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This article deals with the experimental and theoretical study of the coordination ability and
processes of glycyl-penta and hexahomopeptides and corresponding cyclic derivatives with the
AgI, ZnII, and CuII. Special attention is focused on the observed cyclic small peptide analogues
as well as corresponding complexes. These phenomena are studied experimentally by
electrospray ionization and matrix-assisted laser desorption ionization mass spectrometric
methods. Considering the physical and chemical properties of gas-phase stabilized systems,
precisely calculated thermodynamic parameters, physical properties, and structures by the
quantum chemical DFT methods are performed. Conformational preferences of the obtained
peptide species as well as the complexes are presented. The coordination ability is elucidated in
condense phase by electronic absorption, infrared, and Raman spectroscopies, nuclear
magnetic resonance, and thermal methods. The AgI/AgIII redox process observed during the
interaction with the peptides is discussed.

Keywords: Cyclic peptides; Metal-organic complexes stable in gas-phase; Mass spectrometry

1. Introduction

Cyclic peptides comprise a large body of natural products (NPs) and synthetic
compounds, representing an important class of antibiotics isolated from bacteria, fungi,
and plants or prepared synthetically [1]. New derivatives are discovered on a regular
basis and have been found to have numerous pharmaceutical applications including
their use as enzyme inhibitors, antifungal and antibacterial agents, and immunosup-
pressant and anticancer drugs [2]. On-going interest in biologically active cyclic peptides
has been supported by advanced analytical methods which are needed to characterize
the cyclic structures, many of which contain modified amino acids. Characterization of
cyclic peptides by mass spectrometry poses a great analytical challenge because they do
not have well-defined termini, as do linear peptides, which can be used unambiguously
to anchor the assignment of the sequence of amino acids in an orderly fashion. The
development of powerful new mass spectrometric techniques such as matrix-assisted
laser desorption ionization (MALDI) and electrospray ionization (ESI) has been driven
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by polymer and biological sciences [3]. Workers in other areas, for whom conventional
techniques are less useful, such as inorganic and organometallic chemistry, are now
embracing these ionization methods [4]. Anticancer activity of AgI-coordination
compounds has been relatively unexplored until recent studies [5]. Several complexes
have shown in vitro activity against multiple cell lines. Series of saturated and
unsaturated NHC-containing silver(I) chloride complexes were tested against various
cell lines and showed higher cytotoxicities than cisplatin [5a].

Our recent studies on NPs [6], including the functional-oriented synthesis of small
peptides and their complexes with AgI [7], have shown that ESI-MS/MS mass
spectrometric analysis of the obtained complexes determined the gas-phase stability.
For the penta- and hexaglycyl-homopeptides parallel fragmentation processes with the
formation of cyclic peptide derivatives have been proposed [8]. Detailed analysis of the
nature of these processes are presented in this article, studying the coordination ability
of glycyl-homopenta- and hexapeptides with AgI, ZnII, and CuII using the ESI-MS/MS
and MALDI imaging mass spectrometry (MALDI-MSI), by the Orbitrap analyser. The
experimental data are correlated to the results of theoretical quantum chemical analysis
of the free ligands, different types of protonated forms, observed molecular fragments,
and complexes. This study is of importance for the MALDI-MSI method, due to a
relatively large area of application focused on protein and peptide analysis [1–8]. The
mass spectrometric and theoretical data are correlated to experimental results from
electronic absorption, vibration spectroscopy as well as nuclear magnetic resonance.

2. Experimental

2.1. Physical measurements

X-ray diffraction intensities were measured on a Bruker Smart X2S diffractometer
using micro-source Mo-Ka radiation and employing the ! scan mode. The structures in
figure 1 are presented by PLATON. An absorption correction was based on multiple-
scanned reflections. The crystal structures were solved by direct methods using
SHELXS-97 and refined by full-matrix least-squares refinement against F2. Anisotropic
displacement parameters were introduced for all non-hydrogen atoms. Hydrogen atoms
attached to carbon were placed at calculated positions and refined allowing them to ride
on the parent carbon [9]. HPLC-MS/MS measurements were made using a TSQ 7000
instrument (Thermo Electron Corporation). Two mobile phase compositions were used:
(A) 0.1% v/v aqueous HCOOH and (B) 0.1% v/v HCOOH in CH3CN. For ESI mass
spectrometry, a triple quadrupole mass spectrometer (TSQ 7000 Thermo Electron,
Dreieich, Germany) equipped with an ESI 2 source was used and operated at the
following conditions: capillary temperature 180�C; sheath gas 60 psi, corona 4.5 mA,
and spray voltage 4.5 kV. Sample was dissolved in acetonitrile (1mgmL�1) and was
injected in the ion source by an autosampler (Surveyor) with a flow of pure acetonitrile
(0.2mL min�1). Data processing was performed by Excalibur 1.4 software. A standard
LTQ Orbitrap XL instrument is used for all experimental work described in this article.
An overall mass range of m/z 100–1000 is scanned simultaneously in the Orbitrap
analyzer. The samples are measured in solid state, using a variant of the spray technique
of solution, containing the matrix and analyte compound. The solution of thus
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obtained thin liquid films is rapidly evaporated to form the sample of matrix/matrix/
analyte. The content of metal ions are obtained by ICP measurements on the ICP–OES
Thermo Elemental spectrometer with atomisator Argon–plasma; detection is done by
the following lines for Zn (202.5, 206.2, and 213.8 nm) and for Ag (328.0 and 338.2 nm),
respectively. UV-Vis-NIR spectra between 190 and 1190 nm using acetonitrile (Uvasol,
Merck product) at 2.5� 10�5mol L�1 in 0.921 cm quartz cells were recorded on a Tecan
Safire Absorbance/Fluorescence XFluor 4V 4.40 spectrophotometer. Conventional IR
and Raman spectroscopy in solid-state were performed on a Thermo Nicolet 6700
FTIR spectrometer (4000–400 cm�1, resolution 0.5 cm�1, and 100 scans) and an NXR
FT-Raman module within the 4000–50 cm�1 region. The thermogravimetric study was
carried out using a Perkin-Elmer TGS2 instrument. Calorimetric measurements were
performed on a DSC-2C Perkin Elmer apparatus under argon. The 1H- and 13C-NMR
measurements were performed at 298K with a Bruker DRX-600 spectrometer using
5mm tubes and D2O as solvent. The chemical shift reference was sodium
3-(trimethylsilyl)tetradeuteriopropionate.

2.2. Synthesis

The AgI, ZnII, and CuII complexes of the penta- 1–3 and hexa- 1a–3a glycylhomopep-
tides were obtained according to a common procedure: equimolar aqueous solutions of
the ligands (Bachem Organics) were mixed with corresponding metal salts CuCl2 � 2H2O
(Merck, 0.1705 g), AgNO3 (Merck, 0.1698 g), and ZnCl2 (Sigma, 0.1367 g). Thus
obtained solutions are continuously stirred with heating at 40�C for up to 10 h. The pH
values are kept in the range 3.1–4.0 by the dropwise addition of 1� 10�4mol L�1 water
solution of NaOH. In the case of Ag(I) complexes when pH values are 6.0–8.0 metal ion
is reduced to Ag(0). Precipitates from the newly synthesized complexes, used as matrices

Figure 1. ESI-MS and ESI-MS/MS spectra; electronic transition and mass chromatogram.
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for the mass spectrometric measurements, are obtained after a week. All of them are
filtered off, washed with water, and dried in air at room temperature. The ZnII and CuII

complexes are stable in ambient conditions for more than 2.0 months, while the AgI-
complex turns to a black precipitate (reduction of Ag(I) to Ag(0)) after a month. The
yield of the precipitates is 45–62%. Elemental Anal.: (1): Found (%): C, 29.10; H, 3.48;
N, 17.10; [AgIC10H14N5O6] Calcd (%): C, 29.43; H, 3.46; N, 17.16; (2): Found (%): C,
31.77; H, 3.83; N, 19.10; [ZnIIC10H14N5O6]; Calcd (%): C, 32.85; H, 3.86; N, 19.18; (3):
Found (%): C, 33.71; H, 3.54; N, 19.35; [CuIIC10H14N5O6]; Calcd (%): C, 33.02; H,
3.88; N, 19.25; (1a): Found (%): C, 26.05; H, 3.00; N, 15.17; [AgIC12H17N6O7]; Calcd
(%): C, 34.24; H, 4.07; N, 19.97; (2a): Found (%): C, 35.11; H, 3.01; N, 19.68;
[ZnIIC12H17N6O7]; Calcd (%): C, 34.10; H, 4.05; N, 19.88; and (3a): Found (%): C,
34.50; H, 4.55; N, 19.79; [CuIIC12H17N6O7]; Calcd (%): C, 34.24; H, 4.07; N, 19.97.
Re-crystallization of 1 from methanol : water 1 : 1 resulted in the formation of thin 1-D
crystals. The low single-crystal quality, due to the presence of the air bubbles, resulted
in the obtained crystallographically high R1 factor of 33% (table 1, figure 2).

2.3. Computational methods [10]

Quantum chemical calculations are performed with Gaussian 98, 09 [10a], and Dalton
2.0 [10b] program packages. The output files were visualized by GaussView03 program
package [10c]. The geometries of the studied species were optimized by density
functional theory (DFT), employing B3LYP, B3PW91, and M06-2X functionals
[10d–h]. Molecular geometries of the studied species were fully optimized by the force
gradient method using Bernys’ algorithm. For every structure the stationary points
found on the molecule potential energy hypersurfaces were characterized using
standard analytical harmonic vibrational analysis. The absence of imaginary frequen-
cies, as well as of negative eigenvalues of the second-derivative matrix, confirmed that
the stationary points correspond to minima of the potential energy hypersurfaces.
Description of the theoretical methods exists for organic species [10i–n] and metal

Table 1. Crystallographic and refinement data for 1.

Empirical formula AgC10H14N5O6

Formula weight 407.20
Temperature (K) 198(2)
Wavelength (Å) 0.71073
Crystal system Triclinic
Space group P�1

Unit cell dimensions (Å, �)
a 8.891(3)
b 10.254(2)
c 23.652(6)
� 90.336(6)
� 100.093(8)
� 96.228(5)
Volume (Å3), Z 1032.7(2), 2
Calculated density (Mgm�3) 1.564
Absorption coefficient (mm�1) 2.731
Crystal size (mm3) 0.01� 0.04� 0.08
Goodness-of-fit on F2 2.371
R1 [I4 2�(I)] 0.3269

Metal complexes of cyclic peptides 1551
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complexes [10o–q]. Geometry of the neutral species are optimized and preoptimized at
higher levels, using the B3LYP functional at large correlation basis sets such as aug-cc-
pVDZ and aug-cc-pVTZ (augmented correlation-consistent polarized valence double
and triple zeta levels). For the charged metal complexes the corresponding geometry
optimization was performed using B3PW91, utilizing the triple-� quality TZVP, triple-�
plus double polarization TZ2P, Los Alamos National Laboratory’s 2 double-� as well
as quasirelativistic effective core pseudopotentials from Stuttgart–Dresden (LANL2DZ
or SDD) [10r, s]. The minimized energies and calculations of the initial force constants
were performed using the corresponding net charges and spin multiplicity 2 as well as
unrestricted open shell wave function, independent of the used quantum chemical
packages. Electronic properties and transitions of the geometrically optimized species
were obtained by the M06-2X functional (Gaussian 09 or Dalton 2.0) at aug-cc-pVDZ
basis set for peptides and LANL2DZ or SDD for complexes. Calculations by Dalton
2.0 were performed using the GaussianPluging and corresponding in-/output sub-
programs for extra functional and basis sets [10t–w]. Calculation of vibrational
frequencies and infrared intensities were checked to establish which kind of performed
calculations agree best with the experimental data. The electronic absorption and
fluorescence spectra in the gas phase and methanol are by TDDFT calculations at
above levels of theory. We have utilized primarily the polarizable continuum model
(PCM) for calculations of electronic spectra, using the different dielectric constant
values and number of points per sphere, respectively, under the above mentioned
computational details. The calculated qN(NBO) charges for the peptides and metal
complexes were obtained using the natural bond orbital analysis (NBO) at same
computational inputs.

2.4. Statistical and mathematical methods [11]

The experimental and theoretical spectroscopic patterns were processed by R4Cal
OpenOffice STATISTICs for Windows 7 program package [11a]. Baseline corrections
and curve-fitting procedures were applied. The baseline was calculated using the

Figure 2. Photographs of the crystals of 1; PLATON diagram of the unit cell content for 1; hydrogen atoms
are omitted.
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standard linear equation. Non-linear peak fitting methods are applied, involving a
fitting of series of individual functions simultaneously, in order to obtain the single
‘‘best fit’’ solution. Solutions were found by iteratively trying a series of combinations
of parameters until the best is found. Since the solutions are interdependent, small
changes in one of the parameters affect the final result of all the others. When using an
iterative process, the starting point should be as close to the actual solution as possible.
Good ‘‘guestimates’’ for the starting values increase the probability of finding the
‘‘best’’ solution [11b, c]. Using non-linear methods requires a threshold at which the
‘‘fit’’ is considered ‘‘good’’ [11d–f]. In the case of the Levenberg–Marquardt method,
the merit equation used is the �2 equation [11d–g]. The final solution is found when a
minimum in the reduced �2 equation is reached. It is a statistical measure of ‘‘goodness-
of-fit,’’ inversely proportional to the known variance of the data set. The statistical
significance of each regression coefficient was checked by the use of t-test (calculation of
the significance using data from the experimental error, usually higher than 0.100). The
model fit was determined by F-test (comparison of calculated and experimentally
obtained signal values) [11b, c].

3. Results and discussion

3.1. ESI-MS/MS spectra of H-(Gly)5-OH and H-(Gly)6-OH and their complexes

ESI-MS data of positive, both in single (MS) and tandem (MS/MS) mode yield
molecular weights of the small peptides and their complexes together with structural
information [12]. It is the method of choice for the analysis of small peptides and their
metal complexes, as a result of the high sensitivity and selectivity of the method [1–8, 12].
Moreover, the isotope patterns of the metal ions facilitate identification of the
corresponding complexes in the gas phase [4a]. As shown in our previous papers [7g, h],
the homo penta- and hexapeptides are characterized with the peaks at m/z 304.13 and
361.15, corresponding to singly charged cations [C10H18NO6N5]

þ and [C12H21O7N6]
þ

with the molecular weight of 304.28 and 361.63, respectively. A peak atm/z 607.25 in the
first case is observed in the ESI-MS spectrum and probably corresponds to the dimeric
associate (non-covalent bonded peptides) [13]. According to our studies on humic and
fulvic acids, where preferred ionization in the positive mode for the amines is observed
[12], it would be expected that the NHþ3 derivatives of the peptides would be formed in
the gas phase as well as a stable NHþ3 � � �O(H)CO bond. Our calculations of the Gibbs
free energies show a DG of –278.12 kcalmol�1, assuming a stable gas-phase species of
peptide dimers. Fragmentation of the peptides yields a series of cyclic derivatives [8],
which are found in corresponding mass spectra of H-(Gly)5-OH and H-(Gly)6-OH
(figure 1). The observed series with peaks at m/z 286.11 ([C10H16O5N5]

þ), 229.09
([C8H13O4N4]

þ), and 190.08 ([C6H10O3N3]
þ) correspond to cyclic penta-, tetra-, and

tripeptides. The ESI-MS spectrum of hexapeptide is characterized in addition with the
peak at 343.13, belonging to the cyclic hexapeptide. The DG value of the cyclic
hexapeptide is characterized with the lowest value (table 2). In the ESI-MS spectrum of
(1a) [6h], peaks at m/z 467.03/469.03 correspond to AgIII-complex of glycyl hexapeptide
[107AgIIIC12H20O7N6]

þ/[109AgIIIC12H20O7N6]
þ. The corresponding data for 1 have

peaks at m/z 410.02/412.02 of [107AgIIIC10H18O6N5]
þ/[109AgIIIC10H18O6N5]

þ (figure 1).
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ZnII and CuII also show stable gas-phase complexes with the linear peptides, with signals
at m/z 424.27/426.27 ([63CuIIC12H20O7N6]

þ/[65CuIIC12H20O7N6]
þ (3a)), 362.20/364.20/

366.20 ([64ZnIIC10H18O6N5]
þ/[66ZnIIC10H18O6N5]

þ/[68ZnIIC10H18O6N5]
þ (2)), 424.15/

426.15/468.15 ([64ZnIIC12H20O7N6]
þ/[66ZnIIC12H20O7N6]

þ/[68ZnIIC12H20O7N6]
þ (2a)),

365.18/367.18 ([63CuIIC10H18O6N5]
þ/[65CuIIC10H18O6N5]

þ (3)). The obtained data are
in accord with the isotope ratio distribution of the corresponding metal ions of 107/109Ag
(51.81/48.11%), 64/66/68Zn (48.89/27.81/18.52%), and 63/65Cu (69.09/30.91%), and the

Table 2. Theoretical (B3PW91/LANL2DZ and B3PW91/SDD gas-phase, and solution) values of the
atomic charges, natural electron configuration (NEC), and total energy of the given studied species with
pre-optimization of the geometry. The calculations in polar medium are performed using the PCM model.

Charges NEC
Etot (kcalmol�1)

(without solvent energy)

Gas-phase Polar Gas-phase Polar Polar

Zn
II
(H2O)4(NH3)2 �198.14

Zn 1.74593 �27.4622 . . .4s(0.26)3d(9.97) . . .4s(0.26)3d(9.97)
N �1.2343 �1.2411 . . .2s(1.51)2p(4.70) . . .2s(1.51)2p(4.72)
N �1.2257 �1.2322 . . .2s(1.51)2p(4.71) . . .2s(1.51)2p(4.72)
O �0.9587 �0.9807 . . .2s(1.72)2p(5.23) . . .2s(1.72)2p(5.25)
O �1.0281 �1.0431 . . .2s(1.74)2p(5.28) . . .2s(1.74)2p(5.29)
O �1.0371 �1.0375 . . .2s(1.74)2p(5.29) . . .2s(1.74)2p(5.30)
O �1.0264 �1.0434 . . .2s(1.72)2p(5.23) . . .2s(1.74)2p(5.30)

ZnII(H2O)(NH3)3Cl �81.51
Zn 1.65268 �26.7579 . . .4s(0.34)3d(9.97) . . .4s(0.32)3d(9.97)
N �1.2427 �1.2661 . . .2s(1.53)2p(4.69) . . .2s(1.53)2p(4.72)
N �1.1999 �1.2327 . . .2s(1.52)2p(4.67) . . .2s(1.52)2p(4.70)
N �1.2209 �1.2325 . . .2s(1.52)2p(4.68) . . .2s(1.52)2p(4.70)
O �1.0287 �1.0446 . . .2s(1.74)2p(5.28) . . .2s(1.74)2p(5.28)
Cl �0.7977 �0.8528 . . .3s(1.97)3p(5.83) . . .3s(1.98)3p(5.88)

Ag
III
(NH3)4 �467.91

Ag 1.46742 �35.90291 . . .5s(0.44)4d(9.16) . . .5s(0.43)4d(9.16)
N �1.13707 �1.14075 . . .2s(1.53)2p(4.60) . . .2s(1.52)2p(4.61)
N �1.05353 �1.06566 . . .2s(1.45)2p(4.59) . . .2s(1.45)2p(4.59)
N �1.10441 �1.10834 . . .2s(1.52)2p(4.57) . . .2s(1.52)2p(4.57)
N �0.85755 �0.85423 . . .2s(1.41)2p(4.42) . . .2s(1.41)2p(4.41)

AgIII(OH2)4 �536.19

Ag 1.61765 �35.84074 . . .6s(0.41)4d(9.02) . . .6s(0.41)4d(9.10)
O �0.5535 �0.9287 . . .2s(1.50)2p(5.03) . . .2s(1.73)2p(5.20)
O �0.8528 �0.6347 . . .2s(1.64)2p(5.19) . . .2s(1.64)2p(4.95)
O �0.8188 �0.5671 . . .2s(1.77)2p(5.04) . . .2s(1.77)2p(5.04)
O �0.5533 �0.5441 . . .2s(1.68)2p(4.84) . . .2s(1.66)2p(4.86)

Ag
III
(NH3)2(OH2)2 �517.00

Ag 1.57213 �35.88641 . . .6s(0.35)4d(9.16) . . .6s(0.35)4d(9.16)
N �1.0727 �1.0903 . . .2s(1.43)2p(4.32) . . .2s(1.43)2p(4.32)
N �0.7791 �0.7734 . . .2s(1.46)2p(4.59) . . .2s(1.46)2p(4.61)
O �0.5628 �0.8877 . . .2s(1.77)2p(5.04) . . .2s(1.77)2p(5.11)
O �0.8204 �0.5998 . . .2s(1.49)2p(5.04) . . .2s(1.49)2p(5.08)

Ag
III
(NH3)4 �468.31

Ag 1.62071 �67.90875 . . .6s(0.53)5d(8.92) . . .6s(0.52)5d(8.92)
N �1.1204 �1.1241 . . .2s(1.53)2p(4.59) . . .2s(1.45)2p(4.63)
N �1.0940 �1.1053 . . .2s(1.45)2p(4.62) . . .2s(1.53)2p(4.59)
N �1.0900 �1.0926 . . .2s(1.52)2p(4.55) . . .2s(1.52)2p(4.56)
N �0.8727 �0.8708 . . .2s(1.41)2p(4.44) . . .2s(1.41)2p(4.43)
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calculated mass spectrometric intensity ratios show quantitative amounts of each of the

complex species [4a]. The peaks of the cyclic peptides are present in mass spectra of

the free ligands. Corresponding data for the complexes with the cyclic peptides show

peaks at m/z 391.99/393.99 ([107AgIIIC10H16O5N5]
þ/[109AgIIIC10H16O5N5]

þ (1b)),

248.09/250.09/252.09 ([64ZnIIC10H16O5N5]
þ/[66ZnIIC10H16O5N5]

þ/68ZnIIC10H16O5N5]
þ

(2b)), 251.96/253.96 ([63CuIIC10H16O5N5]
þ/[65CuIIC10H16O5N5]

þ (3b)), 336.86/338.86

([107AgIIIC8H16O4N4]
þ/[109AgIIIC8H16O4N4]

þ (1c)), 292.09/294.09/296.09

([64ZnIIC8H16O4N4]
þ/[66ZnIIC8H16O4N4]

þ/68ZnIIC8H16O4N4]
þ (2c)), 294.99/296.99

([63CuIIC8H16O4N4]
þ/[65CuIIC8H16O4N4]

þ (3c)), respectively (figures 1 and 3). With

the cyclic tripeptide only an AgIII-complex is found (peaks at m/z 297.98/299.98,

([107AgIIIC6H10O3N3]
þ/[109AgIIIC6H10O3N3]

þ (1d)). A CuII-complex (3d) of the dimer of

the glycyl-homopentapeptide is also found in the gas phase (peaks at 673.19/675.19),

figure 1. Since the corresponding ligands are present in the linear form, we could expect

bidentate coordination of the metal ion through the N(termini) at molar ratio metal to

ligand 1 : 2. Our results could correlate with the ion radius of the metal. In all cases the

mass spectrometric conditions result in the stabilization of AgIII-complexes of the

peptides. In contrast to the linear peptides, where tetradentate coordination of the metal

ions is expected by N(termini) of the ligands, the gas-phase complexes with cyclic

analogues are through the O-amide centers, also tetradentate. The theoretical DG values

support strongly the assumed coordination, thus giving differences within (�56.12) to

(�68.13) kcalmol�1 (table 2). The obtained result agrees with the known AgI complexes

with the naturally obtained cyclic peptides, with coordination to the macrocycle

carbonyl groups [1a–c]. Further studies on the coordination of natural cyclic derivatives

with the larger ring size, allowing tuning of the coordination of peptide systems,

depending on the reaction conditions are needed.

Figure 3. 3-D and 2-D images by logarithm plotting of Dx, Dy vs. the signal amplitude (grid) of selected ion
range as a function of the location of the surface of 1; The MALDI-IMS of 1b, 1d, and 2, respectively.
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3.2. MALDI-MSI spectra of H-(Gly)5-OH and H-(Gly)6-OH and their complexes

The softer conditions in ESI allow observing the peak for non-covalent interacting
dimers of peptides in the gas-phase. In contrast, MALDI-MSI spectra show the peaks
only of the free linear and cyclic peptides (figure 3). Experiments with molar ratios
metal-to-ligand 4 : 1–6 : 1 are in accord with the ESI data and allow observation of
peaks of the metal-organic species, since the corresponding ones of the free ligands are
negligible. For cyclic peptides we could describe the systems in analogy with the
coordination chemistry of crown ethers with selectivity of the ligands towards the metal
ions allowing their quantitative detection by MALDI-MSI. On this basis, tuning of the
coordination ability of cyclic functionalized peptides could be used for selective
detection of metal ions. Assignment of all peaks obtained by defragmentation of the
cyclic peptides and their metal complexes as well as the molecular fragments of the
corresponding linear analogues is complicated. Determination of amino-acid sequences
of cyclic peptides by one stage of mass spectrometry was compromised by multiple and
indiscriminate ring-opening pathways, resulting in a set of acylium ions of the same m/z.
Moreover, in the case of glycyl homopeptides the equal probability of ring opening
exists for all gly1–gly5(gly6) residues. These ions fragment, giving spectra that are
superpositions of spectra from fragmentation of the various ring-opened forms [8a, b].
Dissociation patterns of metal complexes of linear peptides, as alternative of
protonation for structural characterization of peptides, show that the metal cation
may bind at the C(termini), N(termini), or at an interior residue depending on the metal ion
and the peptide sequence. Fragmentation tended to be much more specific for the metal
complexes, with the metal ion directing cleavage at a certain residue or terminus
(figures 1 and 3). The obtained data are also in accord with model systems
ZnII(OH2)4(NH3)2 and Zn(H2O)(NH3)3Cl of distorted Oh symmetry, ZnIIO6 unit,
already discussed [4h] as well as perturbed square pyramidal geometry (table 2).
Theoretical NBO analysis unambiguously prove perturbed Td chromophores for AgI

complexes [7f–i].

3.3. Electronic absorption spectra

Experimentally obtained UV-Vis spectra of 1 and 2 are characterized with absorption
bands at 300–350 nm and "� within 2023–3410Lmol�1cm�1. Assignment of the
experimental results, especially for broad overlapped patterns such as these, application
of the mathematical methods for their interpretation and corresponding statistical tools
for the evaluation of best fit are important. The data (figure 4) used curve-fitting
procedure and non-linear methods for approximation. Application of these methods,
especially for overlapped curves, as shown in band sub-components in black and grey
shaded areas, could lead to obtaining artifacts (e.g., the sub-maximum at 275 nm) or
could effect the absolute quantity of the defined 	max and "� values. This is also valid
when spectra have low signal-to-noise values (S/N) (see, e.g., the black shaded area in
figure 5). In all mathematical procedures for interpretation of the experimentally
obtained spectroscopic patterns (figure 4, inset), a preliminary baseline correction is
performed. The observed maxima are assigned as charge transfer (CT) bands, which
correlate well with the obtained " values. In our case the band is bathochromic shifted
more than 50 nm due to the participation of more than two deprotonated amide and
primary amino groups in tetradentate chelation. The CT bands of AgI and ZnII have
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decreasing intensity about 20% in comparison with the corresponding PtII complex and
an additional bathochromic shift of ca 25 nm. The CT for the metal complexes with
completed d-shells such as ZnII and AgI need further discussion. Similar to the other
complexes of d10 and d8 metal ions a metal-to-ligand charge-transfer (MLCT) (figure 1)
[7g, h] as well as metal-to-ligand one [7i], result in the observed optical phenomena both
in condensed and gas-phase. In our cases the obtained data agree well with the mass
spectrometric results discussed above. The parallel study of the corresponding CuII

complex of both peptides, where electronic absorption spectra unambiguously define
tetradentate coordination of the metal through N(termini) (scheme 1) [14] show a
significant CT effect as expected for CuII-complexes. The "� of 5723Lmol�1 cm�1 is
found at 	max¼ 314 nm; bands at 500–550 nm are classical d!d transitions
("�¼ 97Lmol�1 cm�1). In this case the Jahn–Teller effect stabilizes the metal complex
for d9, by analogy with d8 metal complexes [6i]. The spectroscopic profile with d10 metal
ions illustrates the CT effect as dominant, as well as associated with the gas-phase
stabilization of the corresponding complexes.

3.4. Vibrational (IR- and Raman) data

Tetradentate coordination of H-(Gly)5-OH and H-(Gly)6-OH through N(termini),
scheme 1, by the deprotonated ligands and with protonation of the COOH-group is
proposed from IR- and Raman spectra (figure 5). In all the complexes disappearance of

Figure 4. Mathematical procedure spectroscopic pattern with baseline correction and non-linear curve-
fitting using the Gaussian function; The r2 refers to (�2/DaF) statistical values of the experimental
spectroscopic pattern of the electronic absorption spectrum of 2a; The obtained relatively low r2 value in is
associated with the low S/N ratio within the 200–250 nm region (see ref. [16]). Inset: Experimental electronic
absorption spectra of 1a–3a in methanol at 2.4� 10�4mol L�1 concentration without the applied
mathematical procedure. The experimental spectroscopic curve are presented by dotted-lines.
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amide �NH and 
NH as well as high-frequency shift of three of the amide I peaks is
observed. Bands from 1750 to 1735 cm�1 are associated with �C¼O of the reversed
COOH-group. When the oxygen of COO� is coordinated the observed maximum is
shifted to lower frequency, about 20 cm�1 [7]. The absence of characteristic NHþ3 bands
in the ligands and observation of (vasNH2 and vasNH2) and (
NH2) for NH2 with values
typical for coordinated primary NH2 supports N(amino) in coordination. The low-
intensity bands of the NHþ3 fragment in the free peptides in Raman spectra allow
evaluation of the coordination ability by the intense Amide I frequencies at 1700–
1550 cm�1. Similar to electronic transitions, the IR- and Raman data (figure 5) were
evaluated, applying mixed non-linear Gaussian–Lorenzian function (experimental).
Precise assignment of the absolute values of peak positions and the integral intensities
could be affected by several factors. As shown in figure 5, the low S/N value for 1660–
1620 cm�1 leads to perturbation of the absolute quantity of the peak at 1645 cm�1.
Thus, the values should be carefully interpreted, especially for coordination ability.
Since frequency shifts of the bands when compared to free ligands, in the cases of the
complex and complicated curves, the obtained data should be confirmed by other
independent physical methods. The corresponding IR-data for isolated AgI-, ZnII-, and
CuII-complexes are summarized in table 3.

Scheme 1. Most stable conformers of the neutral cyclic peptides and their protonated forms; The H-(Gly)n-
OH and H-(Gly)n-COOH (n¼ 5 or 6) are the corresponding zwitterion and protonated forms of the peptides;
The c(Gly)n and c(Gly)n-H, where n¼ 3–6, are the cyclic derivatives, respectively; The qN(NBO) values of the
cyclic dimer of glycyl homo pentapeptide.
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For isolated metal complexes, observation of the new low-intensity frequencies from
440–360 cm�1 (AgI-complexes), 440–338 cm�1 (ZnII-complexes), and 400 cm�1 (CuII-
complexes), respectively (figure 6), are characteristic for �M–N stretches [7h]. Their low-
intensity and the relatively low S/N ratio makes determination of the absolute values
difficult (figure 6). The vibrations are typical for the studied metal ions with other
O- and N-containing ligands [15]. The observed excitations at 200–30 cm�1 are assigned
to H-bond deformations (120–100 cm�1), skeletal, and coupling modes (100–60 cm�1)
as well as torsions of side chains (50–30 cm�1), respectively.

3.5. Nuclear-magnetic resonance data

In contrast to coordination for smaller glycyl-containing homopeptides [7], the
1H-NMR chemical shifts for penta- and hexa-derivatives show significant differences
for CH2 protons at the N(termini) (3.45–3.89 ppm, gly1–gly4). The chemical shift
differences D
 are þ0.51 ppm. The 13C-NMR data agree well with this assumption as
far as the CH2 N(termini) carbon chemical shifts are at 41.60 ppm, upfield with D
 ca
�0.92 ppm. Protonation of COO� in the zwitterion peptides after coordination with the
metal ions weakly affects the signal, downfield shift to 174.00 ppm (D
 within 4.11–
4.23 ppm). This result supports only the N(termini) of the peptides taking part in
coordination. The D
 values ca 12.00 ppm are found when the peptides coordinate
through the C(termini) as well. Molecular flexibility and the large number of possible
conformations allow conformational analysis only in the case of unequivocal
assignments of resonances. In cyclic derivatives the data were characteristic of one
stable conformer [16], exhibiting stability due to the presence of intramolecular
NH� � �O¼C hydrogen bonds (scheme 1). The high-field NH resonance at 5.7 ppm was

Figure 5. Mathematical procedure for solid-state Raman spectrum of 1a with baseline correction method
and non-linear curve-fitting using the Gaussian to Lorenzian mixed function; The r2 refers to (�2/DaF)
statistical values. Small figure: Experimental non-mathematical procedure for solid-state Raman spectra of
H-(Gly)6-OH (black line) and the corresponding metal complex (1a) from 1700 to 1550 cm�1 (gray line).
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attributed to the N(termini), which participates in linkage and thus resonates at higher
field than normal amides, which are observed at 7.1 and 7.2 ppm (figure 7). The CH2

proton signals between 3.7 and 4.1 ppm of the free cyclic peptides was very complicated,
indicating that the two protons are non-equivalent (figure 7). This indicates that the

Figure 6. Solid-state Raman spectra of the AgI-, ZnII-, and CuII-complexes of glycyl homohexapeptides
(1a)–(3a) from 500 to 30 cm�1. Small figure: Mathematical procedure for solid-state Raman spectrum of 2a
with baseline correction method and non-linear curve-fitting using the Gaussian to Lorenzian mixed function;
The r2 is (2/DaF) statistical value.
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Figure 7. 2-D proton NMR data of cyclic pentapeptide and 1 in the solution of CD3OD.
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peptides adopt an organized structure, in accord to the theoretical data [16].
Assignment of the glycyl-residues summarized in table 4 was performed using the R,
S notation [16e, f]. The signals of the R-proton shift to higher field than those of the
S-protons. The corresponding vicinal coupling constants agree reasonably well with the
literature data [16] and conformational analysis indicates cis–trans isomerism of
the cyclic derivatives, affecting the resonances of each residue of these peptides
(scheme 1). Interpretation of the coordination of the metal ions by nuclear magnetic
resonance data for the cyclic peptides was achieved taking into account the possibility
for different conformations of the peptides in the metal complexes and existence of
more than one stable conformer in solution. Sterically allowed molecular conforma-
tions in cyclic peptides are greatly reduced by ring closure. Since two sets of resonances
were found in NMR spectra of the complexes of cyclic peptides (figure 7), two different
molecular conformations simultaneously present in the solutions were assumed. The
small D
 of the CH2-signals of one of the sets, compared to free ligands resulted in
assignment to non-reacted peptides, in accord to the mass spectrometric data (above).
The proton chemical shift of the peptide signals in complexes of AgI were within 0.5–
1.5 ppm, in contrast to the corresponding ZnII-complexes, where a smaller chemical
shift of the signals (D
¼ 0.3–0.9 ppm) was found (table 5). Coordination to metal ions
affects the vicinal coupling constants, more significantly in the corresponding
AgI-complexes. Coordination through oxygen of O¼C was confirmed by the obtained
chemical shifts from the 13C-NMR data (table 5, scheme 2).

3.6. Theoretical analysis

The most stable conformers of the cyclic peptides and their protonated forms are
summarized in table 4 (scheme 1). Since the obtained qN(NBO) values for all of the
amine nitrogen atoms are within the range of (�0.645) to (�0.667), the corresponding
protonated forms are calculated according to the lowest values (scheme 1). In all cases
the stable NH� � �O¼C intramolecular hydrogen bond defines the most stable conformer
(2.567–2.791 Å). DG values of the neutral cyclic peptides increased with increasing size
of the rings. For the protonated forms, however, within the tripeptide to pentapeptide,
the tetrapeptide shows higher DG of (�85.27) to (�89.45) kcalmol�1. The protonated
cyclichexapeptide shows significant stability since DG¼�110.99 kcalmol�1. These data
could be associated with the increasing number of hydrogen bonds in the cyclic
molecules causing redistribution of the partial charges of the polar functional groups
within the amide chains. The most stable complex is found to be the protonated

Table 4. Theoretical Gibbs free energies (DG) (kcalmol�1) according the PCM model using the B3LYP, or
B3PW91 and M06-2X functionals at LANL2DZ, SDD, aug-cc-pVDZ or aug-cc-pVTZ basis sets
(experimental).

1 �214.3 2 �243.7 3* �263.5 H-(Gly)5-OH �72.5 c(Gly)3 �25.4 c(Gly)3-H �85.27
1a �228.5 2a �255.7 3a* �277.4 H-(Gly)6-OH �88.2 c(Gly)4 �35.0 c(Gly)4-H �89.45
1b �242.3 2b �252.8 3b �390.3 H-(Gly)5-COOH �96.9 c(Gly)5 �38.5 c(Gly)5-H �85.0
1c �319.2 2c �272.1 3c �398.4 H-(Gly)6-COOH �103.5 c(Gly)6 �43.7 c(Gly)6-H �110.9
1d �337.9 3d �402.6

*The H-(Gly)n-OH and H-(Gly)n-COOH (n¼ 5 or 6) are the corresponding zwitterion and protonated forms of the peptides;
the c(Gly)n and c(Gly)n-H, where n¼ 3–6, are the cyclic derivatives, respectively.
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divalent metal complexes, observed experimentally by mass spectrometric intensity of
corresponding peaks for the metal species (figures 1 and 3, table 4). The complexes with
the cyclic peptides have been optimized structurally using one metal ion. In contrast to
the naturally obtained AgI-analogous [1a–c], where four silver ions are sandwiched
between two cyclic peptide ligands, our calculations for the small ring systems showed
that in the presence of two metal ions a significant repulsion results in increasing DG.
In the free ligands each nitrogen points toward the center of the flat planar amide
fragments in the macrocycle. In the corresponding natural analogues total planarity of
the amide fragments in the macrocycle has been found by single-crystal X-ray
diffraction for 1 [1a–c]. Upon complexation with AgI, however, the macrocycle turns
inside out and the carbonyl groups all point toward the center of the macrocycle with
the oxazoline rings orientated almost orthogonal to the macrocycle (schemes 1 and 2).

4. Conclusions and outlook

We highlight the coordination ability of linear and cyclic peptides with AgI, ZnII, and
CuII, respectively. Depending on the experimental conditions AgI/AgIII redox is
observed at pH 7.4–9.2, leading to the formation of corresponding AgIII-complexes
with the peptides. In all 14 species MLCT plays an important role, both in gas as well as
in condensed phase, where the corresponding optical properties are elucidated [4f–i].
The observed optical and gas-phase phenomena are elucidated by electronic absorption
and vibrational (IR- and Raman) spectroscopies within the mid- and far-IR region,

Scheme 2. Proposed gas-phase stabilized complex of AgI with c(Gly)5-H (a) and its obtained derivative in
solid-state (b), fitted best to the crystallographic data shown in figure 2.
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ESI-MS/MS, and MALDI-MSI Orbitrap methods. The 3-D conformations and the
structures of peptides and their complexes are discussed using DFT calculations. In
contrast to the corresponding linear peptides where tetradentate coordination through
N(termini) of the ligand and deprotonation of the amide are observed, the cyclic
derivatives show macrocyclic crown-ether coordination through the O-amide centers.
The molar ratio 1 : 1 was found for the complexes, where the cyclic peptides are
polydentate through (C¼O) amide fragments. The molecular structure of AgI-cyclic
pentapeptide was determined theoretically and experimentally in the triclinic space
system and space group P�1. AgIO4 has a distorted Td symmetry as a result of molecule
stretching in the complex (2.521(3)–2.569(4) Å). An additional weak �-interaction with
an amide gly5 (resp. gly5 and gly6) C¼O was found by proton shift in the corresponding
mass spectra. By the combination of spectroscopic techniques, the complexes in
solution were characterized with the different molecular conformations of free ligands
and complexes in the solid-state, as found in a series of complexes obtained using the
corresponding cyclic natural peptides [1a–e, 8a–f]. It has been proposed that metals
could be involved in biological assembly of cyclic peptides, and cyclic peptide–metal
conjugates probably evolved to carry out specific biological functions. Clearly, there are
interdisciplinary aspects of the biology and ecological functions of such ligands that
await further exploration. The presented results illustrate the capability of MALDI-
MSI for elucidation, both qualitatively and quantitatively, of metal coordination with
the cyclic peptides as relatively small molecular systems allowing their imaging in
related biological systems.
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