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Abstract The phosphanegold(I) thiocarbamides,
Ph3PAu{SC(OR)=NC6H4Me-4} for R=Me (1), Et (2)
and iPr (3), have been shown to have essentially linear
gold atom coordinat ion geometr ies defined by
phosphane-P and thiolate-S atoms, and exhibit minimum
inhibitory concentration (MIC) values in the range of 1–
37 μg/ml against four Gram-positive bacteria, namely
Bacillus cereus, Enterococcus faecalis, Enterococcus
faecium and Staphylococcus aureus; compounds 1–3 are
less potent against a broad panel of 16 Gram-negative
bacteria. As the minimum bactericidal concentration
values were quite similar to the MIC values, compounds
1–3 are effective bactericidal agents. The specific action
against the four Gram-positive bacteria suggests they
function by inhibition of peptidoglycan synthesis.
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Introduction

It is now widely recognised that the increase in bacterial
resistance, the rapid emergence of new infections, and even
overprescription of antibiotics have significantly decreased
the efficacy of drugs employed in the treatment of patholo-
gies instigated by certain microorganisms [1, 2]. Infections
caused by Gram-positive organisms are of major concern
due to the increased incidence and the high level of
multidrug resistance [3, 4]. Increasing resistance in both
enterococci (lactic acid bacteria) and staphylococci (skin-
colonising bacteria) [5] has accelerated the need for the
development of new antimicrobial agents to treat these
Gram-positive infections [6]. Herein, the specific antimicro-
bial activity against four Gram-positive bacteria exhibited
by a series of gold compounds is described.

Disease-modifying antirheumatic drugs based on gold are
well established in the treatment of rheumatoid arthritis [7,
8]. Gold(I) compounds used in this context range from
charged, polymeric and water-soluble gold(I) thiolates
such as sodium gold(I) thiomalate (Myocrisin®) and
the neutral, monomeric and lipophilic phosphanegold(I)
thiolate, triethylphosphanegold(I) tetraacetylthioglucose
(Auranofin®) [9, 10]. While research continues in de-
veloping new antirheumatic agents and in understanding
the mechanism of action [11–14], much recent attention
has focussed upon investigating the anticancer potential
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of gold(I) and, especially, gold(III) compounds [15–24].
Other ailments/diseases, too, have been investigated
such as anti-viral (HIV AIDS), anti-asthma (acute corti-
costeroid) and even tropical diseases, e.g. malaria and
Chagas disease [13, 14]. Attention has also been direct-
ed towards antimicrobial activity, the focus of the pres-
ent report.

A range of synthetic gold compounds shown strong inhib-
itory and antimicrobial effects. Exploiting the anti-
inflammatory activity of Auranofin® as well as its ability to
inhibit thiol-based redox enzymes renders this an exciting
prospect for the development of novel antimicrobial agents
[24]. The majority of research in this area has in fact focussed
upon analogues of Auranofin®, i.e. phosphanegold(I)
thiolates [24–27], but with attention also being directed to
the study of N-heterocyclic carbene [28], thiolate [29] and
carboxylate [30, 31] derivatives. Relatively less consideration
has been devoted to gold(III) species [32]. In the present study,
phosphanegold(I) thiolates 1–3 (Fig. 1) will be shown to
display marked biological activities. Specifically, 1–3 exhibit
selective and antimicrobial activities against four Gram-
positive bacteria suggesting that these may be potentially
developed as alternative bactericidal agents.

Experimental

General

1H and 13C{1H} NMR spectra were recorded in CDCl3
solution on a Bruker Avance 400 MHz NMR spectrometer
with chemical shifts relative to tetramethylsilane as internal
reference. 31P{1H} NMR spectra were recorded in CDCl3
solution on the same instrument but with the chemical shifts
recorded relative to 85 % aqueous H3PO4 as external refer-
ence; abbreviations for NMR assignments: s, singlet; d,
doublet; t, triplet; q, quartet; sept, septet; and m, multiplet.
IR spectra were obtained as KBr pellets on a Perkin Elmer

RX1 FTIR spectrophotometer. Elemental analyses were
performed on a Perkin Elmer PE 2400 CHN Elemental
Analyser. Melting points were determined on a Krüss
KSP1N melting point meter.

All chemicals and solvents were sourced commercially and
used as received. All reactions were carried out under ambient
conditions. The thiocarbamides, ROC(=S)N(H)C6H4Me-4 for
R=Me, Et and iPr, were prepared in quantitative yields as
desc r ibed in the l i t e ra tu re [33] . For example ,
MeOC(=S)N(H)C6H4Me-4 was prepared from the stoichio-
metric reaction of S=C=NC6H4Me-4 and MeOH in the pres-
ence of equimolar NaOH with MeOH serving as the solvent.

T h e p h o s p h a n e g o l d ( I ) t h i o c a r b a m i d e s ,
Ph3PAu{SC(OR)=NC6H4Me-4} for R=Me, Et and iPr, were
obtained from the reaction of Ph3PAuCl precursor
(synthesised by the reduction of KAuCl4 by sodium sulfite
followed by addition of the stoichiometric amount of
triphenylphosphane) with one mole equivalent of
ROC(=S)N(H)C6H4Me-4 in the presence of NaOH, following
standard procedures [34]. Details for the synthesis of 3 are
given here; 1 and 2 were prepared in an analogous fashion.
NaOH (0.5 mmol) in MeOH (5 mL) was added to a suspen-
sion of Ph3PAuCl (0.5 mmol) in MeOH (20 mL), followed by
addition of iPrOC(=S)N(H)C6H4Me-4 in MeOH (20 mL).
The resulting mixture was stirred for 3 h at 50 °C. An
equivolume of dichloromethane was added and the solution
was left for slow evaporation at room temperature, yielding
colourless crystals after 2 weeks.

Characterisation

MeOC(=S)N(H)C6H4Me-4

1H NMR (400 MHz, CDCl3, 25 °C): δ 8.70 (br s, 1H, NH),
7.13 (br s, 4H, aryl-H), 4.11 (s, 3H, OCH3), 2.32 (s, 3H,
aryl-CH3) ppm. 13C{1H} NMR (400 MHz, CDCl3, 25 °C):
δ 189.6 (Cq), 135.5 (C1), 134.4 (C4), 129.6 (C3), 122.0
(C2), 58.8 (OCH3), 21.0 (C5) ppm. Anal. Calc. for
C8H9NOS: C, 59.64; H, 6.17; N, 7.73 %. Found: C,
59.26; H, 6.29; N, 7.74 %. IR (KBr disc, per centimeter):
3,234(br) ν(N–H), 1,451(s) ν(C–N), 1,204(s) ν(C=S),
1,061(s) ν(C–O). M.pt: 78–80 °C.

EtOC(=S)N(H)C6H4Me-4

1H NMR (400 MHz, CDCl3, 25 °C): δ 8.68 (br s, 1H, NH),
7.13 (br s, br, 4H, aryl-H), 4.62 (s, br, 2H, OCH2), 2.32 (s, 3H,
aryl-CH3), 1.39 (t, 3H, CH3, J=7.10 Hz) ppm. 13C{1H} NMR
(400 MHz, CDCl3, 25 °C): δ 188.6 (Cq), 135.2 (C1), 134.6
(C4), 129.6 (C3), 121.6 (C2), 68.7 (OCH2), 21.0 (C5), 14.1
(CH3) ppm. Anal. Calc. for C9H11NOS: C, 61.50; H, 6.71; N,
7.17 %. Found: C, 61.30; H, 6.82; N, 7.23 %. IR (KBr disc,

Fig. 1 Chemical structures for 1–3. The red arrow indicates flexibility
in the orientation of the thiolate anion
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per centimter): 3,236(br) ν(N–H), 1,450(s) ν(C–N), 1,202(s)
ν(C=S), 1,042(s) ν(C–O). M.pt: 64–67 °C.

iPrOC(=S)N(H)C6H4Me-4

1H NMR (400 MHz, CDCl3, 25 °C): δ 8.65 (br s, 1H, NH),
7.13 (br s, 4H, aryl-H), 5.65 (sept, 1H, OCH, J=6.22 Hz),
2.32 (s, 3H, aryl-CH3), 1.39 (d, 6H, CH3, J=6.20 Hz) ppm.
13C{1H} NMR (400 MHz, CDCl3, 25 °C): δ 187.7 (Cq),
135.0 (C1), 134.7 (C4), 129.5 (C3), 121.5 (C2), 73.7
(OCH), 21.7 (CH3), 20.9 (C5) ppm. Anal. Calc. for
C10H13NOS: C, 63.12; H, 7.22; N, 6.69 %. Found: C,
63.35; H, 7.33; N, 6.70 %. IR (KBr disc, per centimeter):
3,221(br) ν(N–H), 1,462(s) ν(C–N), 1,205(s) ν(C=S),
1,087(s) ν(C–O). M.pt: 91–92 °C.

Ph3PAu{SC(OMe)=NC6H4Me-4} (1)

Yield: 0.297 g (93 %) colourless crystals from the slow
evaporation from a dichloromethane/methanol mixture
(1:1v/v). 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.53–7.40
(m, br, 15H, Ph3P), 6.82 (d, 2H, o-aryl-H, JCP=8.04 Hz),
6.73 (d, 2H, m-aryl-H, JCP=8.20 Hz), 3.90 (s, 3H, OCH3),
2.03 (s, 3H, aryl-Me) ppm. 13C{1H} NMR (400 MHz,
CDCl3, 25 °C): δ 164.4 (Cq), 148.6 (Ph, C1), 134.3 (d,
o-PC6H5, JCP=55.3 Hz), 131.6 (d, p-PC6H5, JCP=8.8 Hz),
131.5 (Ph, C4), 129.6 (Ph, C3), 129.5 (d, i-PC6H5,
JCP=226.9 Hz), 129.1 (d, m-PC6H5, JCP=45.8 Hz), 121.8
(Ph, C2), 55.3 (OCH3), 20.8 (aryl-Me) ppm. 31P{1H} NMR
(400 MHz, CDCl3, 25 °C): δ 38.0 ppm. Anal. Calc. for
C26H23AuNOPS: C, 50.71; H, 3.94; N, 2.19 %. Found: C,
50.93; H, 3.64; N, 2.18 %. IR (KBr disc, per centimeter):
1,436(s) ν(C=N), 1,146(s) ν(C–O), 1,100(s) ν(C–S). M.pt:
143–145 °C.

Ph3PAu{SC(OEt)=NC6H4Me-4} (2)

Yield: 0.278 g (85 %) colourless crystals from the slow
evaporation from a dichloromethane/ethanol mixture (1:1
v/v). 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.54–7.40 (m,
br, 15H, Ph3P), 6.83 (d, 2H, o-aryl-H, JCP=8.04 Hz), 6.73
(d, 2H, m-aryl-H, JCP=8.20 Hz), 4.34 (q, 2H, OCH2,
J=7.09 Hz), 2.05 (s, 3H, aryl-CH3), 1.33 (t, 3H, CH3,
J=7.10 Hz) ppm. 13C{1H} NMR (400 MHz, CDCl3,
25 °C): δ 163.8 (Cq), 148.7 (Ph, C1), 134.3 (d, o-PC6H5,
JCP=55.3 Hz), 131.6 (d, p-PC6H5, JCP=9.0 Hz), 131.4 (Ph,
C4), 129.5 (Ph, C3), 129.5 (d, i-PC6H5, JCP=226.8 Hz),
129.1 (d, m-PC6H5, JCP=45.6 Hz), 121.8 (Ph, C2), 63.8
(OCH2), 20.8 (aryl-CH3), 14.7 (CH3) ppm. 31P{1H}NMR
(400 MHz, CDCl3, 25 °C): δ 38.0 ppm. Anal. Calc. for
C27H25AuNOPS: C, 51.46; H, 4.16; N, 2.14 %. Found: C,
51.68; H, 3.91; N, 2.22 %. IR (KBr disc, per centimeter):

1,431(s) ν(C=N), 1,118(s) ν(C–O), 1,101(s) ν(C–S). M.pt:
131–133 °C.

Ph3PAu{SC(O-iPr)=NC6H4Me-4} (3)

Yield: 0.297 g (89 %) colourless crystals from the slow
evaporation from a dichloromethane/methanol mixture
(1:1v/v). 1H NMR (400 MHz, CDCl3, 25 °C): δ 7.53–7.42
(br m, 15H, Ph3P), 6.83 (d, 2H, o-aryl-H, JCP=8.04 Hz), 6.72
(d, 2H, m-aryl-H, JCP=8.16 Hz), 5.28 (sept, 1H, OCH,
J=6.19 Hz), 2.05 (s, 3H, aryl-CH3), 1.32 (d, 6H, CH3,
J=6.20 Hz) ppm. 13C{1H} NMR (400 MHz, CDCl3,
25 °C): δ 162.9 (Cq), 148.9 (Ph, C1), 134.2 (d, o-PC6H5,
JCP=55.2 Hz), 131.6 (d, p-PC6H5, JCP=7.8 Hz), 131.2 (Ph,
C4), 129.5 (Ph, C3), 129.5 (d, i-PC6H5, JCP=226.8 Hz), 129.1
(d, m-PC6H5, JCP=45.8 Hz), 121.7 (Ph, C2), 70.3 (OCH),
22.1 (CH3), 20.8 (aryl-CH3) ppm. 31P{1H}NMR (400 MHz,
CDCl3, 25 °C): δ 37.8 ppm. Anal. Calc. for C28H27AuNOPS:
C, 52.18; H, 4.38; N, 2.10 %. Found: C, 52.15; H, 4.25; N,
2.15 %. IR (KBr disc, per centimeter): 1,437(s) ν(C=N),
1,132(s) ν(C–O), 1,093(s) ν(C–S). M.pt: 148–151 °C.

X-ray crystallography

Intensity measurements for a colourless block (0.06×0.06×
0.11 mm) of 3 were made at 100 K on an Agilent Supernova
dual diffractometer with an Atlas (Mo) detector (ω scan
technique) using graphite monochromatized Mo Kα radiation
[35]. The structure was solved by direct methods (SHELXS97
[36] through the WinGX Interface [37]) and refined (aniso-
tropic displacement parameters, H atoms in the riding model
approximation and a final weighting scheme of the form
w=1/[σ2(Fo

2) + 0.018P2] where P= (Fo
2 +2Fc

2)/3) with
SHELXL97 on F2 [36]. Crystal data for C29H29AuNOPS:
M=667.53, monoclinic, P21/c, a=9.7098(3), b=12.5573(4),
c=21.9413(6) Å, β=100.931(3)º, V=2,626.74(14) Å3, Z=4,
Dx=1.688 g cm−3, F(000)=1,320, μ=5.763 mm−1, no. meas.
data=10,940, no. unique data=6,043, Rint=0.023, no. of pa-
rameters=310, R (5,249 data with I≥2σ(I))=0.024, wR (all
data)=0.050. Maximum and minimum residual electron den-
sity peaks=0.81 and −0.77 e Å−3. A view of the molecular
structure is shown in Fig. 2, drawn at the 50 % probability
level with ORTEP-3 for Windows [37], and the overlay dia-
gram (Fig. 3) was drawn with QMol [38]. The crystal packing
analysis was conducted with the aid of PLATON [39] and
Fig. 4 was drawn with DIAMOND [40].

Screening for antibacterial activity

Antibacterial screening was performed using the disc diffu-
sion method in accordance with the National Committee for
Clinical Laboratory Standards (NCCLS) guideline. A total
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of 20 bacterial strains were used in this study: Staphylococcus
aureus American Type Culture Collection (ATCC) 25923,
Bacillus cereus ATCC 10876, Enterococcus faecalis ATCC
29212, Enterococcus faecium ATCC 19434, Pseudomonas
aeruginosa ATCC 27853, Vibrio parahaemolyticus ATCC
17802, Aeromonas hydrophillaATCC 35654,Escherichia coli
ATCC 25922, Proteus mirabilis ATCC 25933, Proteus
vulgaris ATCC 13315, Enterobacter cloacae ATCC 35030,
Enterobacter aerogenesATCC 13048, Shigella flexneriATCC
12022, Shigella sonnei ATCC 9290, Salmonella typhimurium
ATCC 14028, Salmonella paratyphiAATCC 9150,Klebsiella
pneumoniae ATCC 700603, Acinetobacter baumannii ATCC
19606, Stenotrophomonas maltophilia ATCC 13637 and
Citrobacter freundii ATCC 8090. All bacterial cultures were
obtained from ATCC. The inoculum suspension of each bac-
terial strain was adjusted to 0.5 McFarland standard turbidity
(corresponding to approximately 108 CFU/ml) by adding
Mueller–Hinton broth. This suspension was then swabbed on

the surface of Mueller–Hinton agar plates using a sterile cotton
swab. The tested compounds were dissolved in DMSO to the
test concentration of 1 mg/ml. Sterile 6 mm filter paper discs
were aseptically placed on Mueller–Hinton agar surfaces and
10 μl of the dissolved compounds were immediately added to
discs. Each plate contained one standard antibiotic paper disc
served as positive control, one disc served as negative control
(10 μl broth) and one disc served as solvent control (10 μl
DMSO). The plates were incubated at 37 °C for 24 h.
Antibacterial activity was evaluated bymeasuring the diameter
of inhibition zone against the test bacterial strains. Each
experiment was performed in duplicate.

Determination of minimum inhibitory concentration
and minimum bactericidal concentration

Theminimum inhibitory concentration (MIC) was determined
by the broth microdilution method according to the NCCLS.
The tested compounds were serially threefold diluted in
DMSO to the test concentrations of 1,000, 330, 110, 37, 12,
4, 1 and 0.5 μg/ml and then placed into each well of a 96-well
microplate. An inoculum suspension with density of
105 CFU/ml of exponentially growing bacterial cells was
added into each well. The 96-well microplates were incubated
at 37 °C for 24 h. All tests were performed in triplicate. Four
controls comprisingmediumwith standard antibiotic (positive
control), mediumwith DMSO (solvent control), mediumwith
inoculum bacterial cells (negative control), and medium with
broth only (negative growth control) were included in each
test. Bacterial growth was detected by adding 50 μl of a
0.2 mg/ml p-iodonitrotetrazolium violet (INT) indicator solu-
tion into each of the microplate wells and incubated at 37 °C
for 30 min under aerobic agitation. Where bacterial growth
was inhibited, the suspension in the well remained clear after
incubation with INT. By contrast, the INT changed from clear
to red in the presence of bacterial activity. The lowest concen-
tration of the tested compound which completely inhibited

Fig. 2 Molecular structure of 3 show atom labelling scheme

Fig. 3 Overlay diagram for 1 (red image), 2 (green) and 3 (blue)
whereby the P1, Au and S1 atoms have been superimposed. The
diagram highlights the different orientations of the thiolate ligand
which can place either the oxygen atom or arene ring in close proxim-
ity to gold

Fig. 4 A view in projection down the a-axis of the unit cell contents
for 3. The edge-to-face C–H…π interactions are represented as purple
dashed lines
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bacterial growth was taken as the MIC. After MIC determi-
nation of each tested compound, an aliquot of 100 μl from
each well which showed no visible growth was spread onto
MHA at 37 °C for 30 min. The minimum bactericidal con-
centration (MBC) was defined as the lowest concentration of
the tested compound producing a 99.9% reduction in bacterial
viable count on the MHA.

Results and discussion

Synthesis and characterisation

Crystallography, NMR and theoretical studies confirm that
the ROC(=S)N(H)C6H4Me-4 molecules exist as amides
rather than thiols [33]. The Ph3PAu{SC(OR)=NC6H4Me-
4}, for R=Me (1), Et (2) and iPr (3), compounds were
prepared by the facile reaction of Ph3PAuCl with the respec-
tive ROC(=S)N(H)C6H4Me-4 in the presence of NaOH in
good yields (≥85 %), each as colourless crystals. The com-
pounds are light and air-stable. They are soluble in chlori-
nated solvents, partially soluble in acetonitrile and DMSO,
sparingly soluble in methanol, ethanol and acetone, and
insoluble in water.

NMR spectroscopy (1H, 13C{1H} and 31P{1H}) show the
expected resonances and integration. Notable in the 1H NMR
spectra of 1–3 was the absence of the resonance due to N-H
found in ROC(=S)N(H)C6H4Me-4, and notable upfield shifts
for the OCH and tolyl-Me-H protons. In the 13C{1H} spectra,
significant upfield shifts were observed for the quaternary
(25 ppm) and O-bound (3–5 ppm) carbon nuclei compared
with their positions in the spectra of ROC(=S)N(H)C6H4Me-
4. These results confirm coordination of anionic forms of the
ligands and a significant reduction in delocalisation of π-
electron density over the central OC(S)N chromophore com-
paredwith that in the ROC(=S)N(H)C6H4Me-4molecules [33].
It is noteworthy that the systematic variation in
the OCH (1H) resonances and in the quaternary and O-bound
(13C{1H}) resonances that are correlated with the electron-
donating ability of R observed in the spectra of
ROC(=S)N(H)C6H4Me-4, i.e. downfield for R=Me compared
with upfield for iPr, persists in the spectra of 1–3. In the
31P{1H} NMR, a single resonance was observed for each of
1–3 at approximately 38.0 ppm, i.e. deshielded with respect to
uncoordinated Ph3P (−5.2 ppm). As an indication of the stabil-
ity of 1–3 in solution, time-dependent 1H NMR spectra were
measured. These studies showed that in DMSO solution no
change in the resonances occurred over a period of 2 weeks.

Infrared spectroscopy confirmed the absence of ν(N–H)
in the spectra of 1–3. Compared to that observed for
ROC(=S)N(H)C6H4Me-4, systematic shifts to lower, lower,
and higher wavenumber are noted for absorptions due to
ν(C–N), ν(C–O) and ν(C–S) in 1–3 consistent with the

mode of complexation of the anions indicated in Fig. 1. This
is confirmed by a crystal structure determination of 3.

The molecular structure of 3 is illustrated in Fig. 2. The gold
atom is linearly coordinated by the phosphane-P1 and thiolate-S1
atoms with bond lengths of 2.2561(7) and 2.3171(7) Å, respec-
tively. The C1–S1 and C1–N1 bond lengths of 1.776(3) and
1.269(4) Å, respectively, have significantly elongated and short-
ened compared to related “free” thiocarbamide molecules [33],
and are consistent with the notion that the molecule was
deprotonated during the synthesis and coordinates as a thiolate.
The P1–Au–S1 angle of 172.88(3)° deviates significantly from
the ideal 180° and this feature is attributed to the close approach
of the O1 atom to gold, i.e. Au…O1 is 2.887(2) Å.

Crystal structure determinations have been reported previ-
ously for each of 1 [41] and 2 [42]. As seen from the overlay
diagram in Fig. 3, a very similar mode of coordination is
found for 1 and 3, which conforms to the norm for structures
of this type [43]. However, a variation is noted in 2, where the
arene ring is oriented towards the gold atom rather than the O1
atom; intra- and intermolecular Au…π(arene) interactions
have been reviewed recently [44]. Such variations have been
discussed in some detail in the literature and arise owing to the
combination of subtle electronic and steric effects of the P-, O-
and N-bound substituents [41].

Figure 4 illustrates the crystal packing in 3. Molecules
associate into a three-dimensional architecture by a combina-
tion of edge-to-face C–H…π interactions, there being no other
significant intermolecular interactions of note; see [45] for
geometric parameters describing the intermolecular interac-
tions. The interactions pivotally involve the p-tolyl ring in that
it forms a donor interaction to a P-bound phenyl ring, and
accepts two interactions from two P-bound phenyl rings.

Antimicrobial activity

The antibacterial activity of the gold compounds were de-
termined against a wide variety of pathogens comprising
four strains of Gram-positive bacteria and 16 strains of
Gram-negative bacteria. The tested bacterial species vary
with respect to their disease modality and virulence. Of the
20 tested bacterial species, only four bacterial species that
belong to Gram-positive (B. cereus, E. faecalis, E. faecium
and S. aureus) showed consistent inhibition zones towards
1–3 in disc diffusion assay; see data in Table 1.

Briefly, no inhibitory activity was detected from 1 to 3
against any of the Gram-negative bacteria. The results re-
vealed the specific effectiveness of the tested compound 1–3
on Gram-positive bacteria (which have thick peptidoglycan
as the outermost layer in the cell wall), and not against
Gram-negative bacteria (which have an outer membrane
composed of phospholipids and lipopolysaccharide). As
Gram-positive bacteria are dependent on peptidoglycan for
their cell wall protection and to maintain osmotic pressure
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[46], the mechanism for the antibacterial action of 1–3
might be related to the inhibition of peptidoglycan synthesis
in the cell walls of Gram-positive bacteria leading to the
death of the bacteria.

The serial dilution assay suggested that the inhibitory
effects of 1–3 towards different pathogens in the disc diffu-
sion assay were dose dependent. Table 2 collects the MIC
and MBC values for the four Gram-positive pathogens in
response to treatment with 1–3 and standard antibiotics. The
MIC values were in the range of 1–37 μg/ml, which may be
considered as high antibacterial activity in comparison with
the standard antibiotic tetracycline for which the range in
MIC values is 4–37 μg/ml. The most susceptible strains

were B. cereus (1–4 μg/ml) and E. faecalis (4 μg/ml), while
E. faecium (37 μg/ml) and S. aureus (37 μg/ml) showed the
lowest sensitivity towards 1–3.

The MBC, time kill curve and serum bactericidal titre are the
in vitro microbiological techniques uses to determine whether an
antibacterial agent is bacteriostatic or bactericidal [47].MBCwas
the method used in this study to determine the bactericidal
activity of the tested compounds towards the inhibited pathogens.
According to Levison [48], antibacterial agents are regarded as
bactericidal if the MBC is no more than fourfold higher than the
MIC. By contrast, the MBC of bacteriostatic agents are many
fold higher than their MIC. This is because the bacteriostatic
agents only prevent the growth of bacteria, whereas bactericidal

Table 1 Antibacterial activity
measured by zone of inhibition
of 1–3 and standard antibiotics

The diameter of inhibition zones
in millimetres (mm) were mea-
sured around the disc after 24 h
incubation; –, no zone of
inhibition

Microorganism 1 2 3 Standard anti-biotics (30 μg/disc)

Gram-Positive bacteria

B. cereus ATCC 10876 8.0 8.0 8.0 15.0 (Tetracycline)

E. faecalis ATCC 29212 10.5 10.5 10.5 10.5 (Tetracycline)

E. faecium ATCC 19434 8.0 8.0 8.0 20.0 (Chloramphenicol)

S. aureus ATCC 25923 9.0 9.0 9.5 20.0 (Chloramphenicol)

Gram-negative bacteria

A. baumannii ATCC 19606 – – – 20.0 (Tetracycline)

A. hydrophilla ATCC 35654 – – – 25.0 (Tetracycline)

C. freundii ATCC 8090 – – – 25.0 (Tetracycline)

E. cloacae ATCC 35030 – – – 20.0 (Tetracycline)

E. aerogenes ATCC 13048 – – – 22.0 (Tetracycline)

E. coli ATCC 25922 – – – 25.0 (Tetracycline)

K. pneumoniae ATCC 700603 – – – 15.0 (Tetracycline)

P. aeruginosa ATCC 27853 – – – 12.0 (Tetracycline)

S. typhimurium ATCC 14028 – – – 25.0 (Tetracycline)

S. paratyphi A ATCC 9150 – – – 25.0 (Tetracycline)

S. flexneri ATCC 12022 – – – 24.0 (Tetracycline)

S. sonnei ATCC 9290 – – – 22.0 (Tetracycline)

S. maltophilia ATCC 13637 – – – 26.0 (Chloramphenicol)

P. mirabilis ATCC 25933 – – – 19.0 (Chloramphenicol)

P. vulgaris ATCC 13315 – – – 19.0 (Chloramphenicol)

V. parahaemolyticus ATCC 17802 – – – 24.0 (Tetracycline)

Table 2 MIC (in microgram per milliliter) and MBC (in microgram per milliliter) of 1–3 and standard anti-biotics against selected Gram-positive
bacteria

Microorganism 1 2 3 Tetracycline Chloramphenicol

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

B. cereus ATCC 10876 1.0 1.0 4.0 4.0 4.0 4.0 37.0 ND ND ND

E. faecalis ATCC 29212 4.0 4.0 4.0 4.0 4.0 4.0 ND ND 0.05 ND

E. faecium ATCC 19434 37.0 37.0 37.0 37.0 37.0 37.0 ND ND 0.05 ND

S. aureus ATCC 25923 37.0 37.0 37.0 37.0 37.0 37.0 4.0 ND ND ND

MIC minimum inhibitory concentration, MBC minimum bactericidal concentration, –bacteria grown across all tested dilution which showed
bacteriostatic properties, ND not determined

150 Gold Bull (2013) 46:145–152



agents kill the bacteria [49]. The MBC values of 1–3 were same
as their MIC, indicating good bactericidal effects against B.
cereus, E. faecalis, E. faecium and S. aureus.

Data from this study suggest that 1–3 could be potent against
Bacillus spp., Staphylococcus spp. and Enterococcus spp., an
observation in agreement with the recent report of Sordo et al.
[31], who found high antibacterial activity of certain gold
sulfanylcarboxylates against Bacillus spp. and Staphylococcus
spp. Previous reports suggested the potential importance of
bactericidal drugs for treating bacterial infections in severely
neutropenic patients, who exhibit abnormally low level of neu-
trophils in the blood and a lack of host defences to clear the
infecting bacteria if bacteriostatic drugs are introduced [47, 48,
50]. In addition, it is noted that the Gram-positive bacteria are an
important cause of infection in neutropenic patients [47, 51, 52].

In summary, the easily synthesised, stable and crystalline
gold compounds 1–3 may be potentially developed as alter-
native bactericidal agents for use in the treatment of micro-
bial disease especially for recently emerging multidrug-
resistant strains of methicillin-resistant S. aureus (MRSA)
[49] and Enterococcus spp. [53] which are known to cause
life-threatening infections in humans. Efforts are underway
to explore the antibacterial activities of related derivatives
with variations in P-, O-, and N-substituents and into possi-
ble mechanisms of action.
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