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Rationalizing the impact of oxidation states of Au-based complexes on function require synthetic strategies

that allow for conserved molecular formula in Au(I) and their Au(III) counterparts. Oftentimes achieving Au(I)

and Au(III) coordination complexes with the same ligand system is challenging due to the reactivity and

stability of the starting Au(I) or Au(III) starting materials. Thus, attempts to study the impact of oxidation state

on biological function has been elusive. We posit that Au complexes with the same ligand framework but

different oxidation states will affect complex geometry and hence elicit differences in biological function or

mechanism. In this work, we reacted 1,2-bis(diphenylphosphino)benzene with respective Au starting

materials in different mole ratios to facilitate the synthesis of structurally distinct Au(I) or Au(III) complexes.

Briefly, by reacting two stoichiometric equivalents of HAuCl4·3H2O or AuCl3(tht) with one equivalent of 1,2-

bis(diphenylphosphino)benzene, we obtained dicationic bis-[1,2-bis-(diphenylphosphino)benzene]gold(III)

chloride whereas an equimolar ratio of HAuCl4·3H2O and 1,2-bis(diphenylphosphino)benzene gave the

monocationic bis-[1,2-bis-(diphenylphosphino)benzene]gold(I) complex in moderate yield. The complexes

were characterized spectroscopically by HRMS, RP-HPLC-MS, NMR and the purity ascertained by elemental

analysis. The 31P NMR showed characteristic singlet peak at ∼22 ppm for the Au(I) complexes and ∼57 ppm

for the Au(III) complexes. The structure of the Au(III) complexes was further confirmed by X-ray crystallogra-

phy as a 5-coordinate Au(III) complex. Although both Au(I) and Au(III) complexes showed promising anti-

cancer activity in MDA-MB-231 (breast cancer) and BT-333 (glioblastoma) cancer cell lines and inhibited

maximal mitochondria respiration in MDA-MB-231 cells, the Au(III) complexes further induce ROS accumu-

lation and facilitate depolarization of the mitochondria membrane potential in MDA-MB-231 cells. Taken

together, the synthetic approach provides a way to elucidate the effect of Au(I)/Au(III) oxidation states on

structure, activity, and potential mechanism with respect to the same ligand.

Introduction

Traditional first- and second-generation platinum drugs (cis-
platin, carboplatin) remain the active chemotherapeutic drugs
in the clinic,1–3 but their lack of selectivity results in severe
side effects, and drug resistance toward cancer cells has
prompted research into alternative anticancer therapies.4–10

Research into the use of Au complexes as therapeutic agents

has seen immense development in the past two decades.11–20

This is due to the distinct electronic properties and relativistic
effect of Au at the atomic level compared to other transition
metals, which make the chemistry of Au extremely
fascinating.21–24 Biologically useful Au complexes exist majorly
in two oxidation states of +I or +III.25,26 In the +I oxidation
state, Au(I) complexes have a d10 electronic configuration, act
as soft Lewis acids, and form linear, tricoordinate, distorted
square planar or tetrahedral geometries with soft bases
(ligands).25,27 The Au(III) counterpart with d8 outer electronic
configuration acts as a borderline soft–hard acid and exists in
the square planar geometry and the unusual distorted square
pyramidal geometry.25,27

The choice of ligand coordinated to the Au central atom
can determine its structure, geometry, rigidity, redox behavior,
stability, and cytotoxicity.28–31 Bidentate ligands such as dike-
tonates, carbenes, DACH, dithiocarbamates, and diphosphines
are examples of bidentate ligands employed in the synthesis of
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Au-based complexes.15,32,33 The use of phosphine ligands as
chelates in Au(I/III) complexes has gained more prominence
since the approval of auranofin as an anti-arthritis drug by
FDA and subsequent clinical trials for its repurposing in other
diseased conditions. Despite the perceived innocence of phos-
phine ligands in metal-based reactions, they tend to tune the
steric and electronic properties of the metal center for stability
resulting in unprecedented biological activity of the metal
complex distinct from the metal or ligand alone.34

The 1,2-bis(diphenylphosphino)benzene (DPPBz) ligand is
a bidentate diphosphine ligand commonly used in coordi-
nation and organometallic chemistry with varied appli-
cations.35 In catalysis, DPPBz was used in polyfluoroarylation
of primary and secondary alkyl halides, where it facilitates the
selective cleavage of Csp3–halogen in an iron-catalyzed cross
coupling reaction.36 Cu complexes of 1,2-bis(diphenylpho-
sphino)benzene has also been used in β-boration of
α,β-unsaturated amide,37 and N-formylation of a wide range of
amines.38 Zerovalent Ni-DPPBz complexes have also been used
in the synthesis of alkoxysilanes by either the catalytic hydro-
silylation of benzaldehyde by PhSiH3 and Ph2SiH2, or the dehy-
drocoupling of benzyl alcohol by PhSiH3 and Ph2SiH2.

39 In
organic materials, DPPBz ligands has been used to synthesize
materials with high luminescence performance for light emit-
ting diodes, bioimaging, chemosensing and
photoswitches.40–43 In biology, 1,2-bis(diphenylphosphino)
benzene has been used to synthesize metal complexes with
anticancer,44–47 and antimicrobial properties.48,49 Our lab has
also contributed to the synthesis of Au-DPPBz compounds that
has revealed structural insights leading to new classes of orga-
nogold reagents with distinct biological applications. Earlier,
we developed linear and distorted square planar Au(I) DPPBz
complexes that showed activities against a panel of fungal
strains. The complexes displayed potency against strains of
C. albicans and C. neoformans with minimum inhibitory con-
centration (MIC) between 0.12–7.8 μg mL−1 in the fungal
strains studied.49 Furthermore, our lab developed cyclometa-
lated Au(III) DPPBz compounds with either C^C or C^N cyclo-
metalated systems.47,50 The C^C cyclometalated Au(III) DPPBz
compound showed great biological stability when reacted with
L-glutathione, displayed potent anticancer activity in a broad
spectrum of cancer cell lines and depolarized mitochondria
membrane in isolated mitochondria of mouse liver.47 The Au
(III) DPPBz C^N compounds interact with mitochondria func-
tions thereby providing therapeutic options in cancer treat-
ment, chronic colitis and correcting metabolic dysfunction in
inflammatory bowel disease.50–52

In this work, we report on the synthesis of novel Au(I) and
Au(III) complexes bearing 1,2-bis(diphenylphosphino)benzene
ligands for an unbiased characterization of the impact of oxi-
dation state on antiproliferative activity in cells. The Au(III)
complexes appear to have a unique structural scaffold with the
central Au atom bonded to four (4) phosphorus atoms from
DPPBz and coordination to a labile chlorine atom giving rise
to complexes with a 5-coordinate geometry. The complexes
reported showed anticancer activity in both triple negative

breast cancer cell (MDA-MB-231) and human glioblastoma cell
(BT-333) while inhibiting maximal respiration in MDA-MB-231
cancer cells. Furthermore, the Au(III) complexes induce ROS
accumulation, depolarize mitochondria membrane potential,
and showed improved cellular and mitochondria uptake com-
pared to Au(I) complexes in MDA-MB-231 breast cancer cells.

Results
Synthesis and characterization of gold(I)/(III) complexes

Previous reports on the synthesis of Au(I) DPPBz complexes
started with adding a THF solution of Au(PPh3)Cl to DPPBz,
followed by addition of the appropriate salt in a second
step.43,53 We wanted to achieve the synthesis in one pot, there-
fore we employed the use of tetrachloroauric(III) acid trihydrate
as the starting material. Briefly, the Au(I) complexes were syn-
thesized in a single step by reacting an equimolar ratio of tet-
rachloroauric(III) acid trihydrate (HAuCl4·3H2O) in dichloro-
methane with 1,2-bis(diphenylphosphino)benzene (DPPBz) in
the presence of the appropriate sodium or potassium salt to
afford four monocationic Au(I) DPPBz complexes with different
counterions including 1-AuCl4, 1-Cl, 1-BF4 and 1-PF6 (Fig. 1a).
Tetrachloroauric acid (HAuCl4·3H2O) is present in solution as
H+ and AuCl4

− ions. In the presence of bisphosphine ligands
it is plausible that the [AuCl-DPPBz] intermediate forms. The
ability for phosphine ligands to donate a lone pair of electrons
to the d-shell of Au can facilitate the reduction and stabiliz-
ation of the metal complex formed.

The novel Au(III) complexes were synthesized either by react-
ing 2 mol equivalence of tetrachloroauric(III) acid trihydrate
(HAuCl4·3H2O) with 1,2-bis(diphenylphosphino)benzene
(DPPBz) in DCM to afford 3-AuCl4 (Fig. 1b) or by reacting
2 mol equivalence of trichloro(tetrahydrothiophene)gold(III)

Fig. 1 Synthetic scheme showing the synthesis of Au(I/III) DPPBz com-
plexes. (a) Synthesis of Au(I) complexes from equimolar ratio of
(HAuCl4·3H2O) and DPPBz with different counterions. (b and c)
Synthesis of Au(III) complexes from either tetrachloroauric(III) acid trihy-
drate (HAuCl4·3H2O) or trichloro(tetrahydrothiophene)gold(III)
[AuCl3(tht)].
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[AuCl3(tht)] with 1,2-bis(diphenylphosphino)benzene (DPPBz) to
afford 3-PF6 (Fig. 1c). All complexes were characterized spectro-
scopically by 1H, 31P and 13C NMR and purity accessed by
RP-HPLC-MS (Fig. S2–27†). The 31P NMR of the Au(I) complexes
was 22 ppm similar to earlier published works.43,49 For the
Au(III) complex 3-AuCl4, we observed a shift further downfield in
the 31P NMR at 57 ppm. Interestingly, when NaPF6 salt was
added to the reaction to facilitate exchange of counterion 3-PF6
we observed a shift upfield in the 31P NMR to about 29.9 ppm
(Fig. S10†) indicating a possible reduction of the Au(III) center
atom. Analysis of HPLC-MS results shows that P gets oxidized to
PvO giving rise to an additional peak on the chromatogram
and attendant m/z peak observed in the mass spectra.

Crystallography

Single crystals of 3-AuCl4 and 3-PF6 were grown by slow
diffusion of ether into concentrated chloroform solution of 3-
AuCl4 and 3-PF6 to further provide evidence for Au(III) com-
pounds Fig. 2 and Fig. S1, Table S1.† 3-AuCl4 crystallizes as a
dicationic Au(III) complex with triclinic crystal system in P1
space group. The Au–Cl bond length is 2.7061 Å, while the Au–
P bond length is Au1–P1 = 2.372 Å, Au1–P3 = 2.379 Å, Au1–P4
2.407 Å and Au1–P2 2.407 Å. The observed bond angles are P1–
Au1–P3 175.34, P1–Au1–P4 97.62, P3–Au1–P4 81.08, P1–Au1–P2
80.94, P3–Au1–P2 99.55, P4–Au1–P2 169.76, P1–Au1–Cl1 95.79,
P3–Au1–Cl1 88.79, P4–Au1–Cl1 94.89, P2–Au1–Cl1 95.34 indicat-
ing a square pyramidal geometry. 3-PF6 crystallizes as a dicatio-
nic complex with mixed anion (PF6 and Cl) in a monoclinic C2/
c space group. The Au–Cl bond length is Au1–Cl 2.7087 Å, while

the Au–P bond length is Au1–P2 = 2.3881, Au1–P2#1 = 2.3882,
Au1–P1 = 2.3966, Au1–P1#1 = 2.3967. The observed bond angles
P2–Au1–P2#1 = 172.87, P2–Au1–P1 = 80.567(16), P2#1–Au1–P1 =
99.153(16), P2–Au1–P1#1 = 99.154(16), P2#1–Au1–P1#1 =
80.572(16), P1–Au1–P1#1 = 175.61(2), P2–Au1–Cl1 = 93.565,
P2#1–Au1–Cl1 = 93.565, P1–Au1–Cl1 = 92.196, P1#1–Au1–Cl1 =
92.196 indicating a square pyramidal geometry.

In vitro antiproliferative activity studies

Au(III) bisphosphine complexes have been shown to elicit anti-
cancer properties and with the spectroscopic and single X-ray
crystal structures of these complexes showing Au compounds
in two different oxidation states, we tested the effect of oxi-
dation states as a function of antiproliferative activity in two
cancer cell models. For scientific rigor, two cancer cells from
different tissue origin, specifically, MDA-MB-231 (triple nega-
tive breast cancer cell) and BT-333 (glioblastoma) were used.
These adherent cancer cell lines were treated with all com-
pounds for 72 h at a 3-fold dilution with a starting concen-
tration of 100 µM. All tested compounds showed cytotoxicity in
both cell lines tested with IC50 in the low micromolar range
(0.3–4.9 µM). As seen in Table 1 and Fig. S28–33,† the impact
of oxidation state on cytotoxicity was not significantly differen-
tiated from the IC50 values obtained. We found that complexes
with PF6 counter ion showed a significant difference in IC50

values between the Au(I) and Au(III) complexes in both cancer
cell lines tested. The Au(I) complex, 1-PF6 was found to be
more cytotoxic than its Au(III) 3-PF6 counterpart by about 4–16-
fold. Furthermore, we tested the compounds in MRC5 (human
lung fibroblast) to determine selectivity between normal cells
and cancer cells Fig. S34.† Except for 1-AuCl4, we observed
about 3–6-fold difference in the IC50 values of all the com-
pounds which points towards the selectivity of the compounds
towards cancerous cells.

Solution stability studies

Intrigued by the antiproliferative activity and spectroscopic
analysis of these compounds, we examined the solution stabi-
lity of 1-Cl and 3-AuCl4 in biological media Dulbecco’s modi-
fied Eagle’s medium (DMEM) Fig. 3a and b. We observed that
1-Cl was stable in DMEM for 48 h without the formation of
new adducts or reduction in peak intensity Fig. 3a while 3-
AuCl4 also showed solution stability for 48 h but significant
reduction in peak intensity after 1 h of incubation Fig. 3b.

Fig. 2 Crystal structure of the cation of 3-PF6. Thermal ellipsoids are
shown at the 50% probability level. Hydrogen and solvent molecules are
omitted for clarity. Only one representative molecule from the asym-
metric unit is shown.

Table 1 Table showing IC50 values (µM) in MDA-MB-231 and BT-333
cancer cell lines. Data is represented as mean ± S.D (n = 6)

Compounds MDA-MB-231 BT-333 MRC5

1-AuCl4 1.78 ± 0.15 1.30 ± 0.04 0.93 ± 0.02
3-AuCl4 1.52 ± 0.21 1.38 ± 0.23 4.47 ± 0.05
1-PF6 0.30 ± 0.10 0.38 ± 0.02 1.91 ± 0.03
3-PF6 4.92 ± 0.21 1.76 ± 0.12 —
1-Cl 1.14 ± 0.12 0.41 ± 0.20 1.35 ± 0.04
1-BF4 0.82 ± 0.11 0.66 ± 0.02 —
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Therefore, we proceeded with 1-Cl and 3-AuCl4 for further
mechanistic studies.

Effects of oxidation state on cellular accumulation studies

Furthermore, we investigated the effect of the different oxi-
dation states on metabolic function in cancer cells. Lipophilic
cationic compounds accumulate in cells and organelles and
the degree of charge on the compound can impact its uptake
into cells. Therefore, we examined the role of oxidation state
and hence the charge in a whole cell and isolated mitochon-
dria setting in MDA-MB-231 cells. The intracellular accumu-

lation when MDA-MB-231 cells were treated with compounds
at 10 µM for 18 h was measured and we observed that Au(III)
complexes 3-AuCl4 and 3-PF6 had a significantly higher whole
cell uptake compared to their Au(I) counterparts. (Fig. 4a).
Also, 1-Cl and 1-PF6 with chloride and PF6 counterion was
taken up more effectively compared to 1-AuCl4 in MDA-MB-231
cancer cells highlighting the role counterions play in Au
content uptake (Fig. 4a).

We therefore sought to examine the effect of oxidation state
and charge on the uptake of these complexes in mitochondria.
MDA-MB-231 (20 million) cells were treated with 1-Cl and

Fig. 3 Solution stability of (a) 1-Cl and (b) 3-AuCl4 in DMEM for 48 h. Reading was observed at λ = 260 nm.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 2018–2026 | 2021



3-AuCl4 at 10 µM for 18 h and subjected the treated cells to stan-
dard fractionation steps to obtain pure mitochondria. We
observed that the more cationic Au(III) complex 3-AuCl4 was sig-
nificantly taken up into the mitochondria (375 nmol/20 million
cells) compared to its Au(I) counterpart 1-Cl (214.5 nmol/
20 million cells) (Fig. 4b). These results suggest that the oxi-
dation state, charge and the nature of counterion can dictate
the bioavailability of a compound and should be taken into con-
sideration in the design of anticancer Au compounds.

Effect of oxidation states on ROS

Next, we measured the intracellular ROS generated by 1-Cl and
3-AuCl4 to decipher how the oxidation state and charge relates
to ROS production (Fig. 5). Using fluorescence-assisted cells
sorting (FACS), MDA-MB-231 cells were treated with 1-Cl or 3-
AuCl4 at 5 and 10 µM for 90 minutes and the cells were
stained with 2′,7′-dichlorodihydrofluorescein diacetate fluoro-
genic dye and the amount of intracellular ROS accumulated
was detected. We observed that at 10 µM there was a signifi-
cant difference in the ROS produced by 3-AuCl4 compared to 1-
Cl (Fig. 5a and b). This result suggests that the intracellular
accumulation of reactive oxygen species (ROS) could be a con-
tributor to cytotoxic activities observed for Au(III) DPPBz com-
plexes in cancer cells.

Effect of 1-Cl and 3-AuCl4 on mitochondria bioenergetics

We further studied the effect of oxidation states and charge of
Au(I/III) complexes on mitochondria respiration (Fig. 6). 1-Cl
and 3-AuCl4 were injected via a pneumatic injection which
involves high pressured stream of fluid into MDA-MB-231
cancer cells, followed by different known inhibitors of the elec-
tron transport chain; oligomycin a complex V inhibitor, FCCP
a protonophore that helps uncouple oxidative phosphoryl-
ation, antimycin/rotenone a complex I/III inhibitor. As seen in
Fig. 6, we observed a concentration dependent inhibition of

oxygen consumption rate (OCR) in maximal respiration for
both compounds (Fig. 6a, b, d and e). For ATP linked respir-
ation, only 3-AuCl4 inhibited OCR in ATP linked respiration
(Fig. 6c and f) pointing to a slight possibility of a different
mechanism of cancer cell cytotoxicity. Taken together, the
more cationic complex 3-AuCl4 exhibited significant inhibition
of maximal respiration and ATP respiration in MDA-MB-231
cancer cells compared to 1-Cl (Fig. 6g and h).

Effect of 1-Cl and 3-AuCl4 on mitochondria membrane
potential

Decrease in ATP respiration may result from the loss of mito-
chondria membrane potential (MMP) and lead to changes in
intermembrane space and matrix.54 We examined the ability of
these Au complexes to depolarize the mitochondria membrane
potential by using a cationic lipophilic dye tetramethylrodamine
ester (TMRE) that accumulates preferentially in active mitochon-
dria giving rise to increased red fluorescence (high potential)
while depolarized mitochondria shows a decrease in mitochon-
dria membrane potential. Following the treatment of
MDA-MB-231 cells with 1-Cl and 3-AuCl4 at 5 and 10 µM for
2 hours followed by staining with TMRE dye, we observed a con-
centration dependent decrease in fluorescence intensity of 3-
AuCl4 (about 53% at 10 µM) while 1-Cl did not affect the mito-
chondria membrane potential significantly (Fig. 7). These
results further affirm the difference in the mode of cancer cell
cytotoxicity for both classes of complexes studied.

Discussion

The challenge of synthesizing Au(I) and Au(III) compounds
with the same ligand framework can be overcome by changing
the metal/ligand stoichiometric ratio. Previous work by Deng
et al., describing the effect of metal/ligand stoichiometry on
the geometry and anticancer properties of Cu-based com-
pounds showed that the stoichiometry did not affect the oxi-
dation state of the Cu(II) complexes but significantly affected

Fig. 4 Gold bioaccumulation studies. (a) Whole cellular uptake of
Au(I/III) DPPBz complexes in MDA-MB-231 cancer cells. Cells were
treated at a concentration of 10 µM for 18 h and Au concentration was
determined by GFAAS. Data plotted as mean ± s.e.m (n = 3) (b)
Mitochondria uptake of 1-Cl and 3-AuCl4 in MDA-MB-231 cancer cells.
Cells were treated at a concentration of 10 µM for 18 h and Au concen-
tration was determined by GFAAS. Data plotted as mean ± s.e.m (n = 2).
Ordinary one-way ANOVA, *P < 0.05 **P < 0.01, ***P < 0.001, ****P <
0.0001. ns = not significant.

Fig. 5 ROS determination. (a) Histogram and (b) Bar chart showing
MDA-MB-231 cells treated with 1-Cl or 3-AuCl4 at 5 and 10 µM for 2 h
followed by staining with DCF-DA dye and the fluorescence intensity
determined by flow cytometry at 488 nm. Ordinary one-way ANOVA *P
< 0.05 **P < 0.01, ***P < 0.001, ****P < 0.0001. ns = not significant.
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the geometry and biological responses to cancer cells.55 In this
work, we report that change in the stoichiometric equivalence
of Au/ligand can affect the oxidation state, geometry, and
mechanism of anticancer activity. By rational design, the Au(I)
and Au(III) complexes were synthesized efficiently without the

need for purification by column chromatography except for 3-
AuCl4. The synthetic strategy employed in the synthesis of the
Au(III) complexes ensured the formation of Au(III) compound
with unusual 5-coordinate geometry with the Au bonded to 4
phosphorus atoms and one chlorine atom. Cytotoxic phosphi-

Fig. 6 Mitochondria bioenergetics study. (a) Seahorse assay of 1-Cl administered via pneumatic injection in vitro to MDA-MB-231 plated cells fol-
lowed by addition of various inhibitors of ETC at various time point. (b and c) Key parameters extrapolated from Seahorse assay of 1-Cl. (d) Seahorse
assay of 3-AuCl4 administered via pneumatic injection in vitro to MDA-MB-231 plated cells followed by addition of various inhibitors of ETC at
various time point. (e and f) Key parameters extrapolated from Seahorse assay of 3-AuCl4. (g and h) Effect of oxidation state on maximal respiration
and ATP production. Ordinary one-way ANOVA,*P < 0.05 **P < 0.01, ***P < 0.001, ****P < 0.0001. ns = not significant.
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nogold(III) complexes with 5-coordinate geometry are rare in
literature with few examples of complexes bearing N-donor
ligands.56–60 Moreover, the antiproliferative activity and
mechanism of action studies for the Au(III) complexes aligns
with previously reported Au(III) phosphine complexes in the lit-
erature. By inhibiting maximal respiration, ATP linked respir-
ation, and depolarizing mitochondria membrane potential,
these Au(III) cytotoxic compounds perturb the mitochondria
dynamics in cancer cells where lipophilic cationic compounds
tend to accumulate preferentially. We note here that other
well-established putative targets of gold such as thioredoxin
reductase is not ruled out as a potential target of these com-
plexes. Whereas Au(III) reduction in cells is well-known, the
high redox potential of Au(I)/(III) limit gold oxidation under
physiological conditions. Unlike gold, Fe and Co by forming
alkyl intermediates in enzymology can be oxidized. The
ligands stabilizing the gold center may oxidize under aerobic
conditions in cells.

Conclusions

In conclusion, we have reported the design of Au complexes
bearing a DPPBz ligand in two different oxidation states but
with the same cation molecular formula by selective synthetic
reaction achieved via stoichiometry. Au(I) complexes are well
known in the literature, and their biological activities and
mechanism of action well studied in cancer cell model. For the
novel Au(III) DPPBz complexes, we observed the unusual
5-coordinate Au(III) complex. The anticancer activity of the
complexes in MDA-MB-231 and BT-333 cancer cells shows cyto-
toxicity in low micromolar range. Interestingly, while Au(I)
complex (1-Cl) and its Au(III) counterpart shows inhibition of
maximal respiration from 1 µM, only 3-AuCl4 was able to
inhibit ATP-linked respiration in MDA-MB-231 cells. Also, the
MMP assay with TMRE showed that only the more cationic 3-
AuCl4 could depolarize the membrane potential significantly

compared to 1-Cl, indicating that the mechanism of cell death
for both class of compounds is slightly different. Taken
together, this work shows that changing the stoichiometric
ratios of reactants can help to achieve the design of a vast
library of Au complexes. Studies to further understand and
exploit the 5-coordinate geometry of Au(III) complexes are cur-
rently ongoing.
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