mode. Quantum yields were evaluated with respect to
naphthalene in cyclohexane (FS� 0.22). Nanosecond decays were meas-
ured by a CD900 SPC lifetime apparatus from Edinburgh Instruments.
Excitation in the UV region was achieved by a coaxial flash lamp filled with
ultrapure hydrogen (0.3 atm) and driven at 30 kHz of repetition rate. The
resulting excitation profile, recorded through a diluted scattering solution
of glycogen, has FWHM� 1.2 ns. The decay curves were fitted by a
nonlinear, least-squares analysis to exponential functions by an iterative
deconvolution method. All experiments were carried out in quartz cells,
using solutions previously bubbled with ultrapure nitrogen for 20 min.
Distribution analysis of the time decays was also performed in a number of
solvents. Other instrumentation has already been described.[48]

Molecular mechanics calculations : In-house programs, already used in our
group for the last 15 years, but with equation parameters continuously
improved,[40, 45, 48] were employed to calculate nonbonding, electrostatic,
hydrogen bonding and torsional potentials, by making use of the
appropriate partial charges[45] for each atom in the compounds. The energy

minimization procedure, based on the conjugated gradient, was initially
performed maintaining both bond lengths and bond angles fixed. The
deepest energy minimum structures were then further refined by relaxing
the rigid geometry and taking into account the standard stretching and
bending terms,[44] thus providing the final energy minima according to
Equation (14).
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