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ABSTRACT: A series of azine-bridged dinuclear platinum(ll) complexes of the type [{trans-
Pt(NH3)2(OH2) }2(p-azn)|(ClO4)4 (Where azn = pyrazine (pzn, Ptl), 2,3-dimethylpyrazine (2,3-
pzn, Pt2), and 2,5-dimethylpyrazine (2,5-pzn, Pt3)) were synthesized to investigate the influence
of the bridging azine ligand on the reactivity of the platinum(Il) centers. The pK, values of the
complexes were determined via acid-base titration, and the rate of substitution of the aqua moi-
ety by a series of neutral nucleophiles, viz. thiourea (TU), 1,3-dimethyl-2-thiourea (DMTU), and
1,1,3,3-tetramethyl-2-thiourea (TMTU), was determined under pseudo-first-order conditions as
a function of concentration and temperature using standard spectrophotometric techniques.
The introduction of the methyl groups to the bridging azine linker in Pt2 and Pt3 leads to a
moderate increase in the pK, values obtained for the first and second deprotonation steps,
respectively, as a result of the increased o-donor capacity of the bridging azine ligand trans to
the aqua moiety. A comparison of the rate constants, k| and k», at 298 K, obtained for the sub-
stitution of the aqua moieties from Pt1, Pt2, and Pt3 by TU, shows that the introduction of the
o-donating methyl groups on the bridging azine ligand in Pt2 and Pt3 results in a corresponding
decrease in the reactivity, by ca. five times for the first substitution step and ca. 10 times for the
second substitution step. Density functional theory calculations at the B3LYP/LACVP** level of
theory for the complexes demonstrate that the introduction of electron-donating methyl groups
results in (i) increased steric hindrance over the metal centers and (ii) decreased the positive
charge on the metal center and increases energy separation of the frontier molecular orbitals
(Enomo — ELumo) of the ground-state platinum(Il) complexes, leading to a less-reactive metal
center. © 2011 Wiley Periodicals, Inc. Int ] Chem Kinet 43: 161-174, 2011
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INTRODUCTION

The use of platinum coordination compounds in cancer
chemotherapy has been extensively studied following
the fortuitous discovery of the therapeutic properties of
cis-diamminedichloroplatinum(II) (cis-[Pt(NH3),Cl, ],
cisplatin) by Rosenberg et al. [1,2]. First approved for
the treatment of testicular cancer in 1978, cisplatin
is one of the most widely utilized antitumor drugs,
exhibiting high efficacy against solid tumors, particu-
larly testicular and ovarian cancer [3-8]. Despite the
remarkable success of cisplatin, several problems have
been found in clinical use. First, cisplatin treatment
is often accompanied by severe side effects, including
cumulative toxicities of nephrotoxicity, neurotoxicity,
and emetogenesis [5,6,9—11]. In addition, cisplatin ac-
tivity is limited to a relatively narrow range of tumors
as a result of inherent or treatment-induced tumor re-
sistance [6,12].

As a result of these drawbacks, research in re-
cent years has focused on nonclassical platinum com-
plexes, i.e., those that do not obey the structure—activity
rules first established for platinum chemotherapy drugs
based on the results obtained for cisplatin [13,14].
Among these is the antitumor activity of multinuclear
platinum complexes, typically consisting of either two
or three platinum centers that are linked through a
bridging ligand [15-25]. The success of these sys-
tems is based on the ability of these complexes to
form DNA adducts that are structurally different from
those formed by cisplatin and its related analogues
[26,27].

The major product of cisplatin interaction with ge-
nomic DNA is a 1,2-intrastrand cross-link, which in-
duces a kink on the DNA double helix [28,29]. These
conformational changes are believed to play an impor-
tant role in the development of cisplatin resistance [30].
Therefore, compounds capable of binding to DNA in
a significantly different manner should, theoretically,
overcome the problem of resistance.

Another apparent advantage of these multinuclear
(mostly dinuclear) complexes is the high charge (+4),
as compared to the neutral mononuclear complexes,
which offers better solubility, more efficient electro-
static interaction with the polyanionic DNA, and faster
uptake [31].

These multinuclear antitumor active platinum(Il)
complexes typically comprise one of two types
of bridging ligands, viz. flexible [15-17,32], e.g.,
aliphatic diamines, or rigid [18,19,22,33-35], e.g.,
azoles and azines. Those with flexible linkers are
more suited to forming long-range cross-links on DNA
[36,37], whereas those with rigid linkers are designed

such that they minimize distortion of the DNA double
helix in a 1,2-intrastrand cross-link [33].

Thus, it can be seen that comprehensive studies on
the role of the DNA-binding properties and product
formation have been conducted on these dinuclear plat-
inum(Il) complexes, with results being interpreted in
terms of charge, hydrogen bonding, length, and flexi-
bility of the bridging ligand. However, there is limited
information in the literature with regard to the reactiv-
ity and thermodynamic properties of the two platinum
centers in these types of complexes [38—43]. Some data
[38,39] suggest that the reactivity and properties of the
first platinum center are independent of the state of the
second and vice versa. van Eldik et al. [42—45] have
demonstrated that there is a clear interaction between
the two platinum(Il) centers that becomes weaker as
the length of the aliphatic chain linker is increased.

It is therefore the aim of this paper to highlight the
effect of the rigid bridging azine ligand on the reactivity
of the metal center.

MATERIALS AND METHODS

Reactions used in the synthesis of the platinum(II)
complexes were all carried out in air unless oth-
erwise stated. trans-Diamminedichlororplatinum(Il)
(trans-[Pt(NH3),CLy], 99.99%), pyrazine (pzn, >
99%), 2,3-dimethylpyrazine (2,3-pzn, 99%), 2.5-
dimethylpyrazine (2,5-pzn, 98%), and sodium per-
chlorate monohydrate® (NaClO4-H,0, 98%) were pur-
chased from Aldrich (Capital Lab Supplies CC, New
Germany, South Africa) and used without further
purification. Silver perchlorate® (AgClO4, 99.998%,
Aldrich) was stored under nitrogen and used as
supplied. Perchloric acid (HClO4, 70% solution),
N,N-dimethylformamide (DMF, 99.0%), and sodium
hydroxide (NaOH) was obtained from Saarchem
(Merck Chemicals, Wadeville, South Africa) and used
as supplied. Buffer solutions of pH 4, 7, and 10 were
purchased from Saarchem.

The nucleophiles, thiourea (TU, 99%), 1,3-
dimethyl-2-thiourea (DMTU, 99%), and 1,1,3,3-
tetramethyl-2-thiourea (TMTU, 98%)" were obtained
from Aldrich and used without further purification. Ul-
trapure water (Modulab Systems, Continental Water

*Perchlorate salts are known to be explosive oxidizers, and their
use warrants extra caution. Sodium perchlorate in particular is a
known irritant and targets human tissue and organs, viz. the thyroid
and blood.

TThiourea and its substituted derivatives are suspected carcino-
gens and the necessary safety precautions must be adhered to when
handling these reagents.
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Systems, NSW, Australia) was used for all aqueous re-
actions. All other chemicals were of analytical reagent
quality.

The platinum(II) precursor, trans-
[PtCI(NH3),DMF](CIO4) (1) [33,46,47], the azine-
bridged dinuclear platinum(II) chloro complexes,
viz.  [{trans-PtCI(NH3), }2(1-pzn)](Cl04),  (Ptl-
Chloro), [{trans-PtCI(NHj3),}2(p-2,3-pzn)](ClOy),
(Pt2-Chloro), and [{trans-PtCI(NH3);},(n-2,5-
pzn)](ClOy4), (Pt3-Chloro) [33,34] were synthesized
by adaptations of established literature procedures.
The azine-bridged dinuclear platinum(II) chloro
complexes were converted into their corresponding
aqua complexes using the method of Bugar¢i¢ et al.
[48].

Synthesis of the Platinum(Il) Complexes

trans-[PtCI(NH3),DMF](CIO,) (1). To a stirred sus-
pension of trans-diamminedichloroplatinum(II) (0.600
g, 1.99 mmol) in DMF (35 mL) at 30°C in the dark,
a solution of AgCIO4 (0.403 g, 1.94 mmol, 0.97 eq.)
in DMF (15 mL) was added dropwise over 3 h. The
resulting solution was stirred at 30°C in the dark for a
period of 18 h. Thereafter, the yellow solution was al-
lowed to cool and subsequently filtered through a 0.45-
pm nylon membrane filter to remove the precipitated
AgCl. The reaction flask and precipitate were rinsed
with a small amount of cold DMF. The washings and
filtrate were then transferred to a 100-mL volumetric
flask and made up to the mark with DMF to afford a
yellow solution of trans-[PtCI(NH3),DMF](CIO,4) of
the concentration 19.4 mM.

[{trans-PtCI(NH3),},-p-azn](ClO4), (Pt(1, 2 or 3)-
Chloro). To a stirred solution of  trans-
[PtCI(NH3),DMF](C1O4) (1) (25 mL, 0.486 mmol)
at 30°C, a solution of the respective azine linker
(0.233 mmol, 0.48 eq.) in DMF (15 mL) was added.
The resulting pale-yellow solution was stirred for an
amount of time, dependent upon the linker used, i.e.,
pzn 2 h, 2,5-pzn 6 h, and 2,3-pzn 12 h. The solution
was thereafter concentrated on a rotary evaporator.
The residue was collected by filtration and rinsed
with copious amounts of diethyl ether. The crude
product was redissolved in a minimal amount of warm
water and filtered through a 0.45-pm nylon membrane
filter. The filtrate was evaporated to dryness. The
pale-yellow product was rinsed with a small amount
of diethyl ether and dried in a desiccator over P,Os.

[{trans-PtCI(NH3),},-u-pzn](ClOy4),  (Pt1-Chloro).
Yield: 0.085 g (45%). Anal. Caled for
Pt2C1408C4H16N61 C, 594, H, 200, N, 10.40.
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Found: C, 5.84; H, 2.06; N, 10.44. IR} (KBr)
cm~! = 344 (m), 484 (w), 532 (w), 625 (s), 820 (m),
933 (w), 1085 (vs), 1101 (vs), 1162 (sh), 1330 (m),
1436 (m), 1618 (b), 2015 (w), 3053 (m), 3241 (m),
3309 (s), 3405 (sh).

[{trans-PtCI(NH3),}>- u-2,3pzn](ClO4)Pt2-Chloro).
Yield: 0.073 g (37%). Anal. Caled for
Pt,C1403CsHy0Ng: C, 8.62; H, 2.41; N, 10.05. Found:
C,8.61; H,2.51; N, 9.99. IRT (KBr) cm~! = 346 (m),
461 (w), 560 (w), 625 (s), 823 (sh), 834 (m), 933 (w),
985 (sh), 1016 (w, sh), 1092 (vs), 1198 (m), 1258 (w),
1324 (s), 1341 (s), 1415 (m), 1439 (m), 1618 (b), 2015
(w), 3101 (m), 3227 (m), 3305 (s), 3417 (sh).

[{trans-PtCI(NH3), }>- u-2,5pzn](ClO4)Pt3-Chloro).
Yield: 0.081g (41%). Anal. Caled for
Pt,Cl;03C¢HyoNg: C, 8.62; H, 2.41; N, 10.05. Found:
C, 8.18; H, 2.45; N, 10.21. IR* (KBr) cm~!: 345 (m),
451 (w), 623 (s), 828 (sh), 884 (m), 932 (w), 1091
(vs), 1164 (m), 1288 (sh), 1333 (s), 1386 (w), 1504
(m), 1625 (b), 2017 (w), 3059(w), 3237 (m), 3309 (s).

Computational Modeling

Preliminary modeling of the complexes was performed
using the computational software package, Spartan *04
for Windows [49,50], using the B3LYP [51] density
functional method (DFT) [52,53] and the LACVP+**
(Los Alamos Core Valence Potentials) [54] pseudopo-
tential basis set. B3LYP relates to the hybrid functional
Becke’s three-parameter formulation [51], which has
been proven to be superior to traditional functionals.
The LACVP basis set employs effective core poten-
tials for K-Cu, Pb—Ag, Cs—La, and Hf-Au, whereas
Pople’s 6-31G** basis set describes second- and third-
row s- and p-block elements [55,56].

pK, Determination of the Platinum(II)
Dinuclear Complexes

Preparation of Complex Solutions for pK, Determi-
nation. The aqua complexes (Ptl, Pt2, and Pt3) were
prepared according to the method of Bugaréi¢ et al.
[48]. A known amount of the chloro complex was
reacted with 1.96 molar equiv of silver perchlorate,
AgClOy, in 0.1 M HCIOy4. The perchlorate ion, C1O,,
is not known to coordinate Pt(II) [57], and hence the
substitution reactions of the platinum complexes with
the given nucleophiles are unaffected by the presence

fDesignation: w = weak, m = medium, s = strong, vs = very
strong, sh = shoulder, b = broad.
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of this ion. The solution was then stirred at ca. 50°C
for 24 h in the dark, after which the white precipitate
of silver chloride that formed was separated from the
mixture by filtration through a 0.45-pm nylon mem-
brane filter using a Millipore filtration apparatus. The
clear, colorless filtrate was then made to the required
concentration in a volumetric flask using a solution of
0.1 M HCI1Oy4. The use of the acidic solution (HCIOy,
0.1 M, pH 1)) was necessary to ensure that only the aqua
complex, and not a mixture of the aqua and hydroxo
complexes, was present in solution once the metathesis
reaction was complete, and also, to ensure a constant
ionic strength of 0.1 M.

PK, Determination. UV-vis spectra for the determi-
nation of the pK, values were recorded on a Varian
Cary 100 Bio spectrophotometer. The pH of the so-
lutions was recorded using a Jenway 4330 conduc-
tivity/pH meter fitted with a Micro 4.5-mm diame-
ter glass electrode. Calibration of the electrode was
achieved through the use of buffers of pH4, 7, and 10 at
25°C. To avoid precipitation of KClO, within the elec-
trode, the KClI solution was replaced with a 3 M NaCl
solution.

Preparation of the aqua complexes is as described
earlier. The starting concentration of the complexes
was 0.16, 0.13, and 0.13 mM for the aqua analogues
of complexes Ptl, 2, and 3, respectively. Spectropho-
tometric pH titrations of the aqua complex solutions,
from pH 1 to 10 were performed using NaOH as the
base. A large volume (100 mL) of the complex solution
was used so as to avoid absorbance changes due to di-
lution effects. Initially, crushed pellets of NaOH were
used to obtain a pH change from 1 to 3. All subsequent
pH measurements were obtained by dipping a needle
into a saturated solution of NaOH and thereafter into
the complex solution. It was found that if the pH elec-
trode was dipped into the test solution for a long period
of time, it resulted in the formation of the chloro com-
plex. It was therefore necessary to take 0.6-mL aliquots
from the complex solution, which was then transferred
into narrow vials for the pH measurements. These were
then discarded after each measurement.

The reversibility of the titration was also tested us-
ing aqueous solutions of perchloric acid. The pK, val-
ues were thereafter determined using the method de-
scribed by van Eldik et al. [42,44].

Instrumentation and Physical
Measurements

Elemental analyses were performed at the Institute
for Inorganic Chemistry, University of Erlangen-

Niirnberg, Erlangen, Germany. Infrared spectra were
recorded, unless otherwise stated, using KBr disks
on a Perkin Elmer Spectrum One FTIR spectrome-
ter. UV/visible absorption spectra were recorded using
a Varian Cary 100 Bio spectrophotometer.

All kinetic measurements were performed un-
der pseudo-first-order conditions using, initially,
UV/visible absorption spectra to determine the suit-
able wavelength at which kinetic investigations could
be performed; these were recorded using a Varian Cary
100 Bio, and subsequently either the Varian Cary 100
Bio spectrophotometer with an online kinetic utility or
an Applied Photophysics SX.18MV (v4.33) stopped-
flow system coupled to an online data acquisition sys-
tem, was used to monitor the kinetic process. All
measurements were performed in a thermostated en-
vironment to within £0.1°C. All data were graph-
ically analyzed using the software package Origin
7.5 [58].

Preparation of Complex and Nucleophile Solutions
Jor Kinetic Analysis. The preparation of the solutions
of the aqua complexes and the respective nucleophiles
for kinetic analysis was performed in a manner slightly
different to that described for that during pK,. The
aqueous solvent system chosen was prepared such that
itwas pH 2 (0.01 M) HCIO4 and 0.09 M NaClO,4 while
still maintaining a constant ionic strength (/) of 0.1 M
Clo, .

A known amount of the chloro complex was re-
acted with 1.96 molar equivalents of silver perchlorate,
AgClQy, in the solvent system described above. The
solution was then stirred at ca. 50°C for 24 h in the
dark, after which the white precipitate of silver chlo-
ride that formed was separated from the mixture by
filtration through a 0.45-pum nylon membrane filter us-
ing a Millipore filtration apparatus. The clear, colorless
filtrate was then made to the required concentration in
a volumetric flask using the / = 0.1 M CIO, solu-
tion. The use of the acidified solvent system (HCIO4
pH=2) was necessary to ensure that only the aqua
complex, and not a mixture of the aqua and hydroxo
complexes, was present in solution once the metathesis
reaction was complete.

Solutions of the neutral nucleophiles, viz. TU,
DMTU, and TMTU, were prepared by dissolving a
known amount of the required nucleophile in 100 mL
of a solution having fixed ionic strength (i.e., the 0.1
M CIO; solution containing 0.01 M HCIO4 and 0.09
M NaClQ,) to afford a final concentration that was
ca. 100 times greater than that of the metal complex,
while maintaining an ionic strength of 0.1 M. Subse-
quent dilutions with the same solution of fixed ionic

International Journal of Chemical Kinetics DOI 10.1002/kin
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strength afforded a series of concentrations, in the or-
der of 20, 40, 60, 80, and 100 times the concentration of
the metal complex. These concentrations were chosen
S0 as to maintain pseudo-first-order conditions, and the
concentration of the nucleophile was in at least 10-fold
excess with respect to each of the platinum-bound aqua
moieties.

Kinetic Analyses. With the exception of Pt1 + TU (or
DMTU) all subsequent ligand substitutions reached
completion after 16 min, viz. Pt1 + TMTU, Pt2 (or
Pt3) + Nu (where Nu = TU, DMTU, and TMTU) and
were spectrophotometrically monitored using a Cary
100 Bio UV/visible spectrophotometer, equipped with
a Varian Peltier temperature controller and coupled to
an online kinetics application. The substitutions were
followed on the timescale that had been established
during preliminary investigations and substitution re-
actions which reached completion before 16 min had
elapsed, viz. Pt1 + TU (or DMTU) were monitored
using a thermostated stopped-flow apparatus. These
substitution reactions were each followed for at least
eight half-lives.

All kinetic measurements were best described by
a double exponential equation. The observed pseudo-
first-order rate constants, ko1 and kopsn, Were calcu-
lated using the online nonlinear least-squares fit of ex-
ponential data.

The dependence of the rate constant on the incoming
nucleophile concentration was analyzed in this manner
for all nucleophiles while maintaining the temperature
at 25°C. The second-order rate constants, k; and k»,
for the reaction of each metal complex with a partic-
ular nucleophile was obtained from the slope of a lin-
ear regression of a plot of the observed rate constants,
kobs1and kops2, versus the nucleophile concentration us-
ing Origin 7.5 [58]. For each of the nucleophiles, no
meaningful intercepts were found and thus all plots can
be described by Eq. (1) [59]

kobs(1,2) = k(1, 2)[Nu] (1)
The dependence of the rate constant on temperature

was conducted in a similar manner, with the nucle-
ophile concentration being held constant at 30 times

NH NH, (C10,),

2 2
\__
NH, NH,

| 3 /\ |
H O—I|’t—N Q N—I|’t—OH

the concentration of the metal complex while varying
the temperature from 15°C to 35°C at 5°C intervals.
The values of the observed rate constants, kqps, wWere
converted to the respective k; and k, values (assuming
a zero intercept), and these were applied to the Eyring
equation to determine the activation parameters, A H7
and AS7 [59].

RESULTS

A series of three azine-bridged dinuclear platinum(II)
complexes of the type [{frans-Pt(NHj3),(OHy)},(u-
azn)](ClO4)4 (Scheme 1) were synthesized via adapta-
tions of established literature procedures [33,34] in an
effort to determine the influence of the bridging azine
ligand on the rate of substitution of the aqua moiety
from the platinum(II) centers.

Acidity and Complex Formation

The similarities and differences between the three di-
aqua complexes were first studied by determining the
pK, values of the coordinated water moieties via spec-
trophotometric titration with NaOH in the pH range
1-10. A typical example of the spectral changes ob-
served during the pH titration is shown in Fig. 1.

[H,0 - Pt(NH;), - azn - Pt(NH;), - OH,]** g
[H,0 - Pt(NH;), - azn - Pt(NH;), - OH*T + H+(2)
[H,0 - Pt(NH;), - azn - PtNH;), - OH*t 22

[HO - Pt(NH,), - azn - PtNH;), - OH]** + H*

The spectral data were analyzed as a plot of absorbance
against pH (see Fig. 1, inset) and using a nonlinear
least-squares fit, gave an excellent fit for a system
comprising two dissociation steps (see Eq. (2)) with
the equilibrium constants, K,; and K,,, the pK, values
of which are listed in Table 1.

Kinetic Measurements

The ligand substitution of the diaqua complexes by
a series of neutral nucleophiles, viz. TU, DMTU, and

N\ VR 7\ 7\
O )

N N = N N N N N N
v e —_— —
azn pzn 2,3-pzn 2,5-pzn
Pt1 Pt2 Pt3

Scheme 1  Structural formulae of the investigated complexes.
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Figure 1 UV-visible spectra recorded for Ptl as a function of pH in the range 1-10 at 25.0°C. Inset: Plot of absorbance

versus pH at 375 nm.

TMTU, was investigated as a function of concentration
and temperature.

The kinetic traces (Fig. 2a) for the ligand substitu-
tions gave excellent fits to a two-exponential function
for a system comprising two distinct substitution steps
(see Eq. (3)).

[H,0 - Pt(NH;); - azn - Pt(NH;), - OH,]*" + Nu k:,
[H,0 - Pt(NH3), - azn - PtNH;), - Nu]** + H,0

[H>0 - Pt(NH5), - azn - PNH;), - Nul** + Nu X

[Nu - Pt(NH,), - azn - Pt(NH;), - Nu]** + H,0
€)]

The observed rate constants, kyps; and kops2, Obtained
for the substitution of the first and second aqua moi-
eties, respectively, were then plotted against the nucle-
ophile concentration (see Fig. 2b).

Table I Summary of pK, Values for the First and
Second Deprotonation Steps of the Diaqua Complexes

Complex
Azn Linker  A(nm) pKal pKa ApK,

Ptl 375 3594033 436+0.30 0.77

365 3.66£0.11 4.61+022 095

)20

F4
-

12X

365 3.68+£026 4.62+021 094

4

Y

Representative plots (Fig. 3) for each of the inves-
tigated nucleophiles show a linear dependence on the
concentration of the incoming nucleophile. The ab-
sence of a meaningful intercept indicates that the re-
verse reaction with water was either negligible or ab-
sent thus suggesting that the mechanism of substitution
can be given by Eq. (3).

The rate constants, k; and k,, were obtained from
the slopes of these plots at 25°C and are summarized
in Table II.

The temperature dependence of kjand k, was stud-
ied over the range 15-35°C. A typical plot is shown
in Fig. 4. The activation parameters, A H # and AS7,
were calculated using the Eyring equation [59] and are
presented in Table II.

DFT Calculations

In an effort to gain further insight into how the bridg-
ing azine ligand influences the reactivity of the plat-
inum(Il) centers, it was also necessary to assess the
molecular structures and electronic properties of the
investigated diaqua complexes.

Minimum energy structures (full geometry opti-
mizations) were calculated for each of the diaqua
complexes (Pt1-Pt3) at the B3SLYP/LACVP** level of
theory. The calculated geometries are acceptable con-
sidering the degree of similarity between X-ray and
DFT-calculated structures of the corresponding cis
analogue, [{cis-Pt(NH3),Cl},(-pzn)]>* described by
Reedijk et al. [33]. The calculated and observed
bond distances were in good agreement. For [{cis-
Pt(NH3)2C1}2(u—pzn)]2+, the relevant bond distances
were (calcd, observed): Pt,—N; (2.067, 2.007 A), Pt,—
C1,(2.332, 2.295 A), and Pt,-N, (2.147,2.032 A).1

9See ESI for numbering scheme employed when discussing
agreement between calculated and observed bond lengths.

International Journal of Chemical Kinetics DOI 10.1002/kin

85U SUOLUWIOD SATERID 3|0 (ke ) A PoLeA0D a1 SOILE WO (98N J0 SINJ 10} AZRI 1T UIIUQ ABIA UO (SUOTHPUGO-PUE-SLLLIBIWIOD"AB 1M ARG [pu1|UO//SAIY) SUOTIPUOY PUE S |34} 39S *[7202/20/80] U0 Aleiqiauliuo |1 A AN eAue Y WNO AQ 62502 UBI/Z00T OT/I0p/LI0Y" A3 | Azeid 1pUljuo//Say WoJ) papeojumod ‘v ‘TTOZ ‘T097260T



INFLUENCE OF BRIDGING AZINE LIGAND ON THE RATE OF LIGAND SUBSTITUTION 167

0.06
0.25-
0.05
Pt2 +TU (40)
49 -2 -1 P i
g . k, =229x107s o 0
s _ -3 -1 ~
£ ’ k,,=105%10"s 3 0034
2 0154 4
= =
0.02
0.10
0.01
0.05-L : : : ; ; . 0.00 : : : :
0 600 1200 1800 2400 3000 3600 0.000 0.003 0.006 0.009 0012 0015 0.018
Time (s) [TU] (mol dm )
(a) (b)

Figure 2 (a) Kinetic trace and two-exponential fit for the reaction of Pt2 (0.154 mM) and thiourea (TU, 6.15 mM) followed
at 340 nm. (b) Plot of observed rate constants, kobs; and kops2, for the first and second aqua substitutions, respectively, for the
reaction between Pt2 (0.154 mM) and thiourea (TU, 6.15 mM).
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Figure 3 (a) Dependence of the observed rate constants for first aqua substitution (kobs1 ) from Pt2 on the entering nucleophile
concentration. (b) Dependence of the observed rate constants for second aqua substitution (kops2) from Pt2 on the entering
nucleophile concentration. Reaction conditions: I = 0.1 M (C1O, ), pH 2, T = 298.15 K.
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Figure 4 Eyring plots for the determination of the activation parameters, AHﬁ’z) and ASsz), for the first (a) and second (b)

substitution steps for the reaction of Pt3 (0.138 mM) with the incoming nucleophiles. Reaction conditions: I = 0.1 M (C10,),
pH 2.
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168 REDDY AND JAGANYI

Table I  Summary of Rate Constants and Activation Parameters, with the Corresponding Standard Deviations?, for
the First and Second Aqua Substitutions by a Series of Neutral Nucleophiles. Reaction Conditions: I = 0.1 M (ClO, ),

pH 2

Complex kv koM~ AHFKI  AHEKI ASTIK! ASFIK!

Azn Linker Nu s s~V kilky mol™1) mol™1) mol™1) mol™1)
Pt1 TU  1843+£0.19 1.654+003 112 433=£1.1 403+£34 -76.1£36 —1065=E1L15

DMTU 7.86+£032 0.66+0.10 11.9
/RN TMTU  3.83+£0.22 0.84 £0.08 4.6

Pt2 TU

Pt3 TU

3.64£0.05 0.170 £0.003 214
DMTU  1.754+0.03 0.082+0.002 213
VAR TMTU 1334003 0.140£0.002 9.5

351+0.04 0.160+0.002 21.9
DMTU  1.734+£0.03 0.085+0.001 20.4
f TMTU 1.14 £ 0.03 0.1124+£0.003 10.2

435+69 437+34 —-123.6+23.1 —143.6x113
328+03 508+65 —-1605+£1.0 —113.7+21.6

428+ 13 5524+09 —-935+43 —748 £3.2
506+14 572+£10 708 £4.7 —740+£35
61.5+31 608+14 —368=+10 —575+4.6
39.0+£23 483+£21 -—-104.0x7.7 —-97.8£7.0
51.8+0.7 557+£14 —672+2.1 —78.8 £4.7
62.1£04 61.1£30 -357£12 —582+£10.2

“Standard deviations obtained for k, are those of the slope of the plot of ks versus nucleophile concentration. Standard deviations for
activation parameters obtained are those from the slope (A H7) and y-intercept (A S*) obtained from a plot of In(k,/T) versus 1/T.

Table III Summary of Structural and Electronic Data
Obtained from DFT Calculations of Investigated
Complexes at the B3LYP/LACVP** Level of Theory

Pt1 Pt2 Pt3
Average bond distances (A)
Pt,/b—OH> 2.100 2.110 2.112
Pty/p—trans N 2.072 2.085 2.074
Pt,—Pty 6.952 6.950 6.937
MO energies (eV)
Exomo —20.13 —19.80 —19.81
Erumo —16.27 —15.54 —15.65
AE 3.86 4.26 4.16
Average NBO charges
Pt,/Pty, 1.2438 1.2342 1.2342
O-H; —1.0086 —1.0069 —1.0089

Table III summarizes the calculated bond distances,
energies of the frontier molecular orbitals, and elec-
tron densities surrounding the Pt(II) centers for each of
the investigated derivatives. The DFT optimized struc-
tures, including their ground state orbitals, are shown
in Table IV.

DISCUSSION

In the current study, three azine-bridged dinu-
clear platinum(Il) complexes, viz. [{trans-Pt(OH,)

(NH3)2 }2(p-pzn)|(ClO4)s  (Pt1),  [{trans-Pt(OH,)
(NH3), }2(1-2,3pzn)](Cl04)s (Pt2), and [{rrans-Pt
(OH2)(NH3), }2(1-2,5pzn)](Cl04)4(Pt3), were pre-
pared and their kinetic and thermodynamic parameters
determined in an effort to rationalize the influence of
the bridging azine ligand on the reactivity of the metal
centers.

pK, Determination

The pK, values obtained for the three diaqua com-
plexes are similar to those obtained previously for sim-
ilar complexes [42,44].

Previous studies have shown that the pK, value
obtained for the coordinated water moiety at the
platinum(II) center is a good indicator of the elec-
trophilicity of the metal center [42,44,60,61]. Electron-
withdrawing sm-acceptor effects tends to stabilize
the electron-rich hydroxo species in comparison to
the aqua species and results in lower pK, values
[44,60,61]. Alternatively, if the o-donor capacity of
the ligand trans to the aqua moiety is enhanced, then a
higher pK, value is obtained [62].

For the complexes studied, the addition of methyl
groups to the bridging azine ligand in Pt2 and Pt3
does indeed result in an increase in the o -donor capac-
ity of the ligand trans to the aqua moiety and this is
reflected by a moderate increase in the pK, values for
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Table IV DFT-Calculated (B3LYP/LACVP**) Molecular Structures and Orbitals, i.e., HOMOs and LUMOs, for the
Investigated Diaqua Complexes [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Pt1

Pt2 Pt3

Geometry
Optimized
Structure

HOMO

LUMO

both the first and second deprotonation steps for these
complexes, the pK, values for Pt2 being 0.07 and 0.25
units greater than that for Pt1 for the first and second
deprotonation steps, respectively.

The pK, values obtained in the current study
compare favorably with that obtained by Hofmann
and van FEldik [44]. In comparing the pK,
values of the complexes [Pt(N, N, N, N'-
tetrakis(2-pyridylmethyl)benzene-1, 3-diamine)Cl;]
(C10y4); (mPh) and [Pt;(N, N, N', N'-tetrakis(2-pyri-
dylmethyl)benzene-1,4-diamine)Cl,](ClO4),  (pPh),
the authors found values of 3.33/4.76 and 3.34/4.46
for the two deprotonation steps, respectively, which
are remarkably similar to those obtained in the current
study.

We also observe that the difference in pK, values
(ApK, = pKa — pKa1) increases upon the addition of
methyl groups to the bridging ligand from 0.8 for Pt1
to 0.9 for Pt2 and Pt3, with the value of the second
deprotonation step is ca. 1.2 times that of the first.

This effect has been observed previously by
Hofmann and van Eldik [44]. In comparing the pK,
values of the complexes mPh and pPh, they found that
the ApK, for mPh is 1.43 compared to a value of 1.12
for pPh. The authors explained the effect as being due
to the average distance between the two platinum cen-
ters, which impact on the interaction between the metal

International Journal of Chemical Kinetics DOI 10.1002/kin

centers and subsequently their pK, values. In this in-
stance, the ApK,value for pPh is lower than that of
mPh as a result of a longer Pt—Pt distance.

In the current study, the average Pt—Pt distance for
Pt1 and Pt2 are similar but are slightly longer than that
for Pt3 (see Table III). On the basis of the explanation
by Hofmann and van Eldik [44], one would expect
the pK, for Pt1 and Pt2 to be the same if only the dis-
tance between the platinum centers was the controlling
factor. From the pK, data obtained (Table I), we find
that this is not true, with all pK, values being equiv-
alent if statistical differences are taken into account.
The other expectation was that the introduction of the
methyl substituents on the pyrazine moiety would re-
sult in an increased electronic effect that would result
in the Pt—-OH,bond being longer and, consequently,
the pK, values of the respective complex would be
higher. This is indeed true, as the results show that the
pK, values obtained for Pt2 and Pt3 are higher than
that of Ptl due to the inductive effect. It can there-
fore be suggested that the introduction of the methyl
groups to the pyrazine linker reduces, through the in-
ductive effect, the positive charge on the metal cen-
ter. This suggestion is further supported by the DFT-
calculated average NBO charges, as indicated in Table
III. The net effect of this is higher pK, values for Pt2
and Pt3.
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Figure 5 DFT-calculated electron-density distribution plots for the investigated diaqua complexes illustrating the steric
hindrance imposed by the bridging azine ligand for Pt2 and Pt3. The solid (blue) arrows indicate the least sterically hindered
pathways for the incoming nucleophile, whereas the dashed (red) arrows indicated pathways that are subject to increased steric
hindrance by the methyl groups present on the bridging azine ligand. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Ligand Substitutions

On the basis of the results obtained from the pK, de-
termination, in that the lower pK, value the greater
the electrophilicity of the metal center [42,44,61,62],
a fact that is supported by the DFT calculation of the
NBO charges as presented in Table III, one would ex-
pect that substitution of the aqua moieties by thiourea
and its substituted derivatives would follow very much
a similar trend in that the rate of ligand substitution
would decrease in the case of Pt2 and Pt3 as a result of
the increased o -inductive effect due to the additional
methyl groups on the bridging azine ligand.

Indeed, the reactivity of Ptl is much greater than
either Pt2 or Pt3, with the k; value for Pt1 being ca. five
times greater than that for either Pt2 or Pt3 and that the
ky value is nearly 10 times greater than that obtained
for Pt2 or Pt3, in the case of substitution by TU.

This observation can be attributed to two factors that
must be simultaneously playing a role in controlling the
substitution process. The first one is the increase in the
o-inductive effect, as explained above. The second is
the increased steric hindrance imparted by the methyl
groups present on the bridging ligand for both Pt2
and Pt3. The methyl groups restrict the path of the
incoming nucleophile to one side of the square plane of
the platinum(II) centers. This is readily seen from a plot
of the electron-density distribution about the complex
(Fig. 5), which clearly shows how the introduction of
the methyl groups to the bridging ligand effectively
reduces the availability of the metal center to attack by
the incoming nucleophile. The percentage reduction is
the same for both Pt2 and Pt3, even though the phases
through which the reduction takes place are different.

This correlates nicely with previous work with
the cis derivatives of these complexes, viz. [{cis-

PtCI(NH3); }o-p-pzn]** (i) and [{cis-PtCI(NH3), }»-
u-2,5-pzn]** [33,34] (ii), where substitution of the
chloride moieties by 9-ethylguanine (9-EtG) from (i)
proceeds faster than from (ii). The authors attributed
this to the steric retardation imposed by the methyl
groups present on the bridging ligand in (ii).

In addition, the introduction of the methyl groups
to the bridging azine ligands leads to an increase in
the energy separation of the frontier molecular orbitals
(see Table III; AE = Eyomo — ELumo) of the ground
state platinum(II) complexes. This in turn leads to a less
reactive metal center, as been observed previously [63].

Also observed is the fact that increasing the steric
nature of the incoming nucleophile results in a cor-
responding decrease in the k values obtained for the
investigated complexes with one exception. The k; val-
ues obtained for substitution of the second aqua moiety
from all complexes show that the more sterically bulky
TMTU reacts at least 1.3 times faster than DMTU in
all the complexes investigated.

A similar effect was noted previously for the sub-
stitution of water from [Pt(bmpa)(OHz)]2+ by DMTU
and TU, with DMTU reacting faster than TU [64]. In
this instance, the authors attributed the effect to the
greater inductive effect for DMTU over TU, which
overcame steric hindrance, and indeed the case may
be that the inductive effect of TMTU is greater than
that of DMTU and that via some form of “trans-effect”
through the azine linker, leads to a moderate increase
in the rate of substitution of the second aqua moiety.

This is supported by DFT calculations of the mono-
substituted complexes (Table V), which show clearly
that following substitution of the first aqua moiety,
there is subsequently moderate bond lengthening of
the Pt—-OH, bond and bond shortening of the Pt—trans
N bond.
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Table V. Summary of Structural Data Obtained from DFT Calculations of the Unsubstituted and Monosubstituted
Complexes at the B3LYP/LACVP** Level of Theory

Pt1 Pt2 Pt3

Pt—OH, (A)

Pt,—OH, 2.099 2.110 2111

Pt,—OH, 2.100 2.110 2.112

Pt,—OH, (+TU) 2.108 2.119 2117

Pt,—OH; (+DMTU) 2.110 2.118 2.119

Pt,—OH, (+TMTU) 2.112 2.121 2.121
Pt—trans N (A)

Pt,—N3 2.071 2.084 2.072

Pt,—N4 2.072 2.085 2.076

Pty,—N4 (+TU) 2.063 2.073 2.068

Pt,—N4 (+DMTU) 2.060 2.072 2.064

Pt,—N4 (+TMTU) 2.058 2.070 2.063
Dihedral angle (°)

C1-N3-Pt,—N1/C2-N4-Pt,~N5 90.35 93.17 89.49

C2-N4-Pt,—NS5 (+TU) 91.64 (+1.29) 92.68 (—0.49) 88.72 (—0.77)

C2-N4—Pty_—N5 (+DMTU)
C2-N4-Pty—NS5 (+TMTU)

90.69 (+0.34)
91.08 (+0.73)

92.35 (-0.82)
93.08 (—0.09)

87.17 (—2.32)
90.89 (+1.40)

For labeling scheme employed, see Fig. 6.

Pt, represents the substituted metal center and Pt, the unsubstituted metal center, before and after substitution at Pt,, respectively.
Values in parentheses for the dihedral angles of the monosubstituted complexes show the deviation from that for the diaqua (unsubstituted)

complex.

However, the question that must then be asked is
why substitution of the second aqua moiety by DMTU
is not faster than that by TU. Does this “effect” become
noticeable only for the larger nucleophiles, oris TMTU
substituting the second aqua moiety slightly faster than
DMTU as a result of a combination of effects?

Looking at the structures of the diaqua complexes
(Table IV, Fig. 6), we see also that the square plane
of the metal center is almost perpendicular to that of
the bridging azine ligand (Fig. 6b). This is not unex-
pected, as X-ray structures of other metal complexes
containing similar aromatic bridging ligands also show
the aromatic linker being almost perpendicular to the
plane of the complex [65,66].

We find that upon substitution of the first aqua moi-
ety from the first platinum center, this plane is slightly
offset.

We find that the amount by which this dihedral an-
gle, C2-N4-Pt,—N5 (from Fig. 6), deviates from 90°
relates to the relative ease with which the incoming
nucleophile might approach the second metal center.
This provides an explanation as to why substitution
of the second aqua moiety by TMTU occurs slightly
faster than that by DMTU, in that despite the increased
steric bulk of the nucleophile, its approach to the
second metal center is not as sterically hindered as
that for DMTU. It also provides an explanation as to
why the &, value for Pt2 is slightly bigger than that of
Pt3.

International Journal of Chemical Kinetics DOI 10.1002/kin

Overall, the rate of substitution of the first aqua
moiety, ki, is greater than that of the second, k; (see
Table II), with substitution by both TU and DMTU re-
sulting in k; values ca. 20 times greater than k, values
in the case of both Pt2 and Pt3. In the case of substi-
tution by TMTU, this ratio is reduced by almost half.
Again, a combination of the “trans-effect” through the
azine linker and deviation of the dihedral angle appears
to ease the rate of ligand substitution by TMTU at the
second platinum center.

Activation parameters obtained for substitution of
both aqua moieties support an associative mode of ac-
tivation with the activation enthalpies being relatively
low and activation entropies all large and negative. We
find that the activation enthalpies obtained for both Pt2
and Pt3 are slightly larger than that for Ptl, again re-
flecting the influence of the additional methyl groups
on the bridging azine ligand on the reactivity of the
metal centers.

The activation enthalpies obtained for the first and
second substitutions at Pt1, AHl# and AH;qé , are of the
same order for both TU and DMTU as the incoming
nucleophile, suggesting that the unsubstituted bridging
ligand does not hinder the path of the incoming nucle-
ophile. This is also reflected in the activation entropies,
AS?¥ and AS}, which are of similar orders.

The activation enthalpy for the first TMTU sub-
stitution is relatively low, whereas that for the sec-
ond TMTU substitution it is ca. 18 kJ mol~! higher,
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Figure 6 (a) Structure of Pt2 shown with labeling scheme employed. Rotation about the N4-Pt, bond; see the dihedral,
C2-N4-Pt,_-NS5, twisting slightly away from the perpendicular so as to accommodate the incoming nucleophile at the second
substitution site, with the deviation being greater when TMTU is the incoming nucleophile than when DMTU is. (b) The metal
square plane lying almost perpendicular to the plane of the bridging ligand. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

indicating that the first-bound TMTU hinders the path
of the incoming TMTU at the second substitution site.
Again, this is supported by the activation entropy for
the second substitution, AS; , which is slightly more
positive than that for the first substitution step.

The activation enthalpies obtained for the first and
second substitution steps by TU and DMTU at Pt2
and Pt3 show slight increases for the second sub-
stitution step due to the greater steric hindrance im-
posed by the methyl groups on the bridging azine lig-
and and the first-bound nucleophile on the path of the
second-incoming nucleophile. The activation entropies
obtained for the second substitution are slightly more
positive than those obtained for Ptl, thus supporting
the conclusion drawn above.

The activation enthalpies obtained for the first and
second substitutions by TMTU in both Pt2 and Pt3
are ca. the same at 60 J K~! mol~'. This can be at-
tributed to the slight twisting at the dihedral angle,
C2-N4-Pt,—N5, described earlier, which allows the in-
coming TMTU to approach the second substitution site
with less steric constraint. This is reflected by the AS¥
value, which is more negative for the second TMTU
substitution than for the first TMTU substitution,
ASH.

CONCLUSIONS
The results presented in this paper clearly show the

dependence of the reactivity of the metal center on
the nature of the rigid bridging azine ligand trans to the

leaving group. The pK, values obtained clearly show
that increasing the o-donor capacity of the bridging
ligand trans to the aqua moiety leads to a higher pK,
value, which reflects the reduced electrophilicity of the
metal center and leads to a less-reactive metal center.

This is mirrored by the rate constants obtained for
the substitution of the aqua moiety by thiourea and its
substituted derivatives. The k-values obtained for Ptl
are much greater than either Pt2 or Pt3, which shows
that introduction of the methyl groups to the bridging
azine ligand does indeed lead to a less-reactive metal
center. This results from a combination of steric and
electronic effects.

From DFT calculations, we find that the bridging
azine ligand lies almost perpendicular to the square
plane of the metal center and thus the methyl groups
on the bridging ligands effectively “shadow” the metal
center effectively, reducing the path of approach for
the incoming nucleophile. In addition to this steric
effect, the introduction of the methyl groups to the
bridging azine ligand leads to an increase in the en-
ergy separation of the frontier molecular orbitals (A E)
that leads to a less-reactive metal center in the ground
state.

The slight differences between the k, values ob-
tained for substitution by DMTU and TMTU, respec-
tively, can be explained by the slight structural dif-
ferences that occur upon substitution of the first aqua
moiety, which allows for slightly easier approach when
the incoming nucleophile is TMTU.

This is reflected by the activation enthalpies and
entropies, which for both Pt2 and Pt3, show that the
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AH ff , values are of approximately the same order and
the AS} value being more negative than the AS} value
when the incoming nucleophile is TMTU. The mode
of activation remains associative in nature.

Thus, the study clearly shows that the nature of the
bridging azine ligand does influence the reactivity at
both the metal centers due to its o-donor capacity and
steric influence, which result in ground-state destabi-
lization of the dinuclear platinum(Il) complex.

SUPPORTING INFORMATION

Supporting Information includes a summary of se-
lected wavelengths used in the kinetic investigations,
measured rate constants and representative plots per-
taining to this study and is available in the online issue
at www.wileyonlinelibrary.com.
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