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importance of the term k¢, [Cr(bpy),>*] during the reaction is
apparently gradual enough that it does not affect the quality of
the pseudo-first-order fits significantly. Indeed, the simulation
of the kinetic traces by use of the program KINSIM shows this to
be the case.

The low yields of Cr(bpy);>* obtained previously'* in the re-
duction of *Cr(bpy),** by Fe** in 1 M HCIO, were rationalized
on the basis of eq 8-10. According to this scheme the Cr(bpy);?*

*Cr(bpy)s** + Fe* — [Cr(bpy),**,Fe**] (8)
0 GCribpyrg?* + Fe (9

[Cribpy)a®” Fe®*1 —

+
e2*1 —

&
L9 rCribpy)s®*, F
Cribpy)g* + Fe?* (10)

and Fe**, formed by electron transfer, can either escape from the
solvent cage (eq 9) or undergo secondary electron transfer within
the cage to yield Fe?* and Cr(bpy);** (eq 10). On the basis of
the yields of Cr(bpy);>* the ratio kg/ko ~ 0.2 was calculated.!

Our results indicate that the yield of Cr(bpy);?* is nearly
quantitative (280%) provided the concentration of Fe?* used is
high enough such that the second term of eq 6 dominates. For
example, in an experiment with [*Cr(bpy),**], = 40 uM and
[Fe?*] = 0.18 M, the concentration of Cr(bpy),** produced was
35 uM. We thus conclude that most of the electron transfer events
of eq 8 lead to the formation of free Cr(bpy);** and Fe3*, with
the secondary electron transfer within the solvent cage playing
at best a minor role, i.e. kg > kj;. This experimental result agrees
well with the values of ko (~10'°s7!) and k;y (~10° s7!) estimated
from the theoretical equations® and the measured value of &, (k,

(26) Rybak, W.; Haim, A.; Netzel, T. L.; Sutin, N. J. Phys. Chem. 1981,
85, 2856.

= k\oKp, Kip ~ 1).26%7 The predicted yield of Cr(bpy);** (ko/ (ks
+ ki) ~ 0.9) is in good agreement with the observed value
(20.80). We surmise that the low experimental concentrations
of Fe?*, as well as the use of the somewhat erroneous spectral data
for *Cr(bpy);>*, are responsible for the low values of ko/kyq
reported in ref 14.

The large driving force (1.71 eV) for the net reaction of eq 4,
combined with the high self-exchange rate constants for the two
reactants, places reaction 4 in the inverted region, yet the reaction
is clearly diffusion-controlled. The same observation was made
in several other highly exergonic reductions by Cr(bpy);**.>%
Among the many factors'»?%-! that could be responsible for the
rate constants being higher than predicted, the formation of ex-
cited-state Cr(bpy);>* (eq 11) and nuclear tunneling®'?® seem

*Cr(bpy);** + Cr(bpy);** — *Cr(bpy);2* + Cr(bpy);** (11)

most plausible. The products of reaction 11 are identical with
those that would be formed in an energy-transfer process. At
present we do not have sufficient experimental evidence that would
allow us to distinguish between the possibilities mentioned.

Acknowledgment. Helpful discussions with Dr. Norman Sutin
are gratefully acknowledged. This work was supported by the
Office of Basic Energy Sciences, Chemical Sciences Division, U.S.
Department of Energy, under Contract W-7405-Eng-82.

Registry No. Cr(bpy),**, 15276-15-0; Fe?*, 15438-31-0; Fe(H,0)>*,
15365-81-8; Cr(bpy);*, 15276-15-0; [Cr(bpy),](ClOy);, 23539-86-8;
ClO,, 14797-73-0; CI-, 16887-00-6; SO,>, 14808-79-8.

(27) Zahir, K.; Bottcher, W.; Haim, A. Inorg. Chem. 1985, 24, 1966.

(28) Indelli, M. T.; Ballardini, R.; Scandola, F. J. Phys. Chem. 1984, 88,
2547,

(29) Marcus, R. A.; Siders, P. J. Phys. Chem. 1982, 86, 622.

(30) Creutz, C.; Sutin, N. J. Am. Chem. Soc. 1977, 99, 241.

(31) Liu, D. K,; Brunschwig, B. S.; Creutz, C.; Sutin, N. J. Am. Chem. Soc.
1986, /08, 1749 and references therein.

Contribution from the Dipartimento di Chimica Inorganica e Struttura Molecolare,

Universitd di Messipa, via dei Verdi, 98100 Messina, Italy

Selective Cleavage of the Pt—-C(Alkyl) Bond in Alkylarylplatinum(II) Complexes and
Mechanism of Cis to Trans Isomerization of the Resulting Solvento Complexes

Giuseppe Alibrandi, Domenico Minniti, Luigi Monsii Scolaro, and Raffaello Romeo*

Received March 27, 1987

Protonolysis of the complexes cis-[Pt(PEt;),(R)(Me)] (R = Me, Ph, mesityl) by H*A™ (A~ = ClO,", BF,", p-toluenesulfonate)
in methanol selectively cleaves the alkyl group, yielding cis-[Pt(PEt;),(R)(MeOH)]* and methane. The rates show first-order
dependence on complex and on proton concentrations, obeying the simple rate law kyeq = k[H*]. Steric hindrance on the Pt-C
bond causes a decrease in rate. A mechanism is proposed that involves rate-determining attack of the proton on thé Pt—C bond
with release of methane in a three-center transition state. The resulting methanol intermediate spontaneously converts to its trans
isomer, and for all systems the isomeric equilibrium lies well to the side of the trans form. At 303.16 K for R = Me, k; = 6.76
X 107357, AH* = 106 & 4 kJ mol™!, AS* = +63 £ 12 J K™ mol™}; for R = Ph, k; = 11.9 X 107 ¢7!, AH* = 112 = 3 kJ mol™},
AS* = +84 £ 8 J K™! mol™; for R = mesityl, k;, = 28.8 X 1073 57!, AH* = 106 £ 3 kJ mol™}, AS* = + 75 £ 8 J K™! mol™.
Isomerization of cis-[Pt(PEt;),(Me)(MeOH)]* in diethyl ether-methanol mixtures undergoes mass law retardation by [MeOH].
The rates of isomerization of cis-[Pt(PEt;),(Me)(S)]* (S = a series of hydroxylic solvents) are little influenced by the nature of
the solvent. As in the case of the related halide species, the isomerization mechanism involves interconversion of two T-shaped
3-coordinate intermediates that show discriminating ability toward scavenging agents.

Introduction

Studies on the isomerization reactions of square-planar or-
ganometallic compounds are of fundamental importance for un-
derstanding the chemical reactivity of these species. Indeed, the
course of many processes is dictated by the geometry in the
square-planar configuration. For example, one reaction scheme
postulated for olefin insertion on trans platinum(II) hydrides
involves the isomerization of a 4-coordinated trans-[Pt(PEt,),-
(H)(C,H,)]™ cation to its cis counterpart followed by migratory

0020-1669/88,/1327-0318801.50/0

insertion leading to the final monoalkyl complex.! Dialkylbis(-
phosphine)palladium(II) complexes give strikingly different
products in their thermolysis or reactions with CO depending on
configuration.? For concerted thermal 1,1-reductive elimination

(1) Clark, H. C.; Jablonski, C. J. Inorg. Chem. 1974, 13, 2213, Clark, H.
C.; Wong, C. S. J. Am. Chem. Soc. 1974, 96, 7213.

(2) Yamamoto, A.; Yamamoto, T.; Ozawa, F. Pure Appl. Chem. 1985, 57,
1799.
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to take place, it has been argued that the organic moieties should
be brought to occupy adjacent positions in the complex prior to
giving a C—C coupling product? as for the case of trans-[PdMe,L,]
(L = phosphine) where trans—cis isomerization first takes place
followed by reductive elimination of ethane.*

There are a number of conceivable pathways by which isom-
erization can proceed.’ One of them involves the conversion of
two T-shaped 3-coordinate intermediates, as originally postulated
for uncatalyzed isomerization of monoaryl cis-[Pt(PEt,),(R)Cl]
complexes.5 It is now clear that the formation of such 3-coor-
dinate 14-electron species, whose configurational stability has been
supported by MO calculations,” offers a favorable reaction route
to all the above mentioned processes as an alternative to the
intermediacy of 4- and 5-coordinate species.>® In this context
it is of fundamental importance to understanding the factors
promoting the formation and the stabilization of these unsaturated
species, as well as the efficiency with which they can be intercepted
in solution by ligands or by the solvent itself. To this purpose,
studies on isomerization of solvento complexes can be useful and
have not been reported before.

We report here a kinetic study of the protonolysis of the Pt-Me
bond in cis-[Pt(PEt;),(R)(Me)] (R = Me, Ph, mes (mes =
mesityl)) complexes in methanol and of the cis to trans isomer-
ization of cis-[Pt(PEt,),(R)(MeOH)]* formed in situ. The rates
of isomerization of cis-[Pt(PEt;),(Me)(S)]* (S = a series of
hydroxylic solvents) have been also measured and compared with
those for isomerization of the related chloride complex. These
data will be discussed within the framework of the known
mechanistic patterns for these reactions and will serve, we hope,
to settle a long standing dispute on the mechanism of isomerization
of monoorganoplatinum(II) complexes.

Experimental Section

Preparation of Complexes. cis-[Pt(PEt;),(Me),], cis-[Pt(PEt;),-
(Ph)Cl], cis-[Pt(PEt,),(mes)Br], and cis- and trans-[Pt(PEt;),(Me)Cl]
were prepared by literature methods® and characterized by elemental
analysis, 'H and *P{'"H} NMR spectra.

cis -[Pt(PEt;),(Ph)(Me)]. Methyllithium in diethyl ether (6.0 cm’,
0.5 M solution) was added dropwise to a suspension of cis-[Pt(PEt,),-
(Ph)CI] (0.16 g) in diethyl ether (40 cm?) under an atmosphere of N,.
After 1 h of stirring at room temperature, the mixture was hydrolyzed
with ice and water. The crude product isolated from the dried organic
layer was crystallized (at =20 °C) as a white compound from petroleum
ether, mp 80.0 °C. Anal. Calced for CgHyP,Pt: C, 43.6; H, 7.3.
Found: C, 43.6; H, 7.2. 'H NMR (CD,Cl,): 8(MePt) 0.21 (dd, *J(PH)
= 1.9, 6.3 Hz, 2J(PtH) = 68 Hz). *'P{'H} NMR in (CD,),CO (AB and
ABX; X = 9%Pt): 8(3'P) 6.23 (*J(PP) = 13 Hz, 'J(PtP) = 1837 Hz);
6.45 (1J(PtP) = 1727 Hz).

cis-[Pt(PEt;),(mes)(Me)]. This was prepared in an analogous manner
from cis-{Pt(PEt;),(mes)Br] (0.3 g) and methyllithium (3-fold excess).
The mixture was stirred at room temperature for 4 h and then hydrolized
with ice. The dried organic layer was evaporated under vacuum to give
the product as a white solid, mp 169-170 °C. Anal. Caled for
C,H.P,Pt: C, 46.7; H, 7.8. Found: C, 46.7; H, 7.7. 'H NMR
(CD,Cl,): §(MePt) 0.1 (dd, *J(PH) = 8.7, 6.6 Hz, 2J(PtH) = 67 Hz),
5(4-MeC) 2.15 (s), 8(2,6-MeC) 2.30 (t). 3'P{'H} NMR in (CD;),CO:
5(*'P) 2.79 (*J(PP) = 12.36 Hz, J(PtP) = 1914 Hz), 6.26 (\J(PtP) =
1748 Hz).

'H and 3'P{'H} NMR spectra were recorded with a Perkin-Elmer R
24B or a Varian FT 80A spectrometer. Phosphorus-31 chemical shifts
are given with respect to an H,PO, reference. Ethanol, 1-propanol,

(3) Davidson, P. J.; Zappert, M. F.; Pearce, R. Chem. Rev. 1976, 76, 219.
Braterman, P. S.; Cross, R, J. Chem. Soc. Rev. 1973, 2, 271,

(4) Gillie, A,; Stille, J. K. J. Am. Chem. Soc. 1980, 102, 4933,

(5) Romeo, R.; Uguagliati, P.; Belluco, U. J. Mol. Catal. 1978, 1, 325,
Anderson, G. K.; Cross, R. J. Chem. Soc. Rev. 1980, 9, 185.

(6) Faraone, G.; Ricevuto, V.; Romeo, R.; Trozzi, M. J. Chem. Soc. A 1971,
1877. Romeo, R.; Minniti, D.; Trozzi, M. Inorg. Chem. 1976, 15, 1134.

(7) Komiya, S.; Albright, T. A.; Hoffmann, R.; Kochi, J. K. J. Am. Chem.
Soc. 1976, 98, 7255. Tatsumi, K.; Hoffmann, R.; Yamamoto, A .; Stille,
J. K. Bull. Chem. Soc. Jpn. 1981, 54, 1857,

(8) Thorn, D. L.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100, 2079.
Yamamoto, A.; Yamamoto, T.; Komiya, S.; Ozawa, F. Pure Appl.
Chem. 1984, 56, 1621. Whitesides, G. M. Pure Appl. Chem. 1981, 53,
287.

(9) Chatt, J.; Shaw, B. L. J. Chem. Soc. 1959, 705, 4020.
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2-propanol, 1-butanol, and 2-methyl-2-propanol were purified and dried
by standard methods. All the other chemical products were reagent
grade commercial materials and were used without further purification.
Methanol for conductometric measurements was refluxed over AgNO,
for 24 h to remove traces of aldehydes or ketones and then distilled in
a closed system into a flask containing some magnesium turnings and
traces of I. After a further 24 h of refluxing, it was fractionally distilled.
The middle cut was used immediately after distillation. Conductance
data were measured by using a Radiometer CDM3 conductivity bridge
and an Erlenmeyer-type cell with unplatinized electrodes and with a
constant of 0.5693 cm™ determined by using solutions of potassium
chloride. Conductance measurements were taken soon after weighed
amounts of complex in silver holders had been rapidly dissolved under
magnetic stirring in weighed amounts of methanol in the conductance
cell. The temperature was held constant to £0.01 °C with a thermo-
stated bath, Limiting equivalent conductances A, and association con-
stants X, were calculated by computer analysis using the equations

A = Ao - Scliyi2
l-y= Kac‘yzfz

where ¢ is the stoichiometric concentration, ¢y is the concentration of free
ions, S is the slope of the theoretical limiting tangent, and fis the De-
bye-Hiickel value of the activity coefficients.!® A viscosity of 0.502 cP
and dielectric constant of 31.7 were used in the calculations.

Kinetics. Isomerization reactions were followed spectrophotometric-
ally by repetitive scanning of the spectrum at suitable times in the range
320-220 nm or at a fixed wavelength, where the difference of absorbance
was largest. The reactions were carried out in a silica cell in the ther-
mostated cell compartment of a Cary 219 spectrophotometer with a
temperature accuracy of £0.02 °C. The isomerization of cis-[Pt-
(PEt,;),(Me)Cl] was started by adding a weighed amount of a finely
powdered sample of the complex to a prethermostated volume of solvent
and shaking the solution rapidly. The isomerization of cis-[Pt(PEt,),-
(R)(MeOH)]* (R = Me, Ph, mes) generated in situ was started by
adding with a syringe a prethermostated solution of cis-[Pt(PEt;),-
(R)(Me)] to a methanolic thermostated solution of HA™ (A~ = BF,
ClOy", p-toluenesulfonate). In all the cases the concentration of acid was
calculated to produce a very fast cleavage of the Pt-Me bond. In an
analogous way were followed the rates of isomerization of cis[Pt-
(PEt,),(Me)(S)]* (S = ethanol, 1-propanol, 2-propanol, 1-butanol, 2-
methyl-2-propanol) and those of cis[Pt(PEt,),(Me)(MeOH)]* in meth-
anol-diethyl ether mixtures. Reactions of nucleophilic substitutions of
cis[Pt(PEt;),(Me)Cl] with Lil and electrophilic attacks of H* on cis-
[Pt(PEt,;),(R)(Me)], except the case in which R = mes, required the use
of a HI-TECH SF3 stopped-flow spectrophotometer equipped with a
Gould 054100 oscilloscope and a Radiometer REC 61 potentiometric
recorder. The kinetics were performed under pseudo-first-order condi-
tions, and the rate constants k.. were obtained from a nonlinear
least-squares fit of the experimental data to 4, = 4. + (4, — 4.) exp-
(=kobsat) With Ag, A, and k4 as the parameters to be optimized (A4, =
absorbance after mixing of reagents; 4. = absorbance at completion of
reaction). Activation parameters were derived from a nonlinear fit of
k/T vs T data according to the Eyring formalism.

Results

The methylarylplatinum complexes cis-[Pt(PEt,),(R)(Me)] (R
= Ph and mes) were prepared from the corresponding aryl halide
complexes (eq 1). The desired products were obtained in high

cis-[Pt(PEt,),(R)X] + LiMe —
cis-[Pt(PEt;),(R)(Me)] + LiX (1)

purity and without the difficulties reported by Puddephatt!! for
the synthesis of related compounds with dimethylphenylphosphine.
The mesityl complex gave normal first-order 'H and *'P NMR
spectra with a methylplatinum resonance appearing as four lines
of equal intensity due to coupling to (wo nonequivalent *'P atoms,
two 1P resonances each showing a low 'J(PtP) coupling constant,
and a low value of 2J(PP) of 12 Hz typical for cis phosphines.
The two inequivalent PEt; ligands in the phenyl complex gave
a strongly coupled AB pattern with a consequent ABX; pattern

(10) D’Aprano, A ; Fuoss, R. M. J. Solution Chem. 1974, 3, 45. James, C.
J.; Fuoss, R. M. Ibid. 1975, 4,91. D’Aprano, A. J. Phys. Chem. 1974,
78, 652.

(11) Jawad, J. K.; Puddephatt, R. S.; Stalteri, M. A, Inorg. Chem. 1982, 21,
332,
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Table I. Rate Constants for the Selective Cleavage of the Pt—-CHj,
Bond upon Proton Attack on the Complexes cis-[Pt(PEt;),(R)(Me)]*

100[H*, M [CI, M kg, s 10°[H*], M [CI], M ko, 5~

R = Me?
0.25 0.00 18.8 1.00 0.05 72.4
0.50 0.00 37.6 1.00 0.10 74.1
1.00 0.00 74.9 1.00 0.20 75.1
1.00 0.01 76.7

R = Ph¢
0.25 0.00 0.80 1.00 0.05 3.19
0.50 0.00 1.62 1.00 0.10 3.19
1.00 0.00 3.24 1.00 0.20 3.28
1.00 0.01 3.12 2.00 0.00 6.53

R = mes?
0.80 0.02 0.0108 1.00 0.10 0.0136
1.00 0.01 0.0138 1.00 0.20 0.0138
1.00 0.02 0.0142 2.00 0.02 0.0272
1.00 0.05 0.0136 3.00 0.02 0.0410

¢In MeOH at 303.2 K. bky = (743 £ 20) X 102 M 57!, ky =
(327 £ 04) x 102 M s, 9ky = (0.14 £ 0.002) X 10> M 571,

for the Pt~-Me 'H NMR signal.

Selective Cleavage of the Pt-Me Bond. The cleavage of the
Pt—CH; o bond by protonolysis takes place according to the
reactions

cis-[Pt(PEt;),(R)(Me)] ——— cis-[Pt(PE;)(R)CI] + CH,
(2)
R = Me, Ph, mes

When reactions are carried out in the presence of excess of
chloride ion the final monoaryl complexes retain the same cis
configuration as their parent methylaryl substrates. In the absence
of chloride ion, the cleavage of the Pt—-Me bond is followed by
isomerization of cis-[Pt(PEt,),(R)(S)]* (S = MeOH) to the trans
monoaryl analogues. The products from protonolysis reactions
were identified by comparison of the final spectra with those of
corresponding authentic samples of cis- and trans-[Pt(PEt;),-
(R)CI] that had been prepared independently. The protonolysis
of the mesityl complex was followed by the usual spectrophoto-
metric methods. The other reactions, all faster, were followed
by means of a stopped-flow apparatus. The pseudo-first-order
rate constants K (s71) for (2) are listed in Table I for a range
of H* and CI~ concentrations at 30 °C. The k4 values were
linearly dependent on proton concentration; i.e., kg = ky[H*].
The values of ky, from linear regression analysis of the rate law,
are set forth in Table I (uncertainties are standard errors of
estimates).

Isomerization of cis-[Pt(PEt;),(R)(MeOH)]*. The solvento
complexes formed upon selective cleavage of the Pt—CHj; bond
in methanol undergo spontaneous isomerization to their trans form.
The process can be followed very clearly by 3'P{'H} NMR. For
example, cis-[Pt(PEt;),(Me),] in CD;0D at ~60 °C gives a 'P
resonance at & 8.81 (!J(PtP) = 1839 Hz). Upon addition of a
sufficient excess of ethereal solution of HBF, there is an immediate
and sharp change of the spectrum, which now shows two 3P
resonances, 5(P,) = 7.91 ({J(PtP,) = 1829 Hz) and §(Py) = 23.87
(*J(PtPg) = 4344 Hz, 2J(PP) = 13.0 Hz). The low coupling
constant J(PtP,) is typical of phosphorus atoms trans to carbon
in platinum complexes, while the value J(PtPg) = 4344 Hz is
consistent with the presence of a very weak trans donor ligand
such as MeOH. Thus, the cis configuration is retained as a result
of the Pt—~CHj; bond breaking, as evidenced also by the low value
of the 2J(PP) coupling constant. Essentially the same pattern is
observed when the proton attack is carried out with HCIO, or
p-toluenesulfonic acid, except that there is some evidence for the
contemporary presence in solution of small amounts of species
containing a direct bond between the metal and the counterions.
At 283.16 K isomerization can be monitored by *'P NMR through
the decrease in the signals associated with cis-[Pt(PEt;),-
(Me)(MeOH)]* and the parallel and matching increase in the

Alibrandi et al.

T T T T ¥ T l__-'f—'Y‘__J'
240 260 280 A, nm

Figure 1. Electronic spectrum of cis-[Pt(PEt,),(Me),] in methanol at
20 °C (a) and spectral changes (b—c) associated with cis to trans isom-
erization of [Pt(PEt;),(Me)(MeOH)]* generated in situ.
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Table II. Temperature Effect on the Rates of Isomerization of
Solvento cis-[Pt(PEt;),(R)}{(MeOH)]* Complexes

t, K 10%K g, 7! t, K 103K 4peqr 57!

R = Me¢?

288.16 0.583 303.16 6.76

293.16 1.44 308.16 12.7

297.16 2.66 313.16 21.5
R = Ph?

288.16 1.00 303.16 11.9

293.5 2.57 308.16 21.7

298.16 4.74 313.16 45.7
R = mes*®

289.1 3.60 298.5 15.3

293.16 6.48 303.16 28.8

AAH* =106 £ 4 kJ mol™!; AS* = +63 £ 12 J K mol™l. PAH* =
112 £ 3kJ mol™'; AS* = +84 £ 8 J K mol™!. “AH* = 106 + 3 kJ
mol™; AS* = +75 £ 8 J K™! mol™..

Table III. Mass Law Retardation Produced by Chloride on the
Rates of Isomerization of cis-[Pt(PEt,),(Me)Cl] in Methanol® and
by Methanol on the Rates of Isomerization of
cis-[Pt(PEt,;),(Me)(MeOH)}* in Diethyl Ether-Methanol Mixtures®

cis-[Pt(PEt;),(Me)Cl] cis-[Pt(PEt,),(Me)(MeOH)*

1°[CI, M 10%kgpg, 5~ [MeOH], M 10%k g, S~

0.0 1.54 0.246 18.1

0.1 0.691 0.493 13.8

0.2 0.463 0.871 10.1

0.4 0.270 1.23 7.85

1.0 0.120 1.97 5.22

1.2 0.105 2.47 4.31
3.70 2.97
3.95 2.88
4.93 2.40

7At 303.16 K. At 293.16 K.

signal of corresponding trans complex, which appears at 6 25.14
with a lJ(PtP) = 2786 Hz.
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Table IV, Effect of Changing the Nature of the Solvent on the
Rates of Isomerization of cis-[Pt(PEt,),(Me)X] Complexes at
303.16 K

103ki, S_1
solvent X =CI- X = solvent
methanol 1.27 6.76
ethanol 0.090 3.83
1-propanol 0.040 2.40
1-butanol 2.44
2-propanol 0.0088 2.52
2-methyl-2-propanol 0.70

However, visible/UV spectrophotometric techniques offer the
advantage over P NMR, among others, of requiring far less
complex for the kinetic study, so the reactions were followed by
repetitive scanning of the spectrum in the UV region (Figure 1).
The pseudo-first-order rate constants k; (s™') for isomerization
of cis-[Pt(PEt;) = (R)(MeOH)]* (R = Me, Ph, mes) at various
temperatures together with the associated activation parameters
are set forth in Table II. The rate constants k; (s™!) for isom-
erization of cis-[Pt(PEt;),(Me)(MeOH)]* in methanol-diethyl
ether mixtures are listed in Table III, and those for isomerization
of cis-[Pt(PEt;),(Me)(S)]* (S = a series of hydroxylic solvents
at 30 °C) are listed in Table IV.

Discussion

Electrophilic Attacks. When this work began, the aim in
preparing cis-[Pt(PEt;),(R)(Me)] complexes was to have suitable
precursors for the formation of solvento species in methanol, and
in order to avoid any interference with the subsequent isomeri-
zation, it was necessary to measure the effect of acids on the rates
of Pt—CH, bond breaking. Now that the proper kinetic study has
been done, the whole set of data can be discussed within the
framework of the mechanistic patterns for electrophilic cleavage
of the metal-carbon bond in platinum(II) complexes. This is
especially intriguing for the problem of the selectivity of the site
attack which, in principle, can take place by (i) direct attack on
the Pt—C bond, (ii) attack on the aromatic ring in the case of aryl
derivatives, and (iii) a prior oxidative addition on the metal
followed by reductive elimination (Sg(oxidative) mechanism). The
kinetics of acidolysis of several halo alkyl-,!? diaryl-,'? and al-
kylarylplatinum complexes have been studied in some detail, and
the factors taken into consideration, among others, to support a
given reaction pathway include (i) the form of the rate law, (ii)
the halide ion dependence, (iii) the nature of the other ligands
on the metal, and (iv) the relative energies of the Pt—C o-bonding
MO and of the nonbonding 5d orbitals.

As far as alkyl vs aryl cleavage in platinum complexes is
concerned, the only two systematic studies in the field have led
to conflicting interpretations. The preferential cleavage of the
alkyl rather than the aryl group in the complexes cis-[Pt(L),-
(R)(Me)] (L = PMe,Ph, R = Ph, p-MeC¢H,) has been taken
by Puddephatt et al.!! as evidence for an oxidative-addition-re-
ductive-elimination mechanism. This conclusion has been disputed
mainly on the basis of the large kinetic isotope effect observed
for protonolysis of the Pt-Me bond in trans-[Pt(PEt,),(Ar)(Me)]
or of an aryl-platinum bond in cis-[Pt(PEt;),(Ar),;],!* which
strongly suggests a rate-determining transfer of the proton to the
Pt—-C bond and militates against a multistep Sg(oxidative)
mechanism.

We still favor this one-step proton transfer mechanism for (2)
whose rates show a linear dependence on [H*] and independence
of [CI'], obeying the rate law k.4 = kg[H*]. As expected, the
bulk at the protonation site brought about by the cis group plays

(12) Belluco, U.; Giustiniani, M.; Graziani, M. J. Am. Chem. Soc. 1967, 89,
6494. Uguagliati, P.; Michelin, R. A.; Belluco, U,; Ros, R. J. Orga-
nomet. Chem. 1979, 169, 115.

(13) Romeo, R.; Minniti, D.; Lanza, S.; Uguagliati, P.; Belluco, U. Inorg.
Chem. 1978, 17, 2813, Belluco, U.; Croatto, U.; Uguagliati, P.; Piet-
ropaolo, R. Inorg. Chem. 1967, 6, 718.

(14) Romeo, R.; Minniti, D.; Lanza, S. J. Organomet. Chem. 1979, 165,
C36-C38.
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an adverse role, giving the sequence of reactivity methyl > phenyl
>> mesityl in the ratio 1:0.13:0.0002. According to the results
of some recent studies,!* the simple rate law observed would be
a reduced form of a bivariate nonlinear rate law

ky + koK[CIT]

kgpsa I+ K[CI] [H] (3)
which has been observed with complexes where withdrawal of
electron density from the metal promotes the formation of a halide
intermediate adduct with the substrate. The mechanism proposed
(Scheme I) is thought to rationalize all the previously reported
kinetic results (in particular the diverse chloride ion dependency)
within an unified picture, and involves a fast preequilibrium
formation of a platinum(II) anionic intermediate via interaction
of the halide with the square-planar substrate (X), combined with
slow, parallel protonation of both the substrate (ky) and the
intermediate (kc)), causing the cleavage of the metal o bond. In
the system under study, K seems to be exceedingly low (no ki-
netically appreciable formation of the halide intermediate takes
place).

Spontaneous Isomerization of Solvento Complexes. As described
above the spontaneous conversion of cis-[Pt(PEt;),(R)(S)]* (R
= Me, Ph, mes; S = solvent) can be conveniently followed either
by 3'P{'HINMR or conventional spectrophotometric techniques.
The spectral changes in the UV region (Figure 1) show well-
defined isosbestic points confirming that the two isomers are the
only absorbing species in solution. The conversion is complete,
the trans isomer is the only species at the end of the reaction, and
the process follows a first-order rate law. In the case of the
methanol complexes (Table II) the rate of isomerization is almost
insensitive to steric crowding produced by the cis group, increasing
by a factor of 4 on going from methyl to mesityl. The trend is
opposite to that observed for bimolecular processes, as the elec-
trophilic attacks described above or nucleophilic substitutions,
where the destabilization of the five-coordinate transition state
produced by the o-methyl groups in the mesityl ring provokes a
decrease in rate of at least 5 orders of magnitude with respect
to that of phenyl.!® This pattern is consistent with a mechanism
in which the breaking of the Pt-S bond is the most important
factor in determining the rate. The formation of a 3-coordinate
T-shaped intermediate, which maintains memory of the original
structure, does not require relief of steric strain to the remaining
ligands, which essentially keep their original position around the
metal. The high values of AH* and the largely positive values
of AS* agree with a dissociative mechanism.

Mass law retardation experiments were carried out following
the rate of conversion of cis-[Pt(PEt;),(Me)(MeOH)]* in mixtures
of different compositions of methanol-diethyl ether. The choice
of the latter solvent has been dictated by the need of having a

(15) Alibrandi, G.; Minniti, D.; Romeo, R.; Uguagliati, P.; Calligaro, L.;
Belluco, U.; Crociani, B. Inorg. Chim. Acta 1988, 100, 107. Alibrandi,
G.; Minniti, D.; Romeo, R.; Uguagliati, P.; Calligaro, L.; Belluco, U.
Inorg. Chim. Acta 1986, 112, L15.

(16) Faraone, G.; Ricevuto, V.; Romeo, R.; Trozzi, M. J. Chem. Soc., Dalton
Trans. 1974, 1377.
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Figure 2. Correlation plot of the rates of uncatalyzed isomerization of
cis-[Pt(PEt;),(Me)(S)]* (a) and of cis-[Pt(PEt;),(Me)Cl] (b) with the
hydrogen-bonding donor (HBD) properties of the solvents.

cosolvent of very poor coordinating ability that is transparent in
the UV region. The data in Table III show that indeed there is
mass law retardation by MeOH, but this is very much less than
that produced by chloride ion in the isomerization of the corre-
sponding chloride complex.

Data in Table IV refer to the effect of changing the nature of
solvent on the rates of isomerization of cis-[Pt(PEt;),(Me)X] (X
= CI" or a series of hydroxylic solvents). Analysis of solvent effects
on isomerization rate constants of complexes of the type cis-
[Pt(PEt3),(R)CI] (R = 4-MeC4H, or 4-FC4H,), with special
reference to transfer chemical potential for leaving chloride,
strongly favored the dissociative mechanism.!” In protic solvents,
electrophilic solvation of CI” through hydrogen bonding is the
major factor determining the differences in rates observed. The
two series of data in Table IV are illustrated in Figure 2, where
the logarithms of the rate constants are plotted against Taft’s «
scale, which is a measure of the electrophilicity of the solvent or
more specifically of its hydrogen-bonding ability toward the
anion.!® As expected, the rate of isomerization of the chloride
complex is extremely sensitive to changes in the nature of the
solvent, showing a decrease in rate of at least 2 orders of magnitude
on going from methanol to 2-propanol. By way of contrast, the
rate of isomerization of the various solvento complexes [Pt-
(PEt;),(Me)(S)]* do not vary markedly along the series examined.
This behavior is in keeping with the minor effectiveness of un-
coordinated molecules of solvent in assisting the removal of the
coordinated one. Similar linear free-energy relationships (LFER})
can be obtained by using other popular parameters of solvent
electrophilicity’® such as Grunwald-Winstein’s ¥, Dimroth-
Reichardt’s Er, or Kosower’s Z. The results reveal that the rates
of isomerization of chloride and solvento complexes tend to diverge
markedly as the ability of the solvent to assist Pt—Cl bond breaking

(17) Romeo, R.; Minniti, D.; Lanza, S. Inorg. Chem. 1980, 19, 3663.
Blandamer, M. J.; Burgess, J.; Romeo, R. Inorg. Chim. Acta 1982, 65,
L179. Blandamer, M. J.; Burgess, J.; Minniti, D.; Romeo, R. 7bid.
1985, 96, 129.

(18) Taft, R. W.; Kamlet, M. J. J. Am. Chem. Soc. 1976, 98, 2886.

(19) Reichardt, C. Angew. Chem., Int. Ed. Engl. 1979, 18, 98.
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Table V. Temperature Effect on the Rates of Isomerization and
Solvolysis of cis-[Pt(PEt;),(Me)Cl] in Methanol

isomerization solvolysis
LK 10% gpegs 571 1, K Kgpsas 8”!
293.16 0.211 285.7 4.47
298.16 0.496 291.16 5.75
303.16 1.27 303.16 12.6
308.16 2.73 313.16 18.8
313.16 6.05

AH* = 38 £ 3 kJ mol!
*=-100 = 8 J K mol!

AH? =126 £ 2 kJ mol™!
Y= 41124 8 J K mol!

Scheme I1
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decreases. If one considers the possible modes of solvent inter-
actions influencing the dissociative process, these can be restricted
to two factors of overriding importance: solvent “electrophilicity”
and solvent “nucleophilicity”. The first factor plays a major role
in the removal of the leaving group, especially if this implies charge
separation, while the latter is important in the subsequent block
of the vacant coordination site. This explains why cis-[Pt-
(PEty),(R)X] (X = alkyl, aryl, halide) complexes maintain their
stereochemistry in apolar solvents, but easily isomerize after the
break of the Pt-X ¢ bond.

Comparison of Mechanisms. All of the previous kinetic studies
on cis-[Pt(PEt;),(R)X] complexes have shown that, except for
the case of the sterically crowded cis-[Pt(PEt;),(mes)Br] complex,
the rate constants for solvolysis (ks) are several orders of mag-
nitude greater than those for isomerization (%;). In addition, the
two processes show completely different characteristics, giving
opposite responses to structural changes produced in the substrates
or in the reaction medium. This is still true for cis-[Pt(PEt;),-
(Me)Cl], as shown by the comparison of the data in Table V.
Observations of this type have led to remove from consideration
a “solvolytic” mechanism (Scheme II) that involves reversible
release of the halide ion during an associative attack by the solvent
followed by isomerization of the solvento intermediate. The rate
law that can be derived from this reaction scheme

ks

=TT 4)
1+ (ks/kp)[X]

i

has the same form of that found experimentally. Equation 4
simplifies to k; = kg, in the absence of added halide ion, and
therefore requires that the rate constant for unretarted isomer-
ization have the same value as the rate constant for unretarted
solvolysis. The actual measure of the rate constant for isomer-
ization of cis-[Pt(PEt,),(Me)(MeOH)]* gives further support to
this conclusion. As matter of fact, this species is formed from
cis-[Pt(PEt,;),(Me)Cl] at a rate of 12.6 s at 30 °C in methanol
(Table V) while its isomerization takes a much longer time with
a rate constant of 6.76 X 1073 s~! (Table II).

Because solvolysis of the halide species is fast and reversible
(anation of cis-[Pt(PEt;),(R)(MeOH)]" is too fast to measure)
and isomerization of the solvento species relatively slow (kg and
k_s > kr) it is possible to apply a preequilibrium treatment to
Scheme II that leads to the rate law given in (5), where K, =

kr

" TR ®

i
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Table VI. Values of the Equilibrium Constants for the Reaction
cis-[Pt(PEt;);(R)X] + MeOH = cis-[Pt(PEt;),(R)(MeOH)]* + X~
and of the Rate Constants for the Isomerization of the Solvento
Complexes cis-[Pt(PEt,),(R)(MeOH)]*, As Obtained from Direct
Measurements or from Mass Law Retardation Plots?

complex 10°K.2 10°K,¢ 10%k,° st 10%Kk,9 57!
R=Me;X=Cl 063+£002 84+£0.12 1.54 £0.1 6.76
R=Ph; X=Cl 051 003 4.1 +0.1° 483 £ 0.03¢ 11.9

R=Ph;X=Br 0.15£0.02 69+0.1° 143 +0.1° 11.9
R=PhX=1 0.9 £0.2¢ 0.6]1 £ 0.4¢ 11.9

2At 30 °C. ®From conductance data in Table VII. ¢From mass law
retardation plots. 4Direct measure. ¢From ref 24.

Table VII. Equivalent Conductance and Molar Concentrations of
cis-[Pt(PEt;),(R)X] Complexes in Methanol®

R = Me; X = Cl R =Ph X = Cl R =Ph; X = Br
10°C A 10°C AP 10°C A?
0.443 27.90 0.441 24.80 0.158 24,02
1.077 19.18 1.283 15.70 0.244 20.07
1.182 18.41 2.231 12.21 0.304 18.27
1.457 16.72 2936 10.64 0.529 14.23
1.803 15.23 3.055 10.56 0.773 11.77
2383 13.49 5.110 8.28 1.062 10.09
3.087 11.94 7.518 6.88 1.472 8.79
3.669 10.96 10.327 5.86 1.822 8.01
4111 10.49 14.890 4.93 2.446 6.85
5.644 9.02 3.196 6.08
7.719 7.83 4.695 5.08
5.68 461
Ag=89%1° Ag = 86.4 & 2¢ Ag=91%3

K=(63+£02)%X10% K= (506%0.3)x10%
At 303.2K. ®In @' em™. ‘In cm? Q7! equivl.

K=(15£02)x10¢

ks/k_s. From this rate expression it is possible to estimate values
for kr, rate constant for isomerization of the solvento intermediate,
and for K., equilibrium constant of the solvolysis. The data derived
from linear plots of k;™! vs [X] or from nonlinear least-squares
fit of k; to [X"] values for the complexes cis-[Pt(PEt;),(R)X] (R
= Me, X = CI; R = Ph, X = Cl, Br, I) are collected in Table
VI

We have been able to perform an independent control of these
rate and equilibrium constants. Indeed, kit has been obtained
directly from the rate of isomerization of cis-[Pt(PEt;),(R)-
(MeOH)]*. The equilibrium constants K, were obtained by
measuring the initial conductance of methanol solutions of cis-
[Pt(PEt;),(R)X] complexes (Table VII), taking advantage of the
slowness of their isomerization rate.

The two sets of data (Table VI) are hardly in agreement, giving
unmistakable evidence against the preequilibrium mechanism.
Such a reaction scheme for isomerization has been strongly
supported by Kelm, van Eldik, et al., in a series of papers.2>23
In one of them?? they claim to obtain identical values for K, from
mass law retardation experiments and from conductance exper-
iments, but unfortunately the actual conductance data from which
K, were calculated are not reported. If the values of K, were in
the range estimated from the mass law retardation data, at the
low concentration of complex used for the kinetic runs (<107 M),
almost all the starting material should be converted to the solvento
form.

Although the above findings rule out the preequilibrium
mechanism, it is useful to add some other comment. The
mechanism implies that the solvento complex [Pt(PEt;),(R)-
(MeOH)]* is the only species undergoing isomerization but hardly
explains how the geometrical change comes about. An intra-
molecular process through a tetrahedral intermediate can be ruled
out on account of the high energy required, and even more, the
proposal? of the intermediacy of a trigonal planar 3-coordinate

(20) van Eldik, R.; Palmer, D. A.; Kelm, H. Inorg. Chem. 1979, 18, 572.

(21) Kelm, H.; Louw, W. I.; Palmer, D. A. Inorg. Chem. 1980, 19, 843,

(22) Louw, W. I; van Eldik, R.; Kelm, H. Inorg. Chem. 1980, 19, 2878.

(23) van Eldik, R.; Palmer, D. A.; Kelm, H.; Louw, W. J. Inorg. Chem. 1980,
19, 3551.
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species, since 14-electron ML; or ML,X species are known to avoid
the most symmetrical high-spin geometry in favor of Y- and
T-shaped geometries of much lower energy.” As a consequence,
effects on the rates produced by structural changes on the sub-
strates or in the reaction medium cannot be explained or predicted.

The mechanism originally proposed for uncatalyzed isomeri-
zation is shown in Scheme III and involves the dissociative loss
of the X~ ligand and the conversion of two geometrically distinct
T-shaped intermediates. The rate constant is given by eq 6, which

kp

oo (6)
1+ (k.p/kr)[X]

i

simplifies to k; = kp in the absence of added halide. Accordingly,
the rates of isomerization are particularly sensitive to factors
controlling bond dissociation as the nature of the leaving halide,®
electron donation or withdrawal by substituents on the cis aromatic
ring,2* and the electrophilic ability of the solvent.!” Except for
the mesityl complex, large values of enthalpy and entropies of
activation and positive volumes of activation are associated with
isomerization (cis- to trans-[Pt(PEt;),(Ph)X] in MeOH, X = Cl,
AV* = + 6.4 £ 0.4 cm® mol™!; X = Br, AV* = +5.2 £ 0.3 cm’
mol™; X = I, AV* = +7.2 £ 0.8 cm® mol™).22

It is now quite clear that such a reaction scheme, although
consistent with all experimental findings, represents only a useful
approximation. Indeed, in a strong dissociating medium such as
methanol, it is necessary to take into account the solvolytic process
and the possibility for both species in equilibrium to undergo
isomerization through the dissociative loss of X or MeOH, re-
spectively (Scheme IV). These processes (via kp and k’p) lead
to a common T-shaped 3-coordinate intermediate, whose fate
depends on the efficiency with which it is consumed by the reentry
of either the halide ion (via k_p) or the solvent molecule (via k")
in competition with its conversion to the “trans-like” counterpart
(kr path). The rate expression derived for such a reaction scheme
is
~ kp[X) + k'K, 1

1+ (k"p/k1)[S] + (kp/kn)[X] K. + [X7]

When no halide ion is present in solution, as in the isomerization
of solvento species generated in situ, only the pathway via k’p,
k’p and kr operates and (7) reduces to

(7

(24) Romeo, R.; Minniti, D.; Lanza, S. Inorg. Chem. 1979, 18, 2362.
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— k/D
1+ (kp/kp)[S]

The term (k”p/k7)[S] measures the retardation due to the capture
of the intermediate by the bulk solvent. This effect decreases as
the donor properties or the concentration of the solvent decrease,
as we have seen in the isomerization of cis-[Pt(PEt;),(Me)-
(MeOH)]* in methanol—diethyl ether mixtures. The value of the
ratio k”_p/kt obtained from a nonlinear least-squares fit of the
rate data in Table III to (8) is 2.075 mol™.

In the presence of added halide [X™] » K, and eq 7 assumes
the form

k; (8)

_ kp[X] + kK, I
L+ (Kp/kDIS] + (kp/kn X [X]

Replacing X, by kpk’_p/k'pk_p, we get
kp([X7] + k" p/k_p) 1

1+ (kp/k1)[S] + (kop/k7)[X7] [X7]

In order to agree with the empirical expression
_ a
T b+ c[XT]
[X"] » k’p/k.p and eq 7 simplifies to
k o
1L+ (Kp/kD)IS] + (kp/ kD)X

This rate expression differs from that derived for Scheme III only
by the inclusion of the retardation term due to the solvent. The
value of the ratio k_p/kr, estimated from a nonlinear least-squares
fit of the experimental data for the isomerization of cis-[Pt-
(PEt3),(Me)Cl] in the presence of excess [Cl7] (Table III) to (11)
is 3.2 X 10° mol™'.

If one relies on the values calculated for the ratios k_p/kt and
k_p/kr, then the ratio k_p/k”p is ~10°. In other words, the
efficiency with which X~ captures the “cis-like” intermediate is
at least 5 orders of magnitude higher than that of MeOH.
Therefore, at concentrations of X~ higher than 0.001 M, the only
pathway which is active is that via kp, k_p, and k. Under these
circumstances the original Scheme III and the relative rate law
6 are appropriate.

According to the above reasonings, the rate law that can be
taken into account for isomerizations of cis-[Pt(PEt;),(R)X]
complexes in pure highly dissociating solvents has the form of (7),
as derived from the general reaction scheme, Scheme IV. How-

i

i

i

(11)
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ever, when the values of X, are very low, a useful approximation
is given by (11). This expression contains a constant term (1 +
(k"p/kr)[S], which accounts for the trapping of the 3-coordinate
intermediate by the bulk solvent. The estimate we have for this
term (assuming it to be the same as that in MeOH and Et,0)
is (1 +2.07 X 24.7) = 52. Accordingly all the values of kp and
of the competition ratios k_p/kr estimated from (6) should be
multiplied by this constant term. Such a correction is unnecessary
when one compares the kinetic behavior of compounds of strictly
similar structural properties.

To sum up, this work confirms that a key step in the mechanism
of isomerization of monoorganophosphine complexes is the con-
version of two T-shaped 3-coordinate 14-electron intermediates.
The process is favored by factors promoting bond dissociation and
inhibited by effective trapping of the first unsaturated intermediate.
The anomalous behavior of cis-[Pt(PEt,),(mes)Br] remains to
be explained. We have already shown® that for this complex
uncatalyzed isomerization and methanol solvolysis proceed at the
same rate (k; = kg = 0.19 X 1073571, at 30 °C) and with the same
low AH* (67 kJ mol™) and negative AS* (<94 J K! mol'!). Kelm,
van Eldik, and Palmer® report a negative value for the volume
of activation of both processes (AV* = -14.1 cm® mol™), consistent
with an associative mechanism. We find here that cis-[Pt-
(PEt;),(mes)(MeOH)]* isomerizes at a much higher rate (k; =
28.8 X 1073 57!, at 30 °C) with completely different activation
parameters (AH* = 106 £ 4 kJ mol™, AS* =+ 75 £ 8 J K!
mol™1).

The only mechanism consistent with these findings, according
to previous suggestions,? is the “solvolytic” one in Scheme 11,
which fits the condition kg << k1. The reason for this is less clear
but must be related to the extremely crowded environment in this
complex, which hinders the approach of the MeOH molecule either
in its nucleophile part toward the metal or its electrophilic part
toward the halide ion.
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