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A novel gold(I) complex with rimantadine (RTD) was obtained and structurally characterized by a set
of chemical and spectroscopic analysis. 'H, 1*C and >N nuclear magnetic resonance (NMR) and infrared
(IR) spectroscopic measurements suggest coordination of the ligand to Au(l) through the N atom of
the ethanamine group. Theoretical (DFT) calculations confirmed the IR assignments and permit propos-
ing an optimized geometry for the complex. The gold(I)-rimantadine complex (Au-RTD) is soluble in
methanol, ethanol, dimethylsulfoxide, acetone and acetonitrile. The preliminary kinetic studies based
on UV-vis spectroscopic measurements indicate the stability of the compound in solution. Antibacterial
activities of the complex were evaluated by an antibiogram assay. The Au-RTD complex showed an effec-
tive in vitro antibacterial activity against the Pseudomonas aeruginosa, Escherichia coli (Gram-negative),
and Staphylococcus aureus (Gram-positive) bacterial strains.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Synthesis of metal-based drugs and their applications in
pharmacology and medicine have experienced an extraordinary
increase since the serendipitous discovery of the antibacterial
and antineoplasic activities of cisplatin in the 1960s by Rosen-
berg et al. [1,2]. Since the discovery of the biological activities of
cisplatin, thousands of platinum compounds have been prepared
and considered as potential chemotherapeutic agents, although
only few of them have entered clinical use. Some examples of
cisplatin-like chemotherapeutics are carboplatin and oxaliplatin
[3]. Another remarkable example of a metal-organic compound
used in medicine is the silver-sulfadiazine complex. This com-
pound, which was first described in the 1940s, has been used
topically as an antibacterial agent in the treatment of burns and

Abbreviations: RTD, rimantadine; Au-RTD, gold(I) complex with rimantadine;
NMR, nuclear magnetic resonance; HMBC, heteronuclear multiple bond coherence;
IR, infrared; UV-vis, ultraviolet-visible; TMS, tetramethylsilane; DMSO, dimethyl-
sulfoxide; CD;0D, deuterated methanol; DFT, density functional theory; LANL2DZ,
Los Alamos National Laboratory - 2nd version on double zeta function; B3LYP, Becke
3-Lee Young Parr functional; PES, potential energy surface; ATCC, American type
collection cell; MIC, minimal inhibitory concentration; CAP, chloramphenicol.
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wounds [4,5]. There are three possible mechanisms for inhibition
of bacterial growth by aqueous Ag(I) ions described in the lit-
erature: (i) interference with the electron transport system; (ii)
DNA-binding; and (iii) interaction with the cell membrane [6,7].
Today, the diversity of metal-based compounds and their uses in
medicine covers cancer chemotherapy, antiarthritic and antimi-
crobial agents, enzymatic inhibitors, and so on [2,8]. Particularly,
the pharmacological activities of gold-based compounds have been
reported since the Middle Ages. As reported by Sadler and Sue, there
were prescriptions of gold compounds used for the treatment of a
wide range of diseases in the 8th century [9]. At the present time,
several biomedical applications of gold(I) complexes, mainly deal-
ing with the treatment of arthritis, are known. The best example
of a gold complex used in the treatment of rheumatoid arthritis is
Auranofin [9]. Also, there are reports of biological in vitro activities
of gold(I) complexes concerning the treatment of cancer, HIV and
malaria [9-11].

Due to the growth of bacterial resistance to antibiotics [12],
syntheses of new metallopharmaceuticals have also been envis-
aged in order to find safer and more efficient antibiotics than those
currently used in medicine [12-14]. Nevertheless, the success of
the development of new metal-based drugs is directly related to
the choice of the ligands, since they can lead to changes in the
reactivity, bioavailability and stabilization of the oxidation state
of the metal in the complex [14]. In our research group, several
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Fig. 1. Structural formula of rimantadine showing carbon atoms numbering.

metal compounds of platinum(Il), palladium(Il), silver(I) and
gold(I) have been synthesized and evaluated as possible antibac-
terial agents. Among them, gold(I) and silver(I) compounds seem
to be the most promising. Special highlights can be given to
gold(I)-ibuprofen [12] and gold(I)-mercaptothiazoline complexes
[15]. Both compounds have shown to be effective in vitro against
Staphylococcus aureus (Gram-positive), Pseudomonas aeruginosa
and Escherichia coli (Gram-negative) pathogenic bacterial strains.
Also, the gold(I) complex with mercaptothiazoline has shown to
possess a pronounced cytotoxic activity against HeLa tumorigenic
cells, inducing 85% of cell death at a concentration of 2.0 wmol L~!
[15].

Diamantoids are defined as a class of hydrocarbons produced by
an arrangement of cages formed by sp3 hybridized carbon atoms
[16]. Adamantane (CgHyg) is the simplest representative struc-
ture of this class of compounds. Amantadine and rimantadine are
examples of organic amines derived from adamantane, and have
been considered as pharmaceutical agents. Specifically, rimanta-
dine (RTD, Cy2H>1N, Fig. 1) has shown to possess antiviral activity
against Influenza A virus. This molecule is obtained by function-
alization of adamantane with an ethanamine group. Rimantadine
seems to act as an M2 ion channel inhibitor, which is responsible
for a number of functions, including acidification of the virion [17].
Indeed, the presence of an NH, group confers to rimantadine the
ability to coordinate metal ions through the nitrogen atom. The
present work deals with the synthesis, spectroscopic characteri-
zation, DFT studies and antibacterial activities of a novel gold(I)
complex with rimantadine (Au-RTD).

2. Experimental
2.1. Materials and equipment

Rimantadine hydrochloride and potassium dicyanoaurate(I),
K[Au(CN); ], were purchased from Sigma-Aldrich Laboratories. Ele-
mental analyses were performed using a PerkinElmer 2400 CHNS
Analyzer. Infrared (IR) spectra from 4000 to 450 cm~! were mea-
sured using an ABB Bomen MB Series FT-IR spectrophotometer;
samples were prepared as KBr pellets. Solution-state 'H, 13C and
15N nuclear magnetic resonance (NMR) spectra were recorded on
a Bruker AVANCE II 400 MHz spectrometer, using a 5mm probe
and at a temperature of 303 K. The 'H NMR spectrum was acquired
at 400 MHz, while the 13C NMR spectrum was acquired decou-
pled at 100 MHz. Samples were prepared in deuterated methanol
(CD30D) solutions and the chemical shifts were referenced to
TMS. Kinetic studies of the Au-RTD complex were carried out
by UV-vis spectroscopic measurements using a Hewlett-Packard
8453A diode array spectrophotometer. A methanolic solution of
the complex (6.2 x 10" molL~1) was prepared and measured in

10.00 mm quartz cuvettes. Time intervals of measurements were
30, 60, 120, 180, 240, 300, 360, 420, 480, 540 and 600 min and tem-
perature was maintained constant at 298.0 + 0.1 K using an Agilent
89090A temperature control device. Thermogravimetric analysis
(TGA) was performed on a Simultaneous TGA/DTA SEIKO EXSTAR
6000 Thermoanalyzer, using the following conditions: synthetic
air, flow rate of 50 cm3 min~! and heating rate of 10°Cmin~", from
25°C to 900°C. The residue of the thermal treatment was ana-
lyzed on a Shimadzu XRD-6000 diffractometer (Cu Ka radiation,
A=1.5406 A) with a graphite monochromator and at room tem-
perature. The sample was scanned over the 26 range from 25° to
80°.

2.2. Synthesis of the complex

The Au-RTD complex was synthesized by the reaction of an
aqueous solution of RTD hydrochloride (4.6 x 10~4 mol) with an
aqueous solution of potassium dicyanoaurate(l) (4.6 x 10~4 mol)
under stirring and at room temperature. After 30 min of constant
stirring, the white precipitate obtained was collected by filtration,
washed with water and dried over P401¢. Elemental analysis led to
the following molecular formula: [Au(CN)(C;2H51N)]. Anal. Calcd.
for [Au(CN)(C12H21N)] (%): C, 38.8; H, 5.26. Found (%): C, 39.3; H,
4.92. The complex is insoluble in water. It is soluble in methanol,
ethanol, dimethylsulfoxide, acetonitrile and acetone. Rimantadine
hydrochloride used in the synthesis of the Au-RTD complex is sol-
uble in water, methanol and dimethylsulfoxide. It is insoluble in
ethanol, acetone and acetonitrile.

2.3. Molecular modeling

Calculations were carried out using GAMESS [18] software with
a convergence criterion of 10~4 a.u. in a conjugate gradient algo-
rithm. The LANL2DZ [19] effective core potential was used for gold
and the atomic 6-31G(d) basis set for all other atoms [20-23]. Den-
sity functional theory (DFT) was performed using B3LYP [24] with
a 10~ a.u. convergence criterion for the density change.

2.4. Antibacterial assays

Six pathogenic bacterial strains, E. coli ATCC 25922, P. aeruginosa
ATCC 27853, P. aeruginosa 31NM, S. aureus ATCC 25923, S. aureus
BEC9393 and S. aureus Rib1, were selected. Bacterial suscepti-
bilities were performed by the diffusion method in accordance
with Bauer et al. [25] and confirmed by verification of minimal
inhibitory concentration (MIC) as recommended by Clinical and
Laboratory Standards Institute (CLSI) [26]. Commercial antibiotic
discs of ofloxacin and imipenen were used as positive controls in the
disc diffusion experiment. For MIC assays, the standard antibiotic
chloramphenicol (CAP) was used as a reference substance.

Stock solutions (10.0 mg mL~1) of Au-RTD and RTD hydrochlo-
ride in dimethylsulfoxide were prepared before the experiment.
Samples were submitted to serial dilutions (1:1) in a 96 multi-
plate well with 100 pL of each compound/dilution. Samples were
transferred to the plates containing the respective bacterial strain
in seven decreasing concentrations.

3. Results and discussion
3.1. Infrared vibrational spectroscopy

The IR spectrum of the Au-RTD complex, presented in Fig. 2a,
exhibits a sharp absorption band at 3287 cm~1, which is assigned
to the N—H stretching mode. In the RTD hydrochloride spectrum,
which is presented in Fig. 2b, the N—H vibration band was observed
as a shoulder and with low resolution at 3214 cm~!. According to
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Fig. 2. Infrared vibrational spectra of Au-RTD (a) and RTD (b).

the literature, the shifting of the N-H stretching in the spectrum of
the complex when compared to the spectrum of the ligand can
be attributed to the coordination of the amino group of RTD to
Au(I) [27]. In addition, a combination band at 2025 cm~! was also
observed in the IR spectrum of RTD hydrochloride, being assigned
to a combination of the asymmetrical NHs* bending vibration and
the torsional oscillation of the free NH3* group [28]. The absence
of this band in the IR spectrum of the Au-RTD complex is another
valuable proof of coordination of NH, group to Au(l). Moreover,
the IR spectrum of the Au-RTD complex exhibits a strong absorp-
tion band at 2145 cm~! which is absent in the IR spectrum of RTD
hydrochloride. This band is attributed to the stretching mode of a
cyanide group coordinated to Au(I) [18].

3.2. Nuclear magnetic resonance spectroscopy

The 13C and >N NMR spectra of the Au-RTD and free RTD
hydrochloride are shown in Fig. 3. According to the experimental
data, changes in chemical shifts are observed for all carbon atoms
when the ligand and the complex data are compared, resulting in
a AS (8 complex —§ ligand) of 1.5 ppm upon coordination. Also,
cyanide coordination to gold(I) was confirmed by the presence of
the carbon atom of CN group at 150.8 ppm in the 13C NMR spectrum
of the compound.
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Fig. 3. 3C—{'H} (box) and >N nuclear magnetic resonance spectra of rimantadine hydrochloride (a) and the Au-RTD complex (b).
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Table 1
13C and >N NMR data for RTD and Au-RTD.

Carbon Chemical Shifts (ppm)
RTD Au-RTD

2,89 38.78 37.26
3,5,7 29.66 28.11
4,6,10 (syn) 37.78 36.26
4,6,10 (anti) 35.80 34.30
CH 58.02 56.53
CHs; 13.34 11.85
CN - 150.8
Nitrogen (NHy) 33.9 33.0

Coordination of the nitrogen atom of RTD to Au(I) was also eval-
uated by >N NMR spectroscopic measurements. The 1°N NMR data
were indirectly detected from the 2D spectra via the heteronuclear
['"H—1>N] multiple bond coherence technique (HMBC), as described
for other metal complexes with N-donor ligands [29,30]. In the
RTD hydrochloride spectrum, the >N chemical shift was observed
at 33.9ppm while for the Au-RTD complex it was observed at
33.0 ppm. The minor isomer shift of ~1.0 ppm may be considered
another evidence of coordination of RTD to Au(l) through the N
atom. The 'H NMR spectra of the ligand and the complex, includ-
ing the hydrogen assignments, are also supplied as Supplementary
information, while the 13C and >N NMR data are summarized in
Table 1.

3.3. Kinetic studies

The preliminary kinetic data based on the UV-vis spectroscopic
measurements show the stability of the Au-RTD complex in solu-
tion. The compound did not show changes in the positions or
intensities of the UV-vis bands in the time interval of 600 min of
analysis, which evidence its stability in the experimental parame-
ters considered in this study.

3.4. Molecular modeling

Theoretical investigations of the coordination of RTD to Au(I)
through the nitrogen atom of the NH, group were performed in
order to confirm the structure of the complex. According to these
studies, coordination through nitrogen was confirmed as a min-
imum of the potential energy surface (PES) with calculations of
the Hessians, showing no imaginary frequencies. The calculated
structure shows a linear coordination environment for gold as
expected for Au(l) complexes with coordination number two. In
this case, coordination was shown to occur through the nitrogen
atom of rimantadine and also through the carbon atom of the
cyanide group. The main calculated bond distances are Au—N 1.95 A
and Au—CN 1.97 A, while calculated angles are Au—N—C 108.9°,
N—Au—C 179.1° and N—C—CHj3 108.9°. The observed Au—CN bond
distance is comparable to the experimental data described for other
gold(I) cyanide derivatives, where Au—CN bond distance was 1.96 A
[31], and also to the obtained data for the Au-MTZ complex previ-
ously reported, where calculated Au—N and Au—CN bond distances
were 2.11A and 1.98 A, and calculated N—Au—C was 179° [15].

Table 2

Fig. 4. Optimized structure of the Au-RTD complex.

The analysis of simulated IR data of the ligand and the Au-RTD
complex predicts a 90 cm~! positive shift in the N—H symmetric
stretching mode of the NH, group upon coordination of rimanta-
dine to Au(l). The theoretical results are in a good agreement with
the experimental data since the symmetric N—H vibration shows
a 73 cm~! positive shift when the ligand and the complex spectra
are compared (see Fig. 2).

As described in the literature, when —NH, or —NH3* groups
make hydrogen bonds, a negative frequency shift and a broaden-
ing of the symmetric N—H stretching are expected [32]. In the case
of the Au-RTD complex, nitrogen coordination of the NH;, group
to Au(I) leads to the loss of hydrogen bonds, which is consistent
with the observed positive frequency shift and narrowing of the
symmetric N—H stretching mode as observed in Fig. 2. Finally, for
a comparative analysis, the simulated and experimental IR spectra
of the Au-RTD complex are presented as Supplementary material.

3.5. Thermal analysis

Thermogravimetric data shows that decomposition of the
[Au(CN)(C12H21N)] complex starts at 155°C. Rimantadine is lost
in the first step of the thermogravimetric curve in the range
155-240°C(Anal. Calcd. for C;3H;1 N loss 44.6%. Found: 46.5%). Sub-
sequently, the cyanide group is lost in the range 250-500 °C leading
to the formation of the final residue (Anal. Calcd. for CN loss: 6.5%.
Found: 5.4%). The final residue of thermal treatment was identified
by powder X-ray diffraction studies as Au® [33]. The mass loss pro-
file and the X-ray diffractogram of the residue are also supplied as
Supplementary material.

3.6. Antibacterial assays

An antibiogram assay was carried out in order to evaluate the
antibacterial activities of the Au-RTD complex. The activities of
complex against the considered bacterial strains were confirmed by
MIC values between 6.25 wgmL~! and 100.0 pg mL~'. The results
obtained show promising antibacterial activity of the Au-RTD

Antibiotic sensitive profile of bacterial strains against Au-RTD complex and chloramphenicol (CAP).

Compound Minimal inhibitory concentration (pgmL-1)

S. aureus BEC 9393 S. aureus Rib 1 S. aureus ATCC 25923 P. aeruginosa ATCC 27853 P. aeruginosa 31NM E. coli ATCC 25922
Au-RTD 6.25 6.25 25.0 100.0 100.0 50.0
CAP - - - 50.0 12.5 3.125
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complex, being comparable to the inhibitory effect of the standard
antibiotics ofloxacin and imipenem used as positive controls, and
less active than the standard antibiotic chloramphenicol in the MIC
assays for P. aeruginosa ATCC 27853, P. aeruginosa 31NM and E. coli
ATCC 25922. The observed results are also comparable to a novel
gold(I)-mercaptothiazoline complex, [AuCN(C3HsNS,)], recently
published in the literature [15]. Rimantadine hydrochloride did not
exhibit antibacterial activity under the same experimental condi-
tions. Antibiotic sensitivity profiles of bacterial strains are listed in
Table 2.

4. Conclusions

A new gold(I) complex with rimantadine of molar composition
1:1 metal/ligand was obtained and characterized. The 'H, 13C and
15N NMR data, in addition to the IR spectroscopic measurements,
support coordination of rimantadine to Au(I) through the nitrogen
atom of NH; group and also through the carbon atom of cyanide.
Initial kinetic studies have demonstrated the stability of the com-
pound in solution. Thermal decomposition of the complex starts at
155°C, leading to the formation of Au° as the final residue of the
thermal treatment. DFT studies confirmed coordination of RTD to
Au(I) through the nitrogen atom of the NH, group as a minimum
of the potential energy surface with calculations of the Hessians,
showing no imaginary frequencies.

Based on the chemical, spectroscopic and DFT studies the fol-
lowing structure for the Au-RTD complex is proposed in Fig. 4.

Biological studies revealed the effective antibacterial activity in
vitro of the complex against Gram-negative and -positive bacterial
strains. Further studies are envisaged in order to evaluate the in
vivo antibacterial activities of the Au-RTD complex and its possible
application in the treatment of skin infections.
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