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ABSTRACT: The synthesis of a novel class of cyclometalated
gold(III) complexes supported by benzoylpyridine, benzylpyr-
idine, and (1R,2R)-(+)-1,2-diaminocyclohexane (DACH)
ligands, along with their crystal structures, is reported. These
compounds provide a new scaffold to investigate biological
properties of gold(III) complexes. The six complexes were
prepared and characterized, following reactions of (C,N)
cyclometalated gold(III) scaffolds, [Au(C^N)Cl2] with
DACH, which yielded a new series of cyclometaled gold(III),
3−5, of the type [Au(C^NH)(DACH)2]

+ and the nitrogen-
substituted cyclometalated Au(III), 6−8, of the type [Au-
(C^N)(DACH)]2+. Antiproliferative activity of these com-
plexes in a panel of cancer cells showed promising results with IC50 in the micromolar range and selectivity over normal
epithelial cells, MRC5. Whereas 8 shows minimal interaction with superhelical DNA except at high gold concentrations of 500
μM, complex 5 does not show interaction even at 1000 μM. The complexes display significant uptake in OVCAR8 cancer cells
within 200−1200 pmol/million cells with the exception of complex 4. Differential cellular uptake was observed for the
complexes; for example, while 3 and 8 display significant uptake, 4 showed minimal uptake. The compounds proved to be stable
under physiological conditions and were minimally affected by either glutathione or sodium ascorbate. Cell cycle studies reveal a
G1 arrest induced by representative complexes. The results reveal that enhanced Au(III) stabilization promoted by combined
cyclometalated and DACH ligands may offer ligand tuning insights for novel anticancer drug design.

■ INTRODUCTION

Metal-based drugs have been broadly applied in the treatment
of diseases such as rheumatoid arthritis, diabetes, and cancer,
and as an antimicrobial agent.1 Platinum(II)-based drugs are
the first line of therapy for various cancer types including
testicular, ovarian, melanoma, colorectal, and non-small cell
lung cancers.2−5 Carboplatin and oxaliplatin are newer
generation platinum(II) drugs with improved tolerance
compared to cisplatin.2 Despite the success of platinum agents,
major drawbacks exist, including innate and acquired
resistance, nausea, nephrotoxicity, and neurotoxicity.6 Alter-
native approaches to mitigate side effects associated with
platinum therapy include the development of Pt(IV)
complexes and the use of other metals such as Ti, Fe, Co,
Ru, Os, Ir, and Au.7,8

Organometallic gold(III) complexes have found wide
applications in catalysis, material science, medicinal inorganic
chemistry, and probe development.9−14 Despite the wide
utility of these compounds, they are often unstable, undergoing
rapid reduction to Au(I) or Au(0) and can be synthetically
challenging to make.15−18 Diverse Au(III) compounds with
unique structural scaffolds have the potential to resolve the
challenges stated above in order to provide improved
applicative outcomes. The choice of ligands is critical in
tuning Au(III) complex properties. Cyclometalation is a well-
known strong sigma donating carbon donor strategy to
stabilize Au complexes.19,20 This can increase the energy of

the gold(III) 5dσ* (5dx2‑y2) orbital, thus potentiating excited-
state characteristics.21 Different classes of cyclometalation exist,
including [C^N], [C^C], and [C^P], which coordinate to Au
in a bidentate fashion and lock the Au(III) complex in an often
planar four-coordinate geometry.22−35 Other classes have
(C^N^N) or (C^N^C) pincer ligands to stabilize the gold(III)
center.19,36−47 These cyclometalation strategies are amenable
to the coordination of biologically relevant or ancillary donor
ligands for diversification and improved activity.19,37,48 The
stability imparted by these ligands enables efficient catalysis
with increased turnover number (TON) and longevity of
complexes in physiological medium for improved biological
efficacy.
The (1R,2R)-(+)-1,2-diaminocyclohexane (DACH) ligand

is featured in the FDA-approved platinum(II) complex,
oxaliplatin, which displays a different spectrum of activity
from cisplatin with no cross resistance.49,50 In catalysis, DACH
and its derivatives have been employed in the prominent Pd-
catalyzed asymmetric allylic alkylation reaction for the
construction of stereogenic centers and C−C, C−O, C−S,
C−N bond formation.51,52 Whereas the DACH ligand has
gained traction, motivated by the outlined successes in the
fields of catalysis and medicine, very few gold DACH
compounds exist.53−58 Synthesis of diverse gold DACH
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compounds can reveal structural insights that could lead to a
new class of organogold reagents for useful applications. By
combining the N-donor DACH ligand and the strong σ-
donating character of C, N cyclometalated ligands, distinct
gold(III) structure scaffolds can be obtained.
The antiproliferative effects of gold complexes have shown

promise in preclinical studies.7,59 Most gold(I) anticancer
agents, including auranofin, target cysteine or selenocysteine-
containing enzymes such as phosphatases, thioredoxin
reductase, and cathepsins as their primary mode of action.60,61

Gold(III) complexes supported by (C^N^N) or (C^N^C)
pincer ligands on the other hand demonstrate a wide spectrum
of activity.36 Prominent targets of gold(III) anticancer agents
include the ubiquitin-proteasome system, topoisomerase I, and
autophagy.62−64

In this report, we describe the synthesis and characterization
of novel cationic cyclometalated [C^N] gold(III) bearing
DACH auxiliary ligands. When gold(III) supported by the
benzoylpyridine ligand was used, a unique class of gold(III)
complex was generated, with two DACH substitutions of the
series [Au(C^NH)(DACH)2]

+ (Figure 1). These complexes
display high stability in complete Dulbecco’s modified Eagle
medium (DMEM) over 72 h and do not interact with plasmid
DNA. To understand the biological activity of these

complexes, we examined the antiproliferative profile against a
panel of cancer cells. Furthermore, cellular uptake, cell cycle,
and apoptosis of these complexes were investigated. The
electrochemical behavior and DFT calculations of these
compounds were studied. Knowledge of the fundamental
properties of cyclometalated gold(III) bearing DACH ligands
from this study unveils a new platform for the investigation of
gold(III) compounds for potential utility across fields.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. Cyclometalated gold-
(III) starting materials were synthesized from commercially
available benzoylpyridine and benzylpyridine ligands using
reported methods. Coordination of the benzoylpyridine ligand
to gold(III) ions was achieved by a reaction of the gold(III)
trichloride complex bearing benzoylpyridine ligand in refluxing
MeCN.27 The reaction of benzylpyridine with HAuCl4·3H2O
in refluxing water yielded the cyclometalated gold(III)
supported by the benzylpyridine ligand.27,29 At the onset, we
rationalized that the structural difference in ligand systems
could impart unique reactivity and stability upon diversifica-
tion. Given the limited availability of chiral gold(III)
complexes,65,66 especially in biology, we sought to synthesize
organometallic gold(III) complexes bearing chiral ligands for

Figure 1. d8-Cyclometalated Au(III) systems bearing DACH ligands.

Scheme 1. Synthetic Scheme To Access Cyclometalated (C^N) Gold(III) Complexes Bearing DACH Ligands
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biological applications. Inspired by the use of DACH ligands in
platinum-based (oxaliplatin) cancer therapy, our approach was
to synthesize stable gold(III) complexes supported by auxiliary
DACH donor ligands. These complexes are d8 systems just like
their FDA-approved Pt(II) counterparts.2 Three gold(III)
complexes, 3−5, with DACH ligands were synthesized
according to the procedure presented in Scheme 1. Respective
(C,N) cyclometalated gold(III) was mixed with an equimolar
amount of DACH ligand in DCM/MeOH (v/v = 1:1). We
expected to obtain the monoligand-substituted product with
DACH replacing the chloro ligands at the gold(III) center.
However, we serendipitously discovered a rearrangement that
provided a new cyclometalated complex type, [Au(C^NH)-

(DACH)2]
+. A plausible mechanism is that nucleophilic attack

of the electrophilic gold center displaces the chlorine trans to
the aromatic carbon in 1. This prompts bond breakage of the
N(sp2)−Au bond followed by the addition of a second DACH
molecule to the gold and carbonyl, which breaks the CO π
bond. Protonation of the alcohol formed, and its elimination
leads to the compound. The carbonyl group plays an important
role in affecting the reactivity of the starting gold(III) complex,
1, with the nucleophilic ancillary DACH ligands. In contrast,
the expected ligand substituted complexes 6−8 of the type
[Au(C^N)(DACH)]2+ were accessible using the benzylpyr-
idine supported (C, N) cyclometalated gold(III) compound,
which does not contain the carbonyl functionality. The

Figure 2. X-ray crystal structures of cations 3 and 6, with ellipsoids drawn at 50%. Counterions, hydrogen atoms, minor components of disorder,
and in 6, a second copy of the cation, have been omitted to enhance clarity. The structure of 3 was refined with N1 and N2 both constrained as
50% NH and 50% NH2. This is supported by the requirement of modeling of anions Cl2 and Cl3 each at 50% due to their location on the
crystallographic 2-fold axes of space group C2.

Table 1. Crystallographic Parameters for Complexes 3, 6, and 8

3 6 8

formula C24H34AuClN5 C18H24AuCl2N3 C18H24AuBClF4N3

formula weight (Mr) 660.43 550.27 601.63
crystal system monoclinic monoclinic orthorhombic
space group C2 P21 P212121
temperature (K) 90 90 90
a (Å) 20.8662(7) 7.8720(2) 11.2748(5)
b (Å) 10.4071(4) 24.9766(6) 17.8319(6)
c (Å) 13.4955(6) 10.8829(3) 23.1180(9)
α (deg) 90 90 90
β (deg) 120.3887(10) 98.984(1) 90
γ (deg) 90 90 90
volume (Å) 2528.01(17) 2113.50(9) 4647.9(3)
density (g/cm3) 1.735 1.729 1.720
Z 4 4 8
μ (mm−1) 6.052 7.218 6.484
F(000) 1304.0 1064.0 2320.0
absorption correction Multiscan Multiscan Multiscan
number of reflections 5794 9672 10677
Tmin 0.334 0.552 0.575
Tmax 0.430 0.746 0.785
Rint 0.0109 0.0165 0.0288
Refinement
S 1.049 1.047 1.129
wR2 0.0248 0.0389 0.0577
Npar 301 443 505
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reaction was carried out under room temperature conditions in
DCM/MeOH using equimolar amounts of cyclometalated
gold(III) and DACH ligands (Scheme 1).
The complexes were purified by recrystallization from

methanol and fully characterized by 1H NMR, 13C{1H}
NMR, 19F NMR, mass spectrometry, high-performance liquid
chromatography (HPLC), X-ray crystallography, and elemen-
tal analysis (Figures S1−S20). The complexes are moisture-
and air-stable solids.
X-ray Crystallography. Single crystals of 3, 6, and 8 were

grown by vapor diffusion of ether into a methanolic solution of
concentrated gold complexes and analyzed by X-ray diffraction.
The crystal structure of compound 3 revealed a unique
rearrangement, which occurred during the reaction between
benzoyl pyridine-supported cyclometalated gold(III) and
(1R,2R)-(+)-1,2-DACH. The crystal structure shows formal
coordination of one molecule of (1R,2R)-(+)-1,2-DACH to
the gold(III) center, possibly, via ligand substitution. We
further observed two C−N bonds formed between a second
DACH molecule and the carbon formerly bearing the carbonyl
group. A dangling pyridine ring, indicative of N(sp2)−Au bond
cleavage, is also observed in the structure. The X-ray structure
of 3 reveals a Cs-symmetric distorted square-planar geometry
around the gold center, with two amino groups from one
DACH ligand, one amino group from a second DACH ligand,
and one cyclometalation bond from the benzoyl pyridine
ligand defining the d8 Au(III) geometry as shown in Figure 2.
The Au−C bond distance in the gold-benzoyl pyridine of
2.012(3) Å is relatively shorter than several cyclometalated
gold compounds reported. Additionally, the Au−N bonds in
the gold DACH ligands of 2.026(2) Å, 2.044(3) Å, and
2.126(3) Å, respectively, have short bonds, similar to Au−C
bonds. These short bond distances are suggestive of strong
bonding energy between the high-oxidation Au(III) and its
DACH ligand. Consistent with our hypothesis, ligand tuning,
herein, combining cyclometalation and DACH donor ligands,
stabilized this high-oxidation state Au(III) complex. Similarly,
the dicationic complex, 6, has a Au−C bond distance of
2.031(5) Å between the gold and benzyl pyridine. The Au−N
bond distances between gold and the DACH ligand were
2.031(4) Å, 2.048(3) Å, and 2.109(5) Å, respectively. The
short bond lengths impart strong bonding energy in the high
oxidation state Au(III) complex. The change in counterion
from Cl− (6) to BF4

− (8) did not significantly affect geometry
or bond distances of complexes, as shown in Table 3. However,
major differences in crystal packing were realized, complex 3
being monoclinic and 6 being orthorhombic.
Solution Studies. We evaluated the spectrophotometric

properties of these complexes in biologically relevant medium.
In addition to assessing the spectrophotometric characteristics
of the complexes, the use of DMEM, which contains several
biological nucleophiles and reducing agents such as amino
acids in high concentrations (mM), was used to study the
stability of these complexes. We used UV−vis spectroscopy to
investigate representative complexes 3 and 6. The UV−vis
spectrum of 3 displayed lower energy transitions between
560−575 nm and high energy transitions at 250 nm. We
recorded the UV−vis spectra of benzoylpyridine and
benzylpyridine ligands in the same conditions as complexes 3
and 6 to aid band assignment (Figures S33 and S34). These
spectra indicated that the strong absorption band at ∼250 nm
is due to intraligand transition in both complexes 3 and 6. The
longer wavelength absorption bands at 275, 350, and 575 nm

most likely correspond to variations of metal-to-ligand or
ligand-to-metal transitions related to the gold(III) center. The
spectrophotometric phenomenon observed for 3 is similar to 6
only with minor spectral shifts. The characteristic UV−vis
spectra of both 3 and 6 were minimally affected after 72 h in
DMEM solution (Figures 3 and S25), indicative of the stability
of these complexes in DMEM. This is important as it ensures
that the potential anticancer agents do not decompose
prematurely in the biologically relevant medium. Additionally,
no precipitation was observed when the stock solutions of
complexes 3 or 6 were diluted with aqueous DMEM. We did
not observe any color change of both DMEM solutions of
complexes 3 and 6 over a 72 h period. This is indicative of the
lack of unwanted precipitation and potential reduction to
elemental gold, which often shows a brown to golden
coloration of the solution and its vial. Taken together, the

Table 2. Selected Interatomic Distances (Å) and Angles
(deg) from the Crystal Structure (Complex 3) shown in
Figure 2

3

Au1−C24 2.012(3)
Au1−N2 2.026(2)
Au1−N3 2.044(3)
Au1−N1 2.126(3)
N1−C1 1.486(4)
N2−C2 1.497(4)
N3−C13 1.523(4)
N4−C13 1.469(4)
C13−C14 1.538(4)
C24−Au1−N2 96.51(12)
C24−Au1−N3 81.60(14)
N2−Au1−N3 176.90(11)
C24−Au1−N1 175.74(12)
N2−Au1−N1 82.86(11)
N3−Au1−N1 98.84(10)
C1−N1−Au1 106.54(18)
C2−N2−Au1 110.24(19)
C7−N3−Au1 116.45(19)
C13−N3−Au1 111.68(19)
N1−C1−C2 106.7(2)
N2−C2−C1 108.3(2)
N4−C13−N3 105.2(2)
N4−C13−C14 113.0(2)
C19−C13−C14 109.3(2)
N4−C13−C19 111.7(3)

Table 3. Selected Interatomic Distances (Å) and Angles
(deg) from the Crystal Structure (Complexes 6 and 8)
Shown in Figure 2

6 8

Au1−N1 2.031(4) 2.042(6)
Au1−C1 2.031(5) 2.024(8)
Au1−N2 2.048(4) 2.018(6)
Au1−N3 2.109(5) 2.122(6)
N1−Au1−C1 88.7(2) 87.7(3)
N1−Au1−N2 176.57(19) 178.9(3)
C1−Au1−N2 93.9(2) 91.9(3)
N1−Au1−N3 94.72(18) 97.3(2)
C1−Au1−N3 176.5(2) 174.3(3)
N2−Au1−N3 82.65(18) 83.1(2)
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new gold(III)-DACH complexes show significant stability in
culture medium, necessary for further biological evaluation.
Reaction with Glutathione or Ascorbate. The reactivity

of gold complexes with proteins has been well-docu-
mented,67−73 unlike platinum agents, which have DNA as
their primary target. Third-row transition metal complexes
often act as π-Lewis acid centers with reactivity to soft bases
and nucleophiles. Several biological nucleophiles react with
transition-metal based anticancer complexes based on the
electrophilicity, redox properties, and kinetic lability as the
pathway to cytotoxic effects. In some cases, reactivity of
biological reducing agents with transition-metal complexes
deactivates complexes or initiates off-target effects. It is
estimated that the tripeptide L-glutathione is ∼10 mM in
cells,37,74 and therefore, metal complexes need to bypass
reduction to reach their target. To this end, we evaluated the
reactivity of our gold(III)-DACH complexes with L-gluta-
thione. The investigation proceeded with 5, which has the
scaffold of the type [Au(C^NH)(DACH)2]

+ and 8 with the
scaffold [Au(C^N)(DACH)]2+ with the same tetrafluorobo-
rate anion. These representative candidates were treated with
the model biomolecule L-glutathione at a concentration of 50
mM in a 1:10 ratio and monitored over a time period of 12 or
24 h. We used 1H NMR or UV−vis spectroscopic methods to
monitor the reaction. When 5 was treated with GSH in
DMSO-d6, we did not observe any shift in resonance
(multiplet, 2.75 ppm) corresponding to the methylene protons
adjacent to the thiol group in GSH, which is consistent with
reduced L-glutathione (Figure S27). The 7.4 ppm resonance
(multiplet) of 5 started to split at 4 h with no further changes
post 4 h to the 12 h window. Notably, the peaks did not
increase in height or area throughout the course of the
reaction. On treating 8 with GSH under similar conditions as
5, immediate splitting and shifting of the 2.75 ppm resonance

were not observed (Figure S28). We did not observe changes
in NMR resonances or a change in color of the reaction
solutions, suggesting that these complexes are not reduced to
elemental gold by GSH. Next, the reaction of gold(III)-DACH
compounds was monitored by UV−vis spectroscopy to follow
potential spectral changes of absorption bands associated with
gold(III) in response to GSH (Figures S29−S30). Upon
treatment of 5 with GSH, there was an increase in the strong
absorption peak at 575 nm, corresponding to metal-to-ligand
charge transition (MLCT) or ligand-to-metal charge transfer
(LMCT). This change persisted over the 24 h time-course of
the experiment. Moreover, 8 revealed similar changes in the
peak at 575 nm. The results demonstrate minimal reactivity to
L-glutathione in comparison to other gold(III) complexes, such
as gold(III) dithiocarbamates,75,76 which show rapid reduction
upon treatment with GSH. The compounds described in this
report have stability toward GSH as seen from the NMR and
UV studies with the features of the starting gold(III) still
present after 12 or 24 h. We further investigated the effect of
another natural reducing agent, ascorbate, on the gold(III)-
DACH complexes. We used sodium ascorbate, which has two
peaks 245 and 285 nm in its UV absorption profile in DMEM
(Figures S31 and S32). Over the 24 h time period for which
the reaction of 5 or 8 with excess sodium ascorbate (1:20) was
monitored, we observed significant peak increments in the two
absorption bands for 5 and unaltered peaks for 8. It is evident
that 8 is highly stable toward sodium ascorbate reduction,
while 5 is not over 24 h. We did not see any color change in
the solution or precipitate formation while scanning the UV−
vis spectrum of complexes 5 and 8 with ascorbate. In summary,
the structural diversity as depicted in 5 and 8 has implications
on the reactivity of the gold(III)-DACH compounds to
biological reducing agents.

Figure 3. UV−vis spectrum of 3 (50 μM) and 6 (50 μM) in DMEM over a period of 72 h.

Table 4. IC50 Values for Complexes 3−8 in a Panel of Cancerous and Normal Cell Lines

IC50 (μM)

cell line 3 4 5 6 7 8 auranofin cisplatin

OVCAR8 6.3 ± 0.04 1.2 ± 0.06 4.4 ± 0.07 14.8 ± 0.09 14.8 ± 0.06 14.8 ± 0.1 1.4 ± 0.03 2.8 ± 0.04
A2780 3.7 ± 0.1 3.7 ± 0.08 2.7 ± 0.03 1.3 ± 0.04 15.0 ± 0.22 5.6 ± 0.18 3.0 ± 0.03 2.0 ± 0.04
MCF7 5.0 ± 0.01 13.2 ± 0.01 5.2 ± 0.01 1.8 ± 0.01 1.5 ± 0.01 4.5 ± 0.02 1.1 ± 0.02 1.5 ± 0.01
RPE MYC 9.5 ± 0.02 9.5 ± 0.02 9.1 ± 0.03 14.4 ± 0.02 3.2 ± 0.03 1.7 ± 0.04 2.6 ± 0.01 3.8 ± 0.03
MRC5 >100.0 >100.0 >100.0 >100.0 >100.0 >100.0 >50.0 >50.0
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Antiproliferative Activity in Vitro. The antiproliferative
properties of the gold(III) complexes 3−8, cisplatin, and
auranofin were evaluated by monitoring cellular growth
inhibition using a crystal violet assay (see Experimental
Section). The cytotoxic activity of the compounds was
determined in a panel of human cancer cell lines including
human ovarian carcinoma cell lines (OVCAR-8), human
ovarian adenocarcinoma cell lines (A2780), Michigan Cancer
Foundation-7 (MCF7- breast cancer cell lines), and human

retinal pigment epithelial cells engineered to overexpress MYC
(RPE MYC). The concentration required to kill 50% of cells
was extrapolated from dose−response curves, and these results
have been summarized in Table 4 and Figure S21−S24.
Generally, the complexes under investigation displayed
moderate cytotoxicity in comparison to auranofin or cisplatin.
Complexes 3−5 were more potent toward OVCAR8 and
A2780 cell lines, which are of ovarian origin, whereas
complexes 6−8 were more potent toward MCF7 and RPE

Figure 4. Apoptosis analysis (annexin V-FITC and propidium iodide assay) plot for complexes 5 and 8 (10 μM) in the OVCAR8 cell line.

Figure 5. Histogram representing the different phases of the cell cycle of OVCAR8 in the presence or absence of complexes 5 and 8 (5 μM) over
the course of 72 h. Twenty-four hour treated with 5: G1:51.85%, S: 35.37%, G2/M: 12.78%, 48 h treated with 5: G1:61.08%, S: 26.26%, G2/M:
12.66%, 72 h treated with 5: G1:68.30%, S: 25.15%, G2/M: 6.55%, 24 h treated with 8: G1:52.30%, S: 35.09%, G2/M: 12.61% 48 h treated with 8:
G1:62.47%, S: 25.45%, G2/M: 12.08%, 72 h treated with 8: G1:70.93%, S: 20.38%, G2/M: 8.70%.
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MYC cells, which are both c-MYC dependent for tumor
growth. Complexes 6−8 were considerably more cytotoxic
than auranofin and cisplatin in the c-MYC-dependent breast
cancer, MCF7 cell line. In order to assess the compounds’
selectivity for cancerous cells with respect to normal cell lines,
they were also screened in normal lung fibroblasts (MRC5) as
a representative model for noncancerous cells. The IC50 values
of 3−8 in the MRC5 cell line was approximately 100 μM. On
the basis of the data, auranofin and cisplatin were more
cytotoxic than these complexes in MRC5 cells. Together, the
differential cytotoxicity observed in the varied cancer cells is a
sound premise for structural diversity toward cancer cell
selective gold-based drugs.
Apoptosis Studies. Following the cell viability study, we

sought to understand the mechanism by which the complexes
induced cell death. Widely accepted anticancer agents effect
activity via apoptosis. The effect of the new gold(III)
complexes on cells was examined by assessing the apoptotic
pathway. Generally, apoptosis cells undergo morphological
changes that lead to cell membrane disorientation. This can be
detected by annexin V, and thus using annexin V-FITC/PI77 in
a dual staining fluorescence assisted cell sorting (FACS)
analysis is useful. The experiment relies on the ability of
fluorescent-labeled annexin V to bind phosphatidylserine on
the outer leaflet of the plasma membrane when cells undergo
apoptosis and a fluorescent DNA-intercalating dye, propidium
iodide (PI), used to stain cells and detect dead cells. When
untreated or treated cells are stained with these staining
reagents, different populations of cells can be analyzed by flow
cytometry depending on their forward and side scattering as
well as the intensity corresponding to annexin V or PI. The cell
populations are gated using appropriate controls, and the
subpopulations are categorized into respective quadrants. Each
quadrant of the apoptosis plot as displayed in Figure 4 can be
described as (i) lower left quadrant, which is a population of
live cells, demonstrating annexin V-FITC negative and PI
negative cells; (ii) lower right quadrant, which is a population
of early apoptotic cells, displaying annexin V-FITC positive
and PI negative cells; (iii) upper right quadrant, which is a
population of late apoptotic cells, that display annexin V-FITC
positive and PI positive cells; and (iv) upper left quadrant,
which is a population of nonviable necrotic cells that show
annexin V- FITC negative and PI positive cells. Applying this
approach, we treated OVCAR8 cells with complexes 5 and 8
(10 μΜ) for 48 h and analyzed the cells by using FACS.
Complex 5 induced a large population of cells to undergo late-
stage apoptosis, while complex 8 had the highest population of
live cells. Experimental data proved that both complexes largely
induced apoptosis and not necrosis (Figure 4 and Figure S26).
We used auranofin and cisplatin as controls. The result is quite
consistent with our cell viability study, which demonstrates
particular effectiveness of 5 in OVCAR8 cells (Table 4).
Cell Cycle Studies. Anticancer agents often interfere with

different phases of the cell cycle, and thus the nature of the cell
cycle can be a useful tool to identify the mechanism of action
of the complex.78 We therefore analyzed the interference of
complexes 5 and 8 with the different phases of the cell cycle
using OVCAR8 cells (Figure 5). These complexes represent
the two different classes of cyclometalated-DACH compounds
described in this report. Both complexes 5 and 8 had high cell
populations (∼52.0%) in the G1 phase after 24 h following
drug candidate treatment. After 48 h, both complexes induced
G1 phase arrest, 5 had 61.0% of cells in G1 phase, and 8 had

62.5% cells in the G1 phase. The same pattern continued after
72 h treatment. Clearly, cell arrest happened at the G1 phase
for both complexes 5 and 8. In comparison, cisplatin is a well-
known DNA cross-linker, which stalls the cell cycle at the S
phase after 48 h and G2/M after 72 h. Consistent with DNA
interaction studies of 5 and 8, vide infra, the cell cycle result
confirms that the DNA may not be the potential target of these
compounds. Furthermore, auranofin is known to stall the cell
cycle at the G1 phase,78 displaying similarity with our gold
complexes.

Cellular Uptake. We performed cellular uptake studies to
evaluate the extent of intracellular accumulation of these
cationic complexes. Cellular uptake of compounds often
contributes to in vitro and in vivo anticancer activity, since
most of the anticancer drug targets are intracellular.78 In this
experiment, OVCAR8 cells were treated with 10 μM of the
gold drug candidates, 3−8, or auranofin for 15 h. The cells
were subsequently washed, digested with 500 μL concentrated
HCl, and diluted to 5.0 mL using DI water and assayed using
inductively coupled plasma optical emission spectroscopy
(ICP-OES). Cellular uptake of complex 3 (400 pmol/million
cell) and 8 (700 pmol/million cell) were relatively higher than
complexes 4, 5, 6, and 7 as seen in Figure 6. However, complex

4 exhibited a cellular uptake lower than the detection limit
under the same conditions. In general, complexes with the
perchlorate anion, that is, 4 and 7, displayed a lower uptake. In
contrast, the neutral auranofin was taken up by approximately
2-fold more than 3 and 8, which had a high cellular uptake
among the gold(III)-DACH compounds investigated in this
report. We can draw insights from the anion effect as the
culprit for the differences observed in the cellular uptake
profile of the complexes. First, the chloride counterion in 3 and
6 is relatively small in size, and hence the cationic character of
the overall complex dictates the extent of uptake. The
monocation, 3, may possess an advantage over the dication,
6, in crossing the plasma membrane due to reduced repulsion,
which may likely explain the difference in uptake of complexes
3 and 6 bearing chloride anions. Second, with respect to 4 and
7, the perchlorate anions are relatively large and possess the
ability to induce ion-dipole interactions with the aqueous
culture medium, which limits their ability to cross the
lipophilic cell membrane. On the other hand, complexes with
BF4 anions showed very different uptake levels with no clear
correlations to confidently support the observation. Our
findings reveal that for these organogold(III)-DACH com-
pounds, the choice of anion used can influence complex uptake

Figure 6. Cellular uptake of complexes 3−8 (10 μΜ) and auranofin
in OVCAR8 cells after 15 h of incubation.
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in cells. Overall, the compounds demonstrate relatively low
intracellular accumulation, and this could be attributed to their
cationic character as well as inherent anionic effects.
Conceivably, the low uptake may contribute to the relatively
moderate cytotoxic effect in cancerous cell lines.
Interactions with DNA. Previous studies proved that

gold(III) complexes interact with protein and not DNA to
cause cell death.79 We therefore investigated the interaction of
5 (Figure 7, top) and 8 (Figure 7, bottom) with pUC19

plasmid DNA using agarose gel electrophoresis. As the
concentration of complex 5 increased, the supercoiled plasmid
DNA remained unaltered to about 1000 μM concentration,
where visible smearing of the supercoiled form was observed.
In slight contrast, when compound 8 was used, there was no
significant change to the supercoiled form of DNA at
concentrations <250 μM; however, at 500 μM and 1000 μM
the bands in the gel smear and disappear, respectively. The gel
images clearly indicate that both complexes 5 and 8 do not
induce conformational changes or degradation of circular DNA
at concentrations <250 μM. Overall, structural distinctions
between 5 and 8 are responsible for the varied effects on DNA.
It is possible that the distorted scaffold of 5 coupled with its
enhanced stability attributed to relatively shorter Au−N bonds
prevent DNA intercalation or kinetic lability for covalent
binding to the nucleophilic portions of DNA such as guanine
or adenine. Understandably, the degree of square-planar
distortion adjudged from the crystal structure of 6 is smaller
than in 5, and thus an increased possibility for intercalation
exists. In general, the two classes of gold(III) compounds
display minimal interaction with DNA, which differentiates
them from platinum agents in the clinic.45,53,71

Electrochemistry. The electrochemical behavior of the
gold(III) complexes of the type [Au(C^NH)(DACH)2]

+ and
[Au(C^N)(DACH)]2+ were characterized by cyclic voltam-
metry in anhydrous DMSO with 0.1 M NBu4PF6 as the
supporting electrolyte. The electrochemical data of the
complexes (3, 5, 6, 8) investigated including starting reagents
(1, 2, DACH) are summarized in Table 5, and representative
voltammograms are shown in Figure 8. The voltammograms of
complexes 1, 2, 3, 5, 6, 8, and the DACH ligand in anhydrous
DMSO solution with 0.10 M NBu4PF6 electrolyte were also
conducted. The condition used was a scan rate of 100 mV/s,
referenced to Ag/AgCl based on the position of the Fc/Fc+

couple as an internal standard. The results are displayed in the
Supporting Information, Figures S35−S41.
Complexes 3 and 5 displayed the same features in their

cyclic voltammograms: An irreversible reduction (A) [3 =
−0.70 V; 5 = 0.75 V], quasi-reversible reduction/oxidation (B/
D) [3 = −0.95 V; 5 = −0.95 V], an irreversible reduction (C)
[3 = −1.40 V; 5 = 1.41], and oxidation (E) [3 = +0.68; 5 =
+0.68]. We assign the irreversible reduction event (A) to the
ligand-centered reduction of benzoylpyridine. Quasi-reversible
reduction/oxidation waves (B/D) are attributed to ligand−
metal electron transfer based on the voltammograms of the
starting gold(III) complexes, 1 and 2 (Table 5). The
irreversible reduction (C) corresponds to Au(III)/Au(I)
reduction, consistent with reported reduction potentials in
the range of −0.95 to −1.50 V.80 Moreover, the oxidation
event (E) may likely be a ligand centered activity. Cyclic
voltammograms of complexes 6 and 8 displayed slightly
different features from complexes 3 and 5. There was a
prominent irreversible reduction event (A) corresponding to
an event from the benzoylpyridine ligand, which is absent in
the cyclic voltammograms of complexes 6 and 8, while
maintaining the other events (B/D) [6 = −0.86 V; 8 = −0.86
V], (C) [6 = −1.50 V; 8 = −1.50 V], and (E) [6 = +0.76 V; 8
= +0.76 V] (Table 5).
Complexes 3 and 5 were prepared using 1 and the DACH

ligand, while complexes 6 and 8 were prepared using 2 and the
DACH ligand. It is worth noting that the diverse structural
scaffolds significantly influence the electrochemical behavior.
Furthermore, we performed electrochemical analysis of
complexes 1, 2, or the DACH ligand alone (Figures S33−
S39). Complex 1 exhibited two quasi-reversible events that
correspond to (A/H) and (F/G) and an oxidation event (E) as
shown in Figure S35. Complex 2 exhibited a quasi-reversible
reduction/oxidation (B/D) and a reduction (C) attributed to
Au(III)/Au(I) couple and an oxidation wave (E) as shown in
Figure S36. There were no significant electrochemical events in
the DACH ligand (Figure S37). Complexes 3 and 5 showed an
irreversible reduction potential at −0.70 V and −0.75 V vs Ag/
AgCl respectively (Table 5). This reduction potential is related
to ligand centered reduction of benzoylpyridine. The ligand
centered reduction in 1 was at −0.58 V vs Ag/AgCl. The
formation of the rearranged complexes 3 and 5 from the
reaction of 1 and DACH ligand destabilizes the ligand-
centered reduction potential by 0.17 V (more negative) versus
Ag/AgCl. This observation is a confirmation of rearrangement
of complexes 3 and 5 with the substitution of the carbonyl
group in the benzoylpyridine ligand. The starting material 1
displayed a reversible reduction potential at −1.93 V vs Ag/
AgCl, which we attribute to ligand-based events from the

Figure 7. Agarose gel electrophoresis of pUC19 DNA treated with
different concentration of complexes 5 (top) and 8 (bottom) after
incubation of 24 h at 37 °C. Lane 1: DNA only; lanes 2−6: DNA +
62.5, 125, 250, 500, and 1000 μM of 5 or 8.

Table 5. Reduction Potentials of Complexes 1, 2, 3, 5, 6,
and 8

reduction potential (V)
oxidation

potential (V)

complex E, (A)
E1/2,
(B/D)

E, Au(III)/
Au(I)(C)

E, ligand
centered E, (E)

1 −0.58 −1.93 0.66
2 −0.88 −1.52 0.63
3 −0.70 −0.95 −1.40 0.68
5 −0.75 −0.95 −1.41 0.68
6 −0.86 −1.50 0.76
8 −0.86 −1.50 0.75
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benzoylpyridine. In all the electrochemical studies, we did not
observe any shiny brown coloration indicative of metallic
Au(0). Thus, we ruled out the possibility of Au(I)/Au(0)
couple in all studied compounds. In addition, complexes 3 and
5 exhibited reduction potentials at −0.95 V and −1.41 V vs
Ag/AgCl corresponding to ligand-centered and Au(III)/Au(I)
reductions, respectively. All complexes 1, 3, and 5 displayed
the same oxidation event Au(III)/Au(I)) at 0.68 V vs Ag/
AgCl. The absence of Au(I)/Au(0) reduction in complexes 3
and 5 confirms the role of the DACH ligand to increase the
stability of the Au(III) center. It is noteworthy that 3 and 5
had the same observed cyclic voltammogram regardless of the
counterion present (Cl− and BF4

−).
Moreover, complexes 6 and 8 displayed a quasi-reversible

reduction potential (B/D) at −0.86 V vs Ag/AgCl and an
irreversible reduction potential at (C) −1.5 V vs Ag/AgCl,
which is related to the Au(III)/Au(I) couple. The starting
material for these complexes, 2, exhibited a reduction potential
at −0.88 V vs Ag/AgCl and −1.52 V vs Ag/AgCl, respectively.
The DACH ligand substitution, contributed to shifting the
potential by 0.02 V. This supports the stabilizing effect of the
DACH ligands by coordinating Au(III) centers. An oxidation
potential at 0.75 V vs Ag/AgCl for complexes 6 and 8
corresponds to ligand events, consistent with that of the
starting material at 0.63 V. This is also an indication of the
increased stability of the Au(III) center by the DACH ligand
substitution. The complexes 6 and 8 had the same observed
cyclic voltammogram regardless of the counterion present (Cl−

and BF4
−). All complexes displayed the increased stability of

the Au(III) center by DACH ligand substitution. It will
support the stability of these complexes in biological medium.

Computational Insight. To gain computational insight
and molecular orbital configuration of these gold(III)
complexes, we conducted DFT calculations. The energy
optimization of complexes 3 and 6 was performed using the
B3LYP (6-31G (d,p)) with SDD basis set. Crystal structures of
both complexes were used as input coordinates. Frequency and
MO calculations were performed using B3LYP/GenECP (6-
31G(d,p)), Freq = HPMODES and scf = qc with the SDD
basis set, where energy optimized files (Tables S3 and S4)
were used as input. Figure 9A,B represents the important
HOMO and LUMO plots for complex 3 and complex 6
respectively. The MO energies are shown in Tables S1 and S2.
HOMO−LUMO gaps were found to be 4.388 and 1.825 eV
for complexes 3 and 6 respectively. The HOMO−LUMO gap
explains the lowest electronic excitation that is possible in a
given molecule. We observed that 6 possessed a lower
HOMO−LUMO gap compared to 3 and that may be
attributed to the lack of efficient charge transfer in 3 owing
to the absence of an acceptor moiety but the presence of two
DACH donor ligands. Additionally, the distorted planarity
associated with 3 contributes to the relatively larger band gap
observed.
Furthermore, selected bond lengths of the computed

structure and the crystal structure were compared for
complexes 3 and 6, as shown in Table 6. Both complexes

Figure 8. Cyclic voltammograms of complexes 3, 5, 6, and 8. This experiment was performed at room temperature in anhydrous DMSO solution
with 0.10 M NBu4PF6 electrolyte at a scan rate of 100 mV/s. The potential is referenced to Ag/AgCl based on the position of the Fc/Fc+ couple as
an internal standard.
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exhibited similar bond lengths between the computed and
crystal structures. This indicates that our crystal structure
geometries match the computationally optimized molecular
geometry and corroborates the computational method
employed.

■ SUMMARY AND CONCLUSION
Six complexes have been synthesized and characterized,
including a novel class of cyclometalated gold(III) compounds,
3−5, of the type [Au(C^NH)(DACH)2]

+ and the nitrogen
substituted cyclometalated Au(III) compounds, 6−8, of the
type [Au(C^N)(DACH)]2+. Electrochemical characterization
of these complexes suggests that they are not reduced to
metallic gold but display the conventional Au(III)/Au(I) redox
couple. The X- ray crystal structure of the complexes reveals
slightly distorted square-planar geometry, consistent with DFT
computed structures. On the basis of our IC50 values,
complexes 3−5 displayed high potency toward the ovarian
cancer cell lines, A2780 and OVCAR8, while complexes 6−8
were more potent in MCF7 and RPE MYC cells. Subsequently,
insight into cell-cycle demonstrates significant arrest in the G1
phase for both classes of complexes, which is similar to
auranofin. Cellular uptake of the complexes are well-differ-
entiated from 200−1200 pmol/million cells, consistent with
the moderate potency of the complexes observed in the
OVCAR8 cell line. In support of the fact that DNA is an
unlikely target of these complexes, interaction of 5 or 8 with
plasmid DNA does not reveal nicking or smearing at complex
concentrations lower than 500 μM. The complexes proved
stable in DMEM over the course of 72 h, and also the reactivity
with L-glutathione or ascorbate is moderate compared to other
gold(III) complexes. We propose that the DACH ligand
substitution to the gold(III) center increases stability of these
complexes. These studies serve as a guide for enhanced Au(III)
stabilization promoted by combined cyclometalation and
DACH ligands that has the potential to impact gold-based
anticancer drug design in the future.

■ EXPERIMENTAL SECTION
General Methods. All synthetic manipulations were performed

under normal atmospheric conditions. HAuCl4·3H2O was purchased
from Strem Chemicals and stored in a desiccator until use.
Benzoylpyridine and benzylpyridine were purchased from Sigma-
Aldrich, and (1R,2R)-(+)-1,2-diaminocyclohexane was purchased
from TCI America and used without further purification. Deuterated
solvents were purchased from Cambridge Isotope Laboratories
(Andover, MA). ACS grade or higher solvents were used.

Physical Measurements. 1H NMR, 13C{1H} NMR, and 19F{1H}
NMR spectra were obtained on a 500 MHz Bruker spectrometer in
the University of Kentucky NMR facility. Chemical shifts in 1H NMR
spectra were internally referenced to solvent signals (1H NMR:
DMSO at δ = 2.50 ppm and CD3OD at δ = 3.31, 13C NMR: DMSO
at δ = 39.52 ppm and CD3OD at δ = 49.00 ppm). A Shimadzu UV−
vis spectrometer was used to acquire the UV−vis spectra. Elemental
analyses (CHN) were carried out by the microanalysis laboratory at
the University of Illinois at Urbana−Champaign. High-resolution
mass spectra were obtained from BU Chemistry Department
Chemical Instrumentation Center at Boston.

Synthetic Procedures. The cyclometalated gold(III) [Au(C^N)-
(pcp)Cl2] [pcp=2-(2-pyridyl carbonyl)phenyl] and [Au(C^N)(bpy)-
Cl2]

81 [bpy=2-benzylpyridine] starting materials were prepared
according to literature procedures.27,29

Synthesis of Complex 3 [Au(C^NH)(DACH)2]
+ Cl−. To a mixture

of [AuCl2(pcp-C′,N] [pcp = 2-(2-pyridyl carbonyl)phenyl] (154.7
mg, 0.34 mmol) and (1R,2R)-(+)-1,2-diaminocyclohexane (39.2 mg,
0.34 mmol) was added 5.0 mL of dichloromethane/methanol (1:1, v/
v). The off-white suspension was stirred for 12 h at room temperature.
The resulting clear solution was filtered through Celite, and the
solvent was removed in vacuo. The residue was dissolved in a minimal
amount of dichloromethane (2 mL), and hexane (10 mL) was added
to precipitate the product at −20 °C. The resultant off-white
precipitate was filtered under a vacuum and washed with diethyl ether

Figure 9. (A) Important molecular orbital (HOMO, LUMO) plot for
complex 3. (B) Important molecular orbital (HOMO, LUMO) plot
for complex 6.

Table 6. (a) Computed and Crystal Structure Bond Lengths
of Complex 3 and (b) Computed and Crystal Structure
Bond Lengths of Complex 6

(a)

calculated (Å) crystal structure (Å)

Au1−C24 2.048 2.012
Au1−N2 2.490 2.026
Au1−N3 2.366 2.044
Au1−N1 2.274 2.126
N1−C1 1.479 1.486
N2−C2 1.494 1.497
N3−C13 1.531 1.523
N4−C13 1.471 1.469
C13−C14 1.546 1.538

(b)

calculated (Å) crystal structure (Å)

Au1−N1 2.111 2.031
Au1−C1 2.064 2.031
Au1−N2 2.199 2.048
Au1−N3 2.221 2.109
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(3 × 10 mL) and dried in vacuo. 1H NMR (400 MHz, methanol-d4) δ
8.61 (dt, J = 4.9, 1.2 Hz, 1H), 8.15 (d, J = 7.9 Hz, 1H), 7.95 (dtd, J =
21.0, 7.7, 1.8 Hz, 1H), 7.50−7.25 (m, 5H), 7.21 (ddd, J = 13.4, 7.5,
1.6 Hz, 2H), 3.37 (s, 1H), 3.26 (td, J = 11.6, 4.2 Hz, 1H), 3.16−2.83
(m, 2H), 2.69−2.46 (m, 2H), 2.33 (dt, J = 15.8, 8.4 Hz, 2H), 2.30−
2.18 (m, 1H), 2.21−2.14 (m, 1H), 1.96−1.84 (m, 1H), 1.80 (d, J =
9.8 Hz, 2H), 1.74−1.51 (m, 2H), 1.51 (d, J = 8.6 Hz, 1H), 1.43−1.38
(m, 1H), 1.38−1.25 (m, 4H). 13C{1H} NMR (101 MHz, methanol-
d4) δ 160.37, 152.77, 149.83, 149.44, 139.21, 138.84, 138.08, 130.70,
130.60, 130.34, 130.28, 130.02, 129.25, 127.61, 127.45, 125.03,
124.76, 121.71, 120.42, 100.96, 72.13, 69.35, 65.37, 63.41, 62.84,
60.79, 60.22, 34.44, 34.12, 33.40, 33.15, 32.79, 29.60, 29.35, 28.49,
25.70, 25.21, 24.81, 24.75, 24.72, 24.69, 24.64. Anal. % Calcd for
C24H34AuN5Cl.1.8 CH2Cl2: C, 39.84%; H, 4.87%; N, 9.0%. Found: C,
39.84%; H, 4.91%; N, 9.12%.
Synthesis of Complex 4 [Au(C^NH)(DACH)2]

+ ClO4
−. The same

procedure for synthesis of compound 3 was followed in the presence
of 2 equimolar NaClO4 salt to obtain a ClO4

− counterion. 1H NMR
(400 MHz, DMSO-d6) δ 8.50 (d, J = 4.0 Hz, 1H), 8.32 (s, 2H), 8.04
(d, J = 8.0 Hz, 1H), 7.80 (d, J = 7.6 Hz, 1H), 7.33 (d, J = 7.4 Hz, 2H),
7.30−7.19 (m, 2H), 7.22−7.10 (m, 2H), 7.00 (d, J = 7.7 Hz, 2H),
3.38 (q, J = 7.0 Hz, 1H), 2.86 (d, J = 10.5 Hz, 4H), 2.42−2.33 (m,
2H), 2.16 (d, J = 9.4 Hz, 1H), 2.05 (q, J = 11.4 Hz, 5H), 1.93 (d, J =
10.2 Hz, 1H), 1.85 (d, J = 10.1 Hz, 4H), 1.73−1.62 (m, 1H), 1.63 (s,
9H), 1.45 (t, J = 12.1 Hz, 3H), 1.33 (d, J = 11.2 Hz, 1H), 1.27−1.13
(m, 15H), 1.09 (t, J = 7.0 Hz, 2H). 13C{1H} NMR (101 MHz,
DMSO-d6) δ 159.63, 156.62, 153.51, 152.46, 150.38, 150.09, 148.83,
148.75, 148.42, 138.26, 137.83, 137.68, 134.29, 133.60, 130.34,
130.16, 129.69, 129.30, 128.70, 127.98, 127.73, 127.32, 126.39,
126.33, 124.00, 123.81, 123.30, 119.33, 119.23, 99.47, 71.18, 71.06,
70.62, 67.86, 64.05, 63.19, 62.95, 51.37, 33.69, 32.72, 30.63, 28.86,
28.31, 27.19, 24.46, 23.74, 23.51, 23.40, 22.61 TOF-MS-ES+: m/z
(%) 588.2419 (100) [M − ClO4

−]+, calculated m/z for [M −
ClO4

−]+ 588.2402.
Synthesis of Complex 5 [Au(C^NH)(DACH)2]

+ BF4
−. The same

procedure of synthesis of compound 3 was followed in the presence of
2 equimolar NaBF4 salt to obtain a BF4

− counterion. 1H NMR (400
MHz, DMSO-d6) δ 8.87 (d, J = 4.9 Hz, 1H), 8.68−8.54 (m, 3H), 8.48
(d, J = 10.0 Hz, 1H), 8.39 (d, J = 10.6 Hz, 1H), 8.17 (t, J = 6.9 Hz,
1H), 8.07 (d, J = 7.8 Hz, 1H), 8.02−7.86 (m, 5H), 7.80−7.35 (m,
11H), 7.36−7.09 (m, 5H), 7.12−6.91 (m, 3H), 6.78 (dd, J = 7.8, 1.5
Hz, 1H), 6.57−6.45 (m, 2H), 6.01 (dt, J = 22.8, 10.3 Hz, 3H), 4.39−
4.22 (m, 3H), 4.04 (s, 1H), 3.19−3.10 (m, 2H), 3.11−3.00 (m, 2H),
2.91 (t, J = 10.8 Hz, 2H), 2.63 (s, 2H), 2.39 (q, J = 12.6 Hz, 1H), 2.19
(d, J = 12.0 Hz, 1H), 2.04 (s, 3H), 2.04−1.93 (m, 1H), 1.77 (d, J =
11.0 Hz, 1H), 1.67 (s, 8H), 1.55 (s, 1H), 1.52 (s, 4H), 1.45 (dd, J =
16.4, 12.4 Hz, 2H), 1.21 (d, J = 17.1 Hz, 11H), 1.12 (s, 1H), 0.82 (d,
J = 12.4 Hz, 1H). 13C{1H} NMR (101 MHz, DMSO-d6) δ 159.63,
156.62, 153.51, 152.46, 150.38, 150.09, 148.83, 148.75, 148.42,
138.26, 137.83, 137.68, 134.29, 133.60, 130.34, 130.16, 129.69,
129.30, 128.70, 127.98, 127.73, 127.32, 126.39, 126.33, 124.00,
123.81, 123.30, 119.33, 119.23, 99.47, 71.18, 71.06, 70.62, 67.86,
64.05, 63.19, 62.95, 51.37, 33.69, 32.72, 30.63, 28.86, 28.31, 27.19,
24.46, 23.74, 23.51, 23.40, 22.61 19F{1H} NMR (377 MHz, DMSO-
d6) δ −148.29, −148.34TOF-MS-ES+: m/z (%) 588.2391 (100) [M
− BF4

−]+, calculated m/z for [M − BF4
−]+ 588.2402.

Synthesis of Complex 6 [Au(C^N)(DACH)]2+ 2Cl−. Suspensions of
cyclometalated gold 2 (74.2 mg, 0.17 mmol) and (1R,2R)-(+)-1,2-
diaminocyclohexane (19.4 mg, 0.17 mmol) in 5.0 mL of dichloro-
methane/methanol (1:1, v/v) were stirred for 12 h at RT. The
resultant clear solution was filtered through Celite, and solvent was
evaporated from the filtrate. The resultant crude product was
recrystallized with methanol to obtain the desired product (80 mg,
0.15 mmol, 85.62% yield). 1H NMR (400 MHz, DMSO-d6) δ 9.47 (s,
1H), 8.30 (td, J = 7.7, 1.5 Hz, 1H), 8.06 (dd, J = 7.9, 1.5 Hz, 1H),
7.75−7.67 (m, 1H), 7.61 (s, 2H), 7.35 (dd, J = 7.5, 1.6 Hz, 1H), 7.25
(t, J = 7.3 Hz, 1H), 7.12 (td, J = 7.6, 1.6 Hz, 1H), 6.66 (s, 1H), 5.66
(s, 1H), 5.10 (s, 1H), 4.40 (s, 1H), 3.29−3.21 (m, 1H), 3.04−2.93
(m, 1H), 2.07 (s, 3H), 1.63 (d, J = 10.0 Hz, 3H), 1.32 (s, 1H), 1.21
(s, 0H), 1.20−1.08 (m, 2H). 13C{1H} NMR (101 MHz, DMSO-d6) δ

156.61, 143.24, 133.77, 128.31, 128.02, 126.68, 124.45, 45.91, 39.94,
39.73, 39.52, 39.31, 39.10, 38.89, 38.69, 33.49, 31.81, 23.94, 23.62.
Anal. % Calcd for C18H24AuN3Cl2 0.75CH2Cl2: C, 36.68%; H, 4.19%;
N, 6.84%. Found: C, 36.53%; H, 4.46%; N, 6.93%.

Synthesis of Complex 7 [Au(C^N)(DACH)]2+ 2ClO4
−. The same

procedure for synthesis of compound 6 was followed in the presence
of 2 equimolar NaClO4 salt to obtain a ClO4

− counterion. 1H NMR
(400 MHz, DMSO-d6) δ 9.36 (s, 1H), 8.29 (td, J = 7.7, 1.5 Hz, 1H),
8.05 (dd, J = 7.9, 1.5 Hz, 1H), 7.71 (ddd, J = 7.5, 5.8, 1.5 Hz, 1H),
7.59 (s, 1H), 7.34 (dd, J = 7.5, 1.6 Hz, 1H), 7.24 (td, J = 7.3, 1.1 Hz,
1H), 7.12 (td, J = 7.6, 1.6 Hz, 1H), 6.52 (s, 1H), 5.61 (s, 1H), 4.91 (s,
1H), 4.47 (s, 1H), 3.19 (d, J = 12.5 Hz, 1H), 2.90 (s, 1H), 2.08−2.03
(m, 2H), 1.62 (s, 2H), 1.50 (s, 1H), 1.32 (s, 1H), 1.18−1.04 (m, 3H).
13C{1H} NMR (101 MHz, DMSO-d6) δ 191.57, 157.35, 148.73,
129.23, 127.57, 125.36, 110.24, 110.22, 46.71, 40.77, 40.56, 40.36,
40.15, 39.94, 39.73, 39.52, 32.83, 24.81, 24.45, 0.06, −0.54. TOF-MS-
ES+: m/z (%) 478.1591 (100) [M + H]+, calculated m/z for [M +
H]+ 478.1558.

Synthesis of Complex 8 [Au(C^N)(DACH)]2+ 2BF4
−. The same

procedure for synthesis of compound 6 was followed in the presence
of 2 equimolar NaBF4 salt to obtain a BF4

− counterion. 1H NMR
(400 MHz, DMSO-d6) δ 9.45 (s, 1H), 8.30 (td, J = 7.7, 1.5 Hz, 1H),
8.06 (dd, J = 8.0, 1.5 Hz, 1H), 7.71 (t, J = 6.8 Hz, 1H), 7.59 (s, 2H),
7.35 (dd, J = 7.5, 1.6 Hz, 1H), 7.25 (t, J = 7.3 Hz, 1H), 7.12 (td, J =
7.6, 1.6 Hz, 1H), 6.64 (s, 1H), 5.60 (s, 1H), 5.04 (s, 1H), 4.40 (s,
1H), 2.96 (t, J = 9.9 Hz, 1H), 2.07 (s, 2H), 1.63 (d, J = 10.3 Hz, 2H),
1.32−1.26 (m, 2H), 1.22−1.10 (m, 2H). 13C{1H} NMR (101 MHz,
DMSO-d6) δ 156.20, 151.43, 142.82, 133.35, 131.77, 127.89, 127.60,
126.26, 124.03, 62.73, 56.95, 45.49, 39.52, 39.31, 39.10, 38.89, 38.69,
38.48, 38.27, 33.07, 31.39, 23.52, 23.20. 19F{1H} NMR (377 MHz,
DMSO-d6) δ −148.13, −148.18, −148.23, −148.26, −148.28,
−148.35, −148.40. TOF-MS-ES+: m/z (%) 479.1642 (100) [M +
H]+, calculated m/z for [M + H]+ 479.1636.

X-ray Crystallography. Low temperature (90K) X-ray diffraction
data for 3, 5, and 8 were collected on a Bruker D8 Venture dual-
source diffractometer, and the summary of the crystallographic
information is given in Table 1. Crystals of 3, 5, and 8 were grown at
room temperature by vapor diffusion of diethyl ether into DMF or
MeOH solutions of each complex. All crystals were mounted using
polyisobutene oil on the tip of a fine glass fiber, which was fastened in
a copper mounting pin with an electrical solder. It was placed directly
into the cold gas stream of a liquid-nitrogen based cryostat.82,83 Raw
data were integrated, scaled, merged, and corrected for Lorentz-
polarization effects using the APEX3 package.84−86 Space group
determination and structure solution and refinement were carried out
with SHELXT and SHELXL,87,88 respectively. All non-hydrogen
atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were placed at calculated positions and refined
using a riding model with their isotropic displacement parameters
(Uiso) set to either 1.2Uiso or 1.5Uiso of the atom to which they were
attached. Ellipsoid plots were drawn using SHELXTL-XP.89 The
structures, deposited in the Cambridge Structural Database, were
checked for missed symmetry, twinning, and overall quality with
PLATON,90 an R-tensor,91 and finally validated using CheckCIF.90

Solution Studies. A 1.5 mM stock solution of complex 3 (1 mg,
1.5 μmol) or 1.8 mM of complex 6 (1 mg, 1.8 μmol) in DMSO (1
mL) was prepared. The stock solution of complex 3 (334 μL) was
further diluted with DMSO (166 μL) to achieve 1 mΜ gold solution
(500 μL). Similarly, the stock solution of complex 6 (275 μL) was
further diluted with DMSO (225 μL) to achieve 1 mΜ gold solution
(500 μL). Subsequently, 250 μL of a 1 mM solution of complex 3 or
complex 6 and 4.75 mL of DMEM were combined in a cuvette, and
UV−vis spectra were recorded hourly for the first 72 h
uninterruptedly. Note, the final concentration of both complexes 3
or 6 were 50 μΜ in DMEM. In all time points, DMEM with 5%
DMSO was used as background to correct for absorption from
DMEM and DMSO.77

Reaction with Glutathione. NMR Experiment. A 10.0 mM stock
solution of complex 5 or complex 8 in DMSO-d6 was prepared. In a
separate vial a 100 mM stock solution of L-glutathione in DMSO-d6
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was also prepared. Subsequently, equal volumes of both L-glutathione
(0.5 mL) and complex 5 or 8 (0.5 mL) from the stock solutions were
combined in an NMR tube, and 1H NMR spectra were recorded at 0
h, 1 h, 2 h, 4 h, and 12 h. Note the final concentration of both
complex 5 or 8 and L-glutathione measured were 5 mM and 50 mM,
respectively, achieving a ratio of 1:10.
UV−vis Experiment. A 7.4 mM stock solution of complex 5 (1 mg,

1.5 μmol) or 7.7 mM of complex 8 (1 mg, 1.5 μmol) in DMSO (200
μL) was prepared. The stock solutions (0.13 mL) were diluted with
DMEM (9.8 mL) to achieve 100 μΜ gold solutions (10 mL). In a
separate vial, a 2 mM stock solution of L-glutathione (9.2 mg, 30
μmol) in DMEM (15 mL) was also prepared. Subsequently, equal
volumes of both 5 or 8 solutions (2 mL) and L-glutathione (2 mL)
from the prepared stock solutions were combined in a cuvette, and
UV−vis spectra were recorded hourly for the first 12 h
uninterruptedly and then 24 h in a controlled manner. Note the
final concentrations of both complex 5 or 8 and L-glutathione
measured were 50 μΜ and 1 mM respectively, achieving a ratio of
1:20. In all time points, DMEM with 0.0013% DMSO was used as a
background to correct for absorption from DMEM and DMSO.
Reaction with Ascorbate. UV−vis Experiment. Similarly, a 7.4

mM stock solution of complex 5 (1 mg, 1.5 μmol) or 7.7 mM of
complex 8 (1 mg, 1.5 μmol) in DMSO (200 μL) was prepared. The
stock solutions (0.13 mL) were diluted with DMEM (9.8 mL) to
achieve 100 μΜ gold solutions (10 mL). In a separate vial, a 2 mM
stock solution of sodium ascorbate (5.94 mg, 30 μmol) in DMEM (15
mL) was also prepared. Subsequently, equal volumes of both 5 or 8
solutions (2 mL) and sodium ascorbate (2 mL) from the prepared
stock solutions were combined in a cuvette, and UV−vis spectra were
recorded hourly for the first 12 h uninterruptedly and then 24 h in a
controlled manner. Note the final concentrations of both complex 5
or 8 and ascorbate measured were 50 μΜ and 1 mM respectively,
achieving a ratio of 1:20. In all time points, DMEM with 0.0013%
DMSO was used as a background to correct for absorption from
DMEM and DMSO.
DNA Interaction Studies. DNA interaction ability of complexes

3 and 6 were determined by using agarose gel electrophoresis. DNA
was extracted from pUC19 plasmid. Solutions containing 10 ng/mL
DNA and 1000, 500, 250, 125, 62.5, and 0 μM of compound 3 with a
total volume of 15 μL in TE buffer were incubated for 20 h at 37 °C.
After the incubation, 15 μL of purple loading dye was added, and
reaction mixtures were immediately loaded to a 1% agarose gel
containing 10 μL of 1 mg/mL ethidium bromide. The first lane of the
gel was loaded with a mixture of 15 μL ladder and 15 μL purple
loading dye. The gel was run by applying 76 V for 2 h by using 1xTAE
buffer as a running buffer.77 The DNA band was analyzed under UV
light using a BioRad Gel Imager. The same method was repeated for
compound 6.
Cell Culture. A2780 and OVCAR8 ovarian cancer cell lines were

purchased from ATCC and cultured in RPMI 1640 medium with 10%
FBS, 2 mM L-glutamine, 100 units/mL penicillin, and 100 μg/mL
streptomycin (Invitrogen). All cells were maintained at 37 °C in a
humid atmosphere containing 5% CO2. The human fetal fibroblast
(MRC5) cells, MCF7 and RPE MYC cell lines were cultured in
DMEM with 10% FBS, 2 mM L-glutamine, 100 units/mL penicillin,
and 100 μg/mL streptomycin (Invitrogen). Cells were maintained at
37 °C in a humid atmosphere containing 5% CO2.
Cell Viability Studies Using Crystal Violet Assay. Cells (2 ×

103) were seeded in each well of a 96-well plate. After the cells were
incubated overnight, various concentrations of test compound (0.13−
100 μM) were added and incubated for 48 h (total volume 2 mL).
After 48 h, one designated well was treated with 2 mM of H2O2 and
again incubated for 3 h at 37 °C. The cells were then stained with 50
μL of crystal violet solution for 1 h, rinsed, and air-dried. A total of
200 μL of methanol was added to each well, and the absorbance of
the solution wells was read at 570 nm. Absorbance values were
normalized to the control well as 100% and plotted as a concentration
of test compound versus % cell viability.
Cell Cycle Analysis - OVCAR 8 Cell Line. Cells (5 × 105) were

seeded in each well of a six-well (15 wells) plate. After the cells were

incubated overnight, 5 μM of complex 5 for three wells and complex 8
for three wells were added, and three wells were kept without adding
compounds and incubated at 37 °C. After 24 h incubation, one
control and each well per sample were harvested via trypsinization
and centrifuged to form a pellet. The pellet was washed with PBS and
transferred to 1.5 mL centrifuge tubes and centrifuged to form a
pellet. Then the PBS was decanted, and the pellet was resuspended in
1.0 mL of 70% ethanol in PBS and stored in 4 °C. The same
procedure was followed to collect the 48 and 72 h time points.

After the collection of all time points, collected pellets were washed
twice with 1.0 mL of PBS. A total of 50 μL of 100 μg/mL RNase
solution and 200 μL of 50 μg/mL propidium iodide solution were
added to each sample and resuspended, and cells were filtered via a
strainer. All the samples were analyzed with flow cytometry.

Whole Cell Uptake. OVCAR8 cells (5 × 105) were seeded in
each well of a six-well plate. After the cells were incubated overnight,
10 μM of cisplatin for two wells, auranofin for two wells, complex 5
for two wells, and complex 8 for two wells and incubated at 37 °C for
15 h. Cells were collected via trypsinization and transferred to a 15
mL centrifuge tube and centrifuged for 5 min, and the pellets were
transferred to 1.5 mL centrifuge tubes. Pellets were washed twice with
PBS and then resuspended in 0.5 mL con. HCl and agitated for 30 s.
Solutions were transferred to 15 mL tubes containing 4.5 mL DI
water to make the HCl concentration 10%. Samples were analyzed
with ICP-OES to get the concentration of gold in each sample.

Apoptosis Analysis - OVCAR8 Cell Line. Cells (5 × 105) were
seeded in each well of a six-well (10 wells) plate. After the cells were
incubated overnight, 10 μM of cisplatin for two wells, auranofin for
two wells, complex 5 for two wells, and complex 8 for two wells were
added, and two wells were kept without adding compounds and
incubated for 72 h (total volume 2 mL). After 72 h, one designated
well was treated with 2 μM of H2O2 and again incubated for 3 h at 37
°C. Then the media was transferred to labeled 15.0 mL centrifuge
tubes and were washed with 1.0 mL PBS and transferred to labeled
centrifuge tubes. Cells were harvested via trypsinization and
transferred to labeled centrifuge tubes. Tubes were centrifuged for 5
min to form a pellet. The supernatant was decanted, cell pellets were
resuspended in 5.0 mL of media, and cells were counted and made a
new solution of 1 × 105 cells/ml solution were made for each sample
separately. New cell solution was transferred to 1.5 mL centrifuge
tube and centrifuged to form a pellet. Pellets were resuspended in 500
μL annexin binding buffer. Five microliters of propidium iodide and 5
μL of annexin V-FITC were added to each tube and incubated in the
dark for 5 min and analyzed with flow cytometry.

Electrochemistry. 1.0 mM solutions of ligand alone, gold(III)
starting materials alone, and gold(III)−DACH compounds were
prepared by dissolving the compounds in DMSO. 0.1 M NaClO4·
H2O was added as an electrolyte. Electrochemical measurements were
performed at RT by using CH instruments 650E potentiostat, which
contains custom 3 electrodes cell comprised of a 3 mm diameter
glassy-carbon working electrode, platinum-wire counter electrode, and
freshly anodized Ag/AgCl wire reference electrode. Ferrocene was
used as an internal reference.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.9b01031.

A list of characterization data including NMR spectros-
copy, mass spectrometry and HPLC trace of compounds
as well as dose response curves, UV−vis spectra, cyclic
voltammograms (PDF)

Accession Codes
CCDC 1906370−1906372 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b01031
Inorg. Chem. 2019, 58, 9326−9340

9337

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b01031
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b01031
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b01031/suppl_file/ic9b01031_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1906370&id=doi:10.1021/acs.inorgchem.9b01031
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1906372&id=doi:10.1021/acs.inorgchem.9b01031
http://www.ccdc.cam.ac.uk/data_request/cif
http://dx.doi.org/10.1021/acs.inorgchem.9b01031


emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: awuah@uky.edu.
ORCID
Samuel G. Awuah: 0000-0003-4947-7283
Funding
We are grateful to the University of Kentucky for start-up
funding and UK Igniting Research Collaboration (IRC) for
financial assistance.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful for the staff and facilities at the University of
Kentucky that supported this work. This study made use of an
NMR facility supported by NSF (CHE-9977388) as well as the
UK X-ray facility with funds from the MRI program of the
National Science Foundation (Grants CHE-0319176 and
CHE-1625732) and Environmental Research Training Labo-
ratory (ERTL) for their assistance with ICP - OES. UK Flow
Cytometry & Immune Function core facility is supported in
part by the Office of the Vice President for Research, the
Markey Cancer Center and an NCI Center Core Support
Grant (P30 CA177558) to the University of Kentucky Markey
Cancer Center. Thanks to the staff of CIC, Boston University,
for running mass spectrometry samples. Thanks to the
microanalysis laboratory at the University of Illinois at
Urbana−Champaign for elemental analysis (CHN). We are
grateful to the UK HPC for providing high performance
computing facilities and useful technical support as well as to
Harsha Attanayake (Dr. Susan Odom’s lab) for electro-
chemistry discussion and to Samuel Ofori for assistance in
tissue culture experiments.

■ REFERENCES
(1) Mjos, K. D.; Orvig, C. Metallodrugs in Medicinal Inorganic
Chemistry. Chem. Rev. 2014, 114 (8), 4540−4563.
(2) Dasari, S.; Bernard Tchounwou, P. Cisplatin in cancer therapy:
Molecular mechanisms of action. Eur. J. Pharmacol. 2014, 740, 364−
378.
(3) Lippert, B. Cisplatin: Chemistry and Biochemistry of a Leading
Anticancer Drug; Wiley-VCH: Zürich, 1999.
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