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This review deals with modern theoretical and experimental approaches as well as structural
elucidation of small peptides (SP), their protonated forms and metal complexes. Free peptide
bond rotation in amino acids (AA) and peptides yielded various conformers, which may possess
differing biological activities. Inter- and/or intramolecular stacking observed in aromatic SP is
another phenomenon typical for both peptide salts and complexes. These phenomenological
effects can be successfully studied, both theoretically and experimentally, using a combination
of the theoretical approximations and physical methods, such as electronic absorption
spectroscopy, vibrational spectroscopy (including IR and Raman), nuclear magnetic resonance,
mass spectrometry, as well as single-crystal X-ray diffraction. The physical and chemical
properties of these systems can be precisely calculated by ab initio and DFT methods, varying
basis sets and the results obtained allow elucidation of their conformations as a function of the
reaction conditions (pH, type of the solvent, temperature, metal to ligand molar ratio).
Although the 3-D structures of many peptides have been determined over the past decades,
peptide crystallization is still a major obstacle to crystallographic work and the presence of
chiral center/s adds further difficulties. For this reason, a specific part of the review is focused
on the study of the absolute structure of the peptides, their salts and metal complexes,
discussing the conformational preferences of the peptides during these processes. The available
crystallographic data for metal complexes are successfully used for the correlation between the
structures and the spectroscopic properties.

Keywords: Metal complexes; Small peptides; Structural and spectroscopic study;
NLO materials

1. Introduction

Free peptide bond rotation yields various conformers, which as a result of protonation
or coordination processes, possess differing biological activities. Intermolecular
aromatic stacking in aromatic small peptides (SP) is another interesting phenomenon
with an important role in biological systems [1–4]. It provides a reasonable explanation
for the function and selectivity of variable ion channels [5–16]. On the other hand, one
of the fast developing areas on design and synthesis of new organic non-linear optical
(NLO) materials is focused on tuning of the spectroscopic properties and crystal
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packing in derivatives of amino acids(AA) and SP [17–39], whose molecular
conformation is changed dramatically during coordination with metal ions. A great
number of SP/metal complexes have been reported. The main focus of these
investigations, however, has been of outstanding biological significance [40–86]. We
will try to make a parallel between the fundamental aspects of the molecular
conformation of SP and the large number of the studies on their coordination and
protonation ability.

The review highlights SP with aliphatic and aromatic residues, with the purpose of
focusing the reader’s attention on specific phenomena typical only of these systems as
well as common phenomena related to their coordination and/or protonation ability.
Data include a series of more than 50 peptides, containing Gly, Ala,Met, Trp, Tyr, Phe,
Thr, and Ser residues. It is clear from all available studies that SP are very efficient and
versatile ligands for complexation with MII ions, whose conformations can be studied
as a function of pH, where the presence of only one amide fragment in the molecules
allows precise elucidation of the conformational changes. The effect on identical
structural fragments is typical for peptides with large numbers of AA residues, and we
will focus mainly on the di- and tripeptide systems. We will perform a parallel
description within their molecular geometries and properties, and those of the peptide
analogs containing up to six AA residues.

2. Protonation ability of SP

2.1. Experimental characterization

2.1.1. Characterization by vibrational (IR and Raman) spectroscopy. The main
vibrational characteristics, for both IR and Raman, are for the �NHþ3 , –COO�, and
amide (HNC(¼O)) groups in the zwitterionic peptides, observed within the same
spectroscopic regions (table 1) [18–39, 45–107]. Study of the protonated forms of SP in
parallel with coordination properties allows a better understanding of the complexation
processes, since protonation leads to the formation of COOH-group in the preliminary
zwitterionic peptide such as for monodentate coordination through the O-center of
–COO� group. The manner, especially when these systems interact with the ions such as
CuII, CoII, or NiII, strongly depends on the pH of the solution, thus giving the
possibility of parallel formation/isolation of the salts of the peptides in solid state. The
vibrational spectra of the salts, independent of the type of counterion [18–39], showed
strong overlapping IR spectral curves which required further application of mathe-
matical procedures [108–111]. In spite of the equivalent side chains included in the
structures of SP or their protonated forms, the IR spectral characteristics differ because
of different types of intermolecular interactions in the solid state (table 1). The
disappearance of the bands for asymmetric and symmetric stretching vibration of the
–COO� group (�asCOO� , �

s
COO�) [112–115] and the observation of a new peak at 1750 cm�1,

associated with the �C¼O stretching of –COOH group, is common for all the salts. The
bands at 3288 cm�1 (�NH) and amide I at 1656 cm�1 (figure 1) in the H–(Gly)2–OH are
typical for the flat trans-amide fragment. This result is in accord with known
crystallographic data for H–(Gly)2–OH, indicating a C(¼O)–NH angle of 178.7� [113]
(figure 1). The protonation of the peptide led to a shift of corresponding amide vibrations
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on account of the effect of the different types of intermolecular hydrogen-bonding
networks in the crystals (figure 1). Similarly, in the ionized form �C¼O and �NH in
H–(Gly)2–OH.HCl are observed at 1670 and 3278 cm�1, indicating a flat trans–C(¼O)–
NH group with torsion angle of 170.5� [115] with a shift of about 14 cm�1 of �C¼O.
The new band at 1749 cm�1 corresponds to the �C¼O of the –COOH fragment.

The data for the higher Gly-analogs revealed that the values for �NH are typical of
trans-amide fragments where the frequency of the IR band corresponding to �NH is
observed within the range of 1560–1530 cm�1 (table 1) [116–135]. However, the strong
overlapping of the spectroscopic patterns requires the application of other physical
methods, such as NMR and MS. In parallel to the experimental study, the theoretical
approaches for predicting the molecular geometry and physical properties of these
complicated systems were also successfully employed and thus, their complete
characterizations were made possible [136–169]. The Ala-residue has a weak effect
(table 2) at 1640 cm�1 (H–Gly–Ala–OH) and at 1670 cm�1 (H–Gly–(Ala)2–OH) for
bending and stretching vibrations of the NHþ3 -group: at 3200 (�NH), 1690–1640 (�C¼O),
and 1560 cm�1 (�NH). The �

as
COO� and �sCOO� are observed at 1590–1560 and 1420 cm�1

(table 1).
Vibrational properties of H–Thr–Ser–OH are: a broad band at 3200–2600 cm�1

(vibrations of –NHþ3 -group, table 2), �asNH3þ, �
0
NH3þas, and �sNH3þ bands (1614,

1515 cm�1), �OH and �NH modes at 3390, 3335, and 3288 cm�1, respectively. The Ser
�OH is observed at 3357 cm�1 in the pure AA. The band at 1644 cm�1 can be assigned to
amide I and the 1558 cm�1 to amide II. �asCOO� and �

s
COO� are associated with maxima at

1560 and 1400 cm�1, respectively, which disappear in the protonated dipeptide. In Ser
these peaks are at 1622 and 1416 cm�1, respectively. Protonation of H–Thr–Ser–
OH.HSq led to disappearance of �asCOO� and �sCOO� . New peaks at 1700 and 1745 cm�1

Figure 1. Crystallographic data for H–(Gly)2–OH (GLYGLY), H–(Gly)2–OH dihydrate (POTPET) [114],
H–(Gly)3–OH (TGLYCY10), and H–(Gly)3–OH�HCl (BIBRUZ). The crystal structures are given by their
CCDC codes (http://www.ccdc.cam.ac.uk/).
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of the �C¼O vibrations as well as a low-frequency shifted amide I peak of 10 cm�1 as a
result of a C¼O � � �X intermolecular interaction were observed. Other characteristic
maxima are at 2933 (�NH), 1637 (amide I), 1575 (�asNH3þ), and 1566 cm�1 (amide II). The
series of IR bands, characteristic for HSq� ion are at 1820, 1600, and 1500 cm�1

assigned to the combination of �C–O, �C–C, and �C¼C modes, respectively.
The presence of aromatic AA residues such as Phe, Tyr, or the indole skeleton in Trp

additionally complicates the vibrational patterns of the corresponding peptides. These
fragments are characterized by a series of bands of stretching and bending i.p. and o.p.
vibrations, observed within the regions summarized in table 1.

Spectra of H–Phe–Tyr–OH and H–Tyr–Phe–OH showed peaks at 3290–3180 cm�1

(�OH(solvent), �NH, �OH(Tyr)), at 3080–3050 cm�1 (�asNH3þ) [170–173], and at 1700 cm�1

(�C¼O(COOH)) in the protonated forms. The bands within the 1800–1500 cm�1 region are
assigned as follows: H–Tyr–Phe–OH: 1675 cm�1 (�C¼O), 1613 cm

�1 (8a, i.p.), 1597 cm�1

(8b, i.p.), 1571 cm�1 (19a(Phe), i.p.), 1562 cm
�1 (�asCOO�), 1550 cm

�1 (�NH) and 1517 cm�1

(19a(Tyr)); Tyr–Phe salt: 1654 cm�1 (amide I), 1643 cm�1 (�asNH3þ), 1612 cm�1 (8a),
1590 cm�1 (8b(Phe)), 1580 cm�1 (8b(Tyr)), 1571 cm�1 (19 a(Phe)), 1557 cm

�1 (amide II),
1517 cm�1 (19a(Tyr)); H–Phe–Tyr–OH: 1681 cm�1 (�asNH3þ), 1670 cm�1 (amide I),
1630 cm�1 (8a(Phe)), 1614 cm�1 (8a(Tyr)), 1594 cm�1 (8b(Phe)), 1585 cm�1 (8b(Tyr)),
1564 cm�1 (19a(Phe)), 1554 cm

�1 (amide II), 1525 cm�1 (�asCOO�), 1511 cm
�1 (19a(Tyr));

Phe-Tyr salt: 1656 cm�1 (�asNH3þ), 1650 cm�1 (amide I), 1612 cm�1 (8a), 1593 cm�1

(8b(Phe)), 1587 cm�1 (8b(Tyr)), 160 cm�1 (amide II), 1514 cm�1 (19a(Tyr)), 1498 cm�1

(19a(Phe)).
Intermolecular interactions in the H–Tyr–Phe–OH and its protonated form were

determined from crystallographic data: NH(amide) � � �O (2.853 Å), OH(tyr) � � �O
(2.614 Å), NH(amino) � � �O (2.602 Å). The Cl� and the protonated COOH group in the
salt yielded (CO)OH � � �O (2.591 Å), NH(amide) � � �Cl (3.156 Å), C¼O(amide) � � �H
(2.591 Å), OH(tyr) � � �O (3.151 Å), NH(amino) � � �O (3.062–2.876 Å) and NH(amino) � � �Cl
(3.054 Å) bonds. The shorter length of the hydrogen bond with participation of
NH(amide) in the non-protonated dipeptide explained the low-frequency shift of �NH to
3265 cm�1 (3275 cm�1 in the salt). In contrast, the C¼O(amide) intermolecular interac-
tions in the latter compound resulted in a low-frequency shift of amide I mode (�C¼O) to
1656 cm�1 (1675 cm�1 in H–Tyr–Phe–OH).

Protonation of the COO� group in H–Phe–Tyr–OH resulted in significant changes in
the IR spectrum of the salt, since the amide �NH and �C¼O are low-frequency shifted to
3200 and 1650 cm�1, indicating stronger intermolecular hydrogen bonds. The band at
1731 cm�1 belongs to �C¼O(COOH), while the maximum at 3220 cm�1 is for �NH.

Characteristic vibrations of H–Trp–Met–OH, H–Met–Trp–OH, and H–Gly–Trp–
OH�2H2O (table 1) showed �NH within the 3326–3446 cm�1 range. The �NH(In), usually
observed as a strong band, is located between 3409 and 3424 cm�1. In all cases �asNH3þ

and �sNH3þ vibrations were observed as broad bands within the 3200–2000 cm�1 range
with highest frequency sub-maxima at about 3200 cm�1. The 1800–1450 cm�1 region is
characterized by overlapping absorptions of bending NHþ3 , �C¼O, �

as
COO� , �NH and In i.p.

vibrations. The 800–400 cm�1 region was analyzed and assigned to the o.p. vibrations of
In ring, bending vibrations of COO�-group and amide IV–VI vibrations. The In o.p.
mode at 740 cm�1 showed the greatest intensity within this region.

The IR-spectrum of H–Trp–Met–OH contained the �NHIn vibration as a low-
intensity band (table 1), which could be explained by participation of the NHIn group in
intermolecular interactions in the solid state. The band at 1662 cm�1 (�C¼O) indicates a
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trans–O¼C–NH fragment. Bands at 1675 and 1623 cm�1 are assigned to �asNH3þ and
�sNH3þ, while the intense band at 1581 cm�1 to �asCOO� . These bands were overlapped by
the maxima at 1600–1450 cm�1, typical for i.p. vibrations of In ring. Only the band at
1469 cm�1 was well-defined. The intense band at 1396 cm�1 was attributed to �sCOO� .
The theoretically approximated model of the system dipeptide/water revealed a torsion
angle of 179.3(6)� for O¼C–NH, i.e. a transoid-fragment.

2.1.2. Characterization by single crystal X-ray diffraction. Commonly, the character-
istic IR and Raman bands (tables 1 and 2) strongly depend on the hydrogen-bonding
schemes in the solid state. As a rule the stretching vibrations low-frequency shift with
formation of the given hydrogen bond in solid state, in contrast to bending vibrations
shifting to corresponding higher frequencies. Correlating the hydrogen-bonding scheme
in solid state and the vibrational properties, summarized in tables 1 and 2, the common
tendencies could be easily illustrated. The salt of H–(Gly)2–OH showed the series of
interactions in solid state NþH3 � � �O/Cl (2.939, 2.749, 3.194, 3.188 Å) and NH � � �O
(3.294 Å). The tripeptide H–(Gly)3–OH was characterized with the same type of
hydrogen bonds, i.e. NþH3 � � �O (2.733, 2.749, 2.788, 2.913, 2.939 Å) and NH � � �O
(2.920, 2.990 Å), similar to the corresponding hydrochloride (NþH3 � � �O/Cl (3.256,
3.252, 3.220, 2.883 Å) and NH � � �O (2.956 Å)) as depicted in figure 1. The type of
interaction was in accord with the observed vibrational characteristics shown in tables 1
and 2. A parallel study on the crystallographic and solid-state vibrational data of
H–Ala–Phe–OH and its hydrochloride showed that the first compound had a series of
hydrogen bonds, thus forming a 3-D network (figure 2): NþH3 � � �O (2.761, 2.864,
2.897, and 3.029 Å), as well as NH � � �O (2.945 Å) bond between the amide NH and the

Figure 2. Hydrogen-bonding scheme in H–Ala–Phe–OH (COCGEG), H–Ala–Phe–OH�HCl (ALPALC10),
H–Phe–Ala–OH (QIMBUJ), and H–Gly–Met–Gly–OH�HCl [93], given by the CCDC code (http://
www.ccdc.cam.ac.uk/).
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COO�-fragment. The corresponding interactions in the solid state of the salt were
NþH3 � � �O (2.700, 2.776, 2.932 Å) and NH � � �O (3.017 Å), respectively. The weaker
NH � � �O bond in the salt effect on the �NH vibration (table 1) was observed at higher
frequencies by 11 cm�1. The common tendency is valid as well for �asNH3þ observed at
lower frequency in the neutral dipeptide, when the corresponding value of the
hydrochloride salt is compared. The crystallographic data of H–Phe–Ala–OH (figure 2)
showed the same type of interactions with bond distances of NþH3 � � �O (2.711, 2.788,
2.844 Å) and NH � � �O (2.984 Å), thus keeping the common tendencies for shift of the
vibrational maxima in the solid-state spectra [174–195].

2.1.3. Characterization by nuclear magnetic resonance methods. The magnetic reso-
nance investigations presented in our examination of peptide systems constituted a
powerful method for structural determination of SP derivatives. Moreover, the 1H- and
13C-NMR characteristics of simple AA residues and SP have long been the subject of
intense study, and many systematic and careful assignments of the chemical shifts are
summarized in review articles, papers, and books [170–173, 178, 179, 196–200].

The data obtained for neutral Gly-containing peptides correlated well with analogous
systems. The chemical shifts were practically unaffected after protonation of COO�

compared with corresponding zwitterionic tripeptides with exception of the proton
signals of the groups directly attached to –COOH. In the case of H–(Gly)3–OH.HSq
the greatest chemical shift difference (D�) was 0.64 ppm for the CH2-�gly3 signal. In
other hydrogen squarates the important changes were 2.63 and 2.58 ppm for CH2-�met

and CH2-�gly1 in H–(Gly)2–Met–OH.HSq and H–Met–(Gly)2–OH.HSq, respectively.
The 13C-NMR data of hydrogen squarates (HSq) differed significantly from those of

the neutral DP, mainly in the appearance of four new signals at 170.00–184.47 ppm,
associated with the HSq� typical for HSq fragments. The other differences in the
chemical shifts in 13C-NMR spectra were connected to the directly protonated COO�

group in the pure peptides. For H–(Gly)2–OH.HSq, H–(Gly)2–Met–OH.HSq, and H–
Met–(Gly)2–OH.HSq the values of D� were 4.76 (CO-gly3), 5.55 (CO-met) and 11.28
(CO-gly1), respectively.

H–Gly–Ala–OH showed CH2 (Gly), CH (Ala) and CH3 (Ala) signals at 3.840,
4.443 ppm and a doublet at 1.425 and 1.446 ppm, respectively (the signal for CH (Ala)
was observed as a quartet). The Ala-side chain signals in H–(Ala)2–OH were observed
at 4.446 (CH), 1.430 and 1.444 (CH3) ppm. As compared to the corresponding
zwitterions, with exception of the proton signals of the groups directly attached to –
COOH, the chemical shifts in the 1H NMR spectra were practically uninfluenced on
protonation of –COO�. In the salts, the significant chemical shift differences (D�) were
0.50 and 0.62 ppm for –CH (Ala) signals. The 13C-NMR data for HSqs showed four
signals in the chemical shift range of 169.9–184.6 ppm (about 186.0, 172.0, 171.0, and
169.0 ppm). The other differences in the chemical shifts of the 13C-NMR spectra were
associated with protonated –COO� in pure peptides. The CO-values for the salts of
H–Gly–Ala–OH and H–(Ala)2–OH are D� ¼ 6.76 and 5.70 ppm, while those for the
neutral forms are 174.8 and 171.7 ppm, respectively.

2.1.4. Characterization by electrospray ionization-mass spectrometry. Electrospray
ionization-mass spectrometry (ESI-MS) both in single (MS) and tandem (MS/MS)
mode readily yielded molecular weights together with structural information [180–190].
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The state of the art of high resolution mass spectrometers like the Thermo Fisher
Orbitrap includes high mass resolution (up to 100,000), large space charge capacity,
high mass accuracy (2–5 ppm), a mass/charge range of at least 6000, and dynamic range
greater than 103 [201]. It is the method of choice for analysis of SP and their metal
complexes because sensitivity and selectivity has been demonstrated for small Gly
homopeptides and some of their CuII and AgIII complexes. The high resolution
spectrum of H–(Gly)6–OH was characterized by a peak at m/z 361.14658, correspond-
ing to a singly charged cation [C12H21O7N6]

þ with a calculated molecular weight of
361.14662 (figure 3). The ESI-MS/MS spectrum of H–(Gly)6–OH was characterized by
fragments after loss of H2O (m/z 343.13566; [C12H19O6N6]

þ) and complete glycine
groups (m/z 286.11449; [C10H16O5N5]

þ). The ESI-MS spectrum of H–(Gly)5–OH.HSq
was characterized by a peak at m/z 304.12509 [C10H18O6N5]

þ and a second signal at m/z
607.24255 [C20H35O12N10]

þ which was associated with its dimer. According to our
studies on humic and fulvic acids, where the preferred ionization in the positive mode
for the amines was observed [185, 187, 188, 190], it would be expected that the NHþ3
derivatives of the peptides would be formed in the gas phase [191]. If fragmentation of
H–(Gly)5–OH and H–(Gly)6–OH followed the common scheme for SP [191], we should
have observed peaks without a Gly-molecule. In contrast, we observed a series of peaks
at m/z 286.11 ([C10H16O5N5]

þ), 229.09 ([C8H13O4N4]
þ), and 190.08 ([C6H10O3N3]

þ)
which corresponded most probably to the cyclic penta-, tetra-, and tripeptides.

2.2. Theoretical characterization

Protonation of the COO-group in H–(Gly)2–OH led to deviation of the absolute
planarity in the neutral form of 13.5(0)�. In the case of the tripeptide the value
was 12.7(2)� (table 3). The protonation or coordination led to a distortion of the

Figure 3. High resolution ESI-MS and ESI-MS/MS spectra ofH–(Gly)5–OH (A, B),H–(Gly)6–OH (C, D).
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co-planarity of the two amide fragments which may vary between 9.9(1)� and 85.4(1)�,
depending on the type of the counterion or specific interactions with the metal ion. The
vibrational characteristics of the amide fragments of H-(Gly)3–OH and its salts [18–39]
were found with �NH and amide I vibrations at 3313, 3298, 1657, and 1646 cm�1. The
trans- and co-planar dispositions of both amide fragments were experimentally verified
by single-crystal X-ray diffraction data (175.6�, 177.7�, and 0.1�, respectively) [117]. The
crystallographic data of the salt defined a transoid–C(¼O)–NH and angles of 161.0�

and 173.2� [118], resulting in bands at 3313, 3280, 1678, and 1656 cm�1 (table 1). The
elucidation of vibrations of the higher analogs of the Gly-homopeptides revealed the
same tendencies for the shift in characteristic vibrational bands as a result of
protonation.

Theoretical analysis of the higher Met-containing analogs showed a series of
conformers with energy less than 5 kJmol�1: H–(Gly)2–Met–OH (0.0 kJmol�1) and
H–Met–(Gly)2–OH (0.1 kJmol�1). A planar disposition of both amide fragments was
assumed in H–Met–(Gly)2–OH, determining a co-linear disposition of gly1 and gly2
amide I and �NH transition moments. However, a deviation of 24.2� in H–(Gly)2–Met–
OH in the amide fragments was theoretically established. The optimized geometry
parameters agreed reasonably well with those refined by crystallographic data for other
tripeptides with Gly- andMet-residues [166–169]. The experimental and theoretical data
for atomic distances and angles did not differ by more than 0.012 Å and 2.3(5)�,
respectively [166–169]. Analysis ofH–Gly–Met–Gly–OH andH–Gly–Met–Gly–OH.HCl
revealed most stable conformers with minimum energy of 0.1 and 0.2 kJmol�1. The
optimized structural parameters for both systems are in agreement with crystallo-
graphic data for H–Gly–Met–Gly–OH and H–Gly–Met–Gly–OH.HCl (C–O bond
lengths in –COO� group of 1.240 Å (C¼O) and 1.320 Å (C–OH), respectively). The �NH

peaks for the amide fragments were observed at 3343 and 3309 cm�1. The 1700–
1450 cm�1 region revealed an intense positive peak at 1660 and 1643 cm�1 belonging to
amide I vibrations. The crystallographic data confirmed the protonation of the COOH
fragment and retention of a protonated –NHþ3 group. The bond lengths and angles are
similar to those of other Met-containing di- and tripeptides [166–169]. The data
confirmed the trans–C(¼O)–NH fragments with dihedral angles of 176.01� and 173.14�.

Table 3. Experimental crystallographic data for dihedral angles of amide O¼C–NH group (�) of H–(Gly)2–
OH, H–(Gly)3–OH, and their derivatives as well as the angle between the amide planes in the tripeptides.
The compounds are given with the corresponding CCDC codes.

Dipeptides Tripeptides

CCDC code
O¼C–NH
angle (�) CCDC code

O¼C–NH angle (�) Angle
between
the amide
planes (�)gly1 gly2

GLYGLY [114] 178.7(0) GLYLIB [116] 176.4(6) 157.3(7) 75.5(5)
POTPET [115] 173.5(0) TGLYCY [132] 173.7(9) 178.2(6) 9.9(1)

GLCICH [116] 170.4(5) GGGCAC [133] 170.0(4) 171.8(2) 85.4(1)
GLGLYN10 [128] 179.7(0) BIBRUZ [134] 161.0(5) 173.7(2) 28.4(4)

GLYGLP [129] 165.6(5) ZEXRAV [135] 171.5(5) 179.2(8) 12.1(9)
HIBBID [130] 176.9(3) – – – –
HIBBIP [130] 174.5(3) – – – –
MUNQER [131] 176.1(5) – – – –
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Protonation of the carboxylate led to inequality of the C–O bond lengths with the
formation of effectively double C¼O (1.196 Å) and single C–O bonds (1.322 Å). Three
types of intermolecular interactions were also established: gly1 NH � � �Cl, NHþ3 � � �OH2,
and (COO)H � � �Cl (2.383, 2.461, and 2.216 Å, respectively) (figure 2). Thus, formation
of hydrogen bonds with water created a dihedral angle at 42.34� between the planes of
the gly1 and gly2 amide groups.

The calculations identified a series of conformational minima for bothH–(Ala)2–OH
and H–Gly–Ala–OH. Of those with energy below 5.0 kcalmol�1, there were five for H–
(Ala)2–OH and its protonated form and six for protonated H–Gly–Ala–OH. Since the
conformations play a crucial role in biological activity of peptides and their derivatives,
a precise conformational analysis of these was performed by minimization of energy
and optimization of dihedral angles.

Backbone conformations with intramolecular NþH3 � � �O¼C–NH2 bonds were more
stable than structures with bifurcated NþH3 to C¼O interactions (2.743–2.785 Å). The
former bond is a conventional interaction, commonly accepted to play the dominant
role in the relative stability of the conformation. The most stable conformers were
characterized with energy 0.0 kcalmol�1 (H-(Ala)2–OH), 0.6 kcalmol�1 (protonated
H–(Ala)2–OH) and 1.1 kcalmol�1 (protonated H–Gly–Ala–OH). The results assumed
transoid-amide fragments with torsion angle CO–NH of 174.1� in H-(Ala)2–OH
(table 3). Comparing both crystallographic [170] and theoretical geometry parameters
as atomic distances and angles, a good correlation was established as the values did not
differ by more than 0.064 Å and 9.7(5)�. The experimental data indicated a trans–CO–
NH fragment (173.4�) and an NCC(O)N(H) angle of 165.4�. The protonation of
H–(Ala)2–OH led to a transoid–CO–NH group (165.8�). The experimental value for the
hydrochloride was 163.4�. Protonation affected other dihedral angles as well. The
theoretical data of NH–CC(OO), NCCO(O), and NCC(O)N(H) are 119.5�, 120.0�, and
169.4�, respectively, while the corresponding experimental ones are 47.8�, 162.7�, and
156.9�. Other geometric parameters did not differ by more than 0.014 Å and 6.9(3)�

[173]. A similar tendency was also established for H–Gly–Ala–OH. The predicted
geometric parameters correlated well with experimental data for the hydrochloride salt,
where the atomic distances and angles did not differ by more than 0.093 Å and 8.8(6)�,
respectively. It is interesting to note that the experimentally observed conformation of
the protonated form of a given peptide depends on the type of anionic fragment and the
presence of solvent, leading to the possibility for differences according to type and
strong intra- or intermolecular interactions [196–200]. In H–(Ala)2–OH hydrochloride
the CO–NH, NH–CC(OO), NCCO(O), and NCC(O)N(H) angles were 173.4�, 70.9�,
76.7�, and 165.4�, while for 1,5-naphthalenedisulfonate salt the values were 169.4�,
102.3�, 150.8�, and 163.9�, respectively [200].

The neutral and protonated forms of H–Thr–Ser–OH were characterized with most
stable conformers having energy of 0.6 and 0.4 kJmol�1 as well as trans- and transoid-
amide fragments of 177.3(6)� and 171.8(5)�, respectively. The optimized structural
parameters are in good agreement with crystallographic data for Thr- and Ser-
containing peptides such as H–Ala–Thr–OH, H–Gly–Thr–OH, or H–Ser–Leu–OH with
N(H)–C(¼O) angles of 173.9�, 174.3�, and 177.8�, respectively [202–205]. The salts
showed parameters for COO� of 1.200 Å (C¼O) and 1.277 Å (C–OH).

The data indicated a trans-amide fragment. The most stable conformers of H–Phe–
Tyr–OH and its protonated form were characterized with minimum energy of
0.0 kJmol�1. Protonation did not exert any effect on the observed trans-amide
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fragments with dihedral angles at 177.5� and 178.4� for H–Phe–Tyr–OH and its salt.
The optimized values of the geometric parameters agreed reasonably well with those
obtained by crystallographic data for similar Phe-residues, where both the experimental
and theoretical results for atomic distances and angles did not differ by more than
0.012 Å and 0.1(1)� [205, 206].

H–Tyr–Trp–OH was also analyzed theoretically, yielding structural parameters
corresponding to minimum energy of 0.1 kJmol�1. This correlated well with the known
crystallographic results for other dipeptides [207–213]. The theoretically predicted and
experimentally determined parameters, bond lengths and angles ranged between 0.005–
0.012 Å and 0.2�–0.5�, respectively. The amide fragment was trans-flat with a torsion
angle of 175.9�. Both the skeletons of aromatic phenyl and indole (In) fragments
possessed a nearly co-planar disposition with an angle of 7.8�. The In ring was almost
planar with a dihedral angle deviation of 1.2�–5.4�, while the NH group was in the
frame of the In plane with a deviation of 0.4�. The Tyr-aromatic skeleton was planar
with calculated dihedral angles between 0.5� and 1.3�.

From the IR-data and the known crystal structure, H–Gly–Trp–OH�2H2O was
characterized [214]. The flat trans-configurated HN–C¼O fragment (177.4(9)�) [210]
(figure 2) was characterized with typical values of characteristic vibrations (table 1).
Isolation and crystallographic characterization of the corresponding CuII–complexes
permitted a parallel study of the spectroscopic and structural changes during
coordination. The ligand participated in tridentate chelation through –NH2, N�1,
and –COO� binding sides, fusing five- and six-membered chelate rings. Complexes of
H–Gly–Trp–OH as well as H–Trp–Gly–OH with MII metal ions such as CuII, CoII, NiII

have distinct properties [212–215]. The binding of the metal ion was strongly influenced
by the AA sequence and pH.

3. Coordination ability of SP

3.1. Experimental characterization

3.1.1. Characterization by vibrational (IR and Raman) spectroscopy. As mentioned
above for the amide fragments the typical vibrational bands may provide information
concerning the peptides’ manner of coordination [18–39, 87–107, 216–222].
Monodentate coordination of the peptides through COO� (figure 4(I)) leads to the

(I) (II )

(III ) (IV) (V)
A B C D E

Figure 4. The mode of coordination of –COO� in the zwitterionic peptides (A); coordination chelating
modes through –NH2– and –N�1 (amide) centers from the N-termini (B), (C), and (E) and tetradentate
coordination through –NH2–, 2 –N�1 (amide fragments) and O-(C¼O) centers.
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formation of a COOH group. However, the corresponding band was low-frequency
shifted by about 50 cm�1. Symmetric bidentate interactions, that is figure 4(II), (III),
and (V) led to the observation of �asCOO� and �sCOO� like those in the free peptides;
however, shifting of up to 20 cm�1 to lower frequency was observed [18–39, 87–107].
Raman spectroscopy is predominantly a method for elucidation of aliphatic peptides,
thus giving a relatively ‘‘sparse’’ pattern without strong overlapping effects, while
aromatic peptides, especially those containing Trp as AA residue, often are character-
ized with a fluorescence band and consequently the application of the method is limited.
In accordance with theory, the �asNH3þ and �asNH3þ stretching and bending vibrations of
NHþ3 in each of the zwitterionic peptides are low-frequency absorptions positioned less
than 2 cm�1 from the corresponding IR bands. The same applied to amide I vibrations.
Coordination through the amino group (figure 4(B)–(E)) led to the disappearance of IR
bands for NHþ3 and observation of the �asNH2 and �sNH2 maxima at 3500–3000 cm�1 as
well as �NH2 about 1650–1690 cm�1 as a XY2-local symmetry system [112, 113]. The
stretching vibrations were low-frequency shifted by about 100 cm�1, from typical NH2-
group values [18–39, 87–107, 112] (table 2).

3.1.2. Characterization by single-crystal X-ray diffraction. Spectroscopic characteris-
tics of the metal complexes of peptides change dramatically during complexation.
Typically dipeptides participate in tridentate chelation by the N-terminal AA residue,
through the NH2, N�1, OCO�-fragments, as was obtained in CuII and PtII complexes
[114–118]. These binding sites were fused in five- and six-membered chelate rings
(figures 5 and 6). Interaction of H–(Gly)2–OH with PtII led to the formation of
mononuclear complexes with bidentate coordination (figure 4(B) and figure 5) as
potassium dichloro–((Gly)2–N,N0)–PtII (NOJKUS) and dichloro-((Gly)2–N,N0)–PtII

dihydrate (NOJLAZ) [119]. Depending on the reaction conditions H-(Gly)2–OH could
interact tridentately through NH2, N�1, and OCO�-centers, as observed in the
potassium ((Gly)2–trichloro–Pt

IV monohydrate (XEVYIG) [120] (figure 5) or ammo-
nium bis((Gly)2–N,N0,O)–CoIII dihydrate (AGGLCO) [121]. It is interesting to note
that H–(Gly)2–OH is mono- or bidentate through the COO�-group (figure 4(I), (II)) in
tetrasodium bis((Gly)2-�-octamolybdate pentadecahydrate (LECSAO) [122],

Figure 5. Crystallographic data for H–(Gly)2–OH lithium bromide (GLYLIB) [116]; and corresponding
Cu(II) complex (CGLGLT) [117]. The crystal structures are given by their CCDC codes (http://
www.ccdc.cam.ac.uk/).
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tetrasodium bis((Gly)2-hexacosaoxo-octa-MoVI dodecahydrate (MAJTEW) [123], or
(Gly)2-AgI nitrate (GGAGNI) [124] (figures 6 and 7).

The tripeptides often are tetradentate ligands with metal ions such as CuII or PtII,
forming a chelate through –NH2, 2N�1, and –OCO�-centers (figure 4D). Depending on
the pH of the medium, the coordination mode can be any of those depicted in figure
4(B)–(E). Like dipeptides, tripeptides may also be bidentate through the –NH2, N�1
centers (figure 4B) in the (chloro-(	5-pentamethyl-cyclopentadienyl)-((Gly)3-ethyl-ester-
N,N0))-RhI (PEWCOJ) [125] or chloro-(	6-benzene)-(tri-Gly-N,N0)–RuII monohydrate
methanol solvate (KEYJUT) [126], figure 6. In (N-mercaptoethyl-(Gly)3)-oxo-ReII

monohydrate (XODVAN) [126], the ligand is tetradentate through S and 3N�1 centers
(figure 4C).

Figure 6. Crystal structure of metal complexes with H–(Gly)2–OH [119–124]. The crystal structures are
given by their CCDC codes (http://www.ccdc.cam.ac.uk/).

Figure 7. Crystal structures of the metal complexes with CCDC codes PEWCOJ, KEYJUT) and
XODVAN, respectively [124–126]. The crystal structures are given by their CCDC codes (http://
www.ccdc.cam.ac.uk/).
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The data for higher Gly-analogs revealed that the values for �NH are typical of trans-
amide fragments where the frequency of the IR band corresponding to �NH was
observed at 1560–1530 cm�1 (table 1). However, strong overlapping of the spectro-
scopic patterns required application of other physical methods, such as NMR and MS,
for analysis. In parallel to the experimental study, the theoretical approaches for
predicting molecular geometry and physical properties of these complicated systems
were also successfully employed, thus making their complete characterization possible
[136–169]. The Ala-residue exerted a weak effect on the basic vibrations (table 2) at
1640 cm�1 (H–Gly–Ala–OH) and at 1670 cm�1 (H–Gly–(Ala)2–OH) for the bending
vibrations of NHþ3 , at 3200 cm�1 (�NH), 1690–1640 cm�1 region (�C¼O) and about
1560 cm�1 (�NH). The �asCOO� and �sCOO� were observed within the 1590–1560 cm�1

region and at 1420 cm�1.
Crystallographic data for the coordination ability of the H–Gly–Ala–H analog have

been described as tridentate through NH2, N�1, and OCO� centers in the correspond-
ing K[Pt(Gly–�–Ala–OH)Cl]. This is in contrast to [Pt(Gly–His)Cl], where the
coordination mode is also tridentate through 3N centers [40]. In contrast to Gly-
containing peptides, in Met-containing derivatives the coordination of the thioether
S-donor group is predominant [40, 74–76, 88, 97, 169, 174–176] as described in [Pt(H–
Met–Gly–OH)Cl2] (figure 8). The interaction of CuII with H–(Gly)2–OH led to
formation of the metal complex with a signal at m/z 211.98 (figure 9, Table 4,
[C4H9O4N2Cu]

þ); that is a formation of a bis(glycinato)CuII complex with possible cis-
and trans-isomerization [214–216]. However, the formation of such type of complex
with H–(Gly)2–OH proposed a peptide bond cleavage under the reaction conditions.

The interaction ofH–Gly–Trp–OH with CuII led to the formation of the mononuclear
complex (figure 8) [216–218] with a tridentate coordination of the ligand through –NH2,
N�1, and OCO�. In contrast to protonation, the complexation of the peptide led to a
drastic conformational change of the peptide molecule. On comparison of the
crystallographic data for the zwitterionic peptide and its metal complex [211, 213], it
revealed that the main effect is on the NH–CC(OO) and CNCCO(O) angles with
differences of 66.2(5)� and 55.4(9)�. The distance between the In skeleton and the CuII

center of 4.246 Å highlights to the 
-stacking effect as described [1–4].

3.1.3. Characterization by ESI-MS. To elucidate the type of binding of metal
complexes the MS data obtained have been correlated with the single-crystal X-ray

Figure 8. PLUTON diagram of the PtII complex of H–Met–Gly–OH [172] (1), bis(glycinato)CuII complex
(2) and (glycyltryptophane)CuII (3) [216].
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diffraction data (figure 8). Crystallization in the non-centrosymmetric orthorhombic
P212121 space group makes the cis-isomer a candidate for metal–organic material with
NLO properties in the bulk. The geometry of the CuIIN2O4 chromophore can be
described as perturbed Oh with the Cu–O and Cu–N distances of 2.030, 1.952, 1.969 Å

Table 4. Crystallographic and refinement data for bis(glycinato)CuII

complex.

Empirical formula C4H8N2O5

Formula weight 227.66
Temperature (K) 206(2)
Wavelength � (Å) 0.71073
Crystal system Orthorhombic
Space group P212121
Unit cell dimensions (Å, �)
a 5.229(3)
b 10.824(7)
c 13.514(9)
� 90
� 90
� 90
Volume (Å3), Z 764.9(8), 4
Calculated density �calc (Mgm�3) 1.977
Absorption coefficient, � (mm�1) 2.841
Crystal size (mm3) 0.53� 0.28� 0.22
Goodness-of-fit on F2 1.066
R1 [I4 2(I)] 0.0755
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Figure 9. High resolution ESI-MS spectrum of bis(glycinato)CuII complex.
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with O–Cu–O and N–Cu–O angles within the range 83.8(6)�–95.7(8)�. The analysis by
high resolution ESI-MS exhibited a quasi-molecular ion with formula C4H9O4Cu,
indicating a ‘‘covalent?’’ bound copper to the organic moiety. This result is supported
by the characteristic isotopic pattern of the observed mass peaks, which exhibited the
natural distribution of copper 63 and 65 in a ratio of 69/30. Another example that MS is
a powerful tool for the analysis of this type of compounds entails the high resolution
ESI-MS spectrum of the AgIII-complex of H-(Gly)6-OH where two peaks at m/z
467.04365 ([C12H20O7N

107
6 Ag]þ) and 469.04343 ([C12H20O7N

109
6 Ag]þ) were exhibited

and in good agreement with the calculated sum formulae for the two silver isotopes 107
and 109, additionally showing the correct isotopic distribution of silver (52/48)
(figure 10). Most probably the detected ions corresponded to a mononuclear AgIII

peptide complex, stable in the gas phase according to classical tetradentate coordination
figure 4(E).

3.2. Theoretical characterization

During optimization of the molecular geometry of the peptides and their metal
complexes by ab initio and DFT methods, frequency calculations, predicting optical,
and NLO properties and/or studies of specific interactions are the common approaches
for the application of theoretical methods [10, 13, 15, 16, 222–233]. Theoretical
characterization of the conformational changes of the peptides as a result of
coordination with the metal ions is important because their activity depends not only
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Figure 10. High resolution ESI-MS spectrum of Ag(III) complex of H–(Gly)6–OH.
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on the metal ion, but also on the way the molecule is folded, and in many cases
conformational changes appear to be prerequisites. In our studies, for conformation
and optical properties, we used mainly the DFT or hybrid methods [231, 232]. Similar
to other studies [222–229], it has been found that partial or full geometry optimization is
essential in most cases for the determination of structures, since the experimental
conformations rarely give the precise theoretical minimum. Especially for comparison
between the gas- and condensed-phase parameters it has been found that for the
obtained geometry parameters such as bond lengths and angles for both neutral or
protonated peptides and their metal complexes, the theoretical mode makes valuable (in
some cases excellent) contributions between the structural-theoretic and/or structural/
spectroscopic approaches. In contrast, the dihedral angles strongly depend on the inter-
and/or intramolecular interactions.

4. Conclusion and outlook

In this review, we have outlined possible strategies toward elucidation of the
coordination and protonation ability of SP, including theoretical approaches and
physical measurements. The coordination chemistry of peptide systems is a powerful
tool for designing novel biologically active compounds with tunable physiological
effects, based on the properties of the essential metal included as well as on the design of
novel drugs with anticancer activity.

Perhaps most importantly, it is essential to introduce new perspectives for
coordination compounds of SP, that is their possible application as novel NLO
materials [25, 30–33, 37, 38]. Although the 3-D structures of peptides and their
derivatives have been determined over the past decades, their crystallization is still a
major obstacle to crystallographic work. The presence of chiral center/s adds further
difficulties. However, for such a class of novel NLO materials, metal–organic
coordination networks with peptides should yield non-centrosymmetric solids based
on 1-D to 3-D related helical networks, depending on the optical properties of the metal
ions, the type of the amino-acid residues, a favorable combination of thermal and
chemical stability, solubility characteristics, transparency, and second-order optical
non-linearity, that is potential candidates for applications in electro-optic devices.
Logically, the question arises, what is next. There is large potential for further
molecular-level studies on the coordination and protonation ability of selected SP with
metal ions with a view to designing their crystallization networks and supramolecular
properties, with an overall aim of optimizing the NLO properties and further
investigating the possibilities for switching optical behavior using such compounds.

Supplementary material

Crystallographic data for the structural analysis have been deposited with the Cambridge
Crystallographic Data Centre, CCDC 795568. Copies of this information may be
obtained from the Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (Fax:
þ44 1223 336 033; E-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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