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a b s t r a c t

The new cyclometalated platinum(II) complexes [PtMe(C^N)(pyrazine)] [C^N¼ benzo[h]quinolate (bhq),
1a; C^N¼ 2-phenylpyridinate (ppy), 1c] have been prepared by the reaction of corresponding dime-
thylsulfide complexes with pyrazine. These complexes contain two potential nucleophilic centers, Pt(II)
center and free N atom of pyrazine which can compete in the reaction with methyl iodide to give Pt(IV)
oxidative addition or N-methylation products, respectively. To investigate which center is more reactive
toward MeI, DFT calculations (based on the free energy barrier needed for N-methylation versus
oxidative addition reactions) and experimental evidence is considered to predict and explain site
selectivity. Both experimental and theoretical studies show that the oxidative addition of MeI to
cyclometalated Pt(II) complexes occurs readily to give the Pt(IV) complexes. Theoretical results support
remarkably the kinetic results obtained through UVeVis spectroscopy which suggest an SN2 mechanism.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

N-methylated compounds are important intermediates in the
chemical industry and their functionality is found in medicines,
dyes, and perfumes [1,2]. Currently, formaldehyde is used in in-
dustrial N-methylations, whereas methyl iodide and dimethylsul-
phates are usually used on a small scale [3,4]. Recently, Beller et al.
and Leitner et al. reported ruthenium-based catalysts for the N-
methylation of amines using CO2 and H2 as sources of methyl group
[5,6]. Shi et al. also described a new heterogeneous catalyst for the
preparation of N-methylated compounds from amines, nitriles, and
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nitro compounds [7]. Therefore, the study of efficient methylation
processes has attracted great attention.

On the other hand, oxidative addition of MeI to square-planar d8

complexes is of special interest because of its significant application
in catalysis, an example being the Monsanto process for acetic acid
production [8]. It is shown that the oxidative addition of alkyl ha-
lides to these complexes proceeds through an SN2 mechanism
which was first suggested on the basis of the kinetic order and the
similarity of the activation parameters, for reaction of trans-[IrCl(-
CO)(PPh3)2] (Vaska's compound) with MeI to those for the Men-
schutkin reaction [9]. Kinetic isotope effect study involving the
reaction of CH3I/CD3I with some organotransition metal complexes
has also been reported to confirm the operation of the SN2 mech-
anism in the oxidative addition of MeI to Vaska's compound and
some organoplatinum(II) complexes [10e13].

Among the square-planar d8 species, organoplatinum(II) com-
plexes of formula [PtMe(C^N)(L)], where C^N is a chelating carbon-
nitrogen donor ligand such as 2-phenylpyridinate (ppy) or benzo
[h]quinolate (bhq) and L is a phosphorous donor ligand, are the
most reactive substrates for oxidative addition reactions [14e19].
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In this work, we extend our work on a competition between two
essential reactions, oxidative addition versus N-methylation [20].
We here report the preparation of two new cyclometalated plat-
inum complexes of the type [PtMe(C^N)(pz)], pz¼ pyrazine. Pyr-
azine binds to Pt(II) to form organoplatinum complexes in which a
noncoordinated nitrogen atom of the pyrazine ring can behave as a
potential site for electrophilic reactions. On the other hand, there
will be a competition between Pt(II) center and the free nitrogen of
pyrazine for methylation with MeI. To understand which one, Pt(II)
or the free N atom of pyrazine is the stronger nucleophile, we
studied the mechanism of MeI addition to cycloplatinated(II)
complexes. The reactions of cyclometalated platinum(II) complexes
having pyridine (py) as ligand, where only oxidative addition re-
actions are possible, were investigated to provide a reference point.

2. Experimental section

2.1. General remarks

1H NMR spectra were recorded on a Varian 500 or 600MHz
spectrometer in CDCl3 as solvent and referenced to external TMS
(0.00 ppm). All chemical shifts and coupling constants are given in
ppm and Hz, respectively. The microanalyses for pyridine complexes
were performed using a Thermofnigan Flash EA-1112 CHNSO rapid
elemental analyzer. In the case of pyrazine complexes, excess pyr-
azine was difficult to remove, so no elemental analysis was reported.
Melting points were recorded on a Buchi 530 apparatus. UVevis
spectra and kinetics were recorded on a PerkinElmer Lambda 25
spectrophotometer with temperature control using an EYELA NCB-
3100 constant-temperature bath. [PtMe(bhq)(SMe2)], A, and
[PtMe(ppy)(SMe2)], B, were prepared as reported previously [21].

2.2. Synthesis of Pt complexes

[PtMe(bhq)(pz)], 1a. To an NMR solution of [PtMe(bhq)(SMe2)],
A, (10mg in 1mL CDCl3) was added in excess of pyrazine (40mg) at
room temperature and the mixture was stirred for 2 h. Product 1a
was formed and characterized by 1H NMR spectroscopy: d 1.12 [s,
3H, 2JPtH¼ 87.6 Hz, Me ligand], 7.30 [m, 1H, CH group adjacent to
coordinated C atom]; 7.49e8.76 [10H, protons of C^N and pz li-
gands], 8.94 [m, 1H, 3JPtH¼ 15.9 Hz, CH group adjacent to coordi-
nated N atom].

[PtMe(bhq)(py)], 1b. Pyridine (10 mL) was added to a solution of
[PtMe(ppy)(SMe2)], A, (50mg) in acetone (20mL). The mixturewas
stirred at room temperature for 1 h. After removal of the solvent by
evaporation, a residue was obtained which was further purified by
repeated washing with diethyl ether. The product was dried under
vacuum. Yield: 88%, mp¼ 167 �C (decomp). Anal. Calcd. for
C19H16N2Pt: C, 48.8; H, 3.5; N, 6.0; Found: C, 48.6; H, 3.3; N, 5.9.1H
NMR data: d 1.19 [s, 3H, 2JPtH¼ 85.4 Hz, Me ligand], 7.34 [m, 1H, CH
group adjacent to coordinated C atom]; 7.51e8.27 [11H, protons of
C^N and py ligand], 9.00 [m, 1H, 3JPtH¼ 15.9 Hz, CH group adjacent
to coordinated N atom].

The following complexes were prepared similarly using com-
plex B and pyridine or pyrazine.

[PtMe(ppy)(pz)], 1c. 1H NMR data: d 0.92 [s, 3H, 2JPtH¼ 84.5 Hz,
Me ligand], 6.97 [m, 1H, CH group adjacent to coordinated C atom];
7.02e8.75 [10H, protons of C^N and pz ligand], 8.84 [m, 1H,
3JPtH¼ 15.2 Hz CH group adjacent to coordinated N atom].

[PtMe(ppy)(py)], 1d. Yield: 84%, mp¼ 159 �C (decomp). Anal.
Calcd. for C17H16N2Pt: C, 46.0; H, 3.6; N, 6.3; Found: C, 45.8; H, 3.4;
N, 6.1.1H NMR data: d 0.96 [s, 3H, 2JPtH¼ 83.4 Hz, Me ligand], 6.69
[m, 1H, CH group adjacent to coordinated C atom]; 7.04e7.90 [11H,
protons of C^N and py ligand], 8.88 [m,1H, 3JPtH¼ 15.7 Hz, CH group
adjacent to coordinated N atom].
[PtMe2I(bhq)(pz)], 2a. MeI (10 mL) was added to a solution of 1a
(prepared by addition of 40mg pyrazine to 10mg of complex A in
1mL CDCl3) at room temperature. The reaction mixture was stirred
for 1 h, and then 1H NMR was recorded: d 1.20 [s, 3H,
2JPtH¼ 73.5 Hz, Me ligand trans to N atom of C^N ligand]; 1.84 [s, 3H,
2JPtH¼ 69.5 Hz, Me ligand trans to I], 7.50e8.45 [11H, protons of C^N
and pz ligand], 10.35 [m, 1H, 3JPtH¼ 8.8 Hz, CH group adjacent to
coordinated N atom].

[PtMe2I(bhq)(py)], 2b. An excess of MeI (100 mL) was added to a
solution of complex 1b, (40mg) in 25mL of acetone at room tem-
perature. Themixturewas allowed to stand at this condition for 1 h,
and then the solvent was removed under reduced pressure. The
residue was washed twice with ether, and the product was dried
under vacuum. Yield: 78%, mp¼ 197 �C (decomp). Anal. Calcd. for
C20H19IN2Pt: C, 39.4; H, 3.1; N, 4.6; Found: C, 39.5; H, 3.3; N, 4.5.1H
NMR data: d 1.20 [s, 3H, 2JPtH¼ 70.4 Hz, Me ligand trans to N atom of
C^N ligand],1.95 [s, 3H, 2JPtH¼ 69.4 Hz, Me ligand trans to I], 7.02 [m,
1H, CH group adjacent to coordinated C atom], 7.54e8.63 [11H,
protons of C^N and py ligand], 10.13 [m, 1H, 3JPtH¼ 10.8 Hz, CH
group adjacent to coordinated N atom].

The following complexes were prepared similarly using the
appropriate Pt complex 1c-1d and MeI:

[PtMe2I(ppy)(pz)], 2c. 1H NMR data: d 1.28 [s, 3H, 2JPtH¼ 73.4 Hz,
Me ligand trans to N atom of C^N ligand], 1.75 [s, 3H, 2JPtH¼ 69.2 Hz,
Me ligand trans to I], 7.24e8.65 [11H, protons of C^N and pz ligand],
10.15 [m, 1H, 3JPtH¼ 10.1 Hz, CH group adjacent to coordinated N
atom].

[PtMe2I(ppy)(py)], 2d. Yield: 81%, mp¼ 189 �C (decomp). Anal.
Calcd. for C18H19IN2Pt: C, 36.9; H, 3.3; N, 4.8; Found: C, 37.1; H, 3.2;
N, 4.7.1H NMR data: d 1.19 [s, 3H, 2JPtH¼ 71.6 Hz, Me ligand trans to
N atom of C^N ligand], 1.77 [s, 3H, 2JPtH¼ 69.5 Hz, Me ligand trans to
py], 7.10e8.61 [12H, protons of C^N and py ligand], 10.17 [m, 1H,
3JPtH¼ 11.6 Hz, CH group adjacent to coordinated N atom].

2.3. Kinetic measurements

The kinetic rate constants were determined through UVevis
spectroscopy by monitoring the changes in absorbance. A linear
relationship between absorbance, Abs, and concentration, C,
confirmed the validity of the BeereLambert law (Abs¼ εbC,
b¼ path length¼ 1 cm) for all of the complexes. The kinetic mea-
surements were monitored under pseudo-first-order conditions
with [MeI][ 10[Pt(II) complexes]. The concentrations of the Pt(II)
complexes were 1.5� 10�4M. The pseudo-first-order rate con-
stants, kobs, were calculated by fitting the kinetic data to the first-
order equation Abst¼ Abs∞ þ (Abs0 e Abs∞) exp(ekobst), in
which Abst¼ absorption at time t, Abs0¼ initial absorption, and
Abs∞¼ infinity absorption. The experimentally determined
pseudo-first- order rate constants were converted into second-
order rate constants, k2, by determining the slopes of the linear
plots of kobs against the concentration of MeI at the corresponding
temperature according to the equation kobs¼ k2[MeI]. The activa-
tion parameters DH‡ and DS‡ for the reactions in acetone were
obtained from kinetic experiments at five temperatures between 5
and 35 �C. The activation parameters were determined from the
Eyring equation ln(k2/T)¼ ln(kB/h) e DH‡/RT þ DS‡/R, in which
DH‡¼ activation enthalpy, DS‡¼ activation entropy, k2¼ rate con-
stant, kB¼ Boltzmann constant, T¼ temperature, h¼ Planck con-
stant, and R¼ universal gas constant.

2.4. Computational details

Gaussian 09 [22] was used for DFT calculations at the B3LYP
[23,24] level of theory. The starting structures were created by
GaussView program and optimized using the polarizable conductor
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model (CPCM) continuum solvation methods [25] considering radii
and acetone as solvent as implemented in Gaussian program. The
effective core potential of Hay and Wadt with a double-x valence
basis set (LANL2DZ) was chosen to describe Pt and I [26]. The 6-
31G(d) basis set was used for other atoms [27]. Frequency calcu-
lations were carried out at the same level of theory. These calcu-
lations indicated the correct stationary points, characterized by the
number of negative eigenvalues of their analytic Hessian matrix (0
for minima and 1 for any true transition state). We have also
checked that imaginary frequencies exhibit the expected motion.
All reported reaction and activation energies include zero-point
energies and thermal corrections at 298 K and 1 atm. pressure to
the electronic energies to allow direct comparison between theo-
retical and experimental data. To estimate the corresponding
thermodynamic and activation parameters, we calculated the
relevant corrections and added them to related energies.
3. Results and discussion

3.1. Synthesis and characterization of Pt complexes

Reaction of the dimethylsulfide complexes [PtMe(C^N)(SMe2)],
(C^N¼ bhq, A; C^N¼ ppy, B) with the nitrogen donor ligand
L¼ pyrazine (pz) or pyridine (py) in an excess molar ratio gave the
corresponding organoplatinum(II) complexes [PtMe(C^N)L], 1ae1d
(C^N¼ bhq, L¼ pz, 1a; C^N¼ bhq, L¼ py, 1b; C^N¼ ppy, L¼ pz, 1c;
C^N¼ ppy, L¼ py, 1d). They were characterized by their 1H NMR
spectra and elemental analysis (for L¼ py). Complex 1dwas further
characterized by x-ray crystallography (see Figure S1 and Table S1).
These complexeswere treatedwith excessmethyl iodide in acetone
or chloroform to give the corresponding six-coordinate cyclo-
metalated Pt(IV) complexes [PtMe2I(C^N)(L)], 2ae2d (C^N¼ bhq,
L¼ pz, 2a; C^N¼ bhq, L¼ py, 2b; C^N¼ ppy, L¼ pz, 2c; C^N¼ ppy,
L¼ py, 2d) as shown in Scheme 1.

One may argue that N-methylation of the free N atom of pyr-
azine ligand in complexes 1a and 1cmay compete with attacking of
Pt(II) center onMe group of MeI reagent. Some systems [28] such as
[PtMe2(NN)], where NN¼ 2,20-bipyrimidine or bis(2-pyridinal)
ethylenediimine [29] and [PtMe(bpy-H)(PMe3)] [30], has already
been reported in the literature, each having at least one free N atom
on the NN or C^N ligand, react with MeI to give the corresponding
Pt(IV) products rather than N-methylation at free N atom. On the
other hand, it is predicted [20] the rollover cyclometalated plati-
num(II) complexes [PtMe(C^N)(PPh3)] (C^N¼ 2,30-bpyridinate or
2,40-bpyridinate) containing two potential nucleophilic centers,
react with MeI through the free nitrogen donor to form N-meth-
ylated platinum(II) complexes rather than oxidative addition re-
action to give Pt(IV) complexes. In the new pyrazine complexes 1a
Scheme 1. Reactions st
and 1c, the two competition reactions are suggested and shown in
Scheme 1.

As an example, the reaction of complex 1a with MeI was
monitored by 1H NMR and UVeVis spectroscopies to find out which
product is formed, 2a (product of oxidative addition) or 3a (product
of N-methylation reaction), see Scheme 1. Typical 1H NMR spectra
for monitoring the reaction of 1a with MeI in CDCl3 at room tem-
perature are shown in Fig. 1. Immediately after the addition of MeI,
both species, that is, the Pt(II) complex and the Pt(IV) complex, can
be observed in the first 1H NMR spectrum. The signal for the Pt(II)
complex (1a) disappears after a fewminutes, and then the complex
2a is gradually formed. As is clear from Fig. 1, the product of this
reaction is the Pt(IV) complex 2a instead of Pt(II) complex 3a (see
Scheme 1). In the 1H NMR spectrum, for the product 2a, two sin-
glets with platinum satellites at d¼ 1.20 (2JPtH¼ 73.5 Hz) and
d¼ 1.84 (2JPtH¼ 69.5 Hz) were assigned to the two different Me
groups connected directly to Pt center. These 2JPtH values are rather
smaller than that for Pt(II) complex 1a (2JPtH¼ 87.6 Hz), confirming
oxidation of Pt(II) complex 1a to Pt(IV) complex 2a (instead of
formation of N-methylation product 3a). A similar behavior was
found for the reaction of ppy analogue complex 1c with MeI.

To understand why the Pt center of complexes 1a and 1c can
react with MeI instead of the free nitrogen donor of the pyrazine
and to understand factors governing these two competing re-
actions (i.e. oxidative addition on Pt(II) versus N-methylation of
coordinated pyrazine), we theoretically and experimentally studied
themechanism of both N-methylation and oxidative addition of the
present reactions to examine and understand site selectivity. The
suggested mechanisms are presented in Scheme 2.
3.2. DFT investigation of the reactions

First to predict the product of the reaction of complexes 1a and
1c with MeI, DFT calculations were used to investigate the mech-
anism of the reactions (Scheme 2). The structures of the starting
complexes, suggested transition states, intermediates, and possible
products were optimized by DFT calculations (see Supporting
Information).

In the oxidative addition pathway, the nucleophilic attack of the
5dz2 atomic orbital of the Pt(II) center of complex 1a on the s*-
orbital of Me group of MeI (see Fig. 2) results in the formation of
transition state TSa in which the PteCMeeI angle is 176.8�, which
indicates a linear structure with a planar Me ligand at the center
(see Fig. 2 and Tables S2-S5). In this structure, the Me group is
approaching the metal center, and the CeI bond is gradually
breaking to form the cationic IMa intermediate, which has a dis-
torted square-pyramidal geometry with incoming Me ligand
located at the apical position. The completion of the oxidative
udied in this work.



Fig. 1. Monitoring the addition of MeI to complex 1a in CDCl3 at room temperature by 1H NMR spectroscopy (aliphatic region). The time interval is 3min. Pt satellites are shown by
asterisk.
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Scheme 2. Suggested mechanisms for N-methylation (top) and oxidative addition (bottom) reactions. Potential transition states and intermediates are shown.
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addition then involves coordination of iodide anion to vacant site of
IMa to give the product 2a. In the N-methylation reaction, the free
N atom of pyrazine attacks the CH3 group of MeI. As shown in
Scheme 2 and Fig. 2, transition state TSaʹ́ is formed. This transition
state contains the linear arrangement of NeCMeeI with bond angle
of 179.4�. Similar toTSa, the coordination sphere around the C atom
is trigonal bipyramid with NeCMeeH bond angle of 89.1�. During
the formation of TSaʹ́, NeCH3 and CH3eI bond lengths vary signif-
icantly. The NeCMeI length decreases from far apart in the reactants
to 2.080 Å in the transition state, whereas the CeI length increases
from 2.196 Å in MeI to 2.691 Å in transition state TSaʹ́.

Fig. 3 shows the nature of the frontier molecular orbitals of the
species involved in the oxidative addition reaction. For example, in
the reaction of 1awithMeI, the electronic configuration of the Pt(II)
metal center is d2xzd

2
yzd

2
xyd

2
z2d

0
x2�y2 , with the dz2 orbital being the

HOMO-1. As shown in Fig. 3, the main contribution of PteC(MeI) in
the HOMO of the transition state of TSa (oxidative addition reac-
tion) comes from the overlap of the dz2 of the platinum center with
the LUMO of MeI (which is the CeI s* antibonding molecular
orbital). So the oxidation process can be considered as the removal
of electrons from the HOMO-1 of the complex [PtMe(bhq)(pz)] into
the LUMO of MeI. Similar result was observed for the N-methyl-
ation reaction of MeI with free N atom of pyrazine in complex 1a,
where CeI s* antibonding MO overlaps with N atom to locate the
electron density on I atom of TSaʹ́. As is clear from Fig. 3, the elec-
tron density in 1a is more located on the Pt atom instead of N free
atom of pyrazine which enables the Pt center to act as a stronger
nucleophile than N free donor towards MeI.

Qualitative representations of the highest occupied and lowest
unoccupied molecular orbitals in [PtMe(bhq)(pz)], 1a,
[PtMe2I(bhq)(pz)], 2a, and [PtMe(bhq)(pz-Me)]I, 3a, are presented
in Fig. 4. The HOMOeLUMO gap of 1a is equal to 3.034 eV. HOMO



Fig. 2. Structural change in oxidative addition and N-methylation of complex 1a and the optimizes geometries in acetone solvent. Bond lengths and angles are in Å and � ,
respectively. H atoms (except for moving Me) are removed for more clarity.

Fig. 3. Selected frontier orbitals in acetone solvent; HOMO and HOMO-1 of complex 1a; LUMO of MeI; HOMO of TSa and HOMO of TSaʹ́.
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and HOMO-1 of 1a consist mainly the Pt d orbital and bhq ligand
orbitals. The LUMO is predominately localized on the pyrazine
ligand orbitals. The value of the energy separations between the
HOMO and LUMO of 2a and 3a are smaller than that of 1a and are
equal to 2.910 and 1.121 eV, respectively. The HOMO and HOMO-1
of Pt(IV) complex 2a are mostly located on I atom and the LUMO
of this complex is mainly localized on the pyrazine ligand. The
HOMO and LUMO of 3a can also be ascribed as a combination of Pt
atom, pz and bhq ligands, where the contribution of bhq ligand in
HOMO is more than that in LUMO (see Fig. 4).

To predict the product of the reaction of complexes 1 with MeI,
DFT calculations were used to obtain the energies of species
involved in the oxidative addition and N-methylation reactions.
The DFT calculated data for the reactions shown in Scheme 2 in
acetone are collected in Table 1.

The calculated energy profile for the oxidative addition and N-
methylation reactions of 1a with MeI is shown in Fig. 5. Further-
more, all of the optimized structures with selected geometric pa-
rameters are shown in Tables S2eS5. The summation of the free
energies of the Pt(II) complex and MeI was considered to be zero,
and the other energy levels vary relative to this (Fig. 5). As shown in
Fig. 5, the energy barriers (DGz in kcalmol�1, see Table 1) for the
oxidative addition and N-methylation reactions of complex 1awith
MeI in acetone are 79.4 and 101.6 kJmol�1, respectively, which
shows the lower energy barrier for oxidative addition reaction. This
behavior can also predict from the shape of highest occupied mo-
lecular orbitals of 1a (see Fig. 3) where the electron density is more
concentrated on the Pt atom comparing to free N atom of pyrazine
which enables the former to be stronger nucleophile than free N
donor towards MeI. This observation is consistent with the exper-
imental finding in which the Pt(IV) complex 2a (and not 3a, see
Scheme 1) is the product of the reaction of complex 1awith MeI. In
the energy profiles, the calculated energy barrier for oxidative
addition reaction of complex 1a with MeI, as the energy gaps be-
tween the starting materials and the transition state TSa, has also a
good agreement with the DGz values obtained from the kinetic
experiment (73.6 kJmol�1, see the experimental results summa-
rized in Table 2). One possible interpretation for higher energy
barrier observed for the N-methylation reaction with respect to
oxidative addition is the coordination of Pt(II) center to nitrogen



Fig. 4. Qualitative frontier molecular orbitals scheme for complexes 1a, 2a and 3a.

Table 1
Computed activation parameters and reaction thermodynamics for oxidative addi-
tion and N-methylation reactions shown in Scheme 2.

DHz

kJ/mol
DSz

J/mol K
DGz

kJ/mol
DH

�

kJ/mol
DS

�

J/mol K
DG

�

kJ/mol

N-methylation
1a 59.0 �142.6 101.6 �17.7 �55.9 �1.0
1c 59.3 �137.7 100.4 �17.8 �57.0 �0.8
1ea 61.5 �141.5 103.6 �13.2 �56.2 3.6
Oxidative addition
1a 35.6 �147.5 79.4 �49.6 �172.9 1.9
1b 33.4 �149.4 77.9 �51.7 �175.6 0.7
1c 35.8 �142.6 79.3 �49.5 �177.8 3.5
1d 34.7 �144.4 77.7 �51.4 �179.7 2.1
1ea 35.5 �146.9 79.3 �50.7 �173.9 1.2

a L¼ pyrimidine.

Fig. 5. Calculated relative free energies for products, intermediates and transition
states, arising from the oxidative addition (green) and N-methylation (blue) of com-
plex 1a and oxidative addition of complex 1b (red) by MeI in acetone. The summation
of the energies of the 1a or 1b and MeI was considered to be zero. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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atom of pyrazinewhich appears to reduce the nucleophilicity of the
remaining nitrogen-donor such that the Pt(II) center of 1a is a
stronger nucleophile than the free pyrazine nitrogen donor.

As shown in Fig. 5, the free energy barrier for oxidative addition
reaction of pyridine complexes (for example 77.9 kJmol-1 for
complex 1b) is slightly less than that for pyrazine complexes (for
example 79.4 kJmol-1 for complex 1a). This may be due to the in-
fluence of extra nitrogen atom of pyrazine ligand. The extra elec-
tronegative nitrogen atom in pyrazine ligand makes this ligand
slightly weaker donor than pyridine, thus decreasing the electron
density of Pt(II) in the complex and therefore the reaction rate of
[PtMe(C^N)(pz)] compared to [PtMe(C^N)(py)], as supported by
experimental findings (see next section).

We extended our DFT calculation to other ligand, pyrimidine
(see 1e, Scheme 3) to find out the position effect of extra N atom in
N donor ligand on the possibility of N-methylation versus oxidative
addition (see Table 1). As can be seen in Table 1, the free energy
barrier for MeI oxidative addition on Pt(II) center is almost the
same as that found for complex 1a (79.4 and 79.3 kJmol-1 for 1a and
1e, respectively) due to identical nucleophilicity of Pt centers in
these complexes and are lower than those calculated for N-
methylation (101.6 and 103.6 kJmol-1 for 1a and 1e, respectively).

We have previously reported the theoretical investigation of N-
methylation versus oxidative addition of rollover cyclo-
platinated(II) complexes [PtMe(2,X0-bpy-H)(PPh3)], (X¼ 2, F; X¼ 3,
G; and X¼ 4, H) by MeI (see Scheme 3) [20]. We found that though
complex F reacts with MeI through oxidative addition reaction to
give Pt(IV), the analogous complexes G and H are predicted to
attend in N-methylation. This different behavior was attributed to
the position of the nitrogen atom in the bpy-H ligand in which
steric hindrance prohibits N-methylation in complex F, while its
absence on the free N atom in complexes G and H favors N-
methylation. Although in that case steric effect around free N atom
has an important role, in the case of pyrazine complex 1a presence
of an extra nitrogen atom may reduce the nucleophilicity of the
remaining nitrogen-donor and favor oxidative addition over N-
methylation.



Table 2
Second-order rate constantsa and activation parameters for the reactions of complexes 1 with MeI in acetone.

Complex ƛmax /nm 102k2/Lmol�1s�1 at different temperatures (�C) DНz /kJmol�1 DSz /Jmol�1K�1 DGz /kJmol�1

5 10 15 20 25 30 35

1a 395 0.27 0.34 e 0.56 0.81 0.95 e 33.6± 1.8 �134± 6 73.6± 2.5
1b 395 0.81 1.01 1.19 e 1.8 e 2.9 27.4± 1.3 �147± 4 71.2± 1.8
1c 370 0.29 0.38 e 0.65 0.81 1.02 e 32.9± 0.5 �136± 1 73.4± 0.6
1d 370 0.79 1.07 1.31 e 2.2 e 3.21 30.7± 0.9 �135± 3 71.0± 1.3

a Estimated errors are ±5%.

Scheme 3. Structure of complexes 1e, F, G and H.
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3.3. Kinetic and mechanism of the reaction of complexes 1a-1d
with MeI

As stated in the last section, DFT calculations predict that com-
plexes 1a and 1c (where C^N¼ pz) react with MeI through the Pt
center to form Pt(IV) complex. To find out the accuracy of our
prediction from DFT calculations, the oxidative addition reactions
of 1a and 1c with MeI in acetone were experimentally studied. The
complexes 1 have 5dpðPtÞ/p* (C^N) metal-to-ligand charge-
transfer bands in the visible region, which were used to easily
follow the kinetics of their reactions with MeI by monitoring the
disappearance of the MLCT band of the Pt(II) complexes. The
pseudo-first-order rate constants kobs were obtained by nonlinear
least-squares fitting of the absorbanceetime curves to a first-order
equation Abst¼ Abs∞ þ (Abs0 e Abs∞) exp(ekobst). The kobs values
were plotted against [MeI] at different temperatures. They dis-
played good straight-line plots and the slope of each line gave the
second-order rate constant (k2). Typical changes in the UVeVis
spectrum of complex 1a at room temperature and plots of kobs
versus the [MeI] at different temperatures during the reaction of 1a
with MeI in acetone solution are shown in Fig. 6. The Eyring
Figure 6. (Left) Changes in the UVeVis spectrum of 1awith MeI in acetone at 25 �C; (Right)
of 1b with MeI in acetone at different temperatures.
equation is also used to calculate the activation parameters (see
Fig. 7) and the resulting kinetic data are summarized in Table 2.

On the basis of the kinetic data, we suggest that (see Scheme 2,
bottom) Pt(II) center of each of the complexes 1, first attacks as a
nucleophile on the carbon atom of MeI to give an ionic five-
coordinate intermediate [PtMe2(C^N)(L)]þI� with a square pyra-
midal geometry having the incoming Me in the apical position and
the iodide ion in the outer sphere of the Pt complex. Then the free
iodide ion coordinates to Pt(IV) center of the [PtMe2(C^N)(L)]þ

intermediate to form the octahedral Pt(IV) product
[PtMe2I(C^N)(L)], 2.

In a comparative study, we studied the kinetics of reaction of
pyridine analogues [PtMe(C^N)(py)], (C^N¼ bhq,1b; C^N¼ ppy,1d),
with MeI as a “calibration reaction” to evaluate the reality of kinetic
data obtained for pyrazine complexes and the effect of N-donor
ligand on the rate of the reaction of MeI with complexes 1. The Pt(II)
complexes 1b and 1d also contain a MLCT band in the visible region
and was used similarly to study the kinetics of their reactions in
acetone at l¼ 395 and 370 nm for 1b and 1d, respectively. The data
are collected in Table 2. As clear from Table 2, the activation pa-
rameters obtained for pyridine complexes 1b and 1d (which attend
the plots of pseudo-first-order rate constants (kobs/min�1) versus [MeI] for the reaction



Fig. 7. Eyring plots for reaction of the complexes 1a-1d with MeI in acetone.
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only in the oxidative addition reaction instead of N-methylation)
are in the range of those observed for pyrazine complexes (1a and
1c). This may be taken as an evidence for operation of a common
mechanism (SN2) in this series of oxidative addition reactions.

As reported in Table 2, for the pyridine derivatives (1b and 1d)
the rate constants are almost 3 fold those for the pyrazine de-
rivatives, matching with that expected on electronic grounds. The
extra electronegative nitrogen atom in pyrazine makes this ligand
weaker donor, thus decreasing the negative-charge density at the
Pt(II) center and therefore decreasing the reaction rates for com-
plexes 1a and 1c compared to 1b and 1d. The rate constants
observed for bhq complexes (1a and 1b) or their ppy analogues (1c
and 1d) are almost the same showing that both C^N ligands have
the same donor ability on Pt(II) centers. For example, the rate
constants for reactions of complexes 1a and 1c with MeI at 25 �C
are 0.81 Lmol�1s�1.

It should be noted that our experimental findings strongly
support DFT calculations. The trend for the experimental values of
free energy barriers of oxidative addition reactions [1a (73.6 kJmol-
1)y 1c (73.4 kJmol-1)> 1b (71.2 kJmol-1)y 1d (71.0 kJmol-1)] re-
flects the observed trend for the calculated DGz values (79.4, 79.3
77.9 and 77.7 kJmol-1 for 1a,1c,1b and 1d, respectively, see Table 1).
4. Conclusions

New cycloplatinated(II) complexes of the general formula
[PtMe(C^N)(pz)], (C^N¼ bhq, 1a; C^N-ppy, 1c) have two potentially
nucleophilic sites for reaction with MeI, a Pt(II) center (to undergo
oxidative addition) and the N atom of pyrazine ligand (to undergo
N-methylation). Theoretical calculations predict that these com-
plexes would favor oxidative addition with MeI to give Pt(IV)
products. The energy barriers (DGz) for N-methylation of complexes
1a and 1c are 101.6 and 100.3 kJ mol�1, respectively, which are
much higher than those for oxidative addition, 79.4 and
77.9 kJmol�1, respectively. The calculated reaction profiles were
confirmed experimentally, in which the oxidation of Pt(II) to Pt(IV)
complexes is clearly demonstrated by 1H NMR. Furthermore, the
kinetics studies using UVevis spectroscopy indicate that MeI reacts
with the Pt(II) center of [PtMe(C^N)(pz)], (1a or 1c), with a rate
significantly lower than that of the corresponding reaction
involving [PtMe(C^N)(py)], 1b or 1d, which was studied as a
“reference reaction”. This observation has been attributed to more
electron donating ability of pyridine in complex 1b (or 1d)
compared to pyrazine in complex 1a (or 1c) because of the pres-
ence of an extra electronegative nitrogen atom in the pyrazine
ligand. It should be noted that the free energy barriers for oxidative
addition of complexes 1a (C^N¼ bhq) and 1c (C^N¼ ppy) (79.4, and
79.3 k Jmol�1, respectively) are comparable, showing that the Pt
centers in these complexes have similar nucleophilicity; and these
experimental value are in excellent agreement with those obtained
from computations of transition-states by DFT.
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