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Abstract Four platinum(IV) complexes containing interca-
lating ligands [1,10-phenanthroline (phen) and 2,2'-bipyridine
(bpy)] and ancillary ligands [(/S,2S)-diaminocyclohexane (SS-
DACH) and (/R,2R)-diaminocyclohexane (RR-DACH)] were
synthesized and characterized by 'H nuclear magnetic reso-
nance, electrospray ionization mass spectrometry, X-ray
crystal structure analysis, elemental analysis, ultraviolet
absorption spectroscopy, circular dichroism spectroscopy, and
electrochemical analysis. The reactions between [Pt(phen)(SS-
DACH)CIZ]2+ and glutathione and Ac-CPFC-NH, were
investigated by high-performance liquid chromatography.
[Pt(phen)(SS—DACH)Clz]ZJr was reduced to its corresponding
Pt(II) complex [Pt(phen)(SS—DACH)]2+, while glutathione
and Ac-CPFC-NH, were oxidized to glutathione-disulfide and
a peptide containing an intramolecular disulfide bond,
respectively. The cytotoxicities of the Pt(IV) complexes
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against a human non-small cell lung cancer cell line (A549)
and the corresponding cisplatin-resistant cell line (A549cisR)
were evaluated. These Pt(IV) complexes showed a higher
activity toward A549 and A549cisR than did cisplatin. Also,
the cytotoxicities of the Pt(IV) complexes were higher for
AS549cisR than for A549 cells. Moreover, the cytotoxicities of
the (SS-DACH)-liganded platinum complexes were higher
than those of the (RR-DACH)-liganded platinum complexes in
either A549 or AS549cisR cells. Phen-liganded platinum
complexes were more cytotoxic than the bpy-liganded plat-
inum complexes. The cytotoxicities of these Pt(IV) complexes
had no correlation with reduction potentials.

Introduction

Cisplatin and carboplatin have been used widely as drugs
to treat a range of tumors. However, these drugs have some
drawbacks, such as toxicity and tumor resistance, which
have led researchers to design and investigate other types
of platinum-based molecules as potential anticancer agents
[1-5]. To this end, platinum(Il) intercalators and plat-
inum(IV) complexes, as new types of Pt-based drugs, have
been developed for cancer therapy [6-11].

Recently, Aldrich-Wright and co-workers developed
many Pt(I) intercalators, some of which were more bio-
logically active than cisplatin in many cancer cell lines.
Non-covalent binding to DNA is considered to play an
important role in the cytotoxicity of the complexes [12—15].
The molecular formula of a general Pt(Il) intercalator is
[Pt(L)(A)]*", where L is the intercalating ligand, such as
1,10-phenanthroline (phen) and 2,2-bipyridine (bpy), and
A is the ancillary ligand, such as (IS§,25)-diaminocyclo-
hexane (SS-DACH) and (/R,2R)-diaminocyclohexane (RR-
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DACH). Changing L or A influences the complexes’ bio-
logical activities. For example, methylated-phen as an
intercalating ligand of the complex resulted in higher
activity in cancer cells compared with that of the Pt(Il)
complex containing the phen ligand. By contrast, the stereo
configuration of the ancillary ligand also influences the
cytotoxicity of a platinum complex [14]. Moreover, the
cytotoxicities of Pt(Il) intercalators decreased with the
increasing of concentration of glutathione, because glu-
tathione degrades the complexes [16].

As an alternative, platinum(IV) complexes with anti-
cancer activity have been developed for decades. Until
now, none of the Pt(IV) compounds have been approved
for clinical use; however, the advantages of Pt(IV) com-
plexes, such as kinetic substitution inertness, oral admin-
istration, and higher accumulation in target cancer cells,
have prompted researchers to develop these complexes
[6, 8,9, 17, 18]. Pt(IV) complexes are considered as pro-
drugs, because the complexes are activated by reduction to
their Pt(II) species in cancer cells. Some small biological
molecules, such as glutathione and ascorbic acid, have
been accepted as reductants to reduce Pt(IV) complexes to
their Pt(I) counterparts [19-25]. By contrast, Gibson and
co-workers [26] found that cellular components with
MW > 3000 Da are the main reductants for Pt(IV) com-
plexes. Therefore, large protein molecules, such as
thioredoxins, might reduce the Pt(IV) complexes in vivo.
The reduction of Pt(IV) complexes, such as Pt(NH;3)Cly
and trans-[Pt(CN)4C12]27, by 3,6-dioxa-1,8-octanedithiol,
which is a model compound of the active sites of thiore-
doxins, was investigated in our previous work. Those
studies demonstrated that 3,6-dioxa-1,8-octanedithiol could
reduce Pt(IV) complexes to their Pt(II) counterparts
[27-29].

In this work, four Pt(IV) complexes containing chiral
ancillary ligands (SS-DACH and RR-DACH) and interca-
lating ligands (phen and bpy), and their Pt(IT) analogs, were
prepared and characterized. The cytotoxicities of the Pt(IV)
complexes against a human non-small cell lung cancer cell
line (A549) and the corresponding cisplatin-resistant cell
line (A549cisR) were investigated. Furthermore, reduction
of the Pt(IV) complexes by glutathione and the Ac-CPFC-
NH, peptide (representing the active sites of thioredoxins)
was studied in detail.

Experimental section
Materials
All chemicals were used as received without further treat-

ment. (/S,25)-diaminocyclohexane (SS-DACH), (/R,2R)-
diaminocyclohexane (RR-DACH), L-glutathione (GSH),
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oxidized L-glutathione (GSSG), 1,10-phenanthroline (phen),
2,2'-bipyridine (bpy), trifluoroacetic acid (TFA), N,N-
dimethylformamide (DMF), and K,PtCl,; were purchased
from Tansole Regent Company (Shanghai, China). KMnOy,
concentrated HCI, diethyl ether, acetonitrile, and ethanol
were purchased from Tianjin Chemical Reagent Company
(Tianjin, China). Fmoc-protected amino acids, Fmoc-Rink-
amide-Am resin, and O-(Benzotriazol-1-yl)-N,N,N',N'-te-
tramethyluronium tetrafluoroborate (HBTU) were purchased
from GL Biochem (Shanghai, China). Diisopropylethy-
lamine (DIEA), piperidine, and triisopropylsilane were
purchased from Sigma-Aldrich.

Instrumentation

'"H nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker AVANCE III 600 MHz digital NMR
spectrometer (Bruker Daltonics Inc., Billerica, MA, USA).
D,O was used as the solvent, with the water residue signal
as a reference. High-resolution mass spectra were recorded
on a Bruker Apex Ultra electrospray mass spectrometer
(Bruker Daltonics Inc.). Elemental analysis for C, H, and N
was performed on an Elementor instrument (Vario Micro
cube, Germany). X-ray crystallography data were collected
on a Bruker-AXS SMART APEX2 CCD diffractometer
(Bruker AXS.). Ultraviolet spectra were recorded with a
TU-1900 spectrophotometer (Beijing Puxi, Inc., Beijing,
China) using 1.00-cm quartz cells. Circular dichroism
spectra were recorded on a MOS 500 Circular Dichroism
spectrometer (Bio-Logic, France). Analyses of Pt(IV)
complexes and peptides, and the reaction between Pt(IV)
complexes and peptide and GSH, were performed on a LC-
20AB high-performance liquid chromatography (HPLC)
system (Shimadzu, Japan). The reduction potentials of the
Pt(IV) complexes were determined using a CHI 600E
Electrochemical Workstation (CH Instruments, Inc.,
Shanghai, China).

Synthesis of [Pt(L)(A)]Cl,

Pt(Il) complexes of Pt(L)Cl, (L is Phen or bpy) were
synthesized according to our previous study [29]. Gener-
ally, 1,10-phenanthroline (0.2 g) was dissolved in HCI
solution (10 mM, 40 mL), and then, K,PtCl,; (0.4 g,
10 mL) was added. The mixture was heated at 100 °C for
2 h under stirring. The yellow solid products obtained were
washed with water until the pH reached 7.0. The yellow
solid products were suspended in 50 mL of water, and then,
A ((SS-DACH) or (RR-DACH)) (0.5 mL) was added. The
mixture was heated at 100 °C to produce a pale yellow
solution. This was cooled down to room temperature and
then filtered through a G4 sintered glass filter. The filtrate
was concentrated to about 2 mL on a rotary evaporator
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under reduced pressure. The concentrated solution was
treated with a solution containing ethanol and diethyl ether
(1:6 V/V), resulting in a pale yellow precipitate. This was
filtered off, washed with the mixture of ethanol and diethyl
ether, and dried under a vacuum.

General method for the synthesis of [Pt(L)(A)Cl,]Cl,

Pt(IV) complexes [Pt(phen)(A)Cl,]Cl, were synthesized
according to a previous report, with slight modifications
[15, 16]. Generally, [Pt(phen)(A)]Cl, was dissolved in an
HCI solution (10 mL), and then, Cl, gas was bubbled
through the solution. This generated pale yellow solid
products. After bubbling for another hour, the pale yellow
products were filtered off, washed with a mixture of etha-
nol and diethyl ether, and then dried under a vacuum. To
synthesize [Pt(bpy)(A)CL,]Cl,, Cl, gas was also used as the
oxidant and bubbled through the solution of Pt(bpy)(A)Cl,
obtained by dissolving [Pt(bpy)(A)]Cl, in HCI solution
(5 mL) and then bubbled with N, for another hour. The
obtained solution was treated with a solution containing
ethanol and diethyl ether (1:6 V/V), resulting in a pale
yellow precipitate. This was filtered off, washed with the
mixture of ethanol and diethyl ether, and dried under a
vacuum.

Synthesis of Ac-CPFC-NH, peptide

Peptide Ac-CPFC-NH, was synthesized using a Focus XC
solid phase peptide synthesizer using standard Fmoc
methodology. Fmoc-Rink-amide-Am resin (0.66 mmol/g,
250 mg) was used to synthesize the peptides. The coupling
reactions were carried out using 3 mL of amino acid
(0.33 mM) in DMF, 3 mL of HBTU (0.33 M) in DMF, and
2 mL of DIEA (1.0 M) in DMF for 50 min. Fmoc depro-
tection was performed using a 20% piperidine DMF solu-
tion. A cleavage cocktail containing 4% phenol, 2% water,
2% triisopropylsilane, and 92% TFA was used to cleave the
peptide from the resin. The peptide was obtained by
lyophilization and stored at —20 °C. The purity of the
peptide was determined by a gradient reverse-phase (RP)-
HPLC equipped with a UV—Vis detector at 215 nm using a
250 mm x 4.6 mm Cg column at a flow rate of 1.0 mL/
min. The solvent system used was A (0.1% TFA in H,0)
and B (0.1% TFA in MeCN). The elution protocol for
analytical HPLC started with 0% B, followed by a linear
gradient to 100% B over 15 min, maintained at 100% B for
5 min, and returned to 0% B over 10 min. The injection
volume was 10 pL. The peptide (2 mg) was dissolved in a
pH 4.5 buffer solution (1 mL) and then loaded onto the
HPLC machine immediately.

Ultraviolet (UV) absorption spectroscopy
and circular dichroism (CD) spectroscopy

The UV spectra of the Pt(IV) complexes were recorded in
water containing 0.1 M KCI. The addition of KCI inhibited
the hydrolysis of the Pt(IV) complex [30-32]. A TU-1950
UV-Vis spectrophotometer with a 1.00-cm quartz cell was
used to record the spectra of Pt(IV) complexes at room
temperature from 200 to 400 nm. The CD spectra of HCl
solutions containing 0.5 mM Pt(IV) complexes were
recorded. Spectra were measured between 190 and 400 nm
at 25 °C.

High-performance liquid chromatography

The HPLC chromatograms of Pt(IV) complexes and the
reactions between Pt(IV) complexes and Ac-CPFC-NH,
and GSH were recorded on a Shimadzu LC-20AB machine
equipped with a UV-Vis detector wusing a
250 mm x 4.6 mm Cg column at a flow rate of 1.0 mL/
min. The solvent system used was A (0.1% TFA in H,0)
and B (0.1% TFA in MeCN). The elution protocol for
analytical HPLC started with 5% B, followed by a linear
gradient to 8% B over 20 min, continuing to 90% B over
15 min, and finally returned to 5% over 5 min.

Reduction potential

Cyclic voltammetric (CV) measurements were taken on a
CHI 600E electrochemical analyzer with a scan rate of
50 mV/s. The working electrode was a glassy carbon
electrode, the reference electrode was a saturated calomel
electrode, and the auxiliary electrode was a platinum wire.
Pt(IV) complexes were dissolved in 0.1 M KCI solution to
a final concentration of 1 mM. All solutions were bubbled
with nitrogen for 10 min before the CV determination.

X-ray crystal structure analysis

Single crystals of [Pt(phen)(RR-DACH)CL,]Cl, and
[Pt(bpy)(SS-DACH)CL,]JCI, were obtained by diffusing
acetonitrile into an HCI solution (0.1 M) containing about
50 mg of the Pt(IV) complexes at room temperature. Sin-
gle-crystal X-ray diffraction data were collected using a
Bruker-AXS SMART APEX2 CCD diffractometer (Mo
K,, /4 =0.71073 A). Indexing was performed using
APEX?2 (Difference Vectors method). Data integration and
reduction were performed using SaintPlus. Absorption
correction was performed using a multi-scan method
implemented in SADABS. Space groups were determined
using XPREP implemented in APEX2. Structures were
solved using SHELXL-97 program [33]. CCDC 1494132
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and 1494133 contain the supplementary crystallographic
data for the Pt(IV) complexes.

Reduction of [Pt(phen)(SS-DACH)CIL,]CIl, by
thiol-containing compounds

trcms—[PtClz(phen)(SS—DACH)]2+ (0.25 mM) was reacted
with GSH (0.75 mM) and Ac-CPFC-NH, (0.75 mM) in
water, or a 10 mM HCI solution for 5 min, and then, the
mixtures were analyzed by HPLC. As references, GSH,
GSSG, and Pt(II) complex [Pt(phen)(SS—DACH)]2+ were
also analyzed by HPLC. Ac-CPFC-NH, and its oxidation
product were characterized by electrospray ionization mass
spectrometry (ESI-MS) in the positive mode.

In vitro cytotoxicity evaluation

In vitro cytotoxicity evaluations were carried out in the
Affiliated Hospital of Hebei University. The cytotoxicities
of the Pt(IV) complexes against A549 and A549cisR cells
were investigated using a WST-8 (sodium 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium) assay with Cell Counting Kit-8 (CCK-8).
Generally, a suspension of cells (100 pL, 3 x 10% mL_l)
was plated in a 96-well plate with culture medium and
incubated for 24 h at 37 °C in a 5% CO, incubator. Pt(IV)
complexes and their corresponding Pt(II) complexes were
dissolved in water and diluted to appropriate concentra-
tions. Cisplatin was dissolved in DMSO and diluted to
appropriate concentrations. All solutions of the platinum
complexes were prepared and used daily. Various con-
centrations of platinum complexes were added into the
wells and then incubated for 48 h at 37 °C in a 5% CO,
incubator. The CCK-8 solution (10 pL, 5 mg/mL) was then
added into the wells. After incubation for 4 h, the absor-
bance was measured at 450 nm.

Results and discussion

Synthesis and characterization

Four platinum(IV) complexes, [Pt(phen)(SS-DACH)CI,]Cl,,
[Pt(phen)(RR-DACH)CIL,|Cl,, [Pt(bpy)(SS-DACH)CI,]Cl,,

[Pt(bpy)(RR-DACH)CI,]Cl,, were synthesized by oxidation
of their Pt(I) analogs by chlorine gas in an HCI solution at
room temperature. The purities of the Pt(IV) complexes
were investigated using HPLC. HPLC chromatograms of the
Pt(IV) complexes are shown in Figs. S1-S4, and the purities
are listed in Table 1. Elemental analysis results for the
Pt(IV) complexes are listed in Table S1, which are close to
the calculated values for C, H, and N. Resolution ESI-mass
spectra shown in Figs. S5-S8, and the obtained isotopic
patterns almost equal to the calculated for Pt(IV) complexes.
'"H NMR results for the Pt(I) and Pt(IV) complexes
(Table 2) were consistent with those of the earlier reports
[15, 34]. Moreover, the Pt(IV) or Pt(Il) complexes pos-
sessing the same intercalator ligand exhibited similar J cou-
plings and peak assignments. By contrast, downfield shifts
were found when the Pt(Il) complexes were oxidized to the
corresponding Pt(IV) species, as shown in Fig. 1, because of
the greater electronegativity of the higher oxidation state
platinum [35].

UV and CD spectra

The UV spectra of the Pt(IV) complexes are shown in
Figs. S9-S13, which show that the two Phen-liganded
Pt(IV) complexes have very similar UV spectra: Two
strong bands at 208 and 278 nm were observed. The cor-
responding molar extinction coefficients are listed in
Table 1. Moreover, a shoulder around 223 nm, a shoulder
around 270 nm, and a shoulder-like feature at about
303 nm were also observed in the spectra. By contrast, the
UV absorption spectrum of the Pt(I) complex of
[Pt(phen)(SS-DACH)]CI, is shown in Fig. SI13 in com-
parison with the spectrum of [Pt(phen)(SS-DACH)CIL,]Cl,.
Similar strong bands at about 278 nm were observed.
Another strong band at 227 nm, a shoulder-like feature at
about 300 nm, and a weak structured band system between
320 and 370 nm were observed, which were consistent
with an earlier report [10].

The two bpy-liganded Pt(IV) complexes also had similar
UV spectra. Three strong bands at 215, 308, and 320 nm
were observed in the spectra. The corresponding molar
extinction coefficients are listed in Table 1. The UV
spectra of their Pt(II) analogs have been reported in a
previous study [34]. The UV spectra of the Pt(Il) and

Table 1 Reduction potential, high-performance liquid chromatography, and ultraviolet characterization data of Pt(IV) complexes

Pt(IV) complexes E,/mV Purities (HPLC) [%] tr (min) UV Apax/nm (e/mol™' L cm™)
[Pt(phen)(SS-DACH)CL,]Cl, 98 96 14.924 208 (6.56 x 10%), 278 (2.96 x 10%)
[Pt(phen)(RR-DACH)CL,]Cl, 101 99 14.657 208 (6.45 x 10%), 278 (2.86 x 10%
[Pt(bpy)(SS-DACH)CI,]Cl, 82 98 9.279 215 (4.99 x 10%, 308 (1.25 x 10%), 320 (1.43 x 10%
[Pt(bpy)(RR-DACH)CL,]Cl, 86 98 9.221 215 (4.91 x 10%), 308 (1.20 x 10%), 320 (1.40 x 10%)
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Table 2 'H nuclear magnetic resonance data of Pt(II) complexes and Pt(IV) complexes

No Pt(IV) complex

Structure of cationic form of
Pt(IV) complex

'"H NMR (600 MHz, D,0)

1 [Pt(phen)(SS-
DACH)]Cl,

2 [Pt(phen)(RR-
DACH)]Cl,

3 [Pt(bpy)(SS-
DACH)ICI,

4 [Pbpy)RR-
DACH)ICl,

5 [Ptbpy)(SS-
DACH)CL,Cl,

6  [Pt(bpy)(RR-
DACH)CLCl,

7 [Ptbpy)(SS-
DACH)CL,Cl,

8  [Pt(bpy)(RR-
DACH)CLICl,

2+

2+

2+

2+

2+

2+

§ = 1.20-1.28 (m, 2H; CH, (H4', H5")), 1.45-1.50 (m, 2H; CH, (H3, H6)),
1.65-1.67 (m, 2H; CH, (H4', H5')), 2.21-2.23 (m, 2H; CH, (H3', H6)),
2.69-2.75 (m, 2H; CH (HI’, H2)), 7.99 (dd, J = 6.0, 6.0 Hz, 2H; CH (H3, HS)),
8.10 (s, 2H; CH (H5, H6)), 8.86 (d, J = 6.0 Hz, 2H; CH (H4, H7)), 8.89 (d,

J = 6.0 Hz, 2H; CH (H2, H9)).

§ = 1.19-1.27 (m, 2H; CH, (H4', H5")), 1.44-1.49 (m, 2H; CH, (H3, H6)),
1.64-1.65 (m, 2H; CH, (H4', H5')), 2.19-2.22 (m, 2H; CH, (H3', H6')),
2.68-2.73 (m, 2H; CH (H1', H2')), 7.97 (dd, J = 6.0, 6.0 Hz, 2H; CH (H3, HS)),
8.09 (s, 2H; CH (H5, H6)), 8.85 (d, J = 6.0 Hz, 2H; CH (H4, H7)), 8.88 (d,

J = 6.0 Hz, 2H; CH (H2, H9)).

§ = 1.15-1.22 (m, 2H; CH, (H4", H5"")), 1.37-1.42 (m, 2H; CH, (H3", H6'")),
1.60-1.62 (m, 2H; CH, (H4"', H5'")), 2.13-2.15 (m, 2H; CH, (H3", H6")),
2.58-2.63 (m, 2H; CH (H1”, H2'")), 7.68 (dt, J = 2.4, 6.0 Hz, 2H; CH (H3, H3)),
8.30-8.34 (m, 4H; CH (H4, H4' and H5, H5')), 8.51 (d, J = 6.0 Hz, 2H; CH (H2,
H2')).

8 = 1.13-1.21 (m, 2H; CH, (H4", H5"")), 1.36-1.38 (m, 2H; CH, (H3", H6"")),
1.58-1.60 (m, 2H; CH, (H4"', H5'")), 2.11=2.13 (m, 2H; CH, (H3", H6)),
2.58-2.60 (m, 2H; CH (H1”, H2'")), 7.66 (dt, J = 3.6, 6.0 Hz, 2H; CH (H3, H3')),
8.28-8.32 (m, 4H; CH (H4, H4' and H5, H5")), 8.49 (d, J = 6.0 Hz, 2H; CH (H2,
H2)).

§ = 1.26-1.33 (m, 2H; CH, (H4', H5)), 1.64-1.72 (m, 4H; CH, (H3', H6' and H4',
H5')), 2.34-2.36 (m, 2H; CH, (H3', H6')), 3.31-3.37 (m, 2H; CH (H1', H2')),
8.26 (dd, J = 6.0, 6.0 Hz, 2H; CH (H3, H8)), 8.32 (s, 2H; CH (H5, H6)), 9.05 (d,
J = 6.0 Hz, 2H; CH (H4, H7)), 9.08 (d, J = 6.0 Hz, 2H; CH (H2, H9)).

5 = 1.26-1.33 (m, 2H; CH, (H4', H5)), 1.64-1.72 (m, 4H; CH, (H3', H6' and H4',
HS5')), 2.34-2.36 (m, 2H; CH, (H3', H6')), 3.31-3.37 (m, 2H; CH (H1', H2")),
8.26 (dd, J = 6.0, 6.0 Hz, 2H; CH (H3, H8)), 8.33 (s, 2H; CH (H5, H6)), 9.05 (d,
J = 6.0 Hz, 2H; CH (H4, H7)), 9.08 (d, J = 6.0 Hz, 2H; CH (H2, H9)).

§ = 1.22-1.29 (m, 2H; CH, (H4", H5")), 1.61-1.66 (m, 4H; CH, (H3', H6' and
H4', H5')), 2.27-2.29 (m, 2H; CH, (H3", H6")), 3.21-3.27 (m, 2H; CH (H1",
H2'")), 7.98 (t, J = 6.0, 12.0 Hz, 2H; CH (H3, H3)), 8.49 (1, J = 6.0, 12.0 Hz,
2H; CH (H4, H4")), 8.66 (d, J = 6.0 Hz, 2H; CH (H5, H5')), 8.71 (d, J = 6.0 Hz,
2H; CH (H2, H2')).

5 = 1.20-1.28 (m, 2H; CH, (H4", H5'")), 1.60-1.65 (m, 4H; CH, (H3', H6' and
H4', H5')), 226-2.28 (m, 2H; CH, (H3", H6)), 3.20-3.25 (m, 2H; CH (H1",
H2")), 7.97 (dt, J = 1.8, 6.0 Hz, 2H; CH (H3, H3')), 8.48 (dt, / = 1.2, 6.0 Hz,
2H; CH (H4, H4')), 8.65(d, J = 12.0 Hz, 2H; CH (H5, H5')), 8.69 (d,

J = 12.0 Hz, 2H; CH (H2, H2')).
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Fig. 1 The 600 M '"H NMR in
DO of red trans-
[PtCly(phen)(RR-DACH)]*™
and black [Pt(phen)(RR-
DACH)**. (Color

figure online)

[Pt(bpy)(RR-DACH)CLICI,
[P(bpy)(SS-DACH)CL]CI,
[Pt(phen)(RR-DACH)CL]CL,
[Pt(phen)(SS-DACH)CL]CI,

CD (mdeg)
(=1
1

L] L]
200 250 300 350 400
Wavelength (nm)

Fig. 2 CD spectra of the Pt(IV) complexes

Pt(IV) complexes showed some similarities at wavelengths
longer than 270 nm. However, the spectra were different
below 270 nm: The Pt(Il) complexes had a strong band at
about 245 nm, while the Pt(IV) complex had a strong band
at about 215 nm.

The chiralities of the Pt(IV) complexes in the present
work were characterized by CD spectroscopy. The CD
spectra (Fig. 2) showed that the chirality of each Pt(IV)
complex was conserved during synthesis [10].

Reduction potential

Cyclic voltammograms of the Pt(IV) complexes are shown
in Fig. S14, and the values are listed in Table 1. The data
showed that the conformation of the ancillary ligand (RR-
DACH/SS-DACH) had no influence on the reduction
potential of the Pt(IV) complexes. The reduction potential
was slightly increased when the intercalating ligand chan-
ged from bpy to phen.

@ Springer

X-ray crystal structures of the Pt(IV) complexes

Single crystal structures of [Pt(phen)(RR-DACH)CI,]Cl,
and [Pt(bpy)(SS-DACH)CI,]CI, were obtained by the slow
diffusion of acetonitrile into an HCI solution containing the
Pt(IV) complex at room temperature. Crystallographic param-
eters are listed in Table 3. The X-ray structures of the Pt(IV)
complexes are shown in Fig. 3. The two Pt(IV) complexes have
an octahedral coordination geometry around the Pt(IV) ion. The
equatorial plane is occupied by nitrogen ligands, whereas the
axial positions are occupied by two chloride ligands. Moreover,
the DACH ligand is disorderly in the crystal structures of the
Pt(IV) complexes, which is usually observed in other chiral
DACH-liganded Pt(IV) complexes [10].

Reduction of [Pt(phen)(SS-DACH)CIL,]CI, by thiol-
containing compounds

The purity of Ac-CPFC-NH, was analyzed by HPLC as
82% (Fig. S15). This peptide was characterized by ESI-
MS in the positive mode ([IM+H™*]* m/z 510.18) and used
without further purification. In the present work, reduction
of [Pt(phen)(SS-DACH)C1,]Cl, by GSH and Ac-CPFC-
NH, was studied using HPLC. HPLC chromatograms of
GSH, GSSG, [Pt(phen)(SS-DACH)]**", trans-[PtCl,(phen)
(SS-DACH)]*" and the reaction mixture of trans-[PtCl,
(phen)(SS—DACH)]2+ with glutathione are shown in Fig. 4.
trcms-[PtClz(phen)(SS-DACH)]2+ was reduced to [Pt(phen)
(SS-DACH)]*" by GSH, while the oxidation product of
GSH was GSSG. HPLC chromatograms of [Pt(phen)(SS-
DACH)**, trans-[PtCl,(phen)(SS-DACH)]**, Ac-CPFC-
NH,, and the reaction mixture of trans-[PtCl,(phen)(SS-
DACH)]2+ with Ac-CPFC-NH,, are shown in Fig. 5. The
products of the reaction between trans-[PtCl,(phen)
(SS-DACH)]*" and Ac-CPFC-NH, are [Pt(phen)(SS-
DACH)]*" and the oxidized form of Ac-CPFC-NH,, con-
taining an intramolecular disulfide bond. The oxidized
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Table 3 Crystal data and
structure refinement for

[Pt(bpy)(SS-DACH)CI,ICl, [Pt(phen)(RR-DACH)C1,]Cl,

[Pt(phen)(RR-DACH)CL,]Cl,

and [Pt(bpy)(SS-DACH)CL,]Cl, Z)rrmum E(;;E?CI4N4Pt S;ZZCL‘N“H

T (K) 296(2) 296(2)

Crystal system Monoclinic Monoclinic

Space group C2/m P21/c

aA) 28.9620 (17) 9.4168 (3)

b (A) 11.8737 (6) 15.9236 (6)

¢ (A) 15.5581 (7) 29.4696 (10)

o (°) 90 90

B (© 92.927 (2) 98.7540 (10)

7 (®) 90 90

V(A% 5343.2 (5) 4367.5 (3)

Z 8 8

Pealed (Mg/m?) 1.510 1.920

F (000) 2336 2432

Crystal size (mm) 0.22 x 0.20 x 0.18 0.22 x 0.20 x 0.18

Index ranges 24 <h <34 —-9<h<ll
—14<k<14 —19 <k <18
—-18<1=<17 —-35<1=<32

0 range (°) 1.31-25.22 1.40-25.19

Final R indices [I > 2a(I)] R; = 0.0420 R; = 0.0639
WwR, = 0.1312 WR, = 0.1485

Data/restraints/parameters 5059/101/328 7831/420/597

Goodness-of-fit on F2 1.067 1.383

Largest diff. Peak/hole (e/§f3) 3.043/—0.904 2.203/—-3.098

“:1(1) sl ci() L
cao) UV e Y c®
e v po Pt(1)
3 P y N@)
) W C“’/)&
CO cw y O m ‘é
/& Cl(2) .
G/c%;\&:/ o) co) o
C2) & ¢ L

Fig. 3 Crystal structures of (left) [Pt(phen)(RR-DACH)CL,]Cl, and (right) [Pt(bpy)(SS-DACH)C1,]Cl,. The anions and one set of disordered

atoms for the two Pt(IV) complexes are omitted for clarity

form of Ac-CPFC-NH, was characterized by ESI-MS in
the positive mode [M + H'" m/z 508.17.

Reaction mechanisms for the oxidation of thiol-contain-
ing compounds by a series of Pt(IV) complexes have been
studied using stopped-flow spectroscopy [20, 21, 23-25, 27,
28, 30-32], nuclear magnetic resonance spectroscopy [19],
and mass spectroscopy [29]. Accordingly, a parallel mech-
anism, which included different protolytic species of thiol-
containing compounds in reaction with the Pt(IV) complex,
was proposed, and the reduction reaction was observed to

occur through a halide-bridged activated complex. Taking
all the above considerations into account, we believe that
trans-[PtCly(phen)(SS-DACH)]** was reduced by GSH or
Ac-CPFC-NH, through a halide-bridged activated complex
mechanism.

In vitro cytotoxicity

The cytotoxicities of the Pt(IV) complexes and their Pt(Il)
analogs, along with cisplatin as a reference, were tested

@ Springer
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Fig. 4 HPLC chromatograms
of a 0.25 mM trans-

trans-[PtCly(phen)(SS-DACH)**

[PtCly(phen)(SS-DACH)]>, ~
b 0.25 mM [Pt(phen)(SS-
DACH)]**, ¢ the mixture of
0.25 mM trans-
[PtCly(phen)(SS-DACH)]*™
reaction with 0.75 mM GSH,
d 0.75 mM GSH, and
e 0.25 mM GSSG
a)
! 2+ )
Pt(phen)(SS-DACH
[Pt(phen)( '
b) h])
Pt(ph “DACH)%
s [POInSSDACIE
GSSG
c) m/
—_— —
/GSH
d) i \_
/GSSG
e) J"
R e L L R
0 b) 10 15 20

against A549 and A549cisR cells. The ICsy values are
listed in Table 4. The cytotoxicities of the Pt(IV) com-
plexes were almost the same as their corresponding Pt(IT)
complexes, which could reflect the reduction of the Pt(IV)
complexes to their corresponding Pt(II) complexes in vivo
[10]. All the tested platinum complexes were more cyto-
toxic than cisplatin, in both A549 and A549cisR cells.
Moreover, all of the platinum complexes were more active
against A549cisR cells than against A549 cells. For the
four pairs of platinum complexes, the cytotoxicities of the
(SS-DACH)-liganded platinum complexes were higher
than those of the (RR-DACH)-liganded platinum

@ Springer

min

complexes, in both A549 and A549cisR cells. Phen-li-
ganded platinum complexes were more cytotoxic than were
bpy-liganded platinum complexes. Moreover, the cytotox-
icities of the four Pt(IV) complexes had no correlation with
their reduction potentials.

Conclusions
Four chiral DACH-liganded platinum(IV) complexes,

containing intercalating ligands 1,10-phenanthroline and
2,2'-bipyridine, were synthesized successfully. The
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/mns-[Ptclz(phen)(SS-DACH)]z*

W
" /[Pt(phen)(SS-DACH)]”
v | .
U
Ac-CPFC-NH,
~
9 | N .
“ Ac-ICl"F(IJ-NH2
S—s
Ac-CPFC-NH,
~
o0 | N .
U
‘0‘ % ‘1‘0‘ ‘1‘5‘ ‘2‘0‘ ‘2‘5‘ ‘3‘0‘ “35‘

min

Fig. 5 HPLC chromatograms of a 0.25 mM trans-[PtCl,(phen)(SS-
DACH)I*", b 0.25 mM [Pt(phen)(SS-DACH)]*", ¢ 0.5 mM Ac-
CPFC-NH,, and d the mixture of 0.25 mM trans-[PtCl,(phen)(SS-
DACH)]zJr reaction with 0.75 mM Ac-CPFC-NH,

Table 4 Cytotoxicities of different complexes in A549 and A549-
cisR cells

Compound A549 A549cisR

[Pt(phen)(SS-DACH)CL,]Cl, 1.09 &+ 0.05 0.22 + 0.02
[Pt(phen)(RR-DACH)CL,]Cl, 2.57 £ 0.09 0.79 &+ 0.02
[Pt(bpy)(SS-DACH)CL,]Cl, 14.5 + 0.59 1.78 + 0.16
[Pt(bpy)(RR-DACH)CL,]Cl, 249 £+ 1.65 6.97 £+ 0.67
[Pt(phen)(SS-DACH)]CI, 1.13 + 0.08 0.41 + 0.01
[Pt(phen)(RR-DACH)]Cl, 2.37 £ 0.07 1.03 £ 0.02
[Pt(bpy)(SS-DACH)]Cl, 12.5 £ 0.64 1.36 £ 0.15
[Pt(bpy)(RR-DACH)]Cl, 42+ 121 8.02 £ 0.66
Cisplatin 124 + 16 222 + 26

Cells were treated with the complexes for 48 h. Cytotoxicity data are
presented as ICsy in uM

complexes were characterized by various techniques. The
X-ray crystal structures of [Pt(phen)(RR-DACH)CI,]CI,
and [Pt(bpy)(SS-DACH)CL,]Cl, revealed that the axial

positions of the Pt(IV) complex were occupied by two
chlorides. Cytotoxicity assays were performed against
A549 and A549cisR cells. The four Pt(IV) complexes
showed higher activity against A549 and A549cisR than
did cisplatin. Moreover, the cytotoxicities of the Pt(IV)
complexes were higher against A549cisR cells than against
A549 cells. The cytotoxicities of the Pt(IV) complexes
correlated with the type of intercalating ligand and ancil-
lary ligand. The results of this study may help in the
development of a new type of metallointercalator-based
anticancer Pt(IV) complex.
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