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Abstract The pyrene-appended dipicolylamine ligand
(L) and its Cu(Il) and Pt(II) compounds have been synthe-
sized and characterized by elemental analysis, "H- and '*C-
NMR, HRMS, FT-IR and UV-Vis analyses. Furthermore, the
crystal structures of H,L-2Cl1O4, [(CuLClO4CH3CN)CIO4]
and [(PtLCI)DMSO] (DMSO = dimethyl sulfoxide) have
been determined by single-crystal X-ray diffraction. The
antimicrobial activities of these compounds were determined
towards Gram-positive (Staphylococcus aureus ATCC-
25923) and Gram-negative (Escherichia coli ATTC-25922)
strains of bacteria, as well as the fungal strain Candida albi-
cans ATCC-10213, and the results were compared with those
of L alone. The results of these experiments showed that the
Cu(II) and Pt(Il) compounds of L exhibited stronger anti-
bacterial and antifungal activities than the ligand.

Keywords Dipicoclylamine ligand - Metal compound -
Synthesis - Crystal structure - Antibacterial activity

Electronic supplementary material The online version of this
article (doi:10.1007/s10847-015-0473-3) contains supplementary
material, which is available to authorized users.

Z.-L. Yuan - L. Wang - X.-M. Shen - X.-Q. Yang -

J.-D. Huang

College of Chemistry, Fuzhou University, Fuzhou 350108,
Fujian, China

Z.-L. Yuan (IX)

School of Pharmacy, Zunyi Medical University,
Zunyi 563003, Guizhou, China

e-mail: zlyuan@zmc.edu.cn

G. Wei (IX)

CSIRO Manufacturing Flagship, PO Box 218, Lindfield,
NSW 2070, Australia

e-mail: gang.wei@csiro.au

Introduction

Although numerous remedial measures are currently
available for the treatment of a wide range of human dis-
eases and conditions, the search for new and improved
therapeutic agents is a continuous and never ending process,
and efforts in this area are continuing to increase [1-3].

A review of the literature for compounds claiming to
elicit biological activities shows that uses of metal ions can
be used as an effective strategy in specific therapeutic
agents, such as DNA damaging agents in cancer chemo-
therapy, to enhance both the action and the efficacy of these
agents following the coordination of a metal ion [4-6].

The most commonly used transition metals in the
development of new anticancer and antibacterial drugs are
platinum, palladium, rhodium, ruthenium, copper, silver
and gold [7-11]. Furthermore, the effect of metal-based
pharmaceuticals depends not only on the function of the
metal but on the ligands themselves [12]. Polyaromatic
hydrocarbons (PAHs) and their derivatives possess planar
ring systems, which can intercalate with DNA to produce
anticancer activity [13-15]. Several PAHs have been
developed based on pyrene and chrysene derivatives such as
(1-pyrenylmethyl)amino alcohol derivatives I and crisnatol
II (770U82), which have progressed into different stages of
clinical trials [16, 17]. The development of PAHs bearing a
functional arm with additional hydrogen bond donor sites
such as N and O atoms would allow for the formation of
additional coordinate interactions between the PAH and a
metal center, which would provide additional stability
through chelation. Furthermore, additional coordinate
interactions of this type would cause the metal-PAH system
to adopt a rigid conformation, which would be better suited
for the sustained release of the metal ions at the required site
of action. Unfortunately, there have been very few studies
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reported to date pertaining to the biological properties of
metal-PAH compounds [18]. Based on the above consid-
eration, and as a part of our ongoing research towards the
development of an evaluation of novel metal-ligand com-
pounds [19-21], we have prepared several new PAH-metal
compounds and evaluated their activity as broad-spectrum
bactericides. We have also tested the biological activities of
a pyrene-appended dipicolylamine ligand as well as its
Cu(I) and Pt(II) compounds against selected bacteria as
potential antibacterial agents. In addition, we have descri-
bed the synthesis, characterization and single crystal X-ray
crystal structure of this ligand and its Cu(Il) and Pt(Il)
compounds (1 and 2, respectively).

Experimental
Materials and measurements

All of the chemicals and reagents used in the current study
were obtained from commercial sources as the analytical
research (AR) grade and used without further purification.
N,N-bis(2-pyridylmethyl)-amine (DPA) and cis-PtCl,
(DMSO), were prepared according to previously described
procedures [19, 22]. The 'H and '>C NMR spectra were
recorded on an Agilent 400 DD2 spectrometer (Agilent,
Palo Alto, USA) in DMSO-dg¢, CD3CN or CDCl; at
ambient temperature. Chemical shifts (d) have been
expressed in units of parts per million (ppm) relative to
TMS, which was used as an internal reference. High res-
olution mass spectroscopy (HRMS) experiments were
conducted on a time-of-flight Micromass LCT PremierXE
Spectrometer (Mckinley, NJ, USA).Absorption spectra
were recorded on a Cary50 UV-Vis spectrophotometer
(Varian, Palo Alto, USA). Elemental (C, H, N) analyses
were obtained with a Vario ELIIl elemental analyzer
(Elementar, WC, Heraeus, Germany). IR spectra were
recorded on a Vary FT-IR 1000 FT-IR spectrophotometer
(Varian, Palo Alto, USA) as KBr disks over the range of
400-4,000 cm™'. The NMR, HRMS, FT-IR and physical
properties data for each compound have been summarized
below for each experiment. X-ray crystallography data
were collected on a CCD SMART APEX diffractometer
(Bruker, Karlsruhe, Germany) using graphite-monochro-
mated Mo Ko radiation (A = 0.71073 A) at 293 K.

Synthesis of 1-[bis(pyridine-2-ylmethyl)amino]
methylpyrene (L)

Pyrenecarboxaldehyde (1 mmol) and DPA (1 mmol) were

placed in a round-bottomed flask followed by MeOH
(5 mL), and the resulting mixture was irradiated at 300 W
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for 15 min at 60 °C. NaBH;CN (1.2 mmol) was then added
to the reaction, and the resulting mixture was irradiated at
300 W for 30 min at 60 °C. The mixture was then cooled to
ambient temperature and partitioned between a saturated
aqueous solution of sodium carbonate and CH,Cl,. The
organic phase was collected and the aqueous phases washed
with CH,Cl,. The combined organic layers were washed
sequentially with water and brine, and then dried over
MgSO,. The solvent was then removed in vacuo to give the
crude product as a residue, which was washed with a small
amount of MeOH before being recrystallized from a 1:1
(v:v) mixture of THF and EtOAc to give the desired ligand
as a white powder. The isolated yield was 0.36 g (87 %).
mp 178-180 °C. 'H NMR (400 MHz, CDCl;) &: 3.92
(s, 4H), 4.38 (s, 2H), 7.09-7.26 (m, 2H), 7.47-7.52 (t, 2H,
J=9.0Hz), 7.57-7.61 (m, 2H), 7.96-8.00 (m, 3H),
8.04-8.08 (t, 1H, J = 7.2, Hz), 8.10 (d, 2H, J = 1.9, Hz),
8.13-8.17 (dd, 2H, J = 16.6, 7.1 Hz), 8.35-8.37 (d, 1H,
J =93 Hz), 8.52-8.53 (d, 2H, J = 7.6 Hz). °C NMR
(100 MHz, CDCl;) ¢6: 156.05, 145.37, 145.31, 133.15,
133.0, 132.87, 129.01, 127.74, 127.30, 126.32, 124.75,
123.91, 123.50, 122.33, 121.46, 120.97, 119.84, 118.52,
57.00, 56.97, 53.67. HRMS (ESI-MS) calcd. for Cy9H»3Nj3
[M+H]": 414.1970, found m/z: 414.1956. Anal. calcd. for
Co9H23N3: C 84.23 %, H 5.61 %, N 10.16 %, found: C
84.18 %, H 5.70 %, N 10.05 %. FT-IR (cm™") 3448, 3046,
2966, 2898, 2868, 1717, 1613, 1514, 1485, 1427, 1302,
1265, 1118, 787. UV-Vis (DMSO:CD;CN = 1:1—v/v,
1.0 x 107> mol/L, Apa/nm): 267, 278, 330, 347; A,
(DMSO:CD5sCN = I:1—v/v, 1.0 x 107> mol/L, Q7 '-
mol ™' ecm?): 4.93. A single crystal for analysis by XRD was
obtained via the vapor diffusion of diethyl ether into a
concentrated acetonitrile and HCIO, solution of the com-
pound over 15 days at room temperature.

Synthesis of [CuL(CH;CN)(CIlO4)]ClO,CH;0H-2H,0 (1)

To a solution of L (0.41 g, 1.0 mmol) in methanol(2 mL)
at 60 °C, was added a solution of CuClO4-6H,O (0.27 g,
1.0 mmol) in acetonitrile(2 mL) with constant stirring on a
magnetic stirrer plate. The resulting green solution was
then stirred for an hour at 60 °C. The mixture was then
concentrated under reduced pressure to precipitate the
desired compound as a green solid, which was collected by
filtration. The filter-cake was then washed sequentially
with cold methanol and diethyl ether before being dried
over anhydrous CaCl,. The isolated yield of the dried
product was 0.52 g (67 %). Anal. calcd. for CuCs;H,eNy.
0,4CI-C104-CH;0H-2H,0: C 4896 %, H 437 %, N
7.14 %; found: C 48.79 %, H 4.38 %, N 7.21 %. HRMS
(ESI—MS) calcd. for CUC3]H26N4O4C1 [M+Na—CIO4—
CH;0H-2H,0]": 639.0836, found m/z: 639.0707; FT-IR
(cm™'): 3445, 3046, 2915, 2847, 1597, 1582, 1487, 1428,
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1376, 1241, 1103,762, 534. UV-Vis (DMSO:CD;CN =
1:1—v/v, 1.0 x 107> mol/L, Amax/NM) 268, 278, 329, 344.
An  (DMSO:CDsCN = I:1—v/v, 1.0 x 107> mol/L,
Q' mol~' cm?): 98.6. A single crystal for X-ray diffrac-
tion was obtained by slow recrystallization from a metha-
nol solution of the compound.

Synthesis of the compound [Pt(L)Cl]PFsDMSO-3CH;0H
2)

To a degassed solution of L (0.41 g, 1 mmol) and NEt;
(0.31 g, 3 mmol) in methanol (10 mL) was added solid cis-
[PtCl,(DMSO),] (0.58 g, 1 mmol), and the resulting mix-
ture was heated at reflux for 4 h under N,. A small (5 mL)
aliquot of a saturated solution of NH,PFg was then added to
the reaction, and the resulting solution was placed in a
freezer overnight at —20 °C to aid the precipitation of the
product. The resulting white precipitate was filtered, washed
sequential with methanol and diethyl ether and then dried in
an oven under vacuum at 40 °C. The dried product was
isolated in a yield of 0.76 g (83 %). '"H NMR (400 MHz,
DMSO-dg) 0: 2.64 (s, 6H), 3.34 (s, 12H), 5.03-5.07 (d, 2H,
J =15.8 Hz), 5.32-545 (m, 4H), 7.01-7.03 (d, 2H,
J =178 Hz), 7.29-7.32 (t, 2H, J = 6.6 Hz), 7.55-7.59 (m,
2H), 7.67-7.71 (m, 2H), 7.85-7.89 (t, 2H, J = 7.8 Hz),
7.92-794 (d, 2H, J=83Hz), 820-821 (d, 2H,
J = 5.6 Hz), 8.34 (s, 1H), 8.79-8.81 (d, 2H, J = 8.9 Hz);
Anal. caled for C29H23N3C1PtDMSO3CH3OH C,
49.90 %; H, 5.05 %; N, 5.14 %; found: C, 50.11 %; H,
5.01 %; N, 527 %. HRMS (ESI-MS) calcd. for CyoHsj.
N;CIPt [M+H—DMSO—3CH;0H]*": 644.1306; found m/
2 644.1196. FT-IR (cm™") 3463, 3046, 3018, 2926, 2360,
1602, 1463, 1445, 1075, 1072, 762, 560, 422. UV-Vis
(DMSO:CD;CN = 1:1—v/v, 1.0 x 107> mol/L, Ay/nm)
271, 281, 335, 351. A, (DMSO:CD3;CN = 1:1—v/v,
1.0 x 107> mol/L, Q™" mol™" cm?): 100.8. A single crystal
for XRD analysis was obtained by the vapor diffusion of
diethyl ether into a concentrated acetonitrile solution of the
compound over a 7 day period at room temperature.

Crystal structure determination

Single-crystal X-ray diffraction data were collected on a
Rigaku diffractometer (Bruker, Karlsruhe, Germany) with
a Mercury CCD area detector (Mo Kao; A = 0.71073 A) at
room temperature. Empirical absorption corrections were
applied to the resulting data using the Crystal Clear pro-
gram [23]. The structure was solved using direct methods
and refined by the full-matrix least-squares on F' 2 using the
SHELXTL-97 program [24]. The metal atoms were located
from the E-maps and the other non-hydrogen atoms were
located in successive difference Fourier syntheses. All non-
hydrogen atoms were refined anisotropically. The organic

hydrogen atoms were positioned geometrically, while those
of the water molecules were located using the difference
Fourier method and refined freely. The C atoms of the
pyrene ring were found to be disordered equally over two
positions. PLATON/SQUEEZE was employed to remove
the heavily disordered water molecules. Crystal data for L
and its corresponding compounds 1 and 2 have been sub-
mitted to the Cambridge Crystal Structure Data Base
(CCDC-1034520 for L, CCDC-1034521 for 1 and CCDC-
1003396 for 2).

In vitro antimicrobial assay

The antimicrobial activities of the ligand (L) and its Cop-
per (I) and platinum (II) compounds 1 and 2 were tested
against the Gram-positive and Gram-negative strains
Staphylococcus aureus ATCC-25923 and Escherichia coli
ATTC-25922, respectively, as well as the fungicidal strain
Candida albicans ATCC-10213. All three of these strains
were obtained from the Division of Microbiology,
Department of Basic Medicine, Zunyi Medical University,
China. These strains were grown in Mueller-Hilton agar at
37 °C for 24 h and the suspensions were prepared by
matching a 0.5 McFarland standard [25, 26]. The test
compounds were dissolved in DMSO and the resulting
solutions were diluted with nutrient liquid medium to
achieve a concentration of 10 %. The antimicrobial activ-
ities of these mixtures were tested by determining the
minimum inhibitory concentrations (MICs) using the micro
dilution plate method with resazurin.

Results and discussion
Synthesis

The ligand was synthesized according to the reductive
amination method described in our previous work [19]
using a monohydride source as the reducing agent, under
microwave irradiation conditions (Fig. 1). Despite the
steric bulk of the aldehyde groups, this synthetic approach
was found to be more efficient than traditional methods
when microwave irradiation was used as a heat source.
Compound 1 was obtained in satisfactory yield (67 %) by
the direct reaction of Cu(ClQ,), with L in MeOH. Com-
pound 2 was synthesized by the reaction of L with cis-
[PtCl,(DMSO),] in MeOH in the presence of NEt;, which
was added as a base, and NH4PFs, which was added as a
precipitating agent. A variety of different reaction condi-
tions were also investigated, and the results of these
experiments revealed that the use of MeOH as the solvent
and NEt; as the base gave the best yield of 2. The success
of these conditions was attributed to the reduction of the
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Fig. 1 Scheme for synthesis
of L

Pt(Il) center by a combination of MeOH and NEt;. Nota-
bly, compound 2 was not obtained when the reaction was
conducted in acetonitrile, MeOH or ethanol with NaH as
the base.

Characterisation and spectroscopic properties

Analytical results and some of the physical properties for
L and its complexes with Cu(I) and Pt(I) (i.e., compounds
1 and 2) are listed in the text. Compounds 1 and 2 were
isolated as powered solids, which were soluble in DMSO,
N,N-dimethylformamide (DMF) and acetonitrile. However,
both of these compounds were insoluble in water. Com-
pounds 1 and 2 were found to be stable ambient conditions,
but decomposed without melting when they were heated up
to 300 °C. Elemental analyses of these compounds
revealed that compound 2 contained one molecule of
DMSO per Pt(Il) atom, which was consistent with a 1:1
ratio of compound species to solvate DMSO. The molar
electric conductivity (A,,) values for compounds 1 and 2
were measured in a 1:1 (v/v) mixture of DMSO and
CD;CN and found to be typical of electrolytes [27], which
indicated that these compounds are ionic in nature and
undergo dissociation in solution.

Consideration of the 'H NMR spectra of L and Pt(Il)
complex 2 (Figs. S1f, S3f) in CDCl; and DMSO-dq
allowed for the elucidation of the specific binding mode of
L to the metal ion. The aromatic portions of these spectra
showed that the two pyridyl units were equivalent and that
they had been shifted downfield with respect to the free
ligand, which suggested that both of the pyridyl units were
coordinated to the Pt(Il) center. The methylene linker units
also showed significant deviations from the chemical shifts
of the free ligand. The pyrenyl methylene linker was
observed as a doublet at 5.03-5.07 ppm. Two sets of res-
onance signals were assigned to the diastereotopic protons
of the pyridyl methylene linkers; each of which integrated
to two protons and had a coupling constant of approxi-
mately 16 Hz, which confirmed the existence of a geminal
two-bond coupling interaction. The signals of belonging to
the methyl protons of DMSO are worthy of special men-
tion. The spectrum of 2 showed one DMSO signal (i.e., a
singlet at 2.54 ppm), which was located in close proximity
to the signal of the DMSO-ds NMR solvent. The signal at
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2.54 ppm was positioned so close to the low-field side of
the DMSO-dg quintet, that it was not possible to accurately
integrate this signal without some interference from the
NMR solvent. For this reason the NMR spectrum of 2 was
also recorded in CD3;CN (Figs. 2, S47), which showed a
non-coordinated DMSO peak at 2.54 ppm. Based on this
result, the signal at 2.54 ppm was assigned to non-coor-
dinated DMSO.

The correct integration of the 'H NMR spectrum in
CD;CN gave 6 protons for the coordinated DMSO in 2, as
required by the stoichiometry. This result was confirmed by
XRD and elemental analyses of complex 2, and the ratio of
ligand molecules to non-coordinated DMSO molecules was
therefore assigned as 1:1. The spectra of compounds 2 also
show singlets at 3.34 ppm, assigned to CH;0H.

The '>C NMR spectra of L and 2 are shown in Figs. S21
and S57, respectively. The assignments for these com-
pounds were found to be in good agreement with the data
for several other chelate compounds and Pt(II) sulfoxide
compounds. The '>C NMR spectrum of 2 revealed that the
solvent (DMSO) signal was expanded with an additional
signal at 40.44 ppm, which was positioned in close prox-
imity to the lowest-frequency component of the septet (Fig.
S57). This signal was attributed to free (non-coordinated)
DMSO. The intensity of the DMSO-dg signal should be
distributed over seven lines and a signal of this type could
be readily masked by noise under the conditions used in the
current study.

HRMS analysis of L revealed the presence of a parent
ion peak with an m/z value of 414.1956 (Fig. S67), corre-
sponding to the monoprotonated form of the parent com-
pound. However, the dominant features in the mass spectra
of compounds 1 and 2 (Figs. S71 and S87) following their
analysis by HRMS were the cationic fragment peaks with
m/z values of 639.0707 and 644.1196, respectively, which
were attributed to the intermediate compounds
[CuL(ClO,4)(CH5CN+Na] ™ and [PtLCI4+H]". These peaks
occurred as a consequence of ionization, which induced the
loss of the DMSO, MeOH and PF ligands to form cationic
fragments, and represents a common feature of the mass
spectra of species of this type.

The FT-IR spectra of Land the corresponding Cu(II) and
Pt(IT) complexes 1 and 2 are shown in Figs. S9-117. It is
known that the V(cio;) stretching band appears at
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Fig. 2 '"H NMR spectra of compound 2 with assignments: a in DMSO-dg; b in CD;CN; ¢ magnification of the DMSO-d, peak in the range of

2.45-2.60 ppm. up in DMSO-de, down in CD;CN

Fig. 3 a The asymmetric unit
of L; b The m...m stacking a
interaction in L

Fig. 4 The hydrogen bonds
in L

1,103 cm™! for 1 [28]. In addition, the vy vibrations of
solid-state free DMSO usually appear at 1,050-1,080 cm ™"
in its FT-IR spectrum [29]. Based on these facts, it was
possible for the band at 1,052 cm™" in the FT-IR spectrum
of compound 2 to be assigned to the v(se, vibrations of the
non-coordinating DMSO solvent molecule in 2. Further-
more, the bands observed in the FT-IR spectra of 1 and 2 at

560, 524 and 422 cm ™', were not observed in the spectrum
of the free ligand, and could therefore be attributed to the
metal-nitrogen stretching vibrations of 1 and 2 [30-32].
The UV-Vis spectra of L, 1 and 2 are shown in Fig.
S12f. The absorption spectra of compounds 1 and 2
closely resembled that of the free ligand. Furthermore, the
spectra of 1 and 2 were dominated by ligand-based m—m*
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transitions at 267-351 nm [33]. These higher energy tran-
sitions were caused by the pyridyl units, whereas the lower
energy transitions, including the transition at 351 nm,
originated from the pyrenyl moiety. This result was found
to be in contrast to that of the bisimine complexes of Re™,
which tend to be brightly colored because of metal-to-
ligand charge-transfer transitions at ca 360 nm [26, 31].
Weak absorption bands were also observed at 267 and
347 nm, which were attributed to a charge-transfer transi-
tion and m—w* transitions, respectively. The absorption
bands at approximately 329 and 344 nm were blue shifted
in the case of 1, and the absorption intensity became
stronger compared with that of the ligand. However, the
absorption bands were red shifted in the case of 2, and the
absorption intensity weakened compared with that of the
ligand.

Description of crystal structures
Single-crystal X-ray analysis revealed that L crystallized in

the triclinic space group P-I and that its asymmetric unit
contained one ligand molecule and two ClO, anions

Fig. 5 The asymmetric unit of the compound 1

Fig. 6 The weak m...w stacking
interactions in compound 1
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(Fig. 3a). Each ligand molecule made head-to-head contact
with another ligand molecule through a weak n—n stacking
interaction with a distance of 4.913 A (Fig. 3b). In addi-
tion, each ClO, anion was connected to three other ligand
molecules through weak C-H---O hydrogen bonding
interactions (i.e., C;—H,---O;: 2.58 A, C;—H;---05: 2.57 A,
Cio-H;o-00: 2.55 A and C,;-H,;Og: 2.54 A). These
interactions led to the formation of a 3D supramolecular
structure (Fig. 4).

Compound 1 crystallized in the triclinic space group P-1
and its asymmetric unit contained one Cu”" ion, one
ligand, one MeCN molecule as a terminal group and two
ClO, counter anions (Fig. 5). The Cu** was found to be
five coordinate to three N atoms from the ligand (i.e., Cu-
N, 2.020(2) A, Cu-N, 1.978(2) A and Cu-N3 1.979(2) A),
one N atom from the MeCN guest molecule (Cu-Ny

Fig. 7 The hydrogen bonds in 1
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1.983(3) 10%) and one O atom from the CIO, anion (Cu-O
2.389(2) A) (Table S21).

In addition, each asymmetric unit interacted with another
unit through a weak m—m stacking interaction between the
pyrene and the pyridine rings at distances of 3.905(6) and
4.232(5) A, respectively (Fig. 6). Furthermore, the C1O, anion
combined two asymmetric units via the formation of two weak
hydrogen bonding interactions (i.e., Cy;—Hpg--Oy4: 2.519 A,
Cog—Hao-Og: 2.477 A, C31-Hz p--Og: 2.596 A), which lead
to the formation of a 3D supramolecular structure (Fig. 7).

Compound 2 also crystallized in the triclinic space
group P-1 and its asymmetric unit contained one Pt(II) ion,
one ligand, one coordinated chloride ion and one guest PF
anion (Fig. 8). The Pt(II) center was four-coordinate to the
two N atoms from the two pyridine rings of the ligand with

Fig. 8 Molecular structure of 2 with thermal ellipsoids at 45 %
probability

Fig. 9 The n—r interaction
between aromatic rings in 2

Pt-N bond lengths of Pt-N(2) 2.0031(3) A and Pt-N(3)
2.0057(3) A, one N atom from the amine nitrogen with a
Pt-N bond length of Pt-N(1) 2.0316(3) A and one

Fig. 10 The hydrogen bond interaction in compound 2 (a-axis
projection)

Table 1 In vitro antimicrobial activities (MIC, pg/mL) of L, 1 and 2

Compounds E. coli S. aureus C. albicans
(ATCC- (ATCC- (ATCC-
25922) 25923) 10213)

L NA NA NA

1 83.33 166.67 NA

2 10.42 NA 5.43

In each case triplicate tests were performed and the average was taken
as the final reading. Values given as pg/mL for all three compounds

MIC minimum inhibitory concentration, NA not activity
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coordinated chloride ion with the Pt—Cl bond length of Pt—
CI(1) 2.3014(1) A (Table S47).

In addition, the pyrene and pyridine moieties of one
molecule of 2 were arranged head-to-tail with the pyrene
and pyridine moieties of another molecule of 2, respec-
tively, and these head-to-tail aggregations were offset in a
face-to-face mode at distances of 3.5800 and 3.7813 A,
respectively. These results also suggested that there was a
weak m—m stacking interaction between the aromatic rings
in compound 2 (Fig.9). Furthermore, the molecular
structures extended into a 3D supramolecular architecture
through m—mn stacking and hydrogen bonding interactions
between the carbon atoms of the pyridine ring and coor-
dinate interactions between the Cl atoms and the F atoms of
the PF; anion (Table S8 and Fig. 10).

In vitro antimicrobial assay

The in vitro antimicrobial activities of L, 1 and 2 were eval-
uated against a Gram-positive bacterium (S. aureus, CGMCC-
1.1477), a Gram-negative bacterium (E. coli, ATCC-25922)
and a fungus (C. albicans, ATCC-10213) were tested, and the
results are shown in Table 1. The results show that com-
pounds 1 and 2 exhibited higher activities than the ligand
alone. This higher level of activity could be attributed to the
formation of chelates, which would reduce the polarity of the
metal ions, as well as making them more lipophilic. An
increase in the lipophilicity of the chelate would lead to an
improvement in the interactions between the compounds and
the cell constituents, which would enable them to interfere
more effectively with normal cell processes [34]. The data in
Table 1 show that the MIC values of compound 1 were 83.33
and 166.67 pg/mL for the wild type Gram-negative and
Gram-positive strains of E. coli and S. aureus, respectively.
Compound 2 exhibited a higher level of activity against the
Gram-negative bacteria than compound 1. Unfortunately,
however, the Gram-positive bacterium (S. aureus) was
insensitive to the compound 2, although compound 2 did show
excellent activity towards C. albicans with an MIC value of
5.43 pg/mL. Metal ions can play an important role in anti-
microbial activity, and we believe that the disparity between
the antimicrobial activities of these compounds towards the
microorganisms tested in the current study reflects the changes
in the bond characteristics of the different metal ions to the
target microorganisms because of the molecular structure of
the ligand in these compounds are otherwise identical. These
compounds are therefore worthy of further research.

Conclusions

We have designed and successfully synthesized two new
Cu(I) and Pt(II)-containing compounds, and solved the
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crystal structures of these compounds using single-crystal
XRD. The results of single-crystal XRD analysis showed
that the two compounds 1, 2 were mononuclear, 0D
structures, which were further connected through a series
of hydrogen bonding interactions into 3D supramolecular
architectures. The ligand (L) did not exhibit any antimi-
crobial activity, but its Cu(Il) and Pt(Il) compounds
(compound 1 and 2) were found to be potential antimi-
crobial agents. Compound 1 could therefore be used as a
new candidate for the treatment of S. aureus and E. coli
infections, and compound 2 could be used as a candidate
for the treatment of E. coli and C. albicans infections.
These compounds could help in the discovery of new
chemical classes of antimicrobial matter that could serve as
selective agents against specific infectious diseases.
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