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Abstract: Ruthenium complexes have gained significant attention due to the
ruthenium similarity to iron, lower toxicity, and higher anticancer effectiveness
than other compounds. In this contribution, five new isonicotinate-polyethylene
glycol ester ligands were synthesised and characterised by NMR and IR spec-
troscopies. The corresponding Ru(Il) complexes were also obtained, and their
structure was investigated by traditional methods. The optimisation of struc-
tures was performed at B3LYP/6-31+G(d,p) level of theory for H, C, N and O
atoms and B3LYP/LanL2DZ for Ru. The intramolecular stabilisation interact-
ions were assessed through the natural bond orbital approach. The NMR chem-
ical shifts were predicted by the gauge independent atomic orbital method and
compared to the experimental values. High correlation coefficients and low
mean absolute errors between these data sets proved that the predicted struc-
tures described well the experimental ones. The theoretical and experimental
IR spectra were also compared, and differences in the most notable bands were
described. One of the ligands (L5) and complexes (5) showed fluorescent pro-
perties due to methylisatoic moiety. The electronic spectra of this compound
were modelled by the time dependent-density functional theory method. The
difference of 11 nm between the experimental and the theoretical wavelength
was explained by the interactions between the solvent and the solute. Further
biological and theoretical studies are advised for this series of compounds.
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INTRODUCTION

Cancer is a leading cause of death worldwide, representing a multifactorial
and complex disease. The discovery of cisplatin in the 60s of the twentieth
century marked the beginning of using complex compounds in treating different
cancers.! Although proven effective, this compound has some severe side effects,
including myelosuppression, emesis, nephrotoxicity and alopecia, besides pos-
sible inherent resistance observed in some cancer types.!-2 Therefore, the atten-
tion has been focused on similar compounds with higher effectiveness and lower
toxicity. Complexes based on platinum-type metals, such as palladium, ruthen-
ium, iridium, rhodium and osmium, represent possible substitutes for cisplatin.3->
Due to its similarity in chemical behaviour to iron, ruthenium is characterised by
higher human organism tolerance and higher selectivity. In vitro studies® focus
mostly on Ru(Il)-arene and Ru(Il)-polypyridine complexes.

The development of so-called “half sandwich” Ru(Il)-arene compounds (or
“piano-stool” complexes) is underway as these compounds offer diversity in the
possible substituents that influence the biological activity.*7 The general formula
of these compounds is [(7°-arene)Ru(YZ)(X)], in which YZ can be either a bident-
ate ligand or two monodentate ligands.” Compounds having neutral monodentate
ligands commonly contain, beside #7%-arene, two chlorido ligands. The solubility
of Ru(Il) complexes in water represented a severe drawback for their application
in medicine. The ionic complexes have much greater potential, and the research
nowadays focuses on the compounds with the increased halide ligands groups.$.?
Some of the examples of Ru(Ill) compounds that entered clinical trials are imid-
azolium trans-[tetrachlorido(dimethyl sulfoxide)(1-H-imidazole)ruthenate(I1I)]
(NAMI-A), indazolium trans-[tetrachloridobis(1-H-indazole)ruthenate(I11)]
(KP1019) and their sodium analogues.! Depending on the choice of ligands,
Ru(I) compounds also possess some antiradical activity towards the reactive
species, such as hydroxyl radical.10

The coordination properties of nicotinic and isonicotinic acid to lanthanide
ions were described 1970s.!! The study by Schobert and Biersack investigated
cis-dichloridoplatinum(II) complexes with aminomethylnicotinate and isonicotin-
ate ligands, in which these compounds acted as bidentate ligands.!? Rhenium(I)-
-polypyridine complexes coordinated to ethyl-isonicotinate exhibited lumines-
cence that depended on polypyridine moiety and that could be used as photosen-
sitizers for the singlet oxygen production in cells.!3 Mixed metal complexes of
copper(Il) and vanadium(V) incorporating isonicotinate ligands were obtained by
Wang and coworkers.!4 Four new uranium(VI) isonicotinate framework solids
had a range of dimensionalities from zero-dimensional to two-dimensional com-
pounds and were described by Kim and coworkers. !5

This research aims to describe the synthesis and structural characterization
of five new isonicotinate-polyethylene glycol ester ligands and their correspond-
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ing Ru(Il) complexes. NMR, IR, MS, UV-Vis, fluorescence spectroscopies and
elemental analysis are used in this contribution to determine the structures of
compounds. The structures of the obtained compounds were also validated by
predicting IR, NMR and UV—Vis spectra calculated using the density functional
theory (DFT) results and comparing them with the experimental ones. Interact-
ions governing the stability of ligands and complexes are also examined in detail
by the natural bond orbital (NBO) theory.

EXPERIMENTAL AND THEORETICAL METHODS
Materials and methods

Preparative technique. Ligand precursors were prepared in dry toluene and acetonitrile.
All reactions of ruthenium(II) complexes were carried out under argon by using the standard
Schlenk line technique. Diethyl ether and toluene were distilled from sodium benzophenone.
Dichloromethane was distilled from calcium hydride. 2-Propanol was dried with molecular
sieve 3 A and degassed with argon before use. Ethylene glycol was freshly distilled and stored
with a molecular sieve 4 A. All other poly(ethylene oxide) compounds and poly(ethylene
oxide) monomethyl ethers were dried with sodium sulphate. Ligand precursor (L1-HCI) and
appropriate ruthenium(Il) complex (1) were previously reported'® and used here for comp-
arison and theoretical calculations.

Purchased materials. Isonicotinic acid, thionyl chloride, diethylene glycol and a-terpin-
ene were purchased from Acros Organics. Triethylene glycol, tetraethylene glycol and dieth-
ylene glycol monomethyl ether were ordered from Merck. Glycol monomethyl ether and tri-
ethylene glycol monomethyl ether were purchased from Fluka. Ruthenium(IIl) chloride hyd-
rate was also commercially available from Alfa Aesar.

Instrumental methods

All samples were measured in 5 mm NMR tubes at 300 K; other conditions are noted.
TH- and 13C-NMR spectra were recorded on Varian Unity 500 or Varian Gemini 400 spectro-
meters. The chemical shift of 'H-NMR spectra is relative to signals of undeuterated solvents,
CHCl; (6 = 7.26 ppm) and HDO (6 = 4.79 ppm). 13C-NMR spectra are calibrated to solvent
CDCl; (0 = 77.16 ppm) and all signals noted in the experimental part are singlets. IR spectra
were measured from 4000-250 cm! with a Bruker Tensor 27 FT-IR-spectrometer with diam-
ond ATR. High-resolution ESI mass spectra were obtained from a Bruker Apex III Fourier
transform ion cyclotron resonance (FTR-ICR) mass spectrometer (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 pL h'!. The ligand
precursors are noted without hydrochloride as [M+H]*. UV-Vis spectra were recorded on an
HP 8453 (Hewlett—Packard GmbH, Waldbronn Analytical Division, Germany), and the fluor-
escence spectra were recorded on the Fluoromax 2 (Horiba Jobin Yvon GmbH, Unterhaching,
Germany). All measurements were performed at room temperature and in cuvettes from
Hellma GmbH & Co. KG (Miillheim, Germany, d = 1 cm).

Theoretical methods

All structures were optimized using the Gaussian 09 Program Package!” without any
geometrical constraints. The global hybrid generalised gradient approximation (GAA) func-
tional B3LYP!8 and 6-311++G(d,p)'? basis set was employed to optimize the ligand structure.
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Ligands were optimized in protonated form to follow the experimentally obtained hydrochlor-
ide salts. For Ru(Il) complexes, B3LYP functional in conjunction with the basis sets 6-31+
+G(d,p) for H, C, N and Cl, and Lan.2DZ?%2! were employed. The absence of imaginary
frequencies showed that the minima of the potential energy surface were obtained. The vibrat-
ional frequencies were analysed and visualized in the GausView program.?? The correction
factors for the selected level of theory were obtained on the National Institute of Standards
and Technology website (https://cccbdb.nist.gov/vsfx.asp). The influence of solvents on the
simulated NMR (D,0, CDCly) and UV-Vis (H,0) spectra was simulated using the Conduc-
tor-like polarizable continuum model (CPCM).23 The intramolecular interactions governing
structure stability were analysed by the natural bond orbital** (NBO) approach, as imple-
mented in the Gaussian Program package. The 'H- and 13C-NMR chemical shifts were calcul-
ated by the gauge independent atomic orbital (GIAO)?>2¢ Approach. The TMS as an internal
standard for NMR measurements was also optimised at the mentioned level of theory, and
NMR spectra were predicted. The electronic transitions were calculated by the time depen-
dent-density functional theory (TD-DFT).’

General procedure for the synthesis of isonicotinate esters (L2-HCI-L5-HCI)

The isonicotinic acid (Table I), and dimethylformamide (0.03 g, 0.4 mmol) were cooled
to 15 °C, and the excess thionyl chloride (5 mL, 70 mmol) was added dropwise. The reaction
mixture was stirred at 40 °C for one hour. The formed light yellow acyl chloride hydrochlor-
ide 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 (Fig. 1). The acyl chloride hydrochloride was suspended in toluene (40 mL).
The appropriate poly(ethylene oxide) monomethyl ether was added at 15 °C and stirred over-
night at room temperature. The product precipitated during the reaction was filtered off and
washed with toluene (recrystallization from ethanol, method A). If viscous oils were obtained,
toluene was removed in vacuo and impurities were removed by the extraction with acetone/
/diethyl ether (method B).

Properties, analytical and spectral data of the synthesized compounds are given in Sup-
plementary material to this paper.

TABLE L. Reaction details for the preparation of ruthenium(Il) complexes 2—5
n({RuCly(n%-p-cymene)},)  n(L2-HCI-L5)

Complex Reaction time, h  Yield, %

mmol mmol
2 0.10 0.22 1 96
3 0.10 0.24 1 97
4 0.15 0.37 2 72
5 0.055 0.113 2 65
(0] O (0] 0
5 410 10-CHj 5 410 O-H 5 4)10 1O s HN—
~ = n — 2 -~ 2 6
26 28 2§ 10 7
N=" .Hcl N=" .Hcl A
L1-L3 L4 L5

Fig. 1. Poly(ethylene oxide) monomethyl ether (n 1-3) esters of isonicotinic acid
(L1-HCI-L3-HCI), di(ethylene oxide) monoester of isonicotinic acid (L4-HCI) and
fluorescent ligand (L5) with assignment for NMR characterization.
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2-(2-Hydroxyethoxy)ethyl isonicotinate hydrochloride (L4-HCI). Isonicotinic acid (1.23
g, 10 mmol) and dimethylformamide (0.03 g, 0.4 mmol) were cooled to 15 °C, and the excess
thionyl chloride (5 mL, 70 mmol) was added slowly. The suspension was stirred, heated to 40
°C for 1 h and turned light yellow. The formed isonicotinic acyl chloride hydrochloride was
obtained by evaporation of the reaction mixture, dried in vacuo, and used in situ to prepare
L4-HCL.

The isonicotinic acyl chloride hydrochloride was suspended in toluene (20 mL). Diethyl-
ene glycol (5.7 mL, 60 mmol) was added and the mixture was stirred overnight at rt. The
crude product precipitated during the reaction, and toluene was removed in vacuo. The pro-
duct was extracted with acetone/diethyl ether and multiple times redissolved in acetone and
precipitated with excess diethyl ether. Yield: 0.34 g (14 %).

2-[2-(2-Methylamino-benzoyloxy)ethoxy]ethyl isonicotinate (L5). L4-HCl (62 mg, 0.25
mmol), methylisatoic acid anhydride (54.3 mg, 0.31 mmol) and potassium carbonate (60 mg,
0.5 mmol) were suspended in acetonitrile (20 mL) and stirred at 60 °C for 3 h. The precipitate
was filtered off and washed with dichloromethane (2x5 mL). The crude product was obtained
by evaporation of the volatiles and purified by centrifugally accelerated thin-layer chromato-
graphy with an eluent system of dichloromethane and ethanol (V¢p,ci,/Veion = 40:1). The
fractions containing the product (R; = 0.24) were combined, and the volatiles evaporated.
Yield: 63 mg (73 %).

General procedure for the synthesis of mononuclear ruthenium(Il) complexes 2—4

The appropriate ligand/ligand precursor was suspended in isopropanol (20 mL) and
stirred at rt. Dichlorido(#%-p-cymene)ruthenium(Il) dimer was added, and the orange reaction
mixture was heated to 40 °C (for details see Table I). The suspension turned light orange or
yellow and was cooled to —47 °C. The product was precipitated and filtered off (Fig. 2),
washed with diethyl ether (4x2 mL) and dried in air.

Properties, analytical and spectral data of the synthesized compounds are given in Sup-
plementary material.

R

/ Qjﬂo . Qj e % o

Fig. 2. Chemlcal structures of mononuclear Ru(Il) complexes with ligands L2-L5 (n 2-3).

RESULTS AND DISCUSSION

Poly(ethylene oxide) esters of isonicotinic acid (L2—-L4-HCI and L5) and
corresponding Ru(1l) complexes (2-5)

Synthesis. All prepared ligand precursors were synthesised by a similar pro-
cedure described in the literature.28:2% The appropriate acyl chloride was first
synthesised by reacting isonicotinic acid with thionyl chloride (Scheme 1). This
reaction was catalysed by dimethylformamide (DMF) within 1 h.30 The proposed
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mechanism includes several steps. In the first step, the sulphur atom of thionyl
chloride is attacked by the carboxylic acid to give an unstable intermediate, a
mixed anhydride. The released hydrogen chloride protonates the carboxylic oxy-
gen atom and makes the carboxylic carbon atom strongly electrophilic. After-
ward, the chloride anion attacks the carbon atom, and the intermediate reacts,
yielding the desired acyl chloride, sulphur dioxide, and hydrogen chloride.31:32

5 /—} >_q_/>*
(" soa /{ HOCHCHOIR 7 poymRuCly]  GTRY
DMF el toluene, it 3y / PrOH N

N= N-7He ¢
"0 [o-R
14 0O n

Scheme 1. Synthesis route of poly(ethylene oxide) esters of isonicotinic acid (L1-L4-HCI).

||_1,1 12,2 13,3 L4, 4
L1 HCI-L4 HCI

n|l 1 2 3 2
R’ CH, CH, CH, H

The acyl chloride was obtained as a light yellow, crystalline powder that
reacted exothermically with dried alcohols leading to the release of hydrogen
chloride.33 The reaction mixture, one equivalent acyl chloride with one equival-
ent alcohol, was stirred at room temperature overnight using dry toluene as sol-
vent (no side products were formed, Scheme 1), yielding the desired product
quantitatively.

The structures of ligands were confirmed by the NMR, IR, and ESI-HRMS
techniques. The first two are discussed in detail below. The following values
were obtained for the mass peaks of the protonated ligands [L+H]" with the
deviation from the calculated values shown in parenthesis: m/z 226.10738 (L2,
0.0 ppm), 270.13351 (L3, 0.3 ppm) , 212.09176 (L4, 0.3 ppm) and 345.14451
(L5, 0.1 ppm).

Structure and stability of LI-L3 and 1-3. The structures of all ligands opti-
mised at the B3LYP/6-311++G(d,p) level of theory are shown in Fig. 3. This
theory level was previously applied to optimize the similar compounds and the
spectra assignation.3%:35 As it can be seen, the structure of ligands L1-L3 con-
sists of an aromatic ring adjacent to the ester group and a flexible aliphatic chain
(Fig. 3). The planarity of the first part of the compounds is due to the elongated
delocalization between the aromatic ring and ester group. In this case, a strong
electron donation from the ester group to the aromatic ring is shown in the NBO
analysis below. To evaluate the validity of the chosen level of theory for the
structural determination of the obtained esters, the optimised bond lengths and
angles of previously published L116 were compared to those of pure isonicotinic
acid.3¢ This comparison was performed by calculating the mean absolute error
(MAE) between experimental and theoretical bond lengths and angles. This para-
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meter estimates the average absolute difference between two sets of data. The
MAE values obtained after the comparison are 0.02 A and 3.1° for bond lengths
and angles. The complete list of values is shown in the Supplementary material.
After a closer inspection of the data, it is clear that the differences are because
isonicotinic acid is in the zwitterionic form in the crystal structure, with the
amino group protonated and carboxyl group deprotonated, which leads to the
elongation of N—C bonds and equilibration of two C=0 bonds. Nevertheless,
these results show that the optimized structure resembles the expected crystallo-
graphic structure. In case of other two ligands, any significant changes in this
part of molecule are not expected. All of the C—O in the aliphatic chain have
uniform length of 1.43 A.

L1 tﬂ;‘ L2 . L3
‘ y j’V{# s ?4
,;HEJ ,G:J o0 9 ,'$.1,
I 9> ’
L4 LS

Fig. 3. Optimized ligand structures at B3LYP/6-311++G(d,p) level of theory.

The stability of ligands is governed by intramolecular interactions, as exam-
ined in the NBO framework. The most numerous interactions include n(C—C)—
—n*(C—C). These interactions have energies between 95 and 76 kJ mol~! (Table
S-1 of the Supplementary material). The nitrogen atom is part of the aromatic
ring, and its lone pairs are included in the stabilisation of the ring structure.
Interactions of the type m(C—N)—n*(C—C) and n(C—C)—n*(C—N) have energies
of 60 and 109 kJ mol-1, respectively. The lone pair of nitrogen atoms also stab-
ilise neighbouring C—C atoms, LP(N)—m*(C—C), with the energy of 41 kJ mol-!.
The carboxyl group interacts strongly with the aromatic ring. The interconnection
between the aromatic ring and carboxylic group is stabilised by the interaction
with an energy of 10 kJ mol-1. The planarity of this part of the molecule is
possible through strong LP(O)—n*(C—C) interaction with an energy of 75 kJ
mol-!. The strongest interactions are within the carboxyl group, LP(O)—>
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—n*(C-0), with an energy of 135 kJ mol~!. The rest of the aliphatic chain is
stabilised by much weaker interactions that allow free rotation of the groups. The
interactions in other ligands are not influenced by the elongation, as these groups
are interconnected by the oxygen atoms that act as electron donors to both sides
of a chain, but the leakage of electron density is not possible from one side to the
other.

The bond is formed between Ru(Il) and pyridine nitrogen atom upon com-
plexation. The predicted structures of complexes were optimized at B3LYP/6-
-31G(d,p)(H, C, O, N, Cl)/LanL2DZ (Ru) level of theory.37-3% In a previous con-
tribution, this level of theory was applied to [ {RuCl(n®-p-cymene)},(u-Cl)(u-1-
-N,N’-naphthyl)]Cl compound and it was shown that the optimised structure rep-
resented the crystallographic one well, with the detailed spectra assignment.!0
The optimised structure of 1, as a representative of the whole class 1-3 com-
plexes, is presented in Fig. 4. The optimised structure contains p-cymene and L1
ligand and two chlorine atoms bonded to Ru(Il). The resemblance between L1
and isonicotinoic acid was shown previously, and the same line of reasoning can
be applied to the expected similarity between the experimental and the theoretical
structures of p-cymene moiety.!0 The optimised Ru—Cl bonds have 2.43 and 2.45
A, almost identical to previously determined lengths in crystal structures of sim-
ilar compounds.*0 The Ru—N bond length is 2.18 A, similar to the previously dis-
cussed compounds. These bond lengths are not affected by the length of an ali-
phatic chain of ligands. The optimised bond angles CI-Ru—Cl and N—Ru—ClI are
90 and 64°, respectively. These angles, again, follow the experimentally deter-
mined values. The interactions between Ru(Il) and surrounding groups were ana-
lysed in the next paragraph through the NBO approach, with the compound 1
given as an example.

g o
> >
Sy g
/?}4 “3?14
)
}(a 9 (J
do é
o’ %
e ey
1 4
Fig. 4. Optimized structures of 1 and 4 at B3LYP/6-31+G(d,p)(H,C,N,O,Cl)/LanL2DZ(Ru)

level of theory (the following colours represent atoms: white — hydrogen, grey — carbon, blue
— nitrogen, green — chlorine, teal — ruthenium).
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The stabilisation interactions within the L.1 moiety within 1 are almost iden-
tical to those previously discussed. The p-cymene moiety contains an aromatic
ring with methyl and isopropyl groups. The strongest stabilisation interactions
within p-cymene denoted as m(C—C)—n*(C—-C), have energies between 46 and
55 kJ mol~! (Table S-I). The T electron cloud also interacts with Ru(II) through
m(C-C)—LP*(Ru), which includes different carbon-carbon pairs of the aromatic
ring. These interactions have energies between 60 and 80 kJ mol-!, proving the
Ru(Il)-p-cymene group’s stability. The interactions denoted as LP(Ru)—>n*(C-C)
were also observed with similar energies. The nitrogen atom of the pyridine ring
interacts with Ru(Il) through the interactions with an energy of 146 kJ mol-!.
The weak interactions denoted as LP(N)—c*(Ru—Cl) have energies of around 27
kJ mol-!. The carbon-nitrogen bonds stabilize the Ru(Il) through 1(C-N)—>
—LP*(Ru) interactions with energies of 50 kJ mol-l. The stabilisation inter-
action between nitrogen atom and Ru(Il) was observed in other compounds in
literature.#142 Chlorido ligands also interact with the central metal ion by donat-
ing electron pairs. These interactions between lone pairs, LP(Cl)—LP*(Ru), have
energies between 34 and 75 kJ mol~!. The weak interactions LP(Cl)—>o(Ru—Cl)
of several kJ mol-! stabilise the overall structure. Based on the given values, it
can be concluded that the donor atoms, namely chlorine, nitrogen, and aromatic
moiety, interact with Ru ions through interactions of similar strength. The ali-
phatic chain length does not influence these interactions as these groups are fur-
ther from the interacting nitrogen atom.

Experimental and theoretical NMR spectra. The synthesised L2-L3-HCI
ligands were characterised by NMR spectroscopy. Ligand precursor, previously
reported, L1-HCI and appropriate ruthenium(II) complex 116 were used for
comparison, and the results are given in the mentioned reference. The NMR
spectra were modelled for the structures optimized in DO and CDCIl3 to mimic
the experimental conditions. The theoretical chemical shifts were calculated rel-
ative to TMS. The experimental and theoretical values for the chemical shifts of
L1-HCI and 1, as representative examples, are given in Tables S-II and S-III of
the Supplementary material. These values were compared by calculating the
MAE and correlation coefficient for 'H- and 13C-NMR spectra. The atomic
enumeration is shown in Figs. 1 and 2, and it should be remembered that the
aromatic carbon atoms are symmetric; therefore, a lower number of resonances is
observed.

The results from Tables S-II and S-III show that the theoretical chemical
shifts are in agreement with the experimental ones. The calculated values were
overestimated, and the correction factor was obtained from the dependency
between experimental and theoretical values (0.94 for 'H- and 0.97 for !13C-
-NMR). When 'H-NMR spectra are concerned, the correlation factors between
the two sets of values were 0.97/0.99 for L1-HCI and 1. The MAE value was
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0.27 ppm in the case of L1-HCIl and 0.44 ppm in the case of 1. These high
correlation factors and low MAE values result from the relative rigidity of the
overall structure represented by aromatic rings and structures with elongated
delocalisation. These results prove the applicability of the selected level of theory
for the representation of the newly obtained Ru(Il) complexes. The lowest value
of chemical shifts was obtained for the methoxy group in the aliphatic chain
(3.48 ppm in the experimental and 3.28 ppm in the theoretical spectrum). The
proximity of oxygen atoms increased chemical shifts to 3.92 (OCH,) and 4.67
(COOCH,)) ppm in the experimental spectrum. These values are, on average, 0.3
ppm different in the theoretical spectrum. In the pyridine ring, the appropriate
chemical shifts are much higher and depend on the proximity of the nitrogen
atom. Two sets of resonances at 8.62 and 9.05 ppm represent the hydrogen atoms
in the experimental spectrum. Once the complex is formed, the largest difference
was observed for the hydrogen atoms adjacent to nitrogen (9.23 vs. 9.05 ppm,
and 7.86 vs. 8.62 ppm), proving that a new interaction between nitrogen and
Ru(Il) is formed, inducing the changes in the electron density of the ring. The
IH-NMR chemical shifts of protons form the p-cymene moiety have the expected
values common for other similar compounds.40

The 13C-NMR chemical shifts are more commonly used for the comparison
due to the lower possibility for rotation. In the ligand structure, the lowest chem-
ical shifts were obtained for the carbon atoms of the aliphatic chain (58.2
(OCH3), 65.9 (CH,OOC) and 69.6 (CH>0) ppm). These carbon atoms are loc-
ated at 62.8, 73.9, and 73.7 ppm in the theoretical spectrum. The presence of two
oxygen atoms in the carboxyl group significantly increases the chemical shift
value to 163.4 in the experimental and 161.4 ppm in the theoretical spectrum.
Carbon atoms of the pyridine ring also have the expected values. The carbon
atoms adjacent to nitrogen in the pyridine ring increase the chemical shift value
upon complexation (142.7 to 155.9 ppm). The rest of the carbon atoms retain the
position of the resonances present in L1-HCI. The same applies to chemical
shifts of carbon atoms in the p-cymene moiety.

Experimental and theoretical IR spectra. The experimental and theoretical
IR spectra were also compared in order to investigate the applicability of the
selected level of theory. The theoretical vibrational motion was visualised in
GausView,22 as previously mentioned. The theoretical wavenumber values were
overestimated, and the correction factors suggested by the National Institute for
Standards and Technology (NIST) for the given level of theory were used. The
IR spectra of L1-HCI and 1 will be discussed as the representative examples of
ligands L1-L3-HCIl and complexes 1-3. The detailed spectral characterisation
for other ligands and complexes is presented under the synthetic procedure and
characterisation in the previous Methodology section.
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The IR spectrum of L1-HCI contains four characteristic bands found at approx-
imately 1730, 1280, 1110 and 750 cm™!. The first band at 1730 cm™! in the exp-
erimental spectrum is assigned to the C=0 ester group vibration. In the theoret-
ical spectrum, this band is positioned at 1756 cm~!, which is well reproduced,
bearing in mind that the IR spectrum was recorded for a solid sample, and the
theoretical calculations were performed for an isolated compound. The band at
1280 cm! is a typical absorption band for carbon—oxygen single bonds in ether
and ester groups#3 This C—O stretching vibration in the theoretical spectrum is at
1270 cm~L. The strong, broad band at 1110/1123 cm™! in the experimental/theo-
retical spectra of L1-HCI corresponds to the ester/ether vibration. The band at
approximately 750 cm! results from vibrations of the pyridine ring in both spec-
tra but can be overlapped by carbon-hydrogen vibrations in the fingerprint region.#4

Further specific bands, which are weaker in the spectra, are observed near
3020 cm! for heteroaromatic vibrations and near 2980 cm~! for alkyl groups of
the poly(ethylene oxide) spacer.44 The positions of these bands are also similar in
the theoretical spectrum. In the IR spectrum of 1, the most prominent bands are
located at 1730, 1275 and 1119 cm!, almost identical to the previously discus-
sed values. A new strong band is positioned at 276 cm~!, corresponding to the
Ru—Cl stretching vibration. The similar values were obtained for the trichlorido-
triaquoruthenium(I1T) complex4.

2-(2-Hydroxyethoxy)ethyl ester of isonicotinic acid (L4-HCI) and corresponding
Ru(ll) complex (4)

Synthesis. The appropriate acyl chloride hydrochloride was obtained using
the modified method for L1-2HCI-L3-HCI. The synthesis is changed using
excess alcohol to the acyl chloride hydrochloride (6 eq.) in toluene. The crude
product is obtained as viscous oil with a high percentage of diethylene glycol and
small amounts of L1:2HCI or L4-2HCI. The product is extracted with acetone/
/diethyl ether (Vacetone! VEnno = 5:1) and precipitated with diethyl ether several
times. ESI-HRMS analysis was performed under the same conditions as L.1-HCL.
Results showed the expected mass peaks of the [M+H]*.

Structure and stability of L4-HCI and 4. The structures of L4-HCI and 4 are
presented in Figs. 3 and 4. The structure of L4-HCI greatly resembles the struc-
ture of L2-HCI, but the methoxy group is exchanged with the hydroxyl group.
This change is not expected to influence the stability and structural features of
the ligand significantly. The weaker stabilisation interaction was obtained in the
aliphatic chain (LP(O)—o(C—C)), with an energy of 4.8 in L4-HCl vs. 5.1 kJ
mol~! in L1-HCI (Table S-I). This change in the group does not influence the
complexation route and the geometry of the complex 4 compared to 2.

Experimental and theoretical NMR spectra. The experimental and theoret-
ical NMR spectra of L4-HCI and 4 also resemble those previously mentioned in
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L2-HCI and 2. The NMR chemical shifts of L4-HCI and 4 are presented in
Tables S-IV and S-V of the Supplementary material. As in the previous case, the
obtained values were overestimated, and the correction coefficients were deter-
mined as the slope in the dependency of experimental on theoretical values. In
the 'H-NMR spectrum of L4-HCI, four hydrogen atoms of the aliphatic chain
(HOCH,CH>) have the same chemical shifts at 3.77 ppm in the experimental
spectrum. In the theoretical spectrum, the chemical environments of these pro-
tons are different due to the calculations performed for the compounds in vacuum
and without free rotation. Other hydrogen atoms have their expected positions.
The hydrogen atom of the OH group was not observed in the experimental range.
The carbon atom adjacent to OH has a higher chemical shift value than the cor-
responding one with OCH3 group (in L2-HCI; 71.8 vs. 69.6 ppm). The MAE
values for 1H- and 13C-NMR spectra of L4-HCl are 0.24 and 4.1 ppm, with high
correlation coefficients (R > 0.98). Upon the formation of 4, the most notable dif-
ferences are observed in the chemical shifts of carbon atoms in the pyridine ring.
The MAE value for 13C-NMR chemical shifts is 4.5 ppm, with R equal to 0.98. A
higher R-value was calculated for lH-NMR chemical shifts of 4. These results
prove the applicability of the chosen level of theory for the representation of both
ligand and complex.

Experimental and theoretical IR spectra. The experimental and theoretical
IR spectra were compared as additional proof of the structural representation of
L4-HCI and 4. The same method was applied for the correction of theoretical
wavenumber values. The IR spectrum L4-HCI is characterised by a broad peak at
3350 cm! attributed to the O—H stretching vibration. In the theoretical spectrum,
this band is shown at 3737 cm~!. This difference is expected as the optimization
was performed on the isolated molecule in a vacuum. When the intermolecular
interactions are formed, the O—H bond length increases, and the wavenumber lowers.
The most intense peak is at 1730 in the experimental and 1755 cm™! in the theo-
retical spectra of L4-HCI, assigned to the C=O vibration. The vibrations of car-
bon-oxygen bonds at 1280 and 1110 cm! are similar to those previously discus-
sed for L1-HCI1. The heteroaromatic vibrations at 750 cm™! are observed in the
same region as the bands of other ligand precursors (L1-:2HCI-L3-HCI). These
results correlate well with all other synthesised esters. In the experimental and
theoretical spectra of 4, the bands of aliphatic and aromatic C—H stretching vibrat-
ions increase in intensity due to p-cymene moiety. The remaining bands are not
significantly affected except for forming new bands assigned to Ru—Cl vibrations.

2-[2-(2-Methylamino-benzoyloxy)ethoxy]ethyl isonicotinate (L5) and
corresponding Ru(Il) complex (35)

Synthesis. Ligand L5 was prepared in the reaction between L4-HCl and
methylisatoic acid anhydride in the presence of potassium carbonate, as pre-
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sented below. The reaction mixture was stirred for three hours at 60 °C in aceto-
nitrile, and the reaction progress was followed with thin-layer chromatography
(Scheme 2). Another reaction setup with toluene as solvent and at a higher tem-
perature yielded only small amounts of the desired product. The crude product
was purified by the centrifugally accelerated thin-layer chromatography with an
eluent system of dichloromethane and ethanol. The analysis with ESI-HRMS
resulted in the expected mass peak of the protonated molecule (m/z = 345.14451)
[M+H]*. The product was obtained in good yield (73 %).

0
0/_}0 H d CH4CN 0/_}20 — [{(p-cym)RuCl},] %'l Ru
4 /& [K2CO3] \_/ i-PrOH % Q
N N
L4-HCl L5 /_}z

Scheme 2. Preparation of the fluorescent ligand LS and corresponding
ruthenium(II) complex (5).

Structure and stability of L5 and 5. The optimised structures of L5 and 5 are
shown in Figs. 3 and 5. Ligand L5 has the most complex structure of the des-
cribed compounds, as there is an additional condensed structure of methylisatoic
acid moiety attached to the PEG chain. As previously discussed, the complex-
ation does not influence the stabilisation interactions within the ligand structure;
therefore, the NBO analysis of L5 and 5 is shown together. Besides stabilisation
interactions in the pyridine ring, aliphatic chain, and p-cymene moiety, strong
interactions were observed at the intersection of the aliphatic chain and methyl-
isatonic acid moiety. The lone pair on the carboxylic oxygen atom stabilises the
neighbouring C—O and C—C bonds by 132 and 71 kJ mol~!, respectively (Table
S-I). The adjacent oxygen atom stabilises the carboxylic group through the

Fig. 5. Optimized structure of 5 at B3LYP/6-31+G(d,p)(H,C,N,0,Cl)/LanL2DZ(Ru) level
of theory (the following colours represent atoms: white —hydrogen, grey — carbon,
blue — nitrogen, green — chlorine, teal — ruthenium).
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LP(O)—n*(C—0) interaction with energy equal to 105 kJ mol~!. The stabilisat-
ion interactions within the aromatic ring have similar energies to those of pyri-
dine and p-cymene moieties, between 45 and 55 kJ mol~!. The nitrogen atom inc-
reases the stability of this ring through the positive resonance effect and the elec-
tron delocalisation. Including these groups does not influence the part of the lig-
and directly attached to Ru(Il), as there is a long chain with the electronegative
atom intersections that prevents electron delocalisation through the entire mole-
cule. The structure of the ligand and the corresponding complex is further ana-
lysed by NMR and IR spectroscopies.

Experimental and theoretical NMR spectra. The NMR spectra of L5 and 5
are given in the Supplementary material (Tables S-VI and S-VII). The H-NMR
spectrum of 5 shows several changes and additional resonances compared to the
characterised ligand precursor (L4-HCI). First, the resonances of the isonicotin-
ate moiety are shifted to a higher field (Ad(H2) = —0.3 ppm, A6(H3) = —0.8 ppm).
The corresponding carbon atoms give resonances, which are observed in almost
the same position as the earlier discussed free ligands (L5: 6(C2) = 149.8 ppm,
6(C3) = 123.4 ppm, L4-HCl: 6(C2) = 149.4 ppm, 5(C3) = 123.0 ppm). Addition-
ally to the previously described ligand precursors herein, in 13C-NMR spectra
there is the presence of two chemical shifts above 160 ppm (164.9 and 168.5
ppm) corresponding to COO and CON groups from isonicotinic and methylisa-
toic moieties, respectively. Two resonances near 4.5 ppm are assigned to protons,
which directly bond to the ester groups and show no coupling with each other.
More resonances are observed for the new aromatic system, the fluorescent
group. The chemical shifts belonging to the aromatic regions of the fluorescent
moiety range from 6.5-7.9 ppm. One doublet of the fluorescent moiety is shifted
to approximately 7.9 ppm (compared to methylisatoic acid anhydride) and over-
laps with the doublet of the isonicotinate group at 7.8 ppm. Another resonance
for the methyl group bound to the nitrogen atom of the amine pendant group is
found at 2.9 ppm. The theoretical spectrum of LS at B3LYP/6-311++G(d,p) level
of theory reproduces well the experimental one. The MAE values for 1H- and
I3C-NMR spectra are 0.40 and 4.3 ppm, which aligns with the previous predict-
ions of other ligands. The most notable differences in the calculated spectrum
were observed for the carboxyl carbon atoms, averaging 6 ppm. When 5 is
formed, the differences in chemical shifts were obtained for the carbon atoms
adjacent to the nitrogen atom of the pyridine ring. These shifts were 6 ppm
(149.8 in LS and 155.9 ppm in 5). The rest of the carbon and hydrogen atoms do
not show significant changes. The correlation coefficients between the experim-
ental and the theoretical chemical shifts are 0.94 and 0.95 for 'H- and 13C-
-spectra, with MAE values of 0.79 and 6.0 ppm. These results again prove the
theoretical representation of ligand and complex, even when the elongated struc-
ture of LS is concerned.
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Experimental and theoretical IR spectra. In addition to the specific bands
observed at 1718 cm! for the carbonyl group of the isonicotinate part, at 1260
and 1120 cm™! for carbon—oxygen bonds and 750 cm~! for aromatic bending vib-
rations, two strong bands are significant for this ligand precursor. The first new
sharp band at 3370 cm! can be assigned to a stretching vibration of the second-
ary amine.*3 This band is located at 3382 cm™! (scaled) in the theoretical spec-
trum. The difference of 18 cm~! is due to the physical state of the recorded
sample, but it is still within the expected difference. The second strong band at
1684 cm! is generated by the carbonyl stretching vibration of the newly formed
ester bond of the fluorescent benzene ring and is observed in other esters of N-
-methylisatoic anhydride, t00.4647 The band assigned to this vibration in the
theoretical spectrum is 1648 cm~1. The vibration of this carboxyl group is lower
than the one previously observed in ligands L.1-L.4-HCI due to the proximity of
the aromatic ring, which extends the electron delocalisation and elongates the
respective C=0 band. These bands characteristic of ligand are positioned at 3372
and 1676 cm™! in the experimental spectrum of 5, which proves the assumption
that this part of the ligand is not under the influence of metal ions, as shown
previously in the NMR spectrum. In the theoretical spectrum, these wavenumbers
are higher for several cm~! but within the expected range.

Experimental and theoretical UV-Vis/fluorescence spectra of L5. The UV—
—Vis and fluorescence spectra of L5 and 5 in CHCl3 are presented in Fig. 6. The
UV-Vis spectrum of L5 has a broad peak at 355 nm. The emission spectrum is
measured with an excitation wavelength of 372 nm and in a range from 387-550
nm. The excitation pattern was analysed with an emission wavelength of 418 nm
from 200—400 nm. Ligand L5 shows a broad excitation spectrum, and the max-
imum excitation intensity is at 371 nm, additionally, two shoulders are observed
at 342 and 266 nm. The first shoulder at a lower wavelength shows a high inten-
sity and reaches 89 % of the intensity of the peak at 371 nm. The second shoulder
is weaker and reaches only 24 % of the highest intensity. Due to these two shoul-
ders, the excitation spectrum ranges approximately 160 nm (240—400 nm). Com-
plex 5 shows peaks at the same position, just their intensity is much lower that of
those in L5 spectrum. Similarity in position can be explained by the weak influ-
ence of the metal ion on the overall electron density of the groups included in the
transitions. The decrease in intensity is due to the competing deactivation pro-
cesses and the energy dissipation through vibration and partial rotation.

The structure of L5 optimized at B3LYP/6-311++G(d,p) level of theory in
CHCI; was used to predict the electronic spectrum. In the range of experimental
values, the theoretical spectrum is dominated by an intensive peak at 344 nm,
assigned to HOMO—LUMO (99 %) transition, with an oscillator strength of
0.1283. The calculated wavelength differs by around 10 nm from the experim-
ental one, and it can be assumed that the interactions with the solvent would inf-
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luence an additional shift in the spectrum, although strong interactions with
CHClI3 are not expected due to the low solvent’s low dipole moment. In the theo-
retical spectrum of 5 a much higher number of weak transitions can be observed.
These transitions are attributed to the metal-ligand electron transitions. The most
intense transition is positioned at 360 nm, with the oscillator strength of 0.1165,
denoted as HOMO—LUMO+3 (97 %). This result shows that the experimental
value of 355 nm is well-reproduced in the theoretical spectrum of 5. Also, a shift
between theoretical values of transitions assigned to ligand can be a consequence
of the level of theory used and change in electron density upon complexation.
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CONCLUSION

Ligands L.2-1.4-HCI were prepared in the reaction between appropriate acyl
chloride and dried alcohols. The theoretical structures, including already reported
L1-HCI, were obtained at the B3LYP/6-31+G(d,p)(H,C,N,0,Cl)/LanL2DZ(Ru)
level of theory. Due to the elongated delocalisation between the aromatic ring
and ester group, the strongest stabilisation interactions included w(C—C)—
—>1*(C—C) and LP(O)—n*(C—C), as determined by the NBO approach. The pyr-
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idine ring was also stabilised by the LP(N)—n*(C—C), with an energy of 41 kJ
mol~!. The bond is formed between Ru(Il) and pyridine nitrogen upon complex-
ation. Two Ru—ClI bonds have 2.43 and 2.45 A, while the Ru—N bond length was
2.18 A. The optimised bond angles were in the expected range. High correlation
coefficients (>0.98) were calculated for the experimental and theoretical 1H- and
I3C-NMR chemical shifts. As a representative example, the MAE values were
0.23 and 4.3 ppm for 1H- and 13C-NMR spectra of L1. The IR spectra were well
reproduced, with differences explained by the physical state of the substance.
The NMR and IR spectra of L4-HCI and the corresponding complex 4 also pro-
ved the applicability of the chosen theory of level. The additional moiety in lig-
and LS5 led to high-intensity fluorescent emission. This group was stabilised by
the interactions between carboxyl group and m-electron cloud of aromatic ring.
The fluorescence emission peak of L5 was obtained at 372 nm for the excitation
wavelength of 418 nm. The experimental and theoretical wavelengths of the most
intense transition in the UV—Vis spectrum of L5 were 355 and 344 nm, respect-
ively. Much more successful overlap between the experimental and the theoret-
ical values was obtained for the UV—Vis spectrum of 5, with 5 nm difference.
This difference was explained by the stabilisation due to the solvent-solute inter-
actions. As the stability and the structure of these compounds were obtained, fur-
ther biological activity studies are advised.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12353, or from the correspond-
ing author on request.

U3BOJ
CHUHTE3A, CIIEKTPOCKOIICKA U DFT AHAJIM3A
IUXJIIOPULO(75-p-UMMEH)PYTEHUIY M(11) KOMILIJIEKCA CA
HN30HHUKOTUHAT-TIOJIMETHUJIEH ITTMKOJI ECTAPCKHMM JIMTAHIUMA

THOMAS EICHHORN!, IYILIAH JUMWR?, 30PAH MAPKOBUR? u TOPAH H. KAJTTYREPOBUR!
'Department of Engineering and Natural Sciences, University of Applied Sciences Merseburg, Eberhard-Leib-
nitz-Strafe 2, 06217 Merseburg, Germany, *Ynueepsutieiu y beoipagy, @axyniueii 3a Qusuuxy xemujy,
Cuygenwucku wpt 12—16, 11000 Beoipag *Hncmiuiityi 3 unpopmayuone exnonoiuje, Ynugepsuiieid y
Kpaiyjesuy, Josana Lleujuha 66, 34000 Kpaiyjesay,

Kommnekcu pyTeHHjyMa Cy 3HayajHU 300Tr pyTEeHHjyMOBe CIMYHOCTH TBOXDY, Mame TOK-
CUYHOCTH, U Behe aHTHKaHIep eUKACHOCTH. Y OBOM paly, NeT HOBUX M30HUKOTHHAT-TIOMH-
eTUIeH-TJINKOJI eCTAPCKUX JIMTAHAZa je CHHTeTUCAaHO U okapakTepucaHo NMR u IC cnekpo-
ckonujama. Ogrosapajyhu Ru(Il) koMruiexcu cy Takohe 1odUjeHH U BUX0BA CTPYKTYpa Ofpe-
heHna cranpmapmHuM metonama. OnTuMu3auyja cTpykType je ypahena Ha B3LYP/6-31+G(d,p)
Huoy Teopuje 3a H, C, N u O arome u B3LYP/LanL2DZ 3a Ru. UHTpamorekysicke cTaduiu-
3allMOHe WHTEepaKlUje Cy MCIIWTaHe aHaJW30M NMPUPONHUX opduTana. XeMUjCcKd MOMEpPAjU y
NMR cnekrpuma cy npensuhenu GIAO (gauge independent atomic orbital) METOIOM H yIO-
peheHn ca exkcrnepUMeHTaJTHMM BpeJHOCTHMAa. BHcoku KoedHIMjeHT Kopenainuje U HHCKa
cpenwma BPENHOCT aICONMyTHE pasnuke uaMely OBUX CKyNoBa BPEIHOCTH JIOKa3yjy fAa INpef-
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BuheHe CTpykType Hodpo omucyjy exkcrnepumeHTanHe. TeopHjcku W ekcriepumeHTanHu IC
cnexTpu cy Takohe ynopeheHnu, a pasnuke y mongoxajuma Tpaka odjallmeHe. JemaH o[ JUra-
Haga (L5) u xomiuiekca (5) je nokasao ¢ayopeclieHTHE 0coduHe 300r MpUCycTBa MeTUINCa-
TOWYHe rpyme. ENeKTPOHCKH CIeKTPH OBOT jeNHHeHma Cy MOIENIOBAaHH BPEMEHCKH 3aBHCHOM
DFT metonmom. Pasnuka of 11 nm usmel)y ekciepruMeHTa IHe U TEOPHjCKe TajlaCHE AyKHHE je
objammeHa MHTepakiujama usmely pacTBopka U pacTBapaua. 3a OBY CEPHjy jeAumerma Cy
npenopyyeHe fabe OUONOLIKE U TEOPUjCKE aHAIU3E.

(ITpumsbeHo 12. anpuia, peBUAKPaHO 26. jyHa, mpuxsahexo 18. centembpa 2023)
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