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Abstract

Substitution behavior of the labile aqua ligand in four mononuclear ruthenium(II)
terpyridyl complexes with different auxiliary N (pyridine) (Rul), NAN (2,2'-bipyri-
dyl (Ru2), 2'-(2-pyridyl)quinoline (Ru3), 2,2"-biqunoline (Ru4) ligands was inves-
tigated using three nucleophiles; thiourea, 1,1-dimethylthiourea and 1,1,3,3-tetra-
methylthiourea. The effect of concentration and temperature on the substitution
behavior of the complexes were studied under pseudo-first order conditions using
UV-Vis spectrophotometer. The second order rate constants (k,) of the aqua com-
plexes decreased in the order: Ru4 >Ru3 > Rul > Ru2. The results showed that the
rate of substitution of the aqua ligand increased with an increase in the m-surface
area of the NN bidentate auxiliary ligands. This is attributable to an upsurge in
n-back-donation and electrophilicity of the complexes as the n-extension of the aux-
iliary ligands increases. Ru2 is less reactive than Rul due to the increased steric hin-
derance introduced by the 2,2'-bipyridyl bidentate auxiliary ligand in Ru2 compared
to Rul which has two independent trans pyridines. From computational results,
it was observed that as the aromatic surface area of the auxiliary ligand increased
from Rul-Ru4, the HOMO-LUMO gap decreased accordingly. Consequently, the
chemical softness and electrophilicity of the complexes increased accordingly. This
is corroborated by the decrease in pKa values of the complexes as one moves from
Rul to Rud. As a result, the nucleophilic attack becomes facile from Rul to Ru4.
All the reactions follow an associative interchange mechanism as indicated by the
positive activation enthalpy and negative activation entropy. The crystal structure
of bipyridylterpyridylthiourearuthenium(Il) perchlorate show that the substitution
product obtained is stable.
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Introduction

Ruthenium complexes are suitable for many applications because of their well-
established coordination chemistry and their existence in several oxidation states [1,
2]. Terpyridine-based complexes form a key class of polypyridyl ruthenium com-
plexes with uses spread over different areas such as medicine and catalysis [3-5].
The role played by substituents attached to the terpyridine backbone on the substi-
tution behavior of leaving ligands in metal complexes is well documented. These
studies have established that electron-withdrawing substituents make the complexes
more electrophilic hence enhancing the substitution of the labile ligand, while elec-
tron-donating groups can enhance or reduce the reactivity of a complex [6, 7]. The
extension of m-conjugation of the terpyridine framework affects substitution reactiv-
ity of metal complexes in two different ways, depending on the position and loca-
tion at which the changes occur on the ligand. For example; replacing the pyridine
moieties with quinoline at the lateral positions retards the displacement of the labile
ligands by destabilizing the lowest unoccupied molecular orbital [7, 8].

Studies have also reported that auxiliary ligands on terpyridine ruthenium(II)
complexes confer both steric and electronic effects depending on their nature. For
example, it was observed that when ethylene diamine bidentate auxiliary ligand was
replaced by 2,2'-bipyridyl auxiliary ligand, the rate of substitution of the aqua labile
ligand reduced 60 times. This is so despite bipyridyl ligand being a better a bet-
ter © acceptor compared to ethylene diamine. The drastic dampening of the reac-
tivity is attributable to increased steric hinderance to the incoming group by the
2,2'-bipyridyl bidentate auxiliary ligand [9]. This is further reinforced by a study by
Milutinovi¢ and co—co-workers in which, when aliphatic auxiliary bidentate ligands
was replaced by 2,2'-bipyridyl the substitution reactivity drastically reduced [10].
Like-wise for aquation reactions replacement of 2,2'-bipyridyl auxiliary ligand by
phenathroline, reduced the reaction rate significantly. This is attributed to increased
steric hinderance of the latter compared to the former, thus impeding access to the
metal centre [9, 11]. On the other hand, when 1,10-phenathroline is replaced by 2,9-
dimethyl-1,10-phenathroline, the rate of reactivity was observed to increased by ca.
600 folds. This can be explained by the fact that the methyl substituents on the aux-
iliary ligand donates electron density to the metal centre, thus enhancing the rate of
substitution of the labile ligand [12, 13]. Contrarily, there is no much information
on the substitution behavior of the labile group in terpyridyl ruthenium(Il) when
n-surface area of the auxiliary ligands is systematically varied.

Given the wide applications of terpyridine based complexes, terpyridine was
used as the anchor ligand in the meridional plane of these octahedral complexes.
This was done to establish the role of extending the m-conjugation of the facially
N,N-coordinated auxiliary ligand (N~N) on the lability of the aqua leaving group.
The study was carried out using biologically important thiourea nucleophiles; thio-
urea, 1,1-dimethylthiourea and 1,1,3,3-tetramethylthiourea. These nucleophiles have
high nucleophilicity and solubility [14]. The auxiliary ligands (N/N”N) used were;
pyridine (Rul), 2,2'-bipyridine (Ru2), 2-(2-pyridyl)quinoline (Ru3) and 2,2'-bisqui-
noline (Ru4). Fig. 1 shows the molecular strucutures of complexes studied.
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Fig. 1 Molecular structures of the studied ruthenium(II) aqua complexes

To establish the theoretical trends in the ground-state structural and electronic
data of the complexes, their energy- and geometry-optimized structures were com-
puted by density functional theory. The retrieved data were used to corroborate
experimentally observed substitution reactivity trends of the complexes.

Experimental section
Materials and methods

All the syntheses were performed under an inert dinitrogen atmosphere.
2,2":6'2'-terpyridine (terpyridine) (98%), 2, 2'-bipyridyl (99%), anhydrous pyridine
(=299%), RuCl;-3H,0, NaBF, (98%), HCIO, (70 wt% solution), NH,PF; (>99%),
2,2'-biquinoline (98%), LiCl (>99%), triphenylphosphine (99%), NaOH (>97%),
HCI (37%), triethylamine (>99.5%), AgClO, (99%), NaClO,-H,0 (98%), Thiourea
(>299%), 1,1-dimethylthiourea (99%) and 1,1,3,3-tetramethylthiourea (98%) were
bought from Merck (Pty). 2-(2-pyridyl)quinoline was synthesized as per established
method [15] (ESI 1). All the organic solvents used in this study were supplied by
Merck (Pty).

Syntheses of the chloro ruthenium(ll) complexes

The chloro ruthenium(IT) complexes were synthesized as per reported established
literature methods [12, 16—-19].

Trichloro(terpyridyl)ruthenium(lll)

In 90 mL of ethanol, a mixture of terpyridine (349.5 mg, 1.5 mmol) and RuCl;-3H,0
(393.0 mg, 1.5 mmol) was refluxed for 4 h with a continuous agitation. The reaction
mixture was then cooled to ambient temperatures and the brown solid that formed
was filtered off and washed thrice with 30 mL of absolute ethanol and thrice with
30 mL of diethyl ether. The precipitate was dried in vacuum to obtain a powder.
Yield: 569 mg, 86%. This complex was used in the syntheses of all the ruthenium(II)
chloro complexes.
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Trans-chlorobis(pyridyl)(terpyridyl)ruthenium(ll) hexaflourophosphate

Triphenylphosphine (472.0 mg, 18 mmol), trichloro(terpyridyl)ruthenium(III)
(200.0 mg, 0.45 mmol), and triethylamine (1 mL) were mixed in chloroform (45 mL)
and refluxed for 3 h until the reaction mixture turned violet in colour. Absolute etha-
nol (30 mL) was added to the cooled violet solution and the mixture was subse-
quently concentrated to ca. 10 mL, yielding a violet precipitate. The precipitate was
filtered off and re-dissolved in a minimum volume of a mixture of warm chloroform
and absolute ethanol (1:1). The addition of diethyl ether precipitated a dark violet
coloured solid. The obtained solid was dissolved in anhydrous pyridine (50 mL) and
refluxed for additional 2 h. The solution was then evaporated to dryness and the resi-
due re-dissolved in deionized water (30 mL). The complex was precipitated off by
addition of saturated aqueous NH,PF, solution. The complex obtained was filtered
off and washed with a copious amount of diethyl ether and dried under reduced pres-
sure. Yield: 168.0 mg (56%). ESIT-TOF MS (m/z): 528.00 (M™). Elemental Analy-
sis: Calculated for C,sH,,CINsPFRu; C, 44.62; H, 3.15; N, 10.41. Found: C, 44.38;
H, 3.21; N, 10.28. '"H NMR (400 MHz, DMSO-dg ppm): 6=9.19 (d, 2H), 8.66 (m,
4H), 8.15 (t, 2H), 8.01 (t, 1H), 7.93 (d, 4H), 7.86 (t, 2H), 7.60 (t, 2H), 7.09 (t, 4H).
13C NMR (400 MHz, DMSO-d,, ppm): 8=160.9, 158.9, 152.7, 152.2, 137.9, 137.4,
132.5,129.2, 125.1, 124.7, 124.1.

(2,2'-Bipyridyl)chloro(terpyridyl)ruthenium(ll) chloride

A mixture of 2,2-bipyridine (142.0 mg, 0.91 mmol), trichloro(terpyridyl)
ruthenium(III) (400.0 mg, 0.91 mmol), trimethylamine (1 mL) and LiCl (212.0 mg,
5 mmol) in 40 mL of absolute ethanol-water (3:1) solvent mixture was refluxed for
4 h. The hot solution obtained was filtered and concentrated to ca. 10 mL. The con-
centrated solution was chilled at 4 °C for 48 h and the solids that formed were fil-
tered off and washed with 20 mL of 3 M HCI, 30 mL of acetone and excess amount
of diethyl ether. The solids were then dried under reduced pressure. Yield: 352.1 mg
(69%). ESI*-TOF MS (m/z): 526.04 (M™"). Elemental Analysis: Calculated for
C,sH,4CLL,N;Ru.2H,0; C, 50.26; H, 3.88; N, 11.72. Found: C, 49.91; H, 3.97; N,
11.64. '"H NMR (400 MHz, DMSO-d,, ppm): §=10.11 (d, 1H), 8.94 (d, 1H), 8.84
(d, 2H), 8.71 (d, 2H), 8.66 (d, 1H), 8.38 (t, 1H), 8.24 (t, 1H), 8.08 (t, 1H), 8.00 (t,
2H), 7.79 (t, 1H), 7.63 (d, 2H), 7.40 (t, 2H),7.33 (d, 1H), 7.10 (t, 1H). *C NMR
(400 MHz, DMSO-d,;, ppm): 6=158.9, 158.1, 156.2, 152.4, 151.9, 151.5, 136.9,
136.6,134.1, 127.1, 126.7, 126.1, 123.4, 123.2, 122.3

Proximal-Chloro(2-(2-pyridinyl)quinoline)(terpyridyl)ruthenium(ll) chloride

A mixture containing 2-(2-pyridinyl)quinoline (93.0 mg, 0.45 mmol),
trichloro(terpyridyl)ruthenium(III) (200.0 mg, 0.45 mmol), trimethylamine (0.1 mL)
and LiCl (19.0 mg, 0.45 mmol) in absolute ethanol-water (3:1) solvent system
(40 mL) was refluxed for 5 h. The obtained purple solution was filtered while still
hot and concentrated to ca. 5 mL. The concentrated solution was then cooled to
room temperature and refrigerated at 4 °C for 48 h. The purple filtrate that formed

@ Springer



Reaction Kinetics, Mechanisms and Catalysis

was filtered off and was washed with 0.1 mL of 3 M HCI, 2.5 mL of acetone and
10 mL of diethyl ether. Yield: 230.2 mg (71%). ESI*-TOF MS (m/z): 576.5 (M*).
Elemental Analysis: Calculated for C,oH,,CINsPF.Ru.H,O; C, 47.13; H, 3.14; N,
9.48. Found: C, 47.02; H, 3.45; N, 9.37. '"H NMR (500 MHz, CD,0D-d,, ppm):
6=10.65 (d, 1H), 9.03 (d, 1H), 8.93-8.85 (m, 4H), 8.75 (d, 2H), 8.36 (d, 1H), 8.29
(t, 1H), 8.04 (t, 2H), 7.94-7.87 (m, 5H), 7.76 (d, 1H), 7.38 (t, 2H), 7.23 (t, 1H). 1*C
NMR (500 MHz, CH;0D-d,, ppm): 6=160.2, 159.0, 158.9, 157.2, 152.9, 151.6,
151.0, 138.3, 137.3, 135.2, 131.0, 129.8, 129.0, 128.4, 127.2, 125.9, 125.0, 123.7,
122.6, 118.9.

(2,2'-Biquinoline)chloro(terpyridyl)ruthenium(ll) hexafluorophosphate

In 50 mL of absolute ethanol-water (3:1) solvent system, a mixture of
trichloro(terpyridyl)ruthenium(IIl) (200.0 mg, 0.45 mmol) 2,2'-biquinoline
(115.3 mg, 0.45 mmol), trimethylamine (0.1 mL) and LiCl (20.0 mg, 0.47 mmol)
was refluxed for 5 h. The hot solution obtained was filtered to remove unreacted
materials. Then 5 mL of saturated solution of NH,PF, was added to the filtrate
and the resulting solution chilled at 4 °C for a day. The cold solution was filtered
and concentrated to ca. 10 mL. The solids that appeared were filtered off and re-
dissolved in dichloromethane-methanol (9:1) solvent system. The solution was
then flushed through a column packed with alumina, where the initial purple-blue
band was collected. The extract was added an equal volume of toluene and con-
centrated to ca. 6 mL. The crystalline solids that appeared was filtered off, washed
with 10 mL of toluene and excess amount of diethyl ether. The solid was then dried
under reduced pressure. Yield: 197.9 mg (58%). ESI*-TOF MS (m/z): 626.06 (M*).
Elemental Analysis: Calculated for C;;H,;CINsPF,Ru; C, 51.40; H, 3.01; N, 9.08.
Found: C, 51.78; H, 3.21; N, 8.95. '"H NMR (400 MHz, CD,0D-d,, ppm): 6=9.90
(d, 1H), 9.11 (d, 1H), 9.01 (d, 1H), 8.82(d, 1H), 8.76 (d, 2H), 8.60 (d, 2H), 8.37 (d,
2H), 8.28 (t, 1H), 8.02-7.84 (m, 8H), 7.53 (t, 1H), 7.42 (t, 2H), 6.94 (d, 1H). 13C
(100 MHz, CD;0D-d, ppm): 6 (ppm)=161.8, 159.3, 159.0, 156.1, 152.5, 151.8,
151.1, 138.3, 137.4, 136.9, 136.3, 135.4, 130.7, 130.3, 129.6, 129.0, 128.5, 128.3,
127.5, 127.0, 123.5, 122.5, 120.2, 119.1.

Physical measurements and instrumentation

'H and ">C NMR spectra of the complexes were obtained using Bruker Avance
DPX IIT 400 or 500 MHz spectrometer with all the chemical shifts expressed in
ppm and referenced to Si(CH;),. Mass spectra were recorded using an ESI* TOF
Micromass LCT Premier spectrometer. MS, 'H and 3C spectra the chloro com-
plexes are presented in the Electronic Supplementary Information (Figs. S3—-S17).
Thermo Scientific Flash 2000 analyzer was used for the elemental analyses of
carbon, hydrogen, and nitrogen in the complexes. pH titration studies and substi-
tution studies were monitored using Cary Bio UV-Vis spectrophotometer with a
temperature control unit (+0.05 °C). Jenway 4330 combined pH and conductivity
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meter was used to measure the pH of the aqueous solutions. Analysis of pKa titra-
tion and kinetics data was performed using OriginPro 9.1® program [20].

Conversion of the chloro complexes to aqua complexes

The chloro complexes were aquated to their corresponding aqua complexes by
reacting equimolar amounts of the chloro complexes and AgClO, in 0.01 M
HCIO, solution in dark at 45 °C for 2 days. After cooling the solutions to room
temperature, the AgCl precipitate wa filtered off using a 0.2 pM Millipore nitro-
cellulose membrane. The filtrate was diluted to an appropriate volume to obtain
stock solutions (ca. 1 mM) of the ruthenium(I) aqua complexes [21]. Working
solution for pKa titrations and substitution studies were obtained by diluting the
stock solution.

Determination of acidity constants of the aqua complexes

The acidity constants of the ruthenium(II) aqua complexes were determined at 25 °C
by titrating the complexes with NaOH. In each experiment, 500 mL of the com-
plexes was used to minimize dilution effects [22]. Between pH 2 and 3, small por-
tions of powdered NaOH were added using a micro-spatula to the solution of the
ruthenium(Il) aqua complexes while for pH above 3, drops of very dilute NaOH
solutions of varying concentrations were used. After every addition of the base, the
solution mixture was stirred for 2 min before measuring the pH and determining the
corresponding UV-Vis spectrum. Aliquots used for the pH measurement were dis-
carded while those used for the UV—-Vis absorbance determination were returned to
the titration solution.

Kinetic measurements

The concentration of the aqua complexes used in this study were; 0.42 mM
(Rul), 0.16 mM (Ru2), 0.48 mM (Ru3), 0.31 mM (Ru4). In all the experiments,
the solutions of aqua complexes and nucleophiles were kept at pH=1.0 and ionic
strength=0.1 M HCIO,/NaClO,. The kinetic studies were carried out under pseudo-
first order conditions; the concentration of the nucleophiles were at minimum 10
times higher than that of the metal complexes. The changes in UV—Vis absorbance
arising from the reactions were monitored from 900 to 200 nm. The effects of nucle-
ophilic concentration was monitored at 25 °C at varying nucleophilic concentration.
The effect of temperature on substitution reactivity was investigated at constant con-
centration of nucleophiles but at different temperatures (25, 30, 35, 40 and 45 °C).
All the reactions were commenced by mixing equivolumes of thermostated complex
and nucleophile solutions in a divided cuvette. The presented rate constants are aver-
ages of atleast three runs.
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Density functional theoretical studies

Calculations were executed by the Gaussian 09 W group of programs [23].The
geometry-optimized structures of the Ru(Il) aqua complexes were obtained at the
density functional level of theory (DFT) using Becke’s 3-hybrid parameters of
the Lee—Yang—Parr method incorporating the standard LANL2DZ basis set [24].
DFT uses electron density over a set of wave functions for calculating the energy-
minimized and geometry-optimized structure of a compound. Its structural data is
accurate for most transitional metal complexes like the ones studied herein, which
have a large number of electrons on the central Ru?* ion [25]. To account for the
inner 28 electrons of Ru?* ion, the LANL2DZ basis set uses effective core poten-
tials (ECP) [26]. The complexes were optimized in aqueus media using the CPCM
implicit solvent model [27]. The complexes were optimized in their singlet spin
ground states and dicationic (+2) point charges. Quantum chemical descriptors
such as; chemical hardness, dipole moment, chemical softness, electronic chemi-
cal potential, and electrophilicity indices for the optimized aqua complexes were
determined using reported methods [28—31]. Natural bond orbitals (NBO) analy-
sis was employed to calculate atomic charges in the studied complexes.

Crystallographic analysis of substitution product

Crystals of bipyridineterpyridinethiourearuthenium(II) perchlorate were obtained
by reacting aqueous Ru2 (in aqueous 0.1 M HC10,/NaClO,) with excess thio-
urea at ambient temperatures. The resultant solution was then allowed to crystal-
lize by slow evaporation of the solvent. A suitable crystal of this compound was
then selected and mounted onto the Bruker Smart Apex II CCD diffractometer
equipped with Oxford Instruments Cryojet nitrogen jet. The crystal was illumi-
nated with a monochromatic MoKal (A=0.71073 A) radiation and the resulting
diffraction intensities recorded using the ®-20 scan mode at a range of 1.896 < 0
€ 27.450°. The crystal structure was solved by Olex2-supported Shelxs program
using direct methods and refined by full matrix least squares on F> on all the
observed reflections [32, 33].

Results
pKas of the aqua complexes
The acidity constants of the aqua ligand in the all the complexes were determined by

fitting a sigmoidal function (Eq. 1) onto the plot of absorbance (at a specific wave-
length) versus pH.

y=A,+ (A, — Ay /(1 +exp((x — Xg)/dx) e))
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Fig.2 UV-Vis spectra of complex Ru2 as a function of pH in the range 2-13 at 25 °C. Inset: A plot of
absorbance against pH obtained at A=450 nm

A representative UV—Vis spectra obtained for Ru2 is shown in Fig. 2. The inset
displays an absorbance versus pH plot obtained at A=450 nm.

The acidity constants obtained were; 9.81+0.03 (Rul), 9.74+0.02 (Ru2),
9.40+0.03 (Ru3) and 8.78+0.02 (Ru4). These values are comparable with those
reported in the literature [13, 19]. It is notable that the acid constants of the com-
plexes have a negative relationship with the n-conjugation of the auxiliary ligands;
suggesting an upsurge in the m-acceptor ability of the ligands and electrophilicity
indices of the complexes as the aromatic area of the auxiliary ligand is enlarged [22,
34].

As the m-acceptor ability of the auxiliary ligand increases the metal center
becomes more depleted of negative charge due to enhanced withdrawal of electron
cloud. Thus, making the aqua ligand more acidic [35]. At a pH of 1.0, all the aqua
complexes exist exclusively as aqua species, hence an appropriate pH for the kinetic
studies.

DFT-based computational results

Theoretical studies were performed to give more information on the structural and
electronic properties of the studied aqua complexes. Geometry-optimized minimum
energy structures of the complexes, mappings of the frontier orbitals of the com-
plexes and planarity of the complexes are shown in Table 1. An extract of key com-
putational data of the optimized complexes is collected in Table 2. Fig. 3 shows
the typical atomic numbering in the complexes. All the complexes adopt distorted
octahedral geometry in which Ru-N1 and Ru-N3 bond lengths are unequal, with the
Ru-N2 bond being significantly shorter. This is attributable to the steric constraints
imposed on N*N bidentate ligands by the meridionally anchored terpyridine ligand
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Table 1 Geometry-optimized structures, mappings of frontier molecular orbitals and planarity for the
studied complexes

Complex HOMO LUMO Planarity

Rul

Ru2

Ru3

Ru4

[10]. As a result, the angle N1-Ru-N3 deviates significantly from the expected 180°
to range from 158.51° to 159.89°.

For complex Rul, the two monodentate pyridyl auxiliary ligands are trans to
each other and cis to the aqua labile ligand. For the rest of the complexes, the axi-
ally coordinated N-donor bidentate ligand (2,2"-bipyridyl, -2'(2-pyridyl)quinoline or
2,2'-biqunoline) have one of its rings cis while the other trans to the aqua ligand.
The Ru-N4 bond lengths is longer than the Ru-N5’s (Table 2), an indication of com-
mon asymmetrical coordination of the rings to the ruthenium metal centre due to the
inter-ligand steric repulsions [36]. The angle N2-Ru-N5 was measured to determine
the deviation of the optimized structures of the complexes from the optimal octahe-
dral geometry. For the complexes, Ru2-Ru4, their bidentate ligands are tilted away
from the terpyridine plane, making the N2-Ru-N5 angle greater than the expected
90°. The greatest deviation in the angle was observed in complex Ru4. The trend in
this structural distortion is a manifestation of the increased steric repulsion between
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Table 2 Extracted key
computational data of the
geometry-optimized structures
of the studied complexes

Computational data/complex Rul Ru2 Ru3 Ru4

Chemical descriptors

HOMO (eV) -6.094 -6.102 -6.137 -6.111
LUMO (eV) —2.845 —-2862 -2943 -3.147
AEyomo-Lumo €V) 3249 3240 3.194 2964
Chemical potential (eV) —4.470 —4.482 —-4.453 —-4.629
Chemical hardness (eV) 1.625 1.620 1.597 1.482

Chemical softness (eV™") 0.615 0.617 0.626  0.675
Electrophilicity Index (eV)  6.148  6.200  6.385  7.229

Atomic charge (Ru?*) 0370  0.373 0.378 0.375
Dipole moment (D) 2.998 3.178 6.399 6.552
Bond length (A)
Ru-N1 2.106 2.104 2.103  2.100
Ru-N3 2.108  2.104 2.106 2.118
Ru-N2 1.964  2.001 1.997  2.006
Ru-N5 2.054 2.044 2.100
Ru-N4 2.130  2.090 2.168  2.123
Ru-OH, 2217 2173 2223 2.193
Bond angle/®
N2-Ru-OH, 179.27 89.84 83.26  81.19
NI1-Ru-N3 159.89 158.53 158.81 158.51
N2-Ru-N5 98.50 96.23 103.36

Fig. 3 Geometry-optimized
molecular structure of complex
Ru2 showing typical labelling
of the atoms in the complexes

the two chelating ligands as the size of the m-surface area of bidentate ligand
increases incrementally from 2,2'-bipyridine to the 2,2'-biquinoline ligand [13].
From the optimized structures in Table 1, the electron density of the HOMO
is largely based on Ru*" ion for all the complexes. For Rul and Ru2, the LUMO
density is completely based on the terpyridine spectator ligand. On increasing
the m-surface area of the auxiliary ligand from Ru2 to R4, the LUMO density
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increases proportionally to the number of rings on the ligand. Consequently, the
LUMO density is higher on the more n-conjugated 2,2’-biquinoline ligand of Ru4
in Ru2 and Ru3. At the same time, its density on the terpyridine falls conversely.
Accordingly, the stabilization of LUMO energy level of Ru4 significantly lowers
the energy bandgap by 0.2 eV compared to Ru3’s (Table 2).

The planarity of the coordinated terpyridine ligand remains unaffected by the
change in the auxiliary ligand. However, as the n-surface of the auxiliary ligand is
increased, the C—C bridged rings of the bidentates are inclined non-linearly about
the bond and on the side that is away from the terpyridine’s plane. The distortion
in planarity of the bidentate ligand occurs more for the 2,2'-biquinoline. This is
shown by the larger dihedral angle between the two quinolinyl moiety planes of
14.79° in Ru4 compared to 5.26° between the pyridyl and quinolinyl and planes
in Ru3 (Fig. ESI 1 and 2, Electronic Supplementary Information). In complex
Ru2, no significant distortion was observed for the bidentate ligand.

Kinetics results

The substitution reactions of the four complexes using three thiourea nucleophiles
was monitored by observing the change in UV-Vis absorbance at a chosen wave-
length over time. Fig. 4 shows a representative spectra observed for the reaction
of Rul with 1,1-dimethylthiourea.

1.4 4 0.8
- 0.7 -
1.2 0.6
1 A=676nm Yos{ =
C
1.0 S04l
Q .
J 2
<0.3— .
0.8 0.2 .

T T T T T |
[ 50 100 150 200 250 300
Time / min

Absorbance

T T T T T T T T T 1
400 500 600 700 800 900
Wavelength/ nm

Fig.4 UV-Vis spectra for the reaction of complex Rul (0.421 mM) with 1,1-dimethylthiourea
(0.421 M) at 25 °C, pH=1.0, Ionic strength=0.1 M HCIO,/NaClO,. Inset: Absorbance-time trace
obtained for reaction of complex Rul with 1,1-dimethylthiourea at A =676 nm
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Fig.5 Plots of observed rate constants versus concentration for the substitution of the aqua ligand from
Rul by thiourea nuclephiles. Key: Tu -thiourea, Dmtu -1,1-dimethylthiourea, Tmtu-1,1,3,3-tetramethyl-
thiourea

Table 3 Summary of k,, AH? and AS7 for the substitution reactions of the complexes

Complex  Nucleophile ky (102 M7 's™)  AH# (kI mol™)  AS* (I mol™' K™
(298.15 K)

Rul Thiourea 1.60+0.02 46+1 —-126+3
1,1-dimethylthiourea 1.09+0.01 54+2 —-102+6
1,1,3,3-tetramethylthiourea 0.17+0.01 60+1 —98+3

Ru2 Thiourea 0.06+0.01 7242 —-63+8
1,1-dimethylthiourea 0.12+0.01 69+2 —-71+8
1,1,3,3-tetramethylthiourea 0.05+0.01 84+2 —-26+8

Ru3 Thiourea 13.85+0.30 37x1 —137+3
1,1-dimethylthiourea 7.65+0.20 49+3 —101+8
1,1,3,3-tetramethylthiourea 0.34+0.03 66+2 —72+8

Ru4 Thiourea 21.97+0.40 42+2 —117+7
1,1-dimethylthiourea 35.03+0.30 40+2 —119+7
1,1,3,3-tetramethylthiourea 3.67+0.20 57+2 -79+5

Pseudo-first order rate constants (k) for the reactions were obtained by fitting
the kinetic traces taken at the suitable wavelength onto the standard single-exponen-
tial decay function [37]

The k_,,, values are for all reaction are found in Tables S1-S4. A positive linear
relationship between k,,, values and nucleophile concentration was oserved in all
the complexes. In addition, no indication of the reverse or solvolytic reaction was
observed, since all the the plots of k_,, versus nucleophile recorded a zero y-inter-
cept. A typical plots of k_,, against concentration are shown in Fig. 5. The second-
order rate constant (k,) were obtained from the plots of k_,; against nuclephile con-
centrations. The k, values obtained for the complexes are found in Table 3.
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All these concentration-dependent substitution reaction obeyed the rate law given
in Eq. (2).

k,ps = k [Nucleophile] )

To determine the thermodynamic parameters of the substitution process, the reac-
tion temperature was varied systematically from 298 to 318 at an interval of 5 K.
The activation enthalpy (AH”) and entropy (AS”) were then calculated using the
Eyring Eq. (3) [37].

k\ ([ AH*\1 AS*

Representative Eyring plots obtained for the complexes are shown in Fig. 6 and
the values of activation enthalpy and entropy for the complexes are presented in
Table 3. The k_,; obtained at different temperatures and constant nucleophilic con-

centrations are presented in Tables S5a, S6a, S7a and S8a. ln(%) and their respec-

tive = values are collected in the Electronic Supplementary Information (Tables S5b,
S6b, S7b and S8b).

Product analysis: crystal structure of bipyridineterpyridinethiourearuthenium(ll)
perchlorate

The data obtained from x-ray crystallographic analysis show important informa-
tion about the complex. Ellipsoidal molecular structure of the complex is shown in

m Tu
6,0 - ® Dmtu
A Tmtu

6,5
7,0
7,54
-8,0 -
-8,5 -
-9,0
-9,5 -
-10,0
-10,5
-11,0
-11,5 1

-12!0 T T T T T
0,00310  0,00315  0,00320 0,00325 0,00330  0,00335

1T K

In(k,/T)

Fig.6 Eyring plots obtained for the substitution reaction of complex Ru3. Key: Tu -thiourea, Dmtu
-1,1-dimethylthiourea, Tmtu-1,1,3,3-tetramethylthiourea
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Fig.7 Ellipsoidal molecular
structure of bipyridineterpyridin
ethiourearuthenium(II) perchlo-
rate plotted at 50% probability
(counterions omitted for clarity)

Table 4 Crystallographic
data and structure refinement
parameters

Parameters Data

Empirical formula C,¢H»3C1,N;04SRu
Formula weight/gmol ™! 765.54

Crystal system Monoclinic

Space group P21/

a/A 9.28(15)

b/A 26.21(4)

c/A 11.93(2)

a/° 90

pre 99.21(4)

y/° 90

Volume/A® 2864.5(8)

Z 4

Density (Calc)/g cm™ 1.775

Absorption coefficient/mm™" 0.871

F(000) 1544

Crystal size/mm® 0.56x0.160x0.140
Goodness-of-fit on F%/% 99.3

Index ranges —11<h<l11,

Final R indices [1>20(I)]

R indices (all data)

—34<k<33,-15<I<15
RI1=0.0543, wR,=0.1181
R1=0.0711, wR,=0.1274

Fig. 7 while selected crystallographic and structure refinement parameters are pre-
sented in Table 4. Important interatomic distances and angles of the crystal struc-
ture and geometry-optimized structure of the complex are collected in Table 5. More
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Table5 Key bond lengths and bond angles for bipyridineterpyridinethiourearuthenium(Il) perchlorate
complex

Bond length (A)

Bond crystal DFT
Ru-S1 2.430 (11) 2.476
Ru-N1 2.066 (4) 2.113
Ru-N2 1.965 (3) 1.997
Ru-N3 2.088 (3) 2.105
Ru-N10 2.087 (3) 2.112
Ru-N11 2.074 (3) 2.073
Bond angle (°)

Bond angle crystal DFT
N2-Ru-N1 79.89 (14) 79.20
N2-Ru-N3 79.42 (14) 79.38
N1-Ru-N3 159.31 (13 158.29
N2-Ru-S1 90.69 (10) 88.57
N3-Ru-S1 94.74 (9) 92.99
N1-Ru-S1 85.31(9) 87.05
N10-Ru-S1 95.92 (9) 96.18
N11-Ru-S1 173.89 (9) 171.79

information about the crystal structures at be accessed at CCDC refcode, NIGHOD
[38].

The complex has two ClO,” counterions, showing that the 2+ oxidation state of
the ruthenium metal centre is maintained after the reaction with thiourea. The com-
plex adopts slightly distorted octahedral geometry in which all the Ru-N(terpyridine)
bond lengths are typical of ruthenium terpyridine complexes [10, 19, 39—41]. The
Ru-N2 bond is slightly shorter than the Ru-N1 and Ru-N3 bonds. This behaviour
has been reported in other complexes and is attributable to geometric and steric con-
straints imposed on the tridentate terpyridine ligand on coordination to the metal
centre. As a result, the terpyridine’s bite angle deviates from the expected 180° to
159.31° [41].

The terpyridine ligand is slightly twisted as shown by an average tilt angle of
2.71° between the central and terminal pyridyl rings. The thiourea ligand is coor-
dinated to the metal centre via the S-donor atom with the Ru-S bond length within
the reported range (2.304-2.427 A) [42-44]. The bipyridyl ligand is asymmetrically
coordinated to the metal centre with the Ru-N bond cis to the thiourea (Ru-N10)
slightly longer than the frans one (Ru-N11). The difference in length is attributed to
inter-ligand steric repulsions [36]. The two pyridyl rings of the bipyridyl ligand are
non-planar, with a dihedral angle of 11.89° between them.

The planes RuNIN2N3N10 and RuSIN2N10N11 are near orthogonal to each
other with a dihedral angle of 84.93°. This distortion from expected octahedral
geometry is attributed to constraints caused by the bite angles of the bipyridyl and
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terpyridine spectator ligands. The crystal packing of the complex is dominated by
van der Waals forces. The crystal’s bond lengths and angles compare well with
those obtained from DFT-optimized minimum structure of the complex. Thus,
benchmarking favourably the DFT theoretical calculations as applied in the aqua
complexes.

Discussion

The k, values obtained for the substitution of the labile aqua ligand from the four
ruthenium(Il) complexes by thiourea will be used as a representative to discuss
the reactivity of the complexes. The variance in the substitution reactivity of the
complexes, are due to inherent electronic and steric properties of the axial auxiliary
spectator ligand since the terpyridine ligand anchors the equatorial plane for all the
complexes. In complex Rul, the auxiliary groups are two moderate m-acceptor and
weak o-donor trans-coordinated pyridyl rings [45]. For the rest of the complexes,
the auxiliary spectator ligand is an axially coordinated-bidentate ligand (2,2'-bipy-
ridyl, 2'-(2-pyridyl)quinoline or 2,2'-biqunoline) in which the labile aqua ligand lies
in the same plane as the bidentate ligand. Thus, the latter exerts an in-plane steric
effect on the aqua ligand [46]. The steric bulkiness and the n-surface area of the aux-
iliary ligand increase incrementally from complex Ru2 to Ru4.

On the basis of the n-suface area of the complexes, the trend in the substitution
reactivity is expected to be; Rul “ Ru2 “ Ru3 “ Ru4. This is because the n-acceptor
properties of the auxiliary ligand gradually increase from the 2,2’-bipyridyl ligand in
Ru2 to Ru4 by successive extensions of the n-conjugation of the bidentate ligands
[22, 45, 47-49]. Conversely, complex Rul was found to be about 27 times more
reactive than Ru2. The depressed reactivity in Ru2 is due to the 2,2'-bipyridyl
bidentate auxiliary ligand which offers more steric hindrance to the incoming group
than the two independent pyridyl auxiliary ligands in Rul. The increased steric hin-
drance in complex Ru2 slows the formation rate of the transition state by impeding
the facile attack of the ruthenium metal centre by the incoming group. The Ru-OH,
bond is markedly shorter in Ru2 (2.17 10%) compared to Rul (2.22 A). As a result,
the labile aqua ligand in Ru2 is more strongly held than the aqua ligand in Rul.
This makes its displacement harder and leads to a lower rate constant as experimen-
tally observed [10, 39].

As observed from the frontier molecular orbitals mappings (Table 1), the contri-
bution of the coordinated auxiliary ligand to the LUMO is positively correlated to
the m-conjugation of the ligands. Extending the n-conjugation of the auxiliary ligand
leads to sequential stabilization of this molecular orbital as revealed by the decreas-
ing trend of their energies [22, 50]. Consequently, the energy gap between the
HOMO and LUMO reduces and the interaction between the two orbitals rises as one
moves from Rul to Ru4. The electron affinity of the complexes is thus increased in
the same order as it becomes easier for n-back bonding to take place. As a result, the
rate of displacement of the labile aqua ligand is enhanced as the n-conjugation of the
auxiliary ligand is increased.
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Additionally, as the m-conjugation of the auxiliary ligand increases, the stabi-
lization of the entering electron density becomes more effective since density is
spread over a larger n-surface area [22]. Thus, an increase in aromatic area of the
auxiliary ligand is positively correlated with increase in the chemical softness of
the complexes as shown in Table 2. Further corroboration of the reactivity trends
is provided by the trend in the global electrophilicity index of the complexes,
a parameter which is calculated from the electronic chemical potentials and the
chemical hardness [51, 52]. The former is a superior parameter for describing
the tendency of a complex to accept electrons because it measures its ability to
gain an extra electronic charge and its resistance to exchange the gained elec-
tronic charge with its immediate environment [53]. Therefore, it describes holisti-
cally the charge distribution within the entire complex better than other quantum
descriptors [31]. The computationally obtained global electrophilicity indices
show a positive correlation with the observed reactivity trend except for complex
Rul, whose anomalous substitution reactivity has been discussed (vide supra).
The calculated data predict Ru4 to be the strongest electrophile and thus the most
reactive [51].

We noted that complex Ru4 is only slightly more reactive than complex Ru3,
inspite of its bigger aromatic surface area and higher electrophilicity. This is
explained by the increased steric hindrance to the the incoming nucleophile
brought about by the large and bulky 2,2'-biquinoline bidentate auxiliary ligand
therein. From the minimum energy DFT-optimized molecular structure of Ru4, the
2,2'-biquinoline ligand adopts an out-of plane banana shaped curvature conforma-
tion (Table 1). The steric interaction between the 2,2'-biquinoline auxiliary ligand
and the terpyridine principal ligand is increased by the large in-plane size of the
former [54, 55] as shown by the larger N2-Ru-N5 angle in Ru4 (103.4°) compared
to Ru3 (96.2°). Accordingly, the access of metal centre by the incoming group
becomes more restricted. From the minimum energy structures, it was noted that
the dihedral angle between the two planes of the quinolinyl groups in Ru4 is 14.79°
compared to 5.26° between the planes of quinolinyl and pyridyl moieties in Ru3
(Electronic Supplementary Information, Fig. SI 1-2). This significant distortion of
planarity of the 2,2'-biquinoline bidentate ligand lowers its w-back-donation abil-
ity, leading to a less positive metal centre [54, 56] as shown by the slightly lower
ruthenium atomic charge in Rud4. The lower charge of ruthenium metal centre in
Ru4 is also attributable to the c-donicity of the 2,2'-biquinoline ligand since it is
endowed with both m-acceptor and c-donor properties [56]. Largely, the effect of
this is decreased substitution reactivity.

Absorption electronic transitions and redox potentials have been used to deter-
mine the extend of electrophilicity of coordination and organometallic compounds.
For instance; when the auxiliary ligand is varied from 2,2'-bipyridine to 2,2'-biquin-
oline, the initial reduction potential increase because the energy of n* orbital is more
stabilized [12, 57-59]. The changes in reduction potential corroborate the fact that
the m-acceptor abilities of the subsidiar ligand rise with increase in n-conjugation of
the ligands. Likewise, the distinctive metal to ligand charge transfer absorption band
undergoes bathochromic shift when the auxiliary ligand is varied from 2,2'-bipy-
ridine to 2,2'-biquinoline [19, 59]. This agrees with the reduction in energy gap
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between frontier orbitals as n-surface area of the spectator ligand increases. There-
fore, the ability of the auxiliary ligands to withdraw electron density from the metal
centre is expected to increase from 2,2'-bipyridine to 2,2'-biquinoline.This supports
the observed increasing trend in electrophilicity indices as one moves from Ru2 to
Ru4.

A negative relationship was observed between the pKa values of the complexes
and the m-conjugation of the auxiliary ligands in the complexes. This implies that
the acidity of the labile aqua ligands increases from Rul to Ru4. This trend can be
attributed to an increase in the m-acceptor ability of the ligands as one moves from
Rul to Ru4 which enhances the withdrawal of electron density from the metal cen-
tre in that order [25, 35]. This is supported by the increase in the dipole moments
from Rul to Ru4 [60]. The trend in the pKa values and DFT-calculated electro-
philicity indices affirms that when m-conjugation of the bidentate auxilliary ligand
increases, the electrophilicity of the complexes rise causing the observed increase in
substitution reactivity from Ru2 to Ru4.

Theoretically, the trends in substitution reactivity with respect to the nucleophiles
is expected to be; Thiourea> 1,1-dimethylthiourea > 1,1,3,3-tetramethylthiourea in
order of increasing steric bulkiness. However, from the results obtained it was found
that, in complexes Ru2 and Ru4, the more sterically demanding 1,1-dimethylthi-
ourea reacted faster than the unhindered thiourea. This is due to the inductive effect
caused by the two methyl groups in 1,1-dimethylthiourea leading to overcompensa-
tion of the steric effect [22].

The negative activation entropy values observed for all the complexes show that
the reactions follow an associative interchange mechanism. Since all the reactions
were carried out in aqua media, the precursor formation was weak and therefore no
non-linearity was observed in the plots of k., versus nucleophilic concentrations.
These values imply that the transition state is more ordered than the starting rea-
gents. Associative interchange substitution mechanism has also been observed in
other ruthenium(II) complexes [6, 9, 11, 39].

Conclusion

It has been established that the substitution reactivity of ruthenium(Il) aqua com-
plexes with common terpyridine ligand and N (pyridine) or N*N (2,2'-bipyri-
dyl, 2'-(2-pyridyl)quinoline or 2,2'-biqunoline) auxiliary ligand(s) are strongly
dependent on the steric and electronic characteristics of the coordinated auxiliary
ligands. From Ru2 to Ru4, the substitution reactivity depends on the m-acceptor
ability of the bidentate auxiliary ligand which is positively correlated with the
aromatic surface area. As the aromatic surface area is extended, the ruthenium(II)
complexes become more electrophilic and hence more reactive. It was found that
complex Rul is more reactive than Ru2. This is because the 2,2-bipyridyl biden-
tate auxiliary ligand in Ru2 offers more steric hindrance to the incoming group
than the two trans pyridyl monodentate rings in Rul. Trends in the theoretically
calculated quantum descriptors indicate a systematic stabilization of the LUMO
energy and narrowing of the energy gap between the HOMO and LUMO as the
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n-conjugation of the auxiliary ligand is extended from Rul to Rud4 leading to
increased electrophilicity indices of the complexes. Similarly, the pKa values of
the complexes reduce as one moves from Rul to Ru4 inferring that the acidity of
the labile aqua ligand increases from Rul to Ru4. Thus, trends in both the theo-
retical calculations and acidity constants support the observed trend in reactivity
except in Rul. The reactions in the four complexes follow an associative mecha-
nism. The solid state crystal structure of bipyridineterpyridinethiourearuthenium
(IT) perchlorate show that terpyridine ruthenium(II) thiourea complexes are stable
and the thiourea is coordinated to the metal centre via the S-donor atom.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11144-022-02272-0.
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