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Abstract

The rate and mechanism of substitution in the Ru(Il) complexes (C1-C6) by thiourea nucleophiles was studied at pH 2 and
rate constants measured as a function of nucleophile concentrations and temperature using spectrometric methods. There is
increased electron density at the Ru metal atom of C2 as a result of inductive donation by substituents on the arene ligand,
making it less positive and therefore less reactive than C1. For the complexes C3—C6 bearing the 2,2'-bipyridyl ligand, the
aqua ligands are located trans to the arene ligands, and hence, their reactivity increases in accordance to the number and type
of alkyl substituents on the ;°-arene ligands which donate inductively into the z-molecular orbitals, causing increased trans
labialisation of the coordinated aquo co-ligand. Compared to the reactivity of triaquo complex (C1), the auxiliary bipyridyl
ligand of (C3) complex lowers the rate of substitution for the later complex by a factor of about 100, possibly due to its steric
hindrance at the Ru(II) metal centre. The significantly negative activation entropies and positive activation enthalpies suggest
an associative mode of substitution. The reactivity of the nucleophiles follow the order DMTU > TU > TMTU.

Introduction

Interaction of transition metal complexes with DNA is one
of the major known mechanistic pathways responsible for
the anti-tumour activity [1-5]. Through such molecular
mechanism of interaction, the prototype anti-cancer drug,
cisplatin is active against several human cancer cell lines
including those of the pancreatic, head, neck and testicular
[6, 7]. However, it is acutely toxic to the kidneys and inef-
fective against several other cancers as well as being prone
to development of resistance.
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An attractive class of complexes that can be an alternative
to Pt-based cancer drugs is ruthenium (Ru) complexes. Ru
complexes are significantly less toxic because they can role-
play iron binding modes in biological systems [8—12]. Lead-
ing Ru complexes which have been evaluated in vitro and
in vivo [13] for cytotoxicity and showed promising activity
profiles include imidazolium-trans-[tetrachloro(dimethyl
sulfoxide)imidazole-ruthenium(IIl)] (NAMI-A) and inda-
zolium trans-[tetrachlorobis(1H-indazole)-ruthenium(III)]
(KP 1019). They have also shown great anti-cancer potential
in clinical trials [14].

A subclass of Ru complexes that has been extensively
evaluated for the anti-cancer activity are arene Ru(II)
complexes. Examples include [(5%-biphenyl)Ru(en)C1]*
(en =ethylenediamine) [9] and [(n6-p-cymene)Ru(PTA)
Cl,] (PTA=1,3,5-triaza-7-phosphaadamantane) [15-17].
These too have shown great potential as anti-cancer agents
[6, 18-21]. Numerous studies have linked their superior
anti-cancer activity to the extra and favourable non-covalent
interactions between the arene ligands on the Ru complexes
with hydrophobic components of cell membranes and at the
ultimate nucleophilic target, DNA [22-25]. Cytotoxicity of
the arene-Ru complexes has been positively correlated to
the nature of the substituents on the arene as well as other
rings conjugated to it. The hydrophobic face within the back-
bone of the non-leaving ligand of the complexes enhances
bimolecular recognition on the non-polar receptor sites of
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the target macro-nucleophiles [22, 26-28]. Substitution of
the labile halogen ligands by a chelating ligand can help to
control the stability and ligand exchange kinetics of these
complexes [29-31]. Previous studies have focused more on
DNA binding and cytotoxicity studies leaving a gap on the
kinetic properties of the complexes. Recognizing the impor-
tance of the kinetics and mechanism of the interaction of
metal-based drugs with DNA, this work investigated the rate
of substitution from benzene(triaquo)ruthenium(II)perchlo-
rate, C1, mesitylene(triaquo)ruthenium(II)perchlorate, C2,
aquo(benzene)-2,2'-bipyridineruthenium(Il)perchlorate, C3,
aquo-2,2’-bipyridine-(mesitylene)ruthenium(II)perchlorate,
C4, aqua-2,2'-bipyridine(hexamethylbenzene)-ruthenium(II)
perchlorate, C5 and aqua-2,2'-bipyridine(p-cymene)
ruthenium(IT)perchlorate, C6 by thiourea nucleophiles
viz. thiourea(TU), 1,3-dimethyl-2-thiourea(DMTU) and
1,1,3,3-tetramethyl-2-thiourea (TMTU). The study seeks to
establish the role of arene ligands on the rate of substitution
from these complexes. The chemical structures of the com-
plexes used in this study are shown in Fig. 1.

Experimental
Materials and synthesis

All chemicals including ligands, the dichloro(arene)Ru(II)
dimers, solvents, silver perchlorate and perchloric acid were
purchased from Sigma-Aldrich and used as received. The
complexes 2,2'-bipyridine(p-cymene)ruthenium(II) dichlo-
ride, benzene-2,2'-bipyridineruthenium(II) dichloride,
2,2'-bipyridine(mesitylene)ruthenium(Il) dichloride and
2,2'-bipyridine(hexamethylbenzene)ruthenium(II) dichloride
were synthesized according to published procedures [32] as

Fig. 1 Chemical structures of 176—arene Ru(II) complexes [the charges
(2+) and counter ions (C17) have been left out for clarity]

@ Springer

follows. (The atomic numbering applied on C1-C6 for the
presentation of their calculated data as well as the discussion
of the influence of their non-leaving ligands on the rate of
substitution is illustrated here by Fig. 2 for C3.)

Preparation of 3,2'-bipyridine(p-cymene)
ruthenium(ll) dichloride

Dichloro(p-cymene)ruthenium(Il) dimer (91.86 mg,
0.15 mmol) was added to a solution of 2,2'-bipyridine
(46.85 mg, 0.3 mmol) in ethanol (15 mL) and the reac-
tion mixture heated at reflux for 6 h. The resulting solution
was cooled to room temperature and the precipitate of the
complex obtained by addition of diethyl ether (60 mL). The
precipitate was filtered off, washed with diethyl ether and
pentane then dried in air. Yield: 127.62 mg (92%). '"H NMR
(400 MHz, CD;0H) 6/ppm, J/Hz: 9.49 (d, 2H, 1, 1", J=5.5);
8.51(d, 2H, 4 4', J=8.2); 8.25 (t, 2H, 3, 3', J=15.8); 7.78
(dd, 2H, 2,2, J=5.6,J=2.0); 6.12 (d, 2H, -CH,, /=6.2);
5.86 (d, 2H, —-CH,, J=6.5); 2.64 (m, 1H, CH); 2.28 (S, 3H,
—CH,); 1.05 (d, 6H, —-CH;, J=6.2). '*C NMR (75 MHz,

Arene trans-configured
aqua co-ligand

Fig.2 An illustration of the numbering using C3 as an example

MeOH), é6/ppm: 17.55, 20.87, 30.96, 84.14, 86.82, 104.44,
104.65, 123.57, 127.49, 139.79, 154.98, 155.48. Anal.
Calcd. for C,,H,,Cl,N,Ru: C, 51.95; H, 4.80; N, 6.06;
Found: C, 51.85; H, 5.01; N, 6.26. ESI* LCMS, m/z: 426
(M]*.

Preparation of benzene-2,2'"-bipyridineruthenium
(I1) dichloride

The compound was synthesised following the same pro-
cedure as that of 2,2'-bipyridine(p-cymene)ruthenium(Il)
dichloride using 2,2'-bipyridine (46.85 mg, 0.3 mmol)
and benzeneruthenium(Il) chloride dimer (75.02 mg,
0.15 mmol). Yield: 97.50 mg (80%). '"H NMR (400 MHz,
CD;O0H) ¢/ppm, J/Hz: 9.60 (d, 2H, 1, 1', J=5.4); 8.53 (d,
2H, 4,4',J=1.9); 8.26 (t, 2H, 3,3, J=15.8); 7.77 (dd, 2H, 2
2',J=5.7,J=2.3);6.12 (s, 6H, -CHj;). 13C NMR (75 MHz,
MeOH), é/ppm: 88.64, 125.03, 128.77, 141.28, 156.62,
157.07. Anal. Calcd. for C;(H,,CL,N,Ru: C, 47.30; H, 3.47;
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N, 6.90; Found: C, 47.18; H, 3.71; N, 6.88. ESI" LCMS,
m/z: 371 [M]".

Preparation of 2,2'-bipyridine(mesitylene)
ruthenium(ll) dichloride

The compound was prepared following the same proce-
dure as that of 2,2'-bipyridine(p-cymene)ruthenium(II)
dichloride using 2,2'-bipyridine (46.85 mg, 0.3 mmol)
and benzeneruthenium(Il) chloride dimer (87.65 mg,
0.15 mmol). Yield: 93.48 mg (70%). '"H NMR (400 MHz,
CD;0OH) é/ppm, J/Hz: 9.30 (d, 2H, 1,1, J=5.9); 8.44 (d,
2H,44',J=8.2); 8.17 (t,2H, 3 3', J=15.8); 7.73 (dd, 2H,2
2',J=5.6,J=2.0); 5.48 (s, 3H, -CH); 2.16 (s, 9H, —-CH,).
13C NMR (75 MHz, MeOH), 6/ppm: 17.40, 79.40, 107.42,
123.03, 127.45, 139.63, 154.82, 155.35. Anal. Calcd for
C,oH,,Cl,N,Ru: C, 50.90; H, 4.50; N, 6.25; Found: C,
50.51; H, 4.54; N, 6.45. ESI* LCMS, m/z: 413 [M]™.

Preparation of 2,2’-bipyridine(hexamethylbenzene)
ruthenium(ll) dichloride

The following compound was prepared following the same
procedure as that of 2,2'-bipyridine(p-cymene)ruthenium(II)
dichloride using 2,2'-bipyridine (46.85 mg, 0.3 mmol)
and dichloro(hexamethylbenzene)ruthenium(Il) dimer
(100.27 mg, 0.15 mmol). Yield: 118.62 mg (83%). '"H NMR
(400 MHz, CD,OH) 6/ppm, J/Hz: 8.87 (d, 2H, 1,1', J=5.7);
8.37 (d, 2H, 4,4', J=8.2); 8.10 (t, 2H, 3,3’, J=15.8); 7.69
(dd, 2H,2,2", J=5.4,J=1.2); 2.02 (s, 18H, -CH,). 3C NMR
(75 MHz, MeOH), é/ppm: 15.67, 97.39, 124.63, 128.91,
140.91, 155.05, 156. Anal. Calcd for C,,H,.Cl,N,Ru, %: C,
53.88; H, 5.34; N, 5.71; Found: C: 54.19; H: 5.42; N: 5.34.
ESI* LCMS, m/z: 455 [M]".

The synthesized compounds were characterized by
elemental analysis and spectroscopic techniques, giving
satisfactory data. They are stable in air as solids or their
solutions. All compounds gave 'H and '>C NMR spectra
corresponding to the proposed formulations. Mass spectro-
metric data gave isotopic pattern distribution corresponding
to the nominal masses of the complexes without the counter
ions. The elemental analysis data were in agreement to the
theoretical CHN values to within +0.40. The sample spectra
for NMR and mass analyses are placed in the supporting
information Fig. EST1-12.

Preparation of aqua Ru(ll) complexes (C1-6)

The desired solutions of the aqua complexes for kinetic stud-
ies were prepared from the chloride derivatives according to
a literature procedure [33]. To a stirred solution of the chloro
complexes in 0.01 M perchloric acid (HCIO,) (40 mL) was

added silver perchlorate (AgClO,). The moles of silver chlo-
ride added were slightly lower (< 0.1%) equivalent to the
number of chloride ions in the complex. The mixture was
stirred for 24 h at 50 °C in the dark, cooled and filtered
using a 0.45 pm nylon membrane filter (Millipore) to remove
the precipitated silver chloride. The filtrate was made up to
100 mL using 0.1 M HCIO, which had an ionic strength
of 0.1 M adjusted by dissolving 0.09 M NaClO, in 0.01 M
perchloric acid. Kinetic analyses were done at pH 2 for all
complexes as the pH titration showed that only aqua species
of the complexes exist at this pH [34].

Determination of pK, of Aqua complexes (C1-6)

The acidities of the aqua ligands were determined before
kinetic analysis could be done. The pK, titrations were done
spectrometrically as described in the literature [35-37]. The
pH titrations were started with solution of the aqua complexes
at pH 2 (0.01 M HCIO, solution) by addition of small amounts
of NaOH until pH 9. To avoid errors due to dilution effect, a
large volume (300 mL) of complex solution was used. Solid
NaOH granules were used in the pH range of 1-3 solutions
followed by dropwise addition of 0.5 M or 0.1 M or 0.05 M or
0.001 M of NaOH solution to adjust pH. After each addition of
NaOH or acid, the solution was briefly stirred before recording
the pH value. Vials were used to sample the solution (~2 mL)
for pH measurements, and then, the solution was discarded to
avoid in situ precipitation of the chloride. The aliquots from
spectral acquisitions were returned to the titration solution.
Both NaOH and perchloric acid were used to observe the
reversibility of the spectra as proof of existence of the depro-
tonation of the aqua as defined by K, [34]. The absorbance data
were plotted against pH giving a sigmoid curve from which the
pK, values were determined by locating the inflection points.
Figure 3 shows a typical UV-visible spectrum recorded dur-
ing spectrophotometric titration of the aqua complex solutions
with NaOH and inset is the sigmoid curve.

The pK, values in Table 1 indicate that the higher the
alkylation of the arene moieties the lower the acidity. This
shows a correlation between pK, values and the electrophilic-
ity of the Ru metal centres. The values/acidity increase in the
order: C5~C6~C4~C3 <C1~C2 which is consistent with the
electrophilicity of the metal centres. More electrophilic metal
centres (of C1 and C2) as supported by DFT NBO calculations
have lower pK, values. The pK, titration reactions of the aqua
complexes with OH™ are illustrated in Scheme 1

](n—l)+

K’\
[X-(Bip)-Ru-OH,|"" + OH™ = [X-(Bip)-Ru-OH +H,0

X =benzene or mesitylene or hexamethylbenzene or
p-cymene.

@ Springer
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Fig.3 UV-visible spectra of C1 complex recorded as a function of
pH in the range of 2-9 at 25 °C. Inset is a plot of absorbance versus
pH at A=275 nm

Table 1 pK, values for the

. Complex pK,

deprotonation of the aqua Ru(II)

complexes Cl 4.60+0.01
C2 4.31+0.02
C3 6.92+0.01
C4 7.01+0.02
C5 7.34+0.01
C6 7.21+0.01

Instrumentation
Physical measurements

NMR spectroscopy were recorded on a Bruker Avance DPX
400 MHz spectrophotometer at 303 K, and all chemical shift
were referenced to those of (CH;),. Low resolution electron
spray ionization (ESI*) mass spectra were recorded on the
Waters Micromass LCT Premier Spectrometer or Shimadzu
LCMS 2020. Elementary analyses were done on a Ther-
moScientific Flash 2000 elemental analyser. Kinetic meas-
urements for fast reactions were performed on an Applied
Photophysics SX20 stopped-flow instrument coupled with
an online data acquisition system whose temperature is con-
trolled to within +0.1 °C. The slow reactions were moni-
tored using Varian Cary 100 Bio UV-visible spectrophotom-
eter with an attached Varian Peltier temperature controller

Scheme 1 The titration reac-
tions of the aqua complexes
with OH™

[X-(Bip)-Ru-OH,]"™ + OH"

and online kinetic application. The same instrument was
used for spectrometric titration. The UV-visible spectro-
photometer was also used to predetermine the wavelengths
at which the reactions on the stopped-flow were monitored.

Computational modeling

The computations were done by density functional theory
(DFT) run on Gaussian 09 suite of programs [38]. The
structures were optimized using the hybrid Becke, 3-param-
eter, Lee—Young—Parr (B3LYP) method with LANL2DZ
(Los Alamos National Laboratory 2 double {) basis sets
having inner core electrons of the Ru atom replaced by rela-
tivistic effective core potential (ECP) [39-41]. DFT applies
to physically observable electron density over a wave func-
tion in the determination of the properties of a system. Los
Alamos National Laboratory 2 double { basis set exploits
relativistic effective core potentials to account for effect of
inner core 28 electrons ([Ar]3d10) in Ru [42, 43]. To take
into account of the solvent effects, the complexes were fully
optimized in methanol using the conductor polarizable con-
tinuum model (C-PCM) [44, 45]. The singlet states were
used due to the low electronic spin state of Ru(Il) com-
plexes. The complexes were considered to have an overall
charge of +2. The chemical potential (u) and molecular
hardness (77) for each structure were calculated from the
HOMO and LUMO energies. The global electrophilicities
(w) were determined by the relationship w = u?/25 [46, 47].
The charge on each atom is expressed as a natural bond
orbitals (NBO) [48].

Computational results

Density functional theory (DFT) [49, 50] calculated data, for
example electrophilicity index and NBO charges have pro-
vided information in support of the trends observed in the
chemical reactivity of the complexes. In this context, several
reactivity descriptors have been proposed and used to analyse
chemical reactivity and site selectivity. Hardness, #, electronic
chemical potential, u, electrophilicity, @, are among the reac-
tivity descriptors widely used to understand the global nature
of molecules in terms of their stability and it is possible to gain
knowledge about the reactivity of molecules. Atomic charges
(NBO) are among the local reactivity descriptors, which pro-
vide information about the site selectivity [51, 52].

K,

[X-(Bip)-Ru-OH]™D* + H,0

X = Benzene or mesitylene or hexamethylbenzene or p-cymene

@ Springer
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In this study, computational calculations and optimization
were carried out to gain information on the electronic and
structural properties of the complexes. The DFT-optimized
structures of the complexes are shown in Table 1, and a sum-
mary of selected DFT data are presented in Table 2. Examin-
ing DFT diagrams in Table 1, the HOMO are located mainly
on the ruthenium metal centre and partially on the arene and
aqua ligands while the LUMO is entirely on the bipyridine
ligand as reported in the literature for other similar studies
[53].

Kinetic analysis and results

The rate of substitution of the aqua ligands from the complexes
was carried out under pseudo-first-order conditions using at
least a tenfold excess of the entering nucleophile for complexes
C3, C4, C5 and C6 and at least 30-fold excess for C1 and C2.
The kinetics of substituting the aqua ligands was investigated
spectrophotometrically by following the change in absorbance
with time using a UV-visible spectrophotometer for slower
reactions or stopped-flow techniques for ultrafast reactions.

Table 2 DFT minimum Optimised structures

LUMO

energy structures and frontier
molecular orbitals of the
complexes

ol
3 &
%

@ Springer



310

Transition Metal Chemistry (2020) 45:305-315

All reactions were thermostated with a precision of +0.1 °C
of the set temperature. The spectral data taken at a wavelength
of maximum absorption changes were fitted to a first-order
exponential decay function to obtain the observed pseudo-first-
order rate constants, k., according to Eq. 1 [45].

A=A+ (A — Ay )exp (=kgped) (1)

where A is initial absorbance of the mixture at time t=0, A,
is absorbance of the reaction mixture at any time, ¢ and A
is final absorbance.

Typical absorbance spectral changes are illustrated in
Fig. 4 for the reaction of 0.01 mM C4 with 0.5 mM TU
(inset is the respective kinetic trace at 300 nm). Other kinetic
traces are placed in the supporting information Fig. ESI 18,
21,24 and 27.

The average values of observed rate constant were plotted
against nucleophile concentrations according to Eq. 1. The
tabled data on the values of nucleophile concentration and
ks are presented in supporting information Tables ESI 1,
4,7,10, 12 and 14.

kops = kp[Nu] +k_ ~ ky[Nu] 2)

The plots are linear with the slopes representing the
second-order rate constants, k,. Typical plots of k,, verses
[Nu] are shown in Fig. 5 for the substitution reactions of
C6 with the thiourea nucleophiles at 298 K. More sample
plots of observed rate constant, &, versus concentration of
nucleophile are presented in supporting information Fig. ESI

13, 14, 16, 19, 22, 25 and 28.
Mechanism of substitution

From the kinetic analysis, Scheme 2 illustrates the sub-
stitution reactions for the tri-aqua (a) and mono-aqua (b)
complexes.

The temperature dependence of the second-order
rate constants was studied over the temperature range of
20-40 °C in increments of 5 °C. Data were subjected to
a linear plot of In(k,/T) against T~'/K~! (the Eyring plot)
according to Eq. 3

Kexp —AH?* 1 AS*
In{—=) = S+ 2384+ =2
n< - ) = T+[ + = ] 3)

Typical Eyring plots are shown in Fig. 6 for the reactions
of C4 with the thiourea nucleophiles.

The slopes and intercepts of the Eyring plots gave the
enthalpy of activation, AH”, and entropy of activation, AS%,
values, respectively. Values of the activation parameters are
reported in Table 4. The rest of the Eyring plots are placed
in supporting information Fig. ESI 15, 17, 20, 23 and 26 and
the tables showing values of In(k,/T) and T~'/K~! are found

@ Springer
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Fig.4 UV-visible spectra for the reaction of 0.01 mM C4 with
0.5 mM TU at 298 K (inset is a kinetic trace at 300 nm)

0.004
0.003 . bvru

- A TMTU

‘0 Ru6

£ 0.002
0.001
0.000 : : : ,

0.000 0.004 0.008 0012 0016
[Nul/M

Fig.5 Plots of kg, versus nucleophile concentration for the reaction

of C6 with the thiourea nucleophiles at 298 K

in the supporting information in Tables ESI 3, 6, 9, 11 and
13. The values of k,, AH” and AS” are reported in Table 4.

Discussion

The arene-Ru(II) complexes have 7%-arene ligands, whose
extended z molecular orbitals (ring MOs) can side overlap
with the metal d (o-/or 7-) atomic orbitals, contributing a
total of 6z-electrons into the molecular orbitals of the com-
plex. The other coordination sides are occupied by three
aqua ligands (C1-2) or an N,N-bidentate ligand and the
aqua labile group (C3—6) [54]. Substituents on the #°%-arene
ligands affect the electron distribution in the ligand and thus
the electron density around the Ru(Il) metal centre and its
effect on the leaving group. Dadc et al. [55] made a similar
point when they observed that alkylated #°-arene ligands
had stronger o/z-donor character towards the metal centre.
The geometry in most arene complexes is pseudo-octa-
hedral, characterized by the arene and three other groups at
the base of a piano stool [9, 28, 55, 56]. The other groups are
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Scheme 2 Tllustrations of the
substitution reactions for com-
plexes under investigation

X = (a) benzene (C1) or mesitylene (C2). (b) benzene (C3), mesitylene (C4), hexamethylbenzene

(CS) or p-cymene (C6). Nu=TU, DMTU or TMTU

-9.8 4

-10.5

0.0034 0.0035 0.0036
1/T/K!

0.0032  0.0033

Fig.6 Eyring plots for the reactions of C4 with thiourea nucleophiles

spatially distributed so as to minimize electron repulsions
between bonded and non-bonded electron pairs. However,
introduction of the bipyridyl ligand in C1 and C2 further
distorts the piano-stool geometry to a near T-geometry for
complexes C3-6 orienting the aqua ligand directly trans to
the face of the #®-arene ligand as depicted in Fig. 2. This
positions the #°-arene ligand to have a labializing effect on
the aqua leaving group via a ground state destabilizing (the
trans influence). This supposition is in line with the DFT-
optimized structures of these complexes, and a depiction of
this geometry is shown in Fig. 2 for C3. In the optimized
structures of C3-6, the angle C8—Rul-0O7 is almost lin-
ear (180°) while angle N(2)-Ru(1)-O(7) is 90° (Table 3),

showing the bipyridine ligand is perpendicular to the trans
axis.

This geometry is corroborated by X-ray crystal
structure literature data of C3 [57]. Data in Table 4
show that the order of reactivity of the complexes is
C1>C2>C5>C4>C6>C3. Cl is more reactive than C2
because of the inductive donor effect of the three methyl
groups on the #%-mesitylene ligand of C2. As a result, elec-
tron density is accumulated at the Ru metal centre of C2
thereby lowering the electrophilicity of the complex. This
causes lower rates of substitution from C2. This is supported
by the DFT calculated NBO charges showing higher charge
for C1 (0.430) compared to C2 (0.377). The electrophilicity
index of C1 (6.612) is also higher than that of C2 (4.998)
(Table 3). A more positive metal centre pulls the incoming
nucleophiles more strongly [58] hence the higher reactiv-
ity shown by C1. It is worth noting that the structures of
C1 and C2 are trigonal pyramidal in geometry eliminating
the possibility of aqua—arene trans orientation. The conse-
quence is that trans effect is minimal or non-existent in these
complexes even though electrons are donated towards the
ruthenium metal centre.

Other DFT calculated quantities including chemical hard-
ness and electronic chemical potential further support the
observed trend in the rate of substitution as envisaged in the
literature [16, 59—-62]. The HOMO-LUMO energy gap for
C1(4.514) is smaller than that of C2 (4.536) which makes it
easier for electron density to be transferred from the HOMO
to the LUMO increasing the electrophilicity of the Ru(II)

@ Springer



312

Transition Metal Chemistry (2020) 45:305-315

Table 3 Summary of DFT

calculated data for the studied Parameters cl e e 4 e <o
complexes Bond lengths (A)
Ru(1)-O(7) 2.13 2.15 2.15 2.15 2.17 2.15
Bond angles (°)
C(8)-Ru(1)-O(7) 100.1 111.1 174.6 173.9 173.0 174.4
N(2)-Ru(1)-O(7) - - 85.2 85.8 85.9 84.4
NBO charges
Ru(1) 0.430 0.377 0.276 0.281 0.314 0.280
o(7) -0.710 -0.874 -0.859 —0.860 —-0.869 —0.862
Orbital energy/eV
HOMO -17.720 —17.444 —17.018 —6.945 -6.718 —17.140
LUMO —-3.206 —2.908 —3.057 —3.007 -2.951 -3.070
AEgoMo-LUMO 4.514 4.536 3.961 3.938 3.767 4.072
Global chemical reactivity indices
nleV 2.257 2.268 1.981 1.969 1.884 2.036
uleV —5.463 -5.176 —5.038 -4.976 —4.835 —5.204
wleV 6.612 4.998 6.406 6.288 6.203 6.4000

n, chemical hardness; u electronic chemical potential; @, global electrophilicity index

metal centre, thus the higher reactivity of C1. The stability
of C1 (2.257) is less than that of C2 (2.268) which confirms
the higher reactivity of C1. The electronic chemical potential
of C1 (—5.463) is lower than that of C2 (—5.176) which
indicates a less tendency for electrons to escape from Cl1
implying it is more positive than C2 hence more reactive.

For the complexes C3—-C6 which bear 2,2'-bipyridyl
as a common auxiliary ligand, the order of reactivity is
C3 <C6<C4 <C5. The rate of substitution increases with
the number of alkyl substituents attached onto the 7°-arene
ligand. The number of alkyl substituents attached directly
onto the arene in the 2,2’-bypyridyl(;°-arene)Ru(Il) com-
plexes increase in the order 0 (C3)>2 (C6)>3 (C4)>6
(C5). The higher the number of alkyl groups on the 5°-
arene ligand, the stronger the inductive donation of electron
density into the z-group molecular orbitals of the ring and
hence the more electron density flowing into the coordina-
tion bonds with Ru. This labializes the aqua groups through
the trans influence. This is also raises the HOMO orbitals
of the complexes in the same order while the LUMOSs are
hardly affected, showing the ground state labialisation effect
on the properties of the complexes.

This has been observed in the literature for similar struc-
tured complexes exhibiting trans influence [63]. This induc-
tive donation of electron density into the z-group molecular
orbitals and towards the Ru centres also causes accumula-
tion of electron density on the Ru metal centre as supported
by the decrease in electrophilicity indices, @, of the 2,2’
bypyridyl(né-arene)Ru(II) (6.203 (C5)>6.288 (C4)>6.400
(C6)>6.406 (C3) with increase in the number of alkyl
groups on the arene ligands [64]. The rest of DFT calculated
data (Table 3) is consistent with the observed kinetic trends
as envisioned in the literature [65]. The HOMO-LUMO
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energy gaps of 2,2’ bypyridyl(;°-arene)Ru(II) increase in
the order 3.767 (C5)<3.938 (C4)<4.072 (C6)~3.961
(C3), signifying a decreased capacity of the arene ligands to
receive electron density form the metals by n-back bonding
leading to decreased reactivity in that order. The chemical
hardness values increase in the same order as the energy gap:
[1.884 (C5)<1.969 (C4)<2.036 (C6)~1.981 (C3)]. The
electronic chemical potential (eV) values decrease [—4.835
(C5)>—-4.976 (C4)>—5.204 (C6) ~—5.038 (C3)] in the
same trend as the rate of substitution reactivity.

The (tri—aqua)(n6—arene)Ru(H) complexes C1 and C2
are approximately 10? more reactive than their mono-aqua-
Ru(II) counterparts C3 and C4, respectively. This is because
the introduction of the bipyridyl ligand introduces steric hin-
drance at the Ru(Il) metal centre which restricts the incom-
ing nucleophiles, this effect has also been reported in the
literature [54].

The values of AS” are negative while the values of AH”
are positive and low; hence, the mode of substitution is asso-
ciative and proceed through a seven-coordinate at the Ru(II)
metal centre in the transition state. There is reported litera-
ture in support of this mechanism of substitution for octahe-
dral Ru(Il) complexes [57]. The thiourea nucleophiles sub-
stituted the aqua ligands in the order DMTU >TU > TMTU.
The DMTU reacts faster than TU because its two methyl
groups donate electron density inductively towards the sul-
phur atom making it more nucleophilic hence more reactive.
This has been reported in the literature for similar studies
[66—71]. The nucleophile TMTU could be predicted to be
more reactive based on nucleophilicity but is observed to be
least reactive because the increased methyl groups attached
to the sulphur atom result in higher steric hindrance.
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Table 4 Rate constants at 298 K and activation parameters for studied reactions

Complexes Nu KM s x 107! AHY” (kJ/mol)  AS,” (J/K/mol)
TU 118 +2 44 +1 —57+3
Cl
DMTU 86+3 56+2 — 2045
TMTU 45+ 4 59+ 1 —16+3
TU 53.8+£0.1 68 £ 1 —41+3
€2 DMTU 37.2+0.1 68+3 —18+7
TMTU 24.8 +0.03 7541 —10+3
TU 0.69 £ 0.01 68+ 1 — 3243
C3
DMTU 0.71 £0.01 65+2 —31+5
TMTU 0.07 £ 0.01 69 £ 1 —31+3
TU 0.96 £ 0.01 66 +3 —36+7
C4 DMTU 1.30+0.01 70 + 1 —33+3
TMTU 0.14 +0.01 71+2 —40+5
TU 2.26 +0.01 60+ 1 —56+3
C5
DMTU 3.22+0.01 58+ 1 —59+3
TMTU 0.94 £ 0.03 65+ 1 —47+3
TU 0.74 £ 0.01 63+1 —50+3

Co6 DMTU 1.02£0.01 64+3 —45+8

7 I '
X N—/Ru
/ ’ TMTU 0.22 +0.01 67+1 —46+3
Z }\I OH,
N

Conclusions

The reactivity of the Ru(Il) complexes is controlled by the
nature and type of ligands coordinated to the metal cen-
tre. The introduction of the bipyridyl ligand to C1 and C2
to form C3 and C4, respectively, alters their piano-stool

geometry to a T-geometry in which the aqua ligand is
directly trans to the face of the y%-arene. The alkylated 7°-
arene ligands receive electron density by inductive dona-
tion into its extended molecular orbitals which can be
m-donated to the Ru metal centre. The higher the number of
alkyl groups on the arene ligand, the stronger the inductive
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donation. The greater inductive electron donation in C2
makes its metal centre less electropositive than that of C1
hence less reactive. Complexes C3—C6 having 2,2'-bipyri-
dyl ligand reacted in the order C3 <C6 <C4 < CS5 in line
with an increased labializing effect on the aqua co-ligand
through the trans influence of the alkylated 5%-arene ligands.
The bipyridyl ligand also introduces steric hindrance at the
Ru metal centre, lowering the reactivity of the complexes
C3-C6 compared to C1 and C2. The mode of substitution
in these complexes is associative in nature.
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