
Polyhedron 173 (2019) 114116
Contents lists available at ScienceDirect

Polyhedron

journal homepage: www.elsevier .com/locate /poly
Synthesis, crystallographic studies, molecular modeling and in vitro
biological studies of silver(I) complexes with aminoadamantane ligands
https://doi.org/10.1016/j.poly.2019.114116
0277-5387/� 2019 Elsevier Ltd. All rights reserved.

Abbreviations: atdH, amantadine hydrochloride; atd, amantadine; mtnH,
memantine hydrochloride; mtn, memantine; Ag–atd, silver(I) complex with
amantadine; Ag–mtn, silver(I) complex with memantine; ATCC, American type
collection cell; BSA, bovine serum albumin; DFT, Density Functional Theory; DMSO,
dimethylsulfoxide; DNA, deoxyribonucleic acid; ESI(+)-QTOF-MS, electrospray
ionization quadrupole time-of-flight mass spectrometry; HMBC, heteronuclear
multiple bond coherence; IR, infrared; LANL2DZ, Los Alamos National Laboratory,
2nd version on double zeta function; MIC, minimum inhibitory concentration;
NMR, nuclear magnetic resonance; PES, potential energy surface; SSD, silver
sulfadiazine; SYBR Green, Nucleic acid electrophoresis stain: N0 ,N0-dimethyl-N-[4-
[(E)-(3-methyl-1,3-benzothiazol-2-ylidene)methyl]-1-phenylquinolin-1-ium-2-yl]-
N-propylpropane-1,3-diamine.
⇑ Corresponding authors.

E-mail addresses: a209764@dac.unicamp.br (A.K. dos Santos Pereira), ppcor-
bi@unicamp.br (P.P. Corbi).
Anna Karla dos Santos Pereira a,⇑, Douglas Hideki Nakahata a, Carlos Marrote Manzano a,
Déborah de Alencar Simoni a, Douglas Henrique Pereira b, Wilton Rogério Lustri c,
André Luiz Barboza Formiga a, Pedro Paulo Corbi a,⇑
a Institute of Chemistry, University of Campinas – UNICAMP, PO Box 6154, 13083-970 Campinas, SP, Brazil
bChemistry Collegiate, Federal University of Tocantins, Campus Gurupi, PO Box 66, Gurupi 77 402-970, Brazil
cDepartment of Biological and Health Sciences, University of Araraquara, UNIARA, 14801-320 São Paulo, Brazil

a r t i c l e i n f o
Article history:
Received 7 May 2019
Accepted 15 August 2019
Available online 23 August 2019

Keywords:
Silver
Amantadine
Memantine
DFT studies
Antibacterial agents
a b s t r a c t

Silver(I) complexes with amantadine (atd) and memantine (mtn) were synthesized and characterized.
Elemental, thermogravimetric and mass spectrometric analyses indicated a 1:2 metal/ligand ratio, with
the molecular composition AgC20H34N2�NO3 for Ag–atd and AgC24H42N2�NO3�H2O for Ag–mtn. The crystal
structures of the silver(I) complexes were determined by single crystal X-ray diffractometric studies and
show the coordination of amantadine and memantine to the Ag(I) ion by the nitrogen atom of the NH2

group. The spectral analysis by infrared and 1H, 13C and {15N,1H} nuclear magnetic resonance (NMR) spec-
troscopies confirmed the coordination sites of the ligands to the silver ions. Computational studies
revealed modes of vibration and bond lengths similar to those found experimentally. The in vitro antibac-
terial activity assays showed that amantadine is not active over the tested strains while memantine
showed a low activity against Staphylococcus aureus and Pseudomonas aeruginosa. On the other hand,
the complexes had a pronounced antibacterial activity over the same strains with minimum inhibitory
concentration (MIC) values in the micromolar range. Biophysical assays based on fluorescence spec-
troscopy indicated that the silver(I) complexes interact weakly with bovine serum albumin, while agar-
ose gel electrophoresis and competitive binding experiments revealed that the compounds interact with
DNA by non-covalent interactions.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction infections in burnwounds in the 1960s, the interest in the synthesis
Silver compounds have been explored as antimicrobial agents for
centuries. After the first reports of the antibacterial activities of
silver sulfadiazine (SSD), used in the treatment of bacterial
of new silver-based compounds increased considerably [1]. In addi-
tion to their antibacterial activities, silver compounds have also
been reported for their antifungal [2], antiproliferative [3] and
antiviral [4,5] properties.

The mechanism of antimicrobial activity of Ag(I) is related to its
possible interaction with nucleic acids or interaction with the cell
membrane by reaction with thiol groups of proteins [6,7]. How-
ever, the choice of the ligand is determinant for the success of a
new silver complex as a metallodrug. It has been observed that
the ligand can play an important role in the properties of the com-
pounds including stability, solubility and release of silver ions [6].

Due to the growth of the multiresistant bacterial strains, new
approaches have been applied to the development of new and
improved antibacterial agents. One of the strategies to overcome
the resistance of microorganisms to the antibacterial agents is to
combine bioactive ligands and metals with already known antimi-
crobial activities as copper, silver and gold [8–10].
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Amantadine (1-aminoadamantane, Fig. 1a) is known for its
action against the replication of the influenza A virus. The
mechanism of inhibition of viral replication is related with the
direct interaction of the drug with the ion channel of the M2 viral
protein, interrupting the protonation step, and also indirectly with
the pH-dependent conformational change of hemagglutinin (HA)
[11,12].

Memantine (1-amino-3,5-dimethyladamantane, Fig. 1b), on the
other hand, is the dimethyl derivative of amantadine which was
approved in 2002 as a drug for the treatment of severe and moder-
ate cases of Alzheimer’s disease by the European Agency for the
Evaluation of Medical Products (EMEA) [13] and one year later
by Food and Drug Administration (FDA) [14]. This drug was also
evaluated against subtypes influenza A virus and, at high concen-
trations, presented interference in the viral replication by affecting
the fusion activity of the HA only [11].

When a single point mutation happens in the genetic sequence
encoding for specific amino acids of the M2 protein, there is virus
resistance to amantadine [11,15]. Li et al. [16] reported the effects
of silver nanoparticles (AgNPS) functionalized with neutral aman-
tadine (atd) and verified that AgNPS-atd disrupted the morphology
of the H1N1 virus after 30 min of interaction and also increased the
cell viability from 39% to 90%, presenting better activity when
compared to its isolated constituents.

Jimenez et al. [17] synthesized two new silver complexes with
ligands derived from adamantylamines with improved aqueous
solubility and verified the antibacterial potential of the com-
pounds against Gram-negative and Gram-positive bacterial
strains. The authors found that one of the prepared complexes,
named [Ag(qyTAm)2](CF3SO3)] (where qyTAm = 2-(quinonyl)
iminotriazaadamantane), releases Ag(I) ions and presents MIC
values comparable to AgNO3 and SSD. The first results about
the synthesis of a silver(I) complex with amantadine of composi-
tion Ag(1-AdNH2)2�NO3�0.5CH3OH were recently published in the
literature [18]. In that case, the composition of the complex was
evaluated by elemental analysis, while the coordination of the
ligand to the metal ion was suggested by infrared and 1H and
13C NMR data. No structural determination has been reported
so far.

Herein, we describe the synthesis, single crystal X-ray structural
determination, 1H, 13C and {15N,1H} correlation NMR data and elec-
trospray ionization quadrupole time-of-flight mass spectrometric
studies (ESI-QTOF-MS) of the silver(I) complex with amantadine
and of a new silver(I) complex with memantine. A correlation
between theoretical (DFT) and experimental data and complemen-
tary studies about the biological activities of the complexes, includ-
ing interaction with biomolecules, are also presented in this
manuscript.
Fig. 1. Molecular structures of (a) amantadine and (b) memantine.
2. 2. Experimental

2.1. Materials and methods

All reagents were of commercial grade and used without further
purification. Amantadine hydrochloride (atdH) was obtained from
Merck and memantine hydrochloride (mtnH) obtained from Acros
Organics. Bovine serum albumin (BSA), silver nitrate (AgNO3),
SYBR Green and cisplatin were purchased from Sigma-Aldrich lab-
oratories. Deoxyribonucleic acid (DNA) Ladder 1Kb Plus was pur-
chased form Invitrogen. Elemental analyses for carbon, hydrogen
and nitrogen were performed using a Perkin-Elmer CHNS/O Ana-
lyzer Model 2400. Infrared (IR) spectra were measured in an Agi-
lent Cary 630 FTIR spectrometer, using the Attenuated Total
Reflectance (ATR) method, in the range 4000–400 cm�1 and with
resolution of 4 cm�1. Thermogravimetric (TG) and differential ther-
mal analyses (DTA) were performed on a simultaneous TGA/DTA
SEIKO EXSTAR 6000 thermoanalyzer in the following conditions:
synthetic air, flow rate of 100 mL min�1 and heating rate of
10 �C min�1, from 25 �C to 900 �C for the silver complex with
amantadine. For the silver complex with memantine, the heating
rate was of 20 �C min�1 and the temperature range was
25–1000 �C. Solution-state nuclear magnetic resonance (NMR)
spectra for the ligand and complexes were recorded on Bruker
AVANCE III 400 and 500 MHz spectrometers. The NMR spectra
were acquired in deuterated dimethylsulfoxide (DMSO-d6) solu-
tions. Electrospray ionization quadrupole time-of-flight mass spec-
trometric (ESI(+)-QTOF-MS) measurements were carried out in a
Waters Xevo Q-Tof instrument. Samples of the complexes were
dissolved in a H2O/methanol 50:50 solution with 0.1% of formic
acid and diluted to the appropriate concentration. The resulting
solution was directly infused into the instrument’s ESI source.
The fluorescence spectra were obtained in a Cary Eclipse fluores-
cence spectrophotometer, with the use of a quartz cuvette of four
clear windows and optical path length of 1.0 cm. The scanning
speed was set to slow (BSA) and medium (DNA) and excitation
and emission slits set to 5 and 10 nm, respectively.
2.2. Isolation of amantadine and memantine in neutral forms

Initially, its was necessary to neutralize atdH and mtnH and
thus eliminate the chloride ions to avoid interference in the syn-
thesis of the silver complexes. So, 2.0 mmol of atdH (375.4 mg)
were dissolved in 24 mL of H2O and the solution was treated with
16.0 mL of a 5% aqueous solution of sodium hydroxide (NaOH) and
1.3 g of sodium chloride (NaCl). The reaction mixture was submit-
ted to extraction (4�) with 10.0 mL of dichloromethane (CH2Cl2). A
portion of anhydrous sodium carbonate (Na2CO3) was added to the
organic fraction to remove water and filtered afterwards. The sol-
vent was removed in a rotary evaporator. Yield 94% (284.3 mg).
The same process was performed for mtnH, but adjusted for
1.14 mmol (245 mg). Yield 56.8% (116.2 mg).
2.3. Synthesis of Ag–atd complex

Free amantadine (0.90 mmol) was first dissolved in a solution
containing 5.0 mL of water and 1.0 mL of a 1.25 mol L�1 aqueous
solution of nitric acid (HNO3). After one hour of stirring at room
temperature, an aqueous solution containing 0.90 mmol of silver
nitrate was added to the solution of the ligand (molar composition
1:1 metal/ligand). Then, a solution of potassium hydroxide
(0.44 mol L�1) was added dropwise to the reaction mixture, with
precipitation of a light-gray solid. The solid obtained was collected
by filtration, washed with water and dried in a desiccator over
P4O10. Yield 38% (161.5 mg). Calcd for C20H34AgN3O3 (%): C, 50.9;
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H, 7.20; N, 8.89. Found (%): C, 50.1; H, 7.17; N, 8.85. Single crystals
suitable for diffraction studies were obtained by slow evaporation
of an ethanol solution of the silver complex. Although the experi-
mental percentage of carbon for the Ag–atd complex is higher than
0.4% when compared to the calculated value, the experimental
hydrogen and nitrogen values are in agreement with the expected
ones for the composition suggested. Additional analyses presented
in the sequence of manuscript corroborate the suggested composi-
tion for this complex.

2.4. Synthesis of Ag–mtn complex

Similar to the Ag–atd synthesis, free memantine (0.52 mmol)
was dissolved in a solution containing 5.0 of water and 1.0 mL of
a 1.25 mol L�1 aqueous solution of HNO3. The reaction mixture
was kept under stirring with fast heating (�55 �C) until complete
solubility. Then, an aqueous solution containing 0.26 mmol of sil-
ver nitrate was added to the solution of the ligand (molar compo-
sition 1:2 metal/ligand) and pH adjusted with addition dropwise of
solution KOH (0.44 mol L�1). There was precipitation of a light-
gray solid. The solid obtained was collected by filtration, washed
with water and dried in a desiccator over P4O10. Yield 39%
(112.3 mg). Calcd for C24H42AgN3O3�H2O (%): C, 52.7; H, 8.05; N,
7.68. Found (%): C, 53.1; H, 8.21; N, 7.67. Single crystals suitable
for diffraction studies were obtained by slow evaporation of an
acetone solution of the silver complex.

2.5. Structural analysis of Ag–atd and Ag–mtn by single-crystal X-ray
diffraction data

Data collection for the single-crystals of Ag–atd and Ag–mtn
were performedwith a Bruker Apex II CCD diffractometer with gra-
phite monochromated Mo Ka (k = 0.71703 Å) radiation. Unit cell
dimensions and orientation matrices were determined by least
squares refinement of the reflections obtained by phi and omega
scans. The data were indexed and scaled with the Bruker Apex2
Suite. The structures were solved with the SHELXT [19] structure
solution program using intrinsic phasing and refined with SHELXL

[20] in OLEX2 (v. 1.2.10) [21]. All nonhydrogen atoms were refined
anisotropically and hydrogen atoms were added to the structure
in idealized positions and refined according to the riding model
with CAH = 0.99 Å and Uiso(H) = 1.2 Ueq(C) and NAH = 0.91 Å and
Uiso(H) = 1.2 Ueq(N). The disorder on the nitrate counter-ion across
a symmetry element in Ag–atd (occupancy set to 0.5) was treated
accordingly. Disordered water molecules were included in the
refinement of the Ag–mtn crystal, but their corresponding hydro-
gen atoms were not found in the residual density map and were
not added to the final model. Additionally, the Flack parameter
found in the refinement of Ag–mtn deviates from zero because of
the racemic nature of the sample. Molecular graphics were gener-
ated using Olex2 and Mercury [22]. Searches on the Cambridge
Structural Database (CSD, v. 5.39) [23] were performed in Con-
Quest (v. 1.23) [24]. Crystallographic information of Ag–atd and
Ag–mtn can be found at the Supplementary Material, Table S1.

2.6. Computational simulations

Theoretical calculations of the compounds were performed
using the Density Functional Theory (DFT) with the hybrid func-
tional WB97XD [25]. The 6-31+G(d,p) [26–28] basis set was used
for amantadine and memantine and LANL2DZ [29] effective core
potential basis set was used for the silver atom. To confirm that
the optimized structures were at their minimum energy, frequency
calculations were employed and no imaginary frequency was
found. To correct the error associated with the harmonic frequen-
cies related to the method, the scale factor 0.952 was used. All cal-
culations were performed using the GAUSSIAN 09 program [30].

2.7. Minimum inhibitory concentration (MIC) assay

The minimum inhibitory concentration values (MIC) were
obtained following the methodology described in the literature
[31]. For this assay, stock solutions of the samples Ag–atd, Ag–
mtn, atdH, mtnH and AgNO3 in DMSO 20% (10 mg mL�1) were pre-
pared prior to serial dilution and Gram-positive (Staphylococcus
aureus ATCC 25923 and Bacillus cereus ATCC 14579) and Gram-neg-
ative (Escherichia coli ATCC 25922 and Pseudomonas aeruginosa
ATCC 27583) bacterial strains were inoculated in tubes containing
10.0 mL of Brain Heart Infusion KASVI (BHI) and incubated for 18 h
at 35–37 �C. An enough inoculum from each bacterial suspension
was added in new tubes containing sterile BHI and incubated at
35–37 �C until the turbidity equaled 1.0 McFarland scale
(�3.0 � 108 CFU mL�1). A volume of 30 lL of the samples sus-
pended in 20% aqueous DMSO solution were added to the second
well of the 96-well microplate. A volume of 30 lL of the samples
suspended in 20% aqueous DMSO solution were added to the sec-
ond well of the 96-well microplate. Subsequently, serial dilutions
of the compounds were performed in 20% aqueous DMSO solution.
Then, 70 lL of sterile BHI medium were added to all wells of the
microplate. Afterwards, 100 mL of the bacterial suspensions were
added in serial dilutions, reaching a 0.5 McFarland scale
(�1.5 � 108 CFU mL�1) in a final volume of 200 mL/well, with the
concentrations of the compounds varying from 2000 mg mL�1 to
0.48 mg mL�1. The final concentration of DMSO in each well of
the microplate corresponds to 3% in the total volume of 200 mL/
well. Ampicillin (Sigma) was used as positive control with concen-
trations varying from 10.000 mg mL�1 to 0.156 mg mL�1. The micro-
plate was incubated for 18 h at 35–37 �C in a humidity chamber
under stirring at 100 rpm. After the incubation period, 15 mL of
resazurin at 0.02% were added to each well and after 4 h of reincu-
bation the results were analyzed. The first well was used as posi-
tive growth control by the addition of 70 mL of BHI, 30 mL of a
solution of DMSO 20% and 100 mL of the bacterial suspension on
1.0 McFarland scale.

2.8. Agarose gel electrophoresis

The compounds Ag–atd, Ag–mtn, atdH, mtnH, AgNO3 and cis-
platin were dissolved in DMSO and diluted to 250 mmol L�1 in
phosphate buffer (HPO4

2�/H2PO4
�, pH = 7.4). Different amounts of

each sample were added to 15 mL pGEX-4T1 plasmid DNA solution
to a final concentration of 70 mmol L�1 or 35 mmol L�1 of compound
in phosphate buffer solution and incubated at 37 �C for one hour.
Then, 5 mL of the loading buffer (bromophenol blue 0.25% m/v,
xylene cyanol 0.25% m/v, glycerol 30% m/v and EDTA 30 mmol
L�1 in sterile distilled water) were added to each sample. The agar-
ose gel matrix (0.8%) was prepared in Tris–Borate–EDTA 0.5� buf-
fer at pH 8.3 and submitted to electrophoresis for 2.5 hours at
100 V in a BIO-RAD electrophoresis system (Sub-Cell GT cell and
PowerPac Basic power supply). The control used was pure pGEX-
4T1 plasmid and DNA Ladder 1Kb Plus (12000 bp) was used as
weight marker. After electrophoresis, the gel was stained with
1� SYBR Green solution for 3 h and photodocumented using a
UVDoc 400i Delpho equipment.

2.9. Probing DNA interaction by fluorescence spectroscopy

Samples of CT-DNA at 100 lmol L�1 (in phosphate buffer
10 mmol L�1 and 1.5% DMSO) were incubated for 20 h at 37 �C
with atdH, mtnH, Ag–atd and Ag–mtn in ratio [compound]/[DNA]
of 0.3 (30 lmol L�1). SYBR Green I� (SG) was used as a fluorescent
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probe. Excitation wavelength was set as 485 nm and emission win-
dow from 505 to 600 nm. For each sample the fluorescence at
520 nm was monitored with the consecutive addition of 4 lL of
SG 5�. Measurements were performed in triplicate.

2.10. Probing BSA interaction by fluorescence spectroscopy

Samples of bovine serum albumin (BSA, MW 66 463 Da, extinc-
tion coefficient 43 824 M�1 cm�1 at 279 nm) at concentration of
2.6 mmol L�1 were prepared in phosphate buffer solution (HPO4

2�/
H2PO4

�, 50 mmol L�1, pH 7.3) and titrated at 25 �C with solutions
of Ag–atd, Ag–mtn, atdH, mtnH and AgNO3 in DMSO to ensure sol-
ubilization. In the titration, 2.5 mL of sample solution were added
successively to the BSA solution to obtain concentrations of 5.0–
30.0 mmol L�1 of quencher. Fluorescence emission of BSA was mon-
itored from 300 to 450 nm (excitation at k = 280 nm) at 25 �C. The
results were treated according to the Stern–Volmer equation for
quantitative analysis of the fluorescence-quenching data.

F0

F
¼ 1 þ KSV � Q½ � ¼ 1 þ Kq � s0 � Q½ �

where F0 is the intensity of fluorescence in the absence of the
quencher, F is the intensity of fluorescence in the presence of the
quencher, Ksv is the Stern–Volmer constant, [Q] is the concentration
of the quencher, Kq is the biomolecular quenching rate constant and
s0 is the average lifetime of the fluorophore in the absence of the
quencher (approximately 10�9 s for BSA) [32]. The value of Ksv is
equivalent to the slope of the line equation obtained by the linear
regression of the plot F0/F versus [Q].

Changes in fluorescence intensity caused by the presence of the
complex suggest possible complex–protein interactions. The deter-
mination of the binding constant (Kb) is valued by the Scatchard
equation [33]:

log
F0 � F

F
¼ log Kb½ � þ n:log Q½ �

The value of Kb and n corresponds to the intercept and slope,
respectively, of the line equation obtained by the linear regression
of the plot log (F0 � F)/F versus log [Q].

3. Results and discussion

3.1. Crystal structure

The Ag–atd compound crystallized in the monoclinic crystal
system, C2/c space group, while Ag–mtn crystallized in the
Fig. 2. Molecular view of compounds (a) Ag–atd and (b) Ag–mtn. Displacement ellipsoids
represented by translucent ellipsoids. Disordered water molecules in Ag–mtn are not sho
not labeled, for clarity. Symmetry codes: (i) –x + 1, �y + 2, �z + 1; (ii) �x + 1, y, �z + 1/2
orthorhombic crystal system, Aea2 space group. The crystal struc-
tures, shown in Fig. 2, confirm the proposed compositions of the
[Ag(C10H17N)2]NO3 and [Ag(C12H21N)2]NO3�H2O formulas, where
two amantadine or memantine molecules coordinate to silver(I)
by the nitrogen atom of the amino group and nitrate as a
counterion.

The Ag1AN1 bond length is 2.124 (2) Å in Ag–atd, while Ag–mtn
has longer Ag1AN1 and Ag1AN2 bonds of 2.160 (2) and 2.163 (2),
respectively. These values are consistent with the average of 2.14
(7) for AgANamine bond lengths in linear geometry (NAAgAN angles
varying from 170� to 180�) found in the CSD [23]. While Ag–atd has
a perfect linear geometry, Ag–mtn has a N1AAg1AN2 bond angle of
173.4 (1)�. The geometry of the Ag–atd and Ag–mtn complexes can
be compared to the one of [Ag(NH3)2]+ complex cation, which itself
presents varied NAAgAN bond angles and lengths depending on
the crystal structure [34,35].

The different orientations of the ligands in each structure
proves that amantadine and memantine are free to rotate around
the AgAN bond in solution, leading to different conformations as
a result of packing effects in the solid state when the compounds
crystallize.

Although no other crystal structures of silver(I)–amantadine or
memantine compounds were found in the database, complexes
with iminoadamantane ligands have been reported. These
compounds have the amino group condensed with an aldehyde,
forming the imine. The silver(I) complex with two molecules of
2-(quinonyl)iminoadamantane displays a distorted tetrahedral
geometry [17], whereas the complex with two 2,6-(pyridyl)imin-
odiadamantane ligands presents a distorted trigonal bipyramidal
coordination sphere [36].

The main intermolecular interactions present in the crystal
structures of Ag–atd and Ag–mtn are the hydrogen bonds between
the nitrate anion and the amino groups of the aminoadamantane
ligands. In the Ag–mtn crystal structure, the water molecule is also
involved in the hydrogen bonding scheme.

3.2. Infrared (IR) absorption spectroscopy

The infrared (IR) spectra of the complexes and ligands are shown
at the Supplementary material, Fig. S1. The bands between 2914
and 2837 cm�1 can be attributed to the m(CH) and m(CH2) stretches
of the adamantine cage [12]. The broadening of the bands of the
ligands in this region (Fig. S1b and S1d), may be due to the overlap
with bands related to the stretching of the amino group m(NH3

+) [37].
A band at 2070 cm�1 in the spectrum of atdH and 2053 cm�1in the
spectrum of mtnH were attributed to a combination of the
are drawn at the 50% probability level. The disorder of the nitrate group of Ag–atd is
wn. Only one of the mtn ligands in Ag–mtn is labeled and the hydrogen atoms were
.
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asymmetrical bending vibration and the torsional oscillation of the
NH3

+ group [37]. The absence of this band in the IR spectrum of the
Ag–atd and Ag–mtn complexes (Fig. S1a and S1c) indicates the loss
of the hydrogen atom of the RANH3

+ group after the conversion of
atdH and mtnH to neutral forms. In addition, the presence of two
well resolved bands at 3257 cm�1 and 3147 cm�1 in the spectrum
of the Ag–atd complex, and at 3270 and 3154 cm�1 in the spectrum
of the Ag–mtn complex corresponds to the asymmetric and sym-
metric (NH2) stretching modes of the coordinated amino group
[38], thus confirming coordination of atd or mtn to Ag(I) by the
NH2 group as already observed in the structures determined by sin-
gle-crystal X-ray diffraction data.

According to the literature, free nitrate ion exhibits a strong
absorption band of m(NAO) stretching in the range 1389–
1259 cm�1 [38,39]. As observed in Fig. S1a and S1c, the presence
of a strong absorption band at 1343 and at 1321 cm�1, respectively,
confirms the presence of uncoordinated NO3

� in the Ag–atd and
Ag–mtn composition. The band at 3562 cm�1 in the spectrum of
Ag–mtn confirms the presence of water in the composition of the
complex. The vibration modes found to Ag–atd complex were sim-
ilar of the obtained by Jeremić et al. for the [Ag(1-AdNH2)2]NO3-
�0.5CH3OH complex [18].
3.3. Computational simulations

To further understand the electronic structure of the metal
complex with amantadine and memantine, simulations at DFT
level were performed for the complexes [Ag(atd)2]+ and [Ag
(mtn)2]+. In this study, the counter ion and hydration water of
the system were not simulated. Fig. S2a shows the optimized
structures with the ratio 2:1 ligand:silver and Fig. S2b the struc-
tures obtained experimentally from the crystal structures. The sim-
ulation results are consistent with the crystal structures when
considering the NAAgAN angle. While the NAAgAN binding angle
for the complex [Ag(atd)2]+ is 177.9�, the results found for [Ag
(mtn)2]+ show that the complex has an angle of 173.7�.

The structural parameters, bond length and vibrational frequen-
cies for the complexes are represented in Table 1. Only the vibra-
tional frequencies of the atoms directly attached to the metal
were considered for analysis. The bond length of the NAAg bond
found theoretically for [Ag(atd)2]+ was 2.187 Å and experimentally
2.124 Å. For [Ag(mtn)2]+ the theoretical bond length was 2.191 Å
and the experimental one of 2.163 Å. The results also show that
the theoretical data are similar to those of the crystal for other
bond lengths of the complex, as presented in Table 1.
3.3.1. Frontier molecular orbitals
The frontier molecular orbitals (FMO) are of great importance

because, based on their location, it is possible to perform qualita-
tive and quantitative analyses of the possibility of a reaction occur
[40]. The HOMO, LUMO and the energy gap can also generate infor-
Table 1
Experimental and theoretical bond lengths (in Å) and vibrational frequencies (in cm�1) fo

Complexes

[Ag(atd)2]+

Bonds Theoretical Experim
(Å) (Å)

CAN 1.494 1.481
NAAg 2.187 2.124

Vibration modes Theoretical Experim
cm�1 cm�1

mas(NAH) 3578 3258
ms(NAH) 3506 3147
d(HANAH) 1658 1589
m(AgAN) 510 –
mation about the kinetic stability and chemical reactivity. Different
applications of FMOs can be found in literature, such as pericyclic
reactions, organic and inorganic complexes, acid and base behav-
ior, among others [40–46]. The HOMO and LUMO orbitals and
the energy gap were calculated and are presented in Figs. 3 and
4. The results show the same trends for the structures and indicate
that the HOMO orbital for the ligands is mainly localized on the
NH2 group and the LUMO on the carbon atoms. For the complexes,
the HOMO is mainly localized on the ligand carbon atoms and the
LUMO is located on the AgAN bond. The energy gap found for the
free atd and the Ag–atd complex (DE = 10.20 eV and 10.10 eV),
Fig. 3, are similar to the Ag–mtn results (DE = 10.14 eV and
9.82 eV), Fig. 4. The smaller the energy gap the more reactive the
molecule is. Comparing the complexes, it is possible to suggest that
Ag–mtn is slightly more reactive than Ag–atd.
3.4. Thermal analysis

The DTA and TGA curves for the silver complexes are shown in
the Supplementary Material, Fig. S3. According to the experimental
data, the Ag–atd compound starts to decompose at 100 �C. For Ag–
mtn there is a mass loss of 4.2% above 100 �C, which is attributed to
the loss of one water molecule. There are weight variations of 62.4%
and 67.3% from 100 to 260 �C for Ag–atd and Ag–mtn, respectively,
which correspond to the loss of two atd ormtn ligands. From 260 �C
to 700 �C there were mass losses of 14.8% and 9.0% for Ag–atd and
Ag–mtn, attributed to the loss of the nitrate ion. The DTA curve for
Ag–atd complex exhibits a defined exothermic peak centered at
241 �C and another exothermic broad one with a maximum at
513 �C, which are consistent with the loss of the molecules of the
ligand and the nitrate ion. For the Ag–mtn complex, the DTA curve
shows a defined exothermic peak centered at 247 �C and another
broad exothermic one centered at 388 �C, which can also be attrib-
uted to the loss of the ligand molecules and the nitrate ion as
observed for the Ag–atd complex. An endothermic peak with the
maximum at 140 �C is also observed for the Ag–mtn complex. This
peak can be attributed to the loss of the water molecule present in
the composition of the complex. At 700 �C the final residues corre-
sponding to 22.8% for Ag–atd and 19.5% for Ag–mtn (Calcd 22.8%
and 19.7%, respectively) are consistent with the formation of metal-
lic silver. The experimental thermogravimetric data reinforces the
1:2 metal/ligand composition of the compounds and the presence
of a water molecule in Ag–mtn, as verified by elemental analyses
and infrared spectroscopy.
3.5. Mass spectrometric measurements

The silver complexes were analyzed by ESI(+)-QTOF-MS and the
spectra are presented in the Supplementary material, Fig. S4, while
the isotopic patterns (experimental and calculated) for the ions
r the [Ag(atd)2]+ and [Ag(mtn)2]+ complexes.

[Ag(mtn)2]+

ental Theoretical Experimental

1.495 1.485
2.191 2.161

ental Theoretical Experimental

3585 3270
3512 3154
1655 1596
521 –



Fig. 3. HOMO, LUMO and gap for: (a) atd and (b) [Ag(atd)2]+.

Fig. 4. HOMO, LUMO and gap for: (a) mtn and (b) [Ag(mtn)2]+.
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corresponding to the expected [AgL2]+ compositions are presented
in the Supplementary material, Fig. S5.

For Ag–atd, the signal observed at m/z 152.1512 was attributed
to the [(C10H17N)+H+] ion, corresponding to the protonated ligand
and the signal atm/z 409.1615 was assigned to the [Ag(C10H17N)2]+

ion, confirming the 1:2 metal/ligand composition. Interestingly,
the mass spectrum of Ag–mtn has only one set of intense peaks
at m/z 465.2338, corresponding to the [Ag(C12H21N)2]+ ion. Only
for Ag–atd, peaks corresponding to atd clusters with nitric acid
were observed at m/z 366.2743, m/z 580.3838 and m/z 794.5087.
These peaks correspond to [(C10H17N)2(HNO3)+H+]+, [(C10H17N)3
(HNO3)2+H+]+ and [(C10H17N)4(HNO3)3+H+]+ amine–nitric acid
clusters, as recently reported [47] and consistent with the acidic
conditions used for the experiments.

3.6. NMR spectroscopic measurements

Solution state 1H NMR spectra of the silver complexes and of
the corresponding ligands (Fig. 5) were obtained in deuterated
DMSO-d6. The spectra of the complexes were analyzed by compar-
ison with the spectra of the corresponding ligands in order to verify
if coordination of atd and mtn to Ag(I) is maintained in this solvent.
The atom numbering schemes are given in Fig. 5, while signal attri-
butions are presented in Table 2.



Fig. 5. 1H NMR spectra of (a) atdH, (b) Ag–atd, (c) mtnH and (d) Ag–mtn. The spectra of the protonated ligands and of the silver complexes were recorded in DMSO-d6.

Table 2
1H NMR assignments and chemical shifts (ppm) for atdH, Ag–atd, mtnH and Ag–mtn. For hydrogen atoms numbering, see Fig. 5.

Assignment Integral atdH Ag–atd Assignment Integral mtnH Ag–mtn

ANH3
+/ANH2 3 8.18 4.00 ANH3

+/ANH2 3 8.20 4.09
H4, H7, H9 6 1.60 1.57 H2, H6 4 1.45 1.32
H2, H6, H10 6 1.80 1.65 H4 2 1.12 1.07
H3, H5, H8 3 2.06 2.05 H7, H9 4 1.29 1.23

H8 1 2.15 2.12
H10 2 1.65 1.5
ACH3 6 0.85 0.84
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The 1H NMR spectra of atdH and Ag–atd present differences in
chemical shifts, which may be attributed to coordination. The most
remarkable shift corresponds to the signal from the hydrogen
atoms of the ANH3

+ group of atdH, seen at 8.18 ppm, which are
observed at 4.00 ppm in the Ag–atd spectrum when coordinated
to silver as ANH2.

The presence of two additional methyl groups in the structure
of mtnH when compared to atdH leads to a distinct 1H NMR spec-
tra. However, the same changes in the chemical shifts occur when
comparing mtnH and Ag–mtn, also suggesting that coordination of
the ligand to Ag(I) is maintained in solution.

The {15N,1H} NMR HMBC experiments were performed to see
direct changes on the electronic density of the nitrogen atom after
coordination to silver. The 2D correlation maps are given in the
Supplementary material, Fig. S6.

The nitrogen atoms of the RANH3
+ groups of atdH and mtnH are

observed at 62.0 and 60.6 ppm, respectively, while for their corre-
sponding complexes, the signals were found at 51.6 ppm and
49.7 ppm. The variation Dd (d complex � d ligand) of �10.4 and
�10.9, respectively, attest for the fact that coordination of atd
and mtn to silver(I) by the N atom of the NH2 group is retained
in solution. Finally, in order to see if the complexes undergo any
significant ligand replacement by the solvent (DMSO-d6), the 1H
NMR spectra of the compounds were recorded with time, for a
period of 24 h. The sets of spectra for Ag–atd and Ag–mtn are
presented in Supplementary material, Fig. S7. No apparent ligand
replacement in DMSO-d6 is observed during the evaluated time
period.

3.7. Minimum inhibitory concentration (MIC)

The antibacterial activities of the Ag–atd and Ag–mtn com-
plexes and its precursors against Gram-negative and Gram-posi-
tive microorganisms were evaluated by the MIC assay. Ampicillin
was used as a control antibacterial drug for this experiment. The
results are shown in Table 3.

The bacterial strains were resistant to the ligand atdH in the
considered experimental conditions while mtnH presented activity
against S. aureus and P. aeruginosa. Although mtnH was active only
at a high concentration, this antibacterial activity had never been
reported for this molecule.

The MIC values of Ag–atd, Ag–mtn and AgNO3 against the tested
bacterial strains revealed activity on the micromolar range. The
Ag–atd complex was more active than Ag–mtn over all tested bac-
terial strains. Ag–atd was also more active than AgNO3, especially
against Gram-positive bacterial strains, which indicates this com-
pound may have a mechanism of action that is not solely related
to the silver ion. The fact that AgNO3 has a pronounced antibacte-
rial activity by itself is well reported in the literature. Nevertheless,
it is also known that this silver salt is toxic to human tissues and



Table 3
Comparison between minimum inhibitory concentration values of Ag–atd, Ag–mtn, atdH, mtnH and AgNO3 against the four bacterial strains tested.

Compounds Minimum inhibitory concentration (mmol L�1)

S. aureus
ATCC – 25923

B. cereus
ATCC – 14579

E. coli
ATCC – 25922

P. aeruginosa
ATCC – 27853

atdH R R R R
mtnH 9.27 R R 9.27
Ag–atd 16.5 � 10�3 16.5 � 10�3 16.5 � 10�3 16.5 � 10�3

Ag–mtn 114.0 � 10�3 57.2 � 10�3 57.2 � 10�3 57.2 � 10�3

AgNO3 46.0 � 10�3 46.0 � 10�3 23.0 � 10�3 23.0 � 10�3

Ampicillin 28.6 � 10�3 28.6 � 10�3 1.8 � 10�3 7.1 � 10�3

R = Resistant.
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presents low selectivity [48]. Given the low MIC values of Ag–atd
and Ag–mtn against the bacterial strains tested, further assays
should be performed to evaluate the extent of their antibacterial
properties, as well as to determine the toxicity of these complexes
to human cells.

Besides that, the complexes showed better activity against the
Gram-negative microorganisms P. aeruginosa and E. coliwhen com-
pared to a Au(I)–rimantadine complex previously reported by our
research group [37]. The results are also consistent with the for-
merly reported data on the antibacterial activity of the [Ag(1-
AdNH2)2]NO3�0.5CH3OH complex against S. aureus and E. coli [18].
3.8. Agarose gel electrophoresis

Studies about interaction of the compounds with biomolecules
is generally performed to investigate its possible molecular targets.
In this case, the capacity of the aminoadamantane ligands and their
corresponding silver complexes to alter the conformation of plas-
mid DNA was monitored by agarose gel electrophoresis assay. Cis-
platin in different concentrations was used as positive control. The
results are presented in Fig. 6.

The plasmid DNA is separated by electrophoresis in different
bands which are divided due to three main conformations as
shown in Fig. 6: open circular form (OC), linear form (LF) and super
coiled form (SC) [49,50]. These plasmid conformations are sepa-
rated in a way where the more condensated forms can migrate fur-
ther in the gel, while the open forms migrate less. When the
Fig. 6. Agarose gel electrophoresis of the circular DNA in the presence of atdH,
mtnH, Ag–atd, Ag–mtn, AgNO3 and cisplatin at different concentrations. OC = Open
circular, LF = linear form and SC = supercoiled forms of the pGEX-4T1 plasmid.
migration profile of the DNA bands is altered, there is evidence
of interaction with the compounds tested. Fig. 6 showed that cis-
platin, which is known by its ability to for covalent adducts with
DNA [51], presents considerable alteration in the DNA bands in
the two concentration evaluated, while AgNO3, the aminoadaman-
tane ligands and their silver complexes do not covalently interact
with DNA under the considered experimental conditions.

3.9. Studies of interaction with DNA by fluorescence spectroscopy

Fluorescence spectroscopy was used to further evaluate the
interaction between the compounds and DNA by competitive bind-
ing with the SYBr Green fluorophore, Fig. 7. When this dye inter-
acts with DNA (dye/base pair ratios above 0.15) [52], a
fluorescence signal rises due to minor groove binding. In this case,
if the compounds of interest can disrupt the DNA–SG interaction,
fluorescence quenching occurs.

According to the results presented in Fig. 7, there is only a small
interaction of compounds evaluated with CT-DNA, with the great-
est quenching fluorescence resulting from atdH and Ag–atd. The
presence of the methyl groups in mtnH seems to have lowered
the affinity of this ligand and its corresponding silver complex with
DNA. The small fluorescence quenching indicates a non-covalent
mode of interaction with DNA. Additionally, the positive charge
on the ligands and complexes and their ability to form hydrogen
bonds by the NH2 group suggest that the interaction is of electro-
static nature or by groove binding [53].

3.10. Studies of interaction with BSA by fluorescence spectroscopy

Serum albumins are present in highest concentration in blood
plasma and acts such as a transporter of exogenous and
Fig. 7. Relative fluorescence intensities of SG in the presence of free DNA and DNA
incubated with atdH, mtnH, Ag–atd and Ag–mtn in the ratio (compound/DNA) 0.3.



Table 4
Stern–Volmer constant (Ksv), binding constant (Kb), and percentage of fluorescence
intensity decrease for the interaction of Ag–atd, Ag–mtn and AgNO3 with BSA.

Compounds Ksv (L mol�1) Kb (L mol�1) Decrease (%)

Ag–atd 4.4 � 103 2.04 � 102 13.0%
Ag–mtn 6.6 � 103 1.17 � 103 17.5%
AgNO3 5.4 � 103 2.07 � 102 15.7%
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endogenous substances in the organisms [33]. Fluorescence spec-
troscopy was used to evaluate the interaction of the complexes
with the protein through tryptophan fluorescence quenching, the
main amino acid residue responsible for BSA fluorescence [54].
The effects of the Ag–atd and Ag–mtn complexes, on the BSA fluo-
rescence intensity are shown in Fig. S8.

The spectra obtained by titration of Ag–atd and Ag–mtn in BSA
solution showed 13.0% and 17.5%, respectively, of fluorescence
quenching of BSA at the highest tested concentration ([com-
plexes] = 30.0 lmol L�1), similar to the fluorescence quenching
obtained to AgNO3 (15.7%) at the same concentration, while atdH,
mtnH and the solvent did not present any considerable quenching
in the BSA fluorescence. The linearized fluorescence data (at
347 nm) of the protein in the presence of the Ag–atd and Ag–
mtn complexes are presented in Supplementary material, Fig. S9.
A comparison between the Ksv, Kq and Kb values of the complexes,
AgNO3 and the percentage of decrease of the initial fluorescence
intensity of BSA are shown in Table 4.

The binding constant values, Kb, are not as high as the values
described in the literature for other silver(I) complexes [55,56],
indicating the interaction of Ag–atd and Ag–mtn with BSA is
weaker than those previously reported. The similarity of the results
obtained for the complexes and AgNO3 suggests influence of the
concentration of Ag+ ions on the fluorescence-quenching of BSA
[57].
4. Conclusion

Silver(I) complexes with amantadine and memantine with
coordination formula [Ag(C10H17N)2]NO3 and [Ag(C12H21N)2]NO3-
�H2O were obtained and their compositions were determined by
elemental, thermal and mass spectrometric analyses. The struc-
tures of the complexes were solved by single crystal X-ray diffrac-
tometry, where each molecule of ligand coordinates to silver(I) by
the nitrogen atom of the NH2 group in a linear geometry. The elec-
tronic and vibrational properties of the synthesized molecule were
further studied by FTIR spectroscopy and DFT. The complexes
exhibited antibacterial activity over Gram-positive and Gram-neg-
ative microorganisms with MIC values in the micromolar range.
The agarose gel electrophoresis assays showed that the complexes
do not interact covalently with plasmid DNA, but competitive
binding experiments showed that electrostatic or groove interac-
tions may occur. Fluorescence spectroscopic studies revealed
13.0% and 15.7% of decrease in the fluorescence intensity of bovine
serum albumin (BSA) in the presence of the Ag–atd and Ag–mtn
complexes, respectively, which indicates that such compounds
interact weakly with this biomolecule.
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