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dine, 1; 4-(4-methylphenyl)-2,2":6',2"-terpyridine, 2; 4,4'4"-tri-tert-

butyl-2,2":6',2"'-terpyridine, 3; 4'-(4-chlorophenyl)-2,2':6/,2"-terpyri- ~ KEYWORDS

dine, 4; 4-chloro-2,2":6',2"-terpyridine, 5 and 2,6-bis(2-pyrazolyl)- ~ Cisreffect; kinetics;

pyridine, 6), by thiourea nucleophiles was investigated under :?hemu.m(")" substitution;
: " . . iourea; trans-effect

pseudo-first-order conditions in methanol as a function of nucleo-

phile concentration and temperature. The chloro ligands were

substituted in two steps and the reactivity trend was 4>5 >

2>1 > 6. Complexes 2 and 3 having donor substituents on the

2,2":6',2""-terpyridine backbone experience a trans-effect making

them more reactive than 1. Complexes 4 and 5 are more reactive

than 1 due to enhanced m-back-bonding brought about by elec-

tron-withdrawing substituents on their 2,2":6/,2"-terpyridine back-

bones. The reactivity of 4 is higher than 5 due to greater electron

acceptor-ability of the chlorophenyl substituent than the chloro

substituent in 5. The 2,6-bis(pyrazolyl)pyridine ligand in 6 retards

the reactivity of the complex compared to 1 due to the cis-donor

effect of the pyrazole. The reactivity of the complexes is associa-

tive for all nucleophiles in step one and only thiourea in step

two. The substitution reactions proceed by a steady changeover

from an associative interchange mechanism (/,) to a dissociative

interchange (l5) mechanism on increasing steric hindrance.
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1. Introduction

The coordination chemistry of Ru(ll) has been a focus due to its versatile applications,
particularly in the area of DNA intercalation and protein binding [1]. Tridentate ligands
such as 2,2":6',2"-terpyridine (tpy) and its derivatives have been used extensively by
Metcalfe et al. in the synthesis of Ru complexes [2]. The tpy ligand and its derivatives
have been widely studied as chelating ligands because they form strong c-bonds with
metals forming complexes with many applications [3]. The tpy type ligands have also
shown cytotoxicity against several human tumor cell lines [4]. A number of complexes
incorporating these ligands have been reported to interact with DNA through electro-
static interaction, intercalation, and groove binding [5].

Many Ru(tpy) complexes are potent DNA intercalators. For example, the activity of
tpyRu(ll)Cl; against L1210 leukemia cells compares favorably to that of cisplatin [6].
The physical and chemical properties and DNA binding capacity of Ru(tpy) complexes
and hence their interaction with DNA can be varied by the introduction of different
substituents on the tpy ligand [7]. Turro and coworkers reported DNA photo-cleavage
by Ru(tpy)-3-(pyrid-2-yl)dipyrido(3,2,-a:2’,3'-c)phenazine in the presence of oxygen [8].
The substituent ensured favorable intercalating interactions by the planar groups at
the sites of DNA cleavage. Complexes incorporating tpy and N-N bidentate ligands
like [Ru(tpy)(bipyridine)0]*" and Ru(tpy)(bipyridine)OH]*" were also found to be effi-
cient DNA photocleaving agents [9]. The DNA cleavage of [Ru(tpy)N,N,N,N-
tetramethylenediamine)OH,]*" was also confirmed by cyclic voltammetry [10-12].

The complexes [Ru(i-L)(PPh3),-ClI" (L=tpy or 2,4,6-tris(2-pyridyl)-1,3,5-triazine
ligands) have been reported to have bio-catalytic properties [13]. Replacement of one
of the triphenyl phosphine ligands by a chloro ligand gave Ru(ll) complexes, [Ru(i>-
L)(PPhs)Cl,] (L=tpy or 2,4,6-tris(2-pyridyl)-1,3,5-triazine ligands) which lowers the steric
hindrance and increases DNA binding [1]. Data on the biochemical interactions of
[Ru(K3-L)(PPh3)2-CI]+ and similar complexes cover mainly their binding interaction with
DNA yet potential anticancer metal complexes interact with all sorts of bio-nucleo-
philes in a biological environment. Investigating the reactivity of the compounds with
biomolecules helps in understanding their behavior in biological systems.
Understanding their stability, the nature of interactions and the general desire to
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Figure 1. Chemical structure of the neutral ruthenium(ll) complexes studied.

investigate the role played by varying the nature of substituents attached at the
4-position of the tpy ligand on the rate of chloro substitution reactions from the neu-
tral Ru(ll) complexes motivated this study. The general formula of the compounds of
interest is [Ru(k>-L)(PPh3)Cly] (where L=2,2":6/,2"-terpyridine, 1; 4'-(4-methylphenyl)-
2,2":6',2"-terpyridine, 2; 4,4'4"-tri-tert-butyl-2,2":6',2"-terpyridine, 3; 4’-(4-chlorophenyl)-
2,2":6',2"-terpyridine, 4; 4-chloro-2,2":6/,2"-terpyridine, 5 and 2,6-bis(2-pyrazolyl)pyri-
dine, 6). The chemical structures of the complexes investigated are shown in Figure 1.
Neutral thiourea-based nucleophiles of different steric properties were used, thiourea
(TU), 1,3-dimethylthiourea (DMTU) and 1,1,3,3-tetramethylthiourea (TMTU).

Information on the rate of substitution of potential anticancer agents is important
to infer their interactions with biological nucleophiles. In addition to the experimental
studies, computational studies were performed using Gaussian 09 W program suite to
gain insight into the stereo-electronic properties of the complexes.

2, Experimental
2.1. Materials

Solvents and other reagents such as 2,2":6/,2"-terpyridine, 4’-(4-methylphenyl)-2
2.6/, 2"-terpyridine,4,4'4"-tri-tert-butyl-2,2:6',2"-terpyridine, ~ 4’-(4-chlorophenyl)-2,2":¢’,
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2"-terpyridine, 4-chloro-2,2":6',2"-terpyridine, 2,6-bis(2-pyrazolyl)pyridineandtris(triphe-
nylphosphine)-Ru(ll)dichloride were purchased from Sigma Aldrich and used as received.

2.2. Syntheses of the complexes

The syntheses of the complexes were carried out according to a modified standard
literature method [1, 14].

Dichloro(2,2':6',2"-terpyridine)(triphenylphosphino)ruthenium(ll)  (1). 2,2":.6',2"-
Terpyridine  (46.65mg, 0.2mmol) and tris(triphenylphosphine)Ru(ll)dichloride
(191.77 mg, 0.2 mmol) were mixed in 30 mL of benzene and the mixture heated under
reflux for 6 h. After cooling to room temperature, the precipitate was collected by fil-
tration, washed several times with cold benzene and diethyl ether then dried under
vacuum. Yield: 90.11mg (67.5%), brown solid. "H NMR (400 MHz, DMF-d;, ppm):
0=9.51 (d, 2H); 8.44 (m, 2H); 8.07 (t, 2H); 7.80 (m, 1H); 7.72 (t, 2H); 7.54 (m, 8H); 7.39
(m, 9H). *'P NMR (400 MHz, DMF-d;, ppm): 6=41.18. ">*C NMR (400 MHz, DMF-d,
ppm): 6 =121.98, 126.36, 128.39, 132.77, 135.90, 154.49, 159.93. TOF MS-ES", m/z: 632
[(M-CINT™, 710 {[(M-CIN1" + DMSO}. Anal. Calcd for C33Hy6CloN3PRu-2.5H,0 (%): C,
55.62; N, 5.90; H, 4.39. Found: C, 55.64; N, 5.99; H, 4.17.

Dichloro(4'-(4-methylphenyl)-2,2":6/,2"-terpyridine)(triphenylphosphino)ruthenium
(I1) (2). Complex 2 was synthesized in the same way as 1 using 4'-(4-methylphenyl)-
2,2":6',2"-terpyridine (64.67 mg, 0.2mmol) and tris(triphenylphosphine)Ru(ll)dichloride
(191.77 mg, 0.2 mmol). Yield: 109.86 mg (72.5%), red-brown solid. '"H NMR (400 MHz,
DMF-d;, ppm): 6=9.36 (d, 2H); 8.67 (m, 2H); 8.51 (d, 2H); 8.41 (s, 2H); 7.94 (m, 9H);
7.58 (t, 2H); 7.43 (t, 6H); 2.47 (s, 3H). >'P NMR (400 MHz, DMF-d,, ppm): d =40.67. '3C
NMR (400 MHz, DMF-d;, ppm): 6 =20.51, 119.51, 122.31, 126.18, 127.35, 127.7, 129.05,
129.84, 132.37, 132.7, 132.96, 134.92, 135.7, 139.19, 143.25, 154.37, 159.86. TOF MS-
ESY, m/z 722 [(M-CI)]Y, 800 {[(M-CIN1" + DMSO}. Anal. Caled for
CaoH32C1,NsPRU-2H,0 (%): C, 60.52; N, 5.29; H, 4.57. Found: C, 60.13; N, 5.29; H, 4.46.

Dichloro(triphenylphosphino)(4,4',4"-tri-tert-butyl-2,2':6',2" terpyridine)ruthenium
(I (3). Complex 3 was synthesized in the same way as 1 using 4,4’,4"-tri-tert-butyl-
2,2":6',2"-terpyridine (80.31 mg, 0.2mmol) and tris(triphenylphosphine)Ru(ll)dichloride
(191.77 mg, 0.2 mmol). Yield: 104.48 mg (62.5%), red solid. '"H NMR (400 MHz, DMF-d-,
ppm): 6=9.16 (d, 2H); 8.85 (d, 2H); 8.24 (s, 2H); 7.52 (d, 9H); 7.28 (m, 3H); 7.14 (t, 2H);
1.38 (m, 27H). *'P NMR (400 MHz, DMF-d;, ppm): 6 =43.71. '3*C NMR (400 MHz, DMF-
d;, ppm): 6 =29.47, 34.61, 119.30, 123.01, 127.61, 128.66, 132.83, 153.74, 155.69, 159.5,
165.03. TOF MS-ES*, m/z: 835 (M™). Anal. Calcd for C4sHsoCLLNsPRu (%): C, 64.66; N,
5.03; H, 6.03. Found: C, 64.51; N, 5.14; H, 6.33.

Dichloro(4'-(4-chlorophenyl)-2,2':6’,2"-terpyridine)(triphenylphosphino)ruthenium
(1) (4). Complex 4 was synthesized in the same way as 1 using 4’-(4-chlorophenyl)-
2,2":6',2"-terpyridine (68.76 mg, 0.2mmol) and tris(triphenylphosphine)Ru(ll)dichloride
(191.77 mg, 0.2 mmol). Yield: 109.71 mg (70.5%), red solid. "H NMR (400 MHz, DMF-d,
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ppm): 0 =9.55 (d, 2H); 8.67 (d, 2H); 8.61 (s, 2H); 8.30 (d, 2H); 8.11 (m, 2H); 7.86 (t, 2H);
7.76 (t, 2H); 7.59 (m, 6H); 7.38 (m, 9H). *'P NMR (400 MHz, DMF-d,, ppm): é = 40.29.
3C NMR (400 MHz, DMF-d,, ppm): 6 =119.79, 122.53, 126.44, 127.97, 129.34, 132.85,
134.62, 135.92, 136.82, 141.80, 154.52, 160.07. TOFMS-ES™, m/z: 742 [M*], 820 [M" +
DMSO]. Anal. Calcd for C3oH,5ClsNsPRuU (%): C, 60.20; N, 5.40; H, 3.76. Found: C, 59.90;
N, 5.31; H, 4.15.

Dichloro(4-chloro-2,2':6’,2"-Terpyridine)(triphenylphosphino)ruthenium(il) (5).
Complex 5 was synthesized in the same way as 1 using 4-chloro-2,2":6/,2"-terpyridine
(53.54 mg, 0.2 mmol) and tris(triphenylphosphine)Ru(ll)dichloride (191.77 mg, 0.2 mmol).
Yield: 83.67 mg (59.6%), red solid. "H NMR (400 MHz, DMF-d;, ppm): 6=9.39 (d, 2H);
8.40 (d, 2H); 8.29 (s, 2H); 7.96 (t, 2H); 7.63 (t, 6H); 7.42 (m, 9H); 7.29 (m, 2H). >'P NMR
(400 MHz, DMF-d;, ppm): d=39.39. '>*C NMR (400 MHz, DMF-d;, ppm): &= 122.40,
126.80, 127.89, 132.91, 135.93, 137.06, 154.42, 158.74, 160.96. TOF MS-ES*, m/z: 703
(M™1). Anal. Caled for C33H,5ClsN3PRu (%): C, 56.46; N, 5.99; H, 3.59. Found: C, 56.80; N,
6.33; H, 3.20.

Dichloro(2,6-bis(2-pyrazolyl)pyridine)(triphenylphosphino)ruthenium(ll) (6).
Complex 6 was synthesized in the same way as 1 using 2,6-bis(2-pyrazolyl)pyridine
(42.64 mg, 0.2 mmol) and tris(triphenylphosphine)Ru(ll)dichloride (191.77 mg, 0.2 mmol).
Yield: 56.07 mg (43.3%), yellow solid. '"H NMR (400 MHz, DMF-d,, ppm): 6=9.79 (d,
1H); 9.02 (m, 4H); 7.95 (m, 9H); 7.69 (m, 2H); 7.43 (m, 6H); 6.36 (m, 2H). 3'P NMR
(400 MHz, DMF-d;, ppm): 6 =50.34. '>*C NMR (400 MHz, DMF-d;, ppm): 6= 106.61,
110.33, 128.42, 130.13, 132.75, 137.51, 162.27. TOF MS-ES", m/z: 610 [(M-CI")]". Anal.
Calcd for CygH56CIoNsPRU (%): C, 53.96; N, 10.85; H, 4.05. Found: C, 53.80; N, 10.84;
H, 3.90.

All the complexes gave 'H, 3'P, and '>C NMR spectra corresponding to the pro-
posed structures and elemental analysis data consistent with their formulations. Mass
spectrometric data gave peaks corresponding to the masses of the complexes. The
NMR and MS spectra are placed in the Supporting Information (Figures S1-524).

2.3. Instrumentation and measurements

NMR spectra were recorded on a Bruker Avance DPX 400 MHz Spectrophotometer at
303K using Si(CHs3), as a reference. Low resolution electron spray ionization (ESI")
mass spectra were recorded on the Waters Micromass LCT Premier Spectrometer or
Shimadzu LCMS 2020. Elemental analyses were done on a ThermoScientific Flash 2000
elemental analyser. Kinetic measurements for fast reactions were performed on an
Applied Photophysics SX20 Stopped Flow instrument coupled with an online data
acquisition system whose temperature is controlled within +0.1°C. The slow reactions
were monitored using a Varian Cary 100 Bio Ultraviolet-Visible Spectrophotometer
with an attached Varian Peltier temperature controller and online kinetic application.
The Ultraviolet-Visible Spectrophotometer was also used to pre-determine the wave-
lengths at which the reactions were monitored.
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2.4. Kinetic measurements

The rate of substitution was measured under pseudo-first-order conditions. Kinetic sol-
utions were prepared by dissolving the required amount of complex in 0.1 M ionic
solution consisting of 0.01 M LiCl and 0.09 M NaClO, in dry methanol to achieve a spe-
cific concentration. The chloride from LiCl suppressed any possibility of solvolysis of
the complexes. The perchlorate ion is a poor nucleophile and cannot competitively
substitute the co-labile ligand ahead of the incoming thiourea ligands [15].
Nucleophile stock solutions were prepared at 100 times higher than the concentration
of the respective complex and diluted to afford concentrations of 80, 60, 40, and 20
times. Equal volumes of nucleophile and metal compound solutions are mixed and
the change in absorbance with time of the solution mixture studied. The reaction
comes to an end when the absorbance no longer changes with time. The time taken
for absorbance versus time curve to flatten which is obtainable from the OriginPro 9.1
software gives the time the reaction takes to come to an end. The inverse of the
time(s) taken to complete a reaction gives the observed rate constant.

2.5. Computational modelling

Computations were done by Density Functional Theory (DFT) run on Gaussian 09 suite
of programs [16]. The structures were optimized using the hybrid Becke, 3-parameter,
Lee-Young-Parr method of Los Alamos National Laboratory 2 double { basis sets hav-
ing inner core electrons of the Ru replaced by relativistic effective core potential [17].
DFT applies to physically observable electron density over a wave function in deter-
mination 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 ([Ar13d'%) in Ru [18]. To take into account of the solvent effects, the com-
plexes were fully optimized in methanol using the conductor polarizable continuum
model [19]. The singlet state was used due to the low electronic spin state of the
Ru(ll) complexes. The chemical potential (1) and molecular hardness (1) for each struc-
ture were calculated from the HOMO and LUMO energies. The global electrophilicity
indices (w) were determined by the relationship w = u2/217 [20]. The charge on each
atom is expressed as natural bond orbitals (NBO) [21].

3. Results
3.1. Computational results

DFT calculated quantities (Table 1) have been used to explain kinetic behavior [22].
For example, electronic chemical potential, 1, chemical hardness, 1, and electrophilicity
index, w, have been used to support observed trends in the rates of substitution reac-
tions [23]. In this study, calculations and optimization were carried out to gain infor-
mation on the electronic and structural properties of the complexes. The DFT
optimized structures of the complexes are shown in Table 2 and a summary of
selected DFT results are presented in Table 1. The DFT calculated frontier molecular
orbitals (Table 2) show that the HOMO is located mainly on Ru and partially on the
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Table 1. Summary of DFT calculated data for the complexes investigated.

Parameters 1 2 3 4 5 6
Distances (A)

Ru22-CI23 2.58 2.59 2.59 2.59 2.57 2.56
Ru22-CI25 2.56 2.55 2.56 248 2.55 2.56
Ru22-N39 1.97 1.97 1.97 1.97 1.96 1.99
Ru22-N40 2.10 2.10 2.10 2.10 2.10 2.10
Ru22-N41 2.10 2.10 2.10 2.10 2.10 2.10
Angles (°)

N41-Ru22-N40 159.2 159.0 158.6 159.1 159.1 157.9
N40-Ru22-N39 79.8 79.7 79.5 79.8 79.8 793
CI23-Ru22-Cl25 89.4 89.7 89.7 89.3 89.4 90.2
NBO charges (eV)

Ru(22) 0.171 0.164 0.151 0.176 0.173 0.133
Orbital energy (eV)

HOMO -5.488 -5.471 -5.360 -5.525 -5.571 -5.620
LUMO -2.479 -2.514 -2.289 -2.568 -2.604 -2.180
AEqomo-Lumo 3.009 2.957 3.070 2.957 2.967 3.440
Global chemical reactivity indices

n (eV) 1.504 1.478 1.535 1.484 1.478 1.720
n (eV) -3.984 -3.992 -3.824 —-4.088 -4.047 -3.900
w (eV) 5.275 5.389 4763 5.633 5.539 4422

n: chemical hardness; Li: electronic chemical potential; w: electrophilicity index.

chloro ligands while the LUMO is on the N-N-N ligands as has also been observed
[24]. Figure 2 shows typical numbering of the atoms in the complexes.

The HOMO-LUMO energy gap has been used to predict kinetic stability and chem-
ical reactivity of the compounds. Compounds with wider energy gap (Table 1) are
likely to be kinetically stable and chemically less reactive [25]. The coordination geom-
etry about the Ru(ll) in these complexes (Figure 1) is distorted octahedral. The angle
N40-Ru22-N39 (79.8°) and N41-Ru22-N40 (159.2°) is smaller than the expected 90° and
180°, respectively. The CI23-Ru22-CI25 angle is 90° confirming that the chloro groups
are cis. The DFT calculated results in Table 1 are in agreement with the literature find-
ings on similar Ru(ll) complexes [26]. The DFT results reveal that the distances of the
axial nitrogens from Ru(ll) (Ru22-N39) are shorter than those of the equatorial ones
(Ru22-N40/41). This further attests to the distortion in the coordination geometry of
the Ru(ll) complexes.

3.2. Kinetic results

The rate of substitution of the chloro ligands was measured spectrophotometrically by
following the change in absorbance with time using an Ultraviolet-Visible
Spectrophotometer for slow reactions or a Stopped Flow spectrophotometer for fast
reactions. Spectral changes due to the reactions were observed from 200 to 800 nm to
establish a suitable wavelength at which the respective reaction for each metal com-
plex could be followed. All reactions were thermostated within + 0.1°C of the set
value. The changes in absorbance accompanying the reactions were analyzed graphic-
ally using OriginPro 9.1 software. Kinetic traces were taken at appropriate wavelength
and fitted to a single exponential decay standard function to generate pseudo-first
order rate constants (kops) USing equation (1):

Ar= Ao+ (Ao—Aw) exp (—kobst) (m
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Table 2. DFT Minimum energy structures and frontier molecular orbitals of the complexes.
Optimized structures HOMO LUMO
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Figure 2. Structure of 1 illustrating numbering of atoms and the spatial orientation of the ligands
around the Ru(ll) metal center.
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Figure 3. Absorbance spectra for the reaction of 4 and DMTU on the UV visible spectrophotometer
at 298K (inset is the kinetic trace obtained for the reaction at 317 nm).

where A, = absorbance at the commencement of the reaction, A; = absorbance at
time t, and A, = absorbance at the end of the reaction [15]. An example of such
spectral changes for the reaction of 4 with DMTU is shown in Figure 3.

The rate of nucleophilic attack by the thiourea nucleophiles was calculated from
the observed rate constant measured by varying the concentration of the nucleophile
at 25°C. The average values of the observed rate constant, Kops/opns, for the first or
second step of the reaction were plotted against [Nu]. Linear plots of kops/ons Versus
[Nu] were obtained for all reactions and typical plots are shown in Figure 4 for the
substitution reactions of 3 with the thiourea nucleophiles at 25 °C.

The slopes represent the second order rate constants, k, (a) and ko (b), respectively.
Other similar plots are placed in Supporting Information (Figures S25, S26, S28, S29,
S31, S33, S34, and S36). Tables of kopns/obs and respective nucleophile concentrations
are presented in Supporting Information (Tables S1, S2, S5, S6, S9, S10, S17, and 518).

3.3. Confirmation of substitution mechanism by *'P NMR

The *'P NMR spectra in Figure 5 illustrate the substitution from 2 by the thiourea
nucleophile. The *'P NMR spectrum of 2 before reaction shows a single chemical shift
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Figure 4. Plots of kops (a) and kops (b) vs. [Nu] for the reactions of 3 with the thiourea nucleo-
philes at 298 K.
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Figure 5. *'P NMR spectral array for the reaction of 2 with thiourea (TU).

at 40.85 ppm. On mixing the complex with TU, a new peak at 34.2 ppm appears within
2min with a concomitant disappearance of the 40.85 ppm resonance peak. The first
chloro substitution from 2 produced an intermediate coordinated with one chloro and
TU ligand. This intermediate reacts with another TU nucleophile at a much slower rate
as evidenced by a decrease in its resonance at 34.20 ppm and concomitant growing of
a resonance peak at 43.42ppm after 32min. This resonance is due to Ru(k>-
tptz)(PPh3)TU, [27]. The *'P NMR peak characteristic of the free triphenylphosphine lig-
and (Figure 6) was not observed during the course of the substitution reaction.

Based on the kinetic data and *'P NMR kinetics analysis, the proposed mechanism
of chloro substitution in the complexes under investigation is represented in
Scheme 1.

The rate constants were also measured from 25 to 45°C in increments of 5°C.
Graphs of Inky/»/T versus 1/T were plotted in accordance with the Eyring equation.
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Figure 6. 3'P NMR spectra for the free triphenylphosphine ligand.
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Scheme 1. Proposed mechanisms of substitution of the chloro ligands from the Ru(ll) complexes.

Typical Eyring plots are shown in Figure 7 for the reaction of 4 with the thiourea
nucleophiles.

Other Eyring plots are presented in Supporting Information Figures S27, S30, S32,
and S35. The tables of In(k,/T) and 1/T are provided in Supporting Information
Tables S3, S4, S7, S8, S15, S16, and S19. The enthalpy of activation (AH?) and entropy
of activation (AS”) were calculated from the slope and the intercept of the Eyring
plots, respectively. The rate constants (k,,») and activation parameters (AH”, AH'7,
AS*, and AS’*) for the first and second substitution steps are summarized in Tables 3
and 4.

4. Discussion

The stepwise substitutions of the chloro ligands follow the order 3>4 > 5>2 >
1> 6. The differences in the rate of substitution from all the complexes investigated
arise from the nature of substituents on the tpy backbone similar to what has been
reported for square planar Pt(ll) complexes [28]. In analyzing the results, a clear under-
standing of the role the substituent(s) on tpy ligand is very important because it
changes the electronic properties of the ligand, thereby influencing the reactivity of
the Ru(ll). Both m-back-bonding and o-trans effect have been found to control
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Figure 7. Eyring plots for the reactions of 4 with the thiourea nucleophiles.

reactivity of tpy-Pt(ll) complexes depending on the nature of the substituent(s)
attached on the tpy [28]. The o-trans-effect and m-back-bonding both alter the rate of
substitution in octahedral transition metal complexes [29].

Introduction of the electron-donating methylphenyl substituent [7] at the 4’-pos-
ition of the tpy ligand in 1 to form 2 and addition of the strongly electron-donating
tert-butyl substituents [28] at the 4'-trans and cis positions of 1 to form 3 results in
increased rate of substitution. The increase in the rate of substitution with the addition
of electron-donating substituents follows the order 1 <2 < 3. The oxidation potentials
of these complexes increased as follows: 0.98V (3) < 1.01V (2) < 1.02V (1) [30]. The
oxidation potentials inversely correlate to the electron-donating ability of the substitu-
ents on the ligands implying highest donation of electrons to Ru(ll) in 3 [30].

The trend in the rate of substitution increases in the same way as the electron
donor strength, indicating that the reactivity is driven by o-trans-effect where electron
density donated to Ru(ll) repels the electrons in the chloro ligand and thus weakening
the Ru-Cl bond resulting in increased reactivity. The strength of the trans-effect
increases from 1 to 3 in line with the trend in the reactivity. Evidence in support of
increase in electron donation going from 1 to 3 is further indicated by decrease in
DFT calculated NBO charges on the Ru metal center in the order 0.171 (1) > 0.164 (2)
> 0.151 (3), confirming that 3 is the least electrophilic. Further evidence of electron
donation in these complexes is seen in the raising of the HOMO energy as donor
effect increases (-5.488 (1) < —5.471 (2) < —5.360 (3)). It has been reported that
strong electron donors raise the HOMO energy [31-33]. The very high c-trans-effect in
3 results in unusually high reactivity compared to 1 and 2 which is due to donation of
electrons from both cis and trans positions. The trans-effect has been observed in a
number of studies [29].
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Table 3. Second order rate constants and activation parameters for the first substitution.

Complexes Nu ky / (M7 s7h AH” / (k) mol™) AS” / (Jmol™" K™

TU 19.9+03 56+2 -27+5

1 DMTU 174402 58+1 -22+2
T™MTU 9.7+0.2 67+3 3+7

TU 26.1+0.2 30+1 -116+3

) DMTU 23.5+0.2 3742 -96+5
T™MTU 13.8+0.1 58+4 -31+9

TU 384+04 28+1 -121+4

3 DMTU 344+04 29+3 -118+7
T™MTU 20.5+0.3 55+1 -34+2

TU 232404 45+2 -68+6

4 DMTU 19.5+03 47 +1 -63+4
TMTU 104+0.2 61+2 -29+5

TU 226+0.2 40+3 -85+7

5 DMTU 18.8+0.2 58+ 1 -90+3
TMTU 11.4+0.2 60+3 -40+7

TU 0.008 + 0.0003 80+2 -20+6

5 DMTU 0.007 +0.0002 90+3 -15+8
T™MTU 0.005 + 0.0003 120+ 1 -6+3

The addition of chlorophenyl and chloro ligands at the 4’-position of the tpy ligand
in 1 forms 4 and 5, respectively, resulting in increase in reactivity as follows: 1<5 <
4. A chloro substituent withdraws electron density by m resonance [34] and this
enhances the m-back-donation of electron density from the Ru(ll) orbitals into the &
anti-bonding molecular orbitals of the ligand. Consequently, the positive charge on
Ru(ll) increases making it more attractive for nucleophilic attack. This observation is
supported by the increase in DFT-calculated NBO charges as follows: 0.171 (1) < 0.173
(5) < 0.176 (4). The electrophilicity indices also increase in the same manner (5.275 (1)
< 5.633 (4) < 5.539 (5)). This is an indication that 4 and 5 have enhanced n-back-
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Table 4. Second order rate constants and activation parameters for the second substitution.

Complexes Nu ky /(107" M7's7T) AH'7 / (k) mol™) AS7” / (Jmol™ K)

TU 108+2 62+1 -24+3
1 DMTU 23404 7842 26+4
TMTU 25+02 118+1 140+ 4
TU 166 +3 36+3 -99+7
7 DMTU 64+2 74+3 19+7
TMTU 6.5+0.1 106+3 108+9
TU 195+ 4 34+2 -102+5
3 DMTU 17142 49403 -58+1
TMTU 224+1 98+0.2 89+1
TU 143+1 47+2 -59+7

4 DMTU 32407 76+0.5 24412
TMTU 2.7+0.04 11242 1215
TU 11342 50+3 -56+7
5 DMTU 27403 772 25+5
TMTU 2.5+0.02 114+03 130+1
TU 0.03 +0.002 9242 -10+6
6 DMTU 0.001 +0.0001 110+3 28+8
TMTU 0.0004 % 0.0001 12942 146 +5

bonding which makes it easier for electron shift from the filled metal Ru d orbitals
into the empty ligand n*-orbitals, hence higher reactivity compared to 1. The fact that
4 is more reactive than 5 indicates that the chlorophenyl substituent is a stronger
electron acceptor than the chloro ligand, in line with what has been observed [35].

Notably, 2 and 4 only differ in the substituent on the phenyl at the 4’-position of
the tpy. Complex 2 has an overall electron-donating substituent (methyl substituent)
while 4 has electron-accepting substituent (chloro substituent). This is clearly sup-
ported by their respective DFT calculated quantities as already discussed. The higher
reactivity of 2 compared to 4 shows that trans-effect due to the methyl substituent in
2 in this study has a greater effect on the substitution reactions than the n-back-bond-
ing due to the chloro group in 4. The relative higher influence of trans-effect com-
pared to the m-back-bonding effect has been observed in other studies [36].
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The replacement of the cis positioned pyridyl ligands in 1 with pyrazolyl ligands
in 6 resulted in a sharp decrease in reactivity. The replacement of pyridyl ligands
lowers the m-back-bonding ability of the overall ligand system, leading to a less elec-
tropositive metal center and hence lower reactivity. As shown in the literature, pyra-
zole ligands are effective donors to transition metals [37]. Further, pyrazole has a
lower basicity (pK, = 2.47) compared to pyridine (pK, = 5.23) [38-40] which causes
it to bind metals more weakly than pyridine. The donor effect of the pyrazolyl
ligands is supported by the lower DFT calculated NBO charge for 6 (0.133) com-
pared to 1 (0.171), confirming that 1 is more electropositive. This is further corrobo-
rated by the higher electrophilicity index of 1 (5.275) compared to 6 (4.422). In
addition, the HOMO-LUMO energy gap and chemical hardness values for 1 are
smaller than those of 6 in support of the higher rate of substitution from 1. Further,
the LUMO of 6 (-2.180) is raised compared to that of 1 (-2.479), making it difficult
for m-back-donation. The higher n-back-bonding capabilities of the conjugated pyri-
dine rings in 1 readily accept electron density from the Ru(ll) metal center compared
to the pyrazole rings that are m-electron rich due to an extra pyrollic-N within the
chelate ring and hence better n-donors [41].

The rate constants, k,’ for substitution of the second chloro ligand for all the com-
plexes are lower than those of the first step, k,, due to decrease in the electrophilicity
of the metal center upon coordination of the first thiourea nucleophile in complexes
where m-back-bonding is dominant [42]. The reduction of the electrophilicity of Ru(ll)
results from the donation of electrons by the incoming electron rich thiourea nucleo-
phile to the electron deficient metal center lowering its charge. Further, the coordi-
nated nucleophile introduces steric hindrance at the Ru(ll) metal center, hindering the
approach of the second incoming nucleophile.

The first substitution occurs at the chloro ligand which is within the plane of the
tpy ligand framework, CI23, followed by CI25 which is perpendicular to the ligand
plane. The chloro ligand, CI23, being within the plane of the ligand is most influenced
by the electronic changes of the tpy ligand. This is supported by DFT calculated bond
distances between the metal centers and the chloro ligands showing that Ru-Cl23
bonds are slightly longer than Ru-CI25 by about 0.03 A, hence easier to break. In add-
ition, since CI25 is trans to a different type of ligand (triphenylphosphine) [43], the
rate of substitution of the chloro ligand varies for a given Ru(ll) complex.

Generally, for both k, and K, the value of the activation enthalpy increases as the
bulkiness of the thiourea entering ligand increases, which must be related to the increas-
ing steric hindrance encountered by the entering ligand that increases the activation
enthalpy barrier. In terms of the activation entropy, there is a general trend of going
from more negative to more positive values on increasing the steric hindrance of the
entering thiourea nucleophile. This can be interpreted in terms of a steady changeover
from an associative interchange mechanism (/,) to a more dissociative interchange (/g)
mechanism on increasing steric hindrance [44,45]. The trend in reactivity of the nucleo-
philes was TU > DMTU > TMTU. This can be accounted for in terms of steric factors
where reactivity decreases with increase in steric hindrance of the nucleophile.
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5. Conclusion

The rate of substitutions in the current study are electronically driven either through
trans-effect or m-back-donation effects. The complex groupings 2, 3 and 4, 5 are more
reactive than 1 because of enhanced trans-effect and n-back-donation, respectively. The
reactivity of 4 is higher than 5 due to the presence of a chlorophenyl substituent on the
tpy ligand in 4 that is a stronger m-acceptor than the chloro ligand in 5. It has been
shown that the trans-effect in 2 influences the reactivity more strongly than the n-back-
donation in 4. The cis electron donation by 2,6-bis(pyrazolyl)pyridine ligand in 6 signifi-
cantly retards the reactivity of the Ru(ll) compared to that of 1; hence, it can be used to
tune the reactivity of Ru(ll) complexes. The reactivity of Ru(ll) complexes is more strongly
affected by the electron-donating ligands (trans-effect) than ligands that enhance
n-back-donation. The tert-butyl substituents in 3 are very strong donor ligands whose
donation from both the cis and trans positions strongly accelerate the reactions. The
trend in the DFT calculated data supports the observed reactivity of the complexes.
There is a steady change in mechanism from an associative interchange mechanism (/,)
to a more dissociative interchange (/3) mechanism on increasing steric hindrance.
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