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BwoN

Abstract: The powder of the arene osmium(II) complex, [Os(II)(dpzm)(ns-p-cym)Cl]BF4 (dpzm =
di(1H-pyrazol-1-yl)methane; né-p-cym = para-cymene), with a formula of C17H22BCIF4N40s (referred
to herein as 1) was isolated from the reaction of [(n6-p-cym)Os(p-Cl)(Cl)]2 with dpzm dissolved in
acetonitrile and under a flow of nitrogen gas. It was characterized by spectroscopic techniques
(viz., FTIR, 'H NMR, UV-Visible absorption). Yellow crystal blocks of 1 were grown by the slow
evaporation from the methanolic solution of its powder. The single-crystal X-ray structure of 1 was
solved by diffraction analysis on a Bruker APEX Duo CCD area detector diffractometer using the
Cu(Kq), 2 = 1.54178 A as the radiation source, and 1 crystallizes in the monoclinic crystal system and
the C2/c (no. 15) space group.

Keywords: arene osmium(II) complex; di(1H-pyrazol-1-yl)methane; para-cymene; piano stool
geometry; pseudo-octahedral geometry

1. Introduction

The acute toxicity, side effects, and development of resistance are some of the dis-
advantages which have curtailed the widespread uptake and use of current platinum-
based chemotherapeutics. This has prompted a continued search for alternatives that
have improved efficacies and less physiologically threatening side effects. In addition to
Pt(II/IV)complexes, there have been complexes of other metal ions, such as Ti(IV) [1],
Au(II1) [2], Os(ID) [3], Fe(II) [4], and Ru(1I) [5], which have been evaluated for their anticancer
activities and found to be active. Some of these have shown the potential to overcome the
limitations of their platinum(II) counterparts and some have undergone first-phase clinical
trials [4].

The element osmium (Os) is a heavier congener of ruthenium (Ru) and shares the
same period with platinum. Like ruthenium, it forms stable Os(II)/(1II) complexes. Os(III)
complexes are thermodynamically stable and kinetically inert. However, under the hyper-
acidity and hypoxia conditions of cancer cells, drug designers think that Os(III) complexes
can be reduced spontaneously to form the kinetically more labile Os(II) analogues which
are thought to be the relevant species for chemotherapy. The lability can be enhanced by
the coordination of strong Tr-accepter ligands on the Os(II) ion. These ligands promote a
stronger back-donation of electron density from metal d-orbitals of the complexes towards
the ligands, thereby increasing the electrophilicity of the metal centre [6,7]. However, com-
pared to Ru(II)’s, Os(II) complexes are expected to have slower ligand exchange kinetics, with
rates that should be more comparable to those of Pt(II).

Arenes have been used extensively to stabilize organometallic Ru/Os(II) complexes.

They coordinate facially as 6e™-TT donors to the metal ion. These complexes have the general
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formula, [(arene)Ru/Os(I1)(Y-/Z)X], where the arene is one of the non-leaving groups and
ligates as a 6e™-TT donor ligand. Ligand Y- or /and Z can be a bidentate chelating or
two monodentate ligands, while X is a monodentate and good leaving group. They are
known as ‘half-sandwiches’ and usually assume pseudo-octahedral coordination with a
“piano-stool” geometry. The other non-leaving ligands of these complexes can be selected
carefully to provide an optimum lipophilic-hydrophilic balance to the resultant complex.
Both neutral and positively-charged air-stable complexes can be synthesised in moderate
to high yields.

The chemotherapeutic applications of Os(II) complexes have not received as much
attention as those of Pt(II) or Ru(II). However, some arene Os(II) complexes have been
evaluated for their potential as anticancer agents. They have shown high cytotoxic levels,
similar to cisplatin’s, including in cisplatin-resistant cancer cell lines [8]. These ‘piano-
stool’ complexes have also shown potential as anticancer drugs, with a promising hope of
them being alternate anticancer palliatives to the current first to third generation platinum
complexes. The coordinated ligands can be tailor-designed to systematically alter the ther-
modynamic and kinetic properties, apart from the physical properties of the complexes [7].
The cationic complexes are water-soluble, yet they have a hydrophobic arene backbone,
and thus exhibit good lipophilicity in lipidic phases, such as the lipo-bilayers of cell mem-
branes [7]. Surprisingly, these complexes are relatively non-toxic. This may be due to the
strong M-C bonds that are formed between the potentially toxic arene and the metal ion.
The strong bonds prevent the premature release of the arene before the complexes reach
their sites for biological activity. Some of the complexes have demonstrated good aqueous
solubility and biodistribution in the bloodstream. Their cell membrane permeability is
remarkable, and this may explain their unusual high efficacy and selectivity for cancer
cells compared to Pt(II) drugs [9]. This paper reports the single-crystal structural data of
[Os(ID)(dpzm(ne-p-cym)Cl]BF+ (C17H22BCIF4N40s), (dpzm = di(1H-pyrazol-1-yl)methane,
ne-p-cym = para-cymene) and its other characterization data collected using various spectral
techniques.

2. Results and Discussion

The need for alternative inorganic anticancer agents prompted us to synthesise
C17H22BCIFsN4Os (1). The crystal structure of 1 (cu_am_ro_am_10_5_0m) was solved by
single-crystal X-ray diffraction analysis. The ORTEP representation of the asymmet- ric
unit with the atom numbering scheme and cell packing structure of 1 are shown in Figures 1
and 2, respectively.

The crystal data of 1 and its structure refinement details and the selected bond lengths
and angles are presented in Tables 1 and 2, respectively. The atomic coordinates (X 10%) and
the equivalent isotropic displacement parameters (A% x 103), as well as the bond lengths [A]
and angles [7] for 1 (cu_am_ro_am_10_5_0m), are given in Tables S1 and S2, respectively, in
the supplementary information.
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Figure 1. The Ortep diagram of 1 (C17H22BCIF4N40s) showing its asymmetric unit. The thermal

ellipsoids were drawn at the 50% probability level.

Figure 2. The unit cell and the packing of 1 (C17H22BCIF4N40s).
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Table 1. Crystal data and structure refinement parameters for 1 (C17H22BCIF4N40s).
Identification code for 1 cu_am_ro_am_10_5_0m
Crystal (Colour /Shape) Yellow /Block
Formula Weight 594.84
Temperature (K) 102.22
Crystal system Monoclinic
Space group C2/c
a(d) 27.4619(7)
b (A) 10.2573(3)
cd) 14.4399(4)
x () 90
B 100.8160(10)
ro 90
Volume (4%) 3995.24(19)
Z 8
€calc, g/cm3 1978
M (mm™1 13.718
F(000) 2288
Crystal size (mm?) 0.475 x 0.33 X 0.15
Radiation source, A (A) Cu(Kq), 2 = 1.54178
20 range for data collection () 6.554 to0 136.734
Index ranges —32<h<32,-12<k<12,—-17<1<16
Reflections collected 17267
Independent reflections 3581 [Rint = 0.0446, Rg = 0.0383]
Data/restraints/parameters 3581/0/256
Goodness-of-fit on F? 1.245

Final R indexes [I = 20(1)]
Final R indexes [all data]
Largest diff. peak/hole / e A™3

R1 =0.0275, wRz = 0.0659
R1 =0.0277, wRz = 0.0661
0.70/—1.68

Table 2. Selected bond length (A) and angles (°) of 1 (C17H22BCIF4N40s).

Length, (A)
0s1-Cl1 2.3982(8)
0s1-N1 2.122(3)
0s1-N4 2.105(3)
Angles/’
N4-0s1-Cl1 84.71(9)
N4-0s1-N1 83.17(11)
N1-0s1-Cl1 83.84(9)

3. Discussion

Evaluative studies on the potential of half-sandwich arene Os(II) complexes as an-
ticancer metallodrugs have appeared in the literature [10-12]. This has motivated us to
explore this aspect. However, there remain fewer reports of arene Os(II) with the flexible N,
N-chelates, apart from those reported recently in references [13-15] on the Ru(II) analogues.

The FTIR spectrum of 1 (see Figure S1) shows the stretching and compression bands
synonymous with functional groups in the free dpzm and p-cym ligands. However, there
are distinctive shifts (relative to the free ligand) in the vibration frequencies of some of the
bonds of 1, especially those of the dpzm which are also in proximity to the N1/4donor)—0s
coordination bonds. This indirectly confirms the coordination of the dpzm on the Os(II)
metal ion. The shifts in the vibrational resonances are, however, less prominent on the bonds
of the functional groups of the p-cym ligand. This may be due to efficient charge dispersal
via delocalization within the arene ring such that its substituent, being also remotely located

relative to the Cr = donon—O0s coordination bonds, vibrates at frequencies that are also
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most similar to those of the free ligand. Additionally, there is a sharp absorption band at
1037.62 cm™! due to the vibronic stretch of the bond of the BF4~ counter ion.

The UV-Visible absorption spectrum (see Figure S2) shows a strong absorption band
below 300 nm and shoulder below 350 nm due to the strong TT-T* and n-Tt* electron
transitions, respectively. There is also a weak and broad band between 350 nm and
500 nm due to the weak metal-to-ligand charge transfer (MLCT) absorption band, which is
characteristic of arene Ru/Os(II) complexes.

In the 'H NMR spectrum (see Figure S3), the expected chemical shifts, the hyperfine
splitting patterns and integrals of the distinctive protons of the dpzm and the p-cym ligands
are all observed. As expected, the protons of 1 resonate at relatively deshielded chemical
shifts (compared to the free ligand). This is in line with the o/TT-donation of the coordinated
ligands towards the Os(II) ion. However, there is an orbit-spin (SO) shielding effect on
the protons of the arene ligands due to the heavy atom (Os) effect of the Os(II) ion that
shields the electron density of the donor atoms of the ligand. More indicative of the
coordination of the dpzm are the distinctive resonances of the geminal methylene protons of
the two arms of the dpzm ligand. They appear as pairs of doublet signals at dppm) values
of 7.12 (d) and 6.05 (d), which is typical of the A(B)X spin system. The restricted
fluxionality of the protons renders diastereotopicity in the conformations of the complex
due to the inequivalence imposed on the -CH:- protons of the bridging arms of dpzm upon
its coordination to the Os(II) ion, which is observable in the timescale of the 'H NMR
experiment. The diastereotopicity of the bridging -CHz-protons has been observed for the
proton resonances of other isostructural and multidentate ligands with methylene spacer
groups [16]. The né-p-cym protons give rise to two different sets of resonances at & ppm)
values of 6.33 and 6.23 due to their XA(A")—XB(B’) spin systems.

When a solution of 1 (3 mg in 30 mL of methanol which had been modified with 0.1%
formic/formate buffer as a protonation-aiding agent) was electrosprayed with the voltage of
the sprayer needle set at about +2.2 kV, ions with m/z values of 509 amu (100%) due to the
[C17H22CIN4Os]* ions of 1 were detected (see Figure S4). The purity of the crystalline blocks
of 1 was confirmed by elementary analysis, for which there was a good agreement between
the theoretical and the experimental data; see the elementary data listed in the experimental
section.

The crystal blocks of 1 (C17H22BCIF4N40Os) were further analysed by single-crystal X-
ray diffraction analysis, and details are given in the experimental section. The asymmetric
unit of 1 (see Figure 1 for a perspective) comprises an [Os(II)(dpzm(n¢-p-cym)Cl]* cation
and a tetraborate as an anion. The cation is formed by the n®-Tr-coordination of a p-cym
and two N and Cl donor atoms to an Os(II) ion, leading to the pseudo-octahedral “three-leg
piano stool” geometry [10-15,17]. For this geometry, the n°-p-cym constitutes the pseudo
‘seat’ of the stool and is Tr-bonded to Os(II) at the Os-C bond distances (0s1—(C9, C10,

C15) ranging from 2.161(4) to 2.214(4) A, making a centroid (p-cym ring-Os1) distance
of 1.671 A. The metal centre is 0-bonded to the flexible dpzm chelate at asymmetric bond
distances of 2.122(3) A (0s1—N1) and 2.105(3) A (0s1—N4). The chlorido co-ligand
is bonded at a distance of 2.3982(9) A (0s1—Cl1). These bond distances are close to
those reported for related Os(II) complexes [10,18]. The N1, N4 and CI1 donor atoms
are staggered relative to the carbon atoms of the cymene and form the pseudo legs of
the piano-stool structure. The bond angles («s) are typical of octahedral half-sandwiches
bearing a flexible N, N-bidentate chelates and are 83.83(9)° («N1—O0s1—Cl1), 83.17(12)
(£N1—0s1—N4) and 84.71(9)° (£« N4—O0s1—Cl1). They do not differ by more than 8° from
90° for an ideal octahedral geometry. However, the flexibility foisted by the methylene carbon
of the chelate makes the N1—O0s1—N4 angle significantly larger compared to other
complexes chelated by rigid and aromatic N, N-ligands. All C—C, C—N and B—F bond lengths
and associated angles are in the expected ranges for N, N/O-chelated p-cym ring Os(II)
complexes [18].

When viewed along the b-axis (see Figures 2 and 3), the cations of 1 are packed
as complementary columnal duets along the c-axis and are stabilized by Cl1 H1—
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C (2.640 A) short contacts. As shown in Figure 3, these dimeric stacks are bridged by
tetra-furcated short-range interactions involving the fluorine and boron atoms of the
tetraborate anions as hydrogen bond donors and acceptors, respectively. The quadruped
and short range-interactions are the F1... .H13—C13 (2.6364); F3 H14—C13 (2.481A);
F4 ... .H8—C8 (2.235 A) and C5 (17 edge) B1 (3.574 A). Numerous other short contacts
further stabilized these cationic columns into a stable 3D structure.

€18

Figure 3. A view along the b-axis, showing the 1D-short contacts which support the columnar
stacking of dimers of 1 (C17H22BCIF4N40s) (projecting along the ab-plane).

4. Materials and Methods
4.1. Synthetic Procedure for 1

Compound 1 was synthesized under an inert atmosphere of N2 gas using the Schlenk
techniques [19]. A solution of [(n®-p-cym)Os(p-Cl)(Cl)]2 (100 mg, 0.1265 mmol in 10 mL
acetonitrile) was added in drops to a solution of dpzm (2.2 mmol in 5 mL acetonitrile) over
30 min. The mixtures were stirred for 4 h at 40 °C (Scheme 1) The unreacted material was
filtered off and the filtrate concentrated to about 2 mL. About 1 mL of an ethanolic solution of
NH4BF4 (saturated) was slowly added to the mixture and further stirred for 1 h in the dark
under a cooling bath of ice. The yellow precipitate was filtered and washed with cold diethyl
ether and dried under vacuum. Crystal blocks for X-ray diffraction analysis were grown by
slow evaporation from the methanol solutions of the powder.

BF,
7 -
—

/\ L /SN F

\/ Qllvv]\ll v/ > _‘N/US\N’
m Sge
/ ~

Scheme 1. Synthetic route for 1. Reagents and conditions; MeOH/ EtOH, 40 °C, N2 flow, 4 h and
subsequent precipitation with NH4BF4.
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4.2. Spectroscopic Characterization of 1

Compound 1 was characterized by several spectroscopic techniques. The NMR spec-
trum was recorded on a Bruker Avance 300 MHz spectrometer in DMSO-d6 with residual
signals of the solvent as the internal standard at ambient temperature. Chemical shifts
were reported in ppm 9 units. Coupling constants (J) were calculated in Hertz (Hz.). Mass
spectral data were acquired on a Shimadzu LC-MS 2020 Spectrometer. Elemental
composition analysis was performed on Thermal Scientific Flash 2000 CHN combustion
analyzer. The UV-visible absorption spectrum was acquired using Carry 100 Bio UV-visible
spectrophotometer. The infrared spectrum was recorded using a PerkinElmer Spectrum
100 FT-IR spectrometer (Waltham, MA, USA). Yield 67.5 %, yellow crystal blocks, 'TH NMR
(300 MHz, DMSO-ds) & (ppm), 8.16 (d, ] = 2.1 Hz, 2Hzm), 7.91 (d, | = 2.1, 2H’ pzn), 7.12
(d, ] = 14.4 Hz, 1Hpzn), 6.65 (¢, | = 2.6 Hz, 2H(pzn), 6.33 and 6.23 (d, | = 5.6 Hz, 5.7 Hz,
4Hn6-p-cym), 6.05 (d, ] = 14.4 Hz, 1Hpzn), 2.73 (septet, ] = 6.9 Hz, 1Hn6-p-cym’s -CH(isopropyl),
2.05 (S' 3H(methyl grp. of N6-p-cym)» 1.21 (d, ] =6.9 Hz, 6H(r]6-p-cym's two methyl grps. of the isopropyl)-
FTIR (KBI‘, v, cm’l, w/m/s = weak/medium/strong intensity, shp/br =sharp/broad); 3132(w, Carom-H)»
2945(w, cH2methylene)y  1516(m, (c=N), 1408 c=c) 1281y, gc=C)-cu)y 1038 (5 br BF4-)
830(m, shp, os-v) and 620(m, shp, os-ct). Elementary analysis: Calculated for C17H22BCIF4N4Os,
%: C 34.30; %H, 3.75; N, 9.42; found, % C, 33.98; H, 3.85; N, 9.14. MS (ESI)* m/z = 509 (100%)

for pseudo molecular ion, [C17H22CIN4Os + 2H]J]*(g).

4.3. X-ray Diffraction Analysis of 1

Single crystal X-ray crystallographic data of 1 were collected on a Bruker APEX Duo
[20,21] CCD area detector diffractometer with an Incoatec microsource operating at 30
W of power. The crystal was kept at 100.15 K during data collection using an Oxford
Instruments Cryojet accessory. Diffraction was by graphite-monochromated Cu(Kg), 2 =
1.54178), at a crystal-to-detector distance of 50 mm. Data collection was performed at

the following set conditions: W-/®-scans with exposures taken at 30 W X-ray power and
0.50 frame widths using SAINTS’ APEX2 [22]. The crystal structure was solved with Olex2
[20], while the SHELXS [23] and SHELX [24] programs were used for structural
refinement via direct methods. The non-hydrogen atoms were refined anisotropically by
full-matrix least-squares minimization/refinement of F2. Hydrogen atoms were included
but not refined. Visualization of the crystallographic data was done in WinGX [25] and
Mercury v.4.3 [26]. See Table 1 for alignment.
Crystal structure data: monoclinic crystal system, C2/c (no. 15) space group
a=27.4619(7) A, b=10.2573(3) &, c = 14.4399(4) A, g = 100.8160(10)°, V = 3995.24(19) A3,
Z=8,T=10222K, Hcu (keg = 13.718 mm™L, Dt = 1.978 g/cm3, 17267 pefiections measured)
(6.554° < 26 < 136.734"), 3581 (unique) (Rint = 0.0446, Ro = 0.0383), Riginat) = 0.0275 (I > 207p),
wR2 = 0.0661 41 data)-

5. Conclusions

C17H22BCIF4N40s (1), an [Os(I)(dpzm(n®-p-cym)Cl] tetrafluoroborate salt, was syn-
thesised and characterized by several spectroscopic techniques. The slow evaporation of its
methanolic solution afforded yellow crystal blocks of 1, of good quality, for the single X-ray
diffraction analysis. The title compound crystallizes in the monoclinic crystal system and in
the C2/c (no. 15) space group. Its crystal structure adopts the pseudo-octahedral “three-leg
piano stool” geometry, as widely reported for other arene Ru(I1)/0s(II) complexes. The bond

distances and angles are comparable to those reported for other analogous arene
Ru(II)/0s(1I) complexes [10].

Supplementary Materials: Figure S1: FTIR spectrum of 1; Figure S2: UV-Visible absorption spectrum
of 1; Figure S3: 'H NMR spectrum of 1; Figure S4: Low-resolution ESI* mass spectrum of 1. Table
S1: Atomic coordinates (X 10%) and equivalent isotropic displacement parameters (A% x 10%) for
11_sq (1); Tables S2 and S3: Bond lengths [A] and angles [] for 11_sq (1), respectively.
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