Low temperature kinetic study of very fast substitution reactions

at platinum(ir) trans to olefins
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Ultra-fast substitution of chloride for bromide, iodide, azide and thiocyanate trans to ethene in Zeise’s anion,
[PtCl;(C,H,)] 7, 1, has been investigated in methanol solvent by use of cryo temperature diode array stopped-flow
spectrophotometry. Reactions follow the usual two-term rate law for square-planar substitutions, ko, = k; + k,[Y]
(where k, = ky.ou[MeOH]), with k; = 118 + 10 s™' and k, = (5.1 £ 0.2) x 10% (3.51 £ 0.07) x 103, (11.8 £ 0.2) x 10,
and (56 + 4) X 10> mol™' dm®s™' for Y = Br~, I, N,~ and SCN", respectively, at 223 K. Activation parameters for
MeOH, Br,I  and N,  are AH*=23+2,21+2, 17+ 1.0and 119+ 1.5kJ mol ' and AS*= —124 £ 10, —96 + 9,
—98 4 and —111 £ 6 J K " mol ™!, respectively. Recalculation of k, to second-order units gives the sequence

of nucleophilicity MeOH < Br™ <1~ < N;” <SCN" (1:100 : 700 : 2500 : 12000) at 223 K. This nucleophilic
discrimination decreases with increasing temperature. Chloride for iodide substitution trans to allyl alcohol,
vinyltrimethylsilane and cyclooctene at [PtCly(L)]", (L = CH,CHCH,OH, 2; CH,CHSiMe;, 3; CgH,,, 4) follow the
same rate law with k&, =116 £5,31.0 £ 0.3 and 23.6 £ 0.1 s ' and k, = (2.65 £ 0.06) x 103, (0.273 £ 0.005) x 10°
and (0.119 + 0.002) x 10* mol~' dm® s~ at 223 K. Activation parameters are AH"(kypeon) = 24.4 + 1.3, 28.4 £ 0.6
and 29.9 + 0.8 kJ mol ™!, AS*(kyeon) = —120 £ 5, —114 £ 2 and, —108 £ 3 J K 'mol ™', AH*(k,) =19.9 £ 1.2,

24.6 % 1.7and 24 + 3 kI mol ' and AS* (k,) = —88 £ 5, =84+ 7and —93 £ 10 J K ' mol !, for 2, 3 and 4 respectively.
The free energies of activation are dominated by the —7'AS” terms. The crystal and molecular structures of
Bu,N[PtCl,(CH,CHSiMe;)] and Bu,N[PtCl,(C4H,,)] show slight Pt—CI bond lengthening to 2.314(2) A and
2.3238(16) A trans to the olefins, similar to that found frans to ethene in Zeise’s anion. All experiments support a
model for the very fast substitution reactions frans to the olefins in which ground state labilisation is much less
significant than transition state stabilisation. Extrapolation to ambient temperature together with literature data for
related reactions in methanol solvent gives a quantitative measure of the trans effect of ethene as: SR, < Me, SO <
AsEt; < PR; < P(OR); < C,H, (1 :5:400: 3500 : 7000 : 3 x 10°). The relative trans effect of the olefins studied is
C,H, ~ CH,CHCH,OH > CH,CHSiMe, ~ CgH,,, spanning a factor of between 5 and 30 depending on the
nucleophile, and reflecting minor differences in steric and electronic properties of the olefins.

Introduction

It is well known that ligand substitution processes trans to
olefins are extremely rapid due to the high 7 trans effect of these
ligands.! Quantitative studies of direct substitution kinetics
trans to olefins in unhindered systems such as Zeise’s anion,
[PtCl(C,H,)] ™, 1, do not seem to have been published so far.
Preliminary temperature jump experiments in our laboratory 25
years ago indicated an approximate half-life for the hydrolysis
of the trans chloride of 1 as short as 5 X 107° s in aqueous
solution at 25 °C.* Based on that rough estimation and related
kinetics data, a trans effect order H,O : CI™ : Me,SO : C,H, of
1:330:2 % 10°: ~10" was derived.? Tobe and co-workers,
using sterically hindered substituents resulting in much slower
reactions, estimated a qualitative frans effect sequence as
R,S < R,SO < PR, < P(OR), < CO < C,H,.}

We have previously studied the ethene exchange at Zeise’s
anion, [PtCl,(C,H,)]", 1,* and have postulated a mechanism in
which the very labile chloride ligand co-ordinated trans to the
ethene is involved in the exchange process. It was therefore of

T Electronic supplementary information (ESI) available: observed
pseudo-first order rate constants for all reactions investigated, absorb-
ance versus chloride concentrations for the K determinations. See
http://www.rsc.org/suppdata/dt/b2/b200197g/

1 On leave from University of the Free State, P.O. Box 339, Bloem-
fontein 9300, South Africa.
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interest to investigate the very fast substitution kinetics of
chloride trans to ethene directly. We report here studies of such
reactions of complex 1 as well as of the related olefinic com-
plexes [PtCly(L)], L = CH,CHCH,OH (allyl alcohol), 2;
CH,CHSiMe; (vinyltrimethylsilane), 3 and CgH,, (cyclo-
octene), 4. These studies were made feasible by use of recently
developed reliable low temperature stopped-flow diode-array
equipment. The experiments give, for the first time, a quantita-
tive evaluation of the kinetic parameters for the very fast substi-
tution processes trans to olefins co-ordinated to platinum(i) in
sterically unhindered systems. A quantitative measure of the
trans effect of ethene and related olefins compared to other
trans-labilising ligands can also be derived from the kinetics
data. In order to elucidate the relative importance of ground
state and transition state effects for the reactivity, the crystal
and molecular structures of the tetrabutylammonium salts of 3
and 4 have also been determined.

Experimental

Chemicals

Allyl alcohol (ACROS, 99+%), vinyltrimethylsilane (Fluka,
>97%) and cyclooctene (ACROS, 95%) were dried over molecu-
lar sieves, while ethene (AGA, 99.95%) was used as received.
Methanol solvent of analytical grade (Riedel-de Haén) was
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freshly distilled from CaH, under dinitrogen prior to use.
Analytically pure NaBr (Mallinckrodt), Nal (Merck), NaNj,
(BDH) and NaSCN (Mallinckrodt) were used as received.
Anhydrous NaClO, (ACROS) was used to maintain a constant
ionic strength. Silver triflate (Aldrich) was used for halide
abstraction reactions and analytical grade LiCl (Merck) was
used as a source of chloride in the determination of equilibrium
constants K.

Preparation of complexes

K[PtCl;(C,H,)] was prepared according to literature pro-
cedures.’ The tetrabutylammonium salt of 1 was prepared as
reported previously,* while complexes 2-4 were prepared by
substitution of C,H, from Bu,N[PtCl;(C,H,)] by addition of a
slight excess of the appropriate olefin in acetone medium.®
Complexes 2 and 3 were purified by recrystallisation from a
mixture of dichloromethane/diethyl ether (1 : 2) while 4 was
obtained as a crystalline solid directly by evaporation of the
acetone reaction medium.

Bu,N[PtCl,(C,H,)]. '"H NMR: 1.04 (t, 12H), 1.48 (m, 8H),
1.67 (m, 8H), 3.28 (m, 8H), 4.41 (t, 4H, 5/, = 64 Hz). Pt
NMR: —2755. BC NMR: 13.73 (4C, CH,), 19.74 (4C, CH,),
24.11 (4C, CH,), 58.94 (4C, CH,), 68.22 (2C, =CH,, 'Jp, c = 193
Hz).

Bu,N[PtClL(CH,CHCH,OH)]. '"H NMR: 1.04 (t, 12H), 1.49
(m, 8H), 1.66 (m, 8H), 3.25 (m, 8H), 4.13 (tm, 2H, “5Jp 4 = 53
Hz), 4.40 (m, 1H), 4.55 (m, 1H), 5.42 (m, 1H, “5Jp, 4 = 66 Hz).
195pt NMR: —2681. *C NMR: 13.67 (4C, CH,), 19.68 (4C,
CH,), 24.02 (4C, CH,), 58.88 (4C, CH,), 62.27 (1C, =CH,, Jp, ¢
=181 Hz), 63.32 (1C, CH,), 89.62 (1C, =CH, Jp, = 189 Hz).

Bu,N[PtCl,(CH,CHSiMe;)]. 'H NMR: 0.28 (s, 9H), 1.04 (t,
12H), 1.48 (m, 8H), 1.66 (m, 8H), 3.28 (m, 8H), 4.61 (m, 1H),
4.66 (m, 1H), 4.92 (m, 1H). Pt NMR: —2663. *C NMR: 0.46
(2C, CH,), 13.70 (4C, CH,), 19.68 (4C, CH,), 24.08 (4C, CH,),
58.86 (4C, CH,), 73.01 (1C, =CH,, 'Jp. = 186 Hz), 80.69 (1C, =
CH, Jp.c = 195 Hz).

Bu,N[PtCL(CsH,)]. '"H NMR: 1.02 (t, 12H), 1.40 (m, 8H),
1.48 (m, 8H), 1.68 (m, 8H), 2.16 (m, 2H), 2.43 (m, 2H), 3.28 (m,
8H), 5.05 (tm, 2H, “5Jp 4 = 67 Hz). Pt NMR: —2681. 13C
NMR: 13.73 (4C, CH,), 19.74 (4C, CH,), 24.14 (4C, CH,),
26.22 (2C, CH,), 27.62 (2C, CH,), 28.72 (2C, CH,), 58.95 (4C,
CH,), 85.74 (2C, =CH, 'Jp, ¢ = 190 Hz).

NMR measurements

'H and Pt NMR spectra were recorded at 295 K in CDCI, on
a Varian Unity 300 spectrometer working at 299.78 and 64.27
MHz respectively. The 'H chemical shifts are reported in ppm,
the spectra were calibrated on the residual CHCI, peak (0 = 7.25
ppm) as internal standard. The 5Pt spectra were recorded with
a WALTZ-16 proton decoupling sequence and the peak reson-
ances are reported in ppm relative to K,PtCl, (1 g H,PtCly in
3 ml 1 M HCI containing 50% D,0, 6 = 0 ppm) as external
reference. *C spectra were recorded at 295 K in CDCl; on a
300 MHz Buker spectrometer operating at 75.47 MHz. The
spectra were calibrated on the solvent peak at 77.0 ppm.

Low temperature unit

The Hi-Tech Ltd (Salisbury, UK) CryoFlow temperature
option was attached to a Hi-Tech SF-61DX-2 diode-array
stopped-flow system. This low temperature option comprises a
well insulated, thermostated beaker which provides temper-
ature control (£0.2 °C) of the sample flow lines and the obser-
vation cell. Within this vessel methanol as thermostating agent
was used to maintain temperature control of the flow circuit

components by circulating around the cell block and reagent
line plumbing. The temperature of the thermostating agent was
set and controlled by a proportional controller within the sys-
tem operating a heat—cool strategy. Cooling was provided by a
refrigeration coil immersed in the beaker unit and connected to
a self contained vapour-compression refrigeration unit; heating
was accomplished with an electrical immersion heater. A small
plunger pump provides circulation of the thermostating agent
between the cell block and the main body of the beaker. The
delivery of reagents to the low temperature unit was achieved
by making an umbilical connection to the standard Hi-Tech
SF-61 DX-2 sample-handling unit where the cell block had
been removed and replaced by a connection manifold. This way,
the reagents were forced by the pneumatically driven syringes
into the low temperature mixer/cell arrangement and the
reacted solution was fed back to the stop syringe assembly. The
dead time of the mixing unit is estimated to be less than 2 ms.

Kinetic measurements

Based on spectra of reactants and products, the following wave-
lengths were selected to monitor the reactions between 1 and
the different nucleophiles: 300 (Br™), 330 (I), 295 (N;)
and 320 nm (SCN"). The total concentration of platinum was
0.50 mmol dm * and nucleophile concentrations were always at
least ten times larger after mixing to ensure pseudo first-order
reaction conditions. The ionic strength was kept constant at
either 0.20 mol dm™ (Br~ and I") or 0.05 mol dm™ (Br~, N~
and SCN7). Temperature variations on 1 were performed
between 223 and 243 K for Br™, I” and N;~ while reaction with
SCN™ only could be monitored at 223 K due to its extremely
high reactivity. Fig. 1 shows typical kinetic runs at 223 K for
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Fig. 1 Kinetic traces at 223 K and [Y]” = 10 mmol dm ™ fora)1 + 1",
kops = 132(1) 71, b) 1 + Ny, kgpe = 243(2) s

reaction of 1 with I" and N; . Even if the half lives of some
reactions observed were of the same order of magnitude as the
dead time of the instrument, it was possible to derive rate con-
stants since (1) the absorbance changes were sufficiently large to
allow observation of the reactions for several half lives, and (2)
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the half lives of first-order reactions are independent of
concentration.

Reactions between complexes 2, 3 and 4 and iodide were
investigated at 330-335 nm and temperatures between 223 and
243, 223 and 253, and 223 and 263 K, respectively, once again
the high reactivity limiting investigation at higher temperatures.
The reactions were performed under pseudo first-order condi-
tions using a total platinum concentration of 0.50 mmol dm ™
in all cases. The ionic strength was kept constant at 0.20 mol
dm™3.

The kinetic traces for all reactions investigated showed well-
defined first-order behaviour with the substitution process trans
to ethene being several orders of magnitude faster than substi-
tution of the cis chlorides. Thus all reactions studied are
described by eqn. (1), where L denotes the olefin:

[PtCL(L)]” + Y — trans-[PtCLY(L)] + CI- (1)

Data were collected and observed pseudo first-order rate
constants calculated using the Hi-Tech software package
KinetAsyst2.” All least-squares fits were performed using
SCIENTIST,? the observed pseudo first-order rate constants
were fitted versus the ligand concentrations using a linear
model, while activation parameters were calculated using the
exponential form of the Eyring equation. Complete kinetics
primary data are given as ESI. ¥

Equilibrium measurements

The MeOH solvento analogues of complexes 2-4 were pre-
pared by abstraction of the chloride trans to the olefin as
described previously.* UV—Vis spectra were recorded at 298.2 K
on a Cary 300 Bio UV/Vis spectrophotometer after mixing of
pre-thermostated solutions of the platinum solvento complexes
and chloride solutions in 1.00 cm quartz cells in the thermo-
stated cell compartment. Equilibrium constants were calculated
by use of the SCIENTIST ® non-linear least-squares minimising
program. Complete absorbance/concentration data are given as
ESL.

Crystallography

Crystals of the tetrabutylammonium salt of 3, suitable for
X-ray diffraction, were obtained by addition of diethyl ether to
a concentrated solution of the compound in dichloromethane.
Slow evaporation yielded bright yellow plates. Crystals of the
tetrabutylammonium salt of 4 were obtained by direct evapor-
ation of the acetone reaction mixture used for preparation of
the salt. The intensity data collections were done on a Siemens
SMART CCD diffractometer using Mo K, (0.71073 A) and
w-scans at 293(2) K. All reflections were merged and integrated
using SAINT® and were corrected for Lorentz, polarization
and absorption effects with SADABS.' After completion of
the data collections 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 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 olefinic H atoms of [Bu,N][3] could not be detected
from the Fourier map and were hence excluded from the final
refinement while those of [Bu,N][4] were refined with individual
isotropic thermal parameters. In both structures the minimum
and maximum electron densities were located within 1 A of the
platinum atom. The graphics were done with the DIAMOND *2
Visual Crystal Structure Information System software.

CCDC reference numbers 176914 and 176915.

See http://www.rsc.org/suppdata/dt/b2/b200197¢g/ for crystal-
lographic data in CIF or other electronic format.
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Results and discussion
Kinetics and mechanism

Plots of observed rate constants vs. the concentration of excess
nucleophiles are given in Fig. 2 and Eyring plots based on
second-order rate constants in Fig. 3.
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Fig. 2 (a) Concentration dependence of k., for reaction of 1 with
Br, I, N; and SCN™ at 223 K. (b) Iodide concentration dependence
of ks for reaction with 1, 2, 3 and 4 at 223 K.

The intercepts of the plots in Fig. 2a are the same for the
various nucleophiles within experimental error. Therefore, they
correspond to the contribution from a common solvent path
and not from reversible processes. Thus, all reactions proceed in
accordance with the usual two-term rate law for square-planar
substitution reactions as given by eqn. (2), where k, refers to
the direct substitution process and k; to the solvent assisted
pathway:

kovs = ki + ko[Y] with ky = kyon[MeOH] 2

Even though complexes 1-4 are solvolysed to some extent
already at the start of the kinetic runs, there was always a suf-
ficient amount of [PtCl;(L)]” present in solution to give a large
enough absorbance change for all the reactions investigated.
Since the solvento complexes are orders of magnitude more
reactive than the parent chloro complexes (¢f. data for k_; in
Table 3 below) their anation reactions are too fast to be
observed even at 223 K. Thus, the observed absorbance changes
are only due to the reactions of the parent chloride complexes
with the various nucleophiles.

Second-order rate constants and activation parameters for
reaction between complex 1 and the various nucleophiles at
223 K are summarised in Table 1. The order of reactivity based
on the values of k, and kyop in Table 1is MeOH <Br™ <1™ <
N, <SCN", or in relative numbers about 1 : 100 : 700 : 2500 :
12000. This series corresponds to a normal nucleophilic dis-
crimination for these ligands at this low temperature. Extra-
polation of the rate constants for reaction between 1 and



Table 1 Rate constants at 223 K and activation parameters for the reactions between 1 and nucleophiles Y~
1073,/ AH! ASy! Knteon! AHyeon™! ASyeon”
\a mol™' dm®s™! kJ mol™! JK '"mol™! kyls™! mol ' dm?s™! kJ mol ™! JK "mol™!
Br¢ 0.509(16) 21(2) —96(9) 111(1) 4.5(1) 26(1) —114(3)
Br? 0.520(18) 107(1) 4.3(1)
I 3.51(7) 17(1) —98(4) 116(5) 4.7(2) 23(2) —~125(8)
N,? 11.8(2) 11.9(1.5) —~111(6) 127(4) 5.102) 21(3) —134(10)
SCN* 56(4) 129(23) 5.2(9)
“J=0.200 mol dm™>.? I'=0.050 mol dm>.
Table 2 Rate constants at 223 K and activation parameters for the reactions between 1, 2, 3 and 4 and iodide
107%k,/ ASy! knteon! AHyeon™! ASyvieon”!
mol 'dm®s™! AH,/kJ mol™! JK '"mol™! kyls™! mol ' dm®s™! kJ mol™! JK "mol™!
1 3.51(7) 17(1) —98(4) 116(5) 4.7(2) 23(2) —125(8)
2 2.65(6) 19.9(1.2) —88(5) 116(5) 4.7(2) 24.4(1.3) —120(5)
3 0.273(5) 24.6(1.7) —84(7) 31.0(3) 1.256(1.2) 28.4(6) —114(2)
4 0.119(2) 24(3) —93(10) 23.6(1) 0.956(5) 29.9(8) —108(3)
T T T " Rate constants and activation parameters for reaction
a |

In(k/T)

-1 ] T T T T T T T
3.7 4.1 4.5

10°T!/K!

Fig. 3 Eyring plots for (a) the reactions of MeOH, Br~, I", and N;~
with 1, (b) the reactions of I” with 1-4.

methanol, bromide, iodide and azide to 25 °C by use of the
activation parameters in Table 1 and incorporation of the rate
constant for reaction between 1 and ethene (2100 mol™' dm?
s™1)* gives a much more compressed range of nucleophilicity
MeOH < C,H, < Br” <I" < Nj; of ca. 1:12:80:270:500 at
ambient temperature. Thus, the nucleophilic discrimination of
this particular complex is clearly temperature dependent. It is
also noteworthy that ethene is low in the nucleophilicity series.
A similar poor nucleophilicity of ethene has been noted earlier
for reactions between platinum(i1) complexes and ethene in
aqueous solution."

As observed previously for reactions of ethene complexes,*
the activation entropies are largely negative. Between ca. 60 and
70% of the free energies of activation are due to the entropy
contributions (vide infra).

between complexes 1-4 and iodide are given in Table 2. Also
here, the entropy terms are largely negative, amounting to
between 50 and 60% of the overall free energy of activation.
The order of reactivity for the four olefin complexes with I and
MeOH based on the values of k, and kygop in Table 2 is:

C,H, ~ CH,CHCH,OH > CH,CHSiMe, ~ C;H, (3)

spanning a factor of ca. 30 for iodide and ca. 5 for methanol
as nucleophile. This trend reflects a slight variation in trans
effect of these four olefinic ligands, which can be traced back to
differences in bonding and stereochemistry (vide infra). Also in
this case, however, extrapolation of the rate constants to 25 °C
leads to a decrease in the span of nucleophilic discrimination
(to factors of ca. 2 and 8 only for k.o and k,, respectively).
The equilibria between the various parent chloro complexes
and their respective solvento analogues can be expressed by

eqn. (3):
[PICL, (L)] + Se= = [PICL, (L)S]" +CI 3)

where k, and k_, denote the rate constants for the forward and
reverse reactions and the equilibrium constant K¢, is defined by

eqn. (4):
Ko = kllk—l )

Values of K, for complexes 2-4 were calculated by least-
squares fitting of eqns. (5) and (6) to the experimental
concentration/absorbance data

K = [PtCLL)S)[CI)[PtCL(L) ] (5)
Agps = Cpley + 52Kc171[C17])(1 + chl[CrD (6)

where ¢, and ¢, denote the molar absorptivities of the solvento
and parent chloro complexes, respectively. The equilibrium
concentrations of [PtCly(L)]™, [PtCl,(L)(S)] and CI~ were calcu-
lated for each concentration of added chloride using eqn. (7)

chl[Cr]2 + (chlCPt - chl[Cr]add + 1)[C17] -
[Cl'Laa=0 (7

where Cp, and [Cl ],qq represent the total concentration of
platinum (e Cp, = [PtCl(L)]” + [PtCl(L)S)]) and the
concentration of added chloride, respectively.
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Table 3 Comparison of forward' and reverse’® second order rate
constants as defined by eqns. (2) and (3)

Table 5 Selected bond lengths (A) and angles (°) for the anions in 3
and 4 in their tetrabutylammonium salts

L kyteos/mol ' dm®s™! 103 k_/mol ' dm®s™! 3 4
SMe, (6.1+1.2)x 1075 PtCI(1) 2.314(2) 2.3238(16)
SEt, (8.5+0.8) x 1075 0.00126/ PtCI(2) 2.285(2) 2.3003(12)
Me,SO (33.2+1.2) x 10°5¢ 0.0124/ Pt—CI(3) 2.294(2) 2.3115(13)
AsEt, 0.026 +0.019¢ 0.0522( Pt-C(1) 2.105(9) 2.147(4)
PMe, 0.21 +0.02¢ 0.0836/ PLC(2) 2.161(9) 2.139(4)
PEt, 0.27 £ 0.03¢ C(1)-C(2) 1.437(13) 1.391(7)
PBu, 0.21 £0.02¢
PPh, 0.13 £ 0.02¢ 0.190/ CI(1)-Pt—C1(2) 89.24(10) 87.61(5)
P(OMe), 0.42 +0.12¢ CI(1)-Pt-CI(3) 89.43(10) 89.76(5)
JH, 171 £ 19¢ 6700 Cl(2)-Pt—CI(3) 178.49(9) 177.36(5)
CH,CHCH,0H 185+ 20° 35100" PLC(2)-Si 121.4(5)
CH,CHSiMe, 73 + 8¢ 12100 Pt-C(1)-C(8) 118.5(3)
C,H,, 76 + 8¢ 4200/ PL-C(2)-C(3) 119.6(4)
930 °C: H' = 0.10 mol dm % T = 0.50 mol dm >, # 30 °C: T = 0.50 mol Cl(1)-Pe-C(1) 155.93) 161.16(13)
G R =0101 0.50m )G 1 =0.50 mol CI(1)-Pt—C(2) 164.6(3) 160.67(14)
dm™.“30°C; Cl” =0.025 mol dm™; I =0.50 mol dm". “30 °C; LiCl =
5 m , A Cl(2)-Pt—C(1) 92.0(3) 94.75(13)
0.48 mol dm™; I = 0.48 mol dm™". * MeOH; Extrapolated to 25 °C; I = al
IR Sab ) ! 5 (2)-Pt-C(2) 93.2(3) 94.42(14)
0.20 mol dm™./ In 95% MeOH + 5% H,O at 25 °C, no constant ionic
strength. ¢ Estimated from K = (6.3 £ 0.8) X 10™*mol™' dm? (from ref. CIG3)-Pe-C(1) 88.93) 87.81(13)
) cl S 1 CI(3)-Pt-C(2) 88.2(3) 88.00(14)

4) and k, ~ 4000 s~'. " Estimated from K¢ = (1.30 £ 0.13) x 10™* mol ™'
dm?® and k, ~4600 s™". ' Estimated from K¢, =(1.49 + 0.13) X 10"* mol ™!
dm? and k, ~ 1800 s™'./ Estimated from K¢, = (4.5 £ 0.4) x 107 mol ™'
dm®and k; ~ 1900 s~

Table 4 Crystal data and structure refinement for the tetrabutyl-

ammonium salts of 3 and 4

Bu,N[3] Bu,N[4]
Empirical formula C,,H,xCLSINPt C,,HCLNPt
Formula weight 644.13 654.09
Crystal system Triclinic Monoclinic
Space group P1 P2,/n
al 9.0976(18) 14.731(3)
bIA 13.448(3) 9.4487(19)
clA 13.449(3) 21.021(4)
al® 99.16(3) 90
pr 104.48(3) 91.94(3)
yI° 109.64(3) 90
VIA3 1446.2(5) 2924.2(10)
z 2 4
DJ/gcm™? 1.479 1.486
w/mm™! 5.177 5.083
T maxd T min 0.422/0.150 0.785/0.236
F(000) 648 1320
0 limit/° 2.41t027.48 1.66 to 31.83
Index ranges —11<h<11 —-21<h<20
—-17<k<17 —8<k<13
—-17<i<17 —29<17<29
Reflections collected/unique 10481/6628 29582/9167
Rine 0.0479 0.0802
Observed reflections (I > 20(1)) 4874 6441
Data/restraints/parameters 6628/0/256 9167/0/276
N 0.977 0.998
(I>2a(I)) R 0.0562 0.0431
wR 0.1350 0.1080
(all data) R 0.0784 0.0684
wR 0.1410 0.1202
APrmars Apminle A7 2.701; —2.304 2.323; —1.883

Values of rate constants ko and k_, (calculated by use of
the derived K, values and eqn. (4)) as defined by eqn. (3) for
complexes 1-4 are given in Table 3 together with data for some
related systems. From these values, the following quantitative
trans-effect series can be derived:

SR, < Me,SO < AsEt, < PR, < P(OR), < C,H,
1:5:400: 3500 : 7000 : 3 x 10°

The trans effect series previously reported? for reactions of
related platinum(ir) complexes in aqueous solution is H,O (1) <
NH; (200) < C1™ (330) < Br™ (3000) < DMSO (2 x 10 < C,H,
(~10™). The present results (Table 3) show that the reactivity of
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Fig. 4 Molecular structure showing the numbering scheme and
thermal ellipsoids (30% probability level) for 3, the hydrogen atoms are
of arbitrary size.

Fig. 5 Molecular structure showing the numbering scheme and
thermal ellipsoids (30% probability level) for 4, the hydrogen atoms are
of arbitrary size.

1 is indeed 5-6 orders of magnitude larger than that of the
analogous sulfur-bonded DMSO complex.

Ground state structures

Crystal data, details of the data collection and refinement
parameters for the tetrabutylammonium salts of 3 and 4 are
summarised in Table 4. Molecular diagrams showing the num-
bering scheme and thermal ellipsoids of the complex anions 3
and 4 are given in Figs. 4 and 5. Selected bond distances and
angles are summarised in Table 5.

The crystal structures of Bu,N[3] and Bu,N[4] are composed
of discrete cation—anion pairs of Bu,N* and [PtCly(L)]". The
closest contacts in both structures are >3.6 A indicating that the
packing is governed by van der Waals forces alone and not by
electronic interactions.



Table 6 Comparison of geometrical parameters for complexes of the type [PtCly(L)]

Complex Pt-CI/A Pt-C, [Pt-C,J/A C,-C,/A Ref.
K,[PtCl,] 2.317(2) 17
Et,N[PtCl,(MeCN)] 2.266(2) 18
Et,N[PtCL,(py)] 2.305(2) 19
Bu,N[PtCl,(CO)] 2.289(3) 20
K[PtCl,(Me,SO)] 2.318(5) 21
K[PtCl,(NH,)] 2.321(7) 22
K[PtCl,(C,H,)] 2.340(2) 2.128(3) [2.135(3)] 1.375(4) 23
Bu,N[PtCl,(CH,CHSiMe;,)] 2.314(2) 2.105(9) [2.161(9)] 1.437(13) This work
Bu,N[PtCL,(CsH,,)] 2.3238(16) 2.147(4) [2.139(9)] 1.391(7) This work
Ph,P[PtCl,(CgH,,)] 2.3632(12) 2.160(4) [2.161(4)] 1.399(6) 24
Et,N[PtCl,(CH,CHOCH,CH,)] 2.324(2) 2.128(7) [2.208(7)] 1.382(12) 25
[PtCL(COD)]* 2.312(1) 2.170(6) 1.381(8) 26
[PtCL(CH,CHCH,),] 2.310(2) 2.156(7) [2.270(5)] 1.382(9) 27
2.304(2) 2.173(6) [2.258(6)] 1.398(9)
Et,N[PtCl,(PEt,)] 2.382(4) 28

“ COD = cis, cis-1,5-cyclooctadiene.

The co-ordination complexes exhibit the expected square-
planar geometry with the olefins co-ordinated perpendicular to
the co-ordination plane as described by the Dewar—Chatt—
Duncanson model.'® The Pt—-C(2)-Si angle of 121.4(5)° in 3 and
the Pt-C(1)-C(8) and Pt-C(2)-C(3) angles of 118.5(3) and
119.6(4)° in 4 indicate a ‘side-on’ co-ordination mode of the
olefins to the metal centre.

The cyclooctene molecule in 4 adopts a twisted chair con-
formation and points in the direction of CI(3) resulting in a
slight elongation of the Pt-Cl(3) bond distance as compared to
Pt-Cl(2). In 3 the Pt—C(2) bond is significantly longer and the
Pt-C(1) bond correspondingly shorter than in the simple sym-
metric ethene complex 1. This asymmetry may be attributed to
the bulky SiMe; substituent co-ordinated to C(2), and to the
electron donor properties of this substituent. It is noteworthy
that the two other complexes listed in Table 6 containing
unsymmetrical olefin ligands (CH,CHOCH,CH; and CH,-
CHC¢H,) also display distinctly different Pt—C bond distances,
similar to that observed for 3. In complexes 4 and 1, on the
other hand, with symmetric olefins, the Pt-C(1) and Pt-C(2)
bond distances are the same within experimental errors.
Furthermore, a slight elongation of the C(1)-C(2) bond dis-
tance in 3 as compared to that in 4 and related structures in
Table 6 may also be due to the electron donor properties of the
trimethylsilyl substituent at C(2) and eventully also to a larger
extent of m-back bonding into the olefin antibonding orbitals in
3 thanin 4.

A very small, but significant, elongation of the Pt-Cl bond
distances trans to the olefin ligands, compared to those in the cis
positions, is observed. However, the amount of ground state
bond weakening of the chloro ligands trans to the olefins is very
small compared to that observed for most other trans-directing
ligands listed in Table 6. Thus, the ground-state trans influence
of these olefins is very small, due to the interplay between
o donation and © back donation. This is in agreement with the
previously established trans influence sequence.”

The C NMR spectra reveal some information on the struc-
tures of the complexes in solution, especially when interpreted
with the solid state structures in mind. The spectra of com-
plexes 1 and 4, containing symmetrical olefin ligands, display
single resonances for the chemically equivalent olefinic C atoms
with single first order Pt-C coupling constants. In complexes 2
and 3 with chemically non-equivalent C atoms two sets of
resonances are observed, corresponding to each of the C atoms,
each displaying a unique first order Pt—C coupling constant.
The resonances can be assigned to the respective C atoms based
on their chemical shifts. For 1 the single resonance is observed
at 68.22 ppm ("Jp._c = 193 Hz) and for 4 at 85.74 ppm ("Jp.c =
190 Hz). Each of the complexes 2 and 3 display one chemi-
cal shift close to 68 ppm, at 62.27 (*Jp.c = 181 Hz) and 73.01

(*pec = 186 Hz) ppm, respectively, assigned to the =CH,
moiety. The other chemical shift lies close to 86 ppm: at 89.62
(*pec = 189 Hz) for 2 and at 80.69 (*Jp,c = 195 Hz) ppm for 3,
assigned to =CH-CH,OH and =CH-SiMe;, respectively. In the
crystal structures with unsymmetrical olefin ligands the bond
distances between Pt and the substituted C atoms are signifi-
cantly longer than those to the unfunctionalised ones (Table 6).
This observation might be rationalised in terms of less effective
back bonding from the metal centre to the antibonding orbital
localised at the functionalised C atom. From these results it
might seem peculiar that the longer Pt—C bond distances are
associated with the larger Pt—C first order coupling constants.
However, the first order coupling constants, as described by the
Fermi contact term,*® result predominantly from an overlap of
the s orbitals of the respective nuclei. The same argument used
to account for the longer Pt—C bond distances, i.e. an increased
electron density on the functionalised C atom, is also applicable
here. The more electron rich s orbital of the functionalised
C atom would result in more effective s-orbital overlap with
the platinum centre and hence result in the larger coupling
constants observed.

Ground state vs. transition state effects

The structural data summarised in Tables 5 and 6 confirm that 3
and 4 are indeed very good model systems for 1. The Pt-Cl
bond distances trans to the olefins are essentially the same in the
ground state within the error limits imposed on the structures
by differences in counter ions and packing.*! The crystal struc-
tures of Bu,N[3], Bu,N[4] and Ph,P[4]* show Pt—Cl bond dis-
tances of 2.314(2), 2.3238(16) and 2.3632(12) A, respectively—
similar to those found trans to ethene in [PtCl;(C,H,)]” and in
other olefinic complexes reported in the literature. Note that the
Pt—Cl distances in the olefin complexes are not very different
from those trans to chloride in [PtCL]*", indicating similar bond
strengths in the ground state. In spite of this, the difference in
rate of substitution of chloride ligands between [PtCl,]>~ and
[PtCl;(C,H,)] ™ is at least nine orders of magnitude.*? Since the
ground state bond strengths are similar, this extreme difference
in rate can only be rationalised in terms of transition state sta-
bilisation in the case of the olefin complexes. Such stabilisation
is accompanied by large negative activation entropies, as found
for the fast substitution processes studied here. The —TAS”
contributions to the overall free energy of activation for the
reactions studied amount to between 50 and 70%, compared to
only a few percent for substitution processes trans to chloride,
for instance.

A closer comparison of the rate and structural data for the
four olefin complexes investigated shows some minor but still
significant differences. Complexes 1 and 2 react between 5 and
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30 times faster than 3 and 4. A small, but steady, increase of the
free energies of activation is observed for the reactions of 1-4
with iodide as incoming nucleophile with values of 46 £ 1.3,
46.2 + 1.6, 50 £ 2 and 52 * 3 kJ mol ™', respectively. The trans
effect sequence ethene > allyl alcohol > vinyltrimethylsilane >
cyclooctene parallels an increase in the bulkiness of the olefins
and an increase in the electron donor capacity of the olefin
substituents, affecting back bond stabilisation, in particular in
the transition state. This decrease in reactivity cannot be traced
back to differences in ground state labilisation of the trans
chloride ligands (¢f. Table 6).

Conclusion

Low-temperature stopped-flow spectroscopy has allowed
studies of extremely fast substitution processes in methanol
trans to olefins in some classical non-hindered square-planar
systems. These fast processes follow the usual two-term rate law
typical for square-planar complexes at ambient conditions, and
the mode of activation is associative, as indicated by their sensi-
tivity to the nature of the entering ligand and their negative
entropies of activation. The very fast reactions trans to the
olefins are due to transition state stabilisation, whereas ground
state destabilisation as displayed by crystallographic bond
length changes is of minor importance. The processes are char-
acterised by an unusually large contribution of the entropy
term to the overall free energy of activation. The experimental
data have for the first time allowed a quantitative evaluation
of the trans effect of the olefins, which is ca. 10! times that of
water and ca. 10° times that of sulfur-bonded dimethyl-
sulfoxide.
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