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Abstract

A novel class of platinum(1V) complexes of the type [Pt(Am)-(R(COO0),),], where Am is a
chelating diamine or two monodentate am(m)ine ligands and R(COO); is a chelating
dicarboxylato moiety, was synthesized. For this purpose, the reaction between the corresponding
tetrahydroxidoplatinum(IV) precursors and various dicarboxylic acids, such as oxalic, malonic, 3-
methylmalonic, and cyclobutanedicarboxylic acid, was utilized. All new compounds were
characterized in detail, using 1D and 2D NMR techniques, ESI-MS, FTIR spectroscopy, elemental
analysis, TGA, and X-ray diffraction. Their in vitro cytotoxicity was determined in a panel of
human tumor cell lines (CH1, SW480 and A549) by means of the MTT colorimetric assay.
Furthermore, the lipophilicity and redox properties of the novel complexes were evaluated in order
to better understand their pharmacological behavior. The most promising drug candidate, 4b
(Pt(DACH)(mal),), demonstrated low in vivo toxicity but profound anticancer activity against
both the L1210 leukemia and CT-26 colon carcinoma models.
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INTRODUCTION

Platinum(l1)-based cytotoxic agents, namely, cisplatin, carboplatin, and oxaliplatin (Scheme
1), are a part of more than 50% of clinically applied anticancer regimens, and first-line
chemotherapy for 12 neoplasms includes platinum drugs.12 Their clinical effectiveness is,
however, accompanied by severe dose-limiting side effects, acquired and/or intrinsic tumor
resistance, and the inconvenient and cost-intensive parenteral administration.34

Platinum(lVV) complexes are promising candidates as novel chemotherapeutics capable of
overcoming several problems associated with existing platinum(I1)-based anticancer
therapy. Their physicochemical properties, retained cytotoxicity, and diverse possibilities for
derivatization offer a variety of opportunities for the development of an effective and safe
platinum prodrug for oral application.3->-10 Therefore, hundreds of Pt(IV) compounds have
been synthesized, their biological activity has been evaluated, and three complexes
(tetraplatin, iproplatin, and satraplatin) have been examined in clinical trials. However, there
is still no platinum(I1V) complex approved for clinical use.! Clinical studies with satraplatin
are ongoing, while the status of its adamantylamine analogue, LA-12, in clinical
development is unclear.111

Platinum(lVV) complexes are considered to be prodrugs which have to be activated in vivo by
reduction, followed by aquation of the formed Pt(Il) species prior to interaction with nuclear
DNA.3:6:12.13 The low anticancer activity and/or high general toxicity often observed for
highly cytotoxic platinum-(1V) compounds is usually related to poor pharmacokinetics, due
to rapid and premature reduction in vivo.1*15 Consequently, selection of a suitable ligand
sphere to assure appropriate Kinetics of activation is essential for the clinical success of
platinum(1V) anticancer prodrugs. In line with these requirements, cis,cis,trans-
diam(m)inedichloridodicarboxylato-platinum(lV) complexes feature such a favorable
coordination sphere, which is believed to be optimal.3:6:16 However, it was recently shown
that these types of complexes can also be rapidly reduced in vivo and deactivated before
reaching the tumor.1517.18 Therefore, there is still need for the design of novel platinum(IV)
compounds that have alternative ligand spheres and offer improved pharmacokinetic
behavior. Current efforts have been directed toward the development of platinum(1V)
complexes containing two different axial ligands on the same scaffold, revealing some
advantages in terms of solubility, lipophilicity, redox behavior, and targeting strategies.19-23
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In the present article, we report on the synthesis and characterization of a series of novel
platinum(1V) complexes with a ligand sphere based on two chelating dicarboxylato ligands
(each of the ligands is bound equatorially as well as axially). Additionally, cytotoxicity in
human cancer cell lines as well as in vivo anticancer activity and general toxicity were
investigated. In order to gain a deeper insight into the mode of action, pharmacologically
relevant physicochemical properties of the new compounds were evaluated.

RESULTS AND DISCUSSION

Synthesis

A general reaction scheme for the preparation of novel bis- and tris-chelate
diam(m)inebis(dicarboxylato)-platinum(IV) complexes is given in Figure 1. The method for
synthesis was developed on the basis of the ability of diaminetetrahydroxidoplatinum(IV)
complexes to undergo nucleophilic substitution reactions under acidic conditions (e.g., in
carboxylic acids, which were used as reagent and solvent).24

The required diam(m)inetetrahydroxidoplatinum(IV) precursors were prepared by adapting
a procedure reported for the synthesis of Pt(cha)(NH3)(OH)4.2> The precursors were
obtained as white to pale yellow powders with yields over 80%. Although, in some cases,
elemental analysis indicated the presence of water and/or hydrogen peroxide in the samples,
further purification was not necessary, as this did not disturb the next synthetic step. The
target diam(m)inebis-(dicarboxylato)platinum(lVV) complexes were obtained after reaction of
the respective diam(m)inetetrahydroxido products with concentrated aqueous solutions of
the corresponding dicarboxylic acids, forming inert five- or six-membered chelate rings. In
the case of oxalic acid, diamineoxalatoplatinum(lIl) byproducts were also formed, most
likely due to a partial reduction of the formed platinum(IV) complexes by oxalic acid. All
novel compounds were obtained as white to almost white crystalline powders in yields
between 25 and 70%, depending mainly on their water solubility and the method of their
isolation and purification. Because protonation of Pt—OH groups is required prior to the
substitution reaction with the dicarboxylate, the pH of the aqueous solution of the
dicarboxylic acid and its molar concentration had a higher influence on the reaction yield
than the equivalents of acid used. Moreover, the rate and yield of formation of (OC-6-22)-
ethane-1,2-diaminebis(malonato)platinum(IV) (1b) could be increased by addition of small
amounts of 0.1 M HNOs. In contrast, the use of disodium malonate instead of malonic acid
leads to decomposition of the tetrahydroxido precursor without product formation.

Characterization

The novel complexes were fully characterized by means of elemental analysis, 1D and 2D
multinuclear NMR spectroscopy (1H, 13C, 15N, and 195Pt), ESI-MS, ATR-IR spectroscopy,
RP-HPLC and TGA, and, in the case of 1c and 4a, X-ray diffraction.

Al signals in the 1H and 13C NMR spectra were found with expected chemical shifts, and
their assignment was performed on the basis of 2D HIH COSY, 1H13C HSQC, and 1H13C
HMBC spectra. Because of the unsymmetrical character of the molecules, additional
splitting of the signals could be observed. For instance, the H-2 atom resonances (see Figure
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2 for NMR numbering scheme) of bis(malonato) complexes (1-3b) appeared as two
doublets. In 13C NMR spectra, two signals for C-1 and C-1’ were detected, as expected for
axially or equatorially coordinated carboxylates. Analogously, splitting of the NH signals in
two broad singlets could be observed for compounds 1a—d and 2b. In the case of
diamminebis-(malonato) complex 3b, a multiplet with coupling of 14N (1y y = 51.0 Hz)
and 195pt (2th,H = 50.6 Hz) with the protons of the coordinated ammine ligand is visible.
This is in accordance with our recent study on diamminetetracarboxylato-platinum(1V)
complexes.28 Because of the two different carrier ligands (ammonia and cyclohexylamine)
in complex 5b, additional signals in the 1H and 13C NMR spectra were observed. For
example, the proton resonance for H-2 appeared as four doublets, whereas two differently
shaped peaks were observed for the NH signals (Figure 3). Double sets of signals detected in
the 1H, 13C, and 195Pt NMR spectra of compounds 4a and 4b can be explained by the
formation of diasteroisomers due to the chirality of the (1R,2R)-diaminocyclohexane ligand.

195pt atom resonances of complexes featuring two six-membered chelate (PtOCCCO) rings
were found in the region between 3162 and 3375 ppm, in agreement with a Pt'YN,04
coordination sphere.26-28 |n the case of bis(oxalato) analogues (1a and 4a), the signals were
shifted upfield and observed at 2782-2815 ppm (Table S1).

Structures of the novel complexes have also been confirmed by ESI-MS spectra, measured
both in the positive and negative ion mode. The most intense signals could be observed for
peaks assigned to [M — H*]~ and [M + Na*]* as well as for [2M — H*]~ and [2M + Na*]*. In
some cases, signals corresponding to [2M + CI7]~, [M + CI7]7, and [2M + H*]* were also
detected. The m/z values and the isotopic distribution were in accordance with calculated
data.

According to the elemental analysis (C, H, N, and O) and IR spectra, most of the novel
compounds were isolated as hydrates. This was further proved by means of
thermogravimetric analysis. The hydrated samples lost their crystal water when heated to
130 °C at a rate of 5 °C/min and flushed with air (see Figure S1 for TG/DTA curves of
compound 1b).

Most of the novel complexes demonstrated good aqueous solubility (over 20 mM for the
most water-soluble agent, and between 2 and 10 mM for that with moderate solubility).
However, compound 1a seemed to be practically insoluble in water and to have very limited
solubility in most organic solvents (including DMSO). Therefore, no further analytical and
biological experiments were performed with this complex.

Crystal Structures

The molecular structures of complexes 1c and 4a, determined by single-crystal X-ray
structure analysis, are shown in Figures 4 and 5, respectively, with selected bond lengths and
angles quoted in the figure captions. Crystal data, data collection parameters, and structure
refinement details are given in Table S2. Compound 1c crystallized as a racemic mixture in
the monoclinic space group P2,/n, with molecules of cocrystallized DMF, acetone, and
water. Complex 4a crystallized as one of its diastereomeric forms in the orthorhombic space
group P2,2424, with two molecules of cocrystallized DMF. In both compounds, the Pt(IV)
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atom has an octahedral coordination geometry, with one bidentate diamine ligand in the
equatorial plane and two bidentate dicarboxylato ligands chelating the metal in an
equatorial/axial manner. The average Pt—N and Pt-O bond lengths are 2.027(4) and
2.007(17) A, respectively, in agreement with related octahedral Pt(1V) complexes.® The N—
Pt—-N and O-Pt-0 angles in the five-membered rings formed upon ligand coordination are
close to 85°, whereas in the six-membered rings (compound 1c), the O-Pt-0 angles are
slightly larger than 90° (see the captions of Figures 4 and 5).

Stability in Aqueous Media under Physiologically Relevant Conditions

Lipophilicity

All novel compounds were stable within 1 h in aqueous solution as well as in phosphate-
buffered saline (PBS) at pH 7.4 and 6.0 and in 0.05 M HCI. After 24 h of incubation,
decomposition (<10%) was detected for compounds bearing monodentate amines (2b and
5b) in PBS solution (the effect was more pronounced at pH 7.4), whereas no decomposition
products were observed for complexes featuring bidentate amines (1b—d and 4b). A higher
level of degradation was observed only in the case of the bis(oxalato) complex (4a), whereas
less than 45% of the native compound could be found after 24 h of incubation in PBS at pH
7.4. However, 4a was stable in HCI solution and showed lower decomposition levels in
PBS, pH 6.0 (38%), and in water (10%). Its lower stability in aqueous media (especially at
physiological pH) can partially be explained with the lower thermodynamic stability of the
five-membered PtOCCO ring compared to that of the respective six-membered PtOCCCO
ring.

Lipophilicity is one of the most important physicochemical properties related to the
pharmacokinetic behavior of drug-like molecules and their ability to cross cell membranes.
The partition coefficient between water and n-octanol (log P) as well as the RP-HPLC-
derived retention indexes (log ki, and log ksp) are the most commonly determined
parameters, providing relevant information about the lipophilic properties of metal-based
drugs.22.26.29-33 |n previous studies, we have demonstrated that cytotoxicity of
diam(m)inebis- and tetrakis(carboxylato) Pt(IV) complexes increases with increasing log P,
and log k, values, respectively, within a series of closely related analogues. Remarkably,
this effect is much more pronounced in the case of diam(m)inebis-
(carboxylato)dichloridoplatinum(IVV) complexes compared to that of their
diamminetetrakis(carboxylato) analogues.26:30.34

Herein, we have determined the lipophilicity of novel bis- and tris-chelate compounds by
measuring their retention factors (log kyy and log k3p) using RP-HPLC and water/MeOH
mobile phases. The results are summarized in Table 1.

With the exception of 1d and 5b, most of the novel Pt(1V) complexes had comparable or
lower log k values compared to the clinically used Pt(I1) drugs carboplatin and oxaliplatin
(cisplatin is too hydrophilic to be determined under the conditions used, as it elutes before
the standard even at a 95% aqueous mobile phase). Complexes 1d and 5b exhibited a similar
but lower lipophilicity than satraplatin, the first orally active platinum-based cytostatic.
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In Vitro Cytotoxicity

Eight bis- and tris-chelate diam(m)-inebis(dicarboxylato)platinum(lVV) complexes were
examined with respect to their cytotoxic activity in vitro. For this purpose, a colorimetric
microculture assay (MTT assay) was used in three human cancer cell lines (A549, CH1, and
SW480), yielding ICsq values mostly in the micromolar range (Table 2). The cell line CH1
was the most sensitive, whereas the SW480 and A549 cell lines were more resistant.
Overall, the range of in vitro cytotoxicity determined for the novel compounds is
comparable with that previously reported for am(m)-inetetracarboxylatoplatinum(IV)
complexes, prodrugs of carboplatin and oxaliplatin.2-28 The DACH-containing complexes
(4a and 4b) were the most potent species in all tested cell lines, exhibiting cytotoxicity
comparable or superior (in SW480 cells) to that of carboplatin. However, their
antiproliferative activity is lower than that of oxaliplatin, featuring the same carrier ligand
(DACH). The lower ICsq values observed for 4a could be explained by its lower stability
under physiologically relevant conditions, resulting in faster formation of reactive species,
compared to that of 4b. Increasing the lipophilicity via using different carboxylato ligands
had a minor influence on the cytotoxicity within the series, as can be seen when comparing
compounds 1b—d (Tables 1 and 2). The activity of the novel complexes was mainly
dependent on their carrier ligands and decreased as follows: DACH > NHs/cha > 2NH3 > en
> 2EtNH,. Among the bis(malonato) complexes (b series), 4b was the most active complex.
It was 6 times more active than 5b and at least 8 times more active than 1b, 2b, and 3b in
SW480 cells. In A549 cells, 4b was the only compound of the b series for which an 1Csg
value could be obtained with the chosen experimental settings. In CH1 cells, 4b showed the
same activity as 5b but was twice as potent as 3b, 4 times more potent than 1b, and 12 times
more potent than 2b.

Because the carrier ligands are dictating the cytotoxic potential of the new compounds, it is
of interest to determine whether this is limited only to the formation of different DNA
adducts or whether alterations of other main pharmacological properties are also involved.
With respect to this issue, we have performed additional studies addressing the redox
behavior of the novel complexes as a function of the nature of their ligands, predominately
the am(m)ines.

Redox Behavior

It is widely accepted that Pt(1\VV) complexes act as prodrugs, which have to be activated in
vitro/in vivo to their respective active Pt(Il) species. Therefore, the ease and speed of
formation as well as the nature of the products to which Pt(IVV) compounds will be reduced
in the body are the main factors that determine their anticancer activity and systemic
toxicity.>1® It was recently demonstrated that the rate of reduction of Pt(I\V) complexes by
biologically relevant reducing agents (e.g., ascorbate) depends on their axial as well as their
equatorial ligands. Moreover, good correlation between electrochemically determined redox
potentials and rate of reduction is valid only for complexes featuring chlorido ligands in
equatorial positions.15:26:36.37

Since the novel bis- and tris-chelate complexes possess the same type of six-membered
PtOCCCO (five-membered PtOCCO in the case of 4a) rings as equatorial/axial leaving
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groups, it was of interest to evaluate the dependence of their redox behavior on the type of
the carrier ligand.

Consequently, in order to judge the influence of the carrier ligands on the time dependency
of reduction of the new diam(m)inebis(dicarboxylato)platinum(lV) complexes, compounds
1b (featuring a bidentate amine) and 5b (featuring two different monodentate amines) were
incubated with a 15-fold excess of sodium ascorbate or glutathione. Due to the H/D
exchange of the acidic malonato protons, which occurs in D,0O as well as in buffered
solution (pH 7.4 D,0O/H,0), the complexes were prepared with 13C=0 labeled malonato
ligands (1b* and 5b*), and 1H13C HMBC NMR spectroscopy in H,O/D,0 (9:1) unbuffered
solvent mixture was employed for monitoring of the reduction.

Compounds 1b* and 5b* showed similar rates of reduction in the presence of ascorbate,
with a half-life of 3.4 days for 1b* and 4.5 days for 5b*, respectively. Interestingly,
reduction of 5b* began faster, but at around 60% remaining native complex, it slowed, and
at the sixth day, when 1b* was completely reduced, 40% of 5b* was still intact (Figure 6;
Figure S2 showing comparative NMR spectra). Expectedly, the products of the reduction in
both cases were the respective malonato-platinum(I1) species and malonic acid. The novel
bis-(dicarboxylato) complexes were reduced faster by ascorbate in comparison to their
tetrakis(carboxylato) analogues (t1> > 2 weeks), but were reduced much slower than
bis(carboxylato)-dichloridoplatinum(I\V) complexes (ty/; < 6 h).28

Glutathione was not capable of reducing the investigated compounds within 1 week of
incubation. It should be mentioned that the experimental conditions used cannot represent
the complicated cell microenvironment, including other reductants or mixtures thereof.

As revealed from the NMR experiments, the nature of the carrier ligands does not
significantly affect the redox behavior of the new complexes. In order to estimate the
influence of the size of the chelating dicarboxylate rings, we have investigated the reduction
of compounds 4a and 4b by ascorbate with RP-HPLC. For this purpose, the complexes were
incubated with a 15-fold excess of sodium ascorbate (consistent with the NMR experiments)
in water and in PBS buffer (pH 7.4) at 37 °C, and their reduction was followed over 24 h.
Complex 4a could no longer be detected in PBS solution after 20 h, whereas more than 90%
of 4b was still in its native form. The rate of reduction in unbuffered solution was slower,
where ~80% of 4a and ~95% of 4b were intact after 24 h of incubation. The results obtained
for 4b are analogous to the NMR experiments performed with bis(malonato) complexes
(1b* and 5b*). The notably faster reduction and hydrolysis of 4a compared to that of 4b
could explain its higher cytotoxicity in the cell lines tested and is most probably explainable
by the lower thermodynamic stability of the five-membered oxalatoplatinum ring in
comparison with the corresponding six-membered malonato-platinum moiety.

The HPLC experiments confirmed the formation of the respective Pt(I1) species (oxaliplatin,
its malonato analogue) upon reduction. A scheme of the proposed reduction pathway,
proceeding via monodentate bis(malonato) (respectively, bis(oxalato)) intermediates ending
up in platinum(ll) species with one chelating dicarboxylato ligand, is shown in Figure S3.
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However, platinum(I1) complexes featuring two monodentate dicarboxylato ligands were
not detected in our NMR and HPLC experiments as well as in ESI-MS measurements.

Theoretical Studies

The main physicochemical parameters of the new compounds related to biologically
relevant properties were evaluated using DFT calculations in order to better understand their
pharmacological behavior (Table 3). In the case of compounds 4a and 4b, calculations were
performed for both diasterecisomers.

All novel complexes were calculated as being quite polar, with dipole moments varying
from 10 to 18 D (Table 3). Their calculated polarizabilities increase with molecular weight,
whereas a strong correlation between these two parameters was observed. The least water-
soluble complexes (1a and 3b) have the smallest molar volume, polarizability, and solvent-
accessible surface area.

The distribution of electron density, based on the electrostatic potential (ESP), showed that
the most electropositive regions in the molecules could be found around the nitrogen donor
atoms and the most negative regions, around the oxygen atoms (Figure 7).

The natural population analysis (NPA) charge at Pt did not show dependence on the
deviation of am(m)ine or dicarboxylato ligands; its values (1.32-1.33 au) are in good
agreement with those calculated for diam(m)inetetrakis-(carboxylato)platinum(IV)
complexes (prodrugs for carboplatin and oxaliplatin).® The low (negative) values of Exomo
(<-9 eV) are a logical consequence of the inability of Pt(1\VV) complexes to act as reductants.
Graphical representation of the frontier orbitals of complex 3b is shown in Figure 8. The
similar values observed for the adiabatic redox potential in water (around 4 eV) imply that
the investigated compounds can be reduced with relatively equal effort. However, the
bis(oxalato) derivatives 1a and 4a have slightly higher E,oq (=4.1 eV), which could be
related to the lower stability of the five-membered PtOCCO rings.

Anticancer Activity of Complex 4b in Vivo

Compound 4b was chosen for further investigations based on its in vitro cytotoxicity and its
advantages in terms of solubility, stability, and lipophilicity. Despite complex 4a being the
most potent compound in the series, its slightly less cytotoxic bismalonato analogue (4b)
was preferred for animal experiments due to its higher stability under physiologically
relevant conditions combined with its high aqueous solubility (>15 mM). In addition,
isolation and purification of 4b is straightforward and does not require RP-HPLC (as in the
case of 4a), which is also advantageous for further comprehensive studies.

To this end, its in vivo anticancer activity was examined in a murine leukemia model
(L1210, Figure 9A) and a murine colon cancer model (CT-26, Figure 9B). In all
experiments, 4b was well-tolerated with no signs of toxicity such as fatigue, weight loss, etc.
With regard to its antileukemic activity, treatment with 10 mg/kg had no effect on the
survival of the animals. In contrast, 20 mg/kg slightly increased the mean life span from
11.4 £ 1.2 days to 16.3 + 3.3 days. In the group treated with 30 mg/kg, profound activity
was observed, resulting in 3/4 mice being cured. With regard to the solid CT-26 model, no
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significant anticancer activity was observed during the first treatment cycles. However, on
day 15, complex 4b caused distinct tumor shrinkage, resulting in significantly reduced
tumor burden from 0.27 £ 0.12 g to 0.12 £ 0.04 g (p < 0.05). In addition, a group of mice
was treated with oxaliplatin, as this is the standard therapeutic strategy against colon cancer.
For these experiments, the maximal tolerated dose was applied intravenously, according to
the daily oncological routine used in the clinic. These experiments revealed that in contrast
to the abrupt induction of tumor shrinkage under 4b treatment, oxaliplatin distinctly slowed
tumor growth beginning from day 11 of the experiment, resulting in a final tumor volume of
0.18 + 0.13 g. This indicates that platinum(IV) drugs might differ in their pharmacological
properties from those of classic platinum(ll) drugs.

To gain more insight into this issue, the total platinum content in the tumor as well as in
blood, urine, and other organs (lung, liver, kidney, sciatic nerve) was subsequently
determined by means of ICP-MS. The serum platinum levels 24 h after the last application
of 4b (~3 pg/mL) indicated a 10 times higher platinum circulation in the organism compared
to that in the oxaliplatin-treated mice (~0.3 pg/mL). Moreover, the platinum accumulation of
4b in tumor tissue (~5 pg/g) seemed to be superior compared to that of oxaliplatin (~1 pg/g).
These findings are remarkable because the amount of platinum administered with 4b was
only 2.5 times higher in comparison to that of oxaliplatin, which indicates that 4b might
have a longer plasma half-life. The solid tissues obtained from 4b-treated mice are ranked
according to their platinum concentrations as follows (Figure S4): liver (~15 pg/g) > kidney
(~10.5 pg/g) > tumor (~5 pg/g) = lung (~5 ug/g) > sciatic nerve (~1.8 ug/g). Thus, the
highest amounts of platinum could be found in liver and kidney as a logical consequence of
the high blood perfusion levels as well as the main role of these organs in metabolism and
excretion. Notably, the pattern of platinum distribution in mice treated with 4b differed
significantly from that observed for oxaliplatin-treated mice (Figure 10). In the case of
oxaliplatin, the highest platinum levels were detected in the kKidney (~4.5 pg/g), whereas in
the liver only ~2 pg/g was found. This is in accordance with a study on pharmacokinetics of
oxaliplatin in Sprague-Dawley rats after intraperitoneal application,38 which indicates that
the platinum tissue distribution is similar after intravenous and intraperitoneal administration
of oxaliplatin. Nevertheless, it has to be considered that the difference in the route of
application (intraperitoneal vs intravenous) as well as the drug dose (30 vs 9 mg/kg) and
molecular weight (531.37 vs 397.28 g/mol) of 4b and oxaliplatin might impact both drug
distribution as well as efficiency of excretion and thus might influence the results obtained
in the study presented here. However, as there are several reports that oxaliplatin displays a
similar pharmacological profile after intraperitoneal and intravenous applications,3° the
actual data might still be worth considering for further projects. Thus, our data indicate that
despite the fact that both 4b and oxaliplatin are DACH-containing complexes, their in vivo
behavior turned out to differ distinctly in terms of organ distribution profile as well as
kinetics of tumor response. Determining whether the difference in activity is due to the
required in vivo activation of 4b (prodrug concept) and whether the extent to which the later
induced rapid tumor shrinkage is based on pronounced DNA damage and apoptosis
induction are a matter of ongoing investigations.
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CONCLUSIONS

Nine novel bis- and tris-chelate diam(m)inebis(dicarboxylato)-platinum(IV) complexes were
synthesized and characterized in detail using various analytical techniques. Their in vitro
cytotoxicity was mainly dependent on the amine carrier ligands, whereas the DACH-
containing compounds proved to be the most potent species in all cell lines (CH1, SW480,
and A549) tested, featuring I1Csq values comparable or superior to that of the clinically
applied drug carboplatin. On the other hand, increasing the lipophilicity via using different
carboxylato ligands had only a minor effect on the cytotoxicity within the series. The
pronounced anticancer and especially antileukemic activity combined with a low systemic
toxicity observed in animal experiments indicates that compound 4b might be a promising
candidate for further preclinical development.

EXPERIMENTAL SECTION

All reagents and solvents were obtained from commercial suppliers and were used without
further purification. Water, used in the synthetic procedures, was purified through reverse
osmaosis followed by double distillation. For HPLC and ICP-MS experiments, high-purity
water obtained from a Milli-Q water system (18.2 M$2 cm, Milli-Q Advantage, Darmstadt,
Germany) was used. 1H, 13C, 15N, 195pt and 2D HH COSY, 1H13C, and 1H1°N HSQC,
and 1H13C HMBC NMR spectra were recorded with a Bruker Avance 111 500 MHz NMR
spectrometer at 500.32 (1H), 125.81 (33C), 107.55 (195Pt), and 50.70 MHz (}*N) in DMF-d-,
DMSO-dg, D,0, or D,0/H,0 (1:9) at ambient temperature. The splitting of proton
resonances in the H NMR spectra are defined as s = singlet, bs = broad singlet, d = doublet,
dd = doublet of doublets, t = triplet, dt = doublet of triplets, and m = multiplet. 1°N chemical
shifts were referenced relative to external NH,Cl, whereas 195Pt chemical shifts were
referenced relative to external K,[PtCl,] (see Figure 2 for the NMR numbering scheme). IR
spectra were recorded with a Bruker Vertex 70 FT-IR spectrometer (4000-400 cm™1) using
an ATR unit. Intensities of reported IR bands are defined as br = broad, s = strong, m =
medium, and w = weak. Electrospray ionization mass spectrometry was carried out with a
Bruker Esquire 3000 instrument using a MeOH/H,0 mixture as solvent. Elemental analyses
were performed using a PerkinElmer 2400 CHN elemental analyzer and EA 3000 (for the
oxygen determination) at the Microanalytical Laboratory of the University of Vienna and
are within £0.4% of the calculated values, confirming their =95% purity (see Table S3).
Preparative RP HPLC was performed with an Agilent 1200 series system controlled by
Chemstation software using an XBridge BEH C18 OBD Prep Column (19 mm x 250 mm, 5
um). Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were
carried out on a Mettler Toledo TGA/SDTA 851e instrument.

Synthesis. General Procedure for the Synthesis of Diam-(m)inetetrahydroxidoplatinum(IV)
Complexes (1-5)

Pt(diam-(m)ine)l, (synthesized, starting from K,PtCl,) was converted to [Pt(diam(m)ine)
(H,0),]%* by reaction with 1.9 equiv of AgNO3 in aqueous media. After filtration of the
formed silver iodide, the clear solution was passed through a column, which was filled with
a basic anion exchanger in order to transform the diaqua complex to its dihydroxido
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analogue. Finally, Pt(diam(m)ine)(OH), (obtained in situ) was oxidized using a 15%
aqueous solution of H,O2. Compounds Pt(en)(OH), (1), Pt(NH3)2(OH)4 (3), Pt(DACH)
(OH)4 (4), and Pt(cha)(NH3)(OH)4 (5) have previously been described in the
literature;25:40-42 synthesis and characterization of Pt(EtNH,)2(OH)4 (2) is reported for the
first time herein.

(OC-6-22)-Bis(ethylamine)tetrahydroxidoplatinum(IV) (2)

Pt(EtNH»),l» (1.210 g, 2.245 mmol) was suspended in water (20 mL), and AgNO3 (725 mg,
4.268 mmol) was added. The reaction mixture was left stirring at RT for 20 h (light
protection), whereupon the silver iodide formed was filtrated through a sintered glass funnel
over a filter paper disk (MN GF-3). The clear solution obtained was passed through a
column, which was filled with a basic anion exchanger (Amberlite-HCI, preconditioned with
NaOH to its respective OH form*3), all basic fractions were collected and combined, and the
volume was reduced to 10 mL under reduced pressure; subsequently, the same volume of
30% H,0, was added, and the reaction mixture was stirred for 15 h at RT. The volume of
the dark yellow solution was then reduced under reduced pressure to ca. 2-3 mL. After
cooling to 4 °C, a sufficient amount of cold acetone was added and precipitation of the
product was finalized with the help of ultrasonic waves. The white precipitate formed was
filtered off, washed with cold acetone, and dried in vacuo. Yield: 700 mg (88%), white to
pale yellow powder. IH NMR (D,0): §2.71 (m, 4H, H-3), 1.23 (t, 3Jy 4 = 7.3 Hz, 6H, H-4)
ppm. 13C NMR (D;0): §38.8 (C-3, 2Jc pt = 12.6 Hz), 14.4 (C-4, 3)¢ py = 30.6 H2)

ppm. 195pt NMR (D,0): 53354 ppm. IR (ATR): 3497 br (vpio-n); 3346 br, 3097 br, 2972 br
(WN-n); 1373 w, 1099 w, 1045 w cm™L,

General Procedure for the Synthesis of Diam(m)inebis-(dicarboxylato)platinum(IV)

Complexes

The respective diam-(m)inetetrahydroxidoplatinum(lVV) complex was added to a
concentrated aqueous solution of the corresponding dicarboxylic acid (8 equiv). The
reaction mixture was then stirred in the dark for 1-24 h at 40-45 °C. The final products were
isolated directly by filtration or via employing a combination of organic solvents for
precipitation in the case of highly water-soluble compounds.

(OC-6-22)-Ethane-1,2-diaminebis(oxalato)platinum(lV) (1a)

1 (80 mg, 0.248 mmol) and oxalic acid (250 mg, 1.982 mmol) in H,O (2 mL) were stirred
for 1 h at 40 °C followed by 4 h at RT. Subsequently, the formed precipitate was filtered off,
washed with water and acetone, and dried in a vacuum desiccator over P,Os. Yield: 56 mg
(52%), almost white to pale yellow powder. 1H NMR (DMSO-dg): §8.35 (bs, 2H, NH,),
8.15 (bs, 2H, NH,), 2.64 (m, 2H, CH,-NH>), 2.60 (m, 2H, CH,—NH,) ppm. 13C NMR
(DMSO-dg): §163.7 (C-1 or C-1'), 162.6 (C-1 or C-1'), 48.1 (C-NH,) ppm. I°N NMR
(DMSO-dg): §-13.7 ppm. 195Pt NMR (DMSO-dg): §2782 ppm. IR (ATR): 3149 br, 3058
br (w-n); 1750 m, 1714 s, 1686 m (1c=0); 1354 m, 1321 w, 1043 w, 891 m cm™1,
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(OC-6-22)-Ethane-1,2-diaminebis(malonato)platinum(lV) (1b)

1 (100 mg, 0.294 mmol) and malonic acid (245 mg, 2.351 mmol) in H,O (1.8 mL) were
stirred for 24 h at 45 °C. The formed suspension was cooled to 4 °C, and the precipitate was
filtered off and washed with a minimal amount of cold water, cold methanol, and cold
acetone and dried in vacuo. Yield: 86 mg (61%), white to almost white powder. ESI MS:
(positive): m/z 940.7 [2M + Na*]*, 481.7 [M + Na*]*. ESI MS (negative): m/z 915.8 [2M -
H*]~, 457.6 [M - H*]™. 1H NMR (DMF-d5): §8.29 (bs, 2H, NH,), 8.11 (bs, 2H, NH,), 4.03
(d, 23y 4 = 15.7 Hz, 2H, H-2), 3.15 (d, 2y y = 15.7 Hz, 2H, H-2), 3.02 (M, 2H, CHy-NH)),
2.90 (m, 2H, CH,-NH,) ppm. 33C NMR (DMF-dy): §171.7 (C-1 or C-1/, 2Jptc = 8.1 Hz),
171.5 (C-1 or C-1'), 47.9 (C-NHy), 46.8 (C-2) ppm. 1°N NMR (DMF-d): §-10.1

ppm. 195pt NMR (DMF-d): 63162 ppm. IR (ATR): 3407 br (vyon); 3273 br, 3046 br
("N_p); 1701 m, 1654 s, 1629 s (vc=p); 1556 m, 1354 s, 1320 m, 1206 w, 1148 w, 1044 w
cmL,

(OC-6-22)-Ethane-1,2-diaminebis(3-methylmalonato)-platinum(lV) (1c)

1 (204 mg, 0.600 mmol) and 3-methylmalonic acid (555 mg, 4.700 mmol) in H,O (2.5 mL)
were stirred for 24 h at 45 °C. The clear solution formed was reduced to dryness; the residue
was dissolved in a minimal amount of MeOH, and a sufficient amount of acetone was added
in order to precipitate the complex. The substance was collected via filtration, washed with
cold acetone, and dried in vacuo. The final pure product was obtained through
recrystallization from ice-cold water. Yield: 100 mg (35%), white powder. ESI MS
(positive): m/z 510.2 [M + Na*]*. ESI MS (negative): m/z 971.8 [2M - H*]~, 486.0 [M -
H*1™. 1H NMR (DMF-d-): §8.23 (bs, 2H, NH,), 8.03 (bs, 2H, NH,), 4.00 (m, 2H, H-2),
3.03 (m, 2H, CH,-NHy), 2.90 (M, 2H, CHx-NH,), 1.12 (d, 3Jy 4 = 6.9 Hz, 6H, H-3)

ppm. 13C NMR (DMF-dy): §173.3 (C-1 or C-1/, 2Jp;c = 7.1 Hz), 173.1 (C-1 or C-1’), 47.8
(C-NHy), 47.2 (C-2), 13.2 (C-3) ppm. 15N (DMF-d7) NMR: §-9.1 ppm. 195Pt NMR (DMF-
d7): 63171 ppm. IR (ATR): 3500 br (vqoR); 3190 br, 3148, 3067 br (y-H); 2988 br, 2948
w; 1653 s (1c=0); 1569 w, 1378 m, 1364 m, 1250 m, 1208 w, 1036 w, 876 w cm™1.,
Crystals, suitable for X-ray data collection, were obtained after vapor diffusion of a diethyl
ether/acetone mixture into a DMF solution of 1c.

(OC-6-22)-Bis(1,1-cyclobutanedicarboxylato)ethane-1,2-diamineplatinum(lV) (1d)

1 (200 mg, 0.588 mmol) and 1,1-cyclobutandicarboxylic acid (650 mg, 4.513 mmol) in H,O
(3 mL) were stirred for 20 h at 45 °C. The suspension formed was cooled to 4 °C, and the
precipitate was filtered off, washed with a minimal amount of cold water and cold acetone,
and dried in vacuo. Yield: 85 mg (25%), white powder. ESI MS (negative): m/z 1075.5 [2M
- H*]7, 537.3[M - H*]". 1H NMR (DMF-d5): §8.07 (bs, 2H, NH,), 7.84 (bs, 2H, NH,),
3.00 (m, 2H, CH,—NH>), 2.86 (m, 2H, CHy,—NH>), 2.73 (m, 2H, H-3 or H-3'), 2.64 (m, 4H,
H-3 or H-3'), 2.39 (m, 2H, H-3 or H-3"), 1.87 (m, 4H, H-4) ppm. 13C NMR (DMF-d;): §
176.0 (C-1 or C-1’), 175.3 (C-1 or C-1’), 55.9 (C-2), 47.7 (C-NH>), 35.4 (C-3 or C-3'), 27.5
(C-3 or C-3/), 15.8 (C-4) ppm. 15N NMR (DMF-d5): §-10.3 ppm. 195Pt NMR (DMF-d7):8§
3198 ppm. IR (ATR):3511 br (vyon); 3371 br, 3052 br, 2954 br (w_p); 1622 s (vc=0);
1457 w, 1336 s, 1211 w, 1096 w, 1050 w, 919 w cm™L.
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(OC-6-22)-Bis(ethylamine)bis(malonato)platinum(lV) (2b)

2 (200 mg, 0.566 mmol) and malonic acid (472 mg, 4.532 mmol) in H,O (2 mL) were
stirred for 22 h at 40 °C. Subsequently, the reaction mixture was reduced to dryness, and a
sufficient amount of MeOH was added. The white suspension formed was cooled to 4 °C,
and the product was filtered off, washed with cold acetone, and dried in vacuo. Yield: 188
mg (68%), white powder. ESI MS (positive): m/z 526.5 [M + K*]*, 510.8 [M + Na*]*. ESI
MS (negative): m/z 1013.5 [2M + CI7]~, 976.7 [2M - H*]7, 524.4 [M + CI7]~, 488.3 [M -
H*]™. 1H NMR (DMF-dy): §7.32 (bs, 2H, NHy), 7.02 (bs, 2H, NH,), 4.08 (d, 2]y 4 = 16.0
Hz, 2H, H-2), 3.14 (d, 23y 4 = 15.9 Hz, 2H, H-2), 2.83 (M, 4H, H-3), 1.35 (t, 3Jy 4 = 7.3 Hz,
6H, H-4) ppm. 13C NMR (DMF-dy): §171.6 (C-1 or C-1"), 171.3 (C-1 or C-1/, 2Jpyc = 7.2
Hz), 46.6 (C-2), 39.1 (C-3, 2Jptc = 13.9 Hz), 13.0 (C-4, 3Jp¢c = 31.8 Hz) ppm. 15N NMR
(DMF-d7): §-21.8 ppm. 195Pt NMR (DMF-d5): §3324 ppm. IR (ATR): 3127 br, 3059 br
(WN-n); 2982 w; 1669 m, 1645 s, 1609 s (1c=0); 1576 w, 1389 m, 1337 s, 1090 w cm™1.,

(OC-6-22)-Diamminebis(malonato)platinum(1V) (3b)

3 (100 mg, 0.327 mmol) and malonic acid (272 mg, 2.616 mmol) in H,O (2 mL) were
stirred for 15 h at 40 °C. Subsequently, the reaction mixture was cooled to 4 °C, and the
white precipitate was filtered off, washed with a small amount of cold water and cold
acetone, and dried in vacuo. Yield: 121 mg (81%), white powder. ESI MS (negative): m/z
430.8 [M - H*]™. H NMR (DMSO-dg): §6.29 (t, 1\ = 51.0 Hz, 2Jpy 4 = 50.6 Hz, 6H,
NHg), 3.87 (d, 2Jp n = 16.0 Hz, 2H, H-2), 3.12 (d, 23y 4 = 15.9 Hz, 2H, H-2) ppm. 13C
NMR (DMSO-dg): §172.0 (C-1 or C-1), 171.9 (C-1 or C-1’), 47.2 (C-2) ppm. 1°N NMR
(DMSO-dg): §-43.8 ppm. 195Pt NMR (DMSO-dg): 63375 ppm. IR (ATR): 3497 br (vyon);
3089 br, 3046 br (1y-p); 2926 w; 1643 s, 1623 s, 1609 s (1c=p); 1388 m, 1348 s, 1261 w,
1145w, 927 wem™L,

(OC-6-22)-((1R,2R)-Diaminocyclohexane)bis(oxalato)-platinum(lV) (4a)

4 (200 mg, 0.518 mmol) and oxalic acid dihydrate (535 mg, 4.244 mmol) in H,0 (1.5 mL)
were stirred for 20 min at 40 °C followed by 15 h at RT. The almost white precipitate
formed was filtered off, washed with a minimal amount of water, methanol and acetone, and
dried in vacuo. The presence of oxaliplatin as impurity required further purification using
preparative RP-HPLC. For this purpose, MeOH/water (5:95) as the mobile phase was
utilized. Afterward, the collected pure fractions were evaporated to dryness, acetone was
added, and the white product was filtrated after ultrasonification and cooling to 4 °C. Yield:
60 mg (24%), white powder. ESI MS: (positive): m/z 993.0 [2M + Na*]*, 508.0 [M + Na*]*,
485.0 [M + H*]*. ESI MS (negative): m/z 968.9 [2M — H*]~, 483.2 [M - H*]™. 1H NMR
(DMF-dy): 68.65 (bs, 2H, NH>), 8.26 (bs, 1H, NH>), 8.00 (bs, 1H, NH5), 3.03 (m, 1H, H-3),
2.89 (m, 1H, H-3), 2.32 (m, 1H, H-4), 2.26 (m, 1H, H-4), 1.84 (m, 1H, H-4), 1.75 (m, 1H,
H-4), 1.64 (m, 2H, H-5), 1.35 (m, 2H, H-5) ppm. 13C NMR (DMF-d;): §163.4 (C-1 or
C-1’), 163.3 (C-1 or C-1’), 62.9 (C-3), 62.1 (C-3), 31.1 (C-4), 30.8 (C-4), 23.8 (C-5), 23.7
(C-5) ppm. 1°N NMR (DMF-d;): §-3.7 ppm. 195Pt NMR (DMF-d;): §2815 and 2811 ppm.
IR (ATR): 3073 br, 3019 br, 2950 br (v\_p); 2867 w; 1745 m, 1710 s, 1684 s, 1657 m
(ve=0); 1550 w, 1543 w; 1339 s, 1293 m, 1188 w, 1065 w, 892 w, 806 m cm™L, Crystals,
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suitable for X-ray data collection, were obtained via vapor diffusion of an acetone/diethyl
ether mixture into a DMF solution of 4a.

(OC-6-22)-((1R,2R)-Diaminocyclohexane)bis(malonato)-platinum(1V) (4b)

4 (200 mg, 0.518 mmol) and malonic acid (451 mg, 4.334 mmol) in H,O (1.5 mL) were
stirred for 25 h at 45 °C. The suspension formed was cooled to 4 °C, and the precipitate was
filtered off, washed with a minimal amount of cold water and cold acetone, and dried in
vacuo. Yield: 69 mg (26%), white to almost white powder. ESI MS: (positive): m/z 1048.4
[2M + Na*]*, 535.3 [M + Na*]*. ESI MS (negative): m/z 1024.3 [2M - H*]~, 510.1 [M -
H*]™. IH NMR (DMF-d;): §8.47 (bs, 1H, NH,), 8.36 (bs, 1H, NH,), 7.93 (bs, 1H, NH,),
7.88 (bs, 1H, NHp), 4.03 (d, 2Jyy y = 15.8 Hz, 1H, H-2), 4.02 (d, 2Jy y = 15.7 Hz, 1H, H-2),
3.18 (d, 2Jy n = 15.8 Hz, 1H, H-2), 3.14 (d, 2Jpy y = 15.7 Hz, 1H, H-2), 2.98 (m, 1H, H-3),
2.91 (m, 1H, H-3), 2.27 (m, 2H, H-4), 1.84 (m, 1H, H-4), 1.75 (m, 1H, H-4), 1.62 (m, 2H,
H-5), 1.31 (m, 2H, H-5) ppm. 13C NMR (DMF-d5): §171.8 (C-1 or C-1'), 171.7 (C-1 or
C-1),171.5 (C-1 or C-1’), 62.0 (C-3), 61.7 (C-3), 47.0 (C-2), 46.7 (C-2), 30.7 (C-4), 30.5
(C-4), 23.8 (C-5), 23.7 (C-5) ppm. 15N NMR (DMF-d5): §0.9 ppm. 195Pt NMR (DMF-d-):
63206 and 3198 ppm. IR (ATR): 3513 br (vyon); 3164 br, 3070 br, 3010 br, 2944 br
(WN-H); 1667 m, 1640 s (1c=0); 1576 w, 1377 w, 1330 m, 1289 m, 1153 w, 923 w cm™L.,

(OC-6-32)-Ammine(cyclohexylamine)bis(malonato)-platinum(IV) (5b)

5 (190 mg, 0.479 mmol) and malonic acid (406 mg, 3.902 mmol) in H,O (2.5 mL) were
stirred for 20 h at 40 °C. The turbid yellow solution obtained was filtrated through a sintered
glass funnel (covered with a filter paper disk, MN GF-3) and evaporated to dryness.
Subsequently, the product was suspended in a cold mixture of MeOH and acetone and
collected via filtration. The white powder obtained was recrystallized from a minimal
amount of ice-cold water, filtered off, washed with a minimal amount of cold water and cold
acetone, and dried in vacuo. Yield: 105 mg (42%), white powder. ESI MS: (positive): m/z
1051.5 [2M + Na*]*, 1030.5 [2M + H*]*. ESI MS (negative): m/z 1063.4 [2M + CI7]™,
1028.5 [2M - H*]~, 513.5 [M = H*]". IH NMR (DMF-d5): §7.21 (bs, 1H, NH5), 6.97 (bs,
1H, NHy), 6.61 (t, LI 1 = 52.6 Hz, 2Jpy yy = 51.4 Hz, 3H, NH3), 4.07 (d, 2Jy y = 16.0 Hz,
1H, H-2/H-2), 4.06 (33 4 = 15.8 Hz, 1H, H-2/H-2"), 3.16 (d, 2]y 4 = 16.0 Hz, 1H, H-2/
H-2/), 3.14 (d, 2Jy y = 15.8 Hz, 1H, H-2/H-2), 2.85 (m, 1H, H-3), 2.23 (M, 1H, H-4 or
H-47), 2.16 (m, 1H, H-4 or H-4"), 1.73 (m, 2H, H-5 or H-5), 1.61 (m, 1H, H-6), 1.45 (m, 2H,
H-4 or H-4'), 1.30 (m, 2H, H-5 or H-5), 1.16 (m, 1H, H-6) ppm. 13C NMR (DMF-d7): §
171.7 (C-1, C-1/, C-1” or C-1"), 171.6 (C-1, C-1/, C-1” or C-1”), 171.3 (C-1, C-1/, C-1" or
C-17), 54.2 (C-3, 2Jpyc = 10.6 Hz), 46.7 (C-2 or C-2'), 46.6 (C-2 or C-2), 32.1 (C-4 or
C-4, 3Jpyc = 20.2 Hz), 31.7 (C-4 or C-4, 3Jp; ¢ = 12.1 Hz), 25.2 (C-6), 24.9 (C-5 or C-5),
24.7 (C-5 or C-5") ppm. 15N NMR (DMF-d7): §-12.2 (NH,), —44.0 (NH3) ppm. 19°Pt NMR
(DMF-d5): 63370 ppm. IR (ATR): 3554 br, 3477 br (vyoR); 3043 br (v-p); 2929 br; 1630
s (vc=0); 1373 m, 1331's, 1258 w, 927 w cm™L,

(OC-6-22)-Ethane-1,2-diaminebis(1,3-13Cy-malonato)-platinum(IV) (1b*)

To a mixture of 1 (50 mg, 0.147 mmol) and 1,3-13C,-malonic acid (63 mg, 0.592 mmol) in
water (0.7 mL) was added 0.1 M HNO3 (80 pL), and the mixture was stirred for 24 h at 45
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°C. Subsequently, the reaction mixture was cooled to 4 °C, and the precipitate formed was
filtered off, washed with a small amount of cold water and cold acetone, and dried in vacuo.
Yield: 35 mg (50%), white to almost white powder. ESI MS (negative): m/z 923.8 [2M -
H*]", 460.7 [M - H*]". 1H NMR (DMF-d;): §8.30 (bs, 2H, NHy), 8.12 (bs, 2H, NH), 4.03
(dt, 2y p = 15.7 Hz, 2Jc 4 = 8.9 Hz, 2Jc y = 6.9 Hz, 2H, H-2), 3.15 (dt, 2Jy y = 15.7

Hz, 2Jc = 5.4 Hz, 2H, H-2), 3.02 (m, 2H, CHx-NH>), 2.90 (m, 2H, CHy-NHy) ppm. 13C
NMR (DMF-dy): §171.7 (d, 2Jc ¢ = 1.9 Hz, 2Jc py = 8.1 Hz, C-1 or C-1'), 171.6 (d, 2Jc c =
2.4 Hz, C-1 or C-1’), 47.9 (C-NH), 46.8 (t, )¢ ¢ = 50.2 Hz, C-2) ppm. 1°N NMR (DMF-dy):
§-9.9 ppm. 195Pt NMR (DMF-d5): 6= 3160 ppm.

(OC-6-32)-Ammine(cyclohexylamine)bis(1,3-13C,-malonato)-platinum(IV) (5b*)

5 (80 mg, 0.202 mmol) and 1,3-13C,-malonic acid (92 mg, 0.868 mmol) in H,O (1 mL)
were stirred for 20 h at 40 °C. The turbid yellow solution obtained was filtered through a
sintered glass funnel (covered with a filter paper disk, MN GF-3) and evaporated to dryness.
Subsequently, the product was suspended in a cold mixture of MeOH and acetone, collected
via filtration, washed with cold acetone, and dried in vacuo. Yield: 65 mg (61%), white
powder. ESI MS: (positive): m/z 1058.7 [2M + Na*]*. ESI MS (negative): m/z 1037.0 [2M -
H*]~, 517.3 [M - H*]". 1H NMR (DMF-d;): §7.20 (bs, 1H, NH,), 6.96 (bs, 1H, NH), 6.60
(t, WN,H = 52.7 Hz, 2py py = 51.5 Hz, 3H, NH3), 4.06 (m, 2H, H-2), 3.15 (m, 2H, H-2), 2.85
(m, 1H, H-3), 2.23 (m, 1H, H-4 or H-4), 2.15 (m, 1H, H-4 or H-4’), 1.74 (m, 2H, H-5 or
H-5), 1.61 (m, 1H, H-6), 1.45 (m, 2H, H-4 or H-4’), 1.30 (m, 2H, H-5 or H-5/), 1.17 (m, 1H,
H-6) ppm. 13C NMR (DMF-dy): §171.7 (d, )¢ ¢ = 2.7 Hz, C-1, C-1/, C-1” or C-17), 171.6
(d, 2Jc c = 2.9 Hz, C-1, C-1/, C-1” or C-1”), 171.4 (d, 2Jc c = 2.1 Hz, C-1, C-1, C-1” or
C-17), 54.2 (C-3, 2Jpy ct = 10.1 Hz), 46.7 (t, Wc c = 50.1 Hz, C-2 or C-2'), 46.6 (t, Lc c =
50.2 Hz C-2 or C-2), 32.1 (C-4 or C-#/, 3Jpc = 19.3 Hz), 31.7 (C-4 or C-4/, 3Jp;c = 11.6
Hz), 25.2 (C-6), 24.9 (C-5 or C-5), 24.7 (C-5 or C-5’) ppm. 15N NMR (DMF-d;): §-11.6
(NH5), —=44.0 (NH3) ppm. 195Pt NMR (DMF-d5): 63369 ppm.

Crystallographic Structure Determination

X-ray diffraction measurements for 1c and 4a were performed with a Bruker X8 APEXII
and Bruker D8 Venture CCD diffractometer, respectively. Single crystals of 1c and 4a were
positioned at 35 and 45 mm from the detector, and 607 and 913 frames were measured, each
for 5 and 30 s over 1 or 0.5° scan width, respectively. The data were processed using SAINT
software.*4 Crystal data, data collection parameters, and structure refinement details are
given in Table S2. The structure was solved by direct methods and refined by full-matrix
least-squares techniques. Non-hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms were inserted in calculated positions and refined with a riding
model. One molecule of cocrystallized dimethylformamide (DMF) and one molecule of
water were found disordered over two positions with S.O.F. 0.7 to 0.3 in 1c, whereas in 4a,
one molecule of DMF was disordered over two positions with S.O.F. 0.6:0.4. The disorder
was resolved by using SADI, DFIX, and EADP restraints/constraints implemented in
SHELXL. The following computer programs were used: structure solution, SHELXS-97;
structure refinement, SHELXL-97;% molecular graphics, Mercury 3.0.
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Determination of Lipophilicity

Lipophilicity of the new compounds is expressed as the chromatographic retention factors
(namely, log ky, and log ksg) using reversed-phased HPLC. The analysis was performed on a
Dionex Summit system controlled by the Dionex Chromeleon 6.80 software. The samples
were prepared by dissolving of around 0.3-0.5 mg of each complex in 1 mL of a H,O/
MeOH (7:3) mixture, followed by filtration through a 0.2 um Nylon filter. The
chromatographic conditions were as follows: Agilent ZORBAX SB ag C18 column (4.6 mm
x 250 mm, 5 um); injection volume, 20 pL; flow rate, 1 mL/min; isocratic elution;
temperature of the column, 25 °C; UV-vis detection set up at 210 nm; Kl was used as an
internal reference to determine the column dead-time (tg); mobile phases containing
different percentage of 0.1% TFA aqueous solution and MeOH (the MeOH fraction ranged
from 50% for the most lipophilic compounds to 5% for the most hydrophilic ones);
chromatograms for each complex were run with at least three different mobile phase
compositions and at least two times.

The capacity factors k = (tg — tg)/tg (tr is the retention time of the species analyzed and tg is
the retention time of KI) of the investigated compounds were calculated for all eluent
compositions. The partition between the lipophilic stationary phase and water (0% MeOH)
was determined by extrapolation using the linear Soczewinski—Snyder relationship#6:47
between log k and the concentration of the organic modifier in the mobile phase

log k =log kyw — S,

where log k is the capacity factor in the specific mobile phase composition, ¢ is the volume
fraction of MeOH in the eluent, S is a constant for a given solute and a given HPLC system,
and log k, corresponds to log k in pure water (buffer).

Stability under Physiological Conditions

The novel complexes (¢ = 0.5 mM) were incubated in water, PBS solution (pH 7.4 and 6.0),
and 0.05 M HCI (pH 1.5) at 37 °C for 24 h. Their stability after 1 and 24 h was measured by
means of RP-HPLC, applying the same chromatographic conditions used for the
lipophilicity determination; mobile phases consisted of an appropriate 0.1% TFA water/
MeOH ratio in order to achieve elution of the compounds within 15 min.

Incubation with Ascorbate and Glutathione

Reduction of complexes 1b* and 5b* (13C=0 labeled 1b and 5b) by sodium ascorbate and
by glutathione was monitored by IH13C HMBC NMR spectroscopy at ambient temperature.
Solutions of the compounds (2 mM) were prepared in D,O/H,0 (1:9); sodium ascorbate (30
mM) or glutathione (30 mM), respectively, was added, and 1H13C HMBC NMR spectra
were recorded for 6 days. The reduction was monitored by following the decrease of
intensity of malonato CH,/23C=0 cross peaks from the complexes at 4.12/174.8 ppm,
4.06/174.6 ppm and 3.38/175.1 ppm for 1b*, and at 4.20/174.7 ppm, 4.16/174.3 ppm,
4.09/174.9 ppm, and 3.39/175.1 ppm for 5b* relative to the increase of signals of the
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reduced species at 3.52/178.0 ppm and 3.10/176.8 ppm for 1b* and at 3.59/178.1 ppm and
3.09/176.3 ppm for 5b*.

In addition, compounds 4a and 4b (0.5 mM) were incubated with a 15-fold excess of sodium
ascorbate in water and PBS solution (pH 7.4) at 37 °C, and their reduction was followed by
means of RP-HPLC over 24 h. The analysis was performed on a Dionex Ultimate 3000 RS
system, controlled by the Dionex Chromeleon 6.80 software. The chromatographic
conditions were as follows: Poroshell 120 SB C18 column (2.1 mm x 150 mm, 2.7 um);
injection volume, 2 pL; flow rate, 0.2 mL/min; temperature of the column, 25 °C; UV-vis
detection set up at 210 nm; mobile phase consisted of 0.1% TFA water/MeOH (95:5).

Theoretical Calculations

All calculations were performed with the Gaussian 09 software package.*8 The starting
structures for optimizations were taken from the X-ray data of complexes 1c and 4a. The
other compounds were modeled by modification of the latter.

The DFT long-range corrected hybrid wb97x functional was used for all calculations*® in
connection with the Def2-SVP basis set>0 with effective core potential®! for optimizing
geometries and calculation of physicochemical properties of interest. Geometry
optimizations were performed in the gas phase and in a water solvent model by using the
IEFPCM>2 method. Solvent-accessible surface area (SASA) was extracted after single-point
energy calculation of gas-phase-optimized structures in water environment with the ipcm®3
method, where the cavity is defined by a self-consistent isodensity contour in a water solvent
model. Atomic charges were calculated using the NPA approach.>*

The molar volumes, dipole moments, polarizabilities, and energies of the frontier orbitals
were taken from the gas-phase-optimized geometries. The energies of hydration were
calculated by extracting the energies in water environment from total energies in the gas
phase. For estimation of redox potentials, geometries of the corresponding anion radicals
were optimized in water, and their energies were extracted from the energies of the neutral
complexes also optimized in water, employing the IEFPCM solvation model.

Cell Lines and Cell Culture Conditions

For cytotoxicity determination, three different human cancer cell lines were used: A549
(nonsmall cell lung cancer) and SW480 (colon carcinoma), both kindly provided by Brigitte
Marian, Institute of Cancer Research, Department of Medicine I, Medical University
Vienna, Austria, as well as CH1 (ovarian carcinoma), kindly provided by Lloyd R. Kelland,
CRC Centre for Cancer Therapeutics, Institute of Cancer Research, Sutton, U.K. All cell
culture media and reagents were purchased from Sigma-Aldrich Austria, unless otherwise
indicated. Cells were grown as adherent monolayer cultures in 75 cm? culture flasks
(StarLab, CytoOne) in minimal essential medium supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen), 1 mM sodium pyruvate, 1% v/v nonessential amino acids
(from 100x ready-to-use stock), and 4 mM -glutamine without antibiotics at 37 °C under a
humidified atmosphere containing 5% CO, and 95% air.
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Cytotoxicity Assay

Cytotoxicity was determined by the colorimetric MTT assay (MTT = 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) as described previously.22 Briefly, cells
were harvested by trypsinization and seeded in medium (vide supra) into 96-well plates in
volumes of 100 pL/well. Depending on the cell line, different cell densities were used to
ensure exponential growth of the untreated controls during the experiment: 1.0 x 103 (CH1),
2.0 x 103 (SW480), and 3.0 x 103 (A549) cells per well. In the first 24 h, the cells were
allowed to settle and resume exponential growth. Then, the test compounds were dissolved
in medium, serially diluted in medium, and added to the plates in volumes of 100 pL/well.
After continuous exposure for 96 h (in the incubator at 37 °C and under 5% CO»), the
medium was replaced with 100 pL/well RPMI 1640 medium (supplemented with 10% heat-
inactivated fetal bovine serum and 4 mM .-glutamine) and MTT solution (MTT reagent in
phosphate-buffered saline, 5 mg/mL) in a ratio of 6:1, and plates were incubated for a
further 4 h. Then, the medium/MTT mixture was removed, and the formed formazan was
dissolved in DMSO (150 pL/well). Optical densities at 550 nm were measured (reference
wavelength, 690 nm) with a microplate reader (ELX880, BioTek). The quantity of viable
cells was expressed as a percentage of untreated controls, and 50% inhibitory concentrations
(ICsg) were calculated from the concentration—effect curves by interpolation. Every test was
repeated in at least three independent experiments, each consisting of three replicates per
concentration level.

Antileukemic Activity in Vivo

L1210 murine leukemia cells (1 x 10°) were injected intraperitoneally in a volume of 0.2
mL into female DBA/2J x Balb/c SCID F1 mice on day 0. Compound 4b (dissolved in
water) was administered intraperitoneally at drug concentrations of 10, 20, and 30 mg/kg on
days 1, 5, and 9. Toxicity was monitored by daily observation of animals and registration of
their body weight. Therapeutic efficacy of the drug candidate was monitored by recording
the length of survival of experimental mice compared to that of untreated control animals.
Experiments were carried out according to the Austrian and FELASA guidelines for animal
care and protection.

Anticancer Activity Against CT-26 Cells in Vivo

Six- to eight-week-old female Balb/c mice were purchased from Harlan Laboratories (San
Pietro al Natisone, Italy). The animals were kept in a pathogen-free environment, and every
procedure was performed in a laminar airflow cabinet. Experiments were approved by the
local ethics commission and carried out according to the Austrian and FELASA guidelines
for animal care and protection. Murine CT-26 cells (5 x 10°) were injected subcutaneously
into the right flank. Therapy was started when tumor nodules were palpable. Animals were
treated with complex 4b (dissolved in water) intraperitoneally at a drug concentration of 30
mg/kg or with oxaliplatin (dissolved in 5% glucose) intravenously at a drug concentration of
9 mg/kg (maximal tolerated dose) twice a week for 2 weeks. Animals were controlled for
distress development every day, and tumor size was assessed regularly by caliper
measurement. Tumor volume was calculated using the formula (length x width2)/2. The
experiment had to be terminated on day 15 due to ulceration of the tumors in the control
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group. Animals were anesthetized 24 h after the last treatment, and blood was collected by
heart punctuation. Serum was isolated by centrifugation of the collected blood samples at
3000 rpm for 10 min for two times and stored at —20 °C. In addition, samples of organs and
tumor tissue were stored at —20 °C for the quantitative determination of platinum by means
of ICP-MS.

Determination of the Platinum Concentration in Mouse Tissues by ICP-MS

Digestion of mouse tissue samples (tumor, kidney, liver, lung, and nerve) as well as blood
pellet and serum was performed using a microwave system Discover SP-D (CEM
Microwave Technology, Germany) with sub-boiled nitric acid (=65%, p.a., Fluka). Samples
were diluted with Milli-Q water, resulting in nitric acid concentrations lower than 3% and
platinum concentrations lower than 15 pg/g. The total platinum content was determined with
an ICP-Triple-Quadrupole MS instrument Agilent 8800 (Agilent Technologies, Tokyo,
Japan) equipped with a MicroMist nebulizer at a sample uptake rate of approximately 0.25
mL/min. Platinum and rhenium standards were derived from CPI International (Amsterdam,
The Netherlands), whereas Re served as the internal standard for Pt. Quantification was
done using the isotopes 185Re and 195Pt with a dwell time of 0.3 s and 10 replicates. The
instrument was equipped with nickel cones and was operated at an RF power of 1550 W,
with argon as plasma gas (15 L/min) as well as carrier gas (1.10 L/min). The MassHunter
software package (Workstation Software, version B.01.03, 2013) was used for data
processing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

DFT density functional theory
TGA thermogravimetric analysis
en ethane-1,2-diamine

cha cyclohexylamine

DACH (1R,2R)-diaminocyclohexane
CBDCA 1,1-cyclobutanedicarboxylate
PBS phosphate buffered saline
ESP electrostatic potential
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NPA natural population analysis
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Figure 1.
Synthesis of novel diam(m)inebis(dicarboxylato)platinum(IV) complexes of the type

Pt(diam(m)ine)(R(CO0),),: A = NHs, EtNH,, or cha (cyclohexylamine) or A, = en
(ethane-1,2-diamine) or DACH ((1R,2R)-diaminocyclohexane); R(COOH), = oxalic,
malonic, 3-methylmalonic, or 1,1-cyclobutanedicarboxylic acid.
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Chemical structures of novel diam(m)inebis(dicarboxylato)platinum(IV) complexes along
with their NMR numbering schemes.
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Figure 3.

NH, (left) and NH3 (right; 1.]N|H =52.6 Hz, 2th,H =51.4 Hz) signals of complex 5b in
the TH NMR spectrum.
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Figure 4.

OI%TEP view of complex 1c with its atom labeling scheme. The thermal ellipsoids are drawn
at the 50% probability level. Selected bond lengths (A) and bond angles (deg): Pt-N1
2.023(3), Pt-N2 2.024(2), Pt-0O1 1.988(2), Pt-03 2.016(2), Pt-0O5 2.020(2), Pt-O7
1.988(2), N1-Pt—N2 84.65(10), O3-Pt-05 96.83(8), N1-Pt-O5 88.45(9), N2-Pt-03
90.10(9), O1-Pt-03 92.54(10), O5-Pt—-07 93.22(9), O1-Pt-0O7 172.54(9).
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Figure 5.

OI%TEP view of complex 4a with its atom labeling scheme. The thermal ellipsoids are
drawn at the 50% probability level. Selected bond lengths (A) and bond angles (deg): Pt-N1
2.029(10), Pt-N2 2.032(8), Pt-01 2.027(8), Pt-02 1.999(8), Pt-05 1.993(8), Pt-06
2.028(8), N1-Pt—N2 84.3(4), O1-Pt-05 87.0(3), N1-Pt-05 93.1(4), N2-Pt-01 95.6(3),
0O1-Pt-02 84.6(3), O5-Pt—06 84.7(3), O2—Pt—-06 176.3(3).
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1b
5b

Time-dependent reduction of 1b* and 5b* (2 mM) in the presence of sodium ascorbate (30

mM) at ambient temperature.
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Figure 7.
ESP color-mapped electron density for complex 4b.
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Figure 8.
Frontier orbitals (with their energies) of complex 3b.
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Anticancer activity of 4b in vivo: (A) Kaplan—Meier plots showing the survival (days after
tumor implantation) of L1210 leukemia-bearing mice treated intraperitoneally with the
indicated doses of 4b (n = 4) on days 1, 5, and 9 compared to that of solvent-treated controls
(n =8). (B) CT-26 cells were injected subcutaneously into the right flank of BALB/c mice.
Mice were treated on days 4, 7, 11, and 14 with 30 mg/kg (i.p.) of 4b or 9 mg/kg (i.v.;
maximal tolerated dose) of oxaliplatin. Animals were sacrificed on day 15, and tumors were
collected. Statistical analysis was performed by Student’s t test (* p < 0.05 compared to

control mice).
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m4b30 mg/kg ip

oxaliplatin 9 mg/kg iv

[l e

Kidney Liver Lung Blood pellet  Serum Nerve

Platinum accumulation in mouse tissues, blood pellet, and serum collected on day 15 from
the CT-26 experiment shown in Figure 9B; values are normalized relative to the platinum
content found in the tumor (~5 pg/g for 4b and ~1 pg/g for oxaliplatin, respectively). Mice
were treated on days 4, 7, 11, and 14 with 30 mg/kg of 4b (intraperitoneal, ip) or 9 mg/kg of
oxaliplatin (intravenous, iv).
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Scheme 1. Chemical Structures of Platinum(I1) Complexes with Worldwide Clinical Approval
(Cisplatin, Carboplatin, and Oxaliplatin) and Platinum(lV)-Based Drug Candidate in Clinical

Trials (Satraplatin)
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Table 1
Log k30a and Log ka for New Complexes as Well as for Carboplatin, Oxaliplatin, and
Satraplatin
compd log ky, log kso

1b ~0.63+0.02° -145+013

1c 017002  -0.55+0.02

d 128001 0282001

2b 018002 -0.62+0.02

3b -067+001° -1.54+015

4a -031+002° -0.80+0.03

4b -0.11+0.01 -0.65+0.02

5b 091001  0.01%0.01

carboplatin - _g 36+ 0.04° —0.80+0.01

oxaliplatin ~ 0.17+0.01  —0.82+0.01

satraplatin 1.63+0.04 0.68 +0.01

aLog k, obtained with a mobile phase containing 30% MeOH.

b
Values extrapolated to 0% MeOH.

C -
Very hydrophilic compound; a lower accuracy of the extrapolated values can be expected because most of the measured log k values are below

—0.5 and are therefore outside

of the linearity range of the Soczewinski-Snyder relationship.46'47
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Table 2
Cytotoxicity of Bis- and Tris-Chelate Diam(m)inebis(dicarboxylato)platinum(lV)
Complexes in Three Human Cancer Cell Lines in Comparison with Several Clinically

Relevant Platinum-Based Drugsa

ICs, 96 hP

compd formula Ab549 CH1 SW480
1b Pt(en)(mal), >640 80+ 20 >640

1c Pt(en)(memal), >200 202+5 >200

1d Pt(en)(CBDCA), >640 170 + 54 >640

2b Pt(EtNH,),(mal), >200 222 +14 >200

3b Pt(NHz),(mal), >200 329 >200

4a Pt(DACH)(0x), 467 41+09 14+3
4b Pt(DACH)(mal), 257 £ 70 19 +4 26+6
5b Pt(NH3)(cha)(mal), >200 18+3 165 + 40

satraplatin Pt(NH3)(cha)Cly(OAc), 6.4+0.4 0.10 £ 0.02 15+£0.1

cisplatin Pt(NH3),Cl, 6.2+1.2 0.077 £0.006 3.3%0.2
carboplatin ~ Pt(NH3),(CBDCA) 91+ 10° 0.81+0.17 37+1
oxaliplatind Pt(DACH)(ox) 0.98+0.21 0.18+0.01 0.29 + 0.05

a .
See Scheme 1 for chemical structures.

50% inhibitory concentrations (means + standard deviations from at least three independent experiments), as obtained by the MTT assay using an
exposure time of 96 h.

cData taken from ref 26.

dData taken from ref 35.
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Calculated Physicochemical Parameters for the Investigated Complexesa

Table 3

compd Vi (cm®¥mol) u(D) a(bohrd) SASA (bohr?) Es(kd/mol)  Epomo (V)  Ereq (€V)
la 151 16.6 132 868 177 -9.74 4.13
1b 170 12.7 153 1021 148 -9.78 3.97
1c 199 12.2 176 1051 145 -9.80 3.98
1d 229 12.0 210 1282 140 -9.57 3.92
2b 235 114 180 1067 132 -9.74 3.96
3b 156 10.5 135 906 151 -9.90 3.95
4a_1 195 18.4 174 1031 168 -9.62 4.15
4a_2 206 18.4 174 1054 168 -9.62 411
4b 1 214 14.4 196 1133 139 -9.67 3.96
4b_2 209 14.4 195 1140 140 -9.67 3.95
5b 221 11.8 199 1219 128 -9.79 4.00

Page 37

aMolar volume (Vm), dipole moment (u), polarizability (@), solvent-accessible surface area (SASA), adiabatic energy of hydration (Es), energy of

HOMO (EHOMO), and adiabatic electron affinity in water (Ered).
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