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Protonolysis of Dialkyl- and Alkylarylplatinum(ll) Complexes and Geometrical
Isomerization of the Derived Monoorgano-Solvento Complexes: Clear-Cut Examples of
Associative and Dissociative Pathways in Platinum(ll) Chemistry

Introduction

Platinum(ll) monoorgano bis(phosphine) complexes of the
type cis-[Pt(R)LoX] (X = halo or pseudohalo group) show
significant similarities or differences in their chemical behavior,
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Protonolysis of the complexess[PtRx(PE%),] (R = Me, Et, PP, Bu", CH,C(Me), CH,Si(Me)) and cis-[Pt-
(R)(R)(PEB);] (R = Ph, 2-MeGH4, 2,4,6-MeCsH,; R' = Me) in methanol selectively cleaves one alkyl group,
yielding cis-[Pt(R)(PEt)(MeOH)]" and alkanes. The reactions occur as single-stage conversions from the substrate
to the product. There is no evidence by UV and by low-temperaidrand 3P NMR spectroscopy for the
presence of significant amounts of Pt(ll) or Pt(IV) intermediate species. Reactions are first order with respect to
complex and proton concentrations and are strongly retarded by steric congestion at@édeid, varying
fromk, = (2.654+ 0.08) x 1® M~1s1for R=R = Ettok, = 9.80+ 0.44 M1s7! for R = R'= CH,Si(Me)s.

Low enthalpies of activation and largely negative volumes of activation are associated with the process. The
mechanism involves a rate-determining proton transfer either to the-eatdlono bond ($2 mechanism) or to

the metal center @@oxidative) mechanism), followed by fast extrusion of the alkane and simultaneous blocking
of the vacant coordination site by the solvent to geneci&¢Pt(R)(PES).(MeOH)]t species. The subsequent
slower process;isto transisomerization otis-[Pt(R)(PE$)(MeOH)T, is characterized by high values of enthalpies

of activation, positive entropies of activation, and largely positive volumes of activation. The reaction is shown
to proceed through the dissociative loss of the weakly bonded molecule of solvent and the interconversion of two
geometrically distinct T-shaped 14-electron 3-coordinate intermediates. The presefidydrbgens on the
residual alkyl chain produces a great acceleration of the rate (e, k = 0.0026 s; R = Et, k = 44.9 s)

as a consequence of the stabilization of the 3-coordinate [Pt(R)¢PEtransition state through an incipient
agostic interaction. The results of this work, together with those of a previous paper, give a rationale of the
“elusive” nature of these compounds. The following factors concur: (i) electron release by the phosphine ligands,
(i) steric repulsion and distortion of the square-planar configuration, and (iii) interaction of the metal with
pB-hydrogens.

processeg,including thermal decomposition of mono- and
dialkyl compounds, olefin insertion into the PtH bond?
symmetrization reactiorfsnucleophilic substitution$ etc.

The pattern of behavior of monoalkyl bis(phosphine) com-
plexes appears to be strictly similar to that of the corresponding

depending upon the nature of the organic moiety bonded to the

metal. When R is a phenyl or an aryl group, the compounds (3) (a) Romeo, R.; Minniti, D.; Trozzi, Minorg. Chem 1976 15, 1134.

are fairly stable in nonpolar solvents, where their conversion
into the corresponding trans isomers can be promoted by
catalytic amounts of free ligahdr by photochemical activa-
tion2 In protic solvents the isomerization takes place spontane-
ously. The main features of the reaction mechanism involve
dissociative loss of the coordinated halide group and the
interconversion of two geometrically distinct T-shaped 14-
electron cationic intermediates. This simple reaction scheme
was substantiated by a number of studies of the relationship
between structure and reactivity of these compodn@®ince

the first recognition of 3-coordinate intermediates in the
isomerization ofcis-[Pt(o-tolyl)CI(PEt),], it has been found
that coordinatively unsaturated species of this type are key
intermediates in a number of other fundamental organometallic
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monoaryl compounds, except when the organic moiety containspletely clarified. The results of this study, together with those
p-hydrogens. The ethylp-propyl, and n-butyl derivatives of a previous investigatio#, shed light on the reasons why
isomerize at a much greater rate than the complexes containingcationic organoplatinum(ll) solvento complexes with mono-
alkyl groups with ng3-hydrogens (Chlor CH;Si(CHs)3),1° and dentate tertiary phosphines havingia configuration are very

in addition to isomerization, they undergehydride elimination short-lived.

through a concurrent pathway, yielditigns[Pt(H)X(PE&).]
and olefinsto11 Experimental Section

Very little is known about the chemistry of the corresponding  pyenaration of Complexes. All reactions were carried out under a
solvento complexes, a field in which we have a longstanding gry, oxygen-free nitrogen atmosphere using standard Schlenk-tube
interest:? Some cationic solvento complexest@nsgeometry techniques. Solvents were throughly dried over the appropriate reagents
have been known for many years, and their chemical relevanceand freshly distilled prior to use. The dialkyl substrates[Pt(PEt).-
has been recognized in reactions of olefin insetficor of (R)2 (R = methyl2® ethyl! n-propylf n-butyl® neopentyF’ (tri-
thermal decompositiot, while cationic organoplatinum sol-  methylsilyl)methyl%) and the mixed alkytaryl complexeis-[Pt(R)-
vento complexes with monodentate tertiary phosphines that have(Me)(PEt)s] (R = mesityl!® phenyt) were prepared by literature
a cis configuration are considered very labile spedfesThe methods. The purity and |dent|§)1/ of the complexes were checked by
usual preparative method of removing the chloride ligand from €lémental analysis and B and**P NMR spectroscopy. Elemental
the cismonoorganoplatinum chloride by silver salts leads analyses were consistent with the theoretical formulas. Microanalyses

. - " were performed by Redox Analytical Laboratories, Milan, Italy.
exclusively to the formation of thérans[Pt(R)(PEE)2(S)]" cis[Pt(2-MeCeH.)(Me)(PEts)]. Methyllithium in diethyl ether (6.0
complex. Such a difficulty can be overcome by reacting

X ; cm?, 0.5 M solution) was added dropwise to a suspensiocisfPt-
precursor dialkyl or mixed alkytaryl complexes of the type  (2_MeCH,)CI(PE®);] (0.2 g) in diethyl ether (40 c@ under an
cis-[Pt(R)(R)(PEk)2] with the acid HA~ (A~ = unreactive  atmosphere of N After 2 h of stirring at room temperature, the mixture
counteranion}® Using this method, we were able to prepare was hydrolyzed with ice and water. The crude product isolated from
and to characterize in methanol solution, at low temperature, athe dried organic layer was crystallized from petroleum ether-(e
number ofcis-[Pt(Me)Ly(S)]t complexes (L= an extended  °C) as awhite compound, mp 80°G. *H NMR (CDCly): 6 7.27 (m,
series of phosphines of widely different steric and electronic *Ju+ = 7.0 Hz,%Jpws = 58.0 Hz, 1H,He), 6.95 (d,*Jun = 7.7 Hz, 1H,
properties). The rates of isomerization were found to be strongly H2): 8:87 (dd:3Jay = 7.7 Hz, 1H,Hs), 6.79 (dd,*Jay = 7.7 Hz, 1H,Ha),

2.33 (s, 3H, 2-E5C), 1.80 (M 3Jpy = 14.9 Hz, 6H, PE,CHs), 1.49
accelerated by the bulk and by the electron release of the
phosphine ligand¥’ (m, 6H, PGH,CHy), 1.13 (m, 9H, PCECH3), 1.00 (m, 9H, PCHCHS,),

: 0.23 (dd,2Jpw = 67.0 Hz, 3H, Gi3Pt). 3P NMR: 6 7.5 @Jpp = 13
This paper reports a thorough study of the proton, tempera- Hz, Wpp = 1718 Hz), 5.4 {pp = 13 Hz, 1Jpp = 1900 Hz). Anal.
ture, and pressure dependencies of the rates of protonolysis olcaicd for GoHPPt: H, 7.50: C, 44.69. Found: H, 7.43: C, 44.80.

the dialkyl complexesis-[PtRy(PEg),] (R = Me, Et, PF, Bu", Materials. Methanol for use in kinetic runs was obtained by
CH,C(Me);, CH,Si(Me)) and of the mixed alkytaryl com- purification of spectrophotometric grade methanol (Aldrich). Deuter-
plexes cis[Pt(R)(R)(PEk),] (R = Ph, 2-MeGH,, 2,4,6- ated solvents for NMR measurements were used as received from
MesCgHy; R' = Me) in methanol and of the rates ofs—trans Aldrich Chemical Co. All other chemical products were reagent grade
isomerization of the resultant transient solvento complexes. Thematerials and were used without further purification.

aim of this work was to investigate the sensitivity of both ~ Instrumentation. 'H and*P NMR spectra were obtained on a

processes to the nature of the bonded organic moiety (alkyl or Bruker AMX R-300 spectrometer equipped with a broad-band probe
aryl), its structure (linear or branched), and/or the availability °Perating at 300.13 and 121.49 MHz, respectiveld.chemical shifts
of B-hydrogens. It was possible to measure independently thevere measured relative to the residual solvent peak and are reported in

f iated with th | . kvl 6 units downfield from MgSi. 3P chemical shifts, in parts per million,
very fast rates assoclated with the complexes containing alky are given relative to external phosphoric acid. The temperature within

groups with3-hydrogens by use of rapid-scanning techniques. e probe was checked using the methanol or ethylene glycol m&thod.
The measure of the volumes of activation in the two cases hassjow reactions were carried out in a silica cell in the thermostated cell
been shown to be particularly diagnostic in assessing the compartment of a Cary 219 or a Perkin-Elmer Lambda 5 spectropho-
mechanisms. The protonolysis involves a rate-determining tometer, with a temperature accuracy £0.02 °C. Fast reactions
bimolecular proton transfer to the substrate. Other specific required the use of an Applied Photophysics Bio Sequential SX-17
features, such as the site of proton attack, remain speculative MX stopped-flow ASVD spectrofluorometer. Rate constants were
The mechanistic picture of the isomerization process is com- evaluated by the Applied Photophysics software packeged are
reported as average values from five to seven independent runs. The
(10) Alibrandi, G.; Cusumano, M.; Minniti, D.; MonsBcolaro, L.; Romeo, kinetics at high pressure were followed by use of an HPSF-56 Hi-

R. Inorg. Chem 1989 28, 342. Tech high-pressure stopped-flow spectrophotometer equipped with a
(11) Alibrandi, G.; MonsiScolaro, L.; Minniti, D.; Romeo, Rnorg. Chem digital pressure indicatd Kinetic runs were evaluated by use of the
a2) }:99Q 29:, 3467.( ) Gring, &: Drakenb T Biding. L1 OLIS Model 4000 Data System Stopped-Flow, version 9.04, softt#are.
or instance:. (a mng, , Drakenperg, |I.; Ing, L. lInorg. H 7 H H
Chem 1983 21 1820, (%) Giaing, O El%ing, Y Igorg. Che?n. ~ Kinetics. Since the dialkyl complexes appear to decompose slowly
1989 28, 3366. () Hellquist, B.; Bengtsson, L. A.; Holmberg, B.; 1" mgthanol at room temperature, even |n.the. absence of acid, frgsh
Hedman, B.; Persson, I.; Elding, L. Acta Chem. Scand.991, 45, solutions of complex were used for all kinetic runs. Protonolysis
449. (d) Deeth, R. J.; Elding, L. Inorg. Chem.1996 35, 5019. (e) reactions were followed under pseudo-first-order conditions with acid
Kukushkin, V. Y.; Oskarsson, A; Elding, L. Inorg. Synth1996 31, in excess. The drive syringes of the stopped-flow instrument were filled
279. with solutions of the platinum complex and acid, respectively. In most

(13) (a) Clark, H. C.: Jablonski, C. Rnorg. Chem.1974 13, 2213. (b)
Clark, H. C.; Wong, C. SJ. Am. Chem. Sod974 96, 7213. (c)
Clark, H. C.; Kurosawa, Hinorg. Chem.1972 11, 1275. (d) Clark,

of the kinetic runs the concentration of acid was regulated to produce

H. C.; Jablonski, C.; Halpern, J.; Mantovani, A.; Weil, T. iorg. (18) Chatt, J.; Shaw, B. LJ. Chem. Socl1959 705.
Chem.1974 13, 1541. (e) Clark, H. C.: Jablonski, C. R.; Wong. C.  (19) (a)Van Geet, A. LAnal. Chem1968 40, 2227. (b) Van Geet, A. L.
S. Inorg. Chem.1975 14, 1332. Anal. Chem197Q 42, 679.
(14) Romeo,R.; Alibrandi, G.; Moris8colaro, L.Inorg. Chem 1993 32, (20) Applied Photophysics Bio Sequential SX-17 MV, sequential stopped-
4688. flow ASVD spectrofluorimeter. Software manual: Applied Photo-
(15) Yamamoto, AJ. Organomet. Cheml995 500, 337. physics Ltd., 203/205 Kingstone Road, Leatherhead KT22 7PB, U.K.
(16) Alibrandi, G.; Minniti, D.; MonsiScolaro, L.; Romeo, Rnorg. Chem (21) Nichols, P. J.; Ducommun, Y.; Merbach, lorg. Chem.1983 22,
1988 27, 318. 3993.

(17) Romeo, R.; Alibrandi, Glnorg. Chem, in press. (22) The OLIS 4300S Spectroscopy User's Man@illS: Jefferson, GA.
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Table 1. SelectedH NMR Data for Alkyl and Aryl Groups and'P NMR Resonances of the Triethylphosphine Ligand in
cis-[Pt(R)(R)(PE®)2]*

compd no. R R O(*H)° o3Py

1 2,4,6-MeCgH, CHs; 6.65, sHss 2.34, 5,2,6-CH3C; 2.20, s4-CHsC; 0.20 (67.0), dd, 6Pt 8.2 (1751); 4.4 (1919)
2 2-MeCsHs CHs 7.27 (58.0), mHs; 2.33, 5.2-CH4C; 0.23 (67.0), dd, 8Pt 7.5 (1718): 5.4 (1900)
3 CeHs CHs 7.33 (55.0), mHz.6 0.29 (68.0), m, ElsPt 7.1(1741); 7.1 (1867)
4 CHs CHs 0.40 (66.0), m, ElsPt 9.5 (1842)

5 C2H5 Csz 123, q, CHCHzpt; 1.11, t, (.H3CH2Pt 8.4 (1685)

6 n-CsH; n-CsH; 1.41, m, CHCH,CH,Pt; 1.15, m, CHCH,CH,Pt; 0.96, t, ®;CH,CH.Pt 8.7 (1699)

7 n—C4H9 I"I-C4Hg 132, m, CHCHZCHZCHZPt+ CH3CH20H2CH2Pt; 1.16, m, 8.6 (1705)

CH3CH2CH,CHy; 0.89, t, GH3CH,CH,CH,Pt
8 CHzc(CHg)3 CHzc(Cl‘h):; 1.61, S, bl’, (C@3CCH2PH 102, S, (G|3)3CCH2Pt —-0.8 (1634)
9 CH:SI(CHs)s  CH:Si(CHs)s  0.37 (76.0), m, (CH)sSICH.Pt; 0.01, s, (&3)sSiCHPt 5.4 (1996)

aRecorded in CDGlas solvent at 298.2 K.Chemical shifts§) in ppm relative to TMS3Jp, coupling constants, in Hz are given in parentheses.
¢ Chemical shifts §) in ppm relative to HPO,. Jpp, coupling constants, in Hz are given in parentheses.

a large difference of rate between the two processes. Under theseresonances, with low values &fp coupling constants, typical
circumstances, using the same batch of reagents and regulating properlyf phosphorus atontsansto carbon in platinum(il) complexes.

the scanning time of the instrument, it was possible to collect :
independently the spectral changes associated with protonolysis and Cleavage of the P-C(alkyl) Bond. The selective cleavage

the subsequent isomerization reaction. A fitting of the rate data to the Of the Pt=C(alkyl) o bond takes place according to the reaction

equation for consecutive first-order reactions proved that the procedure

followed was correct. Second-order rate constants for the protonolysis ; HA-

(kn) at 298.2 K were obtained by least-squares regression analysis ofCIS[Pt(R)(R)(PEE)ZJ MeOH

the linear plots of the pseudo-first-order rate constasithe concentra- cis-[Pt(R)(PEg)z(MeOH)]+A_ +RH (2

tion of acid. At other temperatures, the valueskgfwere obtained

from the ratio of the measured pseudo-first-order rate conskants . . .

to [H*]. The final cis product can be recognized B NMR, at low
The slowest isomerization reactions of the solveris{Pt(PEt),- temperature (253 K), only when R is an aryl group or an alkyl

(R)(MeOH)I* complexes (R= o-tolyl, neopentyl, (trimethylsilyl)meth- group with nog-hydrogens (compounds-4, 8,and9). Upon

yl) were followed spectrophotometrically by repetitive scanning of the addition of a sufficient amount of an ethereal solution of HBF

spectrum at suitable times in the range 32@0 nm or at a fixed to a solution of the platinum complex in a @Dl,/CD;OD

wavelength, where the absorbance change was largest. The complexegyixture (3:1 VIv) there is an immediate and sharp change of

were generatedn situ in a silica cell by adding with a syringe a the spectrum. As a typical example, in the caseisfPt(Me)-

prethermostated solution dafis-[Pt(PEt)2(R)(Me)] to a methanolic T . . . ; .
thermostated solution of HBF,~. In all cases the concentration of (PE®)2(MeOH)]", the two inequivalent phosphine ligands give

acid was calculated to produce a very fast cleavage of thdBthond. two 3P resonances)(Pa) = 25.5 (Jpp = 1827 Hz) andi(Ps)

All reactions obeyed a first-order rate law until well over 90% = 8.9 (Jpp = 4427 Hz). Essentially the same pattern is
conversion. Rate constarits(s™! ) were obtained from a nonlinear ~ observed when a moderate excess of acid is used and, therefore,
least-squares fit of the experimental data\te= A + (Ao — Ax) exp- the cis configuration is retained at 253 K, as a result of the
(—kit) with Ao, A, andki as the parameters to be optimize& = Pt—C(alkyl) bond breaking. Attempts to detect the presence

absorbance after mixing of reagen#s, = absorbance at completion ¢ hsgible alkylhydridoplatinum(1V) intermediates of the type
of reaction). The rates of isomerization were independent of the amount

- . [Pt(R)(Me)(H)X(PE®).], similar to those described recently in

of acid in solution. . . . .

Enthalpies and entropies of activation for protonolysis were derived the IItegElZJ;e for platinum compounds containing dinitrogen
from a linear least-squares analysis okiiT ) vs T~ data. Likewise, ligands?="=> were unsuccessful, even at lower temperatures.
enthalpies and entropies of activation for isomerization were derived Thus,4 was dissolved in CECl; and cooled to-78 °C before
from the temperature dependence of the first-order rate condtants adding CROD (CDsOD:CD,Cl; = 4:1). Subsequent addition
(s of HBF, or HCI leads exclusively to the formation ofs-[Pt-

Kinetic runs at high pressure were followed using the procedure (Me)(PEg).(MeOH)I* or cis-[Pt(Me)CI(PEt),], respectively.
described. The drive syringes of the high-pressure stopped-flow The same pattern of behavior is shown by the compléad

instrument were filled with solutions of platinum complex and acid, 2, the only difference being that protonolysis takes place at a
respectively, the bomb was kept at 24@ for approximately 30 min, Iolwer rate than ford, with no evidence for buildup of any

and the kinetics were followed as a function of pressure between 0.1 . . .
and 200 MPa. Volumes of activation were obtained by a fit of the Intermediate species.
variable-pressure data to eq 1, whégedenotes the rate constant at Spontaneous Isomerization otis-[Pt(R)(PEts),(MeOH)] *.

zero pressure and 24°€. When the temperature of the reaction mixtureéeind HBR, is
increased, the isomerization can be monitored through the

Ink=Ink,— AV *PIRT 1) decrease in thé'P signals associated witlis-[Pt(Me)(PE%).-

(MeOH)]™ and the parallel and matching increase in e

Results signal of the correspondingans complex, which appears &t

. . 25.9 with 195t satellites {Jpp = 2817 Hz). Therefore, the
The complexe<is-[Pt(R)(R)(PEk).] were synthesized by  isomerization process is described by the reaction
literature methods and characterizedbyand 3P NMR. A

selection of the most relevant NMR peaks is reported in Tablg (23) (a) Stahl, S. S.: Labinger, J. A.; Bercaw, JJEAM. Chem. Sod996

1, and a complete assignment of the resonances is reported in~ " 118 5961. (b) Stahl, S. S.; Labinger, J. A.; Bercaw, JJEAm. Chem.

Table S1 (Supporting Information). Satisfactory indications of Soc 1995 117, 9371. _

the stereochemistry of both dialkyl and alkydryl compounds (24) Hill, G. S.; Rendina, L. M.; Puddephatt, R.Qrganometallics1995
iPIP NMR spectra. The dialkylé—9 showed 14, 496, - -

came from thei p : y (25) De Felice, V.; De Renzi, A.; Panunzi, A.; TesauroJDOrganomet.

only one phosphorus resonance and the alkyl atyl8 two Chem.1995 488 C13-C14.
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cis-[Pt(R)(PEL),(MeOH)]" — A
trans[Pt(R)(PEL),(MeOH)]" (3) 1800

The rate ofcis to trans conversion was too fast to be followed 140

by this method for the complexes containing alkyl groups with 1400

fS-hydrogens §—7) and, therefore, soon after the addition of

acid, even at the lowest temperatures used, only*signals 1200

due to tharansisomers were observed. These latter compounds

undergo a subsequent slow thermal decomposition leading to 1.000

trans[Pt(H)(PEg)2(MeOH)]" and olefinst*

Spectrophotometric Studies. Typical spectral changes are 0.800
shown in Figure 1 for the protonolysis ofs-[Pt(Et(PES),]
(upper plot) and the isomerization of the intermediate solvento
complexcis-[Pt(Et)(PE$)(MeOH)T* (lower plot), obtained by
rapid scanning spectrophotometry.

The pseudo-first-order rate constakggsqfor reaction 2 are
reported in Table S2 (Supporting Information) for a range of
H* concentrations at 298.2 K. The addition of Cin some of

0.600

0.400

the kinetic runs of complexe® 8, and9, had no influence on A

the rates but led to the formation ois-[Pt(R)CI(PE%),] as the 1.800

final product. Figure 2 (upper plot, compounds7; lower

plot, compounds, 8, and9) shows that thek,,sq Values are 1.600

linearly dependent on proton concentratioe;, Kopsg= kn[H™].

The values oky at 298.2 K are given in Table 2. The values 1.400

of ky at different temperatures are set forth in Table S3

(Supporting Information), and the associated activation param- 1200

eters are listed in Table 2. The pseudo-first-order rate constants -

ki for reaction 3 at various temperatures are reported in Table :

S4 (Supporting Information). The values kf at 298.2 K, 0500

together with the associated activation parameters, are listed in '

Table 3. Figure 3 illustrates the pressure dependence of the 0600

protonolysis (upper plot, compounds-4 and9) and isomer-

ization reactions (lower plot, compounds5, 6, and7). The 0,400

primary kinetic data are listed in Tables S5 and S6 (Supporting . . . , .
Information), and the derived volumes of activation are given 280 40 20 260 270 260
in Tables 2 and 3, respectively. A/ nm
Discussion Figure 1. Upper plot: Spectral changes for protonolysiscaf[Pt-

o . . (Et)2(PES&)2] in methanol T = 298.2 K; [H"] = 1.0 mM; time between

The aim in preparing theis-[Pt(R)(R)(PE&).] complexes  consecutive spectra 0.001 25 s). Lower plot: spectral changes for
listed in Table 1 was to study the effect of the R group (pheny! isomerization of cis-[Pt(Et)(PEt),(MeOH)][* (T = 298.2 K; time
and aryls; linear and branched alkyls) on the rates of selective between consecutive spectra 0.006 25 s).
cleavage of the residual P€ (R) bond by the proton and on
the rates of isomerization of the intermediate[Pt(PEg)(R)- protonolysis of organometallic compounds and previous pressure
(MeOH)I" solvento complexes. We knew from previous data on the spontaneous isomerization of neatedPt(PEt),-
studies® that for the dialkyl complexes the rate of proton attack (R)X] complexes were interpreted in favor of an associative
was fast, at the limit of the conventional spectrophotometric mechanisn?’
techniques, and that the isomerization of the complexes with R
= ethyl, n-propyl, andn-butyl was too fast to be followed by
conventional spectrophotometry or NMR. We were also
interested in measuring the complete set of activation param-
eters, including the volumes of activation. To the best of our
knowledge, this is the first study of the pressure dependence of

Protonolysis. Attack of the proton at the metal-carbon bond
results in the cleavage of this bond by the classica2 S
mechanism, but the same product can be formed by attack at
the metal leading to a labile Pt(IV) alkyl hydrido species via
oxidative addition, followed by reductive elimination £S
(oxidative) mechanisn?? The nature of the highest occupied
(26) Data from low-temperature NMR experiments are as followis: molecular orbital (HOMO), whether it is the MC o-bond or

[Pt(PE%)2(2-MeCsH4) (MeOH)](BFy): *H NMR (CD,Cl,—CDs0D at a nonbonding d orbital, can play a major role in determining
195 K) 0 7.25 (m, 1H,He), 6.86 (M, 2H,Hs, Hs), 6.61 (m, 1H,H4),
2.46 (s, 3H2-CH4C), 1.69 (m, 6H, PE,CHa), 1.52 (m, 6H, PEl,-

CHs), 1.10-0.96 (m, 18H, PCHCH3); 3P NMR 6 22.8 @Jpp = 13 (27) (a) van Eldik, R.; Palmer, D. A.; Kelm, Hnorg. Chem.1979 18,
Hz, WJpp = 1657 Hz), 5.5 Upp = 13 Hz, Wpp = 4420 Hz).cis 572. (b) Kelm, H.; Louw, W. J.; Palmer, D. Anorg. Chem.198Q
[Pt(PE%)2(2-MeCeH4)(CI)]: *H NMR (CD,Cl,—CD:0D at 195 K)& 19, 843. (c) Louw, W. J.; van Eldik, R.; Kelm, Hnorg. Chem198Q
7.17 (m, 1H), 6.8+6.72 (m, 3H), 2.31 (s, 3H2-CH3C), 1.84 (m, 19, 2878. (d) van Eldik, R.; Palmer, D. A.; Kelm, H.; Louw, W. J.
6H, PQH,CHs), 1.48 (m, 6H, PE,CHs), 0.98 (m, 18H, PCBCTH3); Inorg. Chem.198Q 19, 3551.

3P NMR 6 13.9 RJpp= 17 Hz, Jpp= 1605 Hz), 6.03pp= 17 Hz, (28) (a) Johnson, M. DAcc. Chem. Res1978 11, 57. (b) Kochi, J. K.
Upip= 4210 Hz) Cis-[Pt(PE})2(2,4,6-MeCeH2)(Cl)]: *H NMR (CD2- Organometallic Mechanisms and Catalysicademic Press: New
Cl,—CD30D at 195 K)6 7.06 (m, 2H), 2.36 (s, 6H, 24d3C), 2.08 York, 1978; pp 292-340. (c) Abraham, M. H. InComprehensie
(s, 3H, 4-CH3C), 1.87 (m, 6H, PE,CHj3), 1.53 (m, 6H, PE,CHs), Chemical KineticsBamford, C. H., Tipper, C. F. H., Eds.; Elsevier,
0.97 (m, 18H, PCECH3); 3P NMR 6 14.7 @Jpp = 17 Hz,Jpp = Amsterdam, 1973; Vol. 12. (d) Eaborn, £.0Organomet. Chenl975

1524 Hz), 3.2 {Jpp = 17 Hz, Jpp = 4310 Hz). 100 43.
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Figure 2. Dependence of the pseudo-first-order rate constémis)(

on the proton concentration for the cleavage of theR{alkyl) bond

in cis-[Pt(R)(R)(PE%)2] complexes (in methanol, at 298.2 K). Numbers
refer to the compounds as listed in Table 1.

the reaction pathwas? Previous investigations on the proto-
nolysis of alkyl- and arylplatinum(ll) compounds were based
on the analysis of rate laws, isotope effects, competition

Inorganic Chemistry, Vol. 36, No. 25, 1995913

The bivariate rate law

_ ki keKICI]

©14K[Cl] ]

kobsd (4)

can accommodate all the observed kinetic results (in particular
the diverse halide ion dependence). The ease with which the
halide adduct is formed and its reactivity dictate the particular
form of the rate expression. Rate law 4 is consistent with a
positive curvilinear dependence on [;F% but reduced forms

of eq 4 can explain a variety of other cases observed, including
the linear dependence of the rate on{°24no influence of
[CI7] on the rate, as in this work and in refs 16 and 30b,c,e,
and eventually a [CI] retardation on the rat&?

Unmistakable evidence for the operation of@2@xidative)
mechanism has been obtained recently by Stahl, Labinger, and
Bercawv#® for the protonolysis of [Pt(CHPh)Cl(tmeda)], [PtMg
(tmeda)] (tmeda= N,N,N',N'-tetramethylethylenediamine), and
trans[PtMeCI(PEg),] through the detection of alkylhydrido-
platinum(1V) intermediates by low-temperatuitd NMR spec-
troscopy and hydrogen/deuterium exchange experiments. The
various steps of the reaction pathway are shown in Scheme S2.
Other complexes of the type [PtM&-N)] (N-N = 2,2-
bipyridine, 4,4-di-tert-butyl-2,2-bipyridine, 1,10-phenanthro-
line, 2,9-dimethyl-1,10-phenanthroline), at low temperature,
undergo oxidative addition by HX to generate alkylhydrido-
platinum(lV) species that, at higher temperatures, reductively
eliminate methane to yield [PMeX(N-N)] complex&<>

From the body of evidence gathered so far, it appears that
several factors, in particular the electron-donating ability of the
ancillary ligands and the nature of thrans-activating group,
can dictate the reaction pathway. We are inclined to think that

experiments, and observed dependencies of the rates upon théhe variety of effects observed in the kinetics for carbon

structural properties of these organometallic compodfids.
is difficult to decide from kinetic evidence alone whether the

platinum bond cleavage via electrophilic attack, depending on
very small structural changes imposed to the substrates, barely

attack of the proton commences at one or the other center, andcan be fitted within an unified mechanism:gor S(oxidative)).

it becomes impossible if the mechanism entails a rate-determin-

ing proton transfer. On the other hand, the detection of an
alkylhydridoplatinum(IV) intermediate gives the most definitive
evidence for the oxidative-addition mechanism.The two

Rather, it would be better to try to distinguish two main
categories of reactions: (i) those involving a rate-determining
proton transfer either to the PC o-bond or to the metal and
(i) reactions where the important target of detecting an

alternate mechanisms that are thought to rationalize the diversentermediate with an intact PIC bond can be achieved.

kinetic results reported so far for the protonolysis of-Bto
bonds within a unified picture are shown in Schemes S1 and
S2 (Supporting Information), respectively. In Scheme S1 the
proposed mechanis®i involves a fast preequilibriumk(
between the starting uncharged substrate and a halide ion
usually chloride, to form a platinum(ll) anionic intermediate,
combined with slow protonation and breakage of the metal
carbono bond of both the substraté&{) and the intermediate

(Ken).

(29) (a) Yang, D. S.; Bancroft, G. M.; Bozek, J. D.; Puddephatt, Raig.
Chem.1989 28, 1. (b) Behan, J.; Johnstone, R. A. W.; Puddephatt,
R. J.J. Chem. Soc., Chem. Comma878 444. (c) Dong, D.; Slack,
D. A.; Baird, M. C.Inorg. Chem.1979 18, 188. (d) Slack, D. A;;
Baird, M. C.J. Am. Chem. Sod.976 98, 5539.

(30) (a) Belluco, U.; Giustiniani, M.; Graziani, M. Am. Chem. Sod967,
89, 6494. (b) Belluco, U.; Croatto, U.; Uguagliati, P.; Pietropaolo, R.
Inorg. Chem.1967, 6, 718. (c) Romeo, R.; Minniti, D.; Lanza, 8.
Organomet. Chenl979 165 C36-C38. (d) Uguagliati, P.; Michelin,
R. A.; Belluco, U.; Ros, RJ. Organomet. Chen1979 169, 115. (e)
Romeo, R.; Minniti, D.; Lanza, S.; Uguagliati, P.; Belluco, ldorg.
Chem.1978 17, 2813. (f) Alibrandi, G.; Minniti, D.; Romeo, R.;
Uguagliati, P.; Calligaro, L.; Belluco, U.; Crociani, Biorg. Chim.
Acta 1985 100, 107. (g) Alibrandi, G.; Minniti, D.; Romeo, R;
Uguagliati, P.; Calligaro, L.; Belluco, Unorg. Chim. Actal986 112,
L15. (h) Belluco, U.; Michelin, R. A.; Uguagliati, P.; Crociani, B.
Organomet. Cheml983 250, 565.

For the protonolysis ofis-[Pt(R)(R)(PE&);] complexes we
obtain no evidence for the presence of intermediates in the
reaction and the kinetic analysis strongly indicates a rate-
determining proton transfer. From the data in Table 2 it is
possible to see that the rates of proton attack on the less sterically
hindered dialkyl complexes (R methyl, ethyl,n-propyl and
n-butyl) are high and of comparable magnitude. The length of
the alkyl chain, for both theis and the leaving group, does not
influence the rates. Therefore, in all these compoudesr)
the Pt-C(alkyl) bond appears to be very labile and sensitive to
easy attack by electrophiles. Increasing the steric bulk at the
protonation site as for the compourland9 provokes a very
large decrease of the rate of protonolysis (on going from the
di-n-propyl specied to the bis(trimethylsilyl)methyl compound
9, a decrease in rate of 5 orders of magnitude is observed). A
significant steric congestion at the transition state is indicated
by the increase in the value of the enthalpy of activatithl §
= 43+ 3 and 66+ 3 kJ mol™ for 4 and9, respectively).

The proton attack at the mixed alkydryl compounds cleaves
the Pt=C(alkyl) bond selectively. The selective cleavage of a
methyl group froncis-[PtMe(4-MeGH,)(PMe&Ph),] and cis-
[PtMePh(PMgPhy),] has been taken as evidence for the S
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Table 2. Rate Constants and Activation Parameters for Protonolysis of thé @ikyl) Bond in cis-[Pt(R)(R)(PEg)2]?

compd no. R R kiP AH*¢ ASd AVFe

1 2,4,6-MeCeH, CHjs 9.1+ 0.8 64.9+ 2 -9+45 —10.3+ 0.8
2 2-MeGsHs CHs 530+ 26 33.3+0.3 —81+1 —94+0.6
3 CeHs CHs 2380+ 80 37+ 1 —55+3 —-8.3+0.3
4 CHs CHs 118 000+ 5000 43+ 3 —-5+5 —13.1+ 04
5 CoHs CoHs 265 0004+ 10000 42+ 1 —-2+5

6 n-CsH; n-CsH, 229 000+ 2200 47+ 2 +14+ 4

7 n-C4Hg n-CsHg 104 000+ 9000 56.2+ 0.5 +39+2

8 CH,C(Me) CH,C(Me) 178+ 14 62+ 1 +6+3

9 CH,Si(Me); CH,Si(Me); 9.8+ 0.5 66+ 3 -3+8 -16.0+£ 0.4

a|n methanol [complex}= 0.05-0.1 mM.?In M~t s7! at 298.2 K.¢In kJ mol™. 9In J K- mol™. ¢In cm?® mol .

Table 3. Rate Constants and Activation Parameters for the
Geometrical Isomerization afis-[Pt(R)(PE$)(MeOH)]t 2 1y pyiat? t | +
[ J g st
compd - ‘HiR VF?‘R]
no. R ki AH* ¢ ASd AV*e S
1  2,46-MeCeH, 0.0153" 106+ 3f +75+ 8" +15.64+0.8 \ f
2  2-MeGHs 0.00527 118+ 1f +106+2 "\ .
3  GCgHs 0.00474 1124 3f +84+ 8f -
4  CHs 0.00266 106+ 4f +63+ 12X 2:2
5 GCiHs 449 96.8+ 0.2 +112+1 +20.1+1 w
6 n-CsH7 41.2 93.7+3 +100+15 +16.5£0.5 A B
7  n-C4Hg 49.2 99.4+3 +120+15 +19.8+2
8 CHxC(Me) 0.0113 10A45 +78+ 15
9  CHzSi(Me) 0.0056 100t 2 +48+ 6
a|n methanol [complex} 0.05-0.1 mM.?In s7, at 298.2 K.€In
1d —1 —1 -1 f
kJ mol™. ¢In J K™t mol™*. ¢In cm® mol~*. f From ref 15. Reaction Coordinate
15 ———T—— Figure 4. Alternative reaction profiles for the one-step proton transfer

to the substrate in the protonolysis ofs-[Pt(R)(R)(PEt),] com-
plexes: (A) rate-determining attack at the-&t ¢ bond with release
of alkane in a three-center transition state2 &echanism); (B) rate-
determining formation of a solvent alkylhydridoplatinum(lV) intermedi-
ate, before dissociation of alkane.

and, therefore, shows the same pattern of behavior as observed
for the dialkyls. The activation parameters along this series
exhibit some irregularity. While complek is characterized
by values of enthalpy and entropy of activation comparable to
those of compound8 and9, as expected on the basis of the
encumbrance of the coordinated ligands (mesigmheopentyl
and (trimethylsilyl)methyl), compoun#@ seems to owe all its
decrease in reactivity to a sharp decrease of the entropy of
activation. We do not have a definite explanation for this
particular deviation, but it is safe to conclude that steric effects
both fromcis and leaving groups hinder these reactions.
First-order dependence on the proton concentration and steric
retardation are in keeping with botheZ5 and $(oxidative)
mechanisms, and no distinction can be made on the basis of
. . ) the rate law or the structural effects observed. However, the
% 10 150 0 values of the activation volumes give an insight into the
P/MPa characteristics of the transition state. For all the compounds
. ) examined in this worki—4 and9) the natural logarithm of the
Figure 3. Upper plot: pressure dependence of the second-order rate . - f . .
constantsk, for the cleavage of the PR (alkyl) bond incis[Pt((R)- rate of_ acidolysis was found to increase linearly Wlth pressure
(R))PE);] complexes. Lower plot: pressure dependence of the pseudo- (S€€ Figure 3) and the values of the volumes of activation are

=
&

In(k / kO)

&
S
¥

first-order rate constants) for isomerization ofcis-[Pt(R)(PES)- negative, in agreement with the formation of a compact
(MeOH)I" complexes. Numbers refer to the compounds as listed in transition state. Negative volumes of activation (data in Table
Table 1. 2), together with the large isotope effect mentioned before,

provide unmistakable evidence that the driving force of proto-
nolysis is the rate-determining transfer of the proton to the
substrate. At this stage, any discussion on the site of proton
attack risks becoming semantic in nature. If the synchronous
attack takes place at the-R€ o-bond ($2 mechanism), the
energy profile has the form illustrated in Figure 4A, where the
point of highest energy is a three-center transition state in which
there is a considerable stretch of the-Rtbond. This can still

(31) Jawad, J. K.; Puddephatt, R. S.; Stalteri, M.Iorg. Chem.1982 be the. most likely path\{Vay if the PC o bopd is the high6§t
21, 332. occupied molecular orbitdt In the alternative energy profile

(oxidative) mechanist In contrast, the fairly large value of
the kinetic isotope effect for protonolysis of the methyl
platinum bond irtrans[PtMeAr(PE%);] (k(H")/k(D™) = 7) has
been interpreted as showing rate-determining proton transfer
to the P+-C ¢ bond with release of CHin a three-center
transition staté€% In the series of complexek—4 the rate of
protonolysis decreases in the order ¥d”h> o-tolyl > mesityl
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Scheme 1 Chart 1
+ +
+ L 7
RN /S_| kp, -5 N+ \J —l Al A
Pt —_— Pt ,HA\ \ ,
N T N Ny K
AN /N
P AT
kr
A B
L S_l + L The chelating phosphine allows  Transient species : -hydrogen
\Pt +S \Pt + for retention of geometrical interaction favours fluxionality
configuration.
R/ \L fast R/ \L 9

mediate. A rate law of the forrq = kp/{1 + (k-p/kr)[S]} can

(Figure 4B), for an g2(oxidative) mechanism, the rate- be derived, in which the ternk{p/kr)[S] measures the retarda-

determining protonation of the metal leads to an alkylhydrido- d h f the first i diate by the bulk
platinum(lV) solvento intermediate of high energy, and the other tion due to the capture of the first intermeciate by the bu

points of minima along the profile are for the intermediates (5- solvent._ The mechar_1isn_1 Is consistent with _(i) mass-law
coordinate species and complex) that are thoughtto be retardation by [MeOH] in diethyl ethermethanol mixtures and

involved in the followingfast reductive elimination. (ii) high values ofAH : and largely positive values afS*.10
In conclusion, with dialkylgis- andtransdiaryl, and mixed From the data in Table 3 it is possible to see that the complexes

aryl—alkyl phosphine complexes of platinum(ll), the primary in which R= Et, PP, and Bl isomerize at a much higher rate

kinetic step in the reaction pathway is a one-step proton transferWith respect to that of complexes containing alkyl groups with
to the substrate. In all these cases, the rate ldwpis= k[H ] nof-hydrogens. For instance, the reactivity radigEt)/k(Me)

and halide ions have no influence on the rate. Whatever the™= 1.7 x 10% The rate enhancement is much greater than that
site of proton attack is, the PC ¢ bond or the metal, no found in the isomerization of monoalkyl halo complexes of the
reaction intermediates can be detected. When the phosphinedyPe Cis[PU(PEE)(R)(CI)], where the reactivity ratidi(Et)/

are substituted with dinitrogen ancillary ligands, fast protonation k(Me) = 7.5 x 10? was measured in 2-propanl.

of the metal is strongly favored and Pt(lV) intermediates are  Inductive or steric effects cannot account for the large

detected3-25 B-hydrogen kinetic effect. A specific interaction of these
Isomerization. A prerequisite for detecting transient species hydrogens with the metal must be responsible for the large
of the typecis[Pt(R)Lx(S)I" (L = phosphine; R= alkyl or enhancement of the rate of isomerization. The simplest way

aryl; S = solvent) in solution is a fast breakage of the-Bt of envisaging this interaction comes from the structural char-
bond of the precursor compounds. In order to fit this condition, acterization of a very interesting examplgsefgostic interaction
the Pt-C bond must be that of an alkyl group, as for tis reported by Spencer, Orpegt,al3? In structureA the chelating
dialkyl or mixed alkyl-aryl compounds studied in this work. ligand prevents isomerization (P=P(But),P(CH,)sP(Bu),) and
Acidolysis of diaryl compounds, as fais-[Pt(R)(PE)z],3°¢ the platinum-hydrogen interaction is so extended as to favor
led ineluctably to the formation ofrans[Pt(R)(S)(PE$)2]™, the formation of a well-defined three-centdwo-electron Pt
since the rate of isomerization is faster than that of acidolysis, H—C bond. The structures of the 3-coordinate transition state
even when proton attack is carried out using large amounts ofand of the first transient cationic intermediate containing
acid. The spontaneous conversiortist[Pt(R)(PES)(S)]™ can modentate phosphines, depictedBas Chart 1, are expected
be conveniently followed by conventional or rapid-scanning to be similar toA, the only difference being related to the extent
spectrophotometry, once the preceding protonolysis process isof Pt—H interaction, which is less than iA. However, this
over. The spectral changes in the UV region (Figure 1, lower interaction satisfies partly the coordinative unsaturatioi of
plot) show well-defined isosbestic points, confirming that the decreases its energy, and favors its fluxionality. A very low-
two isomers are the only absorbing species in solution. The energy barrier for the fluxionality of coordinatively unsaturated
conversion is complete, theansisomer is the only species at  3-coordinated species of this type was indicated by theoretical
the end of the reaction, and the process follows a first-order calculations’** The isomerization process is characterized by
rate law. For the compounds-7 thermal decomposition of  high values of enthalpy of activation and largely positive
the trans solvento complex follows at a much lower réfe. entropies and volumes of activation (Table 3). All these values
An important feature of the isomerization is that the rates of are in contrast to and go in the opposite direction with respect
the compounds with R= Me, neopentyl, (trimethylsilyl)methyl,  to those of the one-step bimolecular electrophilic attack observed
Ph, o-tolyl, and mesityl are similar and appear to be almost in the protonolysis (Table 2) and are perfectly in keeping with
insensitive to the nature (alkyb aryl) and to the steric bulk of 3 dissociative mechanism, predicting an increase in disorder and
thecisgroup. This is not a new finding, as far the sequence of in volume for the transition state with respect to the ground
Me, Ph, and mesityl complexes is concerdgdhe trend of state.
the steric effects is significantly different from that observed
for bimolecular nucleophilic substitutions or even for the
preceding bimolecular electrophilic attack by"Hwhere the
steric bulk of thecis group produces a decrease ef3torders - Carr N Mole L O A G S S Lchem. S
of magnitude ”? the rat_e. . 42 I(Daegltor?tl[,ran.s’,ngze’ZG.S’S. (rbp)eMn’oIe: L.;.’Spgﬁggre,rj. L C':arre,m..; O?;C)é’n,
The mechanism for isomerization in Scheme 1 assumes as A G. Organometallics1991, 10, 49.
the rate-determining step the dissociation of the solvent (S) from (33) (a) Komiya, S.; Albright, T. A.; Hoffmann, R.; Kochi, J. K. Am.
thecis solvento species (vi,), followed by conversion of the g?esﬂilgf}f?zgﬁﬁ Ezr?:ﬁ]fb%ggt%gégi; ?Z“&%@?’(S‘Jf&ﬂ‘;f“
T-shaped 3-coordinate 14-electron intermediateKyjiand fast T.J. Nuzzo, R. J.: Whitesides, G. M. Am. Chem. S0od981 103
re-entry of the solvent on theranslike” 3-coordinate inter- 1676.

Volumes of activation are composed of one intrinsic contri-
bution, due to bond making or breaking in the activation process,
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and one solvational termAV * = AViny® + AVso™.34 In the transfer to the substrate. Two alternative mechanisms can be
present system the observed volumes of activation reflect envisaged, according to the rate law: (i) a synchronous attack
primarily intrisic changes, since there is no net change in ionic by the electrophile M at the P+ C ¢ bond with formation of a
charge in the activation process. All these values are positive, three-center transition state or (i) a multistep mechanism
corresponding to an overall expansion, as expected for a processnyolving slow oxidative addition by HA~ on the metal,
dominated by bond breaking. The differences among the valuesto|iowed by fastreductive elimination. These features are not
of AV*in Table 3 do not seem particularly notable (for instance compatible with the detection of reaction intermediates. Com-
the dnfferences oAV * for R = mesityl .and R= P1" are within plexes of the typeis-[Pt(R)(L)(S)]" are “elusive” species that
experimental erro_rs), and therefore it must _be_c_oncluded _that can be intercepted only upon fast selective proton attack on the
the nature of thesis group does not play a significant role in Pt—C(alkyl) bond of dialkyl or mixed alkytaryl precursor
controlling the vglumes of activation, even though electronic compounds. The instability of the cationic monoorgano solvento
Eze(;:fti:ﬂ?:irgltirr‘na;gr?;gg’irsmuccg]n{arf)lltizﬂg -r;r):gr?gggeffect, can complexes _stems f_rom their spontaneousT coq\_/ersic_)n _into the

We can implement the knowledge of these systems by correspondingrans ISOMETS. Thg mechanism mBssomatge, .

as supported by positive entropies and volumes of activation.

referring to the results of a recent kinetic study of tieto h locity of th ical i isation d ds d .
transisomerization of the cationic solvento species ptle)- The velocity of the geometrical isomerization depends dramati-
cally upon the nature of the ancillary ligands. The following

(MeOH)T* (L = an extended series of phosphines of widely - Y

different steric and electronic propertié&)where we were  factors concur: (i) electron release by the phosphine ligahds,

interested in searching for a correlation between the lability of (ii) steric repulsions and distortion of the square-planar con-

bis(phosphine) monoa”(yl solvento Comp|exe$'sfgeometry figuration,” and (|||) interaction of the metal Witﬁ-hydrogens.

and the nature of the coordinated phosphines. The values of

the rate constants for isomerization were found to increase with ~Acknowledgment. Financial support from the Ministero
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Inductive effects stabilize the flexible 3-coordinate T-shaped

14-electron transition state, and steric effects destabilize the rigid  Supporting Information Available: Tables listing'H and®P NMR

4-coordinate square-planar ground state. resonances of compounds-9 and observed first-order rate constants

. for protonolysis ofL—9 as a function of [H], temperature, and pressure,

Conclusions and for isomerization as a function of temperature and pressure and
Steric effects and negative volumes of activation for the alternate reaction schemes for protonolysis (9 pages). Ordering

protonolysis reactions strongly support a rate-determining proton information is given on any current masthead page.

(34) van Eldik, R.; Asano, T.; le Noble, W. Chem. Re. 1989 89, 549. 1C9704905



