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Careful tuning of the reaction conditions has been proved to be essential for the operation of two
disjunctive reaction mechanisms occurring on the ortho-metalated platinum compouM&s(FPi)-
(CsCH4CHNZ)(SMe)] (Z = Me, Bzl, CHy(2,4,6-M&CsHy)). In dilute solutions, where the already
established lability of the SMdigand favors the existence of the pentacoordingfetY Br(Ph)(C,CH,-
CHNZ)} species, the complex evolves to produce the insertion of one of the phenyl ligands into the
cyclometalated Pt—C bond to yield the complexes [Hr(C4,CHsCsH4sCHNZ)(SMe,)], which contain a
seven-membered cyclometalated ring. The process involves the formation of an hydride intermediate,
which has been detected via low-temperature proton NMR ferBzl, prior to the reductive elimination
of benzene. In more concentrated solutions, or in the presence of large amounrtS@R361d) of SMe,
the existence of pentacoordinated species is reduced to a minimum and a redud@iva@pling takes
place between the metalated imine carbon and one of the phenyl ligands, yielding the coordination
complexes [PtBr(Ph)(GHsCsH4,CHNZ)(SMey)], which evolve rapidly tarans[Pt'Br(Ph)(SMe),] and
free GH3CsH4CHNZ. The validity of the mechanisms proposed has been proved via stoichiometric and
reactivity studies carried out under carefully controlled conditions, both on inittalcBmplex and on
the final inserted complex, [MBr(C,CH3;CsH,CHNZ)(SMe))]. The overall reactivity is rather surprising,
given the generally accepted dissociative processes involved in the preliminary steps of reductive
elimination reactions on Ptcomplexes. DFT calculations have been carried out in order to check the
energetic validity of the proposed disjunctive reaction mechanisms. From the data obtained, it is clear
that the formation of the pentacoordinated speff Br(Ph)(CsCH,CHNZ)} could effectively lead to
the standard €C reductive coupling, but in our case the existence of the parallel insertion process is
highly favored. As a consequence the observed reductive elimination reaction can only occur via the
otherwise less favored direct€C coupling on the octahedral [PBr(Ph)(C,CH,CHNZ)(SMe,)] starting
material.

Introduction and reductive elimination reactions to and from Pt(Il) square-
planar centers with more than one-f& bond!~17 Neverthe-
less, it has been recently demonstrated that the existence of such

oxidative addition processés® Although substitution reactions an intermediate of lower coordination number is not absolutely

are generally linked to such processes, very few studies have/€cessary for these reactions and that the nature of th.e.irjert
been carried out in that fieki1° The existence of an intermedi- skeleton on the platinum center (namely the nature and rigidity

ate species with a lower coordination number has been of the donors) plays a crucial role in the proc&s¥ In this

repetitively established as crucial for both the oxidative addition respect, we have_ been involved n the study O_f the associativity
dissociativity tuning of the substitution reactions of organome-

The chemistry on octahedral organometallic complexes of
Pt(IV) is very often related exclusively to reductive elimination
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Scheme 1
Y R = Me, Ph
4 Y4 =Hy, Cly, Fy
X X=Br,CLF
| L = sulfides, amines
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tallic cyclometalated Pt(1V) complexes (Schemé&%p general,
the systems behaved in a dissociativedy, k-1, k) activated
quasi-labile way122The establishment of the first associatively
activated substitution reaction on an octahedral Pt(IV) complex
(k') has been achieved for theRMe, Y4 = F4, L = SMe,
E = PMePh, PEtPh, PPh systems3

During the studies of the reaction depicted in Scheme 1 with
R = Ph, Y; = Hy4, X = Br, S= SMe,, the surprising formation
of a seven-membered metallacycle via a formal insertion of a
phenyl ring in a cyclometalated P€2¥ bond has been
established. A preliminary communication has already ap-
pearec* For the stoichiometric process, two possible pathways
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process which involves the reductive elimination of a biphenyl
ligand and further cyclometalation reaction, as already proposed
for similar systems (Scheme #2527 Despite the fact that
dimethyl sulfide dissociation was found to be a key step for
the stoichiometric proce®$, no further description of the
intimate mechanism has been available. In this paper we present
a comprehensive study of the intimate reaction mechanism by
which the stoichiometric insertion reaction takes place in these
types of systems.

The process has been determined to involve a proper insertion
reaction, and the corresponding kinetic, thermal, and baric
activation parameters have been measured. Furthermore, the
existence of a parallel path, which effectively produces the
reductive elimination process of a biphenyl imine ligand,
mentioned in the previous communication, has been established.
In the latter case no further-H bond activation has been
observed leading to the formation of seven-membered cyclo-
metalated compounds; this fact has also been confirmed by
stoichiometric studies. The complete reaction scheme is that
indicated in Scheme 3, where the two competitive reaction paths
are shown. The kinetic, thermal, and baric activation parameters
of the reductive elimination process have also been measured
for Z = Bzl, Me. The ground-state energies corresponding to
the complexes witlz = Me appearing in this scheme have
also been determined by DFT calculations, justifying the
processes observed. Although some calculations had been
carried out on nondissociative Bgsp? reductive elimination
reactions on Pt(IV) complexes, as distinct from the equivalent
sp—sp® processed’ the possible presence of labile ligands
capable of generating a lower coordination number intermediate
had not been considered.

The activation parameters correspondinditeagree with a
substantial enthalpy requirememtH* on the order of 100 kJ
mol~1). They also involve ordering demands very dependent
on both the iminic ligand and the solvent usesiSt = 64 J
K=1 mol~ for Z = Bzl and 25 J K! mol! for Z = Me in
acetoneAS = 64 J K mol~tin acetone andé-9 J K1 mol~!
in chloroform forZ = Bzl). Despite this fact, few changes in
the volume on going to the transition state being~0 for
all the systems studied) are observed. As for the reductive
elimination reactionsk.eq they are characterized by values of
activation enthalpy and entropy very similar to those already
indicated, including an important expansion process on going
to the transition stateA\V* in the 10-12 cn? mol~! range).

For Z = Me, the final inserted or reductively eliminated
platinum complexesMe and 5Me, indicated in Scheme 3,
represent an energy gain with respect to the starting compound
1Me, thus justifying the fine stoichiometric tuning of the
processes that favors the formation of the insebtde complex.

The solution isomerization behavior (as referred to the relative
positions of the halide and metalated phenyl ring) of the
phosphine-substituted derivative 6Bzl has also been fully
established, as for other systems of the same fathiiyAn
important tuning of steric origin, capable of overruling the
electronic trans effect of the cyclometalated phenyl ring, has
been established and a remarkable degree of stereodiscrimination
found to be operative. The sequence observed agrees with the
possible side products observed in the insertion/reductive
elimination full process indicated in Scheme 3.

Results and Discussion

Insertion Reaction. The insertion reactionlg¢ — 52Z)

could be operative, depending on the reaction either occurringindicated in Scheme 3, already stoichiometrically established

through a real one-step insertion reaction or via a two-step

for 1Bzl,?* has been checked and found operative for the
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compoundslMe and 1CH;Mes. The isolation of the finabZ Chart 1
compounds has not been pursued for these two new compounds;

NMR spectroscopy has been found to be a sufficient indicator ‘
for the confirmation of processes taking place during the

reaction. In our previous studies about the formation of the O
compound5Bz| from 1Bzl,?* it was not clear if the reaction /
proceeded through a simplgs path (Scheme 3) or through a Me_Pt‘N\B |
two-step process involving the reductive elimination reaction SMe, z

(kred path, Scheme 3), followed by a further—€l oxidative
addition—reductive elimination of benzene process on the
unobserved compoundBzl.25 In this respect, the reaction of

the new diphenylimine 2-(§15)CsH4CHNBzl, PhBzl, with the position of the iminic phenyl ring. That is, the formation of the

compounds {Pt(Me)(u-SMey)} 7], cis[Pt(Ph)(SMey),], and t five- tall le indicated in Chart 1 took
trans[PtBrPh(SMe),] (7) has been tried in order to establish Slgggfzrgz{‘é‘f membered metallacycle indicated in Chart 1 too

its reactivity with complexes that could, potentially, produce
the desired seven-membered metallacycle observed in the
complex5Bzl. In all cases the product obtained from these
reactions did not correspond to the formation of the seven-
membered metallacycle. When the complexgBt(Me)(u-
SMe)} ] and cis-[Pt(Phh(SMe));] were used as starting ma-

terials, elimination of methane or benzene occurred, respectively,
with a simultaneous activation of the—& bond in the 2

The formation of such five-membered cyclometalated com-
plexes has been demonstrated by #& 200 MHz NMR
spectrum of the final reaction mixture of the reaction of the
diphenyl 2-(GHs)CsH4CHNBzI imine, PhBzl, with the afore-
mentioned starting materials. The spectra showed a set of signals
corresponding to a standard five-membered metallacycle: the

(20) Bernhardt, P. V.; Gallego, C.; Maraz, M.; Parella, Tinorg. Chem. NCH proton appears at 8.64 ppriefy = 57 Hz) or at 8.65
2002 41, 1747-1754. ppm Jpwy = 44 Hz), and the NE, protons appear at 5.13 ppm

(21) Bernhardt, P. V.; Gallego, C.; Man#z, M.Organometallic200Q or at 4.38 and 4.92 ppmigy = 12 Hz), for the reaction with
19,(;1%6;:15::6 J.; Font-Bardia, M.; Gallego, C.; GdezaG.; Martnez [{PUMe)(u-SMey)} 2] .Or cis[PYPh)(SMe)o], respectively. In
M.: Solans, X.Inorg. Chim. Acta2003 351 269-277. both cases the N& signal at 8.79 ppmq(:tH =122.2 Hz_) of

(23) Gallego, C.; Goritez, G.; Martnez, M.; Merbach, A. EOrgano- the seven-membered metallacycleébiBzl is absent; that is, no
metsllllc52004 221,11 2434—624”38. . Maf  Sol o C—H bond activation of the distant phenyl ring has taken place.
me(taﬁ?cz%ggazrl égﬂdé_?’agoe?q(” + Mattiez, M.; Solans, XOrgano- Reaction of the same diphenylimine ligand witans[PtBrPh-

(25) Crespo, M.; Font-Bafd) M.; Solans, XOrganometallic2004 23, (SMey)7] (7) did not produce better results. Under the same
1708-1713. . _ reaction conditions, even the coordination of the iminic nitrogen
19&6) Crespo, M.; Evangelio, B. Organomet. Chen2004 689, 1956~ to the Pt(Il) center was not observed. Probably the lack of a

(27) Crespo, M.; Evangelio, E.: Font-B&adiM.; Peez, S.; Solans, X. double statistical reductive elimination process that favors
Polyhedron2003 22, 3363-3369. cyclometalation in{Pt(Mex(u-SMey)} 5] or cis-[Pt(Phy(SMe)4]
206228)1923‘2%22’;'2\5/352-? Musaev, D. G.; Morokuma, B.Am. Chem. Soc.  prevents the advance of the reaction with such a hindered imine.

(29) Font-Barda, M.; Gallego, C.; Gorfdaz, G.; Martnez, M.; Merbach, Furthermore, the presence of only one-Btbond in compound
A. E.; Solans, X Dalton Trans.2003 1106-1113.

(30) Craig, A.; Crespo, M.; Font-Bardia, M.; Klein, A.; Solans, X. (31) Crespo, M.; Marhez, M.; Sales, JOrganometallics1993 12,

Organomet. Chen200Q 601, 22—33. 4297-4304.
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7 forces the actuation of an associatively activated substitution should then produce compouidFigure S1 also collects the

mechanisrfi3233of SMe, by PhBzI, the full process being very
disfavored with the bulky imine ligand. Figure S1 (Supporting
Information) collects théH NMR spectral monitoring of the
reactivity involved.

It is interesting to note that the cyclometalated Pt(IV)
complexes1lZ are a mixture of the two possible isomers,
showing amer(Ph/Ph/SMg) andfac (Ph/Ph/SMg) distribution,

IH NMR spectral monitoring of the reactivity involved.

It is interesting to note that the triphenylphosphine derivatives
of complexeslZ do not undergo such processes on the same
time scale. As expected from Scheme 3, t#@ NMR of a
solution of 1Bzl with a 4-fold excess of PRidoes not show
the presence of any insertion produszl, as indicated by the
lack of a signal at 18.7 ppm, corresponding to the opening of

the latter being that indicated in Scheme 3 (see the Experimentalthe insertion product (see Seven-Membered Ring Opening).

Section). Thamerfacisomerization process is found to be slow

Furthermore, after 4 days at room temperature ortt@% of

enough at room temperature to make the two complexesthe initial 1Bzl complex evolved, via reductive elimination, to

distinguishable by NMR spectroscoff}2® The facile intercon-

trans[PtBrPh(PPk),], as indicated by it$P NMR signal at

version of the pentacoordinated species formed on sulfide 22.8 ppm withJpp = 3129 Hz. Probably the dramatic differ-

decoordination2Z, can be held responsible for the isomerization

ences between the thioether and phosphine ligands account for

proces$* Theoretical calculations (see Calculations) indicate this fact. Not only is the better donor character of the phosphine

that the energy demand of the transition state ofnties (Ph/
PhO) = fac (Ph/Ph@J) interconversion process between pen-
tacoordinated specie®Z, is low. The free energy value in the
gas phase is only 8.72 kJ mélfor the merto fac and 6.09 kJ
mol~! for the fac to merreactions for the2Me complex, thus
favoring by 2.63 kJ moi! the merisomeric form. In view of

ligand bound to disfavor any reductive elimination process from
the metal center but also the bulkiness of the ligand induces a
more rigid orientation of the phenyl groups, thus disfavoring
the highly sterically demanding reductive elimination reac-
tion.

Seven-Membered Ring Opening.Decyclometalation of

the existence of these isomeric mixtures and the different complex5Bzl, via substitutive decoordination of the iminic

substitution labilities already observed for theer (Me/Me/
SMe) andfac (Me/Me/SMe) complexes? some experiments

nitrogen by SMg, does not occur on the isolated comptéx.
This lack of reactivity is surprising, given the important trans

on the insertion reaction were carried out in order to determine inductive effect on the iminic nitrogen in the final ligand
a possible isomeric discrimination for any of the reactions distribution on the crystallizedBzl complex. The lack of

indicated in Scheme 3. In all cases monitoring of tHENMR

planarity observed in these systems can account for this fact.

spectra during the process did not indicate such discrimination, Nevertheless, during all the insertion processes depicted in

themer(Ph/Ph/SMg) to fac (Ph/Ph/SMeg) isomeric ratio being

Scheme 3 and studied under moderate [gMeqconditions,

constant within experimental error during all the processes an extraZ-dependent platinum-coupled signal around 2.75

leading to the finabZ complexes.

Reductive Elimination Reaction. Some experiments run at
high [SMe]adgeqwere designed in order to prevent the formation

2.85 ppm appears in all cases (2.77 pPpy = 52 Hz forZ =
Bzl; 2.86 ppmJpiy = 52 Hz forZ = Me; 2.81 ppmJpy = 52
Hz for Z = CH,Mes). The position and coupling of the signal

of the expected pentacoordinated species occurring in solutioncorrespond to the existence ofrans[PtBr(C-substituted Ph)-

(Scheme 35921 The results indicated that the insertion reaction
from 1Z to 5Z complexes is not only considerably retarded but

also even totally avoided when high dimethyl sulfide concentra-

tions are used (cg200-500) x [Pt]). The same effect was

(SMey)] type of species® In order to establish the stability of
the formed seven-membered metallacycl&h the sulfide by
triphenyl phosphine substitution has been studied in full detail
for the 5Bzl compound. The process resulted in a rather

observed whenever the experiments were run at high platinumcomplicated sequence of changes in#NMR spectra. The
complex concentration, which has the effect of increasing the SPeculative series of isomerization reactions involved are

presence of non-sulfide dissociated complex in the reaction
medium. The!H NMR monitoring of the aforementioned
experiments shows a dominant signal at 2.35 ppsm & 59
Hz), corresponding to the SMdigand in trans[PtBr(Ph)-
(SMe)] (7), while the NGH and NCH;, proton signals showed

depicted in Scheme 4; these are in fact consistent with
the structure found for complexes with bulkier DMSO and
PPh ligands in seven-membered metallacycle Pt(IV) com-
plexes?>37

When an stoichiometric amount of PPz added to the

also the presence of important amounts of free diphenylimine COMplex5Bzl, a set of two®P NMR signals at 16.5 ppnie

(8.36 and 4.72 ppm foPhBzl; see the Experimental Section).
The formation of7 and free diphenylimine$2hZ, has to occur

= 1832 Hz) and at 15.5 ppnigpr = 1888 Hz) appear in the
first spectrum recorded. The signals should thus correspond to

via a reductive elimination process of the cyclometalated ligand @ coupled isomerization/substitution of the dimethyl sulfide
and of one of the coordinated phenyl groups on hexacoordinatedsubstitution product, as evaluated from the position and platinum

1Z, to produce the tetracoordinatéd complexes (Scheme 3).
The process is, in fact, fairly similar to that described for similar
spP—sp? reductive coupling in intermediate Pt(IV) complexes
detected for some tetraphenylene-generating reactiofise
already established preferential coordination of $Mesus the
bulky PhZ biphenylimines on the Pt(ll) complex (see above),
plus the stoichiometric excess of SMa the reaction medium,

(32) Romeo, R.; Plutino, M. R.; Scolaro, L. M.; Stoccoro, S.; Minghetti,
G. Inorg. Chem.200Q 39, 4749-4755.

(33) Alibrandi, G.; Bruno, G.; Lanza, S.; Minniti, D.; Romeo, R.; Tobe,
M. L. Inorg. Chem.1987, 26, 185-190.

(34) Wilkins, R. G.Kinetics and Mechanisms of Reactions of Transition
Metal ComplexesVCH: Weinheim, Germany, 1991.

(35) Edelbach, B. L.; Lachicotte, R. J.; Jones, WJDAm. Chem. Soc.
1998 120, 2843-2853.

coupling of the signal, which indicates a cis (N/P) geometrical
distribution38 During a period of 36-:60 min at room temper-
ature the intensity of the signal at 16.5 ppm diminishes in favor
of that at 15.5 ppm, already reported in the synthetic procedure
published®* The two complexes must have the same basic
geometrical arrangement, given the extremely similar magnetic
environments of the phosphine. Probably the rigidity of the
cyclometalated ring and the bulkiness of the phosphine ligand
force the separation of the two possible ring-based isomers, not

(36) Hadj-Bagheri, M.; Puddephatt, R. Bolyhedron1988 7, 2695-
2702.

(37) CapapgA.; Crespo, M.; Granell, J.; Vizcarro, A.; Zafrilla, J.; Font-
Bard, M.; Solans, XChem. Commur2006 4128-4130.

(38) Crespo, M.; Solans, X.; Font-BaagdiM. J. Organomet. Chen1996
105-113.
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Scheme 4

p: 5=16.5 ppm #p: 5=15.5 ppm
Jop = 1832 Hz e = 1888 Hz

P §=12.7 ppm #p: 5=18.7ppm
Yo =4319 Hz dhe = 3156 H2.

observed in the SMestarting material due to a fluxional not observed by SMein 5Bzl. Although this substitution on
conformation movement. In this respect, the hindered rotation the final isolatedbBz! is not observed in the presence of large
or sulfur inversion of the SMeplane in5Bzl results in a very amounts of SMg the intermediate derivatives mentioned above
wide 'H NMR signal at room temperature (Figure Sijyhich could be tentatively held responsible for the opening of the
prevents a more complete study on other possible fluxional chelate ring via a PtN bond cleavage by SMén any of them.
processes taking place simultaneously. During a period of daysThe signal appearing at c&.75-2.85 ppm can thus be
at room temperature the signal at 15.5 ppm disappears and &ssociated with the presence of the putative spéias[PtBr-
new signal at 12.7 ppmlgp = 4319 Hz) becomes dominant;  (2.(CCsH,)-2-CsH,CHNZ)(SMe)), formed from some transient
the high value of the coupling constant agrees with a trans (N/ jsomer of5BzI produced on SMeassociation to the tricoordi-
P) disposition in the complex and the transphobia coréet! nated intermediatelZ, in Scheme 3.

If an excess of phc_)sphine is added to the same reaction mixture, Kinetics and Mechanism. (a) Insertion ProcessWhen the
another intense signal at 18.7 ppdak = 3156 Hz) appears. monitoring of the insertion reaction from compouridsto 5Z

This signal is associated with a decyclometalateths-bis- - : ) . . . :
(phosphine) organometallic complex, from comparison with the (£ = Bzl, Me) is carried out at different increasing platinum or
spectrum oftrans[PtBr(Ph)(PPB)2] (22.7 ppm (pe = 3129 added dimethyl sulfide concentrations, an important retardation

Hz)), obtained from the reaction of PPith trans[PtBr(Ph)- effect is observed, as already reportédrigure 1a is a clear
(SMe)] (7). indication of this behavior; from the inverse plots in Figure 1b
To summarize, the rigidity of the cyclometalated ring and it is obvious that the limiting values dfons at low dimethyl
the bulkiness of the PRtigand enable the NMR observation sulfide or platinum complex concentrations are the same within
of the movement between two cycle-based isomeric forms of error, which indicates that the rate acceleration due to the
the diphenylphosphine derivative BzIl. These evolve finally ~ decrease of both concentrations has the same basis. P#tallel
to the stable cyclometalated complex with the same trans (Br/ NMR monitoring of the processes observed indicated that the
C) configuration a$Bzl. The good Lewis base characteristics UV —vis quantified reaction corresponds to the stoichiometric
of the PPh ligand enable a PRIdecyclometalation process, processes indicated in the previous sections.
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Figure 1. (a, left) Plot of the dependence of the observed rate constant for the insertion reaction for comigrindgroduce5Bz| on
the concentration of@) platinum complex ([SMgagdea= 0) or (O) added SMeg ([Pt] = 2.0 x 107+ M). (b) Inverse plot of the same
dependence. Conditions: acetone solution, 313 K.
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. ) Figure 3. Solvent dependence of the thermal activation parameters
Figure 2. Plot of the dependence ofkléson [SMej] accordingto - fo; the insertion reaction depicted in Scheme 3 occurring on
eq 1 for the insertion reaction of compouhiiz| in acetone solution compound1Bzl: (M) acetone solution:&) chloroform solution.
at different temperatures and platinum complex concentratiaks: (

— 4\ - — 4
[P =1.25x 107 M; (®) [P{] = 2.50 x 107 M). calculated values fdf, for the 1Bzl complex derived from the

Table 1. Kinetic and Thermal and Baric Activation slope/intercept ratio are in the (6:6.4) x 103 M range for

Parameters for the Rate Constants Indicated in Scheme 3 the systems studied, which, together with the values;pf

represent a good indication of the fast preequilibrium nature of

z | pam | Solvemt | At Ast ATH(T) the SMe dissociation. No further discussion can be carried out,

/s /kJ mol”' /J K" mol™! /em® mol™'(K) . . . . . .
given the high errors involved in the determination.

Bel | K| Accone | 0218 | 6023 | S8eI® | Notmeasured The platinum concentration dependencekgf (Figure 1a)

Bzl | Ky | Acetone | 7.4x107 | 116510 | 6432 -~ 0318) also indicates that, as expected, only at relatively high concen-
Ky | Chloroform | 3.0x10% | 9147 9424 ~ 0(308) trations of platinum complex does the amount of free dimethyl
ky | Acetone | 22x107 | 11121 734 12.0£0.5(290) sulfide not increase significantly on decreasing the complex
k., | chiororm | 36x107 | 96s3 20510 | 12.8:0.60288) concentration. The good empirical agreement of the values of

Mo K aceone | 8.9x10% | 1043 p5i1o - 0609) ko'bs at platinum concent'ratlons of about—3) x 1074 M,

" ‘ without SMe added, with the values determined for the
kns | Chloroform | 7.8x105 | 100+4 10£12 ~ 0(313) reciprocal of the intercept in thekLbsversus [SMg] plots (see
ke | Chioroform | 7.3x10* |  94+3 1249 9.5+1.1(288) Figure S2 and Table S1, Supporting Information) enabled us

to reduce the amount of kinetic experiment runs. From the
temperature and pressure dependence of the valugsofhe
h thermal and baric activation parameters associated with the

In this respect, Figure 2 clearly shows that the choice of hig ) .
platinum complex concentrations is not needed to evaluate the!nsertlon rate constant were determined and are also collected

limiting value forkops provided [SMe]aqdedis kept high enough. mk'!'ablel 1. Thg P\]/zlallules agree Wif[h a highly eqthalpic procehss
Our previous knowledge about substitution reactions on these '@KIng place, with littie compression or expansion to go to the

types of complexes allowed us to relate this behavior with the transition state, despite the definite positive (deor_ganization)
establishment of a relatively fast dimethyl sulfide dissociation v2!ue found forAS’ for some of the systems. The differences

prequilibrium proces#2° The dissociation rate constants)( indicated in ijle lDrefI.a'ged (ﬁfthe solvent ussd, altr(ljoa%h not
as well as their thermal activation parameters, have already beeﬁarge’ are evident. Definite differences are observe en

established for the complebBzl and are collected in Table 1. changes from Bzl to Me (Figure 3 collects graphically some of
According to the reaction mechanism proposed in Scheme 3’these observations). The trend is the same as that observed for

eq 1 gives the rate law expected. For the insertion processpreViOUS|y studied substitution reactions on these complexes and
' is related to the higher tendency of the benzylic protons to
promote hydrogen bonding with acetoffeln this way an

aFrom ref 24.

high [SMe,] Kobs = Kred ! h : PE - g o
K, k oog [SMe] increase in dissociation is produced on going to the transition
Kobs = + state, where the platinum center has a less acidic character.
K1 + [SMeg] K1 + [SMeg] o i
\ The mechanism involved in the process could go through a
low [SMesTS Tkppe = —ome2l 4 gy fully concerted transition state, such as that indicated in Chart
K1 Fine 2a, or via the intermediate formation of an hydride complex

1 3Z, indicated in Chart 2b, resembling that proposed in the
literature as oxidative hydrogen (phenyl, in our case) migréfion.
occurring at low [SMel, the equation is further simplified, as  This hydride complex should rapidly (in a non-rate-determining
indicated. The values dfis derived from the plots of ks step) undergo a reductive elimination of benzene to produce
versus [SMg] (Figure 2) are also collected in Table 1. The the final5Z complex, after association with SMeé he entropy
requirements involving the fully concerted transition state

(39) Cuevas, J. V.; GamiHerbosa, G.; Miguel, D.; Mioz, A. Inorg.
Chem. Commur2002 5, 340-343.

(40) Vicente, J.; Abad, J. A.; Frankland, A.; Raem de Arellano, M. (41) Oxgaard, J.; Muller, R. P.; Goddard, W. A.; Periana, RJAAm.
C. Chem. Eur. J1999 5, 3066-3074. Chem. Soc2004 126, 352—-363.
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Chart 2 An alternative mechanism could involve the direct reductive
elimination of benzene from one of the phenyl ligands and a
proton from the other, producing a benzyne liganti inter-
mediate. Evolution of this complex by insertion of the alkyne
into the cyclometalated P{C bond is plausible. Nevertheless,
the observation of the hydride complex stated before leads us
to believe that the existence of the putative benzyne derivative
is not probable.
(b) Reductive Elimination Process.The reproducibility of
the absorbance versus time traces for the insertion process is
very good, but when the added dimethyl sulfide concentration
increases considerably, the kinetic profiles show a more complex
SN=— ./ behavior, with an important induction period and much smaller
@ 0 absorbance changes. When [SMiacreases further, the ab-
sorbance changes completely invert from those previously
observed (Figure 4). Even in some cases, as expected from eq
1, composite diphasic absorbance versus time traces are obtained
in experiments run at intermediate [SHlewhich were conse-
c @:f‘;{ quently avoided for rate measuring. Room-temperatdidMR
| Nz monitoring of the changes occurring at these high $Me
SMe; concentrations indicated that no insertion process is taking place.
Instead, the appearance of compouhid taking place via the
indicated in Chart 2a needing to be highly negaffae known reductive elimination plus substitution process indicated in
stability of Pt(IV)—H bonds? and the coordinatively unsaturated Scheme 3 (Figure S1b). The valueskgf;determined for these
nature of the2Z species prompted us to believe that the process processes, collected in Table S1, clearly indicated that the rate
involves the two-step process mentioned alfBvé. as found of the process is independent of the concentration of added
for other system&’43the enthalpy requirement for the formation  dimethyl sulfide at the studied platinum complex concentrations.
of the Pt-H bond is much lower than that needed for the R This agrees with the reaction mechanism proposed in Scheme
reductive elimination, the platinum hydride should exist for a 3 and the very simple rate lalyeq = kobs Obtained from eq 1
longer period of time at very low temperatures, despite any at high [SMe]. The reductive elimination rate constants and
thermodynamic requirement. Effectively, the cooling of a 1 the corresponding thermal and baric activation parameters
1074 M sample of1Bzl in acetone solution at70 °C gave a derived from their temperature and pressure dependence are also
signal at—29.6 ppm in a 300 MHz NMR spectrometer that collected in Table 1. The process involves both an important
was tentatively assigned to compl&Z, in good agreement with  expansion (positiveAV¥) and enthalpic demand to go to the
the position of the signals observed for Pt\H compoundg? transition state, whilASF values are small and positive; similar
195t satellites could not be observed, given the extremely low results have been obtained for other reductive elimination
concentration of the hydride (it represents only a small fraction processe$?17:1847The solvent dependence for this process has
of the complex, the concentration of which is at thex 3.0~ only been checked for the = Bzl system. The effect, if existent
M level) and the CSA relaxation expected for compounds (Figure S4, Supporting Information), is much smaller than that
containing P+H bonds?>46 The thermodynamic requirements  observed for the insertion processes and only affects activation
of the system are made clear by the fact that the signal is lostentropies, which indicates a certain involvement of the acetone
after longer periods of time, even at low temperature. solvent in the process. The large errors involved make any deep
The volumes and entropies of activation are expected to havediscussion meaningless. Although these observations are in good
both positive and negative contributions, indicating that the agreement with a transition state such as that indicated in Chart
slightly positive AS) or zero values AV¥) observed are 2c, the reductive elimination of the diphenylimine from the
reasonable. In this respect, the transition state leading to thehydride complex3Z, indicated in Chart 2b, is a plausible
formation of the putative hydride intermediate, indicated in Chart alternative for the process. The second possibility can, neverthe-
2b, should also produce an important differential charge less, be disregarded in view of the phenomenology of the,SMe
generation responsible for the differences observed whendependence of the processes; in the absence of added dimethyl
chloroform and acetone are used as solvents. Those are mainlgulfide the reductive elimination process should also be ob-
related to activation entropies and are more important for the served, and this is not the case.
complexes with the bulkier benzyl-substituted iminic ligand. Calculations. The complexes involved in the reactions
Nevertheless, the uniformity of the mechanism involved is clear indicated in Scheme 3, shown in Figure 5, have been calculated
from the AH* versusAS' compensation plot, which produces at the B3LYP/LANL2DZ theoretical level fof = Me. Table
an isokinetic temperature of c@0 °C (Figure S3, Supporting  S2 collects the energetic parameters obtained in the gas phase,

Information). and Cartesian coordinates of the optimized structures are
reported in Table S3 (Supporting Information). Given the solvent

talIggsz)l’g'gg'iizégﬂé?zfﬂsuégv G.; Panyella, D.; Rocamora, Kdrganome- effect observed in some of the processes studied, we have also
(43) Wik, B. J.; Lersch, M.. Krivokapic, A.; Tilset, MJ. Am. Chem. conducted smgl_e-pomt calculations on the ga_s-phase opt_lmlzed
Soc.2006 128 2682-2896. structures obtained, by means of the polarizable continuum
12%2\{\/;!;,178. J.; Lersch, M.; Tilset, MJ. Am. Chem. SoQ002 124, model methodology, using chloroform and acetone as solvents.

(45) Claridge, T. D. W High-resolution NMR Techniques in Organic We have not considered direct bonding of discrete solvent

Chemistry Pergamon: Oxford, U.K., 1999.
(46) Ismail, I. M.; Kerrison, S. J. S.; Sadler, P.Rblyhedron1982 1, (47) Stahl, S. S.; Labinger, J. A.; Bercaw, JJEAm. Chem. So4996
57-59. 118 5961-5976.
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Figure 4. UV —vis spectral changes observed at 370 nm of an acetone solution of compBaingdith [SMe;]agsea= 0 M (left, 303 K)
or [SM&]addea= 2.25 x 1072 M (right, 293 K).

5Me

6Me
Figure 5. Theoretically calculated structures for the complexes involved in Scheme 3 and Figure 6 (see Table 2).

Table 2. Total Free Energies G) and Relative Free
Energies (AG) in the Gas Phase in Chloroform and in
Acetone for the Indicated Structures

4Me

7 PhMe

extra stabilization of the species and changes between sol-
vents?#849

From these results, it is concluded that the theoretically

AGP/  GC/hartree AGYkJ GYhartree AGYkJ . . .
kJmol® (particle)® molt (particle)® mol-1 calculated energetic parameters favor the insertion protis (

1Me + SMe, 0 113978 0 —113979 0 — 2Me — 3Me — 4Me — 5Me; Scheme 3, Figure 6), given
2Me + 2 SMe, —12.17 —1139.76  52.94 —1139.77  47.48 the fact that the seven-membered metallacyclic comp&itel
imei g §MQ+ on 1—291-3511 —ﬁgg-;; 31349141 _ﬁgg'é‘f 4156-7%5 is the most stable. Hence, under thermodynamically controlled

€ © o — . - . —33. - . —45. - . . . . 7
5Me + SMe + Celg . —134.60 —1139.82 —92.52 —1139.83 —99.57 conditions, its formation its predicted to predominate. The
6Me + SMe, —88.85 —1139.80 —63.05 —1139.82 —64.35 reductive elimination process yielding the mixture of products
g’aMeejng *‘;g% *ﬁgg-;g *iggé *ﬂgg-gg *gg-gg PhMe and7 (1Me — 6Me — PhMe + 7; Scheme 3, Figure 6)

€ & —75.78 — 79 —13.85 — .80 —24. ; ; i i
TS2-8+ 2 SMe 5455 —113974 11455-1130.75 10883  Will be less favored, aéMe is predicted to have a higher
2Megac + 2 SMe 0 -1139.76 0 —1139.77 O stability than the final imine dissociated product. Experimentally,
TSZac—2mer + 2 SMe 6.09 —1139.76 2.04 —1139.77 2.67 though, PhBzl does not react with compound as indicated
2Meper + 2 SMe —-2.63 —1139.76 —4.99 —1139.78 -5.26

before, and compleXis the species detected in the final reaction

a Extra molecules of SMean/or GHg have been added to all structures, Mixture. The need for an associatively activated substitution
except for the seventh entry, in order to properly compare the energies of process to take place in such complexes with only one metal
all entries.> Gas phases Chloroform.d Acetone.¢8Me is the species carbon bon@? and the bulkiness of the iminic ligands can be
resulting from SMe elimination from6Me (see Figure 6). . . o .

easily held responsible for tte+ PhMe lack of reactivity via

a prohibitively high energetic transition state for the formation
molecules to a Pt orbital; the theoretical level used and the of such a complex. Nevertheless, if the calculations are correct,
system size prevents such calculations to be made in a
reasonable time. The results are reported in Table 2, where N0 (48) Aullon, G.; Bemhardt, P. V.; Bozogla F.; Font-Barta, M.:
meaningful differences due to the solvent are detected. Only Macpherson, B. P.; Mdrtez, M.; Rodriguez, C.; Solans, ¥org. Chem.
the consideration of possible hydrogen bonding including 2006 45, 85518562,

k ; ] (49) Reichardt, CSobents and Seknt Effects in Organic Chemistry
discrete solvent molecules in the system is bound to produceWwiley-VCH: Weinheim, Germany, 2003.
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Figure 6. Energetic pathways (green) for the insertion/reductive elimination processes from cdrivjgeén acetone solution. Full points
indicate species either kinetically or spectrometrically detected, and empty points refer to calculated-only species. The red line represents
the standard path expected for the reductive elimination processes on organometallic Pt(IV) complexes.

complex 6Me should be the end point of the reductive 8Me, and final reductive elimination of benzene to géiele,
elimination sequence. after final SMe addition). Complexe$Z are not available
This disagreement between the theoretical results and thesynthetically from the reaction of and PhZ, and seven-
experimental observations can be attributed to the weakness oimembered-ring cyclometalation from the transié#@t cannot
the Pt-S bond compared with the PN bond, as described by  be ruled out if substitution of imine by sulfide competesin
the calculations using the doubtepseudo-orbital basis set complexes with G-H oxidative addition. However, these types
LanL2DZ. On going from {Me + SMe)) to (2Me + 2 SMe), of processes have been shown not to take place experimentally;
only a small increase of 55.44 kJ méiin the potential energy  instead, the preferential obtention of five-membered metalla-
in the gas phase is obtained, corresponding to theSRiond cycles occurs (Chart 1).
breaking in1Me (Table S2). This demand is largely compen- A simpler alternative path corresponds to a one-step process
sated by the entropic factor that favors the proces6 & involving benzene elimination coupled with seven-membered-
—12.17 kJ mot?l); in solution this term is less important and ring metalation on the hexacoordinat®e complex, with a
the enthalpy dominates th&G values in chloroform+52.94 transition state similar to that indicated in Chart 2a, giviide.
kJ molt) and acetone+47.48 kJ mot?) solutions. Further- The transition structure (TS1-5) for this path should account
more, although the calculated-P$ bond distance ibMe is for two coupled P+C2a¥ bonds being broken, with a concomi-
2.44 A, much larger than the experimental value of 2.25 A tant H migration from a phenyl ligand, that will form part of
determined* and close to the values found for similar Pt(IV) the final PhMe, to the other phenyl ligand that leaves the
systemg%212%he calculated PN distance is 2.03 A, very close  complex as benzene. A reduction from six- to four-coordination
to the value found in its crystal structure (2.04xonfirming of the platinum center occurs simultaneously with this Pt(IV)
the aforementioned fact. As a whole, these discrepancies couldto Pt(ll) reduction. The complex fine tuning demanded for this
be easily related to the-acid character of the S atom and seem TS to take place can preclude its formation, and all attempts

to indicate that the Pt(ll) complexégMe and 6Me could be made to locate such a delicate TS have been unsuccessful.
considerably more stable than the calculations carried out. TheFurthermore, the stoichiometric [SMgydsed dependence ob-
effect ought to be even more important for complgxgiven served for the overall process and the NMR detectioBR¥#l

the fact that two Pt(IB-S bonds are present in this compound. agree with the nonviability of this process (see above).

The consequence is that the energy of compléids, 6Me, As for the reductive elimination process, the formation of

and? indicated in Figure 6 represent a high limit and that the 6Me from 1Me occurs through TS16 that should describe the
relative values o6Me and7 could be reversed, as observed in cleavage of two P+C2a¥ bonds, the formation of a newr@—
the experimental results. Cay! pond, plus the reduction from 6 to 4 in the coordination
With reference to the insertion process, frabMe the sphere of platinum. However, this transition state is much
formation of2Me is not the thermodynamically preferred path, simpler than the one described in the preceding paragraph and
which could make the insertion process difficult in an important we have not been able to locate it. The equivalent TS involving
way. From1Me, the formation of6Me is thermodynamically the SMe-dissociated derivative@Me to 8Me (TS2-8, Figure
more favorable. From this complex, compoubhllle can be S5 and Table 2), has been localized instead, as found for the
achieved directly via €H bond activation to produce a seven- majority of reductive elimination processes studied on Pt(IV)
membered-ring Pt(IV) hydride octahedral intermediate followed complexes? From this perspective, it is conceivable that the
by benzene elimination (or via its SMdecoordinated analogue, processLlMe — 6Me corresponds, in fact, to HMe — 2Me —
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formation from two freely rotating metalated phenyl rings is
detected in the reaction medium; the rigidity of the cyclometa-
lated ring is clearly responsible for this entropic fact. Although
DFT calculations pose a reasonable free energy barrier.of ca
110 kJ mot? for the standard reductive elimination from
pentacoordinatedZ (middle step in thdZ — 2Z — 872 — 6Z
sequence in Figure 6) only that occurring frdrid has been
observed 1Z — 6Z sequence). There must be a much more
favorable energetic balance promoting teé— 2Z — 3Z —
47 — 5Z insertion sequence (Figure 6) from comp2X that
is only available in the complexes studied.

In summary, results indicate that th& — 6Z reaction path
is available with the complexes used, probably due to entropic
factors, while the insertio2Z — 5Z reaction path directly
competes in these complexes with tBg — 6Z reductive
elimination path, observed in most of the literature reports.

Experimental Section
3 - Tszfac'zmer P
— Instruments. NMR spectra were recorded with a Varian XL-
\/4‘4 200, a Bruker 250 DRX, and a Varian Unity 300 Plus instrument.
Chemical shifts (in ppm) were measured relative to Sifite H
and to TMP for3P; the solvents used were acetortg) (or
chloroform @;). All spectra were obtained in the Unitat de RMN
d’Alt Camp de la Universitat de Barcelona at room temperature,
unless stated.
2wlefac Compounds. The noncyclometalated complexdPf(Me)(u-
Figure 7. Structures for themer (Ph/Phrl) = fac (Ph/Phi) SMey)} 2] and cis[Pt(Ph}(SMe;).] have been prepared according
interconversion process between e pentacoordinated species. 10 the published proceduré%:! their 'H NMR characterization
agreed with the values previously reported. The complars
8Me — 6Me path (Figure 6), followed byMe — PhMe + 7 [PtBr(Ph)(SMe).] has been prepared frotrans[Pt(Br),(SMe,);]
to the reductive elimination, competing wittMe — 2Me — according to the standard procedure involving reaction with LiPh.
3Me — 4Me — 5Me leading to the insertion process. The The values found for its proton NMR spectrum (2.35 ppm, =
stoichiometric and kinetic evidence indicated above do not agree59 Hz) are very similar to those indicatédor the analogoutans-
with this sequence; both processes are expected to be slowedPtCI(Ph)(SMe),] and agree with the expected for its formulation;
down, or even stopped, in with the presence of large amountstherefore, further characterization was not pursued.
of added SMg and this is not the case. The 2-BrGH,CHNZ imines used in this study have been
Finally, as indicated before, the transition state of rher prepared according to the standard aldehyde plus amine condensa-
(Ph/Phf]) = fac (Ph/Ph) interconversion process between tion reaction widely applieé For Z = Bzl the proton NMR
2Me pentacoordinated species, expected to be low in energy,spectrum agrees with that published, while o= Me andZ =
has been calculated. This transition structure (&S, Figure CH,Mes the new imines have proton NMR spectra that agree with
7, Table 2) and the results obtained agree, this time very well, the expected formulationd 3.59 [3H], 8.66 [1H] ppm forZ =
with the experimental trend showing theer isomer to be E;Aﬁ i‘?gg zﬂzlg Egek\:\]/zzzg-l[?ggH‘ngl-}l\EzB':I]lri;Se [IthéEka?;sf(%ezn
slightly more stable than that havingfac conformation. 2VTe S N 4
Conclusions.The disjunctive insertion/reductive elimination ~PréPared by the same procedure from 2Hg}CsH.COH and -

process indicated in Scheme 3 and in Figure 6 has been proved\lBZk 0 4.72 [2H], 8.36 [1H] ppm.
from a kinetic, thermodynamic, and stoichiometric study. The The cyclomstakl)lated.Sopnplexgggl, 1M?*tﬁ”dérCE'2Mcjes ?‘"’;‘r’]e
reactivity observed is surprising in view of the generally grergspfnpcﬁ:le z-é/rgc;(lcaHkllg i?ninlef?o(t)heci;Pt(Plr?)?(Sl\a )]e
accepted fact that pentacoordinate complexes are needed fof P 2124 2% S ; )2l
reductive elimination reactions on organometallic Pt(IV) com- complex:t* =5 Their H NMR spectra agree with the formulation

; = . expected (Table S4); in all cases the proton NMR spectra of the
pounds. The only reductive elimination processes studied so

) complexes indicated the coexistencawr (Ph/Ph/SMg) andfac
far occurring on fully octahedral Pt(IV) complexes correspond (Ph/Ph/SMe) isomeric forms of the compounds in the reaction

to C—H and H-H couplings. Some $p-si? reductive elimina-  1yiyt,re2029 No elemental analyses were carried out on these
tion systems have also been seen to react directly from complexes, given their high reactivity to produce immediate parallel
octahedral complexes; nevertheless, the lack of labile ligandsinsertion and reductive elimination reactions, which prevented the
in the coordination sphere of the Pt(IV) center and the laterality existence of a 100% pure sample of the dimethyl sulfide derivatives.
of the study do not allow for comparison with ours. Our systems Nevertheless, the substituted triphenylphosphine derivatit@pif
undergo G-C reductive coupling from the hexacoordinate has already been described and its X-ray crystal structure deter-
compoundd Z, while the parallel insertion reaction takes place mined2*

from the pentacoordinate intermediateg. It is clear that
important differences in reaction mechanisms can be induced (50 Scott, J. D.; Puddephatt, R. Organometallics1983 2, 1643-
from changes in steric and electronic tuning of the metal center. 1648.

; i ; (51) Rashidi, M.; Fakhroeian, Z.; Puddephatt, Rl. Drganomet. Chem.
For the reactions studied, the-C coupling observed always 1091, 406, 261267

takes place between a freely rotating phenyl group and a very ™ 53y Ganez, M.: Granell, J.; Maftiez, M.Inorg. Chem. Commui2002
rigid phenyl ring of a cyclometalated imine. No diphenyl 5, 67-70.
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The seven-membered cyclometalated inserted confiBekhas basis set LanL2DZ, in which Pt, S, and P atoms are represented
already been fully characterized and descri¥féthe corresponding by the relativistic core LanL2 potential of Los Alamt@/syas used.
5Me and 5CH;Mes complexes have been prepared by the same Solvent effects were taken into account by means of polarized
method, and theitH NMR spectra (Table S4) show the distinctive  continuum model calculatioP®® using standard options. The
resonance of the N€ proton around 8 ppm with a very lardew energies of solvation were computed in chloroform~4.9) and
value of about 120 Hz. No further characterization was pursued, acetone { = 20.7) at the geometries optimized in the gas phase.
given the simultaneous presence in the reaction medium of the free

PhZ imine, trans[PtBr(Ph)(SMej], and the putativérans[PtBr- Acknowledgment. We acknowledge financial support of the
(2-(CCsH,)2-CeH,CHNZ)(SMe)] complexes (see Results and  cTQ2006-14909-C02-02/BQU and BQU2003-04168-C03-03
Discussion). . projects from the Ministerio de Educéaiy Ciencia and the
Kinetics. The reactions were followed for thEBz| and 1Me FundacioBancaixa-UJI (project P1-1B2005-15). We also thank
complexes by UV-vis spectroscopy in the 56830 nm range,  the Sepei d'Informitica and the Departament de Cicies

where none of the solvents absorb. Atmospheric pressure runs wergzy herimentalof the Universitat Jaume | for computer facilities.
recorded on an HP8452A or Cary50 instrument equipped with a

thermostated multicell transport. Observed rate constants were S tina Inf tion Available: Table S1. aiving th
derived from absorbance versus time traces at the wavelengths b upp%r 'n? n orrtna |tonf \t/t?l a e.t a ted' d' glvmfg f ¢
where a maximum increase and/or decrease of absorbance wa§ oS¢ Ved rate constants for the systems studied as a tunction o

observed. For runs at variable pressure, a previously described>2tng mzi1|_teglal, gzwbeqopcentratlop, solvlenlt, ttedmptertahturzszir\](dpl
pressurizing system and pillbox cell was usédhe system was pressure, labe » giving energies calculated at the

connected to a J&M TIDAS spectrophotometer, which was used LANL2DZ level in the gas phase for the compounds studied, Table

for the absorbance measurements. No dependence of the values 9 3 giving Cgrtesian qoordinates for all the opt.injized structures of
the observed rate constants on the selected wavelengths Wa% € species involved in this work, Table_S4, givilty NM.R data
detected, as expected for reactions where a good retention of or all 9f th_e new comp_lexes prepared, Figure 51, showing changes
isosbestic points is observed. The general kinetic technique is thatoccurmng in . SM@SlgnaI zone of théH NMR specira for the
previously describefi202¢When SMe was added to the reaction ~ caction 0f1Bzl, Figure S2, giving a plot of the dependence of
mixture, pseudo-first-order conditions were maintained; but in some 1/;(0'35.0 n [Sa'\AA?_]'jOf thegssfrtmn reactlctJ_n of (l:otmlgourlﬁéld,f Flg;]]ure_
cases (see Results and Discussion) no dimethyl sulfide was added; ™ gving versu compensation piot, Figure >4, Snowing

to the reaction mixture. The platinum complex concentration was he SO'Ver!t dePeF‘deF‘CE of the_ thermal activation parameters for
maintained at a minimum of 2.6 104 M (unless stated) to avoid the reductive elimination occurring on compoutizl, and Figure

undesired decomposition reactions and platinum complex rate S5, showing the theoretically calculated structure for the complex

dependence, both caused by the preequilibrium dissociative reactions'vIe and for TS2-8. This material is available free of charge via

describedt! Table S1 collects all the obtaindgys values for all the Internet at http://pubs.acs.org.

the systems studied as a function of the starting complex, processoM060818E

studied, platinum and dimethyl sulfide concentrations, solvent,

pressure, and temperature. All post-run fittings were carried out  (54) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

by the standard available commercial programs. (55) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
Calculations. The theoretical study has been conducted with the  (56) Frisch, M. J.; et alGaussian03 Revision C.02; Gaussian Inc.,

i i i 55 ; . Wallingford, CT, 2004.
Becke hybrid density functional (B3LYP)® method as imple (57 Hay. P. J. Wadt, W. Rl. Chem. Phys1985 82, 270-273.

mented in the Gaussian03 progréfithe doubles pseudo-orbital (58) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094.
(59) Amovilla, C.; Barone, V.; Cammi, R.; CargeE.; Cossi, M,;
(53) Ganez, M.; Granell, J.; Mamez, M. Organometallics1997, 16, Mennucci, B.; Pomelli, C. S.; Tomasi, Adv. Quantum Cheml998 32,

2539-2546. 227—-261.



