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Abstract: Square-planar substitution reactions (chlorido for iodide, trans to methyl and hydrido as non-labile ligands) was kinetically investigated
in chloroform solution in a series of platinum(II) trans-[PtRCl(L)2] complexes (R = Me: L = PPh3, 1; PPh2Fc, 2; P(NMe2)3, 3; AsPh3, 5; As(4-Me-Ph)3,
6; R = H: L = PPh3, 7) and cis-[PtMeCl(Ph2PFcPPh2)], 4. The reactions follow the normal associative mode of activation, but with equilibria present
in all steps, with rate constants for the direct substitution pathway, k12, of (9.1 ± 1.0) × 10−4, 0, (1.389 ± 0.016)×10−2, (1.51 ± 0.15), (2 ± 4) × 10−3,
(2.79 ± 0.04) × 10−2 and 0 mol−1 dm3 s−1 at 298 K for 1 to 7 respectively. The corresponding second order rate constants for the solvent assisted
pathway, k13', were also determined. The activation parameters for the direct and solvent assisted pathways for 3 were determined as ∆H≠ =
60.4 ± 1.4 and 53.7 ± 0.3 kJ mol−1, and ∆S≠ = −78 ± 4 and −142 ± 1 J mol−1 K−1. A significant more than four orders-of-magnitude reactivity range
was observed. Crystal structures of trans-[PtMeCl(PPh2Fc)2].2CHCl3.2H2O, trans-[PtMeCl{P(NMe2)3}2], cis-[PtMeCl(Ph2PFcPPh2)].2CHCl3 and
trans-[PtHCl(PPh3)2].CH3OH are reported.
Keywords: square-planar substitution, platinum{II}, methyl/ hydrido complexes, associative activation, kinetics, equilibria, crystallography

S

INTRODUCTION

QUARE-PLANAR substitution reactions in general
follow an associative mode of activation almost
without exception, although specific examples displaying a
dissociative activation have been verified.[1,2] Steric and
electronic factors usually favour the addition of a fifth
ligand to form a five-coordinate 18 electron transition state
and consequently usually show a considerable extent of
discrimination between different entering nucleophiles.
Determining the reaction mechanisms and the rates of the
reactions in a number of different compounds are still very
relevant due to the extensive application in chemotherapy
and catalysis. Some more recent examples of literature
which includes kinetic studies, are referenced below.[3]
It has been shown that the complete behaviour,
including two parallel pathways and upon inclusion of

equilibrium reactions[4] for all the separate steps, is
significantly more complex, see Scheme 1.
Examples, other than substitution, involving squareplanar complexes that proceed through three coordinated
transition states include the uncatalysed cis to trans
isomerisation of complexes of the type cis-[PtRX(PEt3)2] (R
= alkyl or aryl, X = solvent molecule or halide ion).[5] These
complexes undergo dissociation of the solvent molecule, or
halide ion, to form a 14 electron three-coordinate intermediate which rearranges to the trans isomer and then
undergoes recombination with the dissociated ligand to
form the four-coordinate product. Other reactions include
β-hydride elimination from symmetrical and unsymmetrical dialkylbisphosphino platinum(II) complexes,[6]
insertion reactions of olefins and carbon monoxide[7] as
well as alkyl for halogen exchange reactions,[8] for example
between [Pt(Cl)2(SMe2)2] and [Pt(Me)2(SMe2)2].
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Scheme 1. Schematic presentation of a square-planar substitution reaction showing the parallel direct substitutionand solvent assisted pathways; [PtRClL2] = 1, [PtRIL2] = 2 and
[PtRSL2] = 3. The subscripts of the rate constants denote the
numbers of the species involved in the specific reaction, e.g.
k12 describes the rate constant for the reaction proceeding
from complex 1 to 2. The solvent (S) concentration is
incorporated in the rate constants k13 and k23.
Basolo et al.[9] concentrated their attempts to obtain
three-coordinate intermediates by the use of bulky
ancillary ligands to prevent bond formation while
simultaneously enhancing dissociation due to steric
crowding around the central metal atom. They compared
the reaction rates of diethylenetriamine complexes with
those of N-alkyl substituted analogues according to the
simple reaction given in Eq. 1:
+

+

 M( L ) X  + Y − 
→  M( L ) Y  + X −

(1)

M = Pd(II) and Pt(II), L = diethylenetriamine and alkyl
derivatives thereof.
Increased steric hindrance by alkyl functionalisation
of the terminal nitrogen atoms of coordinated
ethylenetriamine leads to a significant decrease in both k12
and k13, the nucleophile dependent and the nucleophile
independent rate constants, according to the normal
associative rate law as defined in Scheme 1. In the most
sterically congested systems the k12 term becomes
negligible leaving the rate of substitution dominated by the
solvent assisted pathway. The kinetic behaviour of these
systems resembles that found for octahedral complexes
and as a result they were labelled “pseudo-octahedral”
complexes. In the sterically congested aqua complexes
[M(R5-dien)(H2O)]2+ (R = alkyl substituent, M = Pd(II) and
Pt(II)), the complexes regained the ability to discriminate
between different entering nucleophiles while the solvent
assisted pathway was kinetically undetectable. Extended
studies headed mainly by van Eldik and co-workers[10]
investigated the effect of pressure on solvolysis, anation
reactions and solvent exchange on these systems and
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showed that they still followed the conventional
associative modes of activation. Methyl and hydrido
complexes containing bidentate phosphine ligands
spanning trans positions were also kinetically
investigated,[11] but yielded similar results.
Bond weakening of the leaving group induced by
ligands exerting a strong trans influence can also promote
dissociation. A study of complexes of the form trans[PtRCl(PEt3)2] (R = H, CH3, C2H5, C6H5, o-Tol, mesityl etc.)
yielded similar results as the pseudo octahedral complexes,
namely, the loss of discrimination between different
entering nucleophiles as well as a dominant solvolysis
pathway.[12] The mechanism of activation was still found to
be associative while in the case of the methanol solvento
complexes, trans-[Pt(R)(MeOH)(PEt3)2]+, a significant
extent of nucleophile discrimination was reported,
regardless of the steric size of the trans ligand R.[13] It was
shown from this study that the increase in electron density
induced on the central metal atom by strong σ-donating R
ligands markedly limited the attack of nucleophiles
depending mainly on the polarizability of the donor atom
(preference for the direct (k12) pathway) while the attack of
biphilic nucleophiles (able to delocalize charge by πinteractions with the metal) is favoured.
Romeo et al.[1,14] showed that the platinum(II)
complexes cis-[Pt(R)2(S)2] (R = CH3− and C6H5−, S = Me2SO
and SMe2) undergo substitution of the sulphur donor
ligands via a mechanism including a dissociative mode of
activation. The reason stated for the sharp turnover
observed in the mechanism is proposed as the presence of
the strong σ-donating Pt−C bonds which give rise to
significant lengthening and weakening of the trans Pt−S
bond.
Similar results were also obtained by Elding and
Wendt[2] who showed that substitution of the phosphine
ligands in cis-[Pt(SiMePh2)2(PMe2Ph)2] by the bidentate
phosphine ligand dppe (1,2-bisdiphenylphosphinoethane)
follows a dissociative mode of activation. These results
were confirmed by following phosphine exchange reactions
by variable temperature magnetisation transfer 1H NMR
which showed that these reactions proceed through a
mechanism in which the rate-determining step involves the
breaking of the Pt−P bond. The silyl ligands are even more
effective in blocking associative attack, in accordance with
its higher trans influence. The authors also pointed out
from the crystal and molecular structure determination
that extensive distortion toward a tetrahedral conformation occurs. This was interpreted as a combination of the
steric crowding experienced in the system, as well as to the
high amount of electron density induced on the metal
centre.
We reported previously[15] on the kinetic behaviour
of trans-[PtMeCl(SMe2)2] towards anionic and neutral
DOI: 10.5562/cca3344
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ligands and now extend this study to cover chlorido anation
by iodide trans to a strong labilizing group in systems
containing ligands with group 15 donor atoms. We thus
here present results for a series of complexes trans[PtRCl(L)2] (R = Me: L = PPh3 1, PPh2Fc 2, P(NMe2)3 3, AsPh3
5, As(4-Me-Ph)3 6; R = H: L = PPh3 7) and cis[PtMeCl(Ph2PFcPPh2)] 4. Moreover, the importance of
detailed reaction mechanisms such as described here is
again underlined when applied/ considered in homogeneous catalysis processes,[16,17] or also in the in vivo activities
which depend on biological reaction sequences.[3]

EXPERIMENTAL
General
All chemicals used for the preparation of the complexes
were of reagent grade. The following metal complexes and
ligands were available commercially: K2PtCl4 (Next
Chimica); cis,cis-1,5-cyclooctadiene (Merck), SMe2 (Merck),
MeLi (Aldrich), PPh3 (Merck), AsPh3 (Merck), P(NMe2)3
(Merck), As(p-Tol)3 (Strem), PPh2FcPPh2 (Aldrich), Bu4NCl
(Merck) and Bu4NI (Merck). In the case of moisture and
oxygen sensitive chemicals all reactions were performed
under a nitrogen atmosphere using standard anaerobic
techniques and all solvents used during the synthesis and
kinetic studies were dried by standard procedures.[18] The
Bu4NCl and Bu4NI were vacuum-dried and stored under
nitrogen prior to use.
The complexes were identified using 1H, 13C, 31P and
195Pt NMR (Bruker operating at 300, 75.468, 121.497 and
64.525 MHz respectively) as deemed necessary. The NMR
spectra were recorded in CDCl3, the 1H spectra were
calibrated relative to the residual CHCl3 peak (7.24 ppm)
and the 13C NMR spectra were calibrated relative to the
chloroform 13C resonance (77.66 ppm). From the 13C NMR
spectra only the chemical shift, together with the firstorder Pt-C coupling constant, of the carbon directly
attached to the platinum is reported, while for the trans[PtRI(L)2] complexes only the highly diagnostic methyl or
hydride chemical shifts are reported from the 1H spectra.
The 31P NMR spectra were calibrated relative to 85% H3PO4
as an external standard in a capillary (0 ppm) and the 195Pt
NMR spectra relative to K2PtCl4 as external standard (−1639
ppm).

Preparation of Ligands and Complexes
The mixture of cis- and trans-[PtCl2(SMe2)2],[15] trans[PtMeCl(SMe2)2],[19] [PtMeCl(COD)],[20] cis-[PtCl2(PPh3)2],[21]
trans-[PtHCl(PPh3)2][22] and PPh2Fc[23] were prepared
according to literature procedures. The solution behaviour
of the respective complexes towards iodide was
investigated in situ by appropriate NMR measurements.
trans-[PtMeCl(PPh3)2] 1. (a) A solution of PPh3 (236 mg,
DOI: 10.5562/cca3344
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0.90 mmol) in acetone (5 mL) was added drop-wise to
trans-[PtMeCl(SMe2)2] (100 mg, 0.27 mmol) also in acetone
(5 mL) while vigorously stirring. The desired product
precipitated shortly after all the PPh3 was added and was
collected by filtration while the excess PPh3 remained in
solution. Yields are virtually quantitative 213 mg (98%).
(b) [PtMeCl(COD)] (100 mg; 0.28 mmol) was dissolved in
the minimum volume of acetone (5 mL) and was added to
PPh3 (236 mg; 0.90 mmol), also dissolved in acetone (5 mL).
Slow evaporation of the solvent without stirring yields the
desired product that was collected and washed with diethyl
ether to remove any traces of the unreacted phosphine.
Utilisation of larger amounts of the phosphine leads to the
precipitation of the desired product within a few minutes
in near quantitative yields. 1H NMR (CDCl3) δ/ppm: −0.11
(tt, 3H, 2JPt-H = 79 Hz, 3JP-H = 13 Hz), 7.3−7.4 (m, 18H), 7.6−7.8
(m, 12H); 13C: −8.99 (Me, tt, 1JPt-C = 655 Hz); 31P NMR (CDCl3)
δ/ppm: 29.87 (t, 1JPt-P = 3145 Hz); 195Pt NMR (CDCl3) δ/ppm:
−4646 (t, 1JPt-P = 3130 Hz). Anal. Calcd. mass fractions of
elements, w/% for C37H33ClP2Pt (Mr = 770.144) are: C 57.70,
H 4.32; Found: C 57.32, H 4.54.
trans-[PtIMe(PPh3)2] 1b. Bu4NI (48 mg; 0.13 mmol) was
added to a solution of trans-[PtMeCl(PPh3)2] (10 mg; 0.013
mmol) in CDCl3 (3 cm3) in an NMR tube (10 mm). The
reaction progress was monitored with 31P NMR confirming
the quantitative conversion of the chloro to the iodo
complex. 1H NMR (CDCl3) δ/ppm: 0.04 (Me, tt, 3H, 2JPt-H =
70 Hz, 3JP-H = 13 Hz); 31P NMR (CDCl3) δ/ppm: 28.38 (t, 1JPt-P
= 3075 Hz).
The same general procedures were used as
described for the PPh3 derivative to also prepare the
following complexes.
trans-[PtMeCl(PPh2Fc)2] 2. Recrystallisation from a
chloroform/ methanol (70/ 30) mixture yielded crystals
suitable for X-ray analysis 273 mg (98%). 1H NMR (CDCl3)
d/ppm: −0.02 (tt, 3H, 2JPt-H = 80 Hz, 3JP-H = 14 Hz), 4.33 (s,
5H), 4.42 (t, 2H), 4.58 (m, 2H), 7.35 (m, 12H), 7.65 (m, 8H);
13C NMR (CDCl ) δ/ppm: −10.13 (Me, tt, 1J
31
3
Pt-C = 664 Hz); P
1
195
NMR (CDCl3) δ/ppm: 20.66 (t, JPt-P = 3139 Hz); Pt NMR
(CDCl3) δ/ppm: −4575 (t, 1JPt-P = 3130 Hz). Anal. Calcd. mass
fractions of elements, w/% for C45H41ClFe2P2Pt (Mr =
985.98) are: C 54.82, H 4.19; Found: C, 55.33, H, 4.54.
trans-[PtIMe(PPh2Fc)2] 2b. 1H NMR (CDCl3) δ/ppm: 0.13
(Me, tt, 3H, 2JPt-H = 76 Hz, 3JP-H = 14 Hz); 31P NMR (CDCl3)
δ/ppm: 18.86 (t, 1JPt-P = 3049 Hz).
trans-[PtMeCl{P(NMe2)3}2] 3. Crystals suitable for X-ray
analysis were obtained directly from the acetone reaction
medium 142 mg (88%). 1H NMR (CDCl3) δ/ppm: 0.40 (tt, 3H,
2J
3
3
Pt-H = 84 Hz, JP-H = 12.5 Hz), 2.79 (tt, 36H, JP-H = 9.7 Hz);
13C NMR (CDCl ) δ/ppm: −22.33 (Me, tt, 1J
31
3
Pt-C = 705 Hz); P
1
195
NMR (CDCl3) δ/ppm: 109.02 (t, JPt-P = 3901 Hz); Pt NMR
(CDCl3) δ/ppm: −4277 (t, 1JPt-P = 3917 Hz). Anal. Calcd. mass
fractions of elements, w/% for C13H39ClN6 P2Pt (Mr =
Croat. Chem. Acta 2018, 91(2), 265–279
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571.967) are: C,27.30, H,6.87, N 14.69; Found: C 27.62, H
7.01, N 14.24.
trans-[PtIMe{P(NMe2)3}2] 3b. 1H NMR (CDCl3) δ/ppm: 0.56
(tt, 3H, 2JPt-H = 83 Hz, 3JP-H = 12.5 Hz); 2.84 (t, 36H, 3JP-H = 9.5
Hz); 31P NMR (CDCl3) δ/ppm: 107.81 (t, 1JPt-P = 3826 Hz).
cis-[PtMeCl(PPh2FcPPh2)] 4. Recrystallisation from
chloroform yielded crystals suitable for X-ray analysis 219
mg (97%). 1H NMR (CDCl3) δ/ppm: 0.56 (dtd, 3H, 2JPt-H = 57
Hz), 3.91 (m, 2H), 4.22 (m, 2H); 4.30 (m, 4H), 7.3−7.4 (m,
12H), 7.70 (m, 4H) 7.8−7.9 (m, 4H); 31P NMR (CDCl3) δ/ppm:
18.89 (td, 1JPt-P = 4559 Hz, 2JP-P = 14 Hz), 23.72 (td, 1JPt-P =
1782 Hz, 2JP-P = 14 Hz); 195Pt NMR (CDCl3) δ/ppm: −4555 (dd,
1J
1
Pt-P = 1782 Hz, JPt-P = 4559 Hz). Anal. Calcd. mass fractions
of elements, w/% for C35H31ClFeP2Pt (Mr = 799.95) are: C
52.55, H 3.91; Found: C 51.97, H 3.62.
cis-[PtIMe(PPh2FcPPh2)] 4b. 1H NMR (CDCl3) δ/ppm: 0.55
(Me, dtd, 3H, 2JPt-H = 56 Hz); 31P NMR (CDCl3) δ/ppm: 18.55
(td, 1JPt-P = 4339 Hz, 2JP-P = 15 Hz), 19.02 (td, 1JPt-P = 1885 Hz,
2J
P-P = 15 Hz).
trans-[PtMeCl(AsPh3)2] 5. Yield 233 mg (96%). 1H NMR
(CDCl3) δ/ppm: 0.07 (t, 3H, 2JPt-H = 78 Hz), 7.40 (m, 18H),
7.70 (m, 12H); 13C NMR (CDCl3) δ/ppm: −16.85 (Me, t, 1JPt-C
= 614 Hz); 195Pt NMR (CDCl3) δ/ppm: −4608 (s). Anal. Calcd.
mass fractions of elements, w/% for C37H33ClAs2Pt (Mr =
858.03) are: C 51.79, H 3.88; Found C 52.12, H 4.14.
trans-[PtIMe(AsPh3)2] 5b. 1H NMR (CDCl3) d/ppm: 0.22
(Me, t, 3H, 2JPt-H = 75 Hz), 7.40 (m, 18H), 7.70 (m, 12H).
trans-[PtMeCl{As(p-Tol)3}2] 6. The use of As(p-Tol)3 does
not result in the precipitation of 6 from acetone due to the
increased solubility induced by the Me substituents on the
ligand. The solvent was removed under vacuum and the
residues were washed with diethyl ether to remove traces
of the free ligand 242 mg (91%). 1H NMR (CDCl3) δ/ppm:
0.04 (t, 3H, 2JPt-H = 78 Hz), 2.33 (s, 18H), 7.16 (d, 12H), 7.57
(d, 12H); 13C NMR (CDCl3) δ/ppm: −16.85 (t, 1JPt-C = 620 Hz);
195Pt NMR (CDCl ) δ/ppm: −4611 (s). Anal. Calcd. mass
3
fractions of elements, w/% for C43H45ClAs2Pt (Mr = 942.19)
are: C 54.81, H 4.81; Found C 55.32, H 5.04.
trans-[PtIMe{As(p-Tol)3}2] 6b. 1H NMR (CDCl3) δ/ppm: 0.20
(Me, t, 3H, 2JPt-H = 76 Hz), 2.36 (2, 18H), 7.20 (d, 12H), 7.60
(d, 12H).
trans-[PtHCl(PPh3)2] 7. Recrystallisation from benzene/methanol gave crystals suitable for X-ray analysis.
IR(KBr) ṽmax/cm−1 : 2232 cm−1; 1H NMR (CDCl3) d/ppm:
−16.25 (tt, 1H, 1JPt-H = 1200 Hz, 2JP-H = 27 Hz), 7.3−7.4 (m,
18H), 7.6−7.7 (m, 12H); 31P NMR (CDCl3) d/ppm: 28.97 (t,
1J
195Pt NMR (CDCl ) d/ppm: −4858 (td, 1J
Pt-P = 3009 Hz);
3
Pt-P
1
= 3020 Hz, JPt-H = 1200 Hz); Anal. Calcd. mass fractions of
elements, w/% for C36H31ClP2Pt (Mr = 756.11) are: C, 57.19,
H 4.13; Found C 57.42, H 4.33.
trans-[PtIH(PPh3)2] 7b. 1H NMR (CDCl3) δ/ppm: −11.83 (tt,
1H, 1JPt-H = 1261 Hz, 2JP-H = 23 Hz); 31P NMR (CDCl3) δ/ppm:
28.83 (t, 1JPt-P = 2937 Hz).
Croat. Chem. Acta 2018, 91(2), 265–279

X-ray Crystallography
Crystals suitable for X-ray diffraction were obtained as
described in the experimental section. The data collection
(ω-scans at 100 or 293(2) K) was done on a Siemens SMART
CCD diffractometer using Mo Kα (0.71073 Å) radiation. All
reflections were merged and integrated using SAINT and
were corrected for Lorentz, polarization and absorption
effects using SADABS.[24] After completion of the data
collection the first 50 frames were repeated to check for
decay of which none was observed. The structures were
solved by the heavy atom method and refined through fullmatrix least squares cycles using the SHELXL97[25] software
package with Σ(/Fo/-/Fc/)2 being minimised. All non-H
atoms were refined with anisotropic displacement
parameters while the H atoms were constrained to parent
sites using a riding model except for the hydride in trans[PtHCl(PPh3)2] and the hydrogen atoms of the H2O in the
structure of 2 that was placed from the Fourier map. The
graphics were done with DIAMOND.[26] The effective cone
angles of the ligands were calculated from the structural
data according to the Tolman[27] model, but by using the
actual Pt−L bond distances as described before.[28] A
summary of the general crystal data and refinement
parameters is given in Table 1.

Kinetics Measurements
Chloroform was washed with water to remove traces of HCl
followed by distillation from CaH2 just before use. All kinetic
measurements were performed using freshly prepared
Pt(II) and Bu4NI solutions. The substitution of chloride for
iodide was studied in chloroform medium by observing the
absorbance changes at a suitable fixed wavelength in the
region 315 – 355 nm for the various complexes, as selected
from pre-recorded absorbance vs. wavelength time
resolved spectra using standard UV- and stopped-flow
techniques. The platinum solutions contained a ten-fold
excess of chloride and were mixed with at least a ten-fold
excess of iodide, ensuring pseudo first-order conditions for
entering and leaving ligand in all cases. Final concentrations
for Pt(II), Cl− and I− of 0.25, 2.5 and 2.5 – 150 mmol dm−3
respectively were used in all cases. The effect of temperature was investigated with trans-[PtMeCl{P(NMe2)3}2] 3,
between 10 and 40°C.
Tables of kobs vs. [I−] data and wavelengths where the
experiments were conducted are given in the ESI, as well as
illustrations of least-squares fits to determine the observed
pseudo first-order rate constants. The observed rate
constants were obtained from the absorbance vs. time
traces fitted to first-order exponentials[15] using the leastsquares programmes SCIENTIST[29] for the UV data and
OLIS[30] for the stopped-flow data. Rate constants
determined by stopped-flow techniques are given as the
average of at least five individual runs. The observed
DOI: 10.5562/cca3344
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Table 1. Crystallographic data and refinement parameters for 2, 3, 4 and 7
2.2CHCl3.2H2O

4.2CHCl3

7.CH3OH

C47H47O2Cl7Fe2P2Pt

C13H39N6ClP2Pt

C37H33Cl7FeP2Pt

C37H35ClOP2Pt

Formula weight

1260.73

571.98

1038.66

788.13

Crystal system

Monoclinic

Monoclinic

Triclinic

Triclinic

Space group

P21/c

P21/n

P1

a/Å
b/Å
c/Å
α/°
β/°
γ/°

9.543(2)
10.401(3)
24.168(6)
90
90.356(6)
90

7.9212(5)
12.4976(7)
11.1840(6)
90
99.3750(10)
90

10.3936(3)
10.6421(3)
19.2387(7)
97.110(2)
95.031(2)
113.2750(10)

P1
9.4658(4)
11.7382(5)
16.3040(7)
70.5670(10)
79.8040(10)
74.3660(10)

V / Å3

2398.9(10)

1092.38(11)

1917.87(10)

1637.53(12)

Z

2

2

2

2

T/K

293

293

100

293

Dc/ g.cm−3

1.745

1.739

1.799

1.598

μ / mm−1

4.000

6.699

4.620

4.492

Tmax/ Tmin

0.397/ 0.237

0.209/ 0.108

0.451/ 0243

0.524/ 0.473

F(000)

1248

568

1016

780

Crystal size/ mm

0.50x0.32x0.28

0.60x0.52x0.34

0.39x0.29x0209

0.25x0.13x0.13

θ limit/ °

2.13 to 27.88

3.07 to 26.73

1.08 to 28.44

5.61 to 28.30

Index ranges

−11 ≤ h ≤ 12
–13 ≤ k ≤ 13
–31 ≤ l ≤ 31

−9 ≤ h ≤ 10
–14 ≤ k ≤ 15
–13 ≤ l ≤ 14

−13 ≤ h ≤ 13
–14 ≤ k ≤ 14
–25 ≤ l ≤ 25

−12 ≤ h ≤ 12
–15 ≤ k ≤ 15
–21 ≤ l ≤ 21

Collected reflections

20 253

6472

49641

18002

Independent reflections

5725

2286

9563

7985

Rint

0.0706

0.0420

0.0448

0.0253

Observed reflections (I>2(σ)I)

4620

1983

9237

6836

Data/ restraints/ parameters.

5725/ 0/ 295

2286/ 0/ 122

9563/ 0/ 434

7985/ 0/ 385

GooF

1.219

1.095

1.200

0.985

0.0571
0.1273

0.0391
0.1035

0.0190
0.0574

0.0236
0.0486

0.0744
0.1320

0.0439
0.1077

0.0201
0.0612

0.0338
0.0512

0.973; −1.465

0.868; −5.005

0.795; −1.307

0.534; −0.785

R (I>2(σ)I)
wRb

R

R (all data)
wR

R

(a)

∆ρmax; ∆ρmin/ e.Å−3
(a)

3

Empirical formula

R = [(Σ∆F)/(ΣFo)]

(b)

wR = Σ[w(Fo2 −Fc2)2]/Σ[w(Fo2)2]1/2

pseudo first-order rate constants were subsequently fitted
as a function of ligand concentrations using appropriate
equations as described below, while the activation
parameters were calculated using the Eyring equation. [31,32]
Equilibrium constants for all phosphorous containing
ligands were determined using 31P NMR solutions
containing known quantities of the complex and Bu4NI in
CDCl3 solution at 25°C while 1H NMR was used for the arsine
ligands. UV-VIS investigations were performed using either
a Hitachi 150-20, GBC 916 or Cary 50 Conc
spectrophotometer, while stopped-flow investigations
were done on a modified Durrum 110 instrument. All
apparatus were equipped with constant temperature
water baths regulating the temperature within 0.2°C.
DOI: 10.5562/cca3344

Based on Scheme 1, the expression in Eq. 2 may be
derived (see ESI), for [Cl−], [I−] >> [Pt] which describes the
relationship between the pseudo first-order rate constant
kobs, and the concentrations of the various species in
solution under equilibrium conditions:

kobs


 Cl− 
= k12   I−  + 

Keq


k13
 K
 + eq



k32
k
 Cl−  + k13 32  I− 
k31 
k31
(2)
k
 Cl−  + 32  I− 
k31

In Eq. 2, Keq denotes the equilibrium constant for the
formation of complex 2 and is defined as the rate of the
forward reactions divided by the rate of the reverse
reactions, with the direct- and solvent assisted pathways in
Croat. Chem. Acta 2018, 91(2), 265–279
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equilibrium, as shown in Eq. 3.
K=
eq

k12 k13k32
=
k21 k23k31

(3)

In the case of a large equilibrium constant (Keq), it can be
shown that Eq. 2 simplifies to the well-known two-term
rate law (Eq. 4) in many cases encountered for squareplanar substitution reactions.
=
kobs k12 [ Y ] + k13

(4)

In all equations k13 = k13'[S] where [S] denotes the
concentration of the solvent (12.50 mol dm−3 for CHCl3 at
25°C). Eq. 2 was used to fit all the kinetic results obtained
during this study. Since the concentration of the leaving Cl−
features in Eq. 2 it was thus imperative that pseudo firstorder conditions in terms of [Cl−], with respect to [Pt], be
employed as well.

RESULTS AND DISCUSSION
Synthesis and NMR Characterization
Classic methods for preparation of the platinum-methyl
complexes include the action of MeLi on cis-[Pt(Cl)2(L)2] or
by oxidative addition of MeI to Pt(0) complexes of the form
PtL4. The complexes in this study were prepared most
conveniently from trans-[PtMeCl(SMe2)2] or [PtMeCl(COD)]
by substitution of the labile SMe2 or COD ligands by the
appropriate L ligand. The route utilising the COD complex
was prefered based on the stability of [PtMeCl(COD)] over
that of trans-[PtMeCl(SMe2)2]. This enables the preparation
of a considerable amount of the COD starting complex in
advance which can then be converted to the appropriate
phosphine or arsine complex when desired. Using

(a)

[PtMeCl(COD)] as reactant necessitates an appreciable
excess of the entering ligand to ensure that monomeric
complexes are formed in preference to bridging dinuclear
species. [33–35] The chlorido for iodide substitution in
chloroform solution was confirmed by in situ
measurements of representative solutions utilising multi
nuclear NMR spectroscopy; in all cases well behaved
conversions were observed with no detectable side
reactions. The synthesis and characterisation of trans[PtMeCl(PPh3)2] and the substitution of Cl− by a range of
halides and pseudo-halides have been described before.[36]
The methyl signal is very diagnostic and both the chemical
shift and coupling to the 195Pt nucleus provides a
convenient probe for characterisation of the related
complexes.
The first stable platinum hydrido complex, trans[PtHCl(PEt3)2], was reported in 1957,[37] but may be
conveniently prepared by other routes.[38] We found the
reduction of cis-[PtCl2(PPh3)2] with hydrazine hydrate in
aqueous ethanoic solution, described by Bailar et al.,[22] to
work well during our study.
All complexes were unambiguously characterised
using a combination of multi-nuclear NMR, IR and X-ray
crystallography[39] and the purity of samples used for
kinetic studies were confirmed by elemental analysis.

Crystallography
Selected geometrical parameters for 2, 3, 4 and 7 are
presented in Table 2 while molecular diagrams with the
numbering schemes and thermal displacement ellipsoids
are shown in Figures 1 and 2, respectively. Since the steric
and electronic factors are intricately related to the
reactivity of these complexes and the accessibility by
entering nucleophiles, a more detailed discussion of the

(b)

Figure 1. Molecular diagrams of 2 and 3, showing the numbering schemes and displacement ellipsoids for (a) 2 (30% probability)
with the aromatic hydrogen atoms and the solvent molecules omitted for clarity. In the numbering scheme of the aromatic
rings the first digit refers to the number of the ring (1−4) and the second to the number of the atom in the ring (1−6 for Ph and
1−5 for Cp), symmetry operator: ' = 1−x, 1−y, 1−z.; (b) 3 (50% probability), symmetry operator: ' = −x, −y, −z.
Croat. Chem. Acta 2018, 91(2), 265–279
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Table 2. Selected geometrical parameters for 2, 3, 4 and 7
2.CHCl3.H2O
2.3067(17)

3
2.3095(11)

4.2CHCl3
2.2269(6)

7.MeOH
2.2894(7)

Pt−C1/H1

2.20(4)

2.06(2)

2.3162(6)

2.2899(7)

2.130(2)

Pt−Cl

2.392(11)

1.56(3)

2.468(5)

2.3752(6)

2.4240(7)

P1−C1/N1
P1−C2/N2

1.826(7)

1.697(5)

1.830(3)

1.828(3)

1.833(7)

1.670(4)

1.825(3)

P1−C3/N3

1.827(3)

1.812(8)

1.659(4)

1.814(2)

1.823(3)

P2−C1

1.820(3)

1.825(3)

P2−C2

1.822(3)

1.826(3)

P2−C3

1.797(2)

1.826(3)

Pt−P1
Pt−P2

P1−Pt−P2

180

180

99.28(2)

174.79(2)

C1/H1−Pt−Cl

171.5(9)

175.1(9)

83.63(7)

174.5(12)

C1/H1−Pt−P1

84.5(12)
95.5(12)

85.9(7)
94.1(7)

86.61(7)

85.8(12)

173.76(7)

89.2(12)

86.9(3)
93.1(3)

89.71(13)
90.29(13)

170.23(2)

91.17(3)

90.49(2)

93.96(3)

C1/H1−Pt−P2
Cl−Pt−P1
Cl−Pt−P2
C1/N1−P1−Pt

119.0(2)

121.44(18)

112.37(9)

116.52(9)

C2/N2−P1−Pt

109.7(2)

110.40(15)

112.00(8)

116.38(9)

C3/N3−P1−Pt

116.2(2)

112.17(15)

122.18(8)

111.22(9)

C1−P2−Pt

112.93(9)

116.09(9)

C2−P2−Pt

116.81(8)

115.62(9)

C3−P2−Pt

115.79(9)

112.21(10)

C1/N1−P1−C2/N2

103.9(3)

101.7(2)

107.39(12)

100.02(12)

C1/N1−P1−C3/N3

102.2(3)

99.4(2)

100.82(12)

104.21(12)

C2/N2−P1−C3/N3

104.2(3)

110.8(2)

100.49(11)

107.17(13)

C1−P2−C2

101.77(12)

104.09(13)

C1−P2−C3

105.90(12)

103.86(12)

C2−P2−C3

101.97(12)

103.51(12)

(θ/2)E11

66.0

69.0

89.7

74.5

(θ/2)E12

87.5

91.2

86.0

85.4

( /2)E13

103.5

89.9

49.6

75.5

θE1

171

167

θ

150

157

(θ/2)E21

89.1

78.5

(θ/2)E22

57.3

69.6

(θ/2)E23

49.6

83.7

θE2

131

154

molecular structures is warranted and presented.
The structures of 2 and 3 show the complexes to
have distorted square-planar geometries with the bulky
phosphine ligands in the trans orientation as expected. Due
to the symmetrical nature of the molecules both complexes
DOI: 10.5562/cca3344

crystallize on inversion centres resulting in 50% statistical
disorders in the methyl and chlorido positions. In the
structure of 2 the disorder renders it difficult to determine
these bond lengths with a great deal of accuracy, but in 3,
better accuracy was obtained and displayed an
Croat. Chem. Acta 2018, 91(2), 265–279
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(a)

(b)

Figure 2. Molecular diagrams of 4, and 7, showing the numbering schemes and displacement ellipsoids for (a) 4 (70%
probability) with aromatic hydrogen atoms and the two chloroform solvent molecules omitted for clarity. (b) 7 (30%
probability) with the aromatic hydrogen atoms and the methanol solvent molecule omitted for clarity. For the aromatic rings
the first digit refers to the number of the phosphorous (1 or 2), the second to the number of the ring (1−3) and the third to the
number of the atom in the ring (1−6 for Ph and 1−5 for Cp); hydrogen atoms are of arbitrary size.

exceptionally long Pt−Cl bond distance; i.e., 2.468(5) Å,
represents the longest Pt−Cl bond reported to date.[40]
Combinations of chloroform with various other
solvents were employed unsuccessfully in attempts to
crystallise compound 2. The addition of methanol however
resulted in the rapid formation of good quality crystals.
Only a single peak remained in the final electron map and
was attributed to water that was introduced with the
methanol which resulted in improved statistics.
This structure of 4 describes the only compound with
a cis configuration investigated in the current study.
Motivation for its inclusion stems from the importance of
the PPh2FcPPh2 ligand, already recognised for its potential
in various catalytic processes.[41] It also represents a
bidentate analogue of the monodentate PPh2Fc phosphine
described here, enabling one to prepare complexes for
kinetic investigation of cis and trans geometries containing
very similar ligand systems.
The Pt(II) metal centre in 4 exhibits a significantly
distorted square-planar geometry with the two P atoms of
the bidentate ligand necessarily occupying cis positions
with respect to one another. Two chloroform solvate
molecules accompany each Pt moiety, exhibiting weak
interactions with the chlorido ligand. The six membered
chelate of the bidentate phosphine exhibits a twisted chair
conformation indicative of the steric strain experienced
due to the large ferrocenyl moiety. This distortion is evident
from the large P(1)−Pt−P(2) bite angle of 99.28(2)°. A
distinct difference is observed in the Pt−P bond distances,
i.e., Pt−P(2) = 2.2269(6) Å trans to the chlorido, versus trans
to the methyl Pt−P(1) = 2.3162(6) Å, respectively indicative
Croat. Chem. Acta 2018, 91(2), 265–279

of the stronger trans influence of the methyl compared to
the chlorido ligand. The Pt−Cl(1) bond distance of 2.3752(6)
Å is within normal ranges for that expected trans to a
phosphine ligand, while the Pt−C(1) bond distance of
2.130(2) Å is slightly longer than that obtained for
structures with the methyl group trans to a chlorido ligand.
This elongation of the Pt−C(1) bond is due to the larger
trans influence of the phosphine ligand compared to
chloride.
The structure of 7 shows a distorted square-planar
geometry with angles differing slightly from the ideal 90°
and the bulky phosphine ligands as expected, in a trans
orientation relative to one other. The contact of 3.171 Å
between the chlorido ligand and the oxygen of the
methanol can be interpreted as a weak interaction and may
also contribute to the longer Pt−Cl bond length of 2.4240(7)
Å obtained here, compared to the 2.386(4) Å from our
previous study. Relatively few platinum hydrido complexes
of these have been structurally characterised to date. It is
generally accepted that the hydrido ligand exerts a strong
trans influence due to its σ-bonding character. Extensive
investigation of trans-[PtHCl(PPh3)2] indicated several
crystal polymorphs to exist as different Pt−H IR stretching
frequencies were reported for solid state samples when
crystallised from different solvents.[42] Except for two
preliminary studies of low accuracy,[43,44] on different
polymorphs than the one described here, no crystal
structure has since been reported.[40]
In 7 the relatively larger steric demand of the
chlorido ligand, as compared to the hydrido, is evident from
the distorted P(1)−Pt−P(2) angle of 174.79(2)° in the
DOI: 10.5562/cca3344

273

S. OTTO et al.: Structure and Reactivity Relationships Complexes of Platinum(II)

Table 3. Comparison of selected geometrical parameters for cis- and trans-[PtRCl(L)2] (R = Me or H) complexes
Complex

Pt−L (Å)

Pt−R (Å)

cis-[PtMeCl(PPh2FcPPh2)]

2.2269(6)

2.130(2)

trans-[PtMeCl(PPh3)2]

2.2955(10)

2.02(2)

trans-[PtMeCl(PPh3)2]

2.297(3)

2.08(1)

Pt−Cl (Å)

L−Pt−L (°)

Ref.

99.28(2)

Tw

2.415(5)

180

[36]

2.431(3)

175.7(1)

[46]

trans-[PtMeCl(PPh2Fc)2]

2.3067(17)

2.20(4)

2.392(11)

180

Tw

trans-[PtMeCl{P(NMe2)3}2]

2.3095(11)

2.06(2)

2.468(5)

180

Tw

trans-[PtMeCl(PPh2Me)2]

2.292(2)

2.081(6)

2.412(2)

178.92(7)

[47]

trans-[PtMeCl(PCy3)2]

2.3431(8)

2.179(13)

2.440(4)

180

[28]

trans-[PtMeCl(AsPh3)2]

2.3821(9)

2.073(8)

2.410(2)

176.30(3)

[48]

trans-[PtMeCl{As(p-Tol)3}2]

2.3879(10)

2.111(9)

2.397(3)

175.66(4)

[49]

trans-[PtHCl(PPh3)2]

2.2896(7)

1.56(3)

trans-[PtHCl(PPh2Et)2]

2.268(8)

2.4240(7)

174.79(2)

Tw

2.422(9)

171.2(3)

[50]

trans-[PtHCl{P(p-Tol)3}2]

2.280(2)

2.384(3)

167.18(9)

[51]

trans-[PtHCl(PMe3)2]

2.280(6)

2.423(6)

176.0(2)

[52]

trans-[PtHCl(PiPr3)2]

2.286(1)

2.395(1)

171.18(2)

[53]

tw = this work

direction of the hydrido ligand. A Pt−H bond distance of
1.56(3) Å was determined after placement of the H atom
from the electron density map. This distance compares well
with that reported for the closely related trans[PtHBr(PPh3)2].[45] The smaller steric crowding in the
system, on the other hand, may contribute in some extent
to the increased rate of substitution trans to the hydrido
ligand (see below), which is generally encountered for
these types of complexes.
The P(NMe2)3 and PPh2Fc ligands exhibit a much
larger steric demand than PPh3 with cone angle values of
167 and 171°, compared to ca. 145° for the latter,
respectively.
In the case of the bidentate phosphine, PPh2FcPPh2,
a value of 281° seems to be in fair agreement with an
estimated value of 299° if the cone angles of PPh2Fc and
PPh2H,[27] of 171 and 128° respectively, were to be simply
added together. In calculating the cone angle[27] of
bidentate phosphine ligands one may consider the ligand
to be composed of two independent ligand ‘fragments’ and
the cone angle for each of these can be calculated in the
usual way. The half angle of the bridging substituent is the
only complicating factor but was approximated by taking
half the value of the bite angle. Substituting the half angles
for the phenyl rings and half the bite angle into the usual
equation yielded effective (θE) cone angles for the two
halves of the PPh2FcPPh2 ligand as θE(1) = 150° and θE(2) =
131° for P(2). These values resulted in an overall effective
cone angle of 281°. This way of calculating the cone angles
DOI: 10.5562/cca3344

implies that the steric contribution of the ferrocenyl moiety
is independent of its distance from the metal centre; an
assumption that is considered quite legitimate in this
specific case as that side of the complex is completely
blocked to any entering nucleophile.
A summary of selected geometric parameters for
several complexes are given in Table 3. By comparing the
cis complex with the series of trans complexes it is evident
that the Pt−C bond is longer trans to P than to Cl while the
Pt−Cl bond is shorter trans to P than to C. The Pt−P bond
is also comparable in length trans to C and P, but longer
than trans to Cl. All of these observations can be
accounted for in terms of the relative trans influences of
the different ligands, the trans influence series being Me
> P > As > Cl.
All Pt−Cl bond distances trans to the methyl or
hydrido ligands were significantly elongated with distances
larger than 2.4 Å quite common. Two quite long bond
distances of 2.440(4) and 2.468(5) Å were observed in the
sterically crowded PCy3 and P(NMe2)3 systems,
respectively. In all the other complexes in Table 3 exhibiting
a trans conformation quite long Pt−Cl bonds were
observed, indicative of the overarching labilization of the
Pt−Cl bond in the ground state. The cis labilising effect of
the arsine ligands seems to be slightly smaller than that of
analogous phosphine ligands and might be contributing to
some extent to the longer Pt−As bond lengths and thus also
to the smaller steric demand. This agrees with additional
reports from our group on this topic.[35,54–57]
Croat. Chem. Acta 2018, 91(2), 265–279
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Kinetic Studies
General. This study aimed to investigate the substitution of
the chlorido ligand in non-coordinating solvents to
minimize solvent contributions as far as possible. Due to
solubility considerations this limited the study to benzene,
chloroform or dichloromethane. Pyridine and derivatives
thereof, e.g. 4-Br-pyridine; 4-Me-pyridine and 4-dimethyl
amino pyridine were evaluated as nucleophiles, but
resulted in the unwanted substitution of the arsine ligands
and were thus excluded. These factors restricted potential
entering ligands to salts containing organic cations such as
Bu4N+, PPh4+ and AsPh4+. However, salts containing PPh4+
and AsPh4+ as cations exhibited large molar absorptivities
in the UV region where most of the reactions were
investigated and were for this reason also excluded.
Stability checks with Bu4NI, Bu4NSCN (slow decomposition)
and Et4NBr (hygroscopic) in the potential solvents showed
the most feasible combination to be Bu4NI in chloroform
and was thus selected.
The equilibrium constants for the reactions could not
be determined using standard spectrophotometric
techniques since the ligand (Bu4NI) also absorbs strongly in
the same region (< 340 nm) where the reaction spectral
changes are occurring. 31P and 1H NMR spectroscopy were
thus used to determine the equilibrium constants in all
cases. The equilibrium constants did not display a
significant temperature dependence in the temperature
range under investigation (10–40 °C) so the value obtained
at 25 °C was used throughout in fitting of the kinetic data
to Eq. 2. 1H and 31P NMR were also used to verify that only
the chlorido ligand was substituted for iodide as the firstand only reaction in all cases. Prolonged standing (a few
days) of the solutions did, however, yield the unexpected
substitution products trans-[Pt(I)2(L)2] in a few cases as
reported previously[35] in the specific case of trans[Pt(I)2(AsPh3)2]. This was identified as a potential problem
when investigating extremely slow reactions, such as
encountered in the case of trans-[PtMeCl(PPh2Fc)2]. It was,
however, verified that no traces of the trans-[Pt(I)2(L)2]
complexes were being formed by comparing 31P NMR
spectra of the reaction mixtures with that of the pure
diiodido complexes.
Mechanistic studies. The total kinetic behaviour based on
different aspects following from the overall rate law (Eq. 2]
is now systematically discussed under five separate
headings.
(a) Reaction profiles. Three distinct profiles, as shown in
Figure 3, could be identified for the ‘simple’ substitution
reaction in Eq. 1, but described for the overall process
(Scheme 1) under equilibrium conditions as shown in Eq. 2.
The kobs vs. [I−] data for the AsPh3, P(NMe2)3 and PPh2Fc
complexes are thus first presented separately from the
Croat. Chem. Acta 2018, 91(2), 265–279

Figure 3. Illustration of the [I−] dependence of the observed
pseudo first-order rate constants for selected trans[PtMeCl(L)2] complexes in chloroform at 25°C, [Pt] = 0.25
mmol dm−3, [Cl−] = 2.5 mmol dm−3.
other complexes in the group to illustrate some of the
different profiles which might be obtained based on Eq. 2.
In the case of the AsPh3 complex a rate limiting relationship
is obtained, indicating that the complete equation
contributes to the shape of the graph, while at higher
concentrations a linear dependence on [I−] may be
obtained where the slope is given by k12, as described by
Eq. 3.
For the P(NMe2)3 complex it is evident that, except
for the initial retarding effect observed, a straight line is
obtained and indicating that Eq. 2 simplifies to the normal
two-term rate law given in Eq. 3 at larger [I−]. The PPh2Fc
complex also displays a linear dependence on [I−] at higher
concentrations while the first decrease in the pseudo firstorder rate constant was interpreted as suppression of the
solvent assisted pathway (k13) by the entering nucleophile.
Most of the kinetic traces which were observed during this
study displayed similar behaviour to that found for the
AsPh3 complex.
The observations of the kinetic profiles shown in
Figure 3 necessitated a complete and careful analysis of all
the complexes’ behaviour before any sensible comparison
of relative rates could be done. Thus, all data in this study
were subjected to careful analysis (Figure 4). It is
consequently illustrated that Eq. 2 describes the kobs vs. [I−]
profiles very well, which may take on completely different
forms, depending on which part of the rate law dominates
under the specific conditions.
For example, the As(p-Tol)3 complex exhibits almost
a linear concentration dependence, while the plots for the
PPh2FcPPh2, PPh3 (both R− = Me and H) and AsPh3
complexes are slightly curved. In the case of the P(NMe2)3
complex the curve first show a slight decrease followed by
DOI: 10.5562/cca3344
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the final least-squares analysis in order to calculate the
other constants.
(b) Relative reactivities. Following a careful analysis of all
the complexes’ total rate profiles, a graphical comparison
of the relative reactivities thereof is presented in Figure 4
while the rate constants obtained from the least-squares
analyses using Eq. 2 are summarised in Table 4. The
observed pseudo first-order rate constants for the
reactions are plotted on a logarithmic scale to better
emphasize the large differences in the reactivities of the
complexes. It is clear from Figure 4 that the order of
reactivity for complexes 1−7 decrease along the series
trans-[PtHCl(PPh3)2] > cis-[PtMeCl(PPh2FcPPh2)] > trans[PtMeCl(L)2] L = AsPh3 > As(p-Tol)3 > P(NMe2)3 > PPh2Fc ≈
PPh3. Furthermore, a range of reactivity of about 4 ordersof-magnitude was observed for these complexes, but if the
hydrido and cis complex is ignored only a ca. 3 order-ofmagnitude spread is noted by interchanging phosphine and
arsine ligands in the cis positions.
Figure 4 underlines the potential different behaviour
of 'similar' complexes (as demonstrated in this study) and
the range of profiles one may obtain once more detailed
kinetic analysis is done and upon careful consideration of
all contributing factors.
The cis-[PtMeCl(PPh2FcPPh2)] complex was significantly more reactive than the corresponding trans[PtMeCl(PPh2Fc)2] complex; an observation best explained
by the larger steric crowding present in the latter. It was
assumed that the effective electron donating power of the
PPh2FcPPh2 ligand would be comparable to that of two
monodentate PPh2Fc ligands.
On the other hand, the AsPh3 complex was more
reactive than the PPh3 analogue probably due to a
combined effect of a more electrophilic metal centre and
less steric crowding. Interchanging AsPh3 with the isosteric
As(p-Tol)3 ligand results in a significant more than two
order-of-magnitude suppression in the solvent assisted
pathway (k13 = 0.104 ± 0.010 vs. 0.00052 ± 0.00004 s−1
respectively) accompanied by approximately 8−10 times

Figure 4. Iodide concentration dependence of the
observed pseudo first-order rate constants for cis[PtMeCl(PPh2FcPPh2)], the trans-[PtMeCl(L)2] complexes
and trans-[PtHCl(PPh3)2] in chloroform at 25°C [Pt] = 0.25
mmol dm−3, [Cl−] = 2.5 mmol dm−3. Complexes trans[PtRCl(L)2] (R = Me: L = PPh3, 1; PPh2Fc, 2; P(NMe2)3, 3;
AsPh3, 5; As(4-Me-Ph)3, 6; R = H: L = PPh3, 7) and cis[PtMeCl(Ph2PFcPPh2)], 4.
an almost linear increase, while in the case of the PPh2Fc
complex a decrease is also initially observed, but then the
graph levels off to form a straight line with virtually a zero
slope. During the initial calculations to obtain the kinetic
constants for the PPh2Fc complex a small negative value
[(−0.6 ± 0.2) x10−3 mol−1 dm3 s−1] was obtained for k12. This
negative value was attributed to the fact that the iodide
concentration could not be increased enough for the graph
to reach a plateau or positive slope. Since it does not differ
significantly from zero the value for k12 was subsequently
fixed at zero during the final least-squares analysis in order
to obtain the other constants. Similarly, a small negative
value [(−0.7 ± 0.11) x10−3 mol−1 dm3 s−1] was obtained for
k12 for trans-[PtHCl(PPh3)2] and since it does not differ
significantly from zero it was subsequently fixed at zero in

Table 4. Kinetic constants for all complexes in chloroform at 25 °C. Complexes trans-[PtRCl(L)2] (R = Me: L = PPh3, 1; PPh2Fc, 2;
P(NMe2)3, 3; AsPh3, 5; As(4-Me-Ph)3, 6; R = H: L = PPh3, 7) and cis-[PtMeCl(Ph2PFcPPh2)], 4
Complex

Keq
(mol−1 dm3)

102k12
(mol−1 dm3 s−1)

103k13
(s−1)

104k13'
(mol−1 dm3 s−1)

k32/k31

1
2
3
4
5
6
7

1.1 ± 0.2
0.6 ± 0.1
0.5 ± 0.1
1.5 ± 0.3
1.2 ± 0.3
1.0 ± 0.2
6±1

0.091 ± 0.010
0*
1.389 ± 0.016
151 ± 15
0.2 ± 0.4
2.79 ± 0.04
0*

0.254 ± 0.012
0.396 ± 0.013
1.242 ± 0.015
408 ± 17
10.4 ± 1.0
0.52 ± 0.04
77.8 ± 0.5

0.203 ± 0.010
0.317 ± 0.010
0.994 ± 0.012
326 ± 14
8.3 ± 0.8
0.42 ± 0.03
62.2 ± 0.4

0.30 ± 0.02
9±5
0.80 ± 0.02
0.43 ± 0.04
0.052 ± 0.006
1.0 ± 0.2
0.358 ± 0.010

* See text
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plexes investigated and corresponds to the sterically less
crowded complexes. The two most sterically hindered complexes exhibit the smallest equilibrium constants of 0.5 ±
0.1 and 0.6 ± 0.1 mol−1 dm3 for L = P(NMe2)3 and PPh2Fc respectively. The equilibrium constants for the L = PPh3, AsPh3
and As(p-Tol)3 complexes, which have comparable steric
demands, were determined as 1.1 ± 0.2, 1.2 ± 0.2 and 1.0 ±
0.2 mol−1 dm3 respectively. In all cases the values for the
equilibrium constants were fixed at these values during the
least-squares refinement of the other constants to Eq. 2.
(d) Discrimination factors. Another aspect of interest to
note comes from considering the ratio of k32/k31; the socalled discrimination factor.[2,10,12–14] Except for the 9 ± 5
obtained for trans-[PtMeCl(PPh2Fc)2], all the other values
are smaller than 1, ranging from 1.0 ± 0.2 to 0.052 ± 0.006
for trans-[PtMeCl{As(p-Tol)3}2] and trans-[PtMeCl(AsPh3)2]
respectively. Since this ratio gives an indication of the
relative rates of the reaction of iodide vs. chloride on the
solvento intermediate it can be seen that chloride seems to
be the better entering nucleophile in most cases for the
series of complexes under investigation. This discrimination
is most likely an effect of the sterically congested metal
centres thus favouring the smaller halogen as the preferred
entering ligand. If the highest value of 9 ± 5, obtained for
trans-[PtMeCl(PPh2Fc)2] is ignored, it is important to note
that both the highest and lowest values for k32/k31 was
obtained for complexes containing arsine ligands.
Even though the kinetic study was performed in a nonpolar, non-coordinating solvent (chloroform), some significant contributions from the solvent assisted pathway on
the overall reactivity of the complexes were still observed.
This, in conjunction with the fact that most of the complexes exhibit some extent of 'limiting kinetics' are indicative of especially the steric strain induced in the complexes
by the bulky group 15 ligands, rendering the direct substitution path energetically unfavourable.
(e) Activation parameters. The activation parameters were
determined primarily to verify that the normal associative
mechanism of activation was still operative for the reactions
investigated during this study. For this purpose compound 3
was selected due to the exceptional long Pt−Cl bond
distance, which made it the most likely candidate to deviate
from the usual associate mechanism of activation. The
values for the activation parameters reported in Table 5
were calculated using the exponential form of the Eyring

enhancement of the direct pathway (k12 = 0.002 ± 0.004
and 0.0279 ± 0.0004 mol−1 dm3 s−1 respectively). If one
assumes that the equilibrium constants of 1.2 ± 0.3 and 1.0
± 0.2 for the AsPh3 and As(p-Tol)3 complexes do not differ
significantly, then it seems that the reaction for the latter
complex is more favourable compared to the AsPh3 complex by more than ca. one order-of-magnitude. These results are in principle contradictory to what one would expect since the As(p-Tol)3 ligand is considered a better electron donor than AsPh3 which should imply more electron
density present on the metal centre for the former. It is also
noteworthy that the AsPh3 complex reacts predominantly
through the solvent assisted pathway, while the As(p-Tol)3
complex seems to favour the direct substitution pathway.
Some information in this regard may be found from the bond
distances obtained from the crystal structures of these two
complexes. The Pt−As bonds differ only slightly, but
significantly, at 2.3821(9) and 2.3879(10) Å for the AsPh3 and
As(p-Tol)3 complexes respectively. What may be of more
importance are the differences found in the Pt−C and Pt−Cl
bond distances of 2.073(8) and 2.410(2) Å for AsPh3 and
2.111(9) and 2.397(3) Å for As(p-Tol)3. These values are only
slightly different, but there is some indication of a loss in
trans influence of the Me-group in the latter complex. This
may be a result of conflicting effects on the methyl group due
to the increase in electron donation from the arsine ligands.
The effect in the solid state, however, is too small to firmly
base an explanation on conclusions made only from it. It is
however clear that the shortest Pt−Cl bond distance corresponds to the most rapid direct substitution pathway, which
is in good agreement with what one would expect from an
associative mode of activation. This subtle steric effect has
been well illustrated previously in iodomethane oxidative
addition reactions in Vaska-type Rh(I) complexes.[58]
(c) Stability constants. The excellent correlation of the
overall stability/equilibrium constants when considering
the steric demand of the respective bulky ligands (from
crystallography) as underlined by this study, is however
noted. Considering the case where all the equilibria are
shifted far to the right (Keq >> 1) the complex relationship
(Eq. 2) is reduced to the well-known two-term rate law in
Eq. 3, often encountered for square-planar substitution
reactions. The equilibrium constants of 1.5 ± 0.3 and 6 ± 1
mol−1 dm3 obtained for cis-[PtMeCl(PPh2FcPPh2)] and trans[PtHCl(PPh3)2] respectively, are the highest of the com-

Table 5. Activation parameters for the chloride substitution by iodide in chloroform for trans- [PtMeCl{P(NMe2)3}2] 3
Complex

k12

∆H

≠

(kJ
trans-[PtMeCl{P(NMe2)3}2]
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mol−1)

58 ± 2

k13'

∆S

≠

(J

K−1

∆H

∆S≠

mol−1)

(J K−1 mol−1)

≠

mol−1)

−85 ± 5

(kJ

54.5 ± 0.2

−139 ± 1
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equation, with the Eyring plots available as ESI. The ∆S≠
value of k12 and k13', as expected for an associative
mechanism of activation, range from – 85 ± 5 to – 139 ± 1 J
K−1 mol−1.
The activation parameters in general indicate that
the usual associative mechanism of activation still holds in
these complexes as large negative ∆S≠ values were
obtained for both the direct- and solvent assisted
pathways. This holds in particular for the trans[PtMeCl{P(NMe2)3}2] complex which exhibited the longest
Pt−Cl bond distance of 2.468(5) Å known to date,[59] and
showed kinetic behaviour typical of normal associative
square-planar substitution.

CONCLUSIONS
A series of methyl and hydrido complexes of platinum(II)
containing two group 15 donor atom ligands P and As as
donor atoms, was prepared and studied by X-ray crystallography and kinetically. Solid state crystal structures of four
complexes trans-[PtMeCl(PPh2Fc)2].2CHCl3.2H2O, trans[PtMeCl{P(NMe2)3}2], cis-[PtMeCl(Ph2PFcPPh2)].2CHCl3 and
trans-[PtHCl(PPh3)2].CH3OH, were determined and the
geometrical parameters obtained yielded insight regarding
potential cis and trans ligand effects. The reactivities of
these complexes were determined in solution in a
concurrent study by extended substitution kinetic
investigations of the chloride for iodide anation reactions.
The reactivities spanned a four orders-of-magnitude range
with cis-[PtMeCl(Ph2PFcPPh2)] and trans-[PtHCl(PPh3)2]
being significantly more reactive than the corresponding
trans-[PtMeCl(L)2] complexes. All reactions follow an
associative mode of activation, as usual for square planar
substitution reactions, but with small equilibria present in
all steps resulting in the complex and full kinetic rate law
being operative, closely associated with the significant
steric effects as illustrated from the structural work.
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