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stibine (L) ligands’

Square-planar chloride for iodide substitution reactions trans to a phenyl o-C was
kinetically investigated in a series of sterically congested platinum(Il) complexes of the
form trans-[PtPh(L),Cl] (L = PPh,, 1; PPh_Fc, 2; AsPh,, 3; SbPh,, 4) in chloroform solution.
The reactions follow the normal associative mode of activation, but with equilibria present
in all steps. The rate constants for the direct pathway, k,,, are (0.37 = 0.03)x10° and 0 M s
for 1 and 2 at 40 °C, and (1.6 + 0.3)x10° and (143 + 10)x10° M s! for 3 and 4 at 25 °C. The
corresponding rate constants for the solvent assisted pathway, k, ,, are (0.66 + 0.03)x10* and
(2.0 £ 0.2)x10* s for 1 and 2 at 40 °C and (4.1 = 0.6)x10* and (1105 + 14)x10* s for 3 and
4 at 25 °C. The activation parameters for 3 and 4 were determined as AH* = 99.8 + 0.6 and
31 + 1 kJ] mol"! and AS*= 36 + 2 and -157 + 4 ] K" mol" for the direct route, k,,, and AH* =
45 + 2 and 22.91 = 0.11 k] mol! and AS*=-181 = 7 and -207.3 + 0.4 ] mol* K"! for the solvent
assisted, k ,, pathways respectively. The crystal structures of trans-[PtPh(PPh,Fc),Cl], trans-
[PtPh(AsPh,),Cl], trans-[PtPh(SbPh,),Cl] and trans-[PtPh(SbPh,) I] are reported. Structure
and reactivity relationships (of almost four orders-of-magnitude) are presented based on
kinetic data, multi-nuclear NMR measurements and the crystallographic data.

Waargenome struktuur- en reaktiwiteitsverwantskappe in trans-[PtPh(L),Cl] tydens die
verplasingreaksie van Cl-deurI na verandering van die fosfien-, arsien- en stibienligande
(L): Vierkantig-planére chloried vir jodied stubstitusiereaksies trans ten opsigte van ‘n feniel
o-C binding is kineties ondersoek in chloroform vir 'n reeks steries-gestremde platinum(II)
komplekse van die vorm trans-[PtPh(L),Cl] (L = PPh,, 1; PPh,Fc, 2; AsPh,, 3; SbPh,, 4). Die
reaksies volg die normale assosiative aktivering, maar met ewewigte teenwoordig in alle
stappe. Die tempokonstantes vir die direkte roete k,, is onderskeidelik (0.37 + 0.03)x107 en
0M's!vir1en2by40°C, en (1.6 £ 0.3)x107 en (143 + 10)x10° M s vir 3 en 4 by 25°C. Die
ooreenstemmende tempokonstantes vir die oplosmiddelroete, k,,, is onderskeidelik (0.66
+ 0.03)x10* en (2.0 + 0.2)x10* s vir 1 en 2 by 40°C en (4.1 = 0.6)x10* en (1105 + 14)x10*
s vir 3 en 4 by 25°C. Die aktiveringsparameters vir 3 en 4 is bepaal as AH* = 99.8 + 0.6
en 31 + 1 k] mol”, met AS*= 36 + 2 en -157 + 4 ] K'' mol vir die direkte roete, k,,, en
AH” =45 + 2 en 2291 + 0.11 k] mol? en AS*= -181 + 7 en -207.3 + 0.4 ] mol?! K vir die
oplosmiddelroete, k,, onderskeidelik. Die kristalstrukture van trans-[PtPh(PPh,Fc),Cl],
trans-[PtPh(AsPh.),Cl], trans-[PtPh(SbPh,),Cl] en trans-[PtPh(SbPh,),I] word gerapporteer.
Struktuur- en reaktiwiteitsverwantskappe (van ongeveer vier ordegroottes) word bespreek,
gebaseer op kinetiese data, multikern KMR-metings en die kristallografiese data.

Introduction

Substitution reactions are very important in many fundamental and applied processes such as
catalytic conversions, metal extraction, medicinal inorganic chemistry and environmental
reactions, typically associated with carbon dioxide fixation (Johnstone, Suntharalingam and
Lippard 2016) (Dobrynin, et al. 2019) (Warsink, et al. 2018). In this regard, square-planar metal
complexes provide many examples of model homogeneous catalysts in a range of industrial

investigated. Full crystallographic details for trans-[PtPh(PPh,Fc) Cl], trans-[PtPh(AsPh,) Cl], trans-[PtPh(SbPh,) Cl] and trans-
[PtPh(SbPh,),I] have been deposited with the Cambridge Crystallographic Data Centre, with codes CCDC 1924084, CCDC
1923815, CCDC 1923846 and CCDC 1923876, respectively.
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processes. These substitution reactions usually follow an
associative mode of activation almost without exception;
however, some examples of a dissociative activation have
been confirmed. (Lanza, Minniti, et al. 1984a) (Lanza,
Minnitti, et al. 1984b) (Wendt, Deeth and Elding 2000) The
reaction rates are dependent on a range of factors such as
the nature of the cis and trans ligands, the charges of the
reacting species, the solvent, the leaving group, as well as
the nature and concentration of the entering nucleophile.
Steric and electronic factors may favour/disfavour the
addition of a fifth ligand to form a five-coordinate
18-electron transition state in contrast to the loss of a ligand
resulting in a 14-electron, three-coordinate intermediate.
More recent examples of literature studies which include
kinetic evaluations are referenced below. (Hoffmann, et al.
2015) (Johnstone, Suntharalingam and Lippard 2016)
(Crespo, et al. 2014) (Bugar¢ic, et al. 2012).

Two parallel pathways are normally encountered for
square-planar substitution reactions which involve the
direct attack of the entering nucleophile on the complex to
form the product, or via a solvent assisted reactive
intermediate. In particular, when equilibria are present in
the reaction for all the separate steps as highlighted in
Scheme 1, more complex behaviour of the pseudo first-
order rate constant (Eqn. 1; [C1], [I] >> [Pt]) is encountered.
(Seguin and Zador 1976) (De Waal and Robb 1978) (Elding
and Gréning 1980) (Otto, Botha and Roodt 2018).

Y,k
PtPhL,X > PtPhL,Y
1 +X, k2| 2
NI + S, ky
+ X, ks, +Y, ks
PtPhL,S
R)

SCHEME 1: Schematic presentation of a square-planar substitution reaction
of X (CI) by Y (I) in the phenyl complex trans-[PtPh(L) X] as described in this
study, showing the parallel direct substitution- and solvent-assisted pathways,
where [PtPhLX]= [PtPhL,CI] = 1, [PtPhL,Y] = [PtPhL,I] = 2 and [PtPhL,S] =
3. The subscripts of the rate constants denote the numbers of the species
involved in the specific reaction, e.g. k,, indicates the rate constant for the
reaction proceeding from complex 1 to 2. The solvent (S) concentration is
incorporated in the rate constants k,, and k., where k =k ’[S] and k, =k, "[S],
respectively. ([S] denotes the concentration of the solvent; 12.50 mol dm
for CHCI, at 25 °C).

k., k k
-3 -2 -3
K, &, [(X]+ k3 = [Y]

k()bs=kl2([Y] +[1<£|) + 2

k
B [X]+ T [Y] 1)

In Eq. 1, K, 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 (Eq. 2), with equilibria present in the direct- and
solvent-assisted pathways.
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4k kysks, (2)

If the equilibrium favours the formation of complex 2
(K.>>1), Eq. 2 simplifies to the well-known two-term rate
law (Eq. 3) for square-planar substitution reactions.

kobs = ko[ Y] + k13 3)

A large number of examples of square-planar substitution
reactions have been discussed in a previous paper, and the
reader is referred to those for further background (Baddley
and Basolo 1966) (Goddard and Basolo 1968) (Palmer and
Kelm 1975) (Roulet and Gray 1972) (Van Eldik, et al. 1981)
(Palmer, et al. 1978) (Van Eldik, et al. 1981) (Pienaar,
Kotowski and Van Eldik 1989) (Berger, et al. 1989) (Elding,
Kellenberger and Venanzi 1983) (Cusumano, et al. 1979)
(Ricevuto, Romeo and Trozzi 1974) (Minnitti, et al. 1987)
(Frey, et al. 1989) (Romeo, Grassi and Scolaro 1992). Other
reactions involving square-planar complexes that proceed
through three coordinated transition states include the
uncatalysed cis to trans isomerisation of complexes of the
type cis-[PtR(PEt,) X] (R = alkyl or aryl; X = solvent molecule
or halide ion) (Alibrandi, Scolaro and Romeo 1991)
(Alibrandi, Cusumano, et al. 1989) (Romeo, Alibrandi and
Scolaro 1993) (Kubota, et al. 1982) (Scott and Puddephatt
1983).

For more recent examples of detailed kinetic studies on
these types of systems the reader is referred to a number of
example literature reports (Hoffmann, et al. 2015)
(Johnstone, Suntharalingam and Lippard 2016) (Maidich,
et al. 2013) (Otto, Botha and Roodt 2018) (Crespo, et al.
2014) (Bugarci¢, et al. 2012) (Hennion, et al. 2013).

In spite of the fact that complexes with platinum(IV)-carbon
c-bonds were first reported over 100 years ago (Pope and
Peachey 1907) it was not until the late 1950’s that the first
complexes containing platinum(Il)-carbon c-bonds were
prepared, (Chatt, Vallarino and Venanzi 1957) and
specifically those containing platinum(II)-methyl c-bonds
were described (Chatt and Shaw 1959).

A previous report (Otto and Roodt 2006) illustrated the
kinetic behaviour of trans-[PtMe(SMe,),Cl] towards anionic
and neutral ligands with different entering monodentate
nucleophiles. Moreover, in a recent paper (Otto, Botha and
Roodt 2018) detailed results were also presented of the
chloride anation by iodide, in chloroform solution, trans to
a strong labilising group (Me and H") in systems containing
ligands with group 15 donor atoms. The reactions followed
the normal associative mode of activation, but with
equilibria present in all steps. Structure and reactivity
relationships were presented based on kinetic data, multi-
nuclear NMR measurements and the crystallographic data.
These emphasised the dependence of the pseudo first-order




rate constant on the electro-steric effects of the combination
of cis and strong sigma-donating trans ligand. A more than
four orders-of-magnitude reactivity range was observed.

In this current paper the focus is expanded to chloride
substitution by iodide trans to a bulky phenyl 5-C group,
thus significantly increasing the steric bulk around the
Pt(II), but at the same time as an aryl moiety offering also
an electronic variation compared a simple alkyl group such
as methyl. Thus, a detailed kinetic study on complexes of
the form trans-[PtPh(L),Cl] (L = PPh,, PPh,Fc, AsPh, and
SbPh,), where the cis ligands were expanded down Group
15 donor atoms to also include SbPh,. This relates to other
literature studies (Otto and Roodt 2002a) (Otto and Roodt
2002b) (Otto and Roodt 2008) on the coordination behaviour
of the SbPh, ligand in rhodium systems in the solid- and
solution state and now extends the investigation to also
include platinum based complexes. Specifically, for the
stibine ligands, not much kinetic data is available, as had
been highlighted fairly recently (Hennion, et al. 2013).

Materials and Methods
General

All chemicals used for the preparation of the complexes
were of reagent grade. The following metal complexes and
ligands were available commercially: K,PtCl, (Next
Chimica); SMe, (Merck); NaBPh, (Aldrich); PPh, (Merck);
AsPh, (Merck) and SbPh, (Merck). All other reagents and
solvents were of the best quality available.

The complexes were identified using 'H, *C, *'P and °Pt
NMR (Bruker operating at 300, 75.468, 121.497 and 64.525
MHz respectively). All NMR spectra were recorded in
CDCl,, the 'H spectra were calibrated relative to the
residual CHCI, peak (7.24 ppm) and the “C NMR spectra
were calibrated relative to the chloroform *C resonance
(77.66 ppm). From the C NMR spectra only the chemical
shift, together with the first order Pt-C coupling constant,
of the carbon directly attached to the platinum is reported.
The *'P NMR spectra were calibrated relative to 85% H,PO,
as an internal standard in a capillary (0 ppm) and the '**Pt
NMR spectra relative to K,PtCl, as external standard (-1639

ppm).

Preparation of complexes

The mixture of cis- and trans-[PtCl (SMe,),] and PPh,Fc was
prepared according to the procedures of Otto (Otto and
Roodt 2006) and Sollot (Sollot, et al. 1963) respectively. The
solution behaviour of the respective complexes towards
iodide was investigated in situ by appropriate NMR
measurements.

trans-[PtPh(SMe,),Cll. A mixture of cis- and trans-
[PtCL(SMe,),] (500 mg; 1.3 mmol) was dissolved in
dichloromethane (10 mL) and NaBPh, (445 mg; 1.3 mmol)
was added. The resulting suspension was stirred for a week
and filtered to remove the NaCl formed during the reaction.
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Purification on a silica column (hexane/ acetone; 8/ 2)
yielded the pure product (387 mg; 70%). "H NMR: & 2.31 (t,
12H, 7,,, = 58 Hz); 6.9 - 7.0 (m, 3H); 7.3 (m, 2H).

trans-[PtPh(PPh,),Cl], Ia. trans-[PtPh(SMe,),Cl] (100 mg;
0.23 mmol) was dissolved in acetone (10 mL) and PPh, (184
mg; 0.70 mmol), also dissolved in acetone (5 mL), was
added without stirring. Slow evaporation of the acetone
yielded the crystalline product, which was washed with
ether to remove traces of unreacted phosphine. The use of
more concentrated solutions or a larger excess of phosphine
leads to rapid precipitation of the product in approximate
quantitative yields (189 mg; 98%). "H NMR: 6 6.09 (t, 2H);
6.25 (t, 1H); 6.62 (td, 2H); 7.18 - 7.34 (m, 18H); 7.45 - 7.55 (m,
12H). P NMR: & 24.95 (t, VJ,,, = 3151 Hz). Pt NMR: &
-4377 (t, 'J,.p = 3142 Hz). Anal. Calc. for C, H,, Cl P, Pt
(832.206): C, 60.62; H, 4.24. Found C, 60.81; H, 4.41.

trans-[PtPh(PPh,), 1], Ib. The complex trans-[PtPh(PPh,),Cl]
(10 mg; 0.012 mmol) was dissolved in CDCl, (3 mL) in an
NMR tube (10 mm) and Bu,NI (44 mg; 0.12 mmol) was
added, the reaction progress as followed by *P NMR
indicated smooth conversion of the parent chlorido
complex to the corresponding iodido complex. *'P NMR: §
24.21 (t,,,, = 3134 Hz).

trans-[PtPh(PPh,Fc),Cl], I1a. The same general procedure
was used as described for Ia. Recrystallisation from
benzene yielded crystals suitable for X-ray analysis (237
mg; 98%). 'H NMR: § 3.81 (m, 4H); 4.22 (m, 4H); 4.31 (s,
10H); 6.35 (t, 2H); 6.49 (t, 1H); 6.82 (td, 2H); 7.21 - 7.34 (m,
12H); 7.42 - 7.52 (m, 8H). *'P NMR: 5 16.34 (t, !],,_, = 3142
Hz). *Pt NMR: & -4300 (t, 'J,,, = 3136 Hz). Anal. Calc. for
C,, H,, C1 P, Fe, Pt (1048.045): C, 57.30; H, 4.14. Found C,
57.52; H, 4.31.

trans-[PtPh(PPh,Fc),I], IIb. The same general procedure
was used as described for Ib. P NMR: 5 13.17 (t, '], , =
3066 Hz).

trans-[PtPh(AsPh,),Cl], IIIa. The same general procedure
was used as described for Ia. Utilisation of more diluted
acetone solutions of trans-[PtPh(SMe,),Cl] and AsPh,
yielded crystals suitable for X-ray analysis (209 mg; 97%).
IH NMR: § 6.18 (t, 2H); 6.29 (t, 1H); 6.75 (td, 2H); 7.20 - 7.35
(m, 18H); 7.42 - 7.48 (m, 12H). "C NMR: & 131.45 (¢, '], . =
830 Hz). Pt NMR: 6 -4316 (s). Anal. Calc. for C,, H,, Cl As,
Pt (920.101): C, 54.83; H, 3.83. Found C, 54.62; H, 3.98.

trans-[PtPh(AsPh,) 1], IIIb. The same general procedure
was used as described for Ib with the exception that **Pt
NMR was used to verify conversion to the desired product.
195Pt NMR: § -4738 (s).

trans-[PtPh(SbPh,),Cl], IVa. The same general procedure
was used as described for Ia. Utilisation of a more dilute
acetone solution of trans-[PtPh(SMe,),Cl] and SbPh, yielded
yellow plates suitable for X-ray analysis (153 mg; 65%). 'H




NMR: § 6.44 (m, 3H); 7.10 (m, 2H); 7.25 - 7.38 (m, 18H); 7.39
-7.44 (m, 12H). Pt NMR: 5 -4136 (s). Anal. Calc. for C,, H
Cl Sb, Pt (1013.778): C, 49.76; H, 3.48. Found C, 50.07; H,
3.72.

trans-[PtPh(SbPh,),I], IVb. The same general procedure
was used as described for IIIb, in addition crystals suitable
for X-ray diffraction were obtained upon slow evaporation
of the NMR sample. Pt NMR: § -4689 (s). Anal. Calc. for
C,, H,; ISb, Pt (1105.230): C, 45.64; H, 3.19. Found C, 46.43;
H, 3.61.

Kinetics measurements

Note that the liquid state reactants studied kinetically are
denoted by Arabic numericals 1 — 4, also when referred to
literature complexes, 5 — 10, as discussed below. UV-Vis
and time resolved spectra for the slower reactions were
recorded on a Cary 300 Bio spectrophotometer equipped
with a temperature regulator. Time resolved data for the
faster reactions were collected with a Durram D110
stopped-flow system equipped with a temperature
regulating unit. In all cases, except for 2, the reactions were
carried out in dried and distilled chloroform with a final
metal concentration of 0.25 mmol dm® In the UV

TABLE 1: Crystallographic data and refinement parameters for lla, llla, IVa and IVb.
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investigation of 2, kinetic traces with limited reproducibility
(large esd’s) were observed, assumed to be linked to (i) the
significant contribution of the ferrocene fragment to the
nett absorbance, and (ii) coupled with the small equilibrium
constant. The values for k , were subsequently determined
using *P NMR with [Pt] = 2.5 mmol dm?®. All reactions
contained additional added chloride amounting to a final
concentration of 2.5 mM, except those for 1 and 2 which
contained no additional chloride. The final iodide
concentrations were varied in the range 2.5 - 150 mM while
maintaining a ten-fold excess of iodide to metal to ensure
pseudo first order reaction conditions in all cases.
Complexes 1 and 2, were only investigated at 40 °C due to
their low reactivity while complexes 3 and 4 were investi-
gated at 10, 25 and 40 °C in order to obtain activation
parameters for these systems. The observed rate constants
were obtained from the absorbance vs. time traces using the
least-squares programmes SCIENTIST (MicroMath 1990)
for the UV data and OLIS (On-Line Instrument-Systems
Inc.) 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 pseudo first order
rate constants were fitted versus the ligand concentrations
using the extended rate expression for square-planar

lla Illa IVa IVb
Emp. formula C,,H,,CIFe,P Pt C,,H, As,CIPt C,,H,CISb,Pt C,,H,ISb,Pt
Form. weight 1048.02 920.08 1013.74 1105.19
Crystal system Monoclinic Orthorhombic Monoclinic Triclinic
Space group C2/c Pbca C2/c P1
a/ A 13.581(3) 33.595(2) 16.508(3) 11.3655(3)
b/ A 17.865(4) 19.7316(13) 11.1760(10) 12.9484(4)
c/ A 17.593(4) 10.7505(7) 19.989(3) 13.6154(4)
a/° 90 90 90 80.178(1)
B/° 105.91(3) 90 95.660(10) 70.443(1)
v/° 90 90 90 79.059(1)
v/ A 4105.1(14) 7126.4(8) 3669.9(9) 1841.34(9)
z 4 8 4 2
DJ g.cm?3 1.696 1.715 1.835 1.933
pu/ mm? 4.276 5.885 5.365 6.122
Tmax/ Tmin 0.536/ 0.258 0.536/ 0.258 0.199/0.037 0.675/0.234
F(000) 2080 3584 1936 1040
Crystal size/ mm 0.30x0.20x0.16 0.40x0.30x0.28 0.30x0.22x0.12 0.35x0.24x0.15
0 limit/ ° 2.04 to 30.51 2.06 to 26.02 2.20to0 29.57 2.08 to 29.57
Index ranges -19<h <19 -41 <h <35 -21 <h €22 -15 <h <15
-24 <k £25 -24 <k €24 -15 <k <15 -12 <k €17
-25 <1 <24 -13 <1 <12 -27 <1 226 -18 <1 <18
Collected refl. 20616 39925 17714 18204
Unique refl. 6205 7014 5140 10233
R 0.0395 0.0668 0.0516 0.0565
Obs. refl. (I>2(c)l) 4843 5036 3821 8118
Data/ rest./ param. 6205/ 0/ 255 7014/ 0/ 415 5140/ 0/ 210 10233/ 0/ 416
GooF 0.968 1.097 1.040 0.979
R(>2(c)) R 0.0283 0.0484 0.0389 0.0344
wR® 0.0568 0.1025 0.0944 0.0787
R(alldata) R 0.0463 0.0809 0.0608 0.0503
wR 0.0606 0.1159 0.1065 0.0839
Ap, 0./ e.A3 0.624; -0.992 2.493;-1.282 0.912; -1.769 1.942;-1.582

) R =[(ZAF)/(ZF)] °F wWR = Z[w(F 2 -F 2)1/Zw(F 2y
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substitution given in Eqn. 1, while the activation para-
meters were calculated from the exponential form of the
Eyring equation (Plutino, et al. 1999).

Crystallography

Note that the solid-state products and structures analysed
are denoted by Roman numericals I — IV. Crystals suitable
for X-ray diffraction were obtained as described in the
experimental section. All X-ray diffraction intensity data
were collected as w-scans at 293(2) K on a Siemens SMART
CCD diffractometer using Mo K_ (0.71073 A) from a
rotating anode source. Reflections were merged and
integrated using SAINT and were corrected for Lorentz,
polarisation and absorption effects using SADABS (Bruker-
AXS-Inc. 2007). 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 full-matrix least
squares cycles using the SHELXL97 software package
(Sheldrick 2008) with X(/F_/-/F./)* 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. The graphics were done with
DIAMOND (Brandenburg 1998). Crystallographic data,
details of the data collection and refinement parameters for
ITa, ITIa, IVa and IVb are given in Table 1.

Results and Discussion
Synthesis and NMR characterisation

The complexes were prepared as described in the
experimental section and unambiguously characterised by
multinuclear NMR spectroscopy and X-ray crystallography.
In general, phenyl complexes of Pt(I) containing group 15
donor ligands can be prepared by the substitution of SMe,
or COD from trans-[PtPh(SMe,),Cl] or [PtPh(COD)CI] or by
the action of a phenyl lithium or a Grignard reactant on the
appropriate cis-[Pt(Cl),(L),] complex. The preparation of
choice was, however, by utilisation of phenyl transfer from
BPh, in the SMe, complex using a modification of the
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procedure developed by (Kukushkin, et al. 1992). This
procedure gives a high yield of pure trans-[PtPh(SMe,),Cl]
and even though reaction times of a week is required it is
not labour intensive and no special precautions against
moisture is required. The trans-[PtPh(SMe,),Cl] complex is
sufficiently stable to be stored for extended periods of time
and the SMe, ligands could be substituted with relative
ease by all ligands used in the current study.

Crystallography

Note that the solid-state products and structures analysed
are denoted by Roman numericals I — IV. In order to fully
characterise the complexes used in the kinetic investigation
a thorough crystallographic study was performed.
Especially the composition of the arsine and stibine
complexes, IIIa and IVa, are difficult to determine
unambiguously using other techniques, such as IR
spectroscopy and even 'H, ®C or Pt NMR spectroscopy.
Furthermore, it was anticipated to make correlations
between parameters observed in the solid ground state
(X-ray crystallography), in the solution ground state (NMR)
and in the solution activated state (kinetics) (Roodt, Visser
and Brink 2011). Selected geometrical parameters are thus
presented in Table 2 while molecular diagrams showing
the numbering scheme and thermal ellipsoids are shown in
Figures 1 and 2 respectively.

The structures of IIa, IIla and IVa show that the complexes
all exhibit distorted square-planar geometries around the
Pt(I) centre with the bulky tertiary phosphine, arsine and
stibine ligands in a trans orientation with respect to one
another. Complexes IIla and IVa represent less common
examples of structural studies on bis-arsine and -stibine
complexes of Pt(Il), which have not received that much
attention in literature (Allen 2002).

It was reported previously (Otto, Roodt and Leipoldt 1995)
(Otto, Botha and Roodt 2018) (Roodt, Otto and Steyl 2003)
that the related trans-[PtMe(L),Cl] (L = tertiary phosphine
ligands) complexes are prone to disorders in the methyl-
and chlorido positions (typically through inversion

(@)

(b)

FIGURE 1: Molecular diagram showing the numbering scheme and displacement ellipsoids (30% probability), with hydrogen atoms omitted for clarity for
(a) a, and (b) a. In the numbering scheme of the aromatic rings the first digit refers to the number of the ligand, the second to the number of the ring
(1 - 4) and the third to the number of the atom in the ring (1 - 6 for Ph and 1 - 5 for Cp).
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TABLE 2: Selected geometrical parameters for lla, llla, IVa and IVb.

lla lla IVa IVb

Pt-Cl 2.3988(12) 2.4575(18) 2.387(2) 2.6805(3)*
Pt-C1 2.022(4) 2.042(8) 2.018(6) 2.037(4)
Pt-L1 2.3298(8) 2.3982(8) 2.5419(5) 2.5353(3)
Pt-L2 2.3990(8) 2.5450(3)
L1-C111 1.830(3) 1.945(8) 2.113(5) 2.136(4)
L1-c121 1.827(3) 1.936(8) 2.127(5) 2.142(5)
L1-C131 1.807(3) 1.945(8) 2.121(5) 2.133(4)
12-C211 1.929(8) 2.136(4)
12-C221 1.929(8) 2.127(5)
12-C231 1.955(8) 2.140(4)
L1-12 4.660(1) 4.794(1) 5.080(1) 5.010(1)
L1-Pt-12 179.98(3) 175.92(3) 173.728(17) 160.501(13)
L1-Pt-Cl 90.010(16) 91.11(5) 93.136(8) 95.806(11)*
L2-Pt-Cl 92.70(5) 89.886(11)*
Cl-Pt-C1 180.0 177.0(3) 180.0 178.14(13)*
L1-Pt-C1 89.990(16) 89.4(2) 86.864(9) 84.81(11)
L2-Pt-C1 86.7(2) 88.97(11)
C111-L1-Pt 110.20(9) 119.1(2) 120.37(14) 124.26(11)
C121-L1-Pt 116.09(8) 113.8(2) 118.34(13) 102.93(12)
C131-L1-Pt 120.38(9) 115.6(2) 112.20(13) 123.56(12)
C211-12-Pt 110.5(3) 126.47(12)
C221-12-Pt 117.3(2) 105.41(12)
C231-12-Pt 118.5(2) 121.56(12)
C111-11-C121 105.19(12) 99.5(3) 99.2(2) 97.37(17)
C111-11-C131 102.39(12) 100.4(3) 102.1(2) 101.50(17)
C121-11-C131 100.74(12) 106.1(3) 101.8(2) 101.74(18)
C211-12-C221 103.0(4) 100.12(18)
C211-12-C231 103.9(4) 97.19(17)
€221-12-C231 101.7(3) 101.99(18)
L1-Pt-C1-C2 64.92(13) 87.3(7) 82.8(3) 93.3(4)
"L )en 87.3 78.7 73.4 68.5
L )ers 715 75.3 65.2 74.5
(VA 100.3 65.1 68.8 64.3

w 173 146 138 138
“/ens 81.7 69.6

VA 74.1 87.6
/)ers 61.8 59.4
0 145 144

£(2)

* Pt-1; *[(°/,),,]; * Half-angles as defined in literature (Tolman 1977)

(a) (b)

FIGURE 2: Molecular diagram showing the numbering scheme and displacement ellipsoids (30% probability) in (a) IVa, and (b) IVb. The hydrogen
atoms were omitted for clarity. In the numbering scheme of the phenyl rings the first digit refers to the number of the ligand, the second to the
number of the ring (1 - 3) and the third to the number of the carbon in the ring (1 - 6).
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centres), but the substantial difference in size between the
phenyl- and chlorido ligands significantly reduced this
possibility with no disorders encountered in this study.
Longer Pt-As or Pt-Sb bonds tend to result in larger
distortions of the angles within the Pt coordination sphere
making these systems even less prone to disorders than the
corresponding  phosphine complexes. The highly
symmetrical geometry for complexes covered in this study
does, however, result in the molecules of IIla and IVa
crystallising both on a two-fold rotation axis.

The dihedral planes described by the phenyl ligands are
slightly rotated with respect to the Pt coordination plane
forming angles of 64.92(13)°, 87.3(7)° and 82.8(3)°
respectively for Ila, ITIa and IVa. The larger deviation from
90° observed in IIa is most likely a consequence of the
significant steric crowding experienced in this tertiary
ligand system.

As reported before, in the structure of IIa the P-C bond of
1.807(3) A to the ferrocenyl is significantly shorter than
those to the phenyl rings of 1.827(3) and 1.830(4) A
respectively (Otto and Roodt 2004). The increase in the L-C
bond distances of ca. 1.83 to 193 to 213 A for
L = P to As to Sb is amongst other a consequence of the
increase in the covalent radius of the group 15 donor atoms
0f 1.100, 1.210 and 1.410 A respectively (Sheldrick 2008).

The two cyclopentadienyl rings of the ferrocenyl moiety
are in an eclipsed conformation (as shown by the
appropriate torsion angles close to 0°) as are normally
found for a molecule substituted on one ring only. It was
found that the torsion angle describing the orientation of
the ferrocenyl (Pt-P-C(31)-C(41) = 43.22(15)°) has a
significant effect on the cone angle of the phosphine ligand
and is reported for this reason. The effective (6,) cone angle
of the PPhFc ligand was determined according to the
Tolman model (Tolman 1977) as 0, = 168.80°. The effective
(8,) cone angles for the AsPh, ligands were determined
according to the Tolman model as 6, =139.34° and 6, =
139.38° for As(1) and As(2) respectively which is in good

TABLE 3: Comparison of structural data for the trans-[PtPh(L), X] complexes.
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agreement with an expected angle smaller than the value of
145° for PPh,. The effective (0;) cone angle for the SbPh,
ligand was determined as 6, = 135.13° which is also in
good agreement with an expected angle smaller than the

value of 145° for PPh,.

In general, the relative long Pt-Cl bond distances of 2.387(2)
- 2.4574(18) A trans to the phenyl- and substituted phenyl
ligands, for the complexes listed in Table 3 are in agreement
with the large frans influence exhibited by ¢ donor ligands
coordinated via a carbon atom. The L-Pt-L angles show a
rough correlation with the steric size of the neutral ligands:
the larger the ligands the closer the angle becomes to 180°.

The Pt-C and Pt-L bond distances determined in this study
are within ranges established for these types of bonds. The
Pt-Cl bond distances of 2.408(5), 2.4575(18) and 2.387(2) A
for the range of complexes trans-[PtPh(L),Cl] (L = PPh,;
AsPh, and SbPh,) show an unexpected large variation. An
exceptionally long Pt-Cl bond of 2.4575(18) A was obtained
for IIa and may be attributed to steric interactions between
the chlorido and arsine ligands as the arsine ligands are
distorted towards the phenyl ligand with an angle of
175.89(3)°. The short Pt-Cl bond distance of 2.387(2) A
found in IVa could be attributed to a combination of an
electron deficient metal centre and a severely distorted Sb-
Pt-Sb angle of 173.728(17)°. This distortion may be a result
of the long Pt-Sb bond distances of 2.5419(5) A allowing the
ligands to be forced closer together without experiencing
significant steric interactions with the chlorido ligand.

The structure of IVb indicates a severely distorted square
planar geometry with the phenyl and iodo ligands trans to
each other as expected after substitution of chloride from
IVa. The Sb-Pt-Sb” bond angle of 160.501(13)° is very
unusual and may be indicative of a severely electron
deficient metal centre. Stibine ligands are known to form
five-coordinate complexes with d® metal centres to stabilise
the electronic requirements of these systems (Roodt, Otto
and Steyl 2003). The Pt-I bond compares well with other
structures in literature (Allen 2002).

Complex Pt-L (A) Pt-C (A) Pt-X (A) L-Pt-L (°) Ref.
trans-[PtPh(SMe,),CI] 2.294(4) 1.99(1) 2.404(3) 171.38(5) a
trans-[PtPh(SMe,),Cl] 2.293(2) 2.004(5) 2.420(1) 178.50(2) b
trans-[Pt(mesityl)(SMe,),Cl] 2.292(2) 2.028(9) 2.423(3) 178.8(2) c
trans-[Pt(p-anisyl)(SMe,),Cl] 2.287(3) 2.033(8) 2.406(3) 173.9(3) d
trans-[PtPh(SEt,),Cl] 2.29(1) 2.05(4) 2.41(1) 172(1) e
trans-[PtPh(PPh,),Cl] 2.300(6) 2.00(2) 2.408(5) 176.0(2) f
trans-[Pt(p-OMe-Ph)(PPh.),Cl] 2.312(5) 2.01(1) 2.40(4) 173.7(1) g
trans-[Pt(o-Tol)(PEt,),Cl] 2.292(6) 2.05(1) 2.412(4) 176.9(2) h
trans-[PtPh(PPh,Fc),Cl] 2.3298(8) 2.022(4) 2.3988(12) 179.98(3) T™W
trans-[PtPh(AsPh.),Cl] 2.3986(8) 2.042(8) 2.4575(18) 175.92(3) T™W
trans-[PtPh(SbPh,),Cl] 2.5419(5) 2.018(6) 2.387(2) 173.728(17) T™W
trans-[PtPh(SMe,),Cl] 2.294(4) 1.99(1) 2.404(3) 171.38(5) i
trans-[PtPh(SbPh.),1] 2.5419(5) 2.018(6) 2.387(2) 173.728(17) T™W

a = (Kapoor, et al. 1996) b = (Kapoor, et al. 1996) c = (Wendt, Oskarsson, et al. 1997) d = (Wendt, Oskarsson, et al. 1997) e = (Wendt, Oskarsson, et al. 1997)
f = (Conzelmann, et al. 1984) g = (Khanna, et al. 1995) h = (Rieger, Carpenter and Rieger 1993) i = (Wendt, Oskarsson, et al. 1997) TW = This Work
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Kinetics

In an attempt to limit solvent contributions as far as
possible, the complexes’ kinetic behaviour was specifically
investigated in non-coordinating, non-polar solvents. This
resulted in poor solubility of the complexes being
investigated, limiting the study to benzene, chloroform or
dichloromethane. This in turn restricted potential ligands
to a large extent with the only possibilities being salts
containing organic cations (such as Bu,N* and PPh,*), as
well as pyridine and substituted derivatives thereof, e.g.
4-Br-pyridine; 4-Me-pyridine and 4-dimethyl amino
pyridine were all preliminarily investigated.

As indicated earlier, note that the liquid state reactants
studied kinetically are denoted by Arabic numericals 1 - 4,
and when referring to related literature complexes, 5 — 10,
as discussed below.

Upon evaluation of the reactions between the platinum
complexes with pyridine and its derivatives it was found
that substitution of the As and Sb ligands also occurred.
Since the aim of the study was to investigate only chlorido
substitution from the parent complexes, these types of
entering nucleophiles were subsequently ruled out. The
salts containing PPh,* and AsPh,* as cations exhibited large
molar absorptivities in the UV region where most of the
reactions were investigated and could for this reason, also
not be included. Stability checks with Bu,NI, Bu,NSCN
(slow decomposition) and Et,NBr (hygroscopic) in the
potential solvents showed the most feasible combination to
be Bu,NI in chloroform and was thus finally selected for the
kinetic investigations. The crystal structure of trans-
[PtPh(PPh,),(NCS)], obtained from these preliminary
investigations, has been published previously (Otto and
Roodt 2005). The N-coordination observed in this complex
is indicative of a sterically strained environment.

The complexes investigated in the kinetic study were
unambiguously characterised using X-ray crystallography
and multi nuclear NMR spectroscopy as described above.
'H, 3P and Pt NMR, as applicable, were used to verify
that only the chlorido ligand was substituted for iodide
during the first and only reaction in all cases. It has been
observed in the analogous trans-[PtMe(L),Cl] systems that
prolonged standing (a few days) of the solutions did,
however, yield the unexpected substitution products trans-
[Pt(I),(L),] in a few cases. In this regard it was reported
previously that trans-[Pt(I),(AsPh,),] was isolated from a
solution of trans-[PtMe(AsPh,),Cl] and Bu,NIin chloroform.
This was identified as a potential problem when
investigating extremely slow reactions, such as encountered
in the cases of trans-[PtPh(L),Cl] (L = PPh, and PPh,Fc). It
was, however, verified in these cases that no traces of the
corresponding  trans-[Pt(I),(L),] complexes were being
formed by comparing P NMR spectra of the reaction
mixtures with that of the pure trans-[Pt(I),(L),] (L = PPh,
and PPh Fc) complexes. The additional steric demand of
the phenyl, as compared to methyl, is expected to inhibit
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the formation of the six coordinate Pt(IV) oxidative addition
intermediate required for this conversion.

Eqn. 1 was used to fit all the kinetic results obtained during
this study as shown below; the profiles of the observed
pseudo first-order constants clearly fitting the complete
relationship as predicted, see Figures 3 and 4. It is however
clear that under equilibrium conditions (i.e. relative small
K,, values), the concentration of the leaving Cl' can
contribute significantly to the overall rate. It is thus
imperative that pseudo first-order conditions in terms of
[CI], with respect to [Pt], be employed. In this regard it was
observed that the [Cl] exhibited varied influences on the
different complexes under investigation ranging from
almost negligible to significant. A complete investigation in
this regard was, however, not foreseen as part of this study
but should be addressed in future.

Unfortunately, the equilibrium constants for the reactions
could notbe determined using standard spectrophotometric
techniques as the ligand (Bu,NI) also absorbs strongly in
the same region where the spectral changes are taking
place. For this reason, multi-nuclear NMR spectroscopy
was utilised to determine the equilibrium constants where
possible. *'P NMR was used for the trans-[PtPh(L),CI] (L =
PPh, and PPh,Fc) complexes which were determined at 40
°C. The observed rate constants for the latter complex were
simultaneously determined by NMR, while the e.s.d.’s on
the equilibrium constants were estimated to be 15 — 20% of
the values obtained by the NMR studies.

A graphical comparison of the reactions of the trans-
[PtPh(L),Cl] complexes with Bu,NI in chloroform medium
at 40 °C is presented in Figure 3 while the rate constants for
the reactions are summarised in Table 4.
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FIGURE 3: [I'] dependence of the observed pseudo first-order rate constants

(logarithmic scale) for the trans-[PtPh(L),Cl] complexes in chloroform at 40 °C,
illustrating the significant variation in reactivity and profile. Complexes are trans-
[PtPh(L),CI] (L= PPh,, 1; PPh,Fc, 2; AsPh,, 3; SbPh,, 4).
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TABLE 4: Equilibrium-, first- and second-order rate constants for the reactions of the trans-[PtPh(L),Cl] complexes with Bu,NI in chloroform at 40 °C. Complexes are

trans-[PtPh(L),Cl] (L = PPh,, 1; PPh.Fc, 2; AsPh,, 3; SbPh,, 4)

Complex K., 10%,, 10%,, 10°’ * k,,/k,, J(Pt)
(M*s?) (s?) (M*s?) (ppm)

1 0.6+0.1 0.37+0.03 0.066 +0.003 0.053 +0.002 0.103+0.018 -4377

2 0.1+0.1 -0.67 £0.14* 0.20+0.02 0.160 £ 0.016 0.5+0.3 -4300

3 1.2+0.3 11.6+0.9 1.0+0.2 0.80+0.16 0.50+0.13 -4316

4 0.6+0.1 280 + 30 181+4 145 +0.003 0.264 + 0.009 -4136

"K' ,=k,,/[12.5 M (CHCL,)]; * See text

13 13

The pseudo first-order rate constants of the reactions are
plotted on a logarithmic scale (Figure 3) to enable further
illustration of the significant difference in the reactivity of
the complexes. It is clear from Table 4 and Figure 3 that the
series of reactivity (most to least) for the trans-[PtPh(L),Cl]
complexes are L = SbPh, > AsPh, > PPh,Fc = PPh,. A
relative range of reactivity spanning almost four orders-of-
magnitude was observed (Figure 3). All the graphs displayed
limiting Kkinetics, indicating that equilibria play an
important role during the overall reaction, especially at
lower levels of iodide. This is similar to that observed for
the trans-[PtH(L),Cl] and trans-[PtMe(L),Cl] described
previously (Otto, Botha and Roodt 2018).

The two phosphine-containing complexes (1 and 2) have
comparable reactivities while the arsine (3) and stibine (4)
complexes are substantially more reactive. The reactions of
1 and 2 were extremely slow and were hence investigated
in the absence of added chloride. As a consequence, the rate
constants were calculated by fixing the [CI] in Eq. 1 equal
to that of the [Pt] (0.25 or 2.5 mmol dm?®) and using the
values for K determined by *P NMR at 40 °C. In the case
of 3 and 4 the value for the equilibrium constants were first
obtained by refining it along with the other constants in the
least-squares fit and fixing it afterwards to obtain more
accurate values for the other constants. For 1,3 and 4 (L =
PPh,, AsPh, and SbPh,) it was found that the k, route is
more rapid than the k ; route, but this does not hold for the
severely crowded 2 (L = PPh,Fc) where the solvent assisted
pathway seems to be the route of choice. In 2 the initial
inverse dependence on the [I] is clear, most probably
indicative of large steric effect induced by the bulky
ferrocenyl substituent, suppressing the solvent pathway at
increasing nucleophile concentrations. During the fitting of
the kinetic data for 2 attempts were made to fix the value
for k,, at zero, however this resulted in unsatisfactory least-
squares fits being obtained and hence it was allowed to
refine to a slightly negative value. Due to the fact that a
significantly higher platinum concentration (2.5 mM) had
to be used to conduct the NMR experiments the iodide
concentration could not be lowered to describe the
behaviour of the reaction at lower concentrations in more
detail.

The observation that 4 is much more reactive than the other
complexes can be attributed to a significantly more
electrophilic metal centre (very short Pt-Cl bond distance of
2.387(2) A) in conjunction with the fact that it is much more
accessible due to the substantially elongated Pt-Sb bond

distances of 2.5419(5) A as observed from the structural
investigations of IVa and I'Vb (Figure 2). It was also shown
that the average cone angle of the SbPh, ligand, determined
as 138°, is significantly smaller than in the phosphine and
arsine ligands (173° and 146° for PPh,Fc and AsPh,,
respectively), see Table 2. Moreover, this is even better
illustrated by considering the significant increase in the L1
-L2 bond distances, which range from 4.660(1) to 4.794(1) to
5.080(1) A for Ila, ITla and IVa, respectively, rendering the
Pt(II) metal centre in 4 clearly much more accessible than in
3, and particularly, than in 2 and 1.

The [I'] and temperature dependence of the observed
pseudo first-order rate constants of 3 and 4 are shown in
Figure 4.

10° kops (s™)

kobs (3-1)

10 °C i

0 0.050 0.10 0.15

(7 (M)
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FIGURE 4: Temperature and iodide concentration dependence of the observed
pseudo first-order rate constants of (a) 3 and (b) 4.
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FIGURE 5: Eyring plot for the (a) k,, and (b) k_, rate constants for 3 and 4 in
chloroform.

It is clear that at higher [I'], the graphs shown in Fig. 4 can
be simplified to describe the usual two-term rate law, as
given in Eq. 3. Graphical comparisons of the Eyring plots
for 3 and 4 are presented in Figure 5(a) for the k,, and Figure
5(b) for the k', reaction routes respectively, with the
resulting activation parameters listed in Table 5.

The activation parameters in general indicate that the usual
associative mechanism of activation still holds in these
complexes as large negative AS* values were obtained for
both the direct- and solvent-assisted pathways. The
exception here is the AS* value of 36 + 2 ] K' mol” obtained
for the k,, route for 3. Interestingly, however, while the
entropy of activation for the k,, pathway is positive, a large
negative value was still obtained for the solvent assisted k',
route. The other AS* values for k, and k' ,, as expected for
an associative mechanism of activation, range from —-157 +
4t0-207 =4 ] K" mol™. In all cases the AS* values for the k' ,
route was found to be larger than that for the k,, route. If
one keeps in mind that an exceptionally long Pt-Cl bond
distance of 2.4575(18) A was observed for 3 in contrast to
the short 2.387(2) A obtained for 4, it is clear that 4 is both
sterically less crowded as well as less electron rich. Both
these characteristics are expected to favour an associative
mode of activation (less randomness) during substitution
reactions.
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FIGURE 6: Plots of second-order rate constants (k,, = filled symbols and k' , =
open symbols, where k', =k ./[12.5 M (CHCL,)]) at 25 °C vs. ***Pt chemical shift,
5(*°Pt): (a) All phenyl-, methyl- and hydrido complexes of the form trans-
[PtR(YX,),Cl] listed in Table 10, with Y=P, As or Sb as donor atom; X=mono-
anionic alkyl or aryl substituents; R" = (i) Ph, (ii) CH, and (iii) H. The donor
atoms Y within the complexes are indicated in green (SbPh,), blue (PX,) and
red (AsX,), respectively; (b) PPh, complexes for R" = Ph, CH,, and H; (c) YPh,
complexes for Y=P, As and Sb.

TABLE 5: Activation parameters determined by the exponential form of the
Eyring equation for 3 and 4 with Bu,NI in chloroform.

k12 k13
Complex AH* AS* AH* AS*
(kJ mol?) (J K* mol?) (kJ mol?) (J K* mol?)
3 99.8+0.6 362 45+2 -181+7
4 31+1 -157+4 22.91+0.11 | -207.3+0.4
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TABLE 6: Rate constants for related complexes in chloroform at 25 °C as a function of Pt chemical shift.

No. Range? Complex 10%,, 10°%’,, 3(*°Pt)

(M*s™) (M*s) (ppm)
1 trans-[PtPh(PPh,),CI] o) 0.14 +0.03 0.025 +0.003 -4377
2 (i) trans-[PtPh(PPh Fc).CI] ¥ 0.2 0.075 +0.005 -4300
3 trans-[PtPh(AsPh,) CI] 1.6+0.3 0.33+0.05 -4316
4 trans-[PtPh(SbPh3)2C|] 143 +£10 88.4+1.1 -4136
5 trans-[PtMe{P(NMe,).}.CI] 13.89:0.16 0.9936 £ 0.0012 4277
6 trans-[PtMe(PPh.Fc),Cl] 0 0.317 £0.010 -4575
7 (ii) trans-[PtMe(AsPh,) CI] 0.2+0.4 83108 -4608
8 trans-[PtMe{As(p-Tol),},CI] 2.7940.04 0.42 £ 0.03 -4611
9 trans—[Ptl\/Ie(PPh3)2C|] 0.091 £ 0.010 0.203 £0.010 -4646
10 T trans-[PtH(PPR_),CT 0 622104 4858

3 [llustrated in Fig. 6(a); ® Values estimated from data obtained at 40 °C assuming the rates approximately halve with ca. every 10 °C decrease in temperature

Table 6 lists both the direct- (k,,) and solvent route rate
constants (k,,) as a function of Pt chemical shifts. The
chemical shift of a specific nucleus gives an indication of
the electronic environment; thus, one might suspect a
rough correlation to exist between the reactivity of a
complex and the chemical shift of the metal centre. In
Figure 6 the first- and second-order rate constants of the
individual complexes, or more correctly a range of closely
analogous ones, are plotted against their Pt chemical
shifts.

In general, no clear correlation was observed between 5(Pt)
and the reactivity of the trans-[PtR(YX,),Cl] complexes as is
illustrated in Figure 6a. However, the phenyl complexes
(see (i)) clearly are grouped between -4000 to -4500 ppm,
the methyl complexes from -4500 to ca. -4800 ppm (see (ii)),
and the hydrido complex at -4810 ppm (iii). Although the
data is certainly not convincing and definitely require a
larger statistical sample range, the tendency is certainly
worth noting.

However, if the complex ranges are examined individually,
a tendency of a correlation within closely analogous
complexes does exist. In Figure 6b the reactivity vs. 5(Pt)
values for the trans-[PtPh(YPh,),Cl] (Y = P; As and Sb)
complexes display a definite trend with a decrease in
reactivity corresponding to a shift toward higher field,
generally associated with increased electronic shielding.
This is in accordance with the understanding that an
associative mechanism of activation would be favoured as
the metal centre becomes more electrophilic. Another
interesting observation is the increase in the difference
between k, and k,,, with an increase in electronic shielding
of the platinum centre indicating a larger extent of
discrimination between different entering nucleophiles as
the metal centre becomes less electrophilic.

Similarly, in Figure 6¢ the complexes of the general form,
trans-[PtR(PPh,),Cl] (R" = CH,, H and Ph’) is shown. Only
the k , value for the hydride complex is reported since the
value for the k , value was fixed at 0. The most important
observation made from this figure is that an increase in the
rate constants corresponds to an increase in electronic
shielding of the platinum centre. This is contrary to what
would be expected from an electronic perspective with the
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observed trend predominantly attributed to a decrease in
the steric crowding of the metal centre going from Ph > Me
>H.

Summary and Conclusions

A good correlation was found when comparing the results
obtained from this kinetic study with some relevant
examples taken from the literature. Most of the previously
reported studies were conducted in methanol (a
coordinating solvent) on complexes containing substantially
smaller cis ligands; especially PEt, was quite extensively
used. In complexes of the form trans-[PtR(L),X] (R =
hydrido, alkyl and aryl; L = PEt,, SMe, and SEt,) a decrease
in reactivity was observed with increased steric size of the
substituted phenyl ligands as R ligands (Cusumano, et al.
1979) (Ricevuto, Romeo and Trozzi 1974) (Faraone, et al.
1974). The reactivity showed a significant decrease in the
order hydride > alkyl > aryl, but in all cases the normal
associative mechanism was still active.

A study (Wendt and Elding 1997) on complexes of the form
[Pt),L]" (L = PPh, and SbPh,) indicated that the stibine
ligand exhibits a more significant trans effect than the
phosphine analog. The X-ray crystal structures of the two
complexes, however, suggested that the stibine ligand has
asmaller trans influence, and hence the increase in reactivity
must arise from stabilisation of the transition state, i.e., the
trans effect. These results seem to indicate that the SbPh,
ligand is a better n acceptor than PPh, which is, in
conjunction with a decrease in steric crowding, also the
conclusion that can be drawn from the currentinvestigation.

The general perception amongst chemists is that the
substitution behaviour of square-planar complexes is clear
and simple with everything well understood. It is covered
extensively in many textbooks illustrating various
principles like the cis- and trans effects. With this study we
investigated the reactivity of a range of iso-electronic
complexes and have shown that reasonable correlations
between the kinetic- and structural data exist. It is
furthermore clear that care needs to be taken when
interpretations are done, as these systems could be
significantly more complex than anticipated. Thus, the
importance of a thorough understanding of the basic
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principles of reaction kinetics and the examining of the
complete reaction mechanism for these reactions were
clearly illustrated.

As indicated earlier, substitution reactions are very
important in many fundamental and applied processes
such as catalytic processes, metal extraction, medicinal
inorganic chemistry and environmental reactions, typically
associated with carbon dioxide fixation. Thus, detailed
mechanistic and time resolved information as provided
herein is important when considering similar systems for
appropriate application.
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Electronic Supplementary Information to:

Structure and reactivity relationships in trans-
[PtPh(L),CI] as observed from CI- anation by I upon
interchanging phosphine, arsine and stibine (L) ligands

BOTH (A) KINETIC AND (B) CRYSTALLOGRAPHIC DATA ARE PRESENTED

A. Kinetic data (6 Tables)

The reactions of 4 different complexes with BuN I in chloroform were investigated in order to study the relative reactivity with
respect to one another. Complexes 1 and 2 were only investigated at 40 °C due to their low reactivity while complexes 3 and
4 were investigated at 10, 25 and 40°C in order to obtain activation parameters for these systems.

The data for each complex is presented individually with all concentrations given in mmol dm™ and all observed rate constants
in s, In all cases the reactions were carried out in dried and distilled chloroform with a final metal concentration of 0.25 mM,
except in the case of trans-[PtPh(PPh,Fc),Cl] where a final metal concentration of 2.5 mM was used to enable monitoring the
reaction the reactions using 3P NMR. All reactions contained additional added chloride amounting to a final concentration
of 2.5 mM, except those for trans-[PtPh(PPh,),Cl] and trans-[PtPh(PPh,Fc),Cl] which contained no additional chloride. The
final iodide concentrations were varied in the range 2.5 — 150 mM with at least a 10-fold excess of iodide to metal to ensure
pseudo-first order reaction conditions.

TABLE S1: Observed pseudo first-order rate constants for trans-[PtPh(L),Cl] and TABLE S2: Equilibrium-, first- and second order rate constants for trans-[PtPh(L)

Bu,Nl'in chloroform at 40 °C. CIZ] and Bu,Nl'in chloroform at 40 °C.

[ PPh, PPh,Fc AsPh, SbPh, PPh, PPh,Fc AsPh, SbPh,
(mM) 10"[(Dbs (s) lOf'kDbs (s) lOf'kDbs (s) lOf'kDbs (s) Keq (M) 0.6(1) 0.1(1) 1.2(3) 0.6(1)
2.5 0.429(8) 0.514(2) 528(3) 10%, (M*s) 0.37(3) -0.67(14) 11.6(9) 280(30)
5 0.476(5) 0.821(2) 602(3) 10%k,, (s7) 0.066(3) 0.20(2) 1.0(2) 181(4)
10 0.567(5) 1.258(4) 739(3) 10%,, (M*s™) 0.053(2) 0.160(16) 0.80(16) 145(3)
25 0.690(2) 2.7(4) 2.018(12) 911(5) k,,/k,, 0.103(18) 0.5(3) 0.50(13) 0.264(9)
52 0.831(4) 2.2(4) 3.21(4) 1047(6)

75 0.942(4) 1.7(3) 3.97(5) 1118(5)

100 1.03(7) 1.5(3) 4.68(8) 1183(6)

150 1.18(15) 1.1(2) 5.66(9) 1271(8)

TABLE S3: Observed pseudo first-order rate constants for trans-[PtPh(AsPh,) Cl], 3, and trans-[PtCIPh(SbPh,),C1], 4, with Bu,NI in chloroform at 10, 25 and 40 °C.

] trans-[PtPh(AsPhg)ZCI] trans-[PtPh(SbPhg)ZCI]
10%,,, (s™) 10%,,, (s™)
(mM) 8.9°C 25.0°C 40.0°C 10.0°C 25.0°C 40.0°C
2.5 0.12(3) 0.514(2) 1.426(9) 3.06(2) 5.28(3) 10.41(8)
5 0.1747(10) 0.821(2) 1.757(9) 3.69(3) 6.02(3) 12.04(9)
10 0.2702(15) 1.258(4) 3.577(13) 4.27(3) 7.39(3) 14.01(11)
25 0.4597(9) 2.018(12) 6.98(4) 5.40(4) 9.11(5) 16.5(12)
52 0.7102(12) 3.21(4) 11.51(10) 6.02(5) 10.47(6) 17.90(14)
75 0.879(3) 3.97(5) 15.20(14) 6.51(6) 11.18(5) 19.21(17)
100 0.995(3) 4.68(8) 18.7(2) 6.77(6) 11.83(6) 20.1(2)
150 1.171(12) 5.66(9) 25.5(3) 7.32(7) 12.71(8) 22.0(2)
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TABLE S4: Equilibrium-, first- and second order rate constants for trans»[PtPh(AsPh3)2CI], 3, and trans—[PtCIPh(SbPh3)2C1], 4, with Bu,Nl in chloroform at 10, 25 and 40 °C.

trans-[PtPh(AsPh,) Cl] trans-[PtPh(SbPh,) Cl]
8.9°C 25.0°C 40.0 °C 10.0°C 25.0°C 40.0 °C
K., (M) 1.2(3) 1.2(3) 1.2(3) 0.6(1) 0.6(1) 0.6(1)
10%,, (M*s™) 0.17(5) 1.6(3) 11.6(9) 75(9) 143(10) 280(30)
10%,, (s") 0.121(13) 0.41(6) 1.0(2) 64.6(12) 110.5(14) 181(4)
10%,, (M*s-?) 0.097(10) 0.33(5) 0.80(16) 51.7(10) 88.4(11) 145(3)
k., /k,, 0.049(6) 0.063(12) 0.50(13) 0.207(6) 0.199(4) 0.264(9)

TABLE S5: Activation parameters determined by the exponential form of the Eyring equation for trans-[PtPh(AsPh,).Cl],
3, and trans-[PtPh(SbPh,) Cl], 4, with Bu NI in chloroform.

klZ 13
Complex AH* AS* AH" AS*
(kJ mol?) (J K* mol?) (kJ mol?) (J K* mol?)
trans-[PtPh(AsPh,),Cl] 99.8(6) 36(2) 45(2) -181(7)
trans-[PtPh(SbPh,),Cl] 31(1) -157(4) 22.91(11) -207.3(4)

TABLE S6: Activation parameters determined by the linear form of the Eyring equation for trans-[PtPh(AsPh,),Cl], 3,
Cl], 4, with Bu /NI in chloroform.

and trans-[PtPh(SbPh.)

klZ kl3
Complex AH" AS* AH" AS*
(kJ mol?) (J K* mol?) (kJ mol?) (J K* mol?)
trans-[PtPh(AsPh.) Cl] 95.9(3) 26.6(1) 48(32) -172(9)
trans-[PtPh(SbPh,) CI] 30(1) -160(30) 22.6(6) -208(204)

http://www.satnt.ac.za E Open Access




