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This paper reports kinetic measurements on the reaction of tmns-[Pt( P(C2H5)3)2( CCHj)z] with acids in methanol in the pres- 
ence of chloride ion as nucleophilic agent, The  activation 
enthalpy is 10.6 kcal/mole and the activation entropy is -24 eu. A mechanism is suggested involving a rapid preequilib- 
rium between the starting material and H+ leading to a Pt(1V) six-coordinated hydrido complex, followed by a slow elimi- 
nation reaction with loss of benzene, and rearrangement to trans-[Pt( P( C2Hj)3)2( C G H ~ ) C ~ ] .  

The rates are first order in substrate and proton concentration. 

Introduction 
N o  information is available dealing with the general 

subject of the selectivity of a given reagent when vari- 
ous, alternative reactions with different centers in a 
metal complex are possible. On the other hand, in- 
vestigations of this type have been extensively carried 
out upon organic substrates, as illustrated for example 
by the various nucleophilic displacements which are 
possible for a-halo ketones. Thus, the compound 
CH3CHXCOC6Hj is attacked by RS- which displaces 
X- by an s N 2  process, whereas RO- attacks the car- 
bonyl group, the products being, respectively, CH3CH- 
(SR)COC& and 

0 
/ \  

CHIHC-C( OR)CsHj 

Investigations extended to other appropriate organic 
substrates lead to the general conclusion that strong 
bases tend to react at the more electron-deficient 
centers, whereas large polarizable ions tend to react a t  
the centers with higher electron density. 

There are relatively little discussion and limited 
data concerning the role played by electrophilic agents 
in substitution reactions of four-coordinate d* metal ion 
complexes. The aim of the present work is to throw 
some light on the factors which determine whether the 
electrophilic attack takes place directly a t  the metal- 
ligand bond or whether the unshared d electrons of the 
metal become materially involved, leading to the 
formation of a transient intermediate] complex-electro- 
philic species, followed by a facilitated nucleophilic 
addition and rearrangement as the rate-determining 
step. We report here the reactions of some electro- 
philic agents, such as H+, C(CH3)3+, and silver ion, on 
trans- [ Pt ( C2H5) 3)2 (C6H;) 2] in methanol. 

Experimental Section 
The complexes trans-[Pt(P(C2H5)3)2(C~H,)2] and trans-[Pt(P- 

( C Z H ~ ) ~ ) ~ ( C & ) C ~ ) ]  were prepared and purified following the 
methods reported in the literature. Each compound was char- 
acterized by elemental a n a l y s i ~ . ~  

Methanol was purified by distillation after refluxing over Mg- 
(OCH3)a to remove water. 

Other chemical products were all reagent grade commercial 
materials and were used without further purificatioii. Anhy- 

(1) 12. F. Hudson, Chimia (Aarau), 16, 173 (1962), and in “Structure and 

(2) J. Chat t  and B. L. Shaw, J .  C h e m .  Soc., 4020 (1959). 
Bonding,” Springer-Verlag, Heidelberg, 1966, p 221. 

drous p-toluenesulfonic acid was obtained by hcatiiig thc coin- 
mercial product a t  50’ under vacuum for 24 hr. 

Kinetics.-Fresh solutions of the complex trans-[ Pt(P(C2Hh)a)2- 
(C&)*] j?I) and of the acid HA (A- = Cl-, CIOC, p -  
toluenesulfonate) (10-3-10-2 A!!) in the presence of lithium chlo- 
ride ill) and/or lithium perchlorate were prepared and 
stored separately in a thermostat. The reaction was started by 
mixing known volumes of the two solutions in a 1-cm quartz cell 
placed in a thermostated cell compartment of a Beckman DK-2.A 
recording spectrophotometer. In almost all of the runs the 
ionic strength was kept constant (5 X M )  by adding lithium 
perchlorate. However no significant ionic strength effect was 
found for a 10-fold change of the molar concentration of lithium 
perchlorate. The reactions were followed by recording from time 
to time the spectral changes in optical density in the ultraviolet 
region of the reaction mixture. The reference cell contained the 
reagent blank. In  each series of kinetic runs the acid concentra- 
tion was changed at least fivefold. All the reactions were fol- 
lowed in the presence of a large excess of acid in order to provide 
pseudo-first-order conditions and t o  force the reactions to go to 
completion. This was checked by the comparison of the final 
spectra with that of the known product independently prepared. 
Pseudo-first-order rate constants were determined graphically 
by plotting log ( 4  t - A,) ENS. time. A 1 and A ,  are the optical 
densities of the reaction mixture a t  t seconds and after 10 half- 
lives, at some wavelength where the absorbance of the product is 
considerably lower than that of the starting material. The spec- 
tral changes during the reaction showed well-defined isosbetic 
points which are indicative of only two absorbing species, the 
substrate and the product. From linear plots of kabsrl 11s. the 
concentration of acid (Figure 1), the second-order rate constants, 
k (M-1 sec-I), were obtained as the slopes. The charactcriza- 
tion of the final product, ~~U~~-[P~(P(C~H~)~)B(C~H~)C~)], forrncd 
during the reaction was made by spectral analysis. The identi- 
fication of the benzene has been performed as follows. X solu- 
tion of tvnns-[Pt(P(C2Hj)3)2(CtiH:)z] ilil) was allowed to 
react with p-toluenesulfonic acid M )  in methanol in the 
presence of LiCl M )  for 3 hr at 30”. From the reaction 
mixture the liquid was recovered in a liquid air cooled trap by 
molecular distillation. The benzene was identified by spcctro- 
photometric analysis in the ultraviolet region. 

Results and Discussion 
Kinetic measurements on the reaction of trans- 

[Pt(P(C2H5)3)2(C6H6),I with C1- have been carried out 
in methanol in the presence of the acid HA (A- = 

C1-, C104-, 9-toluenesulfonate ion), The complex 
trans- [Pt(P(C,H5)3)2(C,Hj)cl] and benzene are formed 
as the reaction products, so that the reaction is 
trans- [ Pt( P( CzHj)3)2( CGH~)?]  C1- + H + --+ 

~YU~S-[P~(P(C~H~)~)?(CBH~)CI] + CtiI-16 (1) 

No reaction occurs with LiCl in the absence of acid. 
Somewhat analogous to reaction 1 is the preparation 
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Figure 1.-Plots of the experimental rate constants, kobsd (sec-') 
lis. the proton concentration a t  different temperatures. 

of  is- [Pt(P(C,H,)&(CH,)Cl] obtained by treating 
cis- [Pt(P(C,H,)3)2(CH&] with HC1 in dry ether; cleav- 
age of the methyl group from the platinum center 
results in the formation of methane. 

The rates of reaction 1 in methanol are reported in 
Table I. 

Plots of the experimental rate constants, Kobsd (sec-I) 
zs. the concentration of hydrogen ion a t  three different 
temperatures are shown in Figure 1. The activation 
parameters for reaction 1 are: AH* = 10.6 kcal/mole 
( f 1 kcal/mole, estimated) and AS* = -24 f 3 eu. 

The general rate law for reaction 1 is 
d [ complex] 

dt -~ ~ = k[H+] [complex] 

The value of k a t  30.5" is 0.46 M-I sec-I. 
No real evidence has been found for a path which 

involves A-, since the reaction rate is independent of 
the concentration of A-, within a wide range of con- 
centration. It is pertinent to note that the rate of 
reaction 1 with HC1 decreases drastically on going 
from methanol to the less dissociating anhydrous ether, 
whereas i t  increases very sllghtly with the water con- 
tent of the methanol. 

Electrophilic catalysis in substitution reactions of 
some platinum(I1) complexes has been already re- 
p ~ r t e d . ~  As an example, the rate of the reaction of 
trans- [Pt(pip),Clz] (pip = piperidine) with NO*- and 
3Tl- as entering groups strongly increases in the 
presence of nitrous acid or boric acid. Nitrous acid 
exhibits an accelerating effect on the nitrite ion sub- 
stitution of some other Pt(I1) complexes. For the 
catalyzed step, a mechanism has been proposed in- 
volving the formation of a transient intermediate be- 
tween the complex and HNOz or (acting as 

(3) U. Belluco, L. Cattalini, F. Basolo, R. G. Pearson, and A. Turco, 
Inoug. Chem., 4, 925 (1965). 

TABLE I 
RATES OF THE REACTION 

t~~~-[Pt(P(CzHs)r)z(CeHb)z] + H +  + C1-+ 
trans- [Pt(P( C&b)3)2(CeHs)Cll + CsH6 

IN METHANOL AT DIFFERENT TEMPERATURES AND 
COMPLEX CONCENTRATION OF 10" M 

108 x p -  
toluene- 

concn, N b  
103[H+], 103[C1-],5 103[ClOd-], sulfonate ion 103hobsd, 

sec-1 N N N 

20.5O 
2 20 28 2 0 . 5  
4 20 26 4 1 .o 
6 20 24 6 1 . 6  
6 10 . . .  6 1 . 6  
6 10 144 6 1 .65  
6 8  50 . . .  . . .  1 . 7 8  
6 .3  44 6 . 3  . . .  1 65 
8 20 22 8 2 0  

25 5' 
2 20 28 2 0 .7  
4 20 26 4 1.45 
6 20 24 6 2 . 1  
8 20 22 8 2 .85  

30.5'  
1 20 29 1 0 4  
2 20 28 2 1 . 0  
4 20 26 4 1 85 
6 20 24 6 2 8  
7 20 23 7 3 . 2  
8 20 22 8 3 . 7  

10 20 20 10 4.6 
5 Lithium and acid form. * As p-toluenesulfonic acid. The 

acid added is assumed to be completely dissociated. 

electrophilic agents) followed by nucleophilic attack 
and rearrangement of the intermediate as the rate- 
determining step. The assumed role of nitrous or 
boric acid is therefore to withdraw x electrons from 
platinum. This in turn would make i t  easier for the 
metal to accept electrons from the entering group. 
Accordingly, no H N  O2 acceleration was observed with 
complexes containing coordinated x-electron-withdraw- 
ing ligands, such as P(C2H5)3 and As(C2H5)3, which can 
to some extent explicate the role played by electro- 
philic agents. Whereas T bonding in the ground state 
may be small, the addition of the nucleophile will pro- 
duce an excess of electronic charge on the metal which 
these ligands can remove by increased x bonding. No 
HN02  acceleration was observed with [Pt(Etddien)Cl]+ 
(Etrdien = 1,1,7,7-tetraethyldiethylenetriamine). This 
has been explained assuming that in this complex the 
Pt(I1) is shielded by the four ethyl groups which prevent 
it from interacting with HNOz along the z axis. Reac- 
tions of the analogous [Pt(dien)Cl] + complex, where 
Pt(I1) is accessible, are catalyzed by nitrous acid. 
This supports the view that an interaction with Pt(I1) 
is involved rather than an electrophilic attack on the 
departing C1-. Considering reaction 1, it is reasonable 
to assume that the most probable reaction centers 
involving the protonation of the substrate in the 
activated complex are the coordinated phenyl group and 
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the platinum. A possible reaction mechanism con- 
sistent with the experimental results is that sholvn by 

H S  

(Notice that perchlorate and p-toluenesulfonate ions 
have a very poor coordinating power toward platinum 
center. The oxidation number of -1 is generally as- 
signed to the hydride ligand coordinated to d" transition 
metal ions. S is the solvent and SH+ is its conjugate 
acid.) The proposed mechanism suggests a rapid 
formation of a six-coordinated hydrido species (arbi- 
trarily chosen cis configuration) as an active inter- 
mediate, followed by an elimination and rearrangement 
as the rate-determining step. The first equilibrium 
reaction formally represents an insertion reaction (re- 
dox) of the four-coordinate molecule into a single bond 
(S-H+) and reflects a rather common property of d8 
transition metal ion complexes. The postulated tran- 
sient intermediate of mechanism 3 was not detected. 
Both the trans- and cis-diphenyl structures may indeed 
account for the fact that  the trans configuration is re- 
tained in reaction 1. No isomerization has been ob- 
served, in fact, as shown by the spectral analysis of the 
final reaction product. However, the cis-diphenyl con- 
figuration for the six-coordinated intermediate has been 
chosen merely by analogy with similar reactions of 
other d8 metal ion complexes. Thus, for the complex 
[IrClH2(CO) (P(C6H6)&] obtained by addition of 
hydrogen to trans- [IrCI(CO) (P(C&)3)2], i t  has been 
claimed that infrared and nmr evidence favors a cis- 
dihydride trans-diphosphine c~nfiguration.~ Further- 
more, treating Vaska's compound with hydrogen hal- 
ides, octahedral complexes of cis-hydrogen halide have 
been obtained, as confirmed by infrared spectra.6 

Generally speaking, mechanism 3 cannot be a priori 
extended to include the proton cleavage of other plati- 
num-ligand bonds such as Pt-N, Pt-S, etc., since the 
difference of electronegativity between the two linked 
atoms may determine which of the two reaction centers 
is preferred. 

On the basis of the available kinetic data, i t  is dif- 
ficult to discard the alternative possibility of a direct 
electrophilic attack of the proton upon the aryl carbon 
attached to the platinum atom. However, nonkinetic 
considerations provide some evidence to support mecha- 
nism 3. For example, the formation of metal hydrides 
by the protonation of complexes having a-bonded 
ligands appears to be a general reaction. The first 
example of protonation of the central metal atom in a 

(4) L. Vaska and R. E. Rhodes, J .  A m .  Cize?n. S O L . ,  87, 4970 (1965). 
(5) L. Vaska, personal communication. 

neutral transition metal complex was that of hydrido- 
di-a-cyclopentadienylrhenium(1) which formed the 
corresponding [ (aTT-CjH5)~Re1"H2] + . 6  By protonation 
involving a redox process, Sacco and Ugo7 obtained 
[Rh1"HCl((C6Hj)2PCH~cH*P(C,H,),),ICI by adding 
HCl to [Rh'((CsH;,)*PCH2CHzP(CsHa)z)z]C1. More- 
over, Vaska and DiLuzio* have described the addition of 
HCl to [IrCl(CO) (P(CeH6)3)2]. Cramerg has recently 
reported evidence for the addition of HCl to [C12Rh1- 
(C*H,),]- yielding an unstable intermediate which is 
supposed to be the rhodium hydride [C13Rh1"- 
(CzHl)zH]-. As far as Pt(I1) is concerned, Chatt and 
Shaw'O have rcported the preparation of the com- 
pound [Pt'V(P(C2H5)3)2H2Clz J by adding HCl to trans- 
[Ptr1(P(C?H5)3),(H)C1] in dry ether. The dihydrido 
complex decomposes by loss of HC1 on heating or by re- 
action Ti-ith water. We have shown that this compound 
decomposes rapidly enough in methanol for it to be an 
acceptable transient intermediate. 
On the other hand, the facile oxidation of Pt(I1) 

complexes to Pt(1V) intermediates is confirmed by the 
lon- activation energy usually found for the hydrogen- 
olysis of such substrates1' Falk and Halpern have sug- 
gested that the acid-catalyzed deuterium-hydrogen 
exchange of trans- [Pt(P(C2H5)3)2(H)Cl] involves the 
reversible addition of both D+  and C1- to form the 
platinum(1V) intermediate trans- [Pt(  P (CzHb)&(H) - 
(D)Cl,], with the alternative loss of H+ and C1- to 
give the exchange product.'2 Very recently i t  has been 
reported that the reactions of cis- and trans- [Pt(P- 
( C2HJ 3 )  (Ge (C6Hj) 3) 2 ] with hydrochloric acid leads to 
the formation. inter alia, of [(C6Hj)3GcH] and [(CsHh)3- 
GeCl], suggesting that the HC1 cleavage proceeds, a t  
least in part, via octahedral intermediates.l3 The pos- 
sibility of an oxidation-reduction catalysis involving 
some labile Pt(II1) species has been ruled out by the 
lack of reaction between trans- [ Pt (P (C2Hj) 3) 2 (C&) 2 ] 
and LiCl in methanol in the presence of added Ce(1V) 
or P ~ ( I v ) . ' ~  The substitution reaction of trans- [Pt(P- 
(C~H: )&(CSH~)~]  with LiCl can be made to take place 
in acetonitrile in the presence of a polarizable electro- 
philic agent, such as C(CH3)3+, which, in comparison 
to the proton, should be preferred in attacking the un- 
shared d electrons of the polarizable platinum center,'j 
provided that steric hindrance is not important. Fin- 
ally, an Ag+-promoted substitution reaction of trans- 
[ Pt (P (C&) & (CsH5) 2 ] in methanol was observed with 
AgNOs M) in the absence of acid. This reac- 
tion may be due to an electrophilic attack on the de- 

(6) L. Friedman, A. P. Irsa, and G. Wilkinson, J .  A m .  Chenz. SOL., 77, 
3669 (1955); 11. L. H. Green, L. Pratt ,  and G. Wilkinson, J .  Ckem.  SOC., 
3916 (1956). 

(7) A. Sacco and I<. Ugo, ibid., 3274 (1964). 
( 8 )  L. Vaska and J. W. DiLuzio, J .  Am.  Chem. SOL.,  83, 2764 (19611, 

(9) R. Cramer, J .  A m .  Chem. SOL., 87, 4717 (1965). 
(10) J. Chatt  and B. L. Shaw, J .  Chem. SOL., 5075 (1962). 
(11) R. J. Cross and F. Glockling, ib id . ,  5422 (1965). 
(12) J. Halpern and C. D. Falk, "Exchange Reactions," International 

Atomic Enel-gy Agency, Vienna, 1965, p 191; J .  A m .  Chem. Soc., 87, 3523 
(1965). 

(13) F. Glockling in Proceedings of the Ninth International Conference on 
Coordination Chemistry, St. Moritz, Sept 3-9, 1966, p 443. 

(14) L. R. Rich and H. Taube, J .  A m .  Chem. SOC., 76, 2606 (1954). 
(15) 11. G. Pearson, ibid., 86, 3533 (1963). 

84, 679 (1962); see also J. Chatt ,  Pvoc. Chem. SOL., 318 (1962). 
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parting phenyl group rather than to an interaction of 
Ag+ with the platinum ion, since cleavages of alkyl 
and/or aryl groups from a metal by transition metal 
ions of group Ib  are fairly general. In  particular, as 
far as Agf is concerned, i t  is well known that alkyl or 
aryl silver organometallic compounds can be easily 
obtained by treating organometallic compounds of 
group IVb metals with silver salts.16 We were able to 

(16) G. E. Coates in “Organo-metallic Compounds,” John Wiley and Sons, 
Inc., New York, N. Y., 1956. 

isolate AgC& from the reaction of trans- [Pt(P- 
(C2H5)3)2(C&&] with AgN03 in methanol a t  -78”. 
Thus, protonation and the addition of C(CHa)a+ are 
supposed to promote the replacement of the aryl group 
in trans- [Pt(P(C,H,),),(C,H,),] by interacting with the 
unshared d electrons of the platinum, whereas Agf is 
believed to attack the leaving group. 
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Kinetic data for the reactions between trans-[Pt(pip)z(NOz)X] (pip = piperidine and X- = C1-, Br-, N3-, NOZ-) and C1-, 
NOz-, Br-, N3-, I-, SCN-, SeCN-, and thiourea as entering groups in methanol, in dimethylformamide, and in dimethyl 
sulfoxide are reported. The dipolar aprotic solvents exert a strong leveling effect upon the reactivities of these substrates. 
The results are discussed by assuming that the activation process is accompanied by a change in the free energy of solvation 
of the coordinated metal ion which is larger in dipolar solvents than in methanol. A comparison of the solvent effects in the 
substitution reactions of platinum( 11) complexes and bimolecular substitutions a t  aliphatic and aromatic carbons is pre- 
sented. For the reactions in methanol, the discrimination power of the metal ion (i.e., the changes in rate constants with 
the entering group) is affected only to a small extent by the nature of X-, whereas the relative reactivities depend very much 
upon the leaving group. This is assumed to be indicative that the leaving group hardly affects the extent of bond formation 
in the transition state 

Introduction 
Displacement reactions of four-coordinate planar 

Pt(I1) complexes are believed to involve rather exten- 
sive bond formation in the transition state before 
the old bond is broken, so that the best model proposed 
to discuss these reactions is the associative mecha- 
nism.’,2 Since the desolvation of the entering group 
which occurs during the substitution process is strictly 
related to the extent of bond formation developed in the 
transition state, the rate constants for displacements 
on Pt(I1) complexes should be markedly affected by the 
nature of the solvent. In contrast to this, i t  has been 
found recently that the entering group reactivity to- 
ward the platinum(I1) center does not change very 
much with the s01vent.~ In this connection, i t  is per- 
tinent to note that rate constants for bimolecular sub- 
stitutions of saturated aliphatic carbon substrates are 
usually greatly affected by the nature of the solvent,4 
although in these systems the extent of bond forma- 
tion in the transition state is generally believed to be 
small. 

(1) C. H. Langford and H. B. Gray in “Ligand Substitution Processes,” 
W. A. Benjamin Publishing Co., New York, N. Y., 1965, Chapter 2 and refer- 
ences therein. 

(2) U. Belluco, R. Ettorre, F. Basolo, R. G. Pearson, and A. Turco, Inorg. 
Chem., 6 ,  591, (1966). 

(3) U. Belluco, M. Martelli, and A. Orio, ibid., 6 ,  582 (1966); 5, 1370 
(1966); see also K. Ettorre, M. Graziani, and P. Rigo, Gazz. Chim.  Ital.. in 
press. 

(4) A. J. Parker, Quart Rev. (London), 15, 163 (1962). 

It was decided, therefore, to reinvestigate the ques- 
tion of the effect of the solvent upon displacements on 
platinum(I1) complexes, using a set of rate data for 
reactions in methonol, in dimethylformamide, and in 
dimethyl sulfoxide of some complexes of the type 
trans- [Pt(pip),(NO,)X] with different leaving groups 
X -. 

Experimental Section 
Material~.--trans-lPt(pip)&XO~)~] was obtained by the re- 

action of the dichloro compound with excess NaNOz for some 
days in methanol a t  room temperature. The solvent was evapo- 
rated under vacuum and the solid residue was washed with 
several portions of water and purified by recrystallization from 
boiling methanol. trans-[Pt(pip)S(NO2)Cl] was obtained by the 
reaction of the dichloro compound with NaNOz in methanol in the 
presence of p-toluenesulfonic acid a t  30” for 24 hr.6 trans- 
[Ptipip)z(NO.)C1)] was also prepared by treating trans-[Pt(pip )L- 

(NOz)z] with an excess of LiCl in methanol a t  room temperature. 
In both cases the liquid was evaporated and the solid residue 
was washed with water and then repeatedly recrystallized from 
boiling methanol. The other halogen and psuedo-halogen com- 
plexes, trans-[Pt(pip)z(NOz)Br] and t r an~- [P t (p ip )~ (NO~)N~] ,  
were prepared by simple metathetical reactions of the chloro 
compound in methanol. t?ans-[Pt(pip’Iz(NOz)N3] was qlso pre- 
pared by the same procedure from the dinitro compound. The 

(5) R. F .  Hudson in “Structure and Bonding,” Vol. I, Springer-Verlag, 
Heidelberg, 1966, p 221, and references therein: see also J. F. Bunnett in 
Ann. Reo. Phys.  Chem., 271 (1963). 

(6) U. Belluco, L. Cattalini, F. Basolo, R. G. Pearson, and A. Turco, 
Inorg. Chem., 4, 495 (1965). 




