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Cationic complexes of the type fac-[(Lo)PtVMes(pyr-X)][OTf] (pyr-X = 4-substituted pyridines; L, = diphosphine,
viz., dppe = his(diphenylphosphino)ethane and dppbz = o¢-bis(diphenylphosphino)benzene; OTf = trifluoromethane-
sulfonate) undergo C—C reductive elimination reactions to form [L,Pt'"Me(pyr-X)][OTf] and ethane. Detailed studies
indicate that these reactions proceed by a two-step pathway, viz., initial reversible dissociation of the pyridine
ligand from the cationic complex to generate a five-coordinate Pt intermediate, followed by irreversible concerted
C—C bond formation. The reaction is inhibited by pyridine. The highly positive values for AS*y,s = +180 + 30 J
K= mol~%, AH s = 160 + 10 kJ mol~%, and AV¥ys = +16 = 1 cm® mol~! can be accounted for in terms of
significant bond cleavage and/or partial reduction from PtV to Pt in going from the ground to the transition state.
These cationic complexes have provided the first opportunity to carry out detailed studies of C—C reductive elimination
from cationic PtV complexes in a variety of solvents. The absence of a significant solvent effect for this reaction
provides strong evidence that the C—C reductive coupling occurs from an unsaturated five-coordinate Pt intermediate
rather than from a six-coordinate PtV solvento species.

Introduction of a ligand occurred prior to the actual reductive coupling.
Platinum(IV) complexes of the typgac-[(L,)PtMe;X], X The complexefac[(L,)PtMeX], where L is a monodentate
= halide, carboxylate, aryloxide; L= a monodentate neutral ligand ad X a halide or alkyl group, dissociate ligand
phosphine (PMgeh, PMePE) or L, = a bidentate diphos- L, and subsequent-&C reductive coupling is proposed to
phine (dppe= bis(diphenylphosphino)ethane, dppbo-bis- occur from the resultant five-coordinate intermediai&hen

(diphenylphosphino)benzene), undergo reductive elimination 12 S instead a bidentate phosphine ligand and X is an alkyl
reactions to form €C and/or C-heteroatom bonds. These 9"0up, evidence supports opening of the phosphine chelate

reactions have received significant attention, initially from © 9enerate age fanalogous five-coordinate species prior to
Puddephatt et &land more recently from Goldberg and co- C—C coupling=® For complexes wherelis a bidentate

workers? These groups performed a series of detailed kinetic "eutral bisphosphine ligand and X is I, OAc, or OAr,
studies and found that, for all-€C and G-X reductive competitive C-C and C-X reductive elimination is found

elimination reactions from Ptinvestigated, the mechanistic {0 Proceed via initial dissociation of X Both C~C and

evidence supported a reaction pathway in which dissociation C~X coupling reactions of the complexés (L 2)PtMesX]
(L, = bidentate phosphine, > I, OAc, OAr) are proposed
* To whom correspondence should be addressed. E-mail: vaneldik@ to proceed through the same five-coordinate intermediate as
chemie.uni-erlangen.de (R.v.E.), goldberg@chem.washington.edu (K.I.G.). h in Sch 3
T University of Erlanger-Nurnberg. shown in scheme 1.
* University of Washington.
§ Current address: Joint Science Department, Keck Science Center, (2) Examples for G-C (a—f), C—I (a and b), and €O (c and d): (a)

Claremont McKenna, Scripps, and Pitzer Colleges, 925 N. Mills Ave., Goldberg, K. I.; Yan, J.; Winter, E. LJ. Am. Chem. S0d.994 116,
Claremont, CA 91711. 1573. (b) Goldberg, K. I.; Yan, J.; Breitung, E. Nl. Am. Chem. Soc.
(1) (a) Brown, M. P.; Puddephatt, R. J.; Upton, C. EJEChem. Soc., 1995 117, 6889. (c) Williams, B. S.; Holland, A. W.; Goldberg, K.
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Elimination from Cationic Trimethylplatinum(lV) Complexes
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Consistent with this mechanism, rates of reductive elimi-
nation fromfac-[(L,)PtMeX] (L. = bidentate phosphine,
X =1, OAc, OAr) are increased by factors that enhance the
dissociation of the anionic X group from the six-coordinate
reactant. Thus, the incorporation of electron-withdrawing
groups into X, the addition of Lewis acids to the solution,

and the use of more polar solvents all increase the overall

reaction raté.Notably, these factors tend to enhance©
coupling more than €X coupling because they increase
the equilibrium constant for X anion dissociatida/k-; =
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whether a six-coordinate solvento species is on the reaction
pathway is addressed.

Experimental Section

General ProceduresAll transformations were carried out under
an Ar atmosphere using standard Schlenk techniques, under an Ar
atmosphere in a drybox, or under vacuum. Deuterated THF and
benzene were distilled under Ar from sodium/benzophenone ketyl.
Acetone was dried over Cag@nd stored over 4-A sieves-Bis-
(diphenylphosphino)benzene (dppbz) and bis(diphenylphosphino)-

K,) and at the same time decrease the effective rate constanéthane (dppe) were purchased from Aldrich and were used as

for nucleophilic attack of the dissociated Xanion on the
electrophilic PY-bound methyl carbon in the intermediate
complex k). Hence, variation of reaction conditions can
be effectively used to select for either-& or C—C coupled
products.

We have recently extended the study of reductive elimina-

tion reactions from these types of complexes to the cationic

speciesfac-{[(L 2)PtYMes(pyr-X)][OTf]}, L, = dppe and
dppbz, with pyridine (pyr) and its 4-substituted analogues
NCsHsX (pyr-X). In contrast to thefac-[(L 2)PtYMez(X)]
complexes previously studied{E bidentate phosphine and
X =1, OAc, OPh), these ionic complexes undergo reductive
elimination to form exclusively €C coupling products, viz.,
ethane and [kPt'Me(pyr-X)][OTf], in a variety of solvents.
Preequilibrium dissociation of the pyridine ligand from the
PtV complex is shown to be responsible for the inverse

provided. [PtMel] 4, fac-[(dppe)PtMel], and fac-[(dppbz)PtMel]*
were prepared by established literature procedu@aite was dried
for 3 days at 180C under vacuum.

NMR spectra were acquired on a Bruker Avance DRX 400WB
or DPX 300 spectrometeitd and3C NMR spectra were referenced
by using residual protiated solvent peaks, and chemical shifts are
reported in ppm relative to tetramethylsilaB® NMR spectra were
referenced to externaldRO, (0 ppm). For the high-pressure studies,
the DRX 400WB spectrometer was used together with a homemade
high-pressure probeThe high-pressure NMR tube was sealed with
a MACOR plug and an O-ring made of Viton. The plug and O-ring
were shown to be stable in the employed solvent. The spectra were
evaluated (Fourier transformed and integrated) using the WIN NMR
program package. Reactions were monitored by the disappearance
of the axial methyl group of the Ptstarting material relative to
ferrocene Ty = 50 s, pulses spaced 300 s apart).

In Situ Generation of fac-[(dppe)PtMes(pyr)][OTf] (1a o) for

dependence of the observed rate constant on the concentraKinetic Experiments. fac-[(dppe)PtMel] (311.2 mg, 0.407 mmol)

tion of added pyridine. Such behavior indicates that the
reductive elimination reaction involves either a five-
coordinate cationic intermediate or a weakly bound six-
coordinate solvento complex. In this contribution, we report

kinetic parameters under ambient and elevated pressure i

was suspended in chilled acetoiewith ferrocene used as the
internal standard (50 mL540 °C), and AgOTf (Aldrich, 121 mg,
0.470 mmol) was added slowly to the solution containing an
equivalent amount of pyridine and stirred vigorously. Because all
kinetic experiments were carried out with an excess of 20% AgOTHf,

Tontrol experiments were performed to show that the presence of

various solvents and discuss their mef:hanis'[ic impIiCatior,‘S'AgOTf does not affect the reaction rafe€ghe yellow-silver iodide
The selected complexes provide an important opportunity precipitate immediately became visible and was removed after ca.

to investigate G-C reductive elimination from cationic Pt
centers in a variety of solvents without competing lgt-

5 min by vacuum filtration through a fine-porosity filter (Spartan,

eroatom reductive elimination and so contribute to the further (4) This complex has been characterized crystallographically: see the

mechanistic understanding of the intimate mechanism of the

C—C coupling reaction. Of particular note, the question of

(3) In the case of X= I, Scheme 1 should containka term because the
reductive elimination of Mel fronfac-(dppe)PtMel was found to be
reversible.

Supporting Information.

(5) (a) Appleton, T. G.; Bennett, M. A.; Tomkins, B. Chem. Soc., Dalton
Trans.1976 439. (b) Clark, H. C.; Manzer, L..B. Organomet. Chem.
1973 59, 411.

(6) Zahl, A.; Neubrand, A.; Aygen, S.; van Eldik, Rev. Sci. Instrum
1994 65, 882.

(7) See the Supporting Information.
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30/0.2 RC). The solution was stored in liquid nitrogen when not Table 1. Crystal Structural Information for
being actively monitored. For a typical kinetic run, 1 mL of solution ~ [(dppe)PtMe(pyn)][OTHCsHs

was transferred under an Ar atmosphere to a Wilmad screw-cap  empirical formula GoH3sNP,PtSQF;
NMR tube equipped with a poly(tetrafluoroethylene) septum. A formula weight 914.82
measured amount of pyridine (Aldrich, 99.9%) was added using a  emperature 210K

. : . wavelength 0.70930 A
microliter syringe. The NMR tube was then heated to the required crystal system monodlinic
temperature, .and aﬁer the kinetic run, the mass balance was  gpace group P21/c
confirmed by integration of products against the internal ferrocene  unit cell dimensions a=13.0610(10) Ap. = 90°
standard. At low temperature, thid and3P{*H} NMR spectra of b= 15.616(3) A;3 = 100.303(10)
complexla, exhibit the pattern typical for a complex withfac- c=19.295(3) Ay = o0°

ith ¢ hviplati Vol., Z 3872.0(10) &, 4
[(L2)PtMQ:,(X)] arrangement with two set.s of methylplatinum density (calculated) 1.564 g/ém
resonances in a 1:2 ratio, @0.13 (t w/satellites?Jp = 66.6 Hz, absorption coefficient 3.8 mm
3Jpy = 7.7 Hz, P+CHg trans to pyridine) and 1.32 (t w/satellites, F(000) 1804
2)oyy = 55.4 Hz, 3Jpy = 6.6 Hz, Pt+CHs cis to pyridine), crystal size _ 0.38¢ 0.35x 0.05 mm
respectively? 6 range for data collection 2.6825.5
pectively: _ limiting indices —15:15; 0:18:—23:23

In Situ Preparation of fac-[(dppe)PtMes(p-NCsH4X)][OTf] reflections collected 5437

(1ay-4) for Kinetic Experiments. All of the pyridine complexes independent reflections 7208;n=0.097

fac-[(dppe)PtMg(p-NCsH,X)][OTf], X = NH; (1a), Me (la), Ph
(1ag), and CN (&), and fac-[(dppbz)PtMg(NCsHs)][OT1] (3a) data were collected on a Nonius CAD4 Mach3 diffractometer with
were prepared in a fashion analogous to that given for the graphite monochromated ModKradiation in thew/26 scan mode
preparation ofla, in situ above. NMR data for these complexes at room temperature (Table 1). The structure was solved by direct
are provided in Table S1 in the Supporting Information. After a methods using SIR-9and refined by full-matrix least-squares on
kinetic run, the product solution was layered with pentane and F2using SHELXL-97%° For further information, see Tables S3
cooled to—40°C. After a few days, crystals were collected, washed S11 in the Supporting Information.
with pentane, and dried under vacuum. NMR data for the product
complexes2a;—4 are provided in Table S2 in the Supporting
Information. Synthesis offac-[(L »)PtMes(pyr-X)][OTf] Complexes.
Thermolysis offac-(dppe)PtMesl in Pyridine- ds. An NMR tube  The platinum(IV) pyridine completa, was prepared by the
loaded withfac-(dppe)PtMel (4 mg, 0.005 mmol) was charged  reaction offac-[(dppe)PtMel] with AgOTf and pyridine in
with pyridine-ds (300 «L) and sealed on the vacuum line. Peaks acetoneds at low temperature. This complex undergoes a
due tofac(dppe)PtMe(NCsDs)]l were immediately apparent and facile reductive elimination reaction to produce ethane and

radually came to equilibrium with those féac-[(dppe)PtMal
?a ratio zf ca. 2:1).313{1H} NMR for fac—[dppeP[t(lvlg?Ng:st)]l! [(dppe)PtMe(pyn][OTf] @a) as the only products. The

0 17.2 (s w/satellites Jppp= 1124 Hz).'H NMR for [(dppe)PtMe-
(NCsDs)]l: 0.30 (t w/satellites 2Jpyy = 66.8 Hz,3Jpy = 7.9 Hz,
Pt—CHjs trans to pyridine), 1.42 (t w/satellitedJpyy = 55.2 Hz, /”///,,Pt‘\\\\\\\Me +AgOTf / -Agl
3Jpy = 6.6 Hz, Pt-CHj3 cis to pyridine). A second sample was /| \Me (CD3),CO, pyr
|

Results and Discussion

Me

prepared in the same fashion as described above and heated for 90
min at 79°C, after which time the NMR spectrum indicated that
the reaction had proceeded quantitatively to the dimethyl species

(dppe)PtMe. 31P{1H} NMR: 0 48.3 (s w/Pt satellitedJpp = 1805 Me i I
Hz).1H NMR: & 1.31 (t, w/Pt satelliteSIpy = 70.4,33py = 7.1, ////,,h \\\\\\\Me - . MeMe ’///,,, o e
PtCHs), 2.4 (m, P®,CH,P), 7.4 and 7.9 (both m, phenyl groups /Pt'\ orf —————— /Pt'\ oTt
on phosphine), antil-methylpyridinium iodide ¢ 4.70, identical Me Py

with the authentic sample generated from iodomethane and pyri- Py

dine). 1a 2a

Preparation of fac-[(dppe)PtMes(pyr)][OTf] (1a o). An NMR
tube was charged with [(dppe)PtMEe(50.2 mg, 0.066 mmol),

AgOTf (17 mg, 0.066 mmol), and pyridine (0.5 mL). Solids - . g
precipitated, and the material was filtered through glass wool. NMR prepared in the same mannerl by the reaction ofac

spectroscopy indicated the formation of a new comples)( 3'P- [(dppbz)PtM_@I]l_Z with AgO_Tf apd pyridine in ac_etonds.
{3H} NMR (pyr-ds): 15.8 (s w/satellitesipp =1125 Hz).H Characterization of 2a. Filtration and evaporation of the

NMR: & 0.28 (t w/Pt satellites2Jpyy = 66 Hz, 3Jpy = 8.0 Hz, solution after reaction gav&a, which was fully characterized

Pt—CHjs trans to pyridine), 1.42 (t w/satellite’lpyy = 48 Hz,3Jpy
= 6.0 Hz, Pt-CHj3 cis to pyridine). The reaction volume was

analogous bis(diphenylphosphino)benzene comBtewas

(9) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Gagliardi, A.; Burla,
M. C.; Polidori, G.; Cavalli, M. SIR-92-Program Package for Solvine

reduced and the product precipitated withbentane (40.6 mg, 71% Crystal Structures by Direct Methods. Appl. Crystallogr1994 27,
yield). Anal. Calcd for GsHzgFsNO3sP,PtS: C, 48.50; H, 4.42; N, 435.

. . . (10) Sheldrick, G. M.SHELXL-97 University of Gadtingen: Gitingen,

1.62. Found: C, 48.76; H, 4.49; N 1'.57' Germany, 1997. (a) Sheldrick, G. Mcta Crystallogr., Sect. A99Q

X-ray Crystal Structure Determinations. Colorless rhombo- 46, 467. (b) Sheldrick, G. MActa Crystallogr., Sect. 0993 49, 18.

hedral crystals oRa:C¢Hs were grown by slow evaporation of a (c) Sheldrick, G. M.; Schneider, T. Rlethods Enzymoll997, 227,

benzene solution, exposed to air, at ambient temperature. Intensity(ll) ilh% NMR data foPa s in the Supporting Information

(12) See the Supporting Information for a complete listing of bond lengths
(8) Full IH NMR data can be found in the Supporting Information. and angles, atomic coordinates, and displacement parameters.
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Jpe coupling constants (1714 and 3732 Hz, respectively;
see Figure S1 in the Supporting Information) in CRCI
Thermolysis of 1a. Ethane elimination fronila, was
monitored by*H NMR spectroscopy, using the decrease and
increase in the intensity of signals due to the platinum-bound
methyl groups ofla; and2a, respectively, as shown in Figure
2b. From the speciation diagram (Figure 2a) and the good
isosbestic behavior (Figure 3), it is evident that no additional
detectable species are formed during the reaction.
Reactions were performed in acetag-THF-ds, and
benzeneds. Each kinetic run showed excellent first-order
behavior (observed rate constants as a function of the
pyridine concentration, temperature and pressure are reported
in the Supporting Information). To obtain kinetic data, NMR
spectra were recorded through at least 3 half-lives of the
reaction and a reproducible observed rate constant indepen-
dent of the initial complex concentration was obtained. In
control experiments, it was shown that changing the ionic
Table 2. Selected Bond Lengths and Angles for the Crystal Structure strength of the solution by the addition of varying amounts

Figure 1. ORTEP diagram of [(dppe)PtMe(pyr)][OTf] showing the
labeling of the non-H atoms.

in Figure 1 of LIOTf (Aldrich) to an acetoneads solution of 1a had a
bond lengths, A bond angles, deg negligible effect on the observed rate consfant.
PP1 2.239(2) P1PP2 86.51(7) Mechanism of Reduct_ivg Eliminatio_n Leadiqg toC-C
Pt—P2 2.335(2) P1Pt—C32 91.2(3) Bond Formation. In preliminary experiments, it was found
E::gsz 22-11%(2) '\F‘,‘:Ptt—_cl\?z ggg-ggs that the presence of pyridine slowed the rate of the reductive
P1-C30 1j865§8§ PEP1-C30 10é.1((3) ) elimination reaction. Therefore, a detail_ed_ stgdy of the
P2-C31 1.874(8) PtP2-C31 106.8(3) observed rate constarity,s for ethane elimination from
C30-C31 1.566(11) P£C30-C31 109.7(5) [(dppe)PtMg(pyr)]* as a function of the pyridine concentra-
P2-C31-C30 106.8(5) : dertaken (Fi 4
C1-P1-C7 105.5(4) tion Was.un.erta en ( igure .). . . o
C13-P2-C19 108.1(4) The kinetic data were initially fitted with the kinetic
C32-Pt—P2 176.7(3) i ; i B i i
NoPLPL 176.53(18) expression defined in eq 1, a two-term rate law in which

one term is retarded by the free pyridine concentration and
by NMR spectroscopy, elemental analysis, and X-ray the other_ not. In this,_equa_tio_ha rgpresents the r_ate con_stant
crystallography! A colorless crystal was grown by slow for _th.e direct reductive el|m|na_t|on from the S|x—coord|n§1te
evaporation of a benzene solution2iin air and contains ~ Pyridine complex. However, in the presence of a high
a benzene molecule in the unit cell (Figure S1 in the

Supporting Information). The ORTEP diagram 2& is Kope = K, Kiky
shown in Figure 1, and selected bond distances and angles ® K 4[pyr] + ky
are summarized in Table'2.The geometry at the platinum

center is close to square planar. The strong trans influenceconcentration of pyridine, the observed rate constant is
of the methyl ligand and weak coordination of the pyridine greatly decreased, approaching a limiting valu&pf (3

are clearly evident from the differing values of the- ™ + 3) x 10° st at 35°C (determined by extrapolation to
bond lengths (2.335(2) and 2.239(2) A, respectively) and the infinite [pyr]), which is effectively zero. The essentially

)

Figure 2. (a) Speciation diagram (concentrations of species versus time}H(MMR spectrum of platinum-bound methyl groups in acetdge-
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Figure 3.

Figure 4. Plot of the observed first-order rate constant versus pyridine
concentration for reductive elimination of ethane fréaa-[(dppe)PtMe-
(pyn][OTf] (1ag) in acetoneds at 35°C. The inset shows the corresponding
plot of kops 1 versus [pyridine] according to eq 3.

complete inhibition of the reaction by the addition of an
excess of pyridine led us to use eq 2, in which any
contribution from ak, term is neglected. This rate law is

Procelewska et al.

IH NMR spectrum of a solution ofag in acetoneds as a function of time.

2. An alternative form of eq 2 is eq 3, which was used to fit
the data in Figure 4. By plotting Bdhs vs [pyr] (Figure 4),

Ko o e (2)
bs K_q[pyr] +k;
1 _ 1 Kalpy] @)

Kobs

we were able to obtain the ratio of the rate constant of the
binding of pyridine k_;, to that of C-C coupling,k;, from

the slope of the linek{1/k, = 8804+ 20 M™%, 35°C) and

the rate constant for the dissociation of pyridike € 9 +

3 x 104 s71, 35°C) from the intercept.

Further simplification of the steady-state expression is
possible at high concentrations of pyridine, for which
880[pyr] > 1. Under these conditions, eq 2 reduce&dq
= koki/k—1[pyr] = koK4/[pyr]. The formation of ethane is then
rate-determining, following the preequilibration betwdegn
and the five-coordinate (or a six-coordinate solvento) inter-
mediate. Because in the absence of added pyridine the
reaction at room temperature was too fast to be followed on

Ky Kiky

consistent with the reaction mechanism shown in Schemethe NMR time scale, the measurements were performed in

Scheme 2. Proposed Reaction Mechanism for the Reductive Elimination Reaction
+ Me ‘|+
/// ", \\\\\ M e k] ", ,, | \\\\\ Me
1 N +pyr
k, ( \Me
pyr
k?,
///,,, \\\\\Me—l fast /////,, \\\\\\Me + MeMe
/ \ + pyr /Pt
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-14 -
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-18 4

-19 —— 17— . .
3,10 315 320 325 3,30 335 H 20 40 60 8o

1(')0 ' 150 1;0 1(;0 )

10T, K' pressure [MPa]
Figure 5. Effect of (a) temperature and (b) pressure af@4on the reductive elimination reaction bf. Experimental conditions: [P& 0.3 mM, [pyr]
= 35 mM, solvent= acetoneds.

Table 3. Kinetic Comparison of Ethane Reductive Elimination fréac-[(L 2)PtMe;X] Complexes Recalculated from the Data Reported in ref 1a

X L kopd at 298 K, st solvent AG¥(298 K), kJ mot? AH*, kJ molt AS, JK1mol!
Cl PMePh 4.4x 1077 dioxane 110+ 23 112+ 13 +6 £+ 35
Br PMePh 2.2x 1077 dioxane 112+ 4 126+ 2 +47+ 6
| PMe,Ph 1.4x 1077 dioxane 1135 140+ 3 +90+ 8
| PMePh 1.4x 104 dioxane 96+ 25 182+ 13 +289+ 42
NCsHs 1/,dppe 2.1x 1076 acetoneds 106+ 19 160+ 10 +1804+ 30

a Calculated from the derived activation parameters reported in ref 1a (see the Supporting Information).

the presence of added pyridine (1240.5 mM). Thus, over  containing a neutral monodentate ligafai-[(L 2) PtMesX]
the entire concentration range investigated, the pyridine (X = halide; L= a monodentate phosphine), led to a proposal
concentration is such that 880[py#t 1, and the observed  of preliminary phosphine dissociation, followed by concerted
rate constant is described ky,s = koKi/[pyr]. C—C coupling from a five-coordinate intermediate as the
Additional evidence that pyridine dissociation is kinetically dominant reaction pathway. The positive activation entropies
competent as a preliminary reaction step was provided by summarized in Table 3 are in line with the proposed
monitoring a solution ofLa, at low temperature bH NMR dissociation of a ligand as a preliminary reaction step. As
spectroscopy. When NOs was added to a solution dfag can be seen from the data presented, the activation parameters
in acetoneds at —40 °C, a decrease in the intensity of bound for C—C reductive elimination from the cationic complex
pyridine signals was observed without a change in the 1a are within the range of those reported previously for
intensity of the methyl signals, indicating that pyridine ethane elimination from the neutrfalc-[(L ,)PtMe;X] species,
exchange is rapid relative to reductive-C coupling®® supporting the thesis of a similar mechanism involving
Hence, the mechanism for€C reductive elimination should  preliminary dissociation of a neutral ancillary ligand prior
be viewed as a rapid preequilibrium involving the release to C—C coupling.
of pyridine, followed by rate-determining-&C coupling. In an effort to gain more insight into the intimate reaction
Activation Parameters. The thermal activation parameters mechanism, a systematic pressure dependence study was
AH* (kK1) and ASf(k-K,) were calculated from the temper- performed to determine the observed volume of activation,
ature dependence (285 °C) of kepdpyr] = koK1 in acetone-  AVF(koKi) = —RT[O(IN Kobg/Op]r = AV(K1) + AVF(k2). The
ds. In terms of the empirical rate law under such conditions, dependence of lk{,J on the applied pressure measured at
it follows that AH¥(kK1) = AH(K,) + AH*(k2) = 1604 10 constant [pyr] was found to be linear in the accessible
kJ molt and ASf(kK;) = ASK3) + AS(k,) = +180+ 30 pressure range, as shown in Figure 5b (data reported in Table
J K1 mol~! (Figure 5a; data reported in Table S12 in the S13 in the Supporting Information), which resultsAN*,ps
Supporting Information). = 4164 1 cn® mol~L. The significantly positive activation
Our results provide the opportunity to compare the rate volume, a composite value for the contributions fraand
and activation parameters for the reductive elimination k; in Scheme 2, is in line with the high positive entropy of

reaction of ethane fromationicand analogouseutral PtV activation.
complexes, the latter published by Puddephatt and co- The dissociation of pyridineK; step) should be ac-
workers in 19742 Their mechanistic studies for -€&C companied by positive entropy and volume changes. From

reductive elimination from the trimethyl halide complexes high-pressure studies on pyridine dissociation from octahe-
dral complexes, it is known that an activation volume close

(13) Intramolecular rapid ligand scrambling about the metal center within -1 i i iti
[(LL)MMe 3X] complexes is common when either the ligand X or L to 20 cnt mol™* and a_ correspondlngly high p0_5|t|_v_e value
is readily dissociated, e.g., variable-temperature NMR experiments for the entropy of activation can be expectédignificant
performed with the complefac-[(bubpy)PtMe(OTf)]. Hill, G. S.;

Yap, G. P. A.; Puddephatt, R. @rganometallics1999 18, 1408. (14) Drljaca, A.; Hubbard, C. D.; van Eldik, Rhem. Re. 1998 98, 2167.
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Figure 6. Effect of solvent on the observed rate constant for the reductive elimination of ethanéds@s a function of the pyridine concentration at 35
°C. Data fits are included for acetone and THF as solvents but not for benzene because of the limited number of data points.

positive values are also expected for the reductive elimination on the donating ability of the solvent (the reaction proceeds
step to give ethanekf) because the process involves the at roughly the same rate in all three solvents) argues strongly
conversion of the Pt complex to the Ptcomplex and one  against reductive elimination occurring from a six-coordinate
molecule of ethan& High positive activation volumes are solvento complex and supports the assertion thatCC
therefore expected here, especially when the relatively high coupling takes place from the unsaturated five-coordinate
partial molar volume of ethane of 52.4 gémmol™* is taken PtV intermediate.

into account. High positive activation volumes have been Exclusive C—C Reductive Elimination from Cationic

found for other reductive elimination reactiot¥s. PtV Complexes.It should be noted that the exclusive-C
Kinetics in Different Solvents. The reductive elimination  reductive elimination reaction observed for the cationic
reaction of ethane fromia, was monitored in acetorg; complexes of this study differs significantly from the

THF-dg, and benzenes in order to probe the impact of the  outcome observed upon thermolysis of analogous neutral
solvent polarity and donating ability on the rate of the complexes with chelating phosphine ligandag[(L2)-
reaction!’ In all three solvents, the reaction rate was shown PtMe;X] (X = OAc, OAr). In the case of these acetate and
to be inversely proportional to the concentration of pyridine aryloxide compounds, €heteroatom coupling generating
(experimental data reported in Table S15 in the Supporting methyl acetate and methyl aryl ethers was observed in
Information; kinetic plots given in Figure 6). competition with the &C coupling to produce ethare?
The lack of a strong dependence of the rate of the reactionThe relative amounts of the different reductive elimination
on the solvent polarity (see Figure 6b) implies that neither products were found to be highly sensitive to the polarity of
the intermediates nor the transition state is significantly more the solvent, and the-€0-coupled products dominated when
or less polar that the pyridine starting compleg. By way the thermolyses were carried out in nonpolar solvents. In
of comparison, the rate constant forC coupling fromfac- contrast, exclusive €C coupling was observed for the
[(dppe)PtMgOAC], where ionic intermediates are generated cationic complexeda, with the formation of only ethane
along the reaction coordinate, increases approximately 60and?2ain both polar and nonpolar solvents.
times on going from THF to acetone as the sol&rithe The absence of €heteroatom reductive elimination
relative independence of the reductive elimination frba products in the decomposition reaction I, implies that
— - - neither triflate anion nor pyridine is nucleophilic enough to
(%) i’;ggebxj‘j”z%ec'r?f,"2{?,?}10(‘,3{]2{?5‘? 2'“[2%'2%}1 3'“§tervfn°2f}jﬁi°t§f compete with the unimolecular reaction of ethane reductive
Inorg. Chem 1991, 30, 2207. elimination from the dppePtMé cation. However, it is
(16) To ascertain the relative contributions of each mechanistic step to the interesting that products that would be expected fror\NC
observed activation parameters for the reaction, we attempted to ;i A
determine the activation parameters for taestep. The temperature  reductive elimination were observed when the more nucleo-

dependencedq‘obswasstudiedasafun(_:tipn of[pyridine]: Theva!ues philiC iodide ion was present in the reaction mixture.
of kops Were extrapolated to zero pyridine concentration by linear Di uti £f d PtMell at t t .
regression analysis of the plots in Figure Sba in the Supporting Dissolution offac-[(dppe)PtMel] at room temperature in

Inforn;nation. The;se values &f (=kobsﬂt [pyr]= % M) were then plotted pyridine-ds resulted in an equilibrium witfac{dppePtMg-
as a function of temperature. In this way, the activation parameters _ ; _
for ks could be estimated, vizAH¢(k) = 90 = 20 kJ mof and  (PYT-ds)]l. In contrast to the thermolysis dfe, the ther
AS'(ky) = —20 & 60 J K1 mol-* (Figure S5b in the Supporting ~ molysis of this solution at 79C formed [(dppe)PtMg and
Information). Although the observed activation enthalpy is in the [Me(pyr-ds)]l. Presumably, nucleophilic attack of iodide at

appropriate range for pyridine dissociation, the large uncertainty in . . .
the ASf(k;) value renders it less useful as a mechanistic indicator. the Pt'Me cation occurs as previously described for Mel

The ve\;’ll?es of ahe e}ctivati?nhparameterslﬁzkz cdalculactjed accorg!;\fg reductive elimination fronfiac-[(dppe)PtMal].22°Subsequent
to eq 3 from the slope of the concentration dependence at different : : P :
temperatures (Figure S5a in the Supporting Information) were found reaction Qf_Me' Wlth_ pyridine would then_ rapidly form
to be within the error range of those calculated for the selected pyridine methylpyridinium iodide® The latter reaction has been
concentration in Figure 5a (see Figure S2 and Table S14 in the jndependently verified. Notably, thermolysis of isolated
Supporting Information).

(17) The larger scatter in the benzene ddtadbenzeneds), can be
attributed to the low solubility of the starting complex. (18) Thompson, H. W.; Clandon, E. B. Chem. Socl1933 1237.
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Table 4. Hammett Parameters)!° and Observed Rate Constants at 35
°C for Different Pyridine Derivates ([4-N§E1,X] = 78 mM) in

Acetoneds
complex p-NCsH4X s kobs St
la NH, —0.66 (1.9+£0.3) x 1076
la Me -0.17 (1.0+£0.1) x 1075
lag Ph —-0.01 (1.74£0.1) x 1075 =
1a H 0.00 (1.8£0.7) x 1075 ]
lay CN 0.89 (1.5+ 0.2) x 1073 2

[(dppe)PtMg(pyr)]OTf in neat pyridineds at 79°C resulted
in exclusive C-C reductive elimination to form ethane and
2a

Electronic Effects on the Rate of Reductive Elimina-
tion. To determine the dependence of the rate of reductive
elimination of ethane on the electronic properties of the N
platinum-bound nitrogen donor, a series of complexes with Figure 7. Hammett plot for electronic effects on reductive elimination
uncharged 4-substituted pyridine derivates were prepared: ™M 1%+
fac-[(dppe)PtMg(4-NCsHX)][OTf]; X = NH; (1la), Me
(1), Ph (lag), and CN (as). These complexes were
synthesized in the same mannerlas by the reaction of
fac-[(dppe)PtMel] with AgOTf and the corresponding
pyridine derivate in acetongy and characterized by4 and
3P NMR spectroscopy at low temperature. The measure-
ments were performed at a high 4-BHGX concentration

(78 mM), where presumablioos = Kike/[4-NCsH.X]. 1.9 arises purely fronKy. This value of 1.9 is similar to

The rate constants for€C reductive elimination from ot estimated for thi; step in the G-O coupling reaction
lao-4 are listed in Table 4. The difference in reactivity (5 1) pased on the crude organic analogue reaction of phenol
between the first and last member of the series spans 3 orderg, ni-ation in water. In contrast, a significantly highevalue

of magnitude. The reaction is considerably faster for more ot 5 77 has heen measured for the ionization of substituted
electron-withdrawing substituents, viz., a better leaving group pyridinium ions in water at 25C 22 While variations in the
(kops = (1.5+ 0.2) x 10°2 Sj for p-CN), than forseliaftron- solvent medium and temperature strongly influeps@lues,
donating substituentskds = (1.0 + 0.1) x 107 s™* for the inherent differences between a five-coordinatedenter
p-Me), presumably because better leaving groups favor the 3y 4 proton must also be considered in comparing the
formation of the five-coordinate intermediate. The fluorinated organometallic and organic data. For example, contributions
analogue ofla, fac-[(dppe)PtMe(NCsFs)][OTT] (18), Was  from z-hack-bonding to the pyridine in complexwould
also prepared and found to undergo reductive elimination |, expected to attenuate the organic analqguelue??
considerably faster thaba4 to form ethane aqd [(dppe)- Kinetic Isotope Effect. The deuterated pyridinds com-
PtMe(NGFs)]* as the only products. The reaction rate was plex was synthesized in the same mannerlasby the

too fast to measure. . ) . reaction offac-[(dppe)PtMel] with AgOTf and deuterated
The Hammett pldf for this reaction (Figure 7) shows a pyridine in acetonak. A value ofky/ko of 1.1+ 0.1 was

p = 1.44 consists of a positive value fa(K;) (crudely
estimated from analogous dissociation of phenols in water
to be 2.113} and a negative value fai(k,) due to the fact
that this is a nucleophilic attack, which should proceed slower
with weaker bases (estimatedvalues are in the range
—0.771t0—0.994)?* In the current study, thie step of C-C
coupling does not involve pyridine, and thus thealue of

good fit with a positivep value of 1.90 with respect to obtained for the reductive elimination of ethane (at [pyr]
values. A similar linear correlation between lkgQ ando™ 13.9 MM, Kops 1 = (7.0 £ 0.2) x 1075 5% andkopsp = (6.4
values was observed for-€O reductive elimination from 0.4) x 105s1). A ku/ko of 1 is expected for a secondary
the analogous neutral aryloxide complexes-[(dppbz)-  isotope effect for a reaction in which no orbital hybridization

PtMey(p-OGsH.X)], ! in which a related two-step mechanism  4ffecting the G-H(D) bond occurs. Such is the case for the
was proposed. In this case, preliminary dissociation of the proposed mechanism of pyridine dissociation followed by
OR™ group is followed by rate-determiningiattack ona  c—c coupling from the five-coordinate intermediate.
methyl group of the five-coordinate intermediate. Analysis  cationic Intermediates. It has been proposed in earlier
of the rate law indicates that = p(K1) + p(ko).2° Hence, gy gied® by application of low-temperatufél, 34P{*H}, and
any attempt to discuss the effect of changing the aryloxide 19 NMR spectroscopy that the cationic complas-[(dppe)-
substituent must take into account that such a change affed%tM@]*(lb) may be present in rapid equilibrium with the
both steps and affects each step in an opposite fashion. That

is, the effect on the value ¢ is in the opposite direction  (21) Correlation Analysis in Chemistry: Recent Auhces Chapman, N.

as the effect on the value &. Thus, the reported value of B., Shorter, J., Eds.; Plenum Press: New York, 1978.
(22) The literature values for dissociation of unsubstituted pyridine in water

are at 25°C p(Kgn+) = 5.77 and at 20C p(Kgn+) = 5.7. p(Kgn+) =

(19) Advances in Linear Free-Energy RelationshigS8hapman, N. B., 8.47 at 25°C in a mixture of 50% ethanol and water is quite different;
Shorer, J., Eds.; Plenum Press: London, 1972. see ref 21, p 213.

(20) Exner, OCorrelation Analysis of Chemical Dat&lenum Press: New (23) Lavallee, D. K.; Baughman, M. D.; Phillips, M. P.Am. Chem. Soc.
York, 1988; p 70. 1977, 99, 718.
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Scheme 3 the basis of the results presented here, this earlier interpreta-
Me Me tion should perhaps be revised. A better explanation may be
’///,,,,lt_“\\\\\""e /,"”'1|=:-““\\\Me that k, for this reaction is essentially zero. Note thatis
| e - | e very small relative td, and the inherent uncertainty kg is
OH,[Solv SO,CF; certainly large enough to accommodate this interpretation.
fe/ld e Thus, whether in the presence or in the absence of added
-Ho0|Solv S04CF5 iodide, it is distinctly possible that the €C reductive
H,0|Solv -S04CF5 elimination reaction from (bpy)PdMEeproceeds exclusively
via path B, and as such, there is no compelling argument in
Me T favor of the suggested six-coordinate solvento intermediate.
P//,,,,'| aMe Moreover, the absence of a solvent dependence in our
el S current studies of €C reductive elimination fromla
b provides strong evidence in favor of reductive coupling
occurring from a five-coordinate cationic intermediate and
corresponding triflato complefac-[(dppe)PtMg(OTf)] (10). not a six-coordinate solvated complex. In-C reductive
In addition, dissociation of weakly coordinated OTWas  elimination involving neutral metal complexes that undergo
shown to be a facile procédsvith evidence presented fora  preliminary dissociation of an anionic ligand, a strong solvent
solvento complextac-[(dppe)PtMg(solvent)][OTf] (1d), in dependence on the reaction is expected, based on the

a strong donor solvent, e.g., acetonitrile, and for an aquo jnvolvement of charge separation. Such a dependence of the
complex fac-[(dppe)PtMg(OH)][OTf] (1€) in a wet solvent  reaction rate on the solvent has been documented € C
(Scheme 3). reductive elimination from thdac-[(bpy)PdMel] system

A six-coordinate solvento intermediate has also been gescribed abovéand fromfac-[(dppe)PtMeg(OR)] 2°¢ How-
detected by low-temperature NMR in the oxidative addition ever, conclusive studies separating the effects of the differ-
of Mel to [(bpy)PtMe] (bpy = bipyridine) in CDCN and  ences in polarity and donor ability of the solvents in these
to [(bpy)PdMe] in CDSCN and acetonek.*® _ reactions were not reported, leaving open the question of

Some years ag¥,van Eldik and co-workers studied the  the involvement of six-coordinate solvento intermediates.
reductive elimination of ethane from the neutral trimethyl Because pyridine dissociation from tfiec-[(dppe)PtMe-
iodide complex, [(bpy)PdMesl], for which preliminary  (pyr)]* center does not involve charge separation, a strong
experiments were performed by Canty and co-workess.  solvent effect would only be expected if solvent coordination
detailed study on the effect of the iodide concentration on g the platinum center was involved. The similarity in the
the reductive elimination process was performed, and arates of reductive elimination in benzedg-THF-ds, and
Significant deceleration of the reaction rate in the presenCEacetonajG argues Strong|y against the coordination of the
of Nal was observed. The mechanism presented in Schemesglvent on the reaction pathway. The similar kinetic behavior
4 was suggested._ _ o (including a value fok, (eq 1) that is statistically indistin-

On the assumption that the displacement of iodide occurs guishable from zero) and activation volumes between this
in a rapid preequilibriumK;,), the rate law for the reactions  pyv system and that of [(bpy)PdM@(AV* = +16 and+17
in Scheme 4 is given biops = (Kl 7] + koKa)/([I 7] + Ky). cm® mol%, respectively) are likely indicative of a common
The rate and activation parameters for this reaction were mechanism. Thus, the present study ofC reductive
measured both in the presence and in the absence of addeglimination from cationic Pt complexes has provided an
Nal. It was determined tha ~ 40k, (i.e., ca. 98% of the  enhancement of our previous understanding-efioupling
reductive elimination occurs via path B in the absence of from neutral @ compounds in which the role of solvent had
added Nal),AStA = —66 + 34 J mofl K and Agg = been heretofore ambiguous_
—53+ 25 J mot K™, andAVfs g = +17+ 1 ¢ mol .26 Spectator Ligand Effect. To study possible effects of the
The similarity in the activation entropies and volumes of pigentate spectator ligand, similar studies were performed
activation measured in the presence and in the absence of, the analogous complex [(dppbz)Pa¢®/r)]* 3a As a
Nal led the authors to suggest that ethane elimination occurs,egit of the benzene backbone, dppbz is a more rigid
from a six-coordinate species in both cases. ThusCC  gisphosphine chelate than dppe and is expected to have a

coupling was not proposed to occur from the unsaturated |ggger tendency for dechelation or ring operih§uch ring
five-coordinate intermediate in the absence of added iOdideopening has been implicated in a related example 6€C

but to a large extent from a very labile six-coordinate solvent raqyctive elimination from Bt in which it was found that
complex cation, [(bpy)PdMgsolvent)]". Thus, the rapid ¢ reductive elimination was ca. 100 times faster from
preequilibrium involves a solvolysis reaction in which iodide  [(gppe)PtMe] than from [(dppbz)PtMd.2e! The dppbz

is replaced by a weakly coordinating solvent molecule. On complex3a demonstrates strikingly similar behavior to that
of the dppe analogu&a,. The reaction slows down upon

(24) Hill, G. S.; Rendina, L. M.; Puddephatt, R.JJ.Chem. So¢Dalton
Trans.1996 1809.
(25) Byers, P. K.; Canty, A. J.; Crespo, M.; Puddephatt, R. J.; Scott, J. D. (27) (a) Mann, G.; Baranano, D.; Hartwig, J. F.; Rheingold, A. L.; Guzei,

Organometallics1988 7, 1363. I. A. J. Am. Chem. So&998 120, 9205. (b) Sweigart, Dnorg. Chim.
(26) Dicker-Benfer, C.; van Eldik, R.; Canty, A. Qrganometallics1994 Actal1974 317. (c) Dierkes, P.; van Leeuwen, P. W. N. M Chem.
13, 2412. Soc., Dalton Trans1999 1519.
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Scheme 4
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the addition of pyridine, and again the kinetic expression nucleophilic attack at the PiMe group kz) should be
shown as eq 2 is valid (Figure 8). opposite and so these factors may effectively cancel one

When the rates of reductive elimination td, and3aare another.
directly compared at the same pyridine concentration (32 )
mM, 35°C), it is seen thala, reacts approximately 3.5 times ~ €onclusions

faster tharBa This indicates that the spectator ligand in th? Detailed mechanistic studies have been performed in order
equatorial plane has a moderate effect on the rate of reductivy, characterize the reductive elimination reaction to form
elimination. In the case of the dppbz complex, the electron- oinane from a variety of Ptcomplexes of the typéac-
withdrgwing capabilities of the.benzene backbone cou'ld [(L2)PtYMes(pyr-X)][OTf]. Our mechanistic conclusions
result ina lower electron density on the.me.tal center in fully support the suggested two-step reaction path in Scheme
comparison to that of the dppe complex. This difference may 1 with initial, reversible dissociation of the uncharged pyr-X
affect either one or both of the steps in the reductive molecule, followed by rate-determining, concerted elimina-
elimination sequence. In the dppe complex, where the chelatejon of ethane from a five-coordinate intermediate.

is more saturated, the higher donating character could lead ¢ general reaction pattern of formation of an unsaturated
tp a largerK; value. In-addltlon,.the more elgctron-donatlng intermediate prior to €C coupling is analogous to that
ligand may cause an increase in the reductive coupling stepssnd in previous studies of reductive<C coupling from

of the reactionk,. It should be noted that, in contrast to the g|ated complexes2 The present work, however, adds a new
difference in rates observed here, the rates-o00eductive  feature: strong support is presented in favor of the coupling

elimination from [(dppe)PtMgAC] and [(dppbz)PtMEDAC] occurring from a true five-coordinate intermediate rather than
were found to be almost identiciHowever, in the case of 3 possible six-coordinate solvento complex. The lack of an
C-0O coupling, the effect of a more electron-donating appreciable solvent dependence on the rate of the reaction
spectator ligand on the ORdissociation K1) and on the  as the solvent is changed from benzene to acetone, solvents
of very different donor abilities, provides compelling evi-
dence for this conclusion. In earlier studies, a pronounced
solvent effect on the reaction rate was reported ferCC
104 reductive elimination from the related neutral compounds
é fac-[L.PtMe;X], where L, is a bidentate phosphine ligand
8 and X is iodide, acetate, or aryloxié&d and fromfac-(bpy)-
= PdMel.?® For these neutral complexes, reductive coupling
% 64 to form ethane was preceded by dissociation of an anionic
: X~ group from the metal center. These reactions proceeded
(4 faster in more polar solvents, consistent with a mechanism
in which charged intermediates are formed.

In contrast, there is no charge separation when a neutral
pyridine ligand dissociates frofac-[(L 2)PtYMes(pyr-X)]-
[OTH] prior to C—C coupling, and so the absence of a solvent
0 T r T . T T - \ . . . . . .

00 05 o 15 20 A 20 as effect on the ra_te pf ethane reductive ellml_natl_on in this
system clearly indicates that solvent coordination to the

) ) cationic five-coordinate intermediate is not on the reaction
Figure 8. Dependence of the inverse of the observed rate constant on the dinate. Whil detailed sol t stud t ted
pyridine concentration for the reductive elimination of ethane fRarat coordinate. I e a e a'_ e _SO vent study was not reporte
35°C. kg = (7 + 4) x 104 s andk-1/k, = 2160+ 80 ML, for ethane reductive elimination from the neutral complexes

10k

10% [py], M
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fac-[L.PtMe;X], where L = monodentate phosphine and X implications for their involvement in platinum-catalyzed
= halide, which undergo preliminary dissociation of L prior selective alkane functionalization reactichsThus, our

to C—C coupling? the lack of involvement of six-coordinate  improved mechanistic understanding of C coupling from
solvento species in theationicsystem reported here makes PtV, with compelling evidence for the intermediacy of an
the involvement of such saturated intermediates in the unsaturated five-coordinate species rather than a six-
previously reportedieutral systems highly unlikely. It should  coordinate intermediate with a coordinated solvent molecule,
also be noted that the activation parameters for the neutralshould be of significant use in current efforts to exploit
complexes that undergo preliminary dissociation of L are in platinum catalysts for alkane oxidation reactions.
agreement with those obtained in this stddy.

The kinetic data obtained in this study suggest a common
mechanism for € C reductive elimination from octahedral
PtV complexes and confirm the general conclusion that
reductive elimination directly from six-coordinaté dom-
plexes seems to be kinetically unfavorable and rather the
reaction requires ancillary ligand loss to form a five-
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formation step. Five-coordinate platinum(lV) alkyl species S
have been consistently proposed as key intermediates indetermlnatlon of the complex [(dppbz)Ptbe

numerous studies of the mechanism of reductive elimination/  supporting Information Available: Tables of atom coordi-
oxidative addition reactions to form or break-C, C—H, nates, thermal parameters, hydrogen atom parameters, bond dis-
C—0, and G-I bonds at PY/Pt' centers:?® Recently, the  tances, and bond angles for the complexes [(dppe)PtMe(pyr){OTf]
first example of an isolable, crystallographically characterized CeHs and [(dppbz)PtMg]-0.5CHCE and figures of kinetic data
five-coordinate platinum(lV) alkyl complex related to the and Eyring plots. This material is available free of charge via the
[(L2)PtMej]* intermediate was report@#®The intermediacy ~ ntermnet at http://pubs.acs.org.

of such unsaturated 'Ptspecies in bond-breaking and bond- |cos0478+

making reactions of model Pt complexes has significant

(31) Recentreviews: (a) Labinger, J. A.; Bercaw, JNBture2002 417,

(28) (a) Albrecht, M.; Gossage, R. A.; Spek, A. L.; van Koten JGAm. 507. (b) Fekl, U.; Goldberg, K. IAdv. Inorg. Chem 2003 54, 259.
Chem. Soc1999 121, 11898. (b) van der Boom, M. E.; Kraatz, H.- (c) Sen, A.Top. Organomet. Chemi999 3, 80. (d) Crabtree, R. H.
B.; Hassner, L.; Ben-David, Y.; Milstein, BDrganometallics1999 J. Chem. Soc., Dalton Tran2001, 2437. (e) Shilov, A. E.; Shul'pin,
18, 3873. G. B. Chem. Re. 1997, 97, 2879. (f) Shilov, A. E.Activation of

(29) (a) Fekl, U.; Goldberg, K. 3. Am. Chem. So@002 124, 6804. (b) Saturated Hydrocarbons by Transition Metal Complex2sRiedel:
Fekl, U.; Kaminsky, W.; Goldberg, K. J. Am. Chem. So2001 Dordrecht, The Netherlands, 1984. (g) Shilov, A. E.; Shul'pin, G. B.
123 6423. Activation and Catalytic Reactions of Saturated Hydrocarbons in the

(30) A related five-coordinate silyl(dihydrido)platinum(IV) complex has Presence of Metal Complexdsluwer: Boston, 2000. (h) Arndtsen,
also been structurally characterized: Reinartz, S.; White, P.; Brookhart, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T. Hcc. Chem.
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