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ABSTRACT: The Ru(III) complexes indazolium [trans-RuCli(1H-indazole).] (KP1019) and sodium [trans-RuCli(1H-indazole).] (NKP-
1339) are leading candidates for the next generation of metal-based chemotherapeutics. Trifluoromethyl derivatives of these compounds and
their imidazole and pyridine analogues have been synthesized to probe the effect of ligand lipophilicity on the pharmacological properties of
these types of complexes. Addition of CFs groups also provided a spectroscopic handle for ’F NMR studies of ligand exchange processes and
protein interactions. The lipophilicities of the CF; functionalized compounds and their unsubstituted parent complexes were quantified by
the shake-flask method to give the distribution coefficient at pH 7.4 (logD-.4). The solution behavior of the CFs-functionalized complexes was
characterized in phosphate buffered saline (PBS) using ’F NMR, electron paramagnetic resonance (EPR), and UV-Vis spectroscopies. These
techniques, along with fluorescence competition experiments, were also used to characterize interactions with human serum albumin (HSA).
From these studies it was determined that increased lipophilicity correlates with reduced solubility in PBS but enhancement of non-
coordinate interactions with hydrophobic domains of HSA. These protein interactions improve the solubility of the complexes and inhibit the
formation of oligomeric species. EPR measurements also demonstrated the formation of HSA-coordinated species with longer incubation. F
NMR spectra show that the trifluoromethyl complexes release axial ligands in PBS and in the presence of HSA. In vitro testing showed that
the most lipophilic complexes had the greatest cytotoxic activity. Addition of CF; groups enhances the activity of the indazole complex against
AS549 non-small cell lung carcinoma cells. Furthermore, in the case of the pyridine complexes, the parent compound was inactive against the
HT-29 human colon carcinoma cell line, but showed strong cytotoxicity with CF; functionalization. Overall, these studies demonstrate that
lipophilicity may be a determining factor in the anticancer activity and pharmacological behavior of these types of Ru(IIl) complexes.
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Ruthenium complexes are drawing ever increasing attention as | o~ HN \E
next-generation metal-based anticancer treatments.! A particular N (\N HN\N/
focus of this development has been classical Ru(III) coordination L PYrHIRUCILPY,]/  KP418 KP1019 /

complexes such as indazolium [trans-RuCly(1H-indazole)] Cluy,,,, I wCl £+ Na[RuCl4Py,] Na[RuCl,Him,] NKP-1339
(KP1019, Figure 1),” sodium [trans-RuCly(1H-indazole),] (NKP- v | e < L= o
1339, Figure 1), and imidazolium [trans-RuCl:(1H-imidazole) L 8
(DMSO-S)] (NAMI-A),* each of which have demonstrated very CF3 oF
promising anticancer activity with low levels of side effects in clini- N HN :

cal trials.* * Bis-azole complexes such as KP1019 and NKP-1339, | (K o

and derivatives like imidazolium [frans-RuCly(1H-imidazole)s] N S Nt

(KP418, Figure 1), were developed by Keppler and co-workers, \_ /b
with excellent antitumour activity initially identified in murine
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s 7 C tly, NKP-1 is undergoing clinical develop-
models orenty) ?’39 s nndetgole cimea’ deve AOP Figure 1. Keppler-type Ru(III) anticancer complexes and new
ment and has shown encouraging results in a phase-I study against

. . 3 trifluoromethyl derivatives. Compounds a compensated by proto-
a variety of solid tumours.

While the “Keppler-type” complexes KP1019 and NKP-1339

nated ligands, compounds b by sodium counterions.

remain the leading Ru(III) drug candidates against primary tumors,
development of new derivatives with different axial heterocyclic
ligands is on-going.® The ligand exchange rates of Ru(III) complex-
es are typically sufficiently slow that they can be considered to be
kinetically inert.” In the case of Keppler-type complexes this means
that the axial nitrogen heterocycles usually remain coordinated
under physiological conditions and following cellular uptake."

Consequently, modification of the axial ligands has the potential to
influence properties such as aqueous solubility, protein interac-

tions, general cytotoxic activity, and adverse toxicological effects.’™
8d, 10b, 10d, 11

Fluorine substitution is a common strategy in drug development
and has been used to improve metabolic stability, enhance binding



to target molecules, and increase lipophilicity and membrane per-
meability."” It has been estimated that 20-25% of drugs under de-
velopment and as many as 30% of blockbuster pharmaceuticals
contain fluorine.” Fluorinated compounds have become an im-
portant component of the development of new anticancer thera-
peutics, with the most widely used being 5-fluoropyrimidines such
as S-fluorouracil.**'* In aromatic systems, such as the ligands of the
compounds reported here, replacement of a single hydrogen atom
with fluorine typically results in only a modest increase in lipo-
philicity.”” However, addition of a trifluoromethyl group, one of
the most lipophilic substituents known, has a much greater effect,
and CF; has been used as the fluorinated component in a number

of pharmaceuticals and drug candidates.”*> 3> 13515

In addition to useful chemical properties, fluorine has also found
application in molecular imaging by both ’F magnetic resonance
methods'® and "*F positron emission tomography (PET).”” NMR
studies are facilitated by the favorable properties of the '°F nucleus,
which has I = 2 and is 100% abundant with a high gyromagnetic
ratio, giving high receptivity." ’F also has a broad chemical shift
range and this makes it possible to detect subtle changes in the
chemical environment of fluorinated compounds.’® Furthermore,
fluorine is essentially absent in biological systems, so NMR spectra
can be collected without interference from background signals.”
Thus, fluorinated reporter molecules can be used in studies of bio-
logical processes, using either isolated biomolecules or in vitro/in
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Addition of hydrophobic CF; groups has the potential to influ-
ence the absorption and distribution of the Ru(III) compounds
described here by modification of their overall lipophilicity. Previ-
ous studies of KP1019 suggest that the complex is taken up by cells
both via passive diffusion,” and possibly by a pathway mediated by
transferrin.”> Optimal passive transport requires that compounds
have sufficiently high lipophilicity to penetrate cell membranes."”>*
However, moderately lipophilic molecules tend to exhibit the best
pharmacokinetic properties,” since excessively hydrophobic com-
pounds can be trapped within the lipid core of membranes and also
exhibit low aqueous solubility. In the case of Keppler-type com-
plexes, the lipophilicity of the axial heterocyclic ligands has been
associated with non-coordinate binding to the two principal hy-
drophobic binding domains of human serum albumin (HSA)."**
These interactions have been correlated with the low nephrotoxici-
ty of KP1019, as compared to KP418,'" since the relatively hydro-
phobic indazole ligands of KP1019 may enable rapid sequestration
of the complex by HSA in vivo."! Furthermore, studies of a series of
KP1019/NKP-1339 analogues with heterocyclic ligands of varying
hydrophobicity showed that this property influenced the stability of
non-coordinate interactions with HSA, and affected the activity of
protein adducts.”

In this study, the synthesis and characterization of trifluorome-
thyl derivatives of KP1019/NKP-1339, KP418 and their pyridine
analogues (Figure 1) are reported. We report the influence of the
CF; groups on the lipophilicity of the complexes, and the impact
this has on interactions with HSA and on cytotoxicity activity. Fur-
thermore, we demonstrate the utility of including F as an NMR
probe of paramagnetic metallopharmaceuticals.

Experimental

Materials: The starting compounds RuClyH.O (Pressure
Chemical), 4-(trifluoromethyl)pyridine  (Alfa  Aesar), 5-
(trifluoromethyl)-1H-imidazole (Matrix = Scientific), and §-
(trifluoromethyl)-1H-indazole (Accela BioChem) as well as HSA

(Aldrich), S-fluorouracil (Aldrich), cisplatin (cis-

diamminedichloridoplatinum(1I)) (Sigma-Aldrich), RPMI 1640
media (Gibco), McCoys Sa modified medium (Gibco), L-
glutamine (Gibco), fetal bovine serum (Gibco), Hoescht 33342
nucleic acid stain (Life Technologies), and ethidium homodimer I
(Biotium) nucleic acid stain were wused as purchased.
Na[RuCLPy.]*, Na[RuCLHim.]” and Na[RuCl:Hind,] (NKP-
1339)® were prepared as described elsewhere.

Crystallographic structure determination: Single-crystal X-ray
crystallographic analysis was performed on a Bruker SMART dif-
fractometer equipped with an APEX II CCD area detector fixed at
a distance of 5.0 cm from the crystal and a Mok, fine focus sealed
tube (A = 0.71073 nm) operating at 1.5kW (50 kV, 30 mA) and
filtered with a graphite TRIUMPH monochromator. The struc-
tures were solved using the intrinsic phasing method” and subse-
quent refinements were performed using SHELXL* within
ShelXle.* Diagrams of complexes 1a, 2¢, and 3¢ were generated by
ORTEP-3* and POV-RAY.* Crystal data, data collection parame-
ters and details of structure refinement for compounds 1a, 2¢, and
3care listed in Table S1 in Supporting Information.

NMR measurements: NMR experiments were performed using
S mm NMR tubes (NewEra HLS) with a co-axial standard capillary
(Wilmad, 60 pL) containing S mM trifluoroacetic acid (TFA) in
D,O-based phosphate buffered saline (D.O-PBS). The D,O-PBS
solution contained: NaCl (150 mM), KH,PO4 (7.6 mM) and
K:HPO, (42.4 mM), pH* 7.4. The pH was measured using a pH
probe and was corrected to account for deuterium using the meth-
od of Glasoe and Long.** Sample tubes were filled with 500 pL of
solution to achieve a 50 mm liquid length.

All F speciation spectra were measured using a Bruker
AVANCE I UltraShield 400WB Plus spectrometer with a BBFO
probe, operating at 376 MHz for "°F. Additional ’"F NMR spectra
of the fluorinated ligands were collected using a Bruker AVANCE
III 500 MHz spectrometer with a TXI probe, operating at 470
MHz for “F. Typical spectral parameters were as follows: spectral
width, 60 ppm; acquisition time, 2.88 s; relaxation delay, 0.12 s;
number of data points, 128k (zero-filled to 256k), without 'H de-
coupling. The “F signal from TFA was used as an external refer-
ence for calibrating chemical shifts (peak set to 0 ppm) and D,O
was used as the source of the *H lock signal. Sample temperatures
of 37 °C during NMR experiments were obtained using a flow of
heated air over the sample regulated with a Bruker BVT 3000 tem-
perature controller (calibrated using 99.9% CD;OD).

Complexes in PBS: Complexes 1b and 2b were dissolved in D,O
PBS at 37 °C, to give a concentration of 10 mM, and immediately
placed in the spectrometer with the probe preheated to 37 °C, and
each sample was maintained at this temperature throughout the
experiment. During the first 10 minutes of incubation, "F NMR
measurements (20 scans) were made at 2 minute intervals. Subse-
quently, after 30 min, 1, 2, and 6 h from the time of preparation,
measurements were made with 80 scans.

Ligands in PBS: 4-(trifluoromethyl)pyridine, S-(trifluoromethyl)-
1H-imidazole, and S-(trifluoromethyl)-1H-indazole were dissolved
in D,O PBS, to give a concentration of 5 mM. Due to lower aque-
ous solubility, S-(trifluoromethyl)-1H-indazole was dissolved in
DMSO then added to D.O PBS to achieve a concentration of 5
mM in a 25% DMSO solution. ’F NMR measurements (80 scans)
were collected at 25 °C.

Complexes with HSA: Complexes 1b, 2b, and 3b (10 mM) and
HSA (2 mM) were dissolved together in D,O PBS at 37 °C. “F



NMR measurements (80 scans) were performed at 0, 30 min, 1, 2,
6 and 24 h from the time of preparation, with incubation at 37 °C.

Ligands with HSA: The ligands 4-(trifluoromethyl)pyridine, 4-
(trifluoromethyl)-1H-imidazole, and  S-(trifluoromethyl)-1H-
indazole (5 mM) and HSA (2 mM) were dissolved in DO PBS
and incubated at 37 °C for two hours. Due to lower aqueous solu-
bility, S-(trifluoromethyl)-1H-indazole was dissolved in DMSO
then added to DO PBS to achieve a concentration of S mM in a
25% DMSO solution. ’F NMR measurements (80 scans) were
collected at 25 °C.

EPR sample preparation: Complexes in PBS: Compounds 1b
and 2b were dissolved in PBS to give a concentration of 3 mM, and
incubated at 37 °C for 0, 30 min, 1, 2 and 6 h. The PBS solution
contained: NaCl (137 mM), KCI (2.7 mM), Na,HPO, (10 mM),
and KH.PO, (2 mM), pH 7.4. After each incubation period, a 210
pL aliquot was taken and mixed with 90 uL of glycerol, which acted
as a glassing agent, to produce a final volume of 300 pL, and were
then promptly frozen in liquid nitrogen. The low aqueous solubility
of 3b meant it was not possible to obtain an EPR spectrum in PBS.

Complexes with HSA: A solution of HSA (600 pL, 0.75 mM) in
PBS was mixed with a 600 pL solution of each complex (1.5 mM),
also in PBS. The combined solution was then diluted to 4 mL with
PBS and incubated at 37 °C for one of the following time periods:
0, 30 min, 1, 2, 6, and 24 h. Each 4 mL solution was concentrated
down to a volume of less than 200 pL using an Amicon centrifugal
filter unit (molecular weight cut-off 30 kDa) by centrifuging at 8 °C
and 4500 rpm for 30 min, or until a volume of less than 200 uL was
attained. The filtered product was then mixed with 90 pL of glycer-
ol and diluted to a final volume of 300 yL with PBS, and frozen in
liquid nitrogen.

EPR measurements and simulations: EPR measurements were
performed at X-band (9.3-9.4 GHz) using a Bruker EMXplus spec-
trometer with a PremiumX microwave bridge and HS resonator.
Measurements utilized a Bruker ER 4112HV helium temperature-
control system and continuous-flow cryostat to maintain a temper-
ature of 20 K. The Bruker cryostat system also enabled reproduci-
ble sample placement within the EPR resonator using a quartz-tube
holder. Solution conditions and spectroscopic parameters were
kept constant for each experiment so that the intensities of the EPR
signals from Ru(IIl)-based species in different samples could be
compared. As a result, differences in instrument sensitivity between
measurements were minimal, and automatic tuning of the spec-
trometer gave a Q-factor of 6700 + 10%. All spectra were simulated
using the MATLAB-based program, EasySpin.**

Optical measurements: UV-Vis spectra were measured using a
CarylE UV-Visible spectrophotometer, connected to a Haake F3
water bath, which maintained the temperature of each sample at 37
°C. Spectra were collected from the compounds dissolved in PBS.
Complexes 2a,b and 3a,b were first dissolved in DMSO to improve
solubility then added to PBS, to give a 1% DMSO solution. Meas-
urements were performed on 200 pM solutions of each complex in
1 mL volumes.

Protein binding measurements were performed on 200 yM solu-
tions of each complex with 100 uM HSA in 1 mL volumes. Com-
plexes 2a,b and 3a,b required dissolution in DMSO then addition
to PBS to give a 1% DMSO solution to improve solubility. All sam-
ples were measured at 37 °C for a total of 2 h with scans taken at 10
min intervals.

Fluorescence competition experiments: Fluorescence compe-
tition experiments were performed according to literature proce-

dures.” Fluorescence spectra of the sodium-compensated com-
plexes 1b, 2b, and 3b as well as Na[RuCl:Py,], Na[RuCl:Himz],
and Na[RuCL:Hind,] (NKP-1339) were recorded at room tem-
perature with a Horiba Fluorolog fluorimeter using entrance and
exit slit widths of 5 nm and a 1 cm quartz cell. An excitation wave-
length of 335 nm was used in all experiments and emission spectra
were collected between 420 and 600 nm. The data were analyzed
with Stern-Volmer plots.*

A stock solution containing HSA (50 uM) and dansylglycine (50
pM), and a stock solution of each Ru(IlI) complex (1000 pM)
were prepared in a PBS. Complex 3b and NKP-1339 were dis-
solved in DMSO to improve solubility then added to PBS to give a
1% DMSO solution. Measurements were performed on 3.5 mL
samples containing HSA (1 uM) and dansylglycine (1 pM) with Ru
complex concentrations ranging from 0-15 pM.

logD-.. measurements: Distribution coefficients (D7.4) were de-
termined by the shake flask method” using n-octanol and PBS. The
sodium-compensated complexes 1b, 2b, and 3b, as well as
Na[RuCLPy.], Na[RuCliHim;], and Na[RuCl:Hind.] (NKP-
1339) were dissolved in n-octanol pre-saturated PBS to give 200
uM solutions; 3b and NKP-1339 were dissolved in DMSO to im-
prove solubility and then added to PBS to give a 1% DMSO solu-
tion. The aqueous solutions and n-octanol in 1:1 v/v ratio were
mixed with an orbital shaker for 2 h at 25 °C. The mixtures were
then centrifuged at S000 rpm for 3 min at 25 °C. UV-Vis spectra
were taken at room temperature of the aqueous phase before and
after shaking, and the absorbance at Am was compared to ascertain
the value of D7.4.

Electrochemical measurements: Cyclic voltammograms were
recorded on a CH Instruments 660 potentiostat, equipped with an
Ag/AgCl (1 M KCI) reference electrode, a platinum wire counter
electrode, and a basal plane graphite working electrode (0.09 cm?).
The basal plane graphite electrode was prepared according to the
method of Blakemore et al..*® K3[Fe(CN)s] was used to calibrate
the electrode potential. Spectra were collected from 200 uM solu-
tions of the sodium-compensated complexes 1b, 2b, 3b,
Na[RuCLPy.], Na[RuCliHim;], and Na[RuCl:Hind.] (NKP-
1339) in PBS, pH 7.4, with 3b dissolved in DMSO then added to
PBS, giving a 10% DMSO solution, to aid in solubility. Prior to
each measurement, samples were deaerated by passing a stream of
argon (Praxair, 99.9%) through the solutions for S minutes. Meas-
urements were performed at room temperature at a scan rate of 25
mV/s.

Biological activity testing: A549 and HT-29 cells were acquired
directly from Dr. Marcel Bally’s laboratory (BC Cancer Agency
Research Center, Vancouver, BC). A549 cells were cultured at 37
°C under a 5 % CO; atmosphere in RPMI 1640 media supplement-
ed with 2 mM L-glutamine and 10% fetal bovine serum. HT-29
cells were cultured at 37 °C under a 5 % CO, atmosphere in
McCoy’s 5a modified medium supplemented with 1.5 mM L-
glutamine and 10% fetal bovine serum. The sodium-compensated
complexes 1b, 2b, and 3b, Na[RuCliPy,], Na[RuCl;Him.], and
Na[RuCLHind.] (NKP-1339), as well as cisplatin were diluted
from 10 mM stocks in DMSO to give the desired concentrations in
complete cellular media for cytotoxicity testing. To verify that the
compounds would remain soluble under assay conditions, each
compound was incubated in complete cell media at the maximum
testing concentrations for 72 hours at 37 °C and in each case there
was no evidence of precipitation.

For in vitro cytotoxicity assays, A549 and HT-29 cells were seed-
ed in quadruplet at 2000 cells/well and 3000 cells/well, respective-



ly, in 384-well plates (Grener Bio-One). Following a 24 h incuba-
tion period, 20 pL aliquots of each complex in media were added to
each well to give the desired concentration with a DMSO concen-
tration of 1%. Wells containing a media control and a vehicle
(DMSO) control were also prepared. After 72 h of treatment with
each complex, the cells were stained using 5 pL of a 10 mg/mL
stock of Hoescht 33342 nucleic acid stain and 3 yL of a 1 mM stock
of ethidium homodimer I per mL of media. These stains generate a
total cell count and a dead cell count respectively. After a 20 minute
incubation period the plates were then imaged using an IN Cell
Analyzer 1000 (GE Healthcare), which is an automated fluorescent
microscopy platform that enables high-content screening. Cell
counts were determined via the IN Cell Developer Toolbox soft-
ware. Cells were classified as “dead” if they showed > 30% overlap
of the two stains. Statistical analyses to determine half maximal
inhibitory concentrations (ICso) were performed using GraphPad
software.

Synthesis:

(4-(CFs)Py).H[trans-RuCli(4-(CF3)Py).]  (1a). RuCl«H.O
(0.207 g, 1 mmol) was dissolved in ethanol (6 mL) and HCI (1 M,
6 mL) and refluxed for 3 hours to produce a clear, brown-orange
solution. Half of the solvent was then removed by rotary evapora-
tion. 4-(trifluoromethyl)pyridine (0.6950 mL, 6 mmol) was dis-
solved in ethanol (1.5 mL) and HCI (6 M, 1.5 mL), and added to
the Ru solution. This combined solution was then refluxed for 30
minutes to give 1a as a fine orange powder. The product was isolat-
ed by gravity filtration and washed with cold ethanol (3 x 2 mL). X-
ray quality crystals were recovered from the filtrate after it was
stored at —18 °C for several days. Yield: 47.8%, Mel. Temp. 230 °C
(decomp.), CosHi7CLFuNRu Cale. C, 34.64; H, 2.06; N, 6.73.
Found C, 34.49; H, 2.05; N, 6.67. 'H NMR (DMSO): & = 8.81,
7.73,-5.07. ®F NMR (MeOD): 8 = —63.53, ~77.64.

Na[trans-RuCly(4-(CF3)Py).J+H.0O (1b). 1a (0.0343 g, 0.041
mmol) was suspended in dried DCM (6 mL). NaBPh, (0.171 g, 0.5
mmol) was dissolved in dry acetone (1 mL) and added dropwise to
the 1a suspension to produce an orange solution. The solution was
stirred at room temperature for 1.5h and then diethyl ether (4.5
mL) was added and the solution was then allowed to stir for 17 h.
The desired product 1b was formed as a fine yellow-orange pow-
der, which was isolated by filtration and washed with diethyl ether
(3 x 2 mL). Under ambient conditions the dry precipitate turned
green after about 24 hours, but this process was slowed in a desicca-
tor; this color change did not cause any alteration to either the
intensity or appearance of the EPR or NMR spectra of the com-
pound. Yield: 58.5%, Mel. Temp. 138 °C (decomp.),
C12:HoCliFsN2NaORu Cale. C, 24.93; H, 1.74; N, 4.85. Found C,
24.80; H, 1.89; N, 4.85. 'H NMR (D,0): 5 = —6.08, “F NMR
(D:0): 8 =-75.77.

4-(CF;)HaoIm[trans-RuCly(5-(CF;)Him)»]+H>0 (2a). RuCl;« H.O
(0.208 g, 1 mmol) was dissolved in ethanol (S mL) and HCI (1 M,
S mL). The solution was refluxed for 3 hours, resulting in a clear,
brown-orange solution, which was then concentrated to minimum
solvent volume and additional HCI (1 M, 0.7 mL) was added. This
Ru solution was then added to 4-(trifluoromethyl)-1H-imidazole
(0.5444 ¢, 4 mmol) dissolved in HCI (6 M, 0.3556 mL). The re-
sulting solution was stirred at 60 °C for 10 min resulting in the for-
mation of the product 2a as an orange-red powder, which was re-
covered by gravity filtration and washed with DCM (3 x 2 mL).
Yield: 44.5%, Mel. Temp. 189 °C (decomp.), C2H2CuFsNsORu
Cale. C, 21.51; H, 1.81; N, 12.54. Found C, 21.52; H, 1.65; N,

12.71,"HNMR (MeOD): & = 8.68, 8.06, —16.35, —17.62, ’F NMR
(MeOD): & = —63.01, —68.40.

Na[trans-RuCly(S-(CF3)Him),]«2.5HO (2b). 2a (0.0494 g
0.075 mmol) was dissolved in cold acetone (1.5 mL) and NaBPh,
(0.0299 g, 0.875 mmol) was also dissolved in cold acetone (1.5
mL). The NaBPh; solution was added dropwise to the solution of
2a to give an orange solution, which was stirred for 2 hours to give a
color change to brown. An excess of diethyl ether (50 mL) was
added to give the product 2b as a dark red-brown precipitate that
was recovered via gravity filtration and washed with diethyl ether (2
x 2 mL). Yield: 34.4%, Mel. Temp. 140 °C (decomp.),
CsH11C14F5N4Na02_5Ru Calc. C, 1648, H, 190, N, 9.61. Found, C,
16.87; H, 2.35; N, 9.51. 'H NMR (MeOD): & = ~16.30, ~17.64, "°F
NMR (MeOD): § = —68.41.

PPhy[trans-RuCli(S-(CFs)Him),] (2c). 2a (0.1400 g, 02144
mmol) was dissolved in methanol (4.5 mL) and tetra-
phenylphosphonium chloride (PPh4Cl) (0.760 g, 2.075 mmol) was
then added directly to the solution. The resulting orange solution
was stirred for 45 minutes at room temperature and then cooled to
—18 °C for 1 h. Diethyl ether was added until 2¢ was produced as a
fine orange precipitate, which was then recovered by filtration and
washed with diethyl ether. X-ray quality crystals were recovered
from the reaction filtrate after several days at —18 °C. Yield: 49.7%,
Mel. Temp. 235 °C (decomp.), C2HasCuFsNsRuP Calc. C, 44.98;
H, 3.07; N, 6.56. Found C, 45.11; H, 2.96; N, 6.68,, 'H NMR
(MeOD): & = 7.97, 7.80, 1631, —17.70, °F NMR (MeOD): & =
-68.41.

S-(CFs)HaIn[trans-RuCly(S-(CFs)Hin).]+4H20 (3a). RuCl«H.O
(0.057 g, 0.272 mmol) was dissolved in ethanol (1.5 mL) and HCI
(12 M, 1.5 mL) and was refluxed for 3 hours resulting in a clear,
brown-orange solution. This solution was then concentrated by
removal of two thirds of the solvent via rotary evaporation. S-
(trifluoromethyl)-1H-indazole (0.2023 g, 1.087 mmol) was dis-
solved in HCI (12 M, 3 mL, 60-70 °C) and then combined with the
Ru solution and subsequently stirred at room temperature for 15
min. The product was produced as an orange-brown precipitate
and was collected by gravity filtration, washed with water (3 x 2
mL) and then allowed to air dry overnight. The product was then
washed with diethyl ether (50 mL) to give 3a as a pure light sandy
orange solid. Yield: S0%, Mel. Temp. 162 °C (decomp.),
CuHuCLFsNO:Ru Calc. 32.97; H, 2.77; N, 9.61. Found, C,
33.04; H, 2.88; N, 9.66., '"H NMR (MeOD): & = 8.22, 8.18, 8.12,
7.71,7.70, 7.63, 7.62, 1.59, —0.03 °F NMR (MeOD): & = —62.44,
-64.99.

Na[trans-RuCly(5-(CFs)Hin).]«2H,0+(CH;CH)0 (3b). 3a
(0.0166 g, 0.0207 mmol) was suspended in dichloromethane (§
mL). NaBPh, (0.0303, 0.0886 mmol) was dissolved in acetone (3
mL) and added dropwise to the solution of 3a. The resulting solu-
tion was refluxed for 1.5 hours to give a color change to dark red.
After concentrating to a minimum solvent volume by rotary evapo-
ration, the resulting red-brown oil was dissolved in acetonitrile (0.5
mL) and then dichloromethane (3 mL) was added. Hexanes (6
mL) was added to this solution after which it became cloudy. After
the solution was kept at —18 °C for 16 hours, a red-brown precipi-
tate was collected by gravity filtration. The precipitate was dis-
solved in diethyl ether (4 mL) for recrystallization. The solution
was separated from an insoluble side-product and then allowed to
evaporate under ambient conditions. 3b was collected as a red-
brown crystalline solid. Yield: 11.2%, Mel. Temp. 122 °C (de-
comp.), C15H29C14F5N4NaO3RU. Calc. C, 3210, H, 323, N, 7.49.



Found C, 31.91; H, 3.32; N, 7.11. 'H NMR (MeOD): § = 8.09,
1.59,-0.03, ”’F NMR (MeOD): § = —64.44.

PNP[trans-RuCly(5-(CFs)Hin).] (3c). 3a (0.0333 g, 0.0141
mmol) was dissolved  in  acetone (4 mL).
Bis(triphenylphosphine)iminium (PNP) chloride (0.0238 g,
0.0414 mmol) was added directly to the solution of 3a, and the
combined solutions were stirred for 1 h at 60 °C, after which diethyl
ether (50 mL) was added to produce an orange suspension. A fine
sandy orange precipitate was collected by gravity filtration and
washed with diethyl ether (2 x 2 mL). X-ray quality crystals were
recovered from the filtrate after 2 weeks at room temperature.
Yield: 12.5%, Mel. Temp 117-122 OC, Cs2H4oCl4FsNsP,Ru Calc. C,
$4.13; H, 3.49; N, 6.07. Found C, 54.05; H, 3.67; N, 5.96. '"H NMR
(MeOD): & = 7.68, 7.60, 7.52, 4.59, 2.68, 1.48, ’F NMR (MeOD):
5 =-65.28.

Results and discussion

Synthesis: Compounds 1a,b, 2a,b,c, and 3a,b,c were synthesized
using procedures derived from the original syntheses of KP1019,
NKP-1339, KP418, and their respective sodium and tetra-
phenylphosphonium (PPhs*) compensated derivatives.” **** The
identity and purity of the compounds were confirmed by elemental
analysis, NMR ('H and "“F), and EPR spectroscopies, as well as X-
ray crystallographic analyses.

Crystal structures: The sodium compensated complexes 1b, 2b,
and 3b were used for speciation and biological studies due to their
solubility in PBS. However, X-ray quality crystals of these com-
pounds could not be obtained. Crystals were obtained for the CFs-
Py complex with a CFs-pyridinium-CFs-pyridine cation (1a), the
CFs-Him complex with PPhs* (2¢), and the CFs-Hin complex with
PNP* (3c). The structure of the cation of 1a is consistent with that
determined crystallographically for the pyridinium-pyridine cation,
which has been characterized as a pair of pyridine molecules linked
by hydrogen bonding between their nitrogen atoms and a shared
proton.*® The structures of the anions of these compounds as de-
termined by X-ray crystallography are shown in Figure 2.

Comparison of the structures of each complex with the unsubsti-
tuted parent compounds shows that addition of the CF; groups
does not significantly affect the ligand coordination to the Ru cen-
ters. In all cases, the heterocyclic ligands are coordinated through
their nitrogen atoms in a trans arrangement with four equatorial
chlorine ligands completing the coordination sphere. The Ru-N
and Ru—Cl bond lengths of 1a, 2¢, and 3c (Table S2) are very

similar to those reported for their respective parent compounds.®®
27-28

Lipophilicity (logD7.) measurements: The axial heterocyclic
ligands of Keppler-type complexes influence their solution behavior
and interactions with biomolecules.*® '™ In particular, the ligands
can modulate the overall lipophilicity of the complexes. Lipophilici-
ty is an important general determinant of the pharmacokinetic
behavior of successful drugs,* and is commonly quantified in terms
of the water-octanol partition coefficient (logP).”” When charged
species are involved, such as the anions of KP1019, NKP-1339, and
their derivatives, lipophilicity can be defined at a specific pH by a
distribution  coefficient  (logD).**
pharmacokinetic studies have provided quantitative correlations
between lipophilicity and “druglikeness,” such as Lipinski’s obser-
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Figure 2. Crystal structures of the anions of complexes 1a, 2¢, and 3c.
For clarity, the counterions and co-crystallizing solvent molecules for
each complex are omitted. Structures are drawn at the 50% probability
level.

vation that a value of logP less than S is optimal for oral bioavailabil-
ity.** Although current treatment protocols used in clinical trials of
KP1019 and NKP-1339 employ intravenous administration,™ lipo-
philicity remains a key factor in the bioavailability of these types of
complexes, defining solubility and interactions with biomolecules
in vivo,* 1

Complexes 1b, 2b, 3b, and their parent compounds,
Na[RuCLPy.], Na[RuClHim.], and Na[RuCLHin,] (NKP-
1339), were dissolved in PBS at room temperature. Complexes 3b
and NKP-1339 required 1% DMSO to improve initial aqueous
solubility. The value of the distribution coefficient at pH 7.4
(logD7.4) was determined by measuring the UV-Vis spectrum of the
aqueous phase before and after shaking with n-octanol. The differ-
ence in absorbance at Amax correlates with the change in concentra-
tion in the aqueous phase due to partitioning into the n-octanol
layer, with D74 calculated according to Equation 1:*"

[n-octanol] _ Abs at Amax (before shaking) (1)

D, ,= =
74 [PBS] ADbs at Ay (after shaking)

The typical shake-flask protocol uses 24 hours of mixing prior to
the measurement of concentration in each layer. However, to min-
imize the effects of ligand-exchange processes, a shorter mixing
time of 2 hours was used in these experiments. Aquation of all of
the complexes occurs readily at 37 °C, but UV-Vis spectra collected
at room temperature show that a negligible amount of ligand ex-
change occurs during two hours in PBS (Figures $28-S33). Thus,
all logD7.4+ measurements were performed at this temperature. The
lipophilicity of the fluorinated chemotherapeutic S-fluorouracil was
also measured by this procedure, giving a logD74 value of —0.88.
This is in close agreement with the reported logP value of —0.79,%
demonstrating that our protocol gives values that are relevant for
comparison to other literature studies of drug lipophilicity.



Table 1: Distribution coefficients (logD.4), conditional HSA binding constants at site II (logK "), formal potentials (E°"), and ICso values for
Keppler-type complexes and CF; functionalized derivatives. logD74, logK’, and formal potential measurements were collected at room tem-

perature.
ICso (uM)

Complex logD»7.4 logK” E°’ (mV)

HT-29 AS49
Na[RuCls(CF:Hin).] (3b) ~14° 5.79° 218° 24(4) 21(4)
Na[RuCls(CFsPy).] (1b) 0.38 5.16 232 21(3) >100
NKP-1339 0.27° 5.05° 17 10(1) 50(23)
Na[RuCls(CF:Him),] (2b) -0.59 4.65 -141 >100 >100
Na[RuCLPy] -1.12 3.94 -43 >100 >100
Na[RuCLHim:] -1.28 4.07 -188 >100 >100
Cisplatin ---€ - € - € 9(4) 5(1)

*Compound 3b and NKP-1339 were measured in a 1% DMSO PBS solution.

Corrected E® value since compound 3b was measured in a 10% DMSO PBS solution, see main text for correction method.

‘Parameter not measured for cisplatin.

The values of logD-.4 for both the parent Keppler-type complexes
and their CF; functionalized derivatives are shown in Table 1. In
both series of compounds the lipophilicity increases according to
the type of heterocyclic ligands with indazole > pyridine > imidaz-
ole. Furthermore, the CF; groups of 1b, 2b, and 3b increase their
lipophilicity relative to their unsubstituted parent compounds.
Thus, overall 3b is the most lipophilic of all the compounds and
only a small remnant of the signal from this compound could be
detected in PBS after mixing (Figure $3) giving an approximate
value of logD74 ~1.4. Of the other complexes, 1b (logD-4 = 0.38)
and NKP-1339 (logD~.4 = 0.27) show the highest lipophilicity.

As we show below, the lipophilicity of the compounds correlates
with their solubility, interactions with HSA, and cytotoxicity. This
demonstrates quantitatively the importance of this property to key
aspects of the behavior of these types of complexes.

Aqueous solution behavior: The solution behavior of KP1019
and NKP-1339 has been thoroughly investigated using a variety of
techniques.” <104 115> {Jnder physiological aqueous conditions,
KP1019 forms an insoluble monoaqua species that precipitates out
of solution within minutes.'” * While this has not prevented
KP1019 from performing well in clinical trials,™ 3> *> ' * the al-
ternative formulation with a sodium counterion, NKP-1339, has
greater solubility, and is currently under active clinical develop-
ment.** The bis- imidazole complex, KP418 is more soluble and
undergoes step-wise ligand exchange to produce several aquated
species under physiological conditions.” *” This demonstrates the
role that the axial ligands play in the solution behavior of these
types of compounds. As shown below, modification of these ligands
with CF; groups has a distinct effect on how the complexes behave
in PBS.

F NMR. Each of the CF; modified complexes has six equivalent
“F nuclei. This is advantageous for NMR studies since, combined
with the high receptivity of '°F, this gives high signal-to-noise. Fur-
thermore, a single '’F NMR signal is observed from each species in

solution, which simplifies speciation studies. These properties are
particularly important for the complexes in this study since they
contain a paramagnetic Ru(IlI) (4%, low spin, S = 14) center that
causes line broadening.

Complexes 1b and 2b were dissolved in PBS (10 mM), and "°F
NMR spectra were collected at selected time points during 6 hours
of incubation at 37 °C. Incubation of complex 3b at 37 °C resulted
in rapid precipitation, so NMR studies of its behavior in PBS could
not be conducted. A blue-green precipitate formed within 10
minutes, which is likely due to formation of insoluble polynuclear
species, analogous to that observed for KP1019 under similar con-

ditions.'*

Initially, 1b shows a strong signal at 0.38 ppm (Figure 3). After
10 mins of incubation a second species (8 = 1.72 ppm) is predomi-
nant, and further incubation generates three more signals (8 = 3.26,
0.93 and —0.02 ppm). These signals are consistent with mononu-
clear paramagnetic Ru(III) species, demonstrating stepwise aqua-
tion in PBS. Similar behavior has been reported from other Keppler
type complexes, such as KP418."* * From 30 minutes onwards,
there was a steady decrease in overall signal intensity due to precip-
itation. This coincided with the appearance of new peaks in the
range of 6.9 to 10.8 ppm (Figure S12), which are likely due to
soluble aggregate and oligomeric species. After 1 h of incubation a
distinct peak at 10.60 ppm was also observed, which correlates with
the chemical shift of free CF3-Py, as determined separately under
the same solvent conditions (PBS, pH 7.4* 37 °C, Figure S15a, &
=10.58 ppm). This suggests that loss of the ligand under physio-
logical conditions follows the formation of aggregates and oligo-
meric species.

When dissolved in PBS, complex 2b initially exhibits a single
peak at 13.49 ppm (Figure S$13). With incubation at 37 °C this
signal shifts upfield. However, no other paramagnetic Ru(III) spe-
cies were observed until 6 hours of incubation, when a secondary

broad peak at & = 11.74 ppm became evident. A sharp signal at
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Figure 3. ’F NMR spectra of 1b (10 mM) incubated in PBS at 37 °C
for 6 hours. Chemical shifts calibrated using an external trifluoroacetic
acid signal indicated by “*”.

13.74 ppm was also observed, which grew in intensity with incuba-
tion. This second signal arises from free CFs-Him, as determined
by an independent measurement of the ligand under the same sol-
vent conditions (PBS, pH 7.4% 37 °C, Figure S15b, 5 = 13.66
ppm). Thus, the second Ru(I1I) species observed is likely a species
generated by loss of a CF;-Him ligand. These observations demon-
strate distinct differences in solution behavior as compared to 1b,
reflecting the influence of their axial ligands on these processes.

Exchange of a CF;Py from 1b, and CF;-Him from 2b, although
not dominant processes in solution, still has the potential to impact
on their pharmacological properties. The bis-imidazole complex,
KP418, is known to exchange an imidazole ligand under biological-
ly relevant conditions (pH 7.4, 37 °C),” but not in aqueous solu-
tion alone.” As determined from analysis of the electrochemical
properties of these compounds (see below), the addition of CFs
groups makes the ligands less electron donating, likely leading to
weaker Ru-N bonds and promoting ligand exchange.

EPR. The complexes in this study have paramagnetic Ru(1II) (d°,
low spin, S = 14) centers, so changes to their coordination envi-
ronment can be studied readily using EPR. This approach has been
used in previous studies of Keppler-type complexes, to characterize
their ligand-exchange processes.*® '***'* In this work, complexes 1b
and 2b were dissolved in PBS and incubated for up to 6 hours. At
selected time points, aliquots were extracted, frozen, and EPR
measurements were made. The solution stability of 3b was not
sufficient to obtain EPR data, due to rapid precipitation under
these conditions. The spectra of 1b (Figure 4) and 2b (Figures 8,
S$5) at different time points exhibit signals from multiple compo-
nents, as well as intensity changes with incubation. These data were
analyzed by spectral deconvolution using weighted combinations
of individual simulated spectra, as shown in Figure 4 and Support-
ing information Figures 86 and S7.

For 1b, the multiple ligand-exchange processes detected by "“F
NMR are also evident in the EPR spectra of the complex (Figure
4). Prior to incubation, a spectrum comprised of two components,
a uniaxial signal with g| = 2.71 and g = 2.35, and a rhombic signal
with g = [2.65, 2.52, 2.29] (Figure S6a) was observed. This is con-
sistent with previous EPR studies of KP1019 and KP418, which
also show two-component spectra immediately after dissolution in
aqueous solution.'™ With incubation at 37 °C, the original signals
from 1b were steadily replaced by signals from ligand exchange
products. The first of these (1b-C3), with g = [2.58, 2.28, 1.71],
was visible during the first 30 minutes of incubation, after which its
signal was subsequently attenuated. At longer incubation times the
spectra are dominated by signals from two species with g = [2.35,
2.33,2.09] (1b-C4) and g = [2.28, 2.24, 1.95] (1b-C5). In addition,
an overall reduction in intensity was observed, consistent with for-
mation of polynuclear species. Coupling between adjacent Ru(I1I)
centers in these species, either antiferromagnetic (S = 0, EPR si-
lent) or ferromagnetic (S > 12) means they are not detected in
these experiments.

The EPR spectra from 2b (Figures 8a, SS) are also composed of
a uniaxial component, g = 2.64 and g = 2.14, and a rhombic com-
ponent simulated with g = [2.94, 2.30, 1.10] (Figure S7). The low-
field g value was not observed for the second species, so a value
similar to that reported for KP1019 and KP418'* with a large line
width was used in spectral simulations. With these parameters, the
g3 peak did not impact the simulation in the experimentally meas-
ured region. The overall shape of the EPR spectrum of 2b is essen-
tially unchanged even after extended incubation at 37 °C. This
indicates that the species initially detected remain the dominant
Ru(III) compounds in solution, which is consistent with the "°F
NMR data. The species generated by loss of an axial CF;Him ligand
identified by NMR, is tentatively assigned to a broad feature at
1800 G visible in the EPR spectra at incubation times of 1 h on-
wards. A weak signal from this species is also in accord with the
NMR data. As with 1b, the overall reduction in EPR signal intensi-
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Figure 4. EPR spectra of 1b (3mM) in PBS with incubation at 37 °C,
and deconvolution of 30 min spectrum by simulation.



ty observed with incubation is likely due to precipitation and for-
mation of EPR-silent, soluble polynuclear species. For 2b, precipi-
tation is accompanied by a solution color change from orange-
brown to dark blue.

UV-Vis. The complexes 1a,b, 2a,b, and 3a,b were dissolved in
PBS, and UV-Vis spectra were collected at 10 minute intervals over
two hours of incubation at 37 °C. In each case the different counter-
ions, sodium or protonated ligand, did not strongly influence the
appearance of the spectra.

Consistent with the NMR and EPR experiments, 1a,b show UV-
Vis spectral changes reflecting ligand-exchange processes. Initially a
peak at A = 368 nm, likely arising from a ligand-to-metal charge
transfer (LMCT) transition, and absorbances at 261 and 325 nm,
which are assigned to ligand-based transitions, were observed
(Figure S, Figure $16). Similar spectra and transition assignments
have been reported for Na[RuClLPy.].*® With incubation, the
LMCT band decreases in intensity and a new absorbance at A =
345 nm grows in intensity, reflecting ligand exchange processes.
The spectra of 2a,b and 3a,b (Figures S18-S21) show baseline
increases and the appearance of a broad band at 550 nm, which
indicate aggregation of the complexes. Overall, the UV-Vis meas-
urements show that the heterocyclic CF;ligands influence the solu-
tion behavior of the complexes, particularly their solubility.

Interactions of Complexes with HSA: Albumin is the most
abundant protein in the circulatory system and has been identified
as the primary transporter of many drugs, particularly following
intravenous administration.” A number of studies have demon-
strated that HSA has a high affinity for Ru(III) complexes, *' and it
has been identified as the main transport protein for KP1019 and
NKP-1339 in vivo.” HSA has two principal hydrophobic binding
regions, site I and site II, which are located in subdomains IIA and
IIIA of the protein respectively,”” and are potential sites for non-
coordinate interactions with Keppler-type complexes.”® Further-
more, coordination to amino acid side chains may occur, most

10253 Both coordinate and non-

likely with histidine imidazoles.
coordinate interactions of Keppler-type compounds with HSA
have been reported and are prevalent under physiological condi-
tions.*™ " In the case of KP1019 it has been shown that the com-

plex forms non-coordinate interactions with the HSA initially, but
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Figure 5. UV/Vis spectrum of complex 1b (200 pM) in PBS pH 7.4
solution at 37 °C over two hours.
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Figure 6. Stern-Volmer plot of fluorescence competition experiments
for complexes 1b (#), 2b (A), and 3b (@) and their unfluorinated
counterparts Na[RuCliPy,] (<>), Na[RuCLHim,] (A), and NKP-
1339 (O). Fluorinated complex trend lines are dashed while unfluori-
nated complex trend lines are solid. Experimental conditions: cusa =
oG = 1 pM, cra = 0-15 pM; excitation wavelength = 335 nm; emission
wavelength =478 nm; ambient temperature; pH 7.4.

coordinates to the protein after longer time periods.'*

Fluorescence competition experiments. Fluorescence competition
experiments were used to assess the effect of the CF; groups of 1b,
2b, and 3b on interactions with HSA. This approach allows quanti-
fication of the interactions of molecules with either of the two pri-
mary hydrophobic binding sites of the protein.’” Displacement of a
fluorophore with a specific affinity for one of these sites by a com-
peting compound can be assessed by titration to yield a conditional
binding constant, K, which is a measurement of the compound’s
binding strength to that particular hydrophobic domain. This ap-
proach has been used previously for KP1019 and NKP-1339,
demonstrating interactions with both sites I and I1.** However, this
earlier study showed that KP1019 and NKP-1339 have no prefer-
ence for site I or II,*® and in the experiments performed here only
interactions with site I have been studied.

An established marker for site II is the fluorophore dansylglycine
(DG),” which fluoresces strongly in the region of 390-600 nm
when in the hydrophobic environment of site II. When displaced
into hydrophilic media, such as PBS, the fluorescence intensity of
DG is diminished and red shifted to 540 nm. Therefore, a decrease
in the fluorescence intensity from the HSA-DG adduct can be cor-
related with the displacement of DG from site II by a competitor
such as a Ru(III) complex. K’ can be determined using the Stern-
Volmer relationship (Equation 2), where I is the initial intensity of
fluorescence when the competitor concentration cra= 0 yM, and I
is the intensity of fluorescence for cr,> 0 pM.>

L =14 Koy, )

Io/Iwas determined at various HSA to competitor ratios and then
plotted against cro. This is a linear relationship in the presence of a
single fluorophore, as is the case here for each of the Ru(III) com-



plexes studied.* From Equation 2, the conditional binding con-
stant at site II, K was determined from the slope of the line of the
resulting plot of Io/I vs. cr. (Figure 6).

Fluorescence competition experiments were performed for 1b,
2b, and 3b and their parent compounds Na[RuCLPy.],
Na[RuCLHim,] and NKP-1339. The values of logK’ for each
compound are shown in Table 1, and our logK" value for NKP-
1339 (5.03) compares well with the literature value (5.32).* Com-
parison of the binding constants of each of the compounds shows
that the addition of the CFs—modified ligands increases the affinity
of the complexes for site IT of HSA. Furthermore, there is a good
correlation between the values of logD-.4 and logK; demonstrating
that the affinity of the site for compounds is modulated by hydro-
phobicity. The ordering of the affinities for HSA site II, 3b > 1b >
NKP-1339 > 2b > Na[RuCLPy.] > Na[RuCLHim.], reflects the
combined contributions of the heterocyclic axial ligands and the
CF; groups on the overall hydrophobicity of the complexes. Nota-
bly, 3b presents a significantly higher logK’than any of the other
compounds, which we attribute to its very hydrophobic CFs-Hin
ligands. This also meant that at concentrations higher than S pM,
the concentration of displaced DG was sufficiently high that it con-
tributed significantly to the fluorescence intensity measurement,
and so data above this concentration were not used in the calcula-
tion of logK’. We note that for each complex the species displacing
DG may include any of those generated by ligand exchange pro-
cesses. However, UV-Vis measurements (see below), demonstrate
greater solubility of all of the complexes in the presence of HSA,
indicating that aggregated polynuclear species are less likely to be
involved.

F NMR. Complexes 1b, 2b, and 3b were incubated with HSA at
37 °C for 24 hours (Figures 7, S14). These solutions were pre-
pared with a fivefold excess of the ruthenium complexes to achieve
higher concentrations of protein bound species and therefore allow
“F NMR spectra with a suitable signal-to-noise ratio to be ob-
tained. However, sample spectra collected with a twofold excess, as
used in the EPR and UV-Vis experiments, showed the same spec-
tral features.

The F NMR spectra of 1b with HSA (Figure 7) show distinct
differences from those of the complex in PBS. Although the general
spectral appearance below S ppm is reminiscent of the PBS studies,
the peaks are shifted upfield and broadened in the presence of the
protein. Initially, a broad peak is observed at —0.31 ppm, with three
additional peaks detected at 3.23 ppm, 1.44 ppm, and —1.70 ppm
following further incubation. Chemical shift changes and line
broadening, are consistent with non-coordinate interactions with
HSA, likely with the hydrophobic binding domains of the protein.
The protein-bound species are expected to have longer correlation
times due to their association with HSA, and consequently a short-
er transverse relaxation time (T.) and corresponding larger lin-
ewidths.** These observations are in accord with previous reports of
line broadening and chemical shift changes in the ’F NMR of mol-
ecules with CFs groups interacting with HSA.* Furthermore, hy-
drophobic interactions with HSA have been identified for KP1019,
NKP-1339, and other Keppler-type complexes.™ > 8 1% Compari-
son of these data with ’F NMR from 1b in PBS shows increased
persistence of the first species and the absence of polynuclear spe-
cies, demonstrating the impact the protein interactions have on the
speciation of the complex.

Incubation of 1b with HSA, also generated a sharp signal at 10.68
ppm, corresponding to free CF;-Py ligand, as determined by com-
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Figure 7. "F NMR spectra of 1b (10 mM) incubated with HSA (2
mM) in PBS at 37 °C for 24 hours. The 0 min spectrum (2 min scans)
has been adjusted to match the signal intensity of the subsequent time
points (4 min scans) using an external trifluoroacetic acid signal.
Chemical shifts were also calibrated using this signal, indicated by “*”.

parison with the 'F NMR spectrum of the isolated ligand in PBS (&
= 10.60 ppm, Figure S15a). The intensity of this signal increased
with incubation, and after 24 hours showed two distinct compo-
nents, the sharp peak assigned to free ligand in solution, and a
broad feature shifted slightly down field. Incubation of the CF;-Py
ligand with HSA, produced a similar signal (8 = 10.76 ppm, Figure
$15a), indicating a population of the ligand that is interacting with
the protein. This provides additional evidence for non-coordinate
interactions with HSA, likely promoted by the lipophilic CFs; modi-
fied ligand.

Interactions with HSA affect the '°F NMR spectra of 2b (Figure
S14a) similarly to 1b. As compared to the measurements in PBS,
the signal from 2b is broadened and shifted downfield. This is con-
sistent with the complex forming non-coordinate interactions with
the protein. Loss of this signal with incubation is accompanied by
the increase in intensity of a sharp signal at & = 13.84 ppm, and a
broad peak at & = 15.94 ppm, corresponding to free and protein-
bound ligand populations. The loss of CFs-Him from the Ru(III)
complex is consistent with a previous study of the bis-imidazole
complex KP418, which demonstrates that the complex can release
imidazole ligands in the presence of biological nucleophiles.”



The solubility of 3b in PBS is substantially improved in the pres-
ence of HSA, enabling NMR measurements. Similar enhancement
of solubility has been reported for KP1019, and was associated with
rapid formation of non-coordinate interactions with the hydropho-
bic binding domains of the protein.”® Initially, a very broad "F
peak is observed at around 14 ppm, consistent with a mono-nuclear
Ru(III) species bound non-coordinatively to HSA (Figure S14b).
Further incubation gives signals from free CFs-Hin (8 = 15.27
ppm) and another broad signal, likely from protein bound ligand.

Signals assignable to protein coordinated complexes, as detected
by EPR (see below), were not observed in the '’F NMR spectra of
the complexes with HSA. These species likely have even longer
correlation times than the non-coordinated protein-bound species,
and may thus have very large line widths that make their signals
unobservable.

Collectively, the "F NMR data demonstrate that these complexes
readily form non-coordinate interactions with HSA, in accord with
the EPR and UV-Vis studies discussed below. Furthermore, these
data also show that the CF; modified ligands are readily lost in the
presence of the HSA. Because of differences in sensitivity between
the "F NMR measurements of the paramagnetic complexes and
diamagnetic ligands, it is hard to assess the relative concentrations
of these species. Nonetheless, these observations, and the absence
of aggregated species in the presence of the protein, show that HSA
can influence the speciation of these types of compounds, poten-
tially influencing the active species that would be found in vivo.

EPR. Measurements of EPR spectra were performed on 1b, 2b,
and 3b following incubation with HSA in PBS for up to 24 hours at
37 °C (Figures 8, $8). Protein-bound fractions were isolated using
centrifugal ultrafiltration so that EPR spectra were from HSA-
associated Ru(III) species exclusively. At the earliest time point (0
min), the spectra of 1b and 2b were similar to those of the com-
plexes in PBS and were simulated using the same parameters. Alt-
hough EPR measurements of 3b could not be made in PBS, greater
solubility in the presence of HSA enabled spectra from protein-
bound species to be detected with good signal-to-noise (Figure
S$8c). Signals at early incubation time points from 3b were similar
to those reported for the bis-indazole complex KP1019 in buffer.'™
The observation of protein bound species, with the same ligand
environments as solution species, indicates non-coordinate protein
interactions, consistent with the NMR described above.

The overall EPR signal intensity from 1b decreased considerably
during incubation at 37 °C, indicating that protein bound species
are not highly persistent (Figure S8a). However, spectral simula-
tion identified four new signals that were not previously observed
in PBS were still readily observed during the incubation period
(Figure S9). The first two species detected with g = [2.4S, 2.34,
1.32] (1b-HSA1), and g = [2.29, 2.24, 2.10] (1b-HSA2) were ap-
parent as early as 30 minutes of incubation. After six hours of incu-
bation, 1b-HSA1 was replaced by two more protein associated
species, 1b-HSA3 with g = [2.53,2.37, 1.32], and 1b-HSA4 with g =
[2.35, 2.20, 1.83]. The formation of two HSA-coordinated species
was also reported from EPR studies of Na[RuCliPy.] with HSA.*
Observation of two additional species at the longer incubation
times used here is consistent with the subsequent loss of a CFs-Py
ligand following protein coordination, as indicated by “F NMR
measurement of 1b (see above).

The EPR spectra of complex 2b with HSA are dominated by a
single strong signal with g = [2.53, 2.34, 1.71] after 1 h of incuba-
tion. As shown in Figure 8, comparison of the EPR spectra of 2b
after 6 hours of incubation in PBS, and in the presence of HSA,
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Figure 8. EPR spectra of 2b incubated at 37 °C for 6 hours a) in PBS,
and b) with HSA, and spectral simulations.

shows the unmistakable contribution of this Ru(III) species. This
signal correlates with EPR spectra from the HSA-coordinated spe-
cies of other Keppler-type complexes,'* demonstrating that 2b also
readily coordinates to the protein. A similar species is also observed
for 3b, 3b-HSA1 with g = [2.44, 2.26, 1.78] (Figure S11). These
types of signals have been assigned to histidine coordinated com-
plexes for KP1019 and KP418, with similar g values and character-
istic large linewidths,'* indicating the same coordination mode for
the CF; modified analogues of these compounds. In the case of 3b,
three additional minority species with narrow line widths are also
observed: 3b-HSA2, g1 =2.29, g = 1.79; 3b-HSA3, g = [2.38, 2.29,
1.83]; and 3b-HSA4, g = [2.35, 2.24, 1.77], which indicate small
contributions from other binding modes, possibly to different ami-

no acid side chains.!*

Generally speaking, the EPR data indicate that the behavior of
1b, 2b, and 3b are typical of Keppler-type complexes, with the
rapid formation of non-coordinated species in the presence of
HSA, followed by coordination to the protein at longer incubation
times. However, comparison of the relative stability of their non-
coordinated species shows a distinct trend. Spectral analysis by
simulation demonstrates that non-coordinated species are ob-



served for 1b, 2b, and 3b for up to 2 h, 1 h and 6 h respectively
(Figure 8, $9-S11). This shows that the stability of non-coordinate
interactions increases according to 2b < 1b < 3b, which correlates
with their hydrophobicity as determined by their logD7.4 values. A
previous study of pyridine-based NKP-1339 analogues demon-
strated that stabilization of non-coordinate interactions with HSA
can lead to increased cytotoxic activity,* suggesting that addition of
CF; groups could be beneficial to in vivo activation.

UV-Vis. The behavior of the complexes in the presence of HSA
was evaluated using UV-Vis measurements in PBS at 37 °C over 2
hours (Figures 9, $22-§27). Complexes 2a,b and 3a,b displayed
better solubility in the presence of HSA, as compared to PBS alone,
with no evidence of baseline changes due to aggregation. The spec-
tra of 1a,b at early incubation time points are similar to those in
PBS, indicating little change to the coordination environments of
the complexes initially. These observations are consistent with the
rapid formation of non-coordinate protein interactions, as detected
by “F NMR and EPR (see above). At longer incubation times, the
spectra of 1a,b show a smaller contribution from the LMCT band
at higher energy observed with ligand exchange in PBS. This is
consistent with the '’F NMR measurements of 1b with HSA, which
also suggest changes in the ligand-exchange processes of non-
coordinatively bound complexes (see above). The UV-Vis data,
combined with the ’F NMR and EPR results, demonstrate that the
presence of HSA not only improves solubility but can also modify
the ligand-exchange behavior of these complexes.

Electrochemical measurements: The cyclic voltammograms of
the sodium-compensated complexes 1b, 2b, 3b, Na[RuCLPy.],
Na[RuCLHim.], and NKP-1339 were measured in PBS (Figures
$34-S40). Because of lower solubility, 3b was initially dissolved in
DMSO before addition to PBS, to give a 10% DMSO solution. To
determine the solvent correction for this solution, NKP-1339 was
also measured in the same solvent mixture, resulting in a 37 mV
lowering of its formal reduction potential, E°’, as compared to pure
PBS. This correction was used to calculate the value of E°” for 3b in
PBS. Each complex showed a one-electron Ru(I1I) > Ru(II) redox
couple with the different ligands having distinct effects on the val-
ues of E°’ (Table 1).

Reduction potentials have been reported for NKP-1339 (E° =
30 mV vs NHE) and KP418 (E°" = -160 mV vs NHE) in 0.2 M
phosphate buffer, pH 7.° These values are similar to our results in
PBS for NKP-1339 (E°’ = 17 mV vs NHE) and Na[RuCLHim;]
(E°" = -188 mV). The reduction potential of each of the complex-
es can be estimated by Lever’s empirical parameterization approach
using additive contributions from the ligands.*” As shown in Equa-
tion 3, the prediction of E* uses an electrochemical ligand parame-
ter, Ei, which correlates with the electron accepting characters of
the ligands of redox-active metal complexes. The parameters Su
and v were determined by fitting XF: and E°” values from various
complexes for particular M*/M""' redox couples.”’”

E° =Sy JE +1y (3)

Parameters for Ru(1II)(-1) > Ru(II)(-2) in aqueous phosphate
buffer solutions have been reported by Reisner et al. with Su = 0.88
and Iv = 0.46.% Using ligand parameters of EL(Cl") = -0.24,%
Ei(indazole) = 0.26,% Ei(pyridine) = 0.25,” and Ei(imidazole) =
0.09,® we can thus calculate E°" for NKP-1339 (20 mV),
Na[RuCLPy:] (60 mV), and Na[RuCLHim:] (-230 mV). These
are all in reasonable agreement with the experimental values, par-
ticularly when solvent differences in our experimental conditions
(PBS, pH 7.4) and the conditions used in establishing the Lever
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Figure 9. UV-Vis spectra of complex 1b (200 pM) with HSA
(100 uM) in PBS at 37 °C with incubation up to 24 hours.

parameters (phosphate buffer, pH 7) are taken into account. For
the complexes with CF; modified ligands, the values of Er can be
estimated using Equation 3 and E.(Cl"). Using this approach, we
calculate EL(CFs-Hin) = 0.34, EL(CFs-Py) = 0.3S, and E.(CFs-
Him) = 0.11. The value of E.(CF;-Py) is in agreement with a litera-
ture report of Er = 0.32,” indicating the values calculated by this
method are reliable. The electron-withdrawing CF; groups increase
the overall electron-accepting properties of the ligands. This is
reflected in higher values of E:, corresponding to the higher reduc-
tion potentials of their respective Ru-complexes.

The reduction potentials of Keppler-type complexes have been
linked with their activities. The so-called “activation by reduction
hypothesis suggests that generation of Ru(Il) species in vivo may
promote anticancer activity by increasing reactivity towards bio-
molecules.' * This may be related to increased lability due to de-
creased affinity for m donor ligands and increased overall negative
charge on the anionic ruthenium species." © Consequently, the
loss of CI” ligands from these types of complexes is accelerated,
which promotes potential interactions with proteins, DNA, and
other biological targets. *”** Evidence for this includes the greater
affinity of KP1019 towards the DNA-modelling nucleotide, gua-
nine monophosphate (GMP), in the presence of two equivalents of
the reducing agent glutathione.’! Similarly, studies of indazole
Ru(TII) complexes of the type [Ru(IIT) Cl(s-»(Hind)n]¢™~ (n = 0-
4), show that their cytotoxic activity against the SW480 colon car-
cinoma cell line correlates with their reduction potentials.*’” The
redox activity of these types of complexes may also contribute to
activation pathways related to oxidative stress. *® This concept has
drawn particular attention because it suggests that targeted activa-
tion may be possible by selective reduction of Ru(III) complexes in
hypoxic tumour environments.”

The compounds studied here with the highest reduction poten-
tials, 1b, 3b, and NKP-1339, also exhibit cytotoxic activity while
the other complexes are inactive (see below and Table 1). Howev-
er, given that 1b has a reduction potential 215 mV more positive
than NKP-1339, and yet shows lower activity, we conclude that the
reduction potential is not the main discriminator for the reactivity
of these complexes. Furthermore, the reduction potentials of all of
the complexes are within the potential range of physiological reduc-



ing agents such as glutathione (E°" = —250 mV), indicating that
their Ru(Ill) centers could be reduced in vivo. Aqueous ligand
exchange of CI” will make reduction even more favorable, since
Equation 3 parameterized for Ru(III)(0) » Ru(II)(-1) (Sm = 0.97,
In = 0.04) 7 with EL(H.O) = 0.04” %7 predicts a significant increase
in reduction potential. Thus, it seems likely that Ru(II) species play
an important role in the activity all of the compounds studied in
this report.

Biological testing: The sodium-compensated complexes 1b, 2b,
and 3b, as well as Na[RuCLPy.], Na[RuCl;Him.], and NKP-1339
were tested for cytotoxicity against the chemosensitive human
colon carcinoma HT-29 and the more chemoresistant non-small
cell lung carcinoma AS549 cell lines.? After the complexes were
incubated with each of the cell lines for 72 hours, cell viability was
assessed using a fluorescent cell-permeable nuclear marker
(Hoescht 33342 nucleic acid stain) to determine total cell counts,
and a cell-impermeable nuclear marker (ethidium homodimer I)
was used to quantify dead cells. This enabled the “fraction affected”
to be determined as the ratio of dead to live cells. Plots of fraction
affected versus concentration (Figure 10, and Figures $41, $42)
were then analyzed to determine ICso values (Table 1) by fitting to
a sigmoidal curve (Figures $43-549).

Using this approach, ICso values for NKP-1339 of 10+ 1uM
against HT-29 cells and 50 + 23 uM against A549 cells were deter-
mined. These results confirm the cytotoxic activity of this com-
pound, as described in previous literature reports with ICso values
of 24.76% and 156 uM® against these respective cell lines. This
compares well with cisplatin against the HT-29 cell line which
showed an ICso of 9 + 4 uM in our experiments (literature values of
20.36-25.4 uM®). Cisplatin was found to be more active against
AS549 cells with ICso = S = 1 pM (literature values of 2.36-5.95
pM®). The CF; functionalized analogue of NKP-1339, 3b, also
shows good activity against HT-29 cells with ICso = 24 + 4 puM.
Interestingly, 3b shows greater activity against the more chemo-
resistant cell line A549 than NKP-1339. An even greater effect from
addition of CF; groups was observed for the pyridine complexes.
While Na[RuCliPy,] shows no activity against either cell line, its
CFs-Py analogue (1b) shows good activity against HT-29 cells with
ICso = 21 * 3 yM. Neither of the imidazole complexes show meas-
urable activity, which is consistent with previous reports that
KP418 showed no cytotoxic activity against HT-29 cells.?

Significantly, the three active compounds, 3b, 1b, and NKP-
1339, also have the highest lipophilicity as shown by their values of
logD74 (Table 1). Whereas, the more hydrophilic compounds 2b,
Na[RuCLPy:], and Na[RuClsHim:] show no activity against either
of the cell lines tested. This is particularly notable in the case of the
pyridine complexes, where addition of the CF; group appears to
raise logD-.4 sufficiently to generate activity. This suggests that lip-
ophilicity could be the major determinant of the cytotoxicity of
Keppler type complexes. This is consistent with promotion of in-
tercellular transport via passive diffusion, as indicated in previous
studies of KP1019,*" with the more lipophilic compounds having
enhanced penetration of cell membranes.

Conclusion

Addition of CFs groups to the ligands of Keppler-type Ru(I1I)
complexes has been studied as a means to modify their pharmaco-
logical behavior, and to install a spectroscopic handle for ’F NMR
studies. The ligands of the parent compounds, pyridine, imidazole,
and indazole, and these ligands functionalized with CF; groups,
provided a series of complexes (Figure 1) with a range of lipo-
philicities. From measurement of the distribution coefficient
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Figure 10: Cytotoxicity testing results of complexes 1b (), 3b (@),
NKP-1339 (O), and cisplatin (1) against the HT-29 cell line, and
sigmoidal fitting.

(logD7.4) it was determined that the lipophilicity of the complexes
varied as 3b (bis-CFs-Hin) > 1b (bis-CFs-Py) > NKP-1339 (bis-
Hin) > 2b (bis-CF:-Him) > Na[RuCliPy,] > Na[RuClHim:]
(Table 1).

Studies of the ligand exchange behavior of the CF; modified
complexes using “F NMR, EPR, and UV-Vis show distinct behav-
ior in PBS. While 1b shows step-wise aquation, followed by the
formation of oligomeric species, 2b is comparatively stable towards
ligand exchange, and 3b precipitates rapidly. Combined with pre-
vious studies of the aqueous solution behavior of the unsubstituted

parent compounds,** '*

this demonstrates the important role that
the axial heterocyclic ligands play in the aqueous solution behavior
of these types of complexes. This is important since successful
Keppler-type drug candidates are likely to be delivered by intrave-
nous infusion, as in the case of the clinically tested compounds
KP1019 and NKP-1339,> * and so their behavior in aqueous solu-
tion prior to administration determines the actual species present-

ed by the treatment.

Following infusion, interactions with serum proteins are preva-
lent for Keppler-type complexes.™ '™ % Previous studies suggest
that HSA is the primary target for these and other Ru(III) anti-
cancer candidates in vivo,” with transferrin also possibly playing a
role in delivering the complexes to tumors.* Interactions with the
main hydrophobic binding domains of HSA have been identified,
suggesting that non-coordinate interactions with the protein are
important in vivo. 042 Using fluorescence competition experiments
we have shown here that the affinity of the CF;-modified complex-
es and their unsubstituted parent compounds for hydrophobic
binding site II of HSA correlates well with the lipophilicity of the
compounds (Table 1). Furthermore, EPR, ’F NMR and UV-Vis
measurements confirm that these interactions occur readily in the
presence of the protein. Thus, these observations confirm that
Keppler-type complexes interact with the hydrophobic binding
domains of HSA via non-coordinate interactions that are modulat-

ed by the lipophilicity of their axial ligands.

While non-coordinate interactions of Ru(III) complexes such as
NKP-1339 and KP1019 are predominant after initial exposure to
HSA, as time progresses coordinated species typically become
more prevalent, eventually becoming predominant.*® '* As we



show here by EPR studies of the CF; functionalized compounds
with HSA, the rate of transformation of non-coordinate to coordi-
nate interactions increases as 2b > 1b > 3b. This is inversely corre-
lated with the lipophilicity of these compounds, indicating that
increased stabilization of non-coordinate interactions at hydropho-
bic sites of HSA can inhibit formation of coordinated species. A
previous study of KP1019 and NKP-1339 analogs suggests that
stabilization of non-coordinate interactions may favor activity in
vivo by maintaining greater bioavailability.*

Studies of the cytotoxicity of the both the CF; functionalized
complexes and their unmodified parent compounds towards the
HT-29 and AS549 cell lines also demonstrated the importance of
lipophilicity. As we have shown here (Table 1), the three complex-
es with the highest distribution coefficients, 3b, 1b, and NKP-1339,
show promising activity, while the other more hydrophilic com-
pounds are relatively inactive. The most compelling result is the
activity of the CFs-Py complex, 1b, which shows good activity (ICso
=21 puM) against the HT-29 cell line. Whereas, the parent com-
pound Na[RuClLiPy,] is inactive against this cell line. We suggest
that greater lipophilicity may enhance passive diffusion of the com-
plexes through cell membranes, leading to greater intracellular
ruthenium concentrations and enhanced activity.

Previous studies of Ru(III) complexes have implicated reduction
potentials as a factor affecting activity. This is predicated on the
premise that generation of Ru(Il) species may be an important part
of their mechanism of activation.' ** ¥° Measurement of E° for
both the parent compounds and the CF; modified complexes (Ta-
ble 1) do show that the active compounds have higher reduction
potentials. Furthermore, addition of CF; groups increases the re-
duction potentials of the complexes due to the more electron ac-
cepting nature of the ligands. However, the reduction potentials of
all the complexes are within the physiological window, suggesting
they could all be found in the Ru(II) state in the in vitro studies,
and there is no obvious trend with regards to reduction potential
and the ICso values of the active compounds. Nonetheless, we can-
not exclude this as having some contribution to the observed activi-
ties.

As a whole, this work demonstrates that trifluoromethylation
could be a useful general approach for influencing the pharmaco-
logical behavior of Ru(III) anticancer compounds both through
enhancing transport by HSA and also by improving cytotoxic activ-
ity. Furthermore, addition of CF groups enables '’F NMR studies
of ligand exchange processes and protein interactions.
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ABBREVIATIONS

5-FU 5-fluorouracil

CF3; Trifluoromethyl

Cisplatin cis-diamminedichloridoplatinum(II)
D Distribution coefficient

DG Dansylglycine

EPR Electron paramagnetic resonance
HSA Human serum albumin

1Cso Half maximal inhibitory concentration
Him Imidazole

Hin Indazole

K’ Conditional binding constant at site 11
KP1019 Indazolium [#rans-RuCls(1H-indazole):]
KP418 Imidazolium [trans-RuCls(1 H-imidazole):]
NHE Normal hydrogen electrode
NKP-1339  Sodium [trans-RuCla(1H-indazole):]
PBS Phosphate buffered saline

PNP Bis(triphenylphosphine)iminium ion
Py Pyridine

TFA Trifluoroacetic acid
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Binding

CF; derivatives of the anticancer Ru(III) complexes KP1019, NKP-1339, and their imidazole and pyri-
dine analogues show enhanced lipophilicity, albumin interactions, and cytotoxicity

Stephanie. W. Chang," Andrew R. Lewis," Kathleen E. Prosser," John R. Thompson,” Margarita Gladkikh," Mar-
cel B. Bally,* Jeffrey J. Warren,' and Charles J. Walsby"’

Trifluoromethyl analogues of “Keppler-type” Ru(III) complexes have been synthesized to probe the effect of lipophilicity on the pharmacological
properties of these types of compounds. The inclusion of 'F atoms also provides a spectroscopic handle for NMR studies. Increased complex lipo-

philicity promotes non-coordinate interactions with albumin, and coordination to the protein is also observed. The most lipophilic compounds exhib-
it the highest in vitro cytotoxicity, indicating that this is an important factor in the anticancer activity for complexes of this type.
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