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Abstract: Ruthenium(II/III)-based compounds have gained significant interest due to the biocompatibil-
ity of ruthenium, its similarity to iron, and the possibility for structural diversification through the choice
of ligands. In this contribution, two novel ligands, (2-(2-methoxyethoxy)ethyl nicotinate hydrochlo-
ride) and (2-[2-(2-methoxyethoxy)ethoxy]ethyl nicotinate hydrochloride) (pyCOO(CH,CH,0),,CHj3:
L2, n = 2; L3, n = 3), were synthesized and characterized via ESI-HRMS, as well as IR and NMR
spectroscopies. Their structures were optimized at the B3LYP/6-311++G(d,p) level of theory, and
NMR chemical shifts were predicted, along with the most important intramolecular interactions.
Additionally, two neutral complexes of the general formula [RuClz(n6-p-cym) (L-xN)] (L = L2: 2;
L3: 3) and two cationic complexes of the general formula [RuCl(né-p-cym)(L-KN)z][PF(,] (L=1L1:4;
L2: 5) were obtained and characterized. The optimization of the structures was performed at the
B3LYP/6-31+G(d,p)(H,C,N,O,Cl)/LanL2DZ(Ru) level of theory. Structural features were described,
and intramolecular stabilization interactions were outlined.

Keywords: ruthenium(Il) complexes; nicotinic acid; polyethylene glycol esters; DFT; NMR

1. Introduction

The discovery of cisplatin opened a new field in medicinal chemistry for using
organometallic compounds as anticancer agents [1-4]. This compound was successfully
applied to treat ovarian, cervical, bladder, testicular, and small-cell lung cancers [5]. De-
spite these benefits, cisplatin is often inflicted with severe side effects, such as peripheral
neuropathy, emesis, fatigue, neurotoxicity, alopecia, and nephrotoxicity [6]. Therefore, it
is of the utmost interest to further examine transition metal compounds using various ex-
perimental and theoretical methods, along with in vitro and in vivo studies. The presence
of different ligands allows for the fine-tuning of important biological properties, such as
liophilicity, protein and DNA binding, and cytotoxicity. Special attention has been focused
on the Pt group elements, which include palladium, ruthenium, iridium, rhodium, and
osmium [7-9].

The ruthenium compounds are characterized by good cytotoxicity and antimetastatic
activity, which makes them promising candidates against cancers with an acquired resis-
tance towards commonly used drugs [10-15]. The discovery of the inhibitory effect of
fac-[RuCl3(NH3)s] against Escherichia coli cell division marked the beginning of the extensive
investigation of ruthenium compounds [16]. Several ruthenium compounds have shown a
good selectivity between normal and tumor cell lines [17]. Numerous studies concerning
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ruthenium compounds have been published, although two main classes can be distin-
guished: organometallic Ru(II)-arene and Ru(Il)-polypyridine complexes [16]. The so-called
“half sandwich” Ru(Il)-arene compounds of the general formula [(n®-arene)Ru(YZ)(X)], in
which YZ is a bidentate or two monodentate ligands and X is a leaving group, represent a
significant advancement in the preparation of Ru compounds [8,18]. These compounds
allow for structural diversification through changing substituents on the arene group and
choosing X, Y, and Z ligands. The latter substituents significantly improved the complexes’
solubility, one of the major drawbacks in the first years of the ruthenium compounds inves-
tigation [19,20]. The increase in the number of halide groups is a focus of novel research
due to the increased solubility of compounds [19,20]. Representatives of some ruthe-
nium compounds in clinical trials are NAMI-A (imidazolium trans-[tetrachlorido(dimethy]
sulfoxide)(1H-imidazole)ruthenate(IIT)]), KP1019 (indazolium trans-[tetrachloridobis(1H-
indazole)ruthenate(IIl)]), and the sodium salt analog of KP1019, namely NKP-1339 [21]. The
cytotoxicity of Ru(Il)-arene complexes was determined towards A2780 human ovarian cells
and the effect of the size of arene ligands was proven with the activity of some complexes
similar to cisplatin [22,23]. Complexes of the type [(n®-arene)Ru(en)Cl]* were equally
potent towards wild-type (A2780) and cisplatin-resistant (A2780cis) cells, which implied
a different mechanism of action than that of cisplatin or carboplatin [24]. Ruthenium(II)
arene complexes with n-octyl and pentamethylbenzyl ligands reduced tumor progression
in a preclinical mouse model [25]. The antibladder cancer efficacy of complexes contain-
ing a 2,2"-bipyridine moiety was proven and described in the literature [26]. Ruthenium
compounds with ethylenediamine, 1,3,5-triaza-7-phosphaadamantane, and isonicotinate
ester moieties have shown promising in vitro and in vivo activity [22,24,27,28]. High ac-
tivity against cancer prostate and colon cell lines was demonstrated for the binuclear
Ru(II)-1-naphthylhydrazine complex [29].

In this contribution, two neutral complexes of the general formula [RuCly(n°®-p-cym)(L-
kN)] (L = L2: 2; L3: 3) and two cationic complexes of the general formula [RuCl(n°®-p-cym)(L-
kN)2][PF¢] (L = L1: 4; L2: 5) were synthesized and characterized using elemental analysis,
NMR, IR, and ESI-HRMS. Their ligand precursors, 2-(2-methoxyethoxy)ethyl nicotinate
hydrochloride (L2-HCI) and 2-[2-(2-methoxyethoxy)ethoxy]ethyl nicotinate hydrochloride
(L3-HC), were also prepared and characterized. The structures of the complexes were opti-
mized using the Density Functional Theory at B3LYP/6-31+G(d,p)(H,C,N,O,Cl)/LanL2DZ
(Ru), and structural features were discussed. The Natural Bond Orbital Theory was applied
to identify and quantify different stabilization interactions within a structure. The NMR
spectra of L2 were predicted using the Gauge Independent Atomic Orbital Approach to
verify the applicability of the chosen level of theory.

2. Results and Discussion
2.1. Synthesis and Characterization of Ligands

Ligand L1-HCI was prepared as explained previously [29]. Analogously, the other two
ligand precursors, L2-HCl and L3-HCl, were obtained in a similar reaction. Nicotinic acid
was reacted with thionyl chloride, and the obtained acyl chloride hydrochloride, without
purification, was used to prepare poly(ethylene glycol) esters L2-HCI and L3-HCl in high
yields (95 and 92%, respectively; Scheme 1).

N

Ny -HCl -HCI
SOCl | o HOCHCHOMCHs [ ] "1 14
DMF toluene, rt \ \ Ln CHs
o)

n=2(L2Hcl) ©
3 (L3HCI)

Scheme 1. Preparation of L2-HCI and L3-HCL
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The ESI-HRMS confirmed the molecular structure of the ligands. The solutions in
methanol were prepared, and all samples showed simple isotopic patterns. Both ligands
were found in a protonated form [M + HJ]*: [L2 + H]* (226.10733 m/z) and [L3 + HJ*
(270.13355 m/z). The deviations between experimental and calculated values were lower
than 0.3 ppm. As previously discussed for similar compounds [25], several characteristic
bands were found in the IR spectra at 1730, 1280, 110, and 750 cm L. The band at 1730 cm ™!
is assigned to the ester group. The position of this band was not dependent on the length of
the alkyl chain. The other noticeable bands were the ones at 1280 and 1110 cm ! assigned to
carbon-oxygen single bonds in ether and ester groups [30]. The pyridine ring vibrations are
located at 750 cm~!. These vibrations can be overlapped with carbon-hydrogen vibrations
in the fingerprint region. Wide bands can be observed in the area around 3000 cm .
Bands at 3020 cm ™! belong to the heteroaromatic vibrations of C-H bonds, while those at
2980 cm ! can be attributed to C-H vibrations of alkyl groups. The NMR chemical shifts
are commented on after the theoretical analysis and prediction of spectra.

2.2. Theoretical Analysis of the Structure of Ligands L1-HCI-L3-HCI

The structures of the ligands were optimized at the B3LYP/6-311++G(d,p) level of
theory without any geometrical constraints. The absence of imaginary frequencies proved
that the minima on the potential energy surface were obtained. The optimized structures
of ligands L1-HCI-L3-HCl are presented in Figure 1.

Figure 1. Optimized structures of ligands L1-HCI-L3-HCl: only HL* cations are shown, at B3LYP/6-
311++G(d,p) level of theory (hydrogen—white, carbon—gray, nitrogen—blue, oxygen—red).

The structures of the ligands consist of a pyridine ring and an (poly)oxyethoxy chain.
The part of a molecule that contains a pyridine ring and ester group is planar due to the
extended delocalization, while the rest of the aliphatic chain is flexible. Figure 1 shows
that certain deviations from the linearity of the aliphatic chain can be expected. To verify
the applicability of the chosen level of theory and optimized structures, the NMR spectra
of L2-HCl were calculated using the GIAO method. Table 1 lists the experimental and
theoretical 'H and '3C NMR chemical shifts. The experimental and theoretical values
were compared, exemplary herein for L2-HCI, by calculating the correlation coefficient (R)
and mean absolute error (MAE). The values of 13C NMR chemical shifts were systemati-
cally overestimated. The correction factor of 1.07 was obtained from the dependency of
theoretical on experimental values for L2-HCI.

The theoretical 'H NMR chemical shifts reproduce well the experimental ones, with
a high correlation coefficient (0.997) and low MAE value (0.16 ppm). The lowest value
of the hydrogen atom resonances in the 'H NMR spectrum of L2-HCl is assigned to the
terminal methoxy group (3.34 ppm in the experimental spectrum and 3.53 ppm in the
theoretical spectrum). Two aliphatic chain methylene groups (4H) have equal chemical
shifts of 3.79 (or 3.78 in the theoretical spectrum) ppm. The proximity of the ester group
leads to the increased values of the chemical shifts of 3.97 and 4.66 ppm for OOCCH;CH»
and COOCHjy, respectively. Hydrogen atoms of the pyridine ring have higher values of
chemical shifts due to the aromaticity of a ring structure. The resonances of these atoms are
located between 8.28 and 9.44 ppm in the experimental spectrum and between 8.44 and
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10.00 ppm in the theoretical spectrum. It is important to observe that the chemical shifts
of ligands L1-HCl and L3-HCl do not differ significantly from these mentioned values, as
shown in the Methodology part and reference [29]. The chemical shifts of hydrogen atoms
attached to the pyridine ring, carbonyl group, and ending methoxy group have almost
identical chemical shifts within these three compounds.

Table 1. Experimental and theoretical (at B3LYP/6-311++G(d,p) level of theory) 'H and *C NMR
chemical shifts of L2-HCL.

1 1BC

H Atom Exp. (ppm) Calc. (ppm) C Atom Exp. (ppm) Calc. (ppm)
OCHj3 3.34 3.53 CH30 58.0 57.9
CH30OCH;,CH, 3.79 3.78 CH,00C 65.7 68.2
OOCCH,CH, 3.97 4.01 CH20 68.2 69.1
COOCH, 4.66 4.61 CH20 69.5 72.4
C5-H 8.28 8.44 CH20 70.9 73.4
C4-H 9.06 8.88 C5 127.7 127.0
Co-H 9.18 9.30 C3 129.7 132.2
C2-H 9.44 10.00 Cc2 142.7 141.2
R 0.997 C4 144.5 141.4
MAE (ppm) 0.16 C6 147.1 148.8
COO 162.9 158.6
R 0.999
MAE (ppm) 1.0

Regarding '*C NMR chemical shifts, the correlation coefficient and MAE parameters
for comparing theoretical and experimental values are 0.999 and 1.0 ppm. The lowest values
were obtained for the carbon atoms of the aliphatic chain, between 58.0 and 70.9 ppm
(experimental) and between 57.9 and 73.4 ppm (theoretical). These values gradually
increase with the proximity of the ester group. The aromatic carbon atoms have chemical
shifts between 127.7 and 147.1 ppm, depending on the distance from the nitrogen atom and
carboxyl group. The value of 162.9 ppm is obtained for the carbon atom of the ester group,
which is expected due to the electronegativity of oxygen atoms. In the theoretical spectrum,
the resonance of carbon atoms from the ester group is located at 158.6 ppm. Again, these
experimental values are almost identical for all three ligands, proving the assumption that
the elongation of the aliphatic chain does not influence the magnetic environment of the
neighboring atoms significantly.

The structures of ligand precursors are stabilized by various intramolecular interac-
tions. The most important stabilization interactions of L2-HCI from the second-order per-
turbation theory analysis are discussed within this paragraph. As previously observed, the
strongest interactions are formed within the pyridine ring and carboxylic group, leading to
the planarity of this part of a molecule. The interactions denoted as 71(C—C)—7*(C-C) have
stabilization energies of 66-105 k] mol~!. Bonds that include nitrogen atom are also very
important for stabilizing the ring structure. They are included in the following stabilization
interactions: m(C—C)—m*(C-N) (67-123 kJ mol™1), (C-C)—m*(C-C) (50-113 k] mol~1),
and LP(N)—7*(C—C) (38 k] mol~!). An electron delocalization can be observed at the
intersection between the pyridine ring and aliphatic chain, represented by a stabilization
interaction with an energy of 10 k] mol~!. The ester group is stabilized by interactions
denoted as LP(O)—7*(C-O) (196 k] mol~!) and LP(O)— ¢*(C-0) (133 k] mol~'). The other
oxygen atoms stabilize the neighboring C—C moieties by donating the free electron pair.
Except for the increased number of stabilization interactions, there are no differences in
their strength with the elongation of the aliphatic chain in ligands L1-HCI to L3-HCI.
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2.3. Synthesis and Characterization of Neutral [RuCly(n°-p-cym)(L-kN)] (L = L2: 2; L3: 3)
Complexes

Complexes 2 and 3 were prepared using a procedure described in the literature [31,32],
while complex 1 was previously reported [29]. The starting Ru(Il) dimer was dissolved
in iso-propanol and the appropriate ligand precursor, L2-HCI or L3-HCI, was added
(Scheme 2). The yellow or orange products were isolated in high yields (2: 96%; 3: 90%)

L-HCI ClI—Ru

i-PrOH ¢ N

2 3
o) O-CHg
1-3 o n
N Cl_ CI
_Ru_ /Ru\ —
Cl Cl
i

L-HCI, LiOH Rul 6.5
CI/ 7\

NH,[PF¢], i-PrOH N_ 74
n | complex 4 Tels —
11 1,4 2 3

7 O |O-CH,

2| 2,5 45 ) n
313 A

Scheme 2. Preparation of [RuCl, (n6—p-cym)(L-KN)] and [RuCl(n6-p—cym)(L—KN)2][PF6] complexes
(L=1L1:1,4;L2: 2,5;L3: 3).

The prepared complexes were also studied via ESI-HRMS in a methanolic solution.
Appropriate ions of complexes 2 and 3 were detected in a positive mode. Due to the
presence of chlorine and ruthenium atoms, the spectra show a characteristic isotopic pattern.
The obtained m/z ions for 2 and 3 were found at 490.08585 and 534.11190, respectively.
These values reproduce well the calculated ones of 490.08556 (2, deviation 0.6 ppm) and
534.11178 (3, deviation 0.2 ppm). The elemental analysis proved the purity of the obtained
compounds.

The NMR spectra of both complexes show similar patterns. The lowest values of the
chemical shifts in 'H NMR spectra were found, as expected, for the iso-propyl and methyl
groups belonging to the p-cymene moiety (1.32 (CH(CH3)),, 2.13 (CCH3), and 2.99 ppm
(CH(CH3)y)), as described previously in the literature [29,33]. The chemical shifts originat-
ing from the polyethylene oxide spacers are located between 3.38 and 5.46 ppm, depending
on the proximity of the electronegative oxygen atoms. It should be mentioned that the
size of the back chain does not influence the resonance of hydrogen atoms significantly,
as observed for L2-HCI and L3-HCI ligand precursors. Chemical shifts assigned to the
pyridine hydrogen atoms are found between 7.41 and 9.63 ppm. Protons of the of the
p-cymene ligand are allocated between 5.2 and 5.5 ppm, which is in accordance with the
literature data [29]. The formation of the Ru-N bond in complexes induces a change in
the magnetic surrounding of the pyridine protons by creating a strong downfield. The
chemical shifts of protons in the ortho-position in the pyridine ring have resonances at
9.6 ppm with a coordination-induced shift of 0.2 ppm. For the other hydrogen atoms,
from the alkyl chain, the resonances remained almost unchanged upon the complexation
of the ligand. In the '3C NMR spectra, chemical shifts between 18.4 and 30.8 ppm are
assigned to sp3-hybridized carbon atoms (Me and i-Pr groups) of the p-cymene moiety. The
resonances belonging to the carbon atoms of the polyethylene glycol pendant groups, in the
area between 59.2 and 75 ppm, remained the same upon the complexation of the pyridine
moiety. The most notable differences were observed for the carbon atoms in the vicinity of
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the nitrogen atom bound to ruthenium(II). These changes are around 13 ppm, which proves
that the coordination occurred through the pyridine nitrogen atom. Further evidence of
nitrogen coordination was obtained with the 'H,!3C-COSY spectrum (Figure 2). For the
carbon atoms, numerated as B and E (Figure 2), resonances are found at approximately 97
and 107 ppm in the 3C NMR spectra and could not be assigned to one particular atom. In
contrast, the carbon atoms C and D are found closely together at 82 and 83 ppm and could
be assigned due to measured H,'H- and 3C,'H-COSY NMR experiments, which allowed
resonances of the p-cymene moiety to be assigned to these hydrogen and carbon atoms due
to an observed correlation between the protons of the methyl group (A) and both aromatic
protons near to the methyl protons (C).
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Figure 2. 13C,'H-COSY NMR spectra of 2 (400 MHz, CDCl3).

The IR spectra of complexes 2 and 3 show several characteristic vibrations for the
coordinated ligands. Bands at 3088 and 3026 in the spectrum of 2 and 3065 cm ™! in the
spectrum of 3 are assigned to the C-H vibrations of the aromatic and pyridine moieties.
Bands below 3000 cm ™! belong to the C-H vibrations of the aliphatic chain. The carbonyl
group stretching vibration is observed as a strong band at 1724 (2) and 1722 (3), almost
unchanged compared to the ligand precursors. These values also prove that their position is
not dependent on the number of polyethylene glycol bridging groups. The same applies to
the strong bands at 1280 and 1105 cm ™! assigned to single carbon-oxygen bonds. A strong
band at 750 cm ™! originating from pyridine ring vibrations also remains unchanged. One
noticeable difference between the ligand precursors and the complex is the appearance of
the strong band at 285 cm !, which represents Ru-Cl stretching vibration. These positions
and relative intensities are shared with 1, as previously described [29].

2.4. Theoretical Analysis of Neutral [RuCl,(1°-p-cym)(L-xN)] (L = L1: 1; L2: 2; L3: 3)
Complexes

The structures of neutral complexes were optimized at the B3LYP/6-31+G(d,p)(H,C,N,
O,Cl)/LanL2DZ(Ru) level of theory, as it was shown that this level of theory could be used
for the description of the structure and spectral assignation of similar compounds [33,34].
Figure 3 represents an optimized structure of 2 as an example of this class of compounds.
It can be assumed that there are no significant differences between this compound and
analogous complexes containing L1 and L3. Complex 2 consists of two chlorido, the p-
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cymene group, and L2 ligands. These ligands form a half-sandwich complex in which
three facial positions are occupied by p-cymene through n-bonding. The optimized bond
distance between Ru(Il) and chlorido ligands is 2.43 A, within the range obtained from
similar compounds’ crystallographic and optimized structures [33,35,36]. Ru-C (p-cymene)
distances are between 2.23 and 2.29 A, a common range for the complexes in the half-
sandwich structures [33,35]. The bond length between Ru(Il) and nitrogen is 2.15 A, similar
to the experimental found values, e.g., within the Ru(II)-1-Naphthylhydrazine complex [33].
Also, the bond distances are very close for all three complexes (1-3), which is expected
as the added monomers of ethylene glycol esters do not influence these interactions. The
bond angle between chlorido ligands and Ru(Il) is 89.4°, while N-Ru—Cl angles are 84.7
and 86.9°. These values show that a pseudo-octahedral geometry of the complex is formed.
The optimized structure was further used to univocally assign NMR chemical shifts.

9

Figure 3. Optimized structure of 2 at BBLYP/6-31+G(d,p) level of theory (hydrogen—white, carbon—
gray, nitrogen—blue, oxygen—ted, chlorine—green, ruthenium—teal).

The theoretical NMR spectra of complex 2 show high correlation coefficients (0.997)
and low MAE values (0.32 and 3.6 ppm) when compared to the experimental ones (Table 2).
The obtained 'H NMR chemical shifts lie in their expected range. Much more important
is the fact that calculation allowed for the assignation of resonances in 3C NMR spectra,
especially for those carbon atoms that are in similar magnetic surroundings. This is true for
carbon atoms of the polyethylene glycol ester part of the molecule, with chemical shifts
between 61.0 and 74.5 ppm. Two groups of carbon atoms in the p-cymene moiety that have
similar chemical shifts in the experimental spectrum (82.5 and 82.8 ppm) have a much
more pronounced difference in the theoretical spectrum (83.7 and 92.9 ppm), probably
due to the overall geometry of the complex and shorter distance between carbon atoms
and Ru(Il). The carbon atom attached to the iso-propyl group, previously denoted as E, is
assigned to the chemical shift of 97.4 ppm in the experimental spectrum and 102.7 ppm in
the theoretical spectrum. On the other side, the carbon atom in position B has higher shifts
of 103.9 and 106.1 ppm in the experimental and theoretical spectra, respectively. As for the
rest of the carbon atoms, these two sets of values differ up to 3 ppm, which is acceptable
difference.
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Table 2. Experimental and theoretical (at B3LYP/6-31+G(d,p) level of theory) 1H and 13C NMR
chemical shifts of 2.

lH 13C
H Atom Exp. (ppm) Calc. (ppm) C Atom Exp. (ppm) Calc. (ppm)
CH(CH3), 1.32 2.12 CCH; 184 22.0
CCH3 213 244 C(CH3), 224 25.7
CH(CH3), 2.99 3.75 C(CH3), 30.8 404
OCHj3; 3.38 3.87 CH30 59.2 61.0
CH3;0CH, 3.57 3.92 CH,00C 65.3 68.3
CH;OCH,CH, 3.70 4.04 CH,CH,00C 69.5 71.9
COOCH,CH, 3.84 4.15 CH;3;0CH,CH, 70.8 739
COOCH, 453 456 CH,0CH, 72.1 74.5
CHCCHj3; 5.25 5.09 CH3;CCH 82.5 83.7
CHCHCCH; 5.46 5.58 CH3;CCHCH 82.8 92.9
C5-H 7.41 7.23 CCH(CHj3), 97.4 102.7
C4-H 8.35 8.13 CCH3 103.9 106.1
C6-H 9.23 8.97 C5 124.2 121.0
C2-H 9.63 9.36 c3 127.4 126.5
R 0.997 C4 138.7 134.9
MAE (ppm) 0.32 c2 156.3 151.8
C6 158.0 155.0
CcoO 163.6 161.7
R 0.997
MAE (ppm) 3.6

The NBO analysis of the complexes was used to quantify the intramolecular inter-
actions. The importance of the p-cymene moiety for the overall stability of the complex
can be seen in the interactions between 71(C—C) orbitals and empty Ru(Il) orbitals, with
stabilization energy up to 400 k] mol~!. Various stabilization interactions between a lone
pair of chlorine and empty orbitals of ruthenium(II) were found, with stabilization energies
between 78 and 367 k] mol~!, depending on the orientation of the orbital. In contrast,
interactions denoted as LP(Ru)—LP*(Cl) are much weaker, below 12 k] mol~!. The elec-
tron donation from the nitrogen atom of the pyridine moiety can be present through
LP(N)—LP*(Ru) with an energy of 422 kJ mol 1. Carbon-nitrogen bonds also stabilize the
system through 7(C-N)—LP*(Ru) (17-39 k] mol~1). It has been shown that the formation
of complexes does not affect the interactions within the ligand structure [33,34]; therefore,
they are not explicitly listed herein. These interactions verify the donation of surrounding
ligands to the Ru(Il) ion and their effects on stability.

2.5. Synthesis and Structural Characterization of Cationic [RuCl(1°-p-cym)(L-xN),J[PF4]
(L =L1: 4; L2: 5) Complexes

The cationic ruthenium(II) complexes were obtained from a ruthenium(Il) dimer and
appropriate ligand precursor in the presence of base (LiOH) and NH4[PFg] (Scheme 2).
The reaction was monitored using 'H NMR spectroscopy, and a fast formation of the
cationic complex was observed, although this product was not stable and reacted back to
1 (Figure 4c). A small amount of lithium hydroxide was added to the mixture, and the
reaction progress was monitored using 'H NMR spectroscopy. The last step was repeated
until the whole neutral complex was consumed (Figure 4d). The same procedure was
applied for the preparation of complex 5, which contains two L2 ligands. Complexes 4 and
5 were highly viscous oils, soluble in chloroform and dichloromethane.
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TR N1 B

95 90 85 80 75 70 65 60 55 50 45 40 35
S in ppm
Figure 4. 'H NMR spectra (400 MHz, CDCl3) of the synthesis of 4: (a) neutral complex 1 (A);
(b) cationic and neutral complex after addition of NH4[PFs]; (c) back reaction to neutral complex 1
(A); (d) nearly completed reaction, cationic complex 4 (B).

Both complexes 4 and 5 were characterized via multinuclear NMR spectroscopy ('H,
13C, and 3!P). Resonances of the poly(ethylene oxide) pendant moiety in 'H and 13C NMR
spectra of cationic complexes 4 and 5 do not differ significantly from appropriate neutral
complexes 1 and 2. The most apparent change in 'H NMR spectra was observed for the
p-cymene ligand. The resonances of all non-aromatic protons of the p-cymene ligand are
shifted to a higher field, and both prepared cationic ruthenium(Il) complexes show the same
chemical shifts. Also, the coupling constants of the aromatic ligand remained unchanged.
All proton resonances of the nicotinate group are slightly shifted and could be assigned.
The obtained '*C NMR spectra also show the prominent changes in the resonances for the
aromatic carbon atoms from the p-cymene moiety. All other chemical shifts are found at
nearly the same frequency positions as in the neutral complexes. The resonances of ipso-
carbon atoms are located close to each other in cationic complexes 4 and 5 at approximately
102 and 103 ppm. Other carbon atoms of the p-cymene are shifted to lower field at 82.5
and 88.5 ppm. All other resonances are assigned at their expected frequencies and are only
slightly changed. A septet, a chemical shift found in 3'P NMR spectra, was at —144.2 ppm,
the value expected for phosphorus in the hexafluorophosphate anion [29]. The infrared
spectrum of 4 shows all four characteristic bands of the ligands and an additional 290 cm~!
belonging to Ru-Cl vibrations. The strongest band is found at 1290 cm~! and is assigned to
the carbon-oxygen vibrations of the ester group. A band at 837 cm ™! is stronger than the
band at 746 cm ™! and is assigned to the stretching vibrations of the hexafluorophosphate
anion [37].

2.6. Theoretical Analysis of Cationic [RuCI(17°-p-cym)(L-xN),J[PF4] (L = L1: 4; L2: 5) Complexes

The structures of complexes containing two L1 or L2 ligands were optimized at the
B3LYP/6-31+G(d,p) level of theory. Their structures are shown in Figure 5, with hydrogen
atoms omitted for clarity. When Ru—Cl bonds are concerned, their lengths are 2.42 (4) and
2.43 A (5), almost identical to the previously described neutral complexes. The distances
between Ru(Il) and aromatic carbon atoms of the p-cymene moiety are between 2.28 and
2.35 A. These values are slightly higher than those for neutral complexes, probably due
to the repulsion between pyridine ligands and the p-cymene moiety. The Ru-N distances
are equal in both complexes (2.15 and 2.17 A), proving that the length of the poly(ethylene
oxide) ligand does not affect the geometry of the complex. This value is also identical to the
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(a)

Ru(Il)-1-naphthylhydrazine complex, as determined experimentally [33]. Because of the
presence of ether groups, some of the ligands within the structure were twisted, which can
be expected due to the formation of weak interactions between chains. The angles formed
between the chlorido ligand, Ru(ll), and nitrogen atoms are 84 and 88°, a further deviation
from the octahedral structure. The angle N(py)-Ru-N(py) is 89°, close to the ideal value
of 90 ° in octahedral geometry. These changes in angles can be attributed to the formed
stabilization interactions, as presented below.

(b)

Figure 5. Optimized structures of (a) 4 and (b) 5 at B3LYP/6-31+G(d,p) level of theory (carbon—gray,
nitrogen—blue, oxygen—red, chlorine—green, ruthenium—teal; hydrogen atoms are omitted for
clarity).

The most numerous interactions are formed between p-cymene and Ru(Il), denoted
as (C—C)—LP*(Ru) (67-368 k] mol~!). The interactions between the chlorido ligand and
Ru(Il) are much stronger, with stabilization energies up to 576 k] mol~!. This change
was expected because of the overall charge of the complex. The interactions between the
nitrogen atom of pyridine and Ru(II) are around 334 k] mol ~!. These values are weaker than
those previously discussed, resulting from the presence of two neutral and voluminous
ligands. Because of these stability parameters, it would be beneficial to examine the effect
of these changes on biological activity in future research.

3. Materials and Methods
3.1. Purchased Chemicals

Nicotinic acid, dimethylformamide, and thionyl chloride were obtained from Acros
Organics. Toluene, acetone, acetonitrile, diethyl ether, dichloromethane, ammonium hex-
afluoride phosphate, lithium hydroxide, and a dichlorido(n®-p-cym)ruthenium(Il) dimer
were ordered from Merck.

3.2. Preparative Technique and Instrumental Methods

All three ligands were prepared in dry toluene and acetonitrile. Corresponding
ruthenium(Il) compounds were synthesized under nitrogen using the standard Schlenk
line technique. Sodium benzophenone was removed from diethyl ether and toluene via
destination. Dichloromethane was distilled from calcium hydride. 2-Propanol was dried
with molecular sieve 3A and degassed with argon prior to use. Ethylene glycol was freshly
distilled and stored with molecular sieve 4A. All other poly(ethylene oxide) compounds
and poly(ethylene oxide) monomethyl ethers were dried with sodium sulfate.

The NMR spectra were obtained on a Varian Unity 400 or Varian Gemini 400 spec-
trometers in 5 mm NMR tubes at 300 K. The chemical shifts in 'H NMR spectra are shown
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relative to undeuterated solvents, CHCl3 (5 7.26) and HDO (5 4.79). On the other side, 13C
NMR chemical shifts are calibrated to CDCl;3 (8 77.16) or for D,O with tetramethylsilane
(TMS). The IR spectra were recorded from 4000 to 250 cm ! on a Bruker Tensor 27 FT-IR
spectrometer with diamond ATR. The high-resolution ESI spectra of the compounds were
measured on Bruker Apex IIl Fourier transform ion cyclotron resonance (FTR-ICR) mass
spectrometers (Bruker Daltonics) equipped with an Infinity cell, a 7.0 T superconducting
magnet (Bruker), an rf-only hexapole ion guide, and an external APOLLO electrospray
ion source (Agilent, off-axis spray). The sample solutions were introduced continuously
via a syringe pump with a flow rate of 120 uL-h~!. Ligand precursors are noted without
hydrochloride as [M + H]*. The electronic spectra were prepared on an HP 8453 at RT and
in quartz cuvettes from Hellma GmbH & Co. with sides of 1 cm.

3.3. Preparation of Ligands

Nicotinic acid and dimethylformamide (0.03 g, 0.4 mmol) were cooled to 15 °C, and
excess thionyl chloride (5 mL, 70 mmol) was added dropwise. The reaction mixture was
stirred at 40 °C for 1 h. The formed light yellow acyl chloride hydrochloride was obtained
by evaporating the solvent and the rest of the thionyl chloride and dried in vacuo. The
obtained acyl chloride hydrochloride was used in situ to prepare poly(ethylene glycol)
esters. The acyl chloride hydrochloride was suspended in toluene (40 mL). The appropriate
poly(ethylene oxide) monomethyl ether was added at 15 °C and stirred overnight at rt.
Viscous oils were obtained, toluene was removed in vacuo, and impurities were removed
via extraction with acetone/diethyl ether.

L2-HCI (2-(2-Methoxyethoxy)ethyl nicotinate hydrochloride): Viscous, hygroscopic oil;
soluble in water, methanol, ethanol, and iso-propanol; insoluble in diethyl ether. Yield: 95%.
'H-NMR (400 MHz, D,0): & 3.34 (s, 3H, OCH3), 3.66, 3.79 (m, 4H, CH30OCH,CH,), 3.97 (m,
2H, OOCCH,CH5), 4.66 (m, 2H, COOCH)>), 8.28 (ddd, *Jus 16 = 8.2 Hz, *Jys 4 = 5.9 Hz,
4Tus 2 = 0.8 Hz, 1H, H°), 9.06 (d(b), }Jg u = 5.9 Hz, 1H, H*),9.18 (d(b), 3Ju u = 8.2 Hz, 1H,
H®), 9.44 (m, 1H, H?). BC-NMR (100 MHz, D,0): 5 58.0 (CH30), 65.7 (CH,O0C), 68.2, 69.5,
70.9 (CH,0), 127.7 (C°), 129.7 (C3), 142.7 (C?), 144.5 (C*), 147.1 (C®), 162.9 (COO). ESI-HRMS
(CH30H), positive mode: Caled for [C11H16NO4]* 226.10738, m/z 226.10733 [M + H]*. IR:
v (cm~1) 3061(w), 2876(w), 2400(b), 2090(w), 1968(w), 1728(s), 1633(w), 1606(w), 1544(w),
1461(m), 1359(w), 1286(s), 1198(w), 1103(s), 1019(m), 928(w), 837(w), 740(s), 690(m), 677(m),
619(s), 520(w), 469(w).

L3-HCl (2-[2-(2-Methoxyethoxy)ethoxylethyl nicotinate hydrochloride): Viscous, hygro-
scopic oil; soluble in water, methanol, ethanol, iso-propanol, chloroform, and dichloromethane;
insoluble in diethyl ether. Yield: 92%. '"H-NMR (400 MHz, D,0): & 3.33 (s, 3H, OCH3), 3.58,
3.66, 3.69, 3.78 (m, 8H, OCH,CH,0), 3.95 (m, 2H, OOCCH,CH>), 4.63 (m, 2H, COOCH)3),
8.27 (dd, ®Jus,ne = 8-2 Hz, 3Jps,ma = 6.0 Hz, 1H, H°), 9.05 (d(b), }Juu = 5.9 Hz, 1H, H*),
9.17 (d(b), *Jy i = 8.2 Hz, 1H, H®), 9.43 (s(b), 1H, H?). 3C-NMR (100 MHz, D,0): § 58.0
(CH30), 65.7 (CH,00CQ), 68.2, 69.4, 69.4, 69.7, 70.9 (CH,0), 127.7 (C%), 129.7 (C3), 142.7
(C?), 144.5 (C*), 147.1 (C®), 162.9 (COO). ESI-HRMS (CH30H), positive mode: Caled for
[C13H2oNOs]* 270.13360, m/z 270.13355 [M + HJ*. IR: v (cm ™) 3065(w), 2876(w), 2400(b),
2092(w), 1970(w), 1730(s), 1633(w), 1606(w), 1540(w), 1461(m), 1355(w), 1286(s), 1198(w),
1100(s), 1016(m), 935(w), 837(m), 740(s), 695(m), 677(m), 619(s), 520(w), 479(w).

3.4. Preparation of [RuCly(5°-p-cym)(L-xN)] Complexes (L = L2: 2; L3: 3)

The appropriate ligand precursor (0.22 mmol) was suspended in iso-propanol (20 mL)
and stirred atrt. A dichlorido(n6—p-cymene)ruthenium(II) dimer was added, and the orange
reaction mixture was heated to 40 °C and stirred for 1 h. The suspension turned light orange
or yellow and was cooled to —47 °C. The product was precipitated and filtered off, washed
with diethyl ether (4 x 2 mL), and dried in air.

2: Orange powder; soluble in chloroform, dichloromethane, dimethylformamide, acetone,
and acetonitrile; moderately soluble in methanol, ethanol, iso-propanol, and tetrahydro-
furan; insoluble in diethyl ether and toluene. Yield: 96%. EA: Anal. Found: C, 47.03; H,
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5.19; N, 2.62. Calcd for CpHyoCl,NO4Ru (531.43): C, 47.46; H, 5.50; N, 2.64. 'H-NMR
(400 MHz, CDCl3): & 1.32 (d, 3Jg i = 7.2 Hz, 6H, CH(CH3),), 2.13 (s, 3H, CCH3), 2.99 (sept,
Iy = 6.9 Hz, 1H, CH(CH3),), 3.38 (s, 3H, OCH3), 3.57, 3.70 (m, 4H, CH;0CH,CH,), 3.84
(m, 2H, OOCCH,CHj,), 4.53 (m, 2H, COOCH), 5.25 (d, 3Jy y = 6.0 Hz, 2H, CHCCH3),
5.46 (d, 3Jun = 5.9 Hz, 2H, CHCHCCHj3), 7.41 (dd, ®Jus,pa = 7.8 Hz, ®Jys,ue = 5.7 Hz, 1H,
H®), 8.35 (d, 3Jyn = 7.9 Hz, 1H, H*), 9.23 (d, 3Jgu = 5.6 Hz, 1H, H®), 9.63 (s, 1H, H?).
I3C-NMR (100 MHz, CDCl3): § 18.4 (CCH3), 22.4 (C(CH3),), 30.8 (C(CH3),), 59.2 (CH30),
65.3 (CH,00C), 69.0, 70.8, 72.1 (CH,0), 82.5, 82.8 (CH), 97.4, 103.9 (CCH), 124.2 (C°), 127.4
(C3),138.7 (C*), 156.3 (C?), 158.0 (C°), 163.6 (COO). ESI-HRMS (CH30H), positive mode:
Caled for [Cp1HygCINO,4*°Ru]* 490.08556, m/z 490.08585 [M-CI]*. IR: v (cm™1) 3088(w),
3026(w), 2968(w), 2880(w), 1724(s), 1604(w), 1469(w), 1451(w), 1428(w), 1381(w), 1353(w),
1319(w), 1286(s), 1250(m), 1202(w), 1144(m), 1111(s), 1053(m), 1016(m), 944(m), 881(m),
845(m), 802(w), 751(s), 695(m), 670(w), 528(w), 500(w), 470(w), 455(w), 371(w), 287(s), 269(s),
229(s).

3: Orange powder; soluble in chloroform, dichloromethane, dimethylformamide, acetone,
and acetonitrile; moderately soluble in methanol, ethanol, iso-propanol, and tetrahydrofuran;
insoluble in diethyl ether and toluene. Yield: 90%. EA: Anal. Found: C, 47.85; H, 5.41; N,
2.40. Caled for Cp3H33Cl,NOsRu (575.49): C, 48.00; H, 5.78; N, 2.43. TH-NMR (400 MHz,
CDCl3): § 1.32 (d, 3]y 11 = 6.9 Hz, 6H, CH(CH3)y), 2.13 (s, 3H, CCH3), 2.99 (sept, *Ji 1 = 6.9
Hz, 1H, CH(CHj3),), 3.36 (s, 3H, OCHj3), 3.54, 3.64, 3.69, 3.71 (m, 8H, CH3;0CH,CH,), 3.84
(m, 2H, OOCCH,CHj,), 4.52 (m, 2H, COOCHa), 5.26 (d, 3]y = 6.0 Hz, 2H, CHCCHj3),
5.46 (d, 3Jg g = 6.0 Hz, 2H, CHCHCCHj3), 7.41 (dd, 3Jus,14 = 7.8 Hz, 3Jis,16 = 5.8 Hz, 1H,
H®),8.35(d, *Jyu = 7.9 Hz, 1H, H*),9.23 (d, *J i = 5.6 Hz, 1H, H°), 9.62 (s, 1H, H?). 13C-
NMR (100 MHz, CDCl3): 5 18.4 (CCH3), 22.4 (C(CH3),), 30.8 (C(CH3),), 59.2 (CH30), 65.3
(CH,00CQ), 69.0, 70.7, 70.8, 70.9, 72.1 (CH,0), 82.5, 82.8 (CH), 97.4, 103.9 (CCH), 124.2 (C?),
127.5 (C®), 138.7 (C*), 156.3 (C?), 158.0 (C?), 163.6 (COO). ESI-HRMS (CH30H), positive
mode: Caled for [Co3H33CINO5”°Rul* 534.11178, m/z 534.11190 [M-CI]*. IR: v (cm™!)
3065(w), 2964(w), 2877(w), 1722(s), 1600(w), 1472(w), 1451(w), 1428(w), 1380(w), 1282(s),
1198(m), 1105(s), 1053(m), 1028(m), 947(w), 867(m), 845(m), 798(w), 751(s), 693(m), 455(w),
371(w), 284(s), 232(s).

3.5. Preparation of [RuCIl(1®-p-cym)(L-xN),J[PFs] (L = L1: 4; L2: 5) Complexes

The appropriate ligand precursor (L1-HCl: 0.48 mmol; L2-HCl: 0.43 mmol) was sus-
pended in iso-propanol (20 mL), and lithium hydroxide (1 eq) was added. The suspension
was stirred for 1 h at 40 °C. A dichlorido(n6-p-cymene)ruthenium(ll) dimer (0.075 mmol)
was added, and the orange reaction mixture was stirred for 2 h and cooled afterward
to rt. Dichloromethane was added until the precipitated neutral ruthenium(II) complex
was redissolved. Excess ammonium hexafluoridophosphate (1.5 mmol) was added in one
portion, and the rest of the lithium hydroxide (4: overall 0.90 mmol; 5: overall 0.59 mmol)
was added in small portions under stirring over 4 h. The crude product precipitated from
the reaction mixture at =70 °C and was separated and redissolved in small amounts in
dichloromethane, and the byproducts were filtered off. The product was then obtained via
the evaporation of dichloromethane and dried in air.

4: Orange, highly viscous oil; soluble in chloroform and dichloromethane; moderately
soluble in methanol, ethanol, and iso-propanol; insoluble in n-pentane. Yield: 19%. IH-
NMR (400 MHz, CDCl3): § 1.16 (d, 3] i1 = 6.9 Hz, 6H, CH(CH3),), 1.77 (s, 3H, CCH3), 2.59
(sept, 3Ju,u = 6.9 Hz, 1H, CH(CHs),), 3.38 (s, 6H, OCH3), 3.70 (t, 3]y i = 4.7 Hz, 4H, OCH,),
4.48 (m, 4H, COOCH,), 5.69 (d, 3Jy i = 6.1 Hz, 2H, CHCCH3), 5.94 (d, }Jy i = 6.1 Hz, 2H,
CHCHCCH3), 7.65 (dd, 3Jus 14 = 7.8 Hz, 3Jys 16 = 5.8 Hz, 2H, H?), 8.43 (d, 3]z i = 8.0 Hz,
2H, H*),9.21 (d, 3]y u = 5.6 Hz, 2H, H®), 9.47 (s, 2H, H?). 3C-NMR (100 MHz, CDCl3): &
18.0 (CCH3), 22.3 (C(CH3)7), 31.0 (C(CHs)2), 59.1 (CH30), 65.3 (CH,00C), 70.2 (CH0),
82.5, 88.5 (CH), 102.1, 103.4 (CCH), 126.7 (C), 128.6 (C?), 140.2 (C*), 154.4 (C?), 158.5 (C®),
163.2 (COO). 3'P-NMR (162 MHz, CDCl3): § -144.2 (sept, Jpr = 713 Hz, PF¢) IR: v (cm™ 1)



Inorganics 2023, 11, 460

13 of 15

3080(w), 2968(w), 2887(w), 1726(s), 1606(w), 1433(w), 1369(w), 1290(s), 1197(w), 1118(m),
1055(w), 1026(w), 837(s), 746(m), 694(w), 557(m), 293(w).

5: Orange, highly viscous oil; soluble in chloroform and dichloromethane; moderately
soluble in methanol, ethanol, and iso-propanol; insoluble in n-pentane. Yield: 39%. 1H-
NMR (400 MHz, CDCl3): § 1.17 (d, 3]y i = 6.9 Hz, 6H, CH(CH3)y), 1.78 (s, 3H, CCH3), 2.58
(sept, 3Juu = 7.0 Hz, 1H, CH(CH3),), 3.35 (s, 6H, OCH3), 3.56, 3.69, 3.84 (m, 12H, OCH,),
4.53 (m, 4H, COOCH,), 5.71 (d, 3Jg i = 6.1 Hz, 2H, CHCCH3), 5.95 (d, }Jy i = 6.1 Hz, 2H,
CHCHCCH3), 7.66 (dd, 3Jps na = 7.9 Hz, 3Jys,16 = 5.8 Hz, 2H, H>), 8.45 (d, *Jy iy = 8.0 Hz,
2H, H*),9.23 (d, 3]y u = 5.8 Hz, 2H, H®), 9.53 (s, 2H, H?). 3C-NMR (100 MHz, CDCl3): §
17.9 (CCH3), 22.3 (C(CH3)y), 31.0 (C(CH3z),), 59.2 (CH30), 64.7 (CH,OOC), 69.2, 70.7, 72.0
(CH,0), 82.4, 88.5 (CH), 102.2, 103.3 (CCH), 126.7 (C?), 128.6 (C®), 140.2 (C%), 154.4 (C?),
158.4 (C°), 163.2 (COO). >'P-NMR (162 MHz, CDCl3): § —144.2 (sept, Jpr = 713 Hz, PFy).

3.6. Theoretical Methods

The structures of ligands and complexes were optimized in the Gaussian Program
Package [38] based on the previous works [29] without any geometrical constraints. The
Global Hybrid Generalized Approximation (GAA) functional B3LYP [39] was used in
conjunction with the 6-31+G(d,p) [40] basis set for H, C, O, Cl, and LanL.2DZ [41,42] for
Ru. Structural and spectroscopic visualizations were performed in the GausView [43]
program. The Conductor Like Polarizable Continuum (CPCM) [44] model was employed
to optimize structures in chloroform used for the NMR experiments. The NMR spectra
were predicted based on the Gauge Independent Atomic Orbital Approach (GIAO) [45,46],
as implemented in the Gaussian Program Package. The intramolecular interactions were
analyzed using the Natural Bond Orbital Approach (NBO) [47], and their strength was
calculated through the second-order perturbation theory.

4. Conclusions

Two neutral ruthenium(II) complexes [RuClz(n6—p—cym)(L—KN)] (L=L2:2;L3:3)and
two cationic complexes [RuCl(n®-p-cym)(L-kN),][PFg] (L = L1: 4; L2: 5) were synthesized.
The neutral complexes 1 and 2 were characterized using elemental analysis, ESI-HRMS,
IR, and NMR, while the formation of cationic complexes 4 and 5 was investigated using
multinuclear NMR spectroscopies. The spectral changes were observed relative to ligand
precursors. The Density Functional Theory was applied for the optimization of structures
at B3LYP/6-31+G(d,p)(H,C,N,O,Cl)/LanL2DZ(Ru), and structural features were described.
The special emphasis was put on the intramolecular interactions, examined using the
Natural Bond Orbital Theory and their intensity upon changes in the ligand structure and
the number of ligands. The high stability of these compounds was predicted, and further
biological studies are advised.
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