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Tyrosine-containing cyclic dipeptides based on a diketopiperazine (DKP) ring are studied

under jet-cooled conditions using resonance-enhanced multi-photon ionisation (REMPI),

conformer-selective IR-UV double resonance vibrational spectroscopy and quantum

chemical calculations. The conformational landscape of the dipeptide containing

natural L tyrosine (Tyr), namely c-LTyr–LTyr strongly differs from that of its

diastereomer c-LTyr–DTyr. A similar family of conformers exists in both systems, with

one aromatic ring folded on the dipeptide DKP ring and the other one extended. Weak

NH/p and CH/p interactions are observed, which are slightly different in c-LTyr–LTyr

and c-LTyr–DTyr. These structures are identical to those of LL and LD cyclo

diphenylalanine, which only differ from c-Tyr–Tyr by the absence of hydroxyl on

the benzene rings. While this is the only conformation observed for c-LTyr–DTyr,

c-LTyr–LTyr exhibits an additional form stabilised by the interaction of the two

hydroxyls, in which the two aromatic rings are in a stacked geometry. Stereochemical

effects are still visible in the radical cation, for which one structure is observed for

c-LTyr–DTyr, while the spectrum of the c-LTyr–LTyr radical cation is explained in terms

of two co-existing structures.
I. Introduction

Peptides are characterised by well-dened secondary structures, such as helices or
turns. They are stabilised by a delicate balance between non-covalent interac-
tions, either localised on a well-dened part of the molecule like hydrogen bonds,
or more delocalised in nature, like dispersion between aromatic rings.
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Laser spectroscopy experiments of small neutral peptides isolated in the gas
phase have been conducted in the past decade to probe their conformational
exibility without the perturbation brought upon by the solvent.1–3 In particular,
numerous jet-cooled peptides have been characterized using conformer-selective
experiments, like a peptides4–6 or articial b or g peptides,7–10 as well as cyclic
peptides11–13 or biomimetic systems.14

Among the non-covalent interactions shaping the biopolymers, hydrogen
bonds are especially interesting due to their ubiquity and diversity. They include
strong OH/O, OH/N, NH/O or NH/S hydrogen bonds, mainly stabilised by
electrostatic forces, but also those involving an aromatic ring like NH/p, OH/p,
and CH/p.15–23 Amide stacking also inuences the shape of small peptides.24

These interactions are weaker than conventional hydrogen bonds and dispersion
strongly contributes to them.

Dispersion is especially important for peptides containing aromatic residues.
It inuences the folding propensity25 and is responsible for the formation of
hydrophobic domains in peptides.26,27 Aromatic–aromatic interaction has been
studied in neutral peptides containing several phenylalanine (Phe) chromo-
phores.28–30 The presence of aromatic rings also inuences the structure of Phe-
containing protonated or cationised peptides by acting as a hydrogen bond
acceptor or interacting with the cation.31,32

However, the theoretical description of the competition between dispersion
and electrostatics is still a challenge. This has prompted numerous studies of gas-
phase model systems.16,25,33–35 The balance between hydrogen bonds and disper-
sion is very delicate and is inuenced by several factors like substitution, solva-
tion, or even chirality as observed in the dimer of 1-indanol.34 The inuence of
stereochemistry on the structure of biomolecules has been studied in alka-
loids,36,37 lignin subunits,38 or model cyclic systems.39–41 The structural conse-
quences of the chirality of the residues have been studied on examples of a-
peptides like valine–phenylalanine and phenylalanine–phenylalanine28 or capped
phenylalanine–alanine42 but also in non-natural b- or g-peptides.7,8,43,44 Aromatic–
aromatic interactions have been shown to play an important role in dening the
NH stretching frequencies in capped Phe–Phe diastereomers.29

Cyclic dipeptides, also known as diketopiperazine (DKP) peptides, attract
much attention because of their potential pharmacological activity,45,46 in
particular, those comprising an aromatic residue because aromatic rings are
oen involved in the interaction with the receptor.47 Most of the previous studies
have been conducted in the condensed phase, although a few gas-phase studies
have been reported.30,48,49 The structure strongly depends on the nature of the
substituents. The DKP ring itself, as a six-membered ring, can adopt many
conformations. While it is planar (P) for small substituents, as in cyclo Gly–Gly,50

it adopts an out-of-plane conformation for bulkier substituents. It is, for example,
boat (B) in cyclo LAla–LAla,51 or chair (C) for cyclo Tyr–Pro.52 Of special interest are
the DKP dipeptides containing identical residues. Various groups of symmetry are
encountered in these systems. Cyclo DAla–LAla shows Ci symmetry, because of
the planarity of the DKP ring and the equivalent positions of the two CH3

substituents.53 Dissymmetry can be brought about by the interaction between the
two residues, as exemplied by cyclo Phe–Phe.30,49,54 We have recently studied the
effects of chirality on the shape of cyclo Phe–Phe.30 This molecule shows only one
conformer under jet-cooled conditions. The two Phe are in different positions;
400 | Faraday Discuss., 2018, 212, 399–419 This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Scheme of the molecules under study, with atom numbering. R ¼ H for phenyl-
alanine or R¼OH for tyrosine. The chiral centres are indicated by * in c-LD. (a) Homochiral
dipeptide c-LL. (b) Heterochiral dipeptide c-LD.
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one is folded over the DKP ring in a agpole position, while the other one is
extended, which allows a stabilising CH/p interaction to take place. Cyclo LPhe–
LPhe and cyclo LPhe–DPhe only slightly differ from each other, by the nature of
the CH/p interaction and by the strength of a secondary NH/p interaction,
which results in spectroscopic differences in the n(NH) stretching region.

Here, we extend this study to cyclo Tyr–Tyr (Fig. 1). The reason for choosing
this system is that it differs from cyclo Phe–Phe (see Fig. 1) by the presence of OH
substituents on the aromatic rings. Additional interactions such as OH/O or
OH/p hydrogen bonds are therefore expected. Only the natural form LL has
been studied so far in the condensed phase. Cyclo Tyr–Tyr has been studied in
different solvents using NMR spectroscopy.55 Although the NMR spectra did not
provide a direct conclusion as to its structure, it seems that a folded conformation
can be ruled out. Electronic circular dichroism combined with molecular
dynamics simulations has suggested that several conformers exist in water
solutions, ranging to structures with almost parallel rings to fully extended
structures.56 However, the solvent, water in this case, may strongly modify the
structure relative to the gas phase.

Here we apply conformer-selective IR-UV double resonance vibrational spec-
troscopy to the structural study of cyclo LTyr–LTyr and cyclo LTyr–DTyr under jet-
cooled conditions. Quantum chemical calculations are conducted to assist in the
interpretation of the experimental ndings. We extend this study to the radical
cation form of cyclo Tyr–Tyr. The obtained results are compared to the previously
studied cyclo Phe–Phe system, which allows assessment of the inuence of
aromatic-ring substitution in shaping the structure of DKP-base dipeptides.30
II. Experimental and theoretical methods
II-(A) Experimental methods

Cyclo Tyr–Tyr (>99%) was purchased from Novopep Limited (Shanghai - China)
and used without further purication. The experimental set-up has already been
described in detail.36 Briey, the dipeptides were put into the gas phase using
a homemade laser desorption source.57 A few mg of the sample mixed with
a carbon matrix was xed on a linear translation system. The species were des-
orbed by the second harmonic of a Nd:YAG laser (Continuum Minilite) propa-
gated by an optical bre to the surface of the carbon bar. The pulsed supersonic
expansion was generated by expanding argon (�4 bar) through a 300 mm nozzle
(General Valve Parker) into a vacuum chamber. Mass-resolved S0–S1 spectra were
obtained using one-colour resonance-enhanced two-photon ionisation (RE2PI)
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 399–419 | 401
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spectroscopy. The ions were mass-selected by a linear time-of-ight mass spec-
trometer (Jordan, one-meter length) and detected using amicrochannel plate (RM
Jordan, 25 mm diameter). The ion signal was averaged using an oscilloscope
(Lecroy WaveSurfer) and processed through a personal computer.

Vibrational spectra were obtained using the IR-UV double resonance tech-
nique.18,58,59 Two synchronized laser beams were co-focused in the cold region of
the supersonic expansion. The UV probe was xed on each main vibronic band of
the S0–S1 transition, while the IR pump was scanned in the region of interest.
Absorption of the IR photons was measured as a dip in the probe-induced ion
current, allowing for the measurement of mass-resolved conformer-selective
vibrational IR spectra.

The UV laser (0.02 cm�1 resolution) was a frequency-doubled dye laser (Sirah
equipped with C540 A dye) pumped by the second harmonic of a Nd:YAG laser
(Quanta-Ray, Spectra-Physics). The IR source (3 cm�1 resolution) was an optical
parametric oscillator/amplier (OPO/OPA) (Laser Vision). The IR pulse was trig-
gered 80 ns before the UV pulse for recording the IR spectrum of the neutral
molecules in their electronic ground state and 50 ns aer for the ion. It was
focused by a 0.5 m focal length lens. A homemade gate generator controlled the
synchronization between the lasers. A homemade active baseline subtraction
scheme was used to monitor the IR absorption as the difference in ion signal
produced by successive UV laser pulses (one without and one with the IR laser).
II-(B) Theoretical methods

The potential energy surface of c-LTyr–LTyr and c-LTyr–DTyr were manually
explored, starting from the six local minima obtained for cyclo Phe–Phe, vide
infra. The corresponding structures were optimised using the B3LYP functional
combined to the 6-311++G(d,p) basis set and including D3 empirical corrections
for dispersion.60–62 This level of theory was chosen because it satisfactorily
reproduces the vibrational frequencies of similar systems with an acceptable
calculation cost.30,32,49 The charge distribution was obtained from the Natural
Bond Orbital (NBO) analysis.63

The harmonic vibrational frequencies were calculated at the same level of
theory and the absence of imaginary frequencies checked for all local minima.
The vibrational spectra were simulated by convoluting the harmonic frequencies
obtained thereby by a Lorentzian line shape (FWHM 4 cm�1). The harmonic
frequencies were scaled by 0.952 to account for anharmonicity and basis set
incompleteness. All calculations were performed with the Gaussian package.64

The electronic excited state energies were calculated using the time-dependent
DFT (TD-DFT) method. The level of theory employed was uB97XD/aug-cc-pVDZ,
which has shown to satisfactorily describe the electronic excited states.65–66 The
calculations were limited to the structural families experimentally observed, vide
infra. The vertical excitation energies were computed for the rst ten singlet
excited states. The vertical ionization energy was calculated at the same level of
theory.

The intramolecular interactions were visualized by means of the Non-Covalent
Interaction (NCI) technique.67 This method and its application to intramolecular
H-bonds has been described previously in detail.67–69 Briey, the NCI technique
rests on a topological analysis of the electron density r and its reduced gradient
402 | Faraday Discuss., 2018, 212, 399–419 This journal is © The Royal Society of Chemistry 2018
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s(r) in regions of weak electron density and small reduced gradient. Non-covalent
interactions correspond to zones where s(r) vanishes, i.e. r is close to a minimum.
The visualization was accomplished by plotting iso-surfaces of the reduced
gradient with a RGB colouring scheme resting on the sign of the second eigen-
value, l2, of the Hessian matrix. Red iso-surfaces correspond to positive l2, i.e.
repulsive regions and blue iso-surfaces correspond to negative l2, i.e. regions
corresponding to favourable interactions. Green iso-surfaces correspond to weak
delocalised interactions, i.e. regions where l2 is close to zero. The NCI calcula-
tions used electronic density obtained from the Gaussian.wfn output le at the
same level of theory as the geometry optimisation. A cut-off of 0.35 was used. The
3-D NCI images were plotted using the VMD soware.70
III. Results and discussion
III-(A) Calculated structures

(a) Nomenclature. The parameters that describe the geometry of cyclo Tyr–
Tyr are shown in Fig. 1 and 2. The orientation of each aromatic substituent is
described relative to the corresponding amide bond. Three geometries are
possible, namely, two gauche geometries, g+ and g�, and one trans t, as shown in
Fig. 2a. They correspond to dihedral angles s1 (N C1 C5 C6) and s2 (N C3 C12 C13) of
about 60�,�60�, 180� for the L residue, respectively, while the sign of the angles is
the opposite for the D residue. Lastly, two orientations relative to the DKP ring, I
and II, are possible for the tyrosine hydroxyls, which leads to four isomers for each
DKP ring geometry and substituent orientation. They are dened in Fig. 2b. In
what follows, we shall denote the cyclic nature of the peptide by “c-”, followed by
their geometry g+, g�, or t. L or D congurations, i.e. S or R chirality, respectively,
in the Cahn–Ingold–Prelog nomenclature, are denoted by L or D in subscript,
followed by the I or II positions of the tyrosyl OH.

(b) Neutral ground state. The calculated structures of c-LL can be classied
into six groups corresponding to the combination of the g+, g�, and t positions of
the aromatic substituents. Each group comprises four structures close in energy
(within�0.3–0.7 kcal mol�1), which correspond to the four possible orientations I
and II of the hydroxyl groups. However, for c-LL structures of C2 symmetry, some
Fig. 2 (a) Aromatic ring positions in cyclo Tyr–Tyr that correspond to g+, g�, and t
conformations for a L Tyr residue (left) and D Tyr residue (right). (b) Definition of the two
positions of the hydroxyl substituent: for each position of the tyrosine residue (g+, g�, t),
the hydroxyl group is directed anticlockwise (type I) or clockwise (type II).

This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 399–419 | 403
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of these geometries are equivalent (see Table S1 in the ESI†). Previous studies of
the amino acid tyrosine have shown its high exibility. Up to 12 conformers have
been observed.71,72 Those corresponding to the rotation of the hydroxyl substit-
uent could not be discriminated by their IR spectra and UV-UV double resonance
spectroscopy was necessary to distinguish them.72 In the systems studied here,
there is no means of distinguishing the four OH possible orientations and we will
discuss the structures in terms of families that include the four OH orientations.
The most stable calculated structures of each family are shown in Fig. 3 and the
corresponding structural parameters and energies are listed in Table 1. The other
conformers of each family are not shown because they only differ by the rotation
of the OH groups. The complete set of energetic data is given in Table S1 in
the ESI.†

The results listed in Table 1 indicate that most of the population of c-LD
(�80%) belongs to one family, namely c-gL

+gD
�. In contrast, the population of

c-LL is spread over two families, c-gL
+gL

�, (�60%) and c-gL
+gL

+, (�35%). The other
families exist as minor contributions. The most stable c-LL family, exemplied by
c-gLII

+gLI
�, is identical to the most stable structure observed for cyclic dipheny-

lalanine, cyclo LPhe–LPhe.30 One of the aromatic rings gL
� is extended out of the

dipeptide ring, while the other one, gL
+, is folded over it. As a result, the two

aromatic rings are far from each other (5.56 Å between their centres). In partic-
ular, the two OH groups do not interact at all. Weak CbH/p and NH/p inter-
actions contribute to the stability of the system.

The geometry of the second most stable c-LL family, epitomised by gLI
+gLI

+, is
completely different. The two aromatic rings are in equivalent positions and
facing each other, which allows interaction between the two hydroxyls. The
relative Gibbs energy of gLI

+gLI
+ is only 0.2 kcal mol�1. This contrasts with cyclo

LPhe–LPhe, in which the structure with benzene in a stacked position is calcu-
lated at 3 kcal mol�1 higher in energy than the most stable form.30 Dispersion
between the benzene rings is the only stabilising interaction in cyclo LPhe–LPhe
and cannot counterbalance the expected repulsion, in contrast with cyclo LTyr–
LTyr where a hydrogen bond is formed. However, the hydrogen bond is not
Fig. 3 Most stable calculated structures for each family of cyclo Tyr–Tyr. c-LL (left) and c-
LD (right).

404 | Faraday Discuss., 2018, 212, 399–419 This journal is © The Royal Society of Chemistry 2018
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optimal (OH/O distance of 2.23 Å) in gLI
+gLI

+, and is far from linear (OH/O
angle of 128�). The two OH groups have their dipole oriented in an antiparallel
manner and strong dipole–dipole interaction probably also contributes to the
stabilisation. This is reminiscent of the stabilisation due to amide stacking in g-
peptides.24 In the present case, the formation of a stronger OH/O hydrogen bond
is prevented, not by steric constraints as in g-peptides, but by the necessary out-
of-plane distortion of the hydroxyl that results in a loss in conjugation between
the oxygen lone pair and the aromatic ring. Calculations yield a similar form c-
gLI

+gLII
+, which is not themost stable c-gL

+gL
+ form in terms of Gibbs energy, but it

is the most stable in terms of electronic energy. Its only structural difference
relative to c-gLI

+gLI
+ shown in Fig. 3 is that the two OH groups are pointing in the

same direction, while they are pointing towards each other in c-gLI
+gLI

+. This OH
orientation in c-gLI

+gLII
+ allows optimisation of the OH/O hydrogen

bond (OH/O distance of 2.01 Å and OĤO angle of 153�). As will be seen later,
c-gLI

+gLII
+ reproduces the experimental results better than c-gLI

+gLI
+; for this

reason we will focus on the former in what follows. In c-gLI
+gLII

+, the two peptide
bonds are planar and the two planes make an angle of 15�, resulting in a V-shaped
DKP ring, with the aromatic rings located on the top of the V.

The other minima found in the calculations lie more than �1.8 kcal mol�1

higher in energy than the most stable form and will not be discussed further.
It should be stressed at this stage that the four c-gL

+gL
� conformers are close in

energy, within 0.3 kcal mol�1. They are probably all populated in our experi-
mental conditions, as are the conformers of tyrosine with different OH
orientations.71,72

c-LD possesses two substituents of identical chemical nature but of opposite
congurations; as a result, the calculated structures consist of pairs of non-
superimposable mirror images. Notwithstanding this property, the results ob-
tained for c-LD parallel those for c-LL and the calculated structures can also be
divided into six families, with similar energy orders. The most stable conformer is
of identical nature for the two stereomers. In c-gL

+gD
�, the gL

+ residue is in
a pseudo-axial position; it is folded over the DKP ring and acts as an acceptor in
the CaH/p interaction. The gD

� residue is in a pseudo-equatorial position and is
extended.

Themajor difference between c-gL
+gD

� and c-gL
+gL

� is the nature of the CH/p

interaction, as already described for the non-substituted cyclo Phe–Phe dipeptide.
Because of the difference in geometry (axial for gL

� and equatorial for gD
�)

between the diastereomers, the CH/p hydrogen bond involves CaH as a donor in
c-gL

+gD
� vs. CbH in c-gL

+gL
�. The two diastereomers c-LL and c-LD also differ in

the energy ordering of the different families. The c-g+g� and c-g+g+ families are
almost iso-energetic in c-LL but separated by more than 1 kcal mol�1 in c-LD. This
is because the two aromatic rings, both in equatorial positions in c-LL, are in
axial/equatorial position in c-LD, which does not allow hydrogen bond formation
in c-gL

+gD
+. The only structure with parallel orientation of the aromatic rings is c-

tLIgDII
+, which lies however more than 2 kcal mol�1 higher in energy. In this

structure, the OH/O distance is larger than expected for a hydrogen bond (2.77
Å), because of the steric constraints due to the DKP ring. Indeed, it is not possible
to have proper interaction between the two OH groups when one residue is in
pseudo axial position and the other one in pseudo equatorial position as it is in c-
LD. c-LD and c-LL also differ by the geometry of the DKP ring. In both cases, the
406 | Faraday Discuss., 2018, 212, 399–419 This journal is © The Royal Society of Chemistry 2018
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peptide bond is not planar and the amide nitrogens are located opposite to the
carbons in a relative to the mean plane of the molecule. However, the out-of-plane
distortion of the DKP ring is more pronounced in c-LD.

We can conclude from these calculations that only conformers belonging to
the most stable family c-g+g� will be observed for c-LD, while an additional c-g+g+

conformer should be populated in c-LL.
Fig. 4 shows the NCI plots obtained for the stable structures of c-LL and c-LD,

which are used for the assignment, vide infra. The NCI plot of the c-LL hydrogen-
bonded structure c-gLI

+gLII
+ shows a very strong OH/O interaction, evidenced by

a deep blue pellet and corresponding to a high electron density value (0.015 a.u.)
at the critical point. Two bicolour pellets characteristic of intramolecular
hydrogen bonding from CbH to the adjacent amide O]C are also visible, with
notable critical densities (0.096 a.u.). The NCI plots of the conformations that the
two diastereomers have in common, namely, c-gLII

+gLI
� and c-gLI

+gDI
�, are

similar. They both show the CH/O interaction already mentioned for the
hydrogen-bonded structure, with similar critical electron densities (0.0090 for c-
LL and 0.0096 for c-LD). The NH/p interaction is slightly weaker in c-LL than
c-LD with a critical electron density of 0.0071 and 0.0078, respectively. A green-
yellowish pellet is also seen in both cases, which corresponds to the CH/p

interaction, which is slightly stronger in c-LD (CaH/p) with a critical electron
density of 0.0062 vs. 0.058 for c-LL (CbH/p). This parallels what has been
observed in the related cyclo Phe–Phe system.30

(c) Electronic excited state. The presence of two chromophores raises the
question of the localisation of the electronic excitation. The energy and the
transition dipole moment of the rst ten electronic transitions are summarised in
Fig. 5 for the structures used for the assignment. We will limit the discussion to
the rst two electronic transitions in what follows, because S3–10 are higher in
energy by at least 1000 cm�1; they are therefore out of our experimental range. The
family that the two diastereomers have in common, namely, c-g+g�, displays
a similar pattern for the two diastereomers. The electronic transition energy does
not depend much on the orientation of the OH groups, which is not surprising as
they show no interaction with the rest of the molecule. The case of the hydrogen-
bonded family c-gL

+gL
+ is different. The energy of the rst electronic transition is

much lower for the hydrogen-bonded form c-gLI
+gLII

+. The S1 transition (Fig. 6) is
a pp* transition localised on the ring acting as a hydrogen bond donor while the
S2 transition is the pp* transition of the acceptor part. In the other conformers,
the S1 and S2 transitions are well localised too and correspond to the pp*
Fig. 4 NCI plot of the experimentally observed structures with red pellets corresponding
to repulsive regions, blue to favourable interactions and green to weak delocalised
interactions: (a) c-gLII

+gLI
�, (b) c-gLI

+gLII
+ and (c) c-gLI

+gDI
�.

This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 399–419 | 407
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Fig. 5 Vertical transition energies of the, (a) c-gL
+gL

+, (b) c-gI
+gL

� and (c) c-gL
+gD

�

families. The transition dipole moment integral is given as the length of the horizontal bar.
The colour code denotes the electronic transitions S0/ Si (i¼ 1.10) and the ionisation S0
/ D0. Each geometry of a given family is discriminated by square (-), triangle (:), circle
(C), and star (+). For the sake of clarity, the zero of the transition dipolemoment integral is
shifted and denoted by a vertical black line.
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transitions localised on the extended (for S1) and folded (for S2) aromatic rings.
These results point out the different nature of the hydrogen-bonded complex.

(d) Ionic state. The radical cations of c-LL and c-LD are optimised at the same
level of theory as the neutral forms. As the radical cation is formed by photo-
ionisation, it is expected that the initial geometry is that of the neutral form,
which then relaxes further. For this reason, the structures of the neutral forms
used for the assignment have been taken as starting geometries for the optimi-
sation (vide infra). The obtained structures are shown in Fig. 7 and the corre-
sponding structural parameters are listed in Table 2. Optimisation of the ion
obtained by removing an electron from the most stable neutral form of c-LL
(c-gLII

+gLI
�) results in cion-gLII

+tLII with dihedral angles s of 63 and �176�. It
should be noted that the gLI

� aromatic ring is fully extended in the neutral form,
which favours the NH/p interaction. In the ion, it undergoes a rotation that
favours a stabilising interaction between the amide CO and the aromatic ring.
Optimisation of the cation resulting from the ionisation of the other conformer
(c-gLI

+gLII
+) results in cion-gLI

+gLII
+, with dihedral angles of 56 and 57�. The energy

order is reverted in the ion relative to the neutral form and the hydrogen-bonded
form c-gLI

+gLII
+ is 2.7 kcal mol�1 more stable in the ion. The DKP ring geometry is

not much modied upon ionisation, in both structures.
The structure obtained when optimising the ion resulting from the vertical

ionisation of the most stable c-LD (c-gLI
+gDI

�) is cion-gLI
+tDI, with dihedral angles s

of 60 and �177�. The main difference relative to the neutral form is that the g�

conformation is not stable and evolves to a t conformation, as described above for
c-LL.

NBO analysis allows assessment of the charge localisation in the ions. The
NBO charge distribution is very dissymmetrical, and the two rings strongly differ
from each other in terms of electron density. In cion-gLI

+tDI, most of the charge
(0.692) is localised on the extended gLI

+ moiety, while the charge on the tDI
subunit, which is folded on the DKP ring, is close to zero (0.028). Then, the n(OH)
stretching frequency of the folded aromatic ring should not be shied relative to
the neutral form. The rest of the charge is borne by the DKP ring, mainly the CaH
408 | Faraday Discuss., 2018, 212, 399–419 This journal is © The Royal Society of Chemistry 2018

https://doi.org/10.1039/c8fd00079d


Fig. 6 Difference in electron density between the S1 and S2 electronic excited states
relative to the ground state S0, for the structures used for the assignment. (a) c-gLI

+gLII
+, (b)

c-gLII
+gLI

� and (c) c-gLI
+gDI

�. The electron density isovalue is 0.004 a.u. The sign of the
electron density difference is coded in blue for positive and red for negative.

Paper Faraday Discussions
Pu

bl
is

he
d 

on
 0

9 
 2

01
8.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3.
07

.2
02

5 
09

:1
5:

22
. 

View Article Online
groups (0.148 for CaH in interaction with the folded aromatic ring and 0.159 for
the other). The CbH2 groups have limited charge, namely 0.065 (folded) and 0.069
(extended), as do the two peptide bonds HNCO (0.03). Similar results are obtained
for cion-gLII

+tLII. Most of the charge is borne by the extended aromatic ring (0.629),
the charge of the folded ring being much less (0.136). Also the hydrogen-bonded
structure c-gLI

+gLII
+ shows a dissymmetric distribution of the charge; the charge of

the H-bond donor is 0.654 vs. 0.232 for the acceptor. Thus, the n(OH) stretching
frequency of the acceptor aromatic ring should be less shied relative to the
neutral form than that of the donor. We can conclude from these results that the
two rings are not equivalent in the ion, which should be reected in their vibra-
tional spectra.
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 399–419 | 409
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Fig. 7 Calculated structures of the cyclo Tyr–Tyr cation of c-LL (a) cion-gLI
+gLII

+, (b) cion-
gLII

+tLII and c-LD (c) cion-gLI
+tDI.

Table 2 Structural parameters of the ions obtained by ionisation of the most stable
calculated conformers of cyclo LTyr–DTyr and cyclo LTyr–LTyr

Representative
example

Gibbs free
energy, DG
(kcal mol�1)

Distance between
the centres of the
aromatic rings (Å)

Shortest
OH/O
distance (Å)

CH/p

distance
(Å)

NH/p

distance
(Å)

cion-gLI
+gLII

+ 0 3.91 1.94 >4 >4
cion-gLII

+tLII 2.7 5.50 7.26 2.63 (Cb) >4
cion-gLI

+tDI — 5.54 6.26 2.45 (Ca) >4
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III-(B) Experimental results

(a) Electronic spectroscopy. The 1c-RE2PI spectra of c-LL and c-LD are shown
in Fig. 8. The two diastereomers have in common a broad absorption showing two
maxima, located at �35 600 and 35 800 cm�1 for c-LL vs. 35 500 and 35 800 cm�1

for c-LD. Narrow lines are superimposed on the broad absorption for c-LL, with an
origin at 35 274 cm�1, while c-LD only shows the broad absorption. Insufficient
cooling of the sample could be responsible for the broad absorption and the
absence of resolved transitions in c-LD. To test this hypothesis, we have simul-
taneously introduced carbon pellets containing each of the two diastereomers in
the set-up and recorded their spectra successively in exactly the same experi-
mental conditions. The spectra remain identical, which shows that the different
spectroscopic properties of c-LL and c-LD are not due to different experimental
conditions. Two hypotheses might explain the width of the c-LD spectrum. The
rst one is that fast non-radiative processes happen in the electronic excited state.
However, tyrosine as well as protonated tyrosine show well separated bands under
supersonic expansion or cryogenic ion trap conditions, which indicates lifetimes
on the order of nanoseconds.72–74 Another possibility would be spectral conges-
tion and insufficient cooling of the studied molecules. Indeed, as we shall see
later, only one member of a structural family can explain the narrow spectrum
obtained for c-LL, while several members of another family can explain the broad
spectrum, for c-LL and c-LD alike. Therefore, it is possible that the spectral width
is due to the superposition of the absorption of several conformers belonging to
the same family.
410 | Faraday Discuss., 2018, 212, 399–419 This journal is © The Royal Society of Chemistry 2018
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Fig. 8 S0–S1 electronic spectra of cyclo Tyr–Tyr: c-LL (top) and c-LD (bottom).
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(b) Vibrational spectroscopy and assignment
c-LL. The double resonance spectrum of c-LL recorded setting the probe at the

origin transition located at 35 274 cm�1 is shown in Fig. 9. The spectrum recorded
by setting the probe at any of the other narrow transitions is identical to that
taken at the origin. The probed conformer is called conformer Ac-LL in what
follows. The spectrum is divided into three regions. A narrow band appears at
3648 cm�1, in the free n(OH) stretching range. Second, an intense peak appears at
3554 cm�1, in the range where bound n(OH) stretches are expected. Lastly,
a doublet appears at 3409 and 3428 cm�1, in the n(NH) stretching range.

The double resonance spectra of c-LL has also been recorded setting the probe
on the two broad maxima. The obtained spectra are identical to each other but
strongly differ from that obtained when probing the narrow transitions. This
indicates that the broad absorption is due to a second conformer, denoted
conformer Bc-LL hereaer, or several conformers belonging to the same family
and showing the same vibrational spectrum. A narrow band appears at
3656 cm�1, in the free n(OH) stretching range. A congested triplet appears in the
region of the n(NH) stretch, at 3400, 3412, and 3424 cm�1.

Setting the IR probe at other characteristic transitions does not reveal new UV
absorption, which unambiguously shows that all of the conformers have been
detected.

c-LD. The double resonance spectra of c-LD recorded setting the probe at the
two maxima of the broad absorption bands at 35 500 and 35 800 cm�1 are
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 399–419 | 411

https://doi.org/10.1039/c8fd00079d


Fig. 9 Comparison between the experimental spectra of c-LL (left) and c-LD (right) and
those calculated for themost stable structures of each calculated family. Note that the two
most stable structures of c-gL

+gL
+ have been shown for c-LL (see text).
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identical, as shown in Fig. 9. The obtained spectrum resembles that of conformer
Bc-LL of c-LL and the corresponding structure is called conformer Bc-LD. The
spectrum is characterised by an intense band at 3655 cm�1 typical of a free n(OH)
stretch and, in the region of the n(NH) stretch, a doublet at 3394/3432 cm�1

accompanied by a shoulder at 3417 cm�1. Setting the IR probe to the most intense
vibrational transition at 3655 cm�1 or at 3432 cm�1 and scanning the UV does not
reveal new UV absorptions.

The two conformers of c-LL, Ac-LL and Bc-LL, and the unique conformer Bc-LD of
c-LD, are assigned to calculated structures based on stability and agreement of
experimental and simulated IR spectra. The vibrational pattern observed for
conformer Bc-LL is well reproduced by the spectrum of any of the structures of the
most stable c-gL

+gL
� family. The spectrum of conformer Bc-LL is compared in

Fig. 9 to the most stable of them, c-gLII
+gLI

�. The sharp band at 3656 cm�1 is
a superposition of the two n(OH) stretches, which are both completely free and are
calculated at the same value. Two bands out of the triplet in the 3400/3412 cm�1

range can be safely assigned to two non-equivalent n(NH) stretches, calculated at
3400 and 3411 cm�1 for the NH/p and free NH, respectively. The third one may
be an overtone of the amide I or a combination band involving amides I and II.
Other peptides, including DKP peptides, show such a combination or overtone
band in this region.30,75

The spectrum of conformer Ac-LL is well reproduced by that calculated for c-
gLI

+gLII
+. The feature at 3648 cm�1 is assigned to the free n(OH) calculated at

3649 cm�1. The different structures belonging to the hydrogen-bonded c-gL
+gL

+

family do not have identical spectra. As mentioned above, c-gLI
+gLII

+ is stabilised
412 | Faraday Discuss., 2018, 212, 399–419 This journal is © The Royal Society of Chemistry 2018
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relative to the others because the relative position of the OH groups allows
optimisation of their interaction. This is manifested by a larger red shi of the
n(OH) stretch in the vibrational spectrum of c-gLI

+gLII
+ relative to that of c-gLI

+gLI
+

or c-gLII
+gLII

+. Therefore, the feature at 3554 cm�1 in the spectrum of Ac-LL

unambiguously allows assignment of this conformer to c-gLI
+gLII

+. The band at
3409 cm�1 is assigned to the n(NH) stretches calculated at 3413/3414 cm�1.
Interestingly, the calculated n(NH) modes involve strongly coupled elongations of
the two amide NH, which contrast with c-gLII

+gLI
� or the parent cyclo Phe–Phe

molecule in which they are well localised on each NH. The two frequencies
observed here are thus the weak symmetric and strong antisymmetric stretches.
Lastly, the band at 3428 cm�1 is assigned to an overtone or combination band.

We have checked the hypothesis that the additional band observed in the
region of the n(NH) stretches is an overtone or a combination band on the
example of c-gLI

+gLII
+. Anharmonic frequencies, taking only a few relevant modes

into account (OH and NH stretches as well as amide I and II) were computed for
this structure using the variational perturbation theory.76 The results are shown in
Fig. S1 in the ESI.† As observed in parent cyclo Phe–Phe,30 the overtone of the
n(CO) stretch (amide I) appears strongly in the calculations and could explain the
experimental ndings.

The assignment of Bc-LD parallels that of Bc-LL. Bc-LD is assigned to one or
several members of the c-gL

+gD
� family, on the basis of both stability and spectral

similitude.
(c) Vibrational spectroscopy of the ion. The vibrational spectrum of the ion is

recorded by setting the UV probe at the same wavelengths as for the neutral forms
(see Fig. 10) and monitoring either the depletion of the parent atm/z 326 or of the
increased intensity of the fragment atm/z 220 (cyclo Gly–Tyr radical cation), which
corresponds to the loss of C7H6O. This corresponds to a neutral radical, either
cCHC6H4OH or CH2C6H4Oc. Both structures correspond to the Ca–Cb cleavage,
the former with concomitant Hmigration from the Cb carbon to the DKP ring, the
latter from H transfer from the phenol hydroxyl. The spectra are identical what-
ever the position of the probe (broad features or, in the case of c-LL, narrow
absorption bands), and whether the intensity of the parent or that of the fragment
is monitored. Although they display some similitudes, the spectra of c-LL and c-
LD slightly differ from each other. That of c-LD shows a transition in the same
region as the free n(OH) of the neutral ground state, at 3642 cm�1. A second
intense band appears more to the red region, at 3572 cm�1. This value is slightly
shied up in energy relative to that measured in the hydrogen-bonded neutral c-
gLI

+gLII
+ conformer (3554 cm�1) or in the phenol/argon cation (3535 cm�1).77

Lastly, a weak band appears at 3410 cm�1, in the region of the n(NH) stretch of the
neutral ground state. This spectrum agrees well with that simulated for cion-g-
LI
+tDI. In particular, the dissymmetry of the phenol rings, which was apparent

from the charge distribution, is well reected in the spectroscopy. The 3642 cm�1

transition is assigned to the free n(OH) of the “neutral” gLI
+ ring calculated at

3638 cm�1 while that at 3572 cm�1 is assigned to the free n(OH) of the “charged”
tDI ring, calculated at 3586 cm�1. This value is close to that observed in the radical
cation of cyclo tyrosine–proline, where there is only one aromatic ring hence one
possibility of charge localisation.78 The 3410 cm�1 feature is assigned to the
superposition of the two n(NH) calculated at identical values (3400 cm�1).
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 399–419 | 413

https://doi.org/10.1039/c8fd00079d


Fig. 10 Experimental and simulated spectra of the radical cation of (a) c-LL and (b) c-LD
together with corresponding calculated structures. (a) cion-gLII

+tLII (red) and cion-gLI
+gLII

+

(blue) and (b) cion-gLI
+tDI (red).
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The spectrum of c-LD can be tentatively explained in terms of the contribu-
tions of two structures, the rst one being similar to that described for c-LD,
namely, cion-gLII

+tLII. The weak band at 3635 cm�1 is the free n(OH) of the
“neutral” gLII

+ ring calculated at 3630 cm�1 while that at 3569 cm�1 is assigned to
the free n(OH) of the “charged” tLII ring, calculated at 3590 cm�1. The other
calculated structure, cion-gLI

+gLI
+, can also contribute to the spectrum. The band

at 3619 cm�1 could be assigned to its free n(OH), calculated at 3613 cm�1. It
should be noted that the relative intensity of the band at 3394 cm�1 is larger than
in the spectrum of c-LD. This could be explained if this band is assigned to the
intense bound n(OH) of cion-gLI

+gLI
+, calculated at 3399 cm�1, superimposed with

the n(NH) stretches of cion-gLII
+tLII and cion-gLI

+gLI
+, which are all calculated in this

range. Lastly, one cannot exclude that the broader band appearing as a shoulder
of the free n(OH) stretch is a hot band, as already observed in photo-produced
radical cations.39

The optically produced radical cation of c-LD evolves towards a well-dened
geometry, while that of c-LL evolves to two different structures. Despite the fact
that the cion-gLII

+tLII structure with folded/extended rings is much less stable than
the hydrogen-bonded cion-gLI

+gLI
+ form, there is spectroscopic evidence of its

presence. Thus, energy redistribution in the ion populates the two forms.
414 | Faraday Discuss., 2018, 212, 399–419 This journal is © The Royal Society of Chemistry 2018
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(d) Localisation of the electronic energy. We can rst compare cyclo Tyr–Tyr
to tyrosine or tyrosine-containing peptides.72,79 The 35 274 cm�1 band in the UV
spectrum of c-LL is assigned to the origin transition of c-gLI

+gLII
+. This value is

shied down in energy relative to those observed in tyrosine itself, which range
from 35 491 cm�1 to 35 650 cm�1 depending on the conformer.72 It has been
suggested that the origin of the tyrosine–glycine or tyrosine–glycine–glycine
conformers is not much shied relative to tyrosine, unless the hydroxyl group of
tyrosine is involved in a strong interaction.79 In this case, it is shied down in
energy by �400 cm�1. The fact that the origin of the hydrogen-bonded conformer
of cLL, c-gLI

+gLII
+, is lower in energy than that of the other conformers agrees well

with the previous experimental ndings. We can also compare cyclo Tyr–Tyr to
the previously studied cyclo Phe–Phe dipeptide.30 In the latter, which is a c-g+g�

structure for both diastereomers, the rst electronic transition is a pp* transition
localised on the extended g� aromatic ring, as it is in the c-g+g�conformers of
cyclo Tyr–Tyr. Both experimental and theoretical results point out the localisation
of the electronic excitation on one aromatic ring. Finally, we can compare the
calculated transition energies to the experimental UV spectra. The order of the
calculated S0–S1 transition energy is c-gLI

+gLII
+ < c-gL

+gD
� < c-gL

+gL
�, which agrees

well with the experimental ndings.

IV. Conclusions

The spectroscopic results presented here indicate that a similar family of
conformers exists in both systems, namely, c-gL

+gL
� and c-gL

+gD
�. These

conformers have one aromatic ring folded on the dipeptide DKP ring and the
other one extended. This allows weak NH/p and CH/p interactions to take
place. The NH. p interaction is slightly weaker in c-LL than c-LD. On the other
hand, the CH/p interaction is slightly stronger in c-LD than in c-LL; it involves
CbH in the later and CaH in the former. This parallels the properties of the related
cyclo Phe–Phe system, where the c-gL

+gL
� or c-gL

+gD
� geometries are the only ones

observed.30 In cyclo Phe–Phe, the stacked structure is much higher in energy
because dispersion does not counterbalance repulsion. In contrast, in the system
studied here, the tyrosine hydroxyls provide an additional anchoring site between
the two aromatic rings. As a result, the stacked conformer c-gLI

+gLI
+ is stabilised.

In c-LL, the L conformation of the two residues allows formation of a hydrogen
bond. However, the red shi of the bound n(OH) relative to the free n(OH) stretch
(94 cm�1) is slightly weaker than that observed in the phenol dimer (124 cm�1).80

This is because the steric constraints brought by the DKP ring prevent the
hydrogen bond from being optimal. Proper H-bonding interaction is not possible
in the c-LD diastereomer and the c-gL

+gD
+ conformers are high in energy.

The solution-phase study of c-LL using electronic circular dichroism combined
with molecular dynamics has suggested the coexistence of several conformers.56

One of them is similar to the hydrogen-bonded c-gLI
+gLI

+ form that we have
described in this work and the others belong to the c-gL

+gL
� family. The related

molecule cyclo Phe–Tyr has been studied using NMR spectroscopy.47 The results
suggest that the structure of cyclo LPhe–LTyr is similar to c-gLI

+gLI
+, in which the

DKP ring is almost planar and the two aromatic rings share the space over the
diketopiperazine ring in a face-to-face arrangement. For cyclo LPhe–DTyr, the
NMR results suggest two conformations similar to c-gL

+gD
� in terms of aromatic
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 399–419 | 415
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ring arrangement. It would be interesting to study this system under supersonic
expansion conditions to see whether the stabilisation of only c-gLI

+gLI
+ is possible.

Finally, it should be mentioned that the c-g+g� structure seems to be the most
stable one when no other interactions take place in the system, as observed in
cyclo Phe–Phe, protonated cyclo Phe–Phe,30,49 or cyclo LTyr–DTyr. Another struc-
ture is stabilised only if an additional interaction takes place between the two
aromatic rings that is stronger than the CH/p interaction stabilising c-g+g�. In
cyclo Tyr–Tyr, this interaction is an OH/O hydrogen bond which is optimal only
in c-LL. This explains the strong chirality-dependence of the structure observed
here. This strong difference between the two forms is partly maintained in the
ion, where the spectrum of c-LD is explained in terms of one structure only while
that of c-LD might contain the signature of two conformers.
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