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Substitution kinetics of the aqua ligands in four binuclear ruthenium(II) para-cymene complexes with different
a,a’-diimine bridging ligands [2-pyridylaldazine (Ru-1), p-phenylenebis(picoline)aldimine (Ru-2), p-biphenyle-
nebis(picoline)aldimine (Ru-3) and p-xylenebis(picoline)aldimine (Ru-4)] was investigated as a function of nu-
cleophile concentration and temperature under pseudo-first order conditions using thiourea nucleophiles. The
rates of the simultaneous substitution of the aqua ligands decreased in the order: Ru-1 > Ru-4 > Ru-3 > Ru-
2. The reactivity of the complexes is controlled by the inherent electronic and steric contributions of the bridging
ligand. The strong m-acceptor bridging ligand is responsible for the high reactivity observed in Ru-1 compared to
the rest of the complexes. From Ru-2 to Ru-4, the reactivity increases with decrease in steric congestion around
the metal centres. The cage effect plays a role in the enhanced reactivity of Ru-4 compared to Ru-3 and Ru-2.
Reactivity trends are excellently supported by computational results. All the complexes showed a stepwise de-
protonation of the coordinated aqua ligands except Ru-4 and the pKa values increased from Ru-1 to Ru-4 due to
progressive increase in o-donicity of the spacers. The activation parameters (AH™ > 0, AS™ < 0) obtained for

all the complexes support an associative mechanism of activation.

1. Introduction

Pseudo-octahedral half-sandwich ruthenium(II) complexes forms an
important class of ruthenium complexes with vast applications in areas
such as catalysis and anti-cancer drug design [1-3]. These complexes
are amphiphilic in nature because of their hydrophobic arene moiety
and the hydrophilic metal centre. The m-bonded arene ligand occupy
three coordination sites and the remaining three sites offer diverse
coordination modes that can be utilized for tailored complexes [3].
Multinuclearity is an emerging approach in the design of metal com-
plexes for application in different areas. This is because multinuclear
complexes are more active than their mononuclear analogues because
of synergistic effects [4,5]. The bridging ligand modulates the proper-
ties of these complexes as well as provide steric protection to the metal
centres against non-target molecules [6,7].

Extensive studies investigating the effect of the bridging ligand on
substitution kinetics of square-planar platinum(II) complexes have been
reported [8-12]. It is established that the effect of the linker on re-
activity is entirely dependent on the intrinsic properties therein. These
include; the net o-inductive effect of the linker, magnitude of the steric
hindrance introduced by the linker, the rigidity/flexibility of the linker
[8,9], the length of the linker [10-12], the head group that coordinates
the metal centres and the symmetry of the complexes [9,13]. Due to
synergistic or antagonistic factors, the role of a bridging ligand on the
reactivity of transition metal complexes is specific to the chemistry of
the complex and the bridging ligand. In addition, there is limited lit-
erature about the structure-reactivity relationship on binuclear ruthe-
nium(Il) arene complexes [14].

The current work was undertaken to understand the role of non-
aliphatic bridging ligands on the reactivity of ruthenium(II) para-
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Fig. 1. Structures of the investigated ruthenium(II) complexes.

cymene complexes. To achieve this, four already reported complexes
with a,a’-diimine bridging ligands; viz. 2-pyridylaldazine (Ru-1), p-
phenylenebis(picoline)aldimine (Ru-2), p-biphenylenebis(picoline)aldi-
mine (Ru-3) and p-xylenebis(picoline)aldimine (Ru-4) (Fig. 1) were
studied.

Because of their biological importance, high solubility and nucleo-
philicity, neutral thiourea nucleophiles of varying steric demands were
used [15]. These are; thiourea (Tu), 1,3-dimethylthiourea (Dmtu) and
1,1,3,3-tetramethylthiourea (Tmtu). Computational studies were per-
formed to assist in understanding and interpreting the experimental
results obtained.

2. Experimental
2.1. Materials and procedures

All the syntheses were performed under dinitrogen atmosphere
using standard Schlenk techniques. Benzidine (=98%), 2-pyr-
idinecarbaldehyde (99%), hydrazine hydrate solution (80% in H50), p-
phenylenediamine (=99%), p-xylenediamine (99%), dichlorido(p-
cymene)ruthenium(Il) dimer (97%), NaBF, (98%), anhydrous AgClO,4
(97%), NaClO4H50 (98%), HCIO,4 (70 wt% solution), celite (® 545), pH
standard reference solutions (4.0, 7.0 and 10.0), Tu (=99%), Dmtu
(99%) and Tmtu (98%) were supplied by Sigma-Aldrich. Organic sol-
vents were purchased from Merck (Pty) and used without further pur-
ification. Ultrapure deionized water from Modulab system was used in
the relevant reactions. The ligands and complexes were synthesized
according to published literature methods [16-18].

2.2. Physical measurements and instrumentation

Bruker Avance DPX III 400/500 MHz spectrometer fitted with 5 mm
probe was used to record 'H and '*C NMR spectra of the ligands and
complexes. All the chemical shifts were expressed in parts per million
(ppm) and referenced to trimethylsilane. Electrospray ionization (ESI ™)
mass spectra were recorded on a Time of Flight (TOF) Micromass
spectrometer. NMR and MS spectra obtained are presented in the
Supplementary Information (Figures SI 13-36). Elemental analyses of
C, H, and N of the samples were done using Thermo Scientific Flash
2000 analyzer. Agilent technologies Cary 100 Series ultraviolet-visible
spectrophotometer equipped with a temperature control unit (accuracy
of = 0.05 °C) was used for pKa titrations and kinetic studies. Jenway
4330 combined pH and conductivity meter with a 4.5 mm diameter
microelectrode was used to determine the pH of the aqueous complex
solutions during pKa titrations and before kinetic studies. Before use,
the electrode was calibrated with pH 4.0, 7.0 and 10.0 reference solu-
tions. OriginPro 9.1° program was used to analyze the acid-base titra-
tion data and the kinetic data obtained [19].

2.3. Synthesis of ligands
2-pyridylaldazine: 30 mL of ethanolic solution containing 0.99 mL

of hydrazine hydrate solution was added drop-wise to 3.55 mL of 2-
pyridinecarbaldehyde in 10 mL of ethanol at room temperature under

inert dinitrogen environment. As the exothermic reaction ensued, fine
yellow needle-like crystalline solids appeared. After 1 h, the product
was filtered off and recrystallized from ethanol. Yield: 2.86 g (84%).
Anal. Calc. for C,,H;9N4; C, 68.56; H, 4.79; N, 26.65. Found: C, 68.52;
H, 4.89; N, 26.44. 'H NMR (400 MHz, benzene-ds): § (ppm) = 9.11 (s,
2H, N = CH), 8.55 (d, 2H, CH,,igy), 821 (d, 2H, CHpyrigy), 7.10 (t, 2H,
CHpyrigy), 6.69 (t, 2H, CHpyrigy). 13C (400 MHz, benzene-ds): &
(ppm) = 162.5 (NZC), 153.7 (prridyl)7 149.7 (prn‘dyl), 135.7 (prn‘dyl),
124.5 (Cpyrigy)s 121.4 (Cpyrigy). ESI-MS (TOF) (m/z): 233.08 (M + Na).

p-phenylenebis(picoline)aldimine: 2-pyridinecarbaldehyde (1.32 mlL)
was added dropwise to a stirring ethanolic solution of p-phenylenediamine
(0.85 g) maintained at 60 °C. The mixture was refluxed for 2 h and the
resulting red solution cooled to 0 °C. The yellow precipitate which formed
was filtered off and recrystallized from ethanol. Yield: 2.02 g (90%). Anal.
Calc. for CigH4Ny4; C, 75.50; H, 4.93; N, 19.57. Found: C, 75.40; H, 5.07;
N, 19.34. '"H NMR (400 MHz, DMSO-dg): § (ppm) = 8.75 (d, 2H,
Cprndyl), 8.68 (s, 2H, N = CH), 8.19 (d, 2H, CHpyig), 7.97 (t, 2H,

yriayDs 7-54 (t, 2H, CHyyriqy), 7.47 (s, 4H, CHppeny)- "°C (400 MHz,

DMSO de): 8 (ppm) = 160.4 (Cpyrigy), 154.1 (N=C), 149.7 (Cpyrigy1), 149.0
(Coyridyds 137.1 (Cpyricy)s 125.6 (Cpyriay)s 122.3 (Cpheryd)> 121.3 (Cpheny)- ESI-
MS (TOF) (m/z): 309.11 (M + Na).

p-biphenylenebis(picoline)aldimine: 2-pyridinecarbaldehyde (0.66 mL)
was added drop by drop to a stirring ethanolic solution of benzidine
(0.72 g) maintained at 60 °C. The mixture was refluxed for 2 h and the
resulting solution cooled to ambient temperature. The yellow crystalline
solid formed was filtered off and recrystallized from ethanol. Yield:
1.18 mg (83%). Anal. Calc. for Co4H;8N4; C, 79.54; H, 5.01; N, 15.46.
Found: C, 79.48; H, 5.12; N, 15.31. 'H NMR (400 MHz, benzene-ds): &
(ppm) = 898 (s, 2H, N = CH), 8.63 (d, 2H, CH,yig,), 8.43 (d, 2H,
Cprridyl); 7.52 (t, 4H, CH, hen_yl), 7.37 (d, 4H, CH, henyl); 7.20 (t, 2H,
CHpyrigyd), 6.76 (t, 2H, CHpnan). '°C (400 MHz, benzene-ds): §
(ppm) = 160.8 (N=C), 155.5 (Cpyrigys), 150.5 (Cpyrigy), 149.6 (Cpyriay),
139.1 (Cphenyd)s 135.9 (Cpprigyds 124.6 (Coneny)s 121.9 (Cphery), 121.2
(Cpyriayn)- ESI-MS (TOF) (m/2): 385.14 (M +Na).

p-xylenebis(picoline)aldimine: 2-pyridinecarbaldehyde (1.06 mL)
was added drop by drop to a stirring ethanolic solution of p-xylene-
diamine (0.86 g) maintained at 65 °C. The mixture was refluxed for 3 h
and the resulting solution cooled to 0 °C. The off-white precipitate
formed was filtered off and recrystallized from ethanol. Yield: 1.62 g
(82%). Anal. Calc. for CyoH,gNy; C, 76.41; H, 5.77; N, 17.82. Found: C,
76.39; H, 5.51; N, 17.65. 'H NMR (400 MHz, chloroform-d): &
(ppm) = 8.67(d, 2H, CHyyrigy), 8.51 (s, 2H, N = CH), 8.08 (d, 2H,
CHpyrigys 7-74 (t, 2H, CHpyrigy), 7.34 (m, 6H, CHyyrigy, CHppenyt), 4.90
(d, 4H, CHy). °C (400 MHz, Toluene-dg) § (ppm) = 162.7 (Cpyrigy)s
155.4 (N=C), 149.1 (Cpyriayd, 138.0 (Cpyrigy)s 135.5 (Cpheny) 124.0
(Cphenyd)s 120.6 (Cpyrigy), 64.4 (CHy). ESI-MS (TOF) (m/z): 337.14 (M
+ Na).

2.4. Synthesis of the complexes

A suspension of 1.50 mmol of dichlorido(p-cymene)ruthenium(II)
dimer in 30 mL of methanol was treated with 1.50 mmol of the ligand
(2-pyridylaldazine, p-phenylenebis(picoline)aldimine, p-biphenylenebis
(picoline)aldimine and p-xylene-bis(picoline)aldimine) and allowed to
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stir at room temperature for 4 h. In each case, solution was filtered
through celite to remove unreacted materials. 3.10 mmol of NaBF, in
10 mL of methanol was then added to the filtrate. The resulting solution
was kept in the refrigerator for slow crystallization to take place. After a
few days, the crystalline tetraflouroborate salts which formed were
filtered off, washed with methanol, diethyl ether and dried under va-
cuum. The product was purified by recrystallization from di-
chloromethane/petroleum ether (40-60 v/v) solvent system.
[(uz—2—pyridylaldazine)dichloridobis(n6—p—cymene)diruthenium(H)]
tetraflouroborate: Orange microcrystalline solid. Yield: (1.404 g, 76%).
Anal. Calc. for B,C35CloFgHagN4Ru,; C, 41.54; H, 4.14; N, 6.05. Found:
C, 41.16; H, 4.12; N, 597. 'H NMR (500 MHz, DMSO-dg): &
(ppm) = 9.71 (d, 2H, N = CH), 9.37 (s, 2H, CHpyrigy), 8.67 (m, 2H,
CHpyriay), 8.48 (td, 2H, CH,,rigy2), 806 (td, 2H, CHpyrigy), 6.50 (d, 2H,
CHphenyd); 6.23 (br, 4H, CHppeny), 6.09 (br, 2H, CHyheny), 2.80 (m, 2H,
CH, cymene), 2.31 (s, 6H, CH3), 1.12 (m, 12H, CH(CHj),). '*C NMR
(500 MHz, DMSO-de): 8 (ppm) = 167.6 (N=C), 157.0 (Cpyriay), 152.11
(CpyriayD), 140.8 (Cpyriay), 133.2 (Cpyriayn)s 130.9 (Cpyrigyd), 108.5 (Cphenyd)
87.5 (CphenyD)> 85.7 (CphenyD) 83.8 (CphenyD), 31.2 (CHp.cymeney, 22.9 (CHg),
18.9 (CH(CHj),). ESI-MS (TOF) (m/z): 801.96 {[(2-pyridylaldazine)
(C10H14)2RUCI,BFo]1 " +HY;  481.99  {[(2-pyridylaldazine)(C;oH14)
RuCl] " +H}; 270.97 [(C10H14)RuCI] ™.
[(uz-p-phenylenebis(picoline)aldimine)dichloridobis(n®-p-cymene)
diruthenium(II)] tetraflouroborate: Dark red crystalline solid. Yield:
(1.378 g, 69%). Anal. Calc. for B5C3gCloFgH4oN4Ru,; C, 45.58; H, 4.23;
N, 5.59. Found: C, 45.82; H, 4.33; N, 5.50. H NMR (500 MHz,
DMSO-de): & (ppm) = 9.64 (d, 2H, CH,yrigy), 9.04 (s, 2H, N = CH),
8.38 (t, 4H, CH,yia)), 8.08 (d, 4H, CHppemy), 7.95-7.93 (m, 2H,
CHpyriayD> 6-19 (t, 2H, CHphenytp-cymene)s 5-87-5.84 (m, 2H, CHppenyip-
eymene)s 5:77-5.71 (m, 4H, CHphenyip-cymene)> 2-61 (hept, 2H, CHp cymenc),
2.23 (d, 6H, CHs), 1.06 (m, 12H, CH(CHj;),). **C NMR (500 M Hz,
DMSO-dg): & (ppm) = 169.2 (N=C), 156.6 (Cp_yridyl): 154.9 (prn'dyl);
152.8 (Cpyrigyd)s 140.6 (Cphemyd)s 131.1 (Cpyriay)s 129.7 (Cpprigyt), 124.4
(Cphenyl)y 106.0 (Cphenyl-p-cymene)y 104.4 (Cphenyl-p-cymene)a 87.1 (Cphenyl-p-
cymene)’ 85.7 (Cphenyl—p—cymene): 31.0 (Cprcymene); 22.3 (CHS); 18.9 (CH
(CH3),). ESI-MS (TOF) (m/z): 828.06 [(p-phenylenebis(picoline)aldi-
mine)(C;oH;4)2RusCl,1%1; 557.05 [(p-phenylenebis(picoline)aldimine
(C10H14)R11C1] +; 270.96 [(C10H14)R11C1] +.
[(uy-p-biphenylenebis(picoline)aldimine)dichloridobis(n®-p-cymene)
diruthenium(II)] tetrafluoroborate: Brown red solid. Yield: (1.282 g,
59%) Andl. Calc. for BoCasCloFgH4gN4Ruy; C, 49.05; H, 4.30; N, 5.20.
Found: C, 48.71; H, 4.34; N, 5.01. 'H NMR (500 MHz, DMSO-dg): &
(ppm) = 9.62 (d, 2H, CHpyrigy), 9.02 (s, 2H, N = CH), 8.36-8.3 2 (m,
4H, CHpyrigyD), 8.14 (dd, 4H, CHppeny1), 8.00 (d, 4H, CHppery), 7.94 (t, 2H,
Cprridyl)a 6.15 (d; ZH; Cthenyl—pfcymene); 5.83 (d: 2H: Cthenyl—p—cymene);
5.74 (d, 2H, CHphenytp-cymene)> 5:66 (d, 2H, CHphenyp-cymene)s 2-60 (m, 2H,
CHp cymene)s 2.22 (s, 6H, CH3), 1.05 (d, 12H, CH(CHj),). '*C NMR
(500 MHz, DMSO-de): § (ppm) = 168.3 (N=C), 156.5 (Cpyrigy), 155.0
(Coyriay)>151.9 (Cphenyd), 140.5 (Cpyriay), 130.7 (Cpyrigyd), 129.5 (Cpyriayd);
128.3 (Cphenyl); 123.9 (Cphenyl): 105.7 (Cphenyl); 104.0 (Cphenyl-p-cymene);
87.1 (Cphenyl-p-cymene)y 86.5 (Cphenyl-p-cymene); 85.6 (Cphenyl-p-cymene), 31.0
(CHp.cymene), 22.3 (CH3), 18.8 (CH(CHs),). ESI-MS (TOF) (m/z): 905.01
{[(p-biphenylenebis(picoline)aldimine(C; H;4)-Ru,Cl,]1%>* + H}; 634.15
{ [(p-biphenylenebis(picoline) aldimine)(C;oH;4)RuCl]™ +H}; 270.99
(C10H14)RuCl] + .
[(uz-p-xylenebis(picoline)aldimine)dichloridobis(nﬁ-p-cymene)dir-
uthenium(II)] tetrafluoroborate: Orange solid. Yield: (1.692 g, 82%)
Anal. Calc. for B,C4oCloFgHagN4RUy; C, 46.67; H, 4.50; N, 5.44. Found:
C, 46.36; H, 4.78; N, 5.38. 'H NMR (500 MHz, DMSO-ds): &
(ppm) = 9.54 (d, 2H, CHpyiay), 8.55 (s, 2H, N = CH), 8.26 (t, 2H,
CHpyrigy), 817 (d, 2H, bCH,rigy), 7.83 (t, 2H, CHpyrigy, 7.59 (s, 4H,
Ctheny)a 6.25 (d: ZH: Cthenyl-p-cymene): 6.13 (d: 2H, Cthenyl-p-cymene);
5.93-5.88 (m, 4H, CH,), 5.75 (d, 2H, CHphenylp-cymene)s 5-56 (d, 2H,
CHphenytp-cymene)s 2-61 (M, 2H, CHp ¢ymenc), 2.11 (s, 6H, CHs), 1.02 (d,
6H, CH(CH3)), 0.94 (d, 6H, CH(CHs)). '*C NMR (500 MHz, DMSO-dy): §
(ppm) = 167.9 (N=C), 156.4 (Cpyriay)s 154.8 (Cpyridyd)> 140.2 (Cpyriy)s
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135.2 (Cpyrigyd)> 131.0 (Cprenyd)> 129.7 (Cpheny), 128.8 (Cpyrigyr), 105.0
(Cphenyl-p-cymene)s 103.9 (Cphenyl-p-cymene), 87.9 (Cphenyl-pcymene)s 84.5
(Cphenyt-p-cymene), 68.9 (CHz), 30.9 (CHp.cymene); 21.9(CHs), 18.8 (CH
(CH3)2). ESI-MS (TOF) (m/z): 904.96 [(p-xylenebis(picoline)aldimine)
(C10H14)2Ru,Cl,BF,] 585.13 [(p-xylenebis(picoline)aldimine)
(C10H14)RuCl] *; 270.99 [(C10H14)RuCl] ™.

2.5. Aquation of the complexes

The chlorido complexes were converted into their respective aqua
complexes (Ru-1; Ru-2; Ru-3 and Ru-4). In a typical reaction,
1.00 mmol of the chlorido complex was reacted with 1.99 mmols of
AgClO4 in 0.01 M HCIO,. In all the reactions, the mixtures were stirred
in the dark at 50 °C for 48 h. The solutions were thereafter cooled to
ambient temperature, allowed to stand for at least 3 h and the grey AgCl
precipitate filtered off using 0.45 um nylon membrane [20]. The fil-
trates were diluted appropriately for pKa titrations and kinetic studies.

2.6. Determination of pKa of the aqua complexes

Spectrophotometric acid-base titration of the aqua complexes with
NaOH was done from pH 2 to 12 at 25 °C. Large complex volumes
(about 500 mL) were used to avoid dilution effects and absorbance
corrections [21]. Within pH 2-3, small grains of crushed NaOH pellets
were added while beyond pH 3, dilute NaOH solutions were added
drop-wise using a Pasteur pipette. The titrations were done in such a
way that many evenly distributed points were obtained. After each base
addition, the complex solution was stirred for about 2 min prior to pH
measurement and respective spectrum acquisition. For the pH mea-
surements, about 0.6 mL aliquots in glass ampules were used and dis-
carded to avoid contamination of the stock complex solution with
chloride ions from the electrode while the aliquots used for absorbance
measurements were returned back to the stock solution. A confirmatory
reverse pH titration was done using HClO, solutions in place of NaOH.
During the pH reverse titration the baseline and isosbestic points re-
mained intact, which compares favourably with similar spectrometric
titrations of binuclear platinum(II) complexes reported in literature [9].

2.7. Kinetic measurements

Nucleophile solutions of known concentration maintained at pH 2.0
and 0.1 M HClO4/NaClO, ionic strength were prepared shortly before
use. Likewise, the solutions of the aqua ruthenium(II) complexes solu-
tions were maintained at similar pH and ionic strength. Their con-
centrations were; Ru-1 (0.248 mM), Ru-2 (0.660 mM), Ru-3
(0.144 mM), Ru-4 (0.171 mM). Substitution reactions were performed
under pseudo-first order conditions in which the nucleophilic con-
centration was at least 40 folds higher than the concentration of the
metal complex to drive the reactions to completion. The reactions were
initiated by mixing equal volumes of thermally equilibrated complex
and nucleophile in a tandem cuvette. The ultraviolet-visible spectral
changes resulting from the reactions were recorded from 800 to 200 nm
wavelength range. Concentration dependence studies were performed
at a constant temperature of 25 °C. On the other hand, temperature
dependence of reaction rates was studied from 25 to 45 °C at an interval
of 5 °C. To establish whether there were other reactions beyond the first
step, all reactions were left to proceed for some time after their com-
pletion. The convergence of absorbance values after the first step sig-
nified the absence of other reactions. For each reaction, at least three
independent runs were performed.

2.8. Computational modelling
Computational calculations were performed using density func-

tional theory (DFT) method implemented by Gaussian 09 W suite of
programs [22]. The structures were optimized using the hybrid Becke,
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3-parameter, Lee-yang-Parr at the standard Los Alamos National La-
boratory 2 double ¢ (LANL2DZ) basis set [23]. DFT utilizes electron
density over wave-function in the determination of a system’s proper-
ties. Therefore, it is applicable in these complexes with large number of
electrons since electron densities are always three dimensional irre-
spective of the number of electrons involved [24]. LANL2DZ exploits
relativistic effective core potentials to effectively account for the inner
core 28 electrons ([Ar]3d'°) in ruthenium [25]. The systems were fully
optimized in aqua media using conductor-like polarizable continuum
solvent model [26] at singlet spin ground state and an overall charge of
+4. For comparison purposes, the respective mononuclear congeners
were optimized like the binuclear complexes except that their overall
charge was set at +2.

Quantum chemical descriptors; chemical hardness (n), chemical
softness (0) and global electrophilicity indices (w) for the complexes
were calculated as described in literature [27-30]. Due to its high re-
liability Hirshfeld population analysis was used to determine the atomic
charges in the complexes [31,32].

3. Results
3.1. Acid-Base equilibria of the aqua complexes

pKa values of the complexes were determined by fitting Boltzmann
sigmoid function on the plot of absorbance versus pH at a selected
wavelength. Typical ultraviolet-visible spectra obtained for the titra-
tion of Ru-1 with NaOH is presented in Fig. 2. The inset shows a plot of
absorbance as a function of pH at A = 290 nm. The pKa values obtained
are collected in Table 1. Additional plots are presented in the
Supplementary Information (Figures SI 5-6)

Complexes Ru-1, Ru-2 and Ru-3, displayed a stepwise deprotonation
of the aqua ligands, recording a positive relationship between the pKa
values and the length of the linker. As the separation distance increases,
the charge addition between the two metal centres decreases, thus
decreasing the electrophilicity of the complexes and acidity of the co-
ordinated aqua ligands [9,33]. For instance; the short Ru-Ru inter-
metallic distance in Ru-1 enables effective electronic communication
between the two metal centres, leading to an overall high acidity of the
bound aqua ligands. The pKa, values obtained are at least 0.9 pKa units
more basic than pKa;. This is because after the deprotonation of the
first aqua ligand, the overall charge of the complex reduces from +4 to
+3 making the second metal center less electrophilic hence dimin-
ishing the tendency for another deprotonation to occur [8,12,34]. A
similar observation has been made on binuclear ruthenium(II) com-
plexes and binuclear platinum(II) complexes [14,35,36]. In these re-
ported studies the pKa values increased with decrease in m-acceptor
ability of the bridging ligand as well as increase in the donor ability of

0.8 -,

0.6 4

Absorbance

Absorbance
o
D

0.2+
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Fig. 2. Ultraviolet—visible spectra of Ru-1 recorded as a function of pH (2-10)
at 298 K. Inset: A plot of absorbance versus pH at A = 290 nm.
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Table 1

Summary of pKa values obtained for the deprotonation of the aqua ligands.
Complex Ru-1 Ru-2 Ru-3 Ru-4
PKa; 6.32 = 0.12 6.76 = 0.03 6.85 = 0.05 6.97 = 0.02
pKay 7.23 = 0.04 8.98 + 0.03 10.71 = 0.04 -

the bridging ligand. The stepwise deprotonation of the aqua ligands is
illustrated in Scheme 1.

A single pKa value was observed in complex Ru-4, signaling si-
multaneous deprotonation of the coordinated aqua ligands. The si-
multaneous deprotonation in Ru-4 is illustrated in Scheme 2.

The p-xylenebis(picoline)aldimine bridging ligand in Ru-4 is un-
conjugated beyond the a,a’-diimines, this causes weak interactions
between the metal centres making them act independently [9,16]. The
single pKa value obtained is supported by electrochemical reduction of
a complex utilizing this ligand which showed a single broad two-elec-
tron reduction wave [16]. Compared to the pKa; values of other com-
plexes, the high value obtained in Ru-4 is attributed to the methylene
groups which lower the localized charge on the metal centres through
inductive o-donation [37]. As a result the basicity of the coordinated
aqua ligands is enhanced. A single pKa value has also been reported for
binuclear platinum(II) complexes [9,38]. For both the stepwise (for
complexes Ru-1 to Ru-3) and simultaneous (for Ru-4) deprotonation
processes, two equivalents of OH™ were consumed as illustrated in
Scheme 1 and 2, respectively [39].

From the acidity constants, all the complexes exist exclusively as
aqua species at a pH of 2.0. Considering this, all the kinetic studies were
performed at pH 2.0.

3.2. Computational results

Computational modelling was carried out to gain an insight on the
spatial arrangement of the ligand systems as well as electronic prop-
erties of the complexes. Geometry optimized structures of the com-
plexes and their respective frontier orbitals are shown in Fig. 3 while
key computational results obtained are documented in Table 2. Table SI
9 (Supplementary Information) summarizes key computational results
obtained for the mononuclear analogues of the studied complexes.
Fig. 4 shows typical numbering of the nitrogen atoms in the complexes.

From the mappings of the frontier orbitals, it is observed that the
HOMO in Ru-1 is largely based on the metal centres and arene ligands.
In Ru-2 and Ru-3, it is spread throughout the complex with the phenyl
and biphenyl spacers making substantial contributions. In Ru-4, the
HOMO is largely concentrated on one of the two Ru-a,a’-diimine
moieties and the proximate arene group. This shows that there is a
weak interaction between the two metal centres in the complex [40].
The single pKa value observed in Ru-4 support this proposition as ex-
plained vide supra. On the other hand, the LUMO is largely based on the
bridging ligand for all complexes.

The planarity of the minimum energy structures obtained, shows
that the two 9-atomic Ru-a,a’-diimine moieties are non-planar to one
another in all the complexes (Figure SI 7-10). In complexes Ru-1 and
Ru-3, the two moieties are tilted away from each other at a dihedral
angle of 5.33° and 33.08°, respectively. In Ru-3 the phenyl rings in the
bridging ligand are twisted away from the mean plane of whole brid-
ging ligand at an angle of 47.01 °, as a result of steric interactions be-
tween imine protons and proximate protons on the biphenyl spacer. In
addition, the two phenyl rings are twisted in opposite direction to one
another at an average angle of 30.27°. This is attributed to steric in-
teractions between the proximate hydrogen atoms on the phenyl rings
[41]. These angles are shown in Figures SI 11 and 12.

In Ru-2 the phenyl spacer binds the two 9-atomic Ru-a,a’-diimine
moieties in way that their planes are parallel but separated by a minute
separation distance of 0.446 A. The minute separation distance is
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—\ 4+ 3+ 2+
P-CYMENE OH, P-CYMENE OH, P-CY]YENE OH
. pKa, pKa, /
Ru—L—Ru +OH/H -—> Ru—L—Ru +OH/H" <—> Ru—L—Ru
H,0 -CYMENE HO CYMENE HO P-CYMENE

Scheme 1. Stepwise deprotonation of the aqua ligands in complexes Ru-1-Ru-3.

4+
P-CYMENE OH, P-CYMENE
/ pKa,;
Ru—L—Ru +20H/H _— =
H,0 \P-CYMENE HO

attributed to high rigidity of the bridging ligand therein [16]. The
phenyl spacer in Ru-2 lies out of the plane of the whole bridging ligand
at an angle of 46.26° because of steric interactions of hydrogen atoms
on the spacer and that of imine groups [41]. The crystal structure of the
chlorido analogue of Ru-2 exhibit similar structural behavior [18].

The two planes in Ru-4 are parallel to one another with a huge
separation distance of 5.473 A (Figure SI 10). This humongous se-
paration distance is attributed to the high flexibility of the ligand
therein. The bridging ligand in Ru-4 form two V-shaped curvatures of
average angle of 112.18° as shown in Fig. 5. This is attributed to the
presence of methylene groups which enhances the flexibility of the
bridging ligand.

The Ru-N1 bond length is invariant across the complexes, denoting
that the spacer does not affect electronic distribution in the pyridyl
moieties of the complexes. Similarly for their mononuclear congeners,
the Ru-N1 bond length remained invariant (refer to Table SI 9). On the
contrary, the linker influences the Ru-N2 and Ru-OH; bond lengths. The
shortening of Ru-N2 and elongation of Ru-OH, bond from Ru-1 to Ru-4,
shows progressive increase in the o-donor ability of the spacers [9]. The
Ru-OH; bonds in the mononuclear complexes are slightly longer than in
the binuclear complexes. Unlike in the mononuclear complexes, the
electron density of the bridging ligand is shared between the metal
centres of the binuclear complexes. As a result, the repulsion of electron

[ ,

LUMO

3.266 eV

3.017eV

7Ru-1 Ru-2

ok

Scheme 2. Simultaneous deprotonation of the
aqua ligands in complex Ru-4.

/oﬂ 2+

Ru—L—Ru

- CYMENE

Table 2
Key computational data for the optimized complexes.

Complex Ru-1 Ru-2 Ru-3 Ru-4

HOMO-LUMO energies / eV

HOMO -7.335 -7.038 -6.885 —7.129
LUMO -4.318 -3.772 —3.598 —3.409
AEpomMo-Lumo 3.017 3.266 3.287 3.720
Chemical hardness () / eV 1.509 1.633 1.644 1.860
Chemical softness (o) / eV ™! 0.663 0.612 0.608 0.538
Electrophilicity index (w) / Ev 11.252  8.945 8.358 7.463
Hirshfeld charge (Ru) 0.128 0.121 0.117 0.109
Bond Length / A
Ru-N2 2.146 2.090 2.088 2.083
Ru-N1 2.076 2.077 2.077 2.078
Ru-OH, 2.148 2.152 2.154 2.157
Ru-Ru 5.314 8.783 12.873
Diimine moiety planes separation / A - 0.446 - 5.473
Dihedral angle of diimine moiety planes 5.33 - 33.08 -

P

clouds between the metal centre and the aqua ligand is higher in the
mononuclear complexes [33]. This is supported by the lower atomic
charges on the ruthenium metal centers. As an example, the charge on
ruthenium metal centre in Ru-1 is 0.128 compared to 0.102 on the

3.720eV
3.287eV

Ru-3 Ru-4

Fig. 3. Geometry optimized structures, frontier orbitals and their respective energy gaps for the studied complexes.
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Fig. 4. DFT-optimized structure showing numbering of the nitrogen atoms in
the complexes.

Fig. 5. Geometry optimized structure of Ru-4 showing the V-shaped curvatures.

metal centre of its mononuclear analogue.

Inspection of the quantum chemical descriptors documented in
Table 2, show that the LUMO energy shifts proportionately to more
positive values as the linker is varied from 2-pyridyl aldazine to p-xy-
lenebis(picoline)aldimine. Likewise, from Ru-1 to Ru-4, the HOMO-
LUMO gap increase with concomitant decrease in the electrophilicity
indices of the complexes and localized charge on the ruthenium atoms
(refer to the trend in the Hirshfeld charges). The increase in chemical
hardness/decrease in chemical softness from Ru-1 to Ru-4, point out to
an increase in the stability of the complexes as the bridging ligand is
varied from 2-pyridylaldazine to p-xylenebis(picoline)aldimine [42]. As
documented in Table SI 9, the quantum chemical descriptors in the
mononuclear complexes followed the same trend as the binuclear
complexes, differing only on their magnitude. The energy gap between
the frontier molecular orbitals is larger in the mononuclear complexes
compared to the binuclear complexes thus making the former set of
complexes more stable [42]. Consequently, they are predicted to be less
reactive than the binuclear complexes. This further supported by their
lower global electrophilicty indices and chemical softness and higher
chemical hardness [13,29,42]. Similar observations have been made on
platinum(II) complexes [13].
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Fig. 6. Ultraviolet—visible spectra for the reaction of Ru-4 (0.17 mM) with Dmtu

(34.2 mM) at 298 K, pH = 2.0, I = 0.1 M HCIO4/NaClO,. Inset: A kinetic trace
obtained at A = 380 nm.

3.3. Kinetic results

The rate of displacement of the coordinated aqua ligands in the four
complexes were investigated using thiourea based nucleophiles of
varied steric demands under pseudo-first order conditions. The sub-
stitution reactions were monitored spectrophotometrically by following
change in absorbance of the spectra at a selected wavelength as a
function of time. Typical spectra obtained for the reaction of Ru-4 with
Dmtu at 25 °C is shown Fig. 6.

The kinetic traces taken at the suitable wavelength were fitted into a
single exponential decay standard function to generate pseudo-first
order rate constants (kops) using equation (i) [43].

A=A, + (Ao - Aw) eXp(_kobst) @)

where; A, = absorbance at the initiation of the reaction,
A; = absorbance at time t, and A.. = absorbance at the end of the
reaction.

The kqs values obtained were plotted against nucleophile con-
centrations. A linear dependence of ks on the nucleophile concentra-
tion was exhibited by all the reactions of the complexes. The intercept
of all the plots was zero, indicating the absence of reverse or solvolysis
reaction. A collection of k., values and respective nucleophile con-
centrations are presented in the Supplementary Information (Tables SI
1-4). Typical plots of k,ps versus nucleophile concentration obtained for
Ru-4 is shown in Fig. 7. Additional plots are presented in the
Supplementary Information (Figures SI 1-2). The second order rate
constant (k) for the reactions was obtained from the slopes of the plots.
The values obtained are tabulated in Table 3. All the concentration
dependent substitution reactions can be described by the equation (ii).

kops = ky [Nucleophile] (i)

To determine the thermodynamic parameters of the substitution
process, the reaction temperature was varied systematically from 25 °C
to 45 °C at an interval of 5 °C and the respective temperature dependent
ks calculated. The In(k,/T) values obtained were plotted as a function of
1/T. Activation enthalpy (AH™) and entropy (AS™) were calculated
from the slope and the y-intercept, respectively using the Eyring
equation (iii) [43].

In(k/T) = —AH#*/RT + (23.78 + AS#/R) (iii)

Typical Eyring plots obtained for Ru-4 are shown in Fig. 8 and the
values of AH™ and AS™ obtained are given in Table 3. Additional
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Fig. 7. Dependence of pseudo-first order rate constant (kops) on the con-

centration of thiourea nucleophiles for the substitution of the aqua ligands in
Ru-4 at 25 °C, pH = 2.0, 1 = 0.1 M HClO,/NaClO,.

Table 3
Summary of second order rate constants (ks) at 25 °C and activation parameters.

Complex Nu ks /103 M~ 157! AH™ /kJmol ! AS™ /Jmol 'K ™!
Ru-1 Tu 842 * 0.8 59 * 2 -68 = 7
Dmtu  60.8 * 0.5 57 = 1 -77 * 4
Tmtu 16.3 + 0.4 64 = 1 -65 = 4
Ru-2 Tu 2.20 = 0.03 60 = 2 -95 = 5
Dmtu  2.89 * 0.04 59 * 2 -97 £ 5
Tmtu 1.21 + 0.01 66 *+ 2 -78 = 5
Ru-3 Tu 4.99 + 0.03 62 * 2 -80 = 5
Dmtu  5.41 * 0.05 66 * 1 -68 * 4
Tmtu 1.72 + 0.03 70 = 2 -62 = 5
Ru-4 Tu 26.4 = 0.1 59 + 2 -69 + 8
Dmtu  22.0 * 0.2 63 = 2 -64 £ 5
Tmtu 4.21 * 0.04 78 = 2 -29 = 5
q = TU
7.5 e DMTU
. A TMTU
-8.0
-8.5 <
—~ -9.0
= )
o
E -9.5
-10.0
-10.5
-11.0
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Fig. 8. Eyring plots for the reaction of Ru-4 with thiourea nucleophiles in the
range 25-45 °C, pH = 2.0, I = 0.1 M HCIO4/NaClOy,

Eyring plots and values of In(k,/T) and respective 1/T are presented in
the Supplementary Information (Figure SI 3-4 and Table SI 5-8).

4. Discussion

In this study, the effect of a,a’-diimine-based bridging ligands on the
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reactivity of low-spin d°® binuclear ruthenium(i) para-cymene com-
plexes was investigated. The bridging ligand binds the metal centres
forming two 5-membered stable chelate rings. The electron donating
aliphatic substituents on the para-cymene ligand fortify the Ru-para-
cymene bonds, making the para-cymene ligand unfavorable to sub-
stitution [44]. In all the complexes, a single substitution step was ob-
served, indicating that the two coordinated aqua ligands were si-
multaneously displaced by the thiourea nucleophiles. With Tu as the
entering group, the k; values decreased in the order; Ru-1
0084 M~ 's™ > Ru4 (0026 M 's™) > Ru3
(0.005 M~'s™1 > Ru-2 (0.002 M~ 's™!). Similarly, the other two
nucleophiles followed the same trend. The differences in reactivity
observed is attributed to stereo-electronic properties brought about by
the coordinated bridging ligand.

A comparison of reactivity referenced to Ru-1 shows that this
complex is at least 3 times more reactive than the other complexes. This
is attributed to its strong m-acceptor 2-pyridylaldazine bridging ligand
[16,45]. This is evident from the computational results which show that
the frontier molecular orbitals are well stabilized and the energy gap
between them is narrower compared to the rest of the complexes.
Therefore, Ru-1 is more electrophilic due to effective st-back-donation
from the dr orbitals largely based on metal ion to the stabilized w*
orbital of the bridging ligand [21]. Moreover, the short Ru-Ru inter-
metallic distance (5.314 A) in Ru-1 promotes effective electronic
communication between the metal centres, thus strengthening the -
back-bonding effects through enhanced electron density delocalization
[45]. The metal centres are thus deprived of electron density making
them more positively charged as shown by a large Hirshfeld charge of
0.128. This makes them more attractive for facile nucleophilic attack.
The low pKa values in Ru-1, documented corroborate this argument,
refer to Table 1.

When spacers; phenyl (Ru-2), biphenyl (Ru-3) and xylyl (Ru-4) are
placed between a,a’-diimine moieties, the complexes become progres-
sively less electrophilic because of destabilization of the LUMO orbitals
with concomitant widening of the HOMO-LUMO energy gap [46]. This
reduces the ability of the bridging ligand to withdraw electrons from
the metal centres as indicated by the diminution of the local charges on
the metal centres from Ru-1 to Ru-4. As shown by the modelled
structures, the bridging ligands in Ru-2, Ru-3 and Ru-4 are distorted.
For instance; the phenyl ring(s) in Ru-2 and Ru-3 are twisted out of the
mean plane of the bridging ligand at a dihedral angles of 46.26° and
47.01°, respectively. These distortions further compromise the m-ac-
ceptor abilities of the bridging ligands, hence reducing the electro-
philicity of the complexes [47].

The observed differences in quantum chemical descriptors as the
linker is varied is validated by preceding studies utilizing these ligands
[16,48]. Characteristic metal to ligand charge transfer (g — 7*) bands
show a hypsochromic shift as the bridging ligand is changed from 2-
pyridylaldazine (Ru-1) to p-xylenebis(picoline)aldimine (Ru-4). This
signals an increase in the HOMO-LUMO gap and therefore the energy
required to effect electronic promotion increases accordingly. Likewise,
the reduction potentials of related complexes show a consistent shift to
more negative values as the ligand is varied from 2-pyridylaldazine to
p-xylene-bis(picoline)aldimine as result of the destabilization of the wt*
LUMO orbitals. Therefore, the electron withdrawing ability of the li-
gands decreases from 2-pyridylaldazine to p-xylenebis(picoline)aldi-
mine. This would lead the reactivity to decrease from Ru-2 to Ru-4.
However, the opposite trend was observed and this is due to a pro-
gressive decrease in steric hindrance in the vicinity of the metal centres
as the bridging ligand is varied from p-phenylenebis(picoline)aldimine
to p-xylenebis(picoline)aldimine [8,49]. A change of the bridge from
Ru-2 to Ru-4 restricts the metal centres of the latter complexes to
geometric orientations that reduce the steric congestion around the
metal centres. This is demonstrated by the variance in the non-planarity
topography of the two Ru-a,a’-diimine moieties for the complexes. The
metal centres in Ru-2 are the most sterically hindered by the bridging
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ligand and the arene groups. This is due to its relatively short Ru-Ru
intermetallic distance (8.783 A) and the limited ability of the bridging
ligand to rotate as shown by the minute inter-plane distance (0.446 A)
between the planes of the Ru-a,a’-diimine moiety [32]. As the spacer is
changed from phenyl (Ru-2) to biphenyl (Ru-3), the distance between
the metal centres increases of the latter to 12.873 A and the flexibility
of the bridging ligand slightly increases [50]. This causes the two Ru-
a,a’-diimine moieties to tilt away from each other at a dihedral angle of
33.08°. As a result, the steric hindrance around the metal centres is
alleviated, making the metal centres more exposed for nucleophilic
attack.

When compared to Ru-2 and Ru-3, incoming nucleophiles experi-
ence less steric hindrance in attacking the metal centres in Ru-1. This is
because of the absence of a spacer between the azine nitrogen atoms in
Ru-1 unlike in Ru-2 and Ru-3. Importantly, Ru-1 has a rotational
freedom around the N—N single bond that further alleviates possible
steric hindrance, while in Ru-2 and Ru-3 such possibility is minimal due
to increased rigidity of the bridging ligands therein [18].

In Ru-4, due to the high flexibility of the bridging ligand, the metal
centres are aligned along two parallel vectors resulting in a large se-
paration distance (5.473 [o\) between the planes of the Ru-a,a’-diimine
moieties. This significantly reduces the steric shielding around the
metal centres, making them more accessible for nucleophilic attack.
Furthermore, its optimized structure (Fig. 5) suggest a solvent assisted
entrapment of the incoming nucleophiles through the cage effect at its
proximate V-shaped cavities [51]. The entrapped molecules promote
effective collisions with the metal centres thereby enhancing the re-
activity of the complex. The cage effect has been reported to enhance
the reactivity of binuclear platinum complexes [8,9].

A look at the Ru-OH, bond lengths show an increasing trend from
Ru-1 to Ru-4. Contrary to this, is the variation in the Hirshfeld charges
on the metal centres which show a decreasing trend. Both trends are
due to progressive increase in electron density at the metal centres
through inductive donation from the spacers [33]. Therefore, the trans-
influence of the xylyl spacer as depicted by the elongated Ru-OH, bond
and the markedly low atomic charge on the ruthenium centres in Ru-4
makes the substitution of the aqua ligands in Ru-4 easier compared to
Ru-3 and Ru-2 [8,33].

Further, the trend of reactivity for these binuclear complexes is in
agreement with those reported from other studies which have shown
that increase in steric hindrance caused by the chelating ligand de-
crease the reactivity of arene ruthenium(II) complexes [14,52,53].

It is expected that, the reactivity of the three nucleophiles should
follow the trend Tu > Dmtu > Tmtu due to increasing bulkiness of
the nucleophiles. However, in Ru-2 and Ru-3, the more sterically hin-
dered Dmtu reacts faster that Tu. This is due to inductive effect brought
about by the two methyl substituents in Dmtu which donate electron
density to the sulfur atom increasing the nucleophilicity of the nu-
cleophile [21,54]. For Tmtu, the four methyl substituents retards its
approach towards the metal centres, causing a transition state desta-
bilization leading to high activation enthalpy which slows down the
reactivity [55].

The negative values of AS™ and the low positive values of AH™
suggest an associative mechanism of activation [43]. The negative ac-
tivation entropy also imply a more ordered transition state compared to
the starting conditions and the final products [56]. An associative
mechanism of activation has also been reported in other arene-based
ruthenium(II) complexes [14,52,57].

5. Conclusions

The present study has demonstrated that the reactivity of binuclear
ruthenium(Il) p-cymene complexes with a,a’-diimine bridging ligands
is controlled by the inherent steric and electronic factors associated
with the bridging ligand. The high reactivity in Ru-1 compared to the
other complexes is ascribed to the strong m-acceptor properties of 2-
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pyridylaldazine bridging ligand which enhances the electrophilicity of
the complex, hence making the metal centres more attractive for facile
nucleophilic attack. The other complexes have electron donor spacers
between the azine nitrogen atoms of their bridging ligands which
compromise their m-acceptor properties, thus lowering their electro-
philicity. This is supported by the computational results which indicate
that the HOMO-LUMO gap and chemical hardness are least in Ru-1 and
increase progressively from Ru-2 to Ru-4. Furthermore, the coordinated
aqua ligands in Ru-1 are the most acidic as indicated by the lowest
stepwise pKa values. Therefore, the metal centres in Ru-1 are more
attractive for nucleophilic attack than in the other complexes. In
complexes Ru-2, Ru-3 and Ru-4, the reactivity is inversely correlated to
the steric hindrance in the vicinity of the metal centres. Increased
flexibility of the ligand reduces steric congestion around the metal
centre hence increasing the reactivity of the complexes. In Ru-4, the
presence of the two V-shaped curvatures proximate to the metal centres
facilitate entrapment of the incoming nucleophile through the cage
effect, leading to more effective collisions with the metal centres. The
reactions proceed through an associative mechanism.
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