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Abstract: The reversible oxidative addition reactions of methyl(halogeno)tin and methyl(halogeno)germanium
compounds to electron-rich platinum(ll) complexes of the type [B(Mienine)] have been studied. Complete kinetic
and thermodynamic parameters have been obtained bJHMNIMR for the reversible oxidative addition of MEX

(E = Sn, X = Cl, Br, I) to [PtMexbpy‘bw)] (bpy-bw, = 4,4-di-tert-butyl-2,2-bipyridyl) and related com-
pounds, while partial data have been obtained for the reductive elimination &i@é from [PtCIMe;(Me,SnCl)-
(bpy-bw,)] and for the oxidative addition of Mi&eCl to [PtMe(bpy-bwy)]. UV —visible spectroscopic studies have
also yielded equilibrium constants ands° for the reversible oxidative addition reactions of §8aX (X = Cl, Br,

1) to [PtMex(diimine)]. Thermodynamic studies quantitatively establish the halogen effect on the oxidative addition
reactions studied according to the favorability seriesBr > Cl. Kinetic studies clearly point to any@ mechanism

for the reactions studied, and this is further supported by the observation of the cationic complexNry8a)-
(bpybw){ OC(CDs)2}]™ at low temperature in acetorlg- Extremely large second-order rate constants are observed
for the oxidative addition of SaX bonds to dimethylplatinum(ll) complexes, some being greater th&mid s2,

and it is established that rates follow the series*SG@e > Si > C and |> Br > ClI.

Estimates have been made of

the P-MMe3; bond dissociation energies for [PtXM®&Mes)(bpy-bw)], X = halide, and these are 233, 182, and
172 kJ mot? for M = Si, Ge, and Sn, respectively; the values are useful in rationalizing the chemistry ofthk Pt

bonds.

Introduction

The oxidative addition of M-X bonds (M= group 14 ele-

reactions of alkyl or aryl halides-RX become more facile for
the heavier halides X. For example the reactivity series-®r
> C—CIl > C—H > C—F for the oxidative addition of ArX

ment; X = H, Me, halogen, etc.) to transition metal centers bonds to platinum(ll) has been establisiduljt because the

and the reverse reductive elimination reactions may be important

reactions were not easily reversible, it was not possible to

in many catalytic reactions, but there has been little reseamhdetermine if thermodynamic effects would follow the same

on the mechanisms or energetics of such reactions, especially,
when compared to the much studied reactions of alkyl hafides.

series.
This paper reports both kinetic and thermodynamic data for

Such knowledge is important in understanding and predicting ,q reyersible oxidative addition reactions ofStand Ge-X

chemical reactivity. For example, there is a delicate balance(
between reductive elimination of methyl halide or ethane from

X = halide) bonds to a number of complexes of the formula
[PtMey(diimine)], including the first quantitative data on both

trimethyl(halogeno)platinum(IV) complexes, and this can only e yhermodynamics and kinetics of the “halogen effect” in

be understood in terms of both mechanism and thermochem-
istry.22 To obtain a complete picture of the energetics, it is
desirable to study reversible oxidative addition/reductive elimi-
nation, but such reactions at platinum centers are relatively rare.
Goldberg and co-workettiave reported the reversible oxidative

addition of Mel to [PtMe(dppe)], dppe= PhhPCH,CH,PPh,

while the competitive reductive elimination of ethane was found

oxidative addition of group 14 halides to platinum(ll). In
particular, it is shown that the thermodynamics are more
favorable and the rates are faster for the heavier halides. A
preliminary report of some of this work has been published,
and details of the synthesis and characterization of the platinum-
(IV) complexes have been reported elsewHere.

to be thermodynamically favored. There have also been recentragits

reports of reversible tinhalide oxidative addition to platinum-
(0) complexes of the general formula [P#MN)(olefin)].* None

VT-NMR Spectroscopic Studies of the Reversible Oxida-

of these studies appears to have focussed on reversibility oftive Addition Reactions. Variable temperaturéH NMR

the oxidative addition as a function of the halide ir-R or
RsM—X, though it is well-known that many oxidative addition
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which it splits to give separate signals for d&Cl and
[PtCIMex(MesSn)(bpytbu,)].

The spectra shown in Figure 1 display changes in peak widths
with temperature arising, for example, from the large chemical
shift difference ¢v = 227 Hz at 300 MHz) between the
MesSn signals in MgSnCl and [PtCIMg(MesSn)(bpytbu,)]
which are in rapid equilibrium. At 20C, the averaged M&n
signal is fairly sharp\\** = 1.72 Hz), but as the temperature is
lowered the signal begins to broaden until W* reaches a
maximum at the coalescence temperaturB(°C). Below the
coalescence temperature, the 8@ signals due to M&nClI
and [PtCIMe(Me;Sn)(bpythu,)] begin to sharpen as the tem-
perature is decreased. The peak width of the3M€l signal

reaches a minimum at82 °C and then increases slightly on
going to the lowest temperature-92 °C). Similarly, the
averaged Me Pt resonance shown in Figure 1 shows significant
broadening below-50 °C as a result of the same exchange
process, namely the chemical equilibrium due to reversible oxi-
dative addition. The effect on the Mét signal is much less
pronounced due to the much smaller chemical shift difference
(0.266 ppm, 79.9 Hz) between the MBt resonances in [PtMe
(bpybuy)] and [PtCIMe(MesSn)(bpylbw)] than that be-
tween the Me-Sn signals in MeSnCl and [PtCIMg(Me;Sn)-
(bpytbw,)] (227 Hz). Therefore, significant broadening of the
Me—Pt signal is only seen for slow exchange rates, and hence
low temperatures.

The VT H-NMR spectral series for CiTl, solutions of
[PtBrMex(MesSn)(bpytbw,)]-MesSnBr and [PtIMg(Me3Sn)-
(bpy+bup)]-MesSnl are similar to that shown for [PtClMe
(MesSn)(bpybuy)]-MesSnCl in Figure 1. One significant differ-

Me,SnCl Me,SnPt -77C

M
M
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1.0
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Figure 1. VT H NMR spectra 0.5 to 1.2 ppm) for a solution of
[PtCIMey(SnMes)(bpy-buy)]-MesSnCl in CD,Cla.

obtained for a solution of [PtCIM&iesSn)(bpytbu,)]-MesSnCl
in CD.Cl,. Due to the rapid equilibrium process, this can be
considered a 1:2 solution of [PtM&py-bw,)]:MesSnCl (eq 1).

) Me3s'|‘ @) ence between the systems is the position of the equilibria. For
Mes N — M, N W the [PtBrMe(MesSn)(bpytby)]-MeszSnBr and [PtiIMg(MesSn)-
M \NO M | \NO (bpy-buwy)]-Me;sSnl solutions there is never a large fraction of
a platinum(ll) species in solution as evidenced?dgPtMe) values
+ 2 Mey$nCl + Mey$nCl close to those of the platinum(lVV) complexes at all temperatures.

The VT-NMR spectral series for a solution of [PtClpe

All signals in the spectra shown in Figure 1, except for the (MesSn)(bpy!bw,)]-MesSnCl in tolueneds shows the same
trimethyltin signals in low-temperature spectra, are averaged general features as for this complex in £y (Figure 1), but
signals arising from a mixture of starting materials and products, with some significantly different features at low temperatures
and the chemical shifts and(PtH) values are temperature (Figure S1, Supporting Information). The line width of the
dependent. The largest change in coupling constant with signal due to free MgSnCl reaches a minimum at67 °C, and
temperature is seen faJ(PtH) associated with the MePt then gradually increases as the temperature is lowered-8&t
signal. At 20°C, the value oRJ(PtH) is 68.1 Hz, and since  °C the signal is very broad, as are other signals in the spectrum.
the coupling constants in both platinum(ll) and platinum(lV) Accompanying this broadening is an increase in the frequency
complexes are knowhijt is easily shown that approximately of the free M@SnCl signal with decreasing temperature. At
half (58%) of the total platinum exists as [PtMiepy-buy)] at —40 °C the free MgSnCl signal appears at 0.57 ppm, and at
this temperature. The magnitude G{PtH) becomes smaller  —92°C, its chemical shift has increased to 0.90 ppm. A variable
as the temperature is lowered, and the proportion of [PtMe temperature study of pure M@NnCl in toluenedgs indicated that
(bpy-‘bwy)] decreases. At-50 °C the magnitude ofJ(PtH) is the chemical shift of the M@&nCI signal in toluen&ls does
56.6 Hz, indicating that the majority of the platinum is in the change with temperature, but to a much lesser degree and in
form of [PtCIMexXMesSn)(bpytbw)]. Changes in other cou-  the opposite direction to that seen for the #8eCI signal of
pling constants are smaller and so give a less accurate deterfPtCIMe(MesSn)(bpytbw,)]-MesSnCl in tolueneds. These
mination of the equilibrium position. features are due to formation of a complex involving a weak

Figure 1 also shows that the chemical shifts of signals in PtCl--MesSnCl bond (see below).
the 'H NMR spectrum of a solution of [PtCIMgMesSn)- The VT-NMR spectra of a solution of [PtCIM@esSn)-
(bpy-bw,)]-MesSnCl change with temperature, and the (bpytbu,)]-MesSNCl in acetoneks also show extra features
Me—Sn resonance shows the most significant change in (Figure S2, Supporting Information). Coalescence of the
chemical shift. At 2030, the chemical shift is 0.347 pproa. Me—Sn signa| occurs close te30 °C, and above the coa-
0.3 ppm smaller than the chemical shift of free J8aCl. As lescence temperature, the spectra are similar to those for the
the temperature is |0Wered, the M&n Signal moves to lower same Comp|ex in CB£|2 (Figure 1), except that a Considerab|y
frequency as a result of the increasing proportion of smaller proportion of oxidative addition product is present.
[PtCIMex(Me;sSn)(bpy*buy)] (6(Me—Sn) = —0.340). At—50 However, as the temperature is lowered below the coalescence
°C the Me-Sn signal is at the coalescence temperature, below point, the Me-Pt signal broadens and splits into two broad

(8) 2(PtH) is 85.6 Hz for [PtMebpy-bw)] and 55.5 Hz for [PtCIMgMes- signals (coalescence nea62 °C), due to [PtMe(bpy-bu,)]
Sn)(bpytbwy)]. (0.98 ppm) and [PtCIMgMesSn)(bpytbw,)] (1.14 ppm). As
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the temperature is lowered further the MtV signal broadens

and splits into two signals (1.14 and 1.08 ppm) as can be seen

in the —92 °C spectrum. There is a corresponding splitting of
the MeSn—PtV signal with coalescence neai72 °C and two
signals with tin satellites are clearly present&2 °C. These
observations clearly point to two equilibrating pa—PtY
species in solution at low temperature. The signal due to free
MesSnCl is sharp at low temperature and does not show any
broadening or splitting as the temperature is lowered, indicating
that it is not involved in the equilibrium between the two
platinum(lV) species. The two M8n—PtV signals can be
assigned to [PtCIMgMesSn)(bpytbw,)] (1.14 ppm) and
[PtMex(MesSn)(bpybu){ OC(CDs)2} ]t (1.08 ppm) (see below).
The low-temperature spectra of [PtCIpklesSn)(bpytbuw)]-
MesSnCl in acetonels provide information that allows the
determination of the free energy of reaction1(0 kJ mot?)

as well as the free energy of activation (43 kJ mpbn going
from the cationic intermediate to the neutral product.

The VT 1H-NMR spectra for a solution of [PtCIMe
(MesSn)(bpyhuw,)]-MesSnCl in CDyCN were also obtained, but
due to the higher melting point of GON, the reaction can
only be observed above the coalescence temperaturetHVT
NMR spectral series for both [PtBri@esSn)(bpytbuy)] and
[PtIMex(MesSn)(bpytbwy)]-MesSnl in CD;CN were also ob-
tained, and the [PtIMgMesSn)(bpytbuy)]-Me;sSnl study is the
only example of a VT-NMR experiment in GBN where both
the fast and slow exchange regions are clearly evident.
Qualitatively, this indicates that the reductive elimination process
is slower for [PtIMe(MesSn)(bpy*buw,)] in CD3CN than for the
chloro and bromo analogs. The position of the equilibrium in
the [PtiMe(MesSn)(bpyhuw,)]-MesSni spectral series does not
allow thermodynamic analysis, and so a dilute solution of 1:1
[PtMex(bpy-bw,)]:MesSnl was used.

The VT-'H NMR spectral series obtained for a 1:2 &I,
solution of [PtMe(bpy-bw)]:Me,SnCh shows two distinct
Me,SnCl signals (slow exchange region) throughout the avail-
able temperature range, with significant broadening due to the
oxidative addition/reductive elimination processes abovd
°C. The chemical shift of the M&nC} signal is relatively
constant § = ~1.14) at the higher temperatures studied, but
below —25 °C there is a pronounced movement to lower
frequency ¢ = 0.953 at—87 °C). There is a corresponding
increase in théJ(SnH),e value associated with the signal25
°C, 2)(SnH)ye = 74.7 Hz;—67 °C, 2)(SnH)ye = 80.0 Hz]. A
similar study in CRCN revealed exchange broadening over the
available temperature range. At low temperature, theSWi€b
signal has larg&J(*19118nH) values of 90.4 and 86.5 Hz, 20
Hz larger than for MgSnCh in benzene, due to PtCi
Me,SnChL complex formation.

A VT 1H-NMR study was carried out on a GOl, solu-

tion of [PtCIMex(MesGe)(bpy*bw,)], and Figure 2 shows the
Me—Pt and Me-Ge regions at different temperatures. The
varying intensities of the two MeGe signals show clearly
that there is an equilibrium due to a reversible oxidative addi-
tion. There is a corresponding decrease in the intensity of the
Me—Pt! signal relative to the MePtV signal with decreasing
temperature. There is very little variation in the line widths of
the signals with temperature, indicating that the exchange
process is slow on thB#H NMR time scale. The full spectrum

J. Am. Chem. Soc., Vol. 119, No. 42, 199129
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Figure 2. VT H NMR spectra {0.5 to—0.1; 0.6 to 1.3 ppm) for a
solution of [PtCIMe(GeMes)(bpy-biy)] in CD,Cl,.

useful for thermodynamic studies by use of integral regions,
but the oxidative addition/reductive elimination processes are
too slow to allow kinetic analysis.

The VT 'H-NMR spectral series discussed above yield data
which allowed the calculation of the thermodynamic and kinetic
parameters of the reactions under study. Table 1 contains
selected thermodynamic parameters obtained for the oxidative
addition reactions studied, Table 2 contains the rate constants
and activation parameters for reductive elimination reactions
(rate constants at2.1 °C were selected because errors in the
rates are smaller at intermediate temperatures near the coales
cence point), and Table 3 contains the activation parameters
and rate constants for oxidative addition reactions. An Eyring
plot obtained from the VT-NMR study of the reductive
elimination of MeSnCl from [PtCIMe(MesSn)(bpyibu)] in
CD,Cl, shows excellent linearityr{ = 0.9985) over a wide
temperature range (Figure S3, Supporting Information), though
not all systems studied were so well-behaved and so gave larger
standard deviations (Tables-3).

Results of UV—Visible Spectroscopic Studies.UV —visible
spectroscopic studies were conducted in toluene solution since,
at the very low concentrations used, side reactions were observed
in the solvents dichloromethane and acetone. All the dimeth-
ylplatinum(ll) complexes employed in this work have intense
Pt(5d) to ligand £*) MLCT bands in the visible region (563
546 nm in toluene), allowing for straightforward determination
of their concentrations in solution.

In the presence of excess MX (X = Cl, Br), the oxidative
addition products resulting from the addition of M&X to
[PtMex(diimine)] are light yellow in solution, and the electronic
spectra show no absorbancelgty of the parent platinum(ll)

of the solution at all temperatures clearly shows separate signalscomplexes, allowing for a straightforward determination of

for [PtCIMex(MesGe)(bpy!buy)] and [PtMe(bpy-'bw,)], also

platinum(ll) concentrations in the titration studies. Solutions

consistent with a slow exchange process. There is little changeof the complexes [PtIMgMesSn)(diimine)] are bright yellow,

in the chemical shift of the Mg&eCl signal, indicating that
coordination to give [PtCIMg&MesGe)(bpylbu,)]-MesGeCl is
not occurring to any significant extent. The spectral series is

and the MLCT maxima remain in the visible region and bands
have significant overlap with the MLCT bands of the parent
platinum(ll) complexes. It was thus necessary to obtain the
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Table 1. 1H VT-NMR-Derived Thermodynamic Parameters for the Oxidative Addition of GroupHalide Bonds to [PtMgdiimine)]
Complexes

group 14 diimine

reagent ligand solvent AH°® (kJ mol?t) AS (I moltK1 AG° (kJ mol?) Ke(25°C (moltL)
MesSnCl bpytbw, tolueneds —494+ 2 —151+6 —4.7+0.4* 7+ 1%
MesSnCl bpytbw, CDCl; —33+2 —84+9 —-794+0.1 24+ 1
MesSnCl pyn-pr CD.Cl, —36+1 —110+ 4 —2.8+0.2* 3.2+ 0.7
MesSnCl paen-me CD.Cl; —35.0+ 0.9 105+ 4 —4.24+0.2* 5.6+ 0.6*
Me;sSnCl bpytbu, acetoneds —25+1 —70+ 4 —35+03 4.2+ 0.9
MesSnCl bpybuw, CDsCN —23+2 —52+6 —7.2+£0.1 18.1+ 0.8
MesSnBr bpytbw, CD.Cl, —35+2 —66+6 —14.74+ 0.2 380+ 20
Me,SnBr bpybu, CDsCN —-30+2 —49+7 —15.94+40.3 620+ 30
MesSnl bpyibu, CD.Cl; —45+ 3 —70+ 10 —25.44+0.5 29000+ 2000
MesSnl bpyibw, CDsCN —49+ 6 —80+ 20 —26.94+0.7 52000+ 4000
MesGeCl bpytbw, CD4Cl; —38+4 —100+ 20 —7.4+0.2% 20+ 22
aT=20°C.

Table 2. Rate Constants and Activation Parameters for Reductive Elimination Reactions-efidlide Bonds from Pt(IV) Complexes

group 14 diimine

reagent ligand solvent ke —2.1°C) (s79) AH¥eq (kJ mol?) ASfred (I Mot K1) AGHed(25°C)2 (kJ mol?)
MesSnCl bpytbw, tolueneds 21004+ 300 47+ 6 -9+20 494 1°
MesSnCl bpytbu, CDxCl> 16000 2000 38.3+0.8 —23+3 45.1+0.2
MesSnCl pyn-pr CD.Cl, 23000+ 3000 34+ 2 377 44+ 1°
MesSnCl paen-mg  CD.Cl, 12000+ 1000 35+ 1 —38+5 45.94+ 0.6°
MesSnCl bpytbw, acetoneds 42000+ 5000 45+ 2 8+7 42+1
Me;sSnCl bpytbu, CDsCN 18000+ 1000 37+ 2 —25+8 443+ 0.2
MesSnBr bpytbu, CD.Cl, 1850+ 120 33.6+£ 0.8 —-58+ 3 50.7+ 0.2
Me,SnBr bpytbw, CDsCN 4100+ 40C 32+1 —55+4 48.3+ 0.3
MesSnl bpyibw, CD.Cl, 584+ 36 48+ 3 —-20+ 10 53.3+ 0.2
MesSnl bpybw, CDsCN 600+ 30 55+ 2 10+ 8 51.9+0.2
MesGeCl bpybu, CDsCl; 12+1 58+ 5 —104+ 20 61.1*+ 0.3

a Calculated directly fronkeq °T=20°C.¢T = —7.5°C.

Table 3. Calculated Activation Parameters for Oxidative Addition Reactions of Trimethyti@ide Bonds to [PtMgdiimine)] Complexes

group 14 diimine

reagent ligand solvent kox(25°C) (L molts™%) AH¥oy (kJ mol?) ASox (J mort K1) AG¥ (25 °C) (kJ mot?)
MesSnCl bpytbuw, tolueneds (6.0+0.4) x 102 0+6 —160+ 20 45+ 12
MesSnCl  bpytbw, CD.Cl (1.86 0.04) x 10° 5+3 —110+ 10 37.2+0.3
MesSnCl pyn-pr CD.Cl; (25+0.2) x 10° 0+2 —148+ 8 41+ 12
MesSnCl paen-mg  CD.Cl; (2.3£0.1) x 10°2 0+2 —142+ 6 41.6+ 0.7
MesSnCl bpytbu, acetoneds (9.4+0.7) x 10° 20+ 2 —-62+8 39+1
MesSnCl  bpytbu, CD«CN (1.964 0.05) x 10 15+ 3 —77+9 37.1+£0.3
Me;SnBr  bpylbu, CD.Cl; (3.10-+ 0.08) x 1P 0+2 —124+ 7 36.0+£0.3
Me,SnBr bpytbw, CDsCN (1.30+ 0.05) x 107 2+2 —103+ 8 324+ 04
MesSnl bpyibu, CD.Cl, (3.940.2) x 107 3+4 —80+ 20 29.7+ 0.6
MesSnl bpy!buy CDsCN (2.240.2) x 102 67 —604 20 25.0+ 0.7
aT=20°C.

Table 4. Ke¢qand AG® for Oxidative Addition of MeSnX (X = Cl, Br, 1) to [PtMey(diimine)] at 25°C
MesSnCl MegSnBr MegSnl
Keq (L mol™2) AG° (kJ mol?) Keq (L mol™2) AG° (kJ mol?) Keg (L mol™?) AG° (kJ mol?)

[PtMex(bpy)] 1149+ 0.5 —11.75+ 0.04 145.0+ 0.7 —12.33+£ 0.04 34300+ 400 —25.87+£ 0.09
[PtMex(bpy-buy)] 46.5+0.2 ~9.51+0.03 145.0+ 0.7 —12.33+ 0.04 40800t 500 —26.30+ 0.09
[PtMex(py-n-pr)] 123.5+ 0.6 —11.9+ 0.04 190+ 1 —13.004 0.05 14100t 300 —23.74+0.1
[PtMex(paen-mg)] 80.3+ 0.4 —10.87+ 0.04 150.3+ 0.8 —12.42+ 0.04 37800+ 600 —26.1+ 0.1

extinction coefficients of these complexes at the wavelength at species. Table 4 presents the equilibrium constants and standard
which measurements were taken for the equilibrium study. The free energies obtained for the oxidative addition reactions of
platinum(lV) complexes resulting from the oxidative addition MesSnX (X = ClI, Br, 1) to [PtMex(diimine)]. The oxidative
of MesSiX (X = Br, 1) to [PtMeyx(diimine)] were sparingly addition reactions of MgSnX to [PtMe(diimine)] show equi-
soluble in toluene, thus making the determination of electronic librium constants of 46.5 to 123.8 L md| 145.2 to 191.3 L
spectra difficult. Therefore, dichloromethane was used for these mol™, and 14600 to 40800 L mot for X = ClI, Br, and I,
determinations. respectively. There is a decreaseNiG°,x of 1.1 to 2.8 kJ/mol
Toluene solutions of £3 x 1074 M [PtMex(diimine)] were on going from X= Cl to Br and of 10.7 to 14.0 kJ/mol on
titrated with 0.1, 0.08, and 0.002 M toluene solutions of going from X= Br to I.
MesSnCl, MgSnBr, and MgSnl, respectively. Addition of There is some disagreement between thermodynamic data
tin reagent resulted in a lightening in the color of the solu- obtained by UV-visible spectroscopy (Table 4) and by NMR
tions, and a corresponding decrease in the intensity of the (Table 1) for toluene solutions. It is likely that the BWisible
lowest energy MLCT band attributed to the [Pti{@iimine)] data are more accurate since they are obtained at lower
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concentrations, where complications due to secondary com-ings are consistent with the established relative Lewis acid

plexation will not occur.

Discussion

Interpretation of the Spectral Data. The VT H-NMR
studies of [PtCIMgMesSn)(bpybup)]-MesSnCl clearly show
that oxidative addition of MéSnCl to [PtMe(bpy-buw,)] is rapid

and reversible. The system behaves in a relatively straightfor-

ward manner in CBECl,, but some different features are seen
in other solvents. In toluends there is a broadening of the
MesSnCl signal at low temperatures, indicating that there is
another equilibrium process involving PtEMe3;SnCl complex
formation (eq 2). This arises since tolueshehas very poor

a, Me
N\ F aMe
Me;SnCl + Sn_
2Me,SnCl +
a Me a
Me\m/N> = - Me\llt/N Mc\Plt/N @
~ E— _—
Me” N M l et Me”” | N
Me;Sn Me,Sn

(N-N = bpy-'buy)

strengths: MgSnCl> MesSnBr > MesSnl| 1213

The VT H-NMR spectral series of a 1:2 solution of
[PtMex(bpy-bup)]:Me,SnChL shows a pronounced increase in
2J(SnHhe as well as a substantial decrease in chemical shift
for the Me—Sn signal of MeSnCh, and this is again attributed
to increased complex formation Pt€Me,SnCh at lower
temperatures.

The NMR parameters for the platinum(IV) complexes formed
from MesSnCl and [PtMeg(bpy-buw)] in acetoneds are not
consistent with the above type of complex formation, and this
is not surprising since the M8nCl in solution will already be
present as the acetone complexOne might consider the
possibility that the two platinum(lV) species are simpigand
transisomers, but again the NMR data are not consistent with
this hypothesid4 The most likely identity of the second
platinum(lV) species at low temperatures in acetdgés a
platinum(IV) cation, [PtMe(MesSn)(MeCO)(bpytbu,)]*, with
solvent acetone occupying the coordination ditans to
MesSn. The relative populations of the two species-82 °C
indicate a free energy change of oriyl.0 kJ mot? on going
from the cation to the neutral platinum(lV) species. The
remarkable ease of ionization of the platinum@Hhalide bond
can be rationalized in terms of the extremely long-Pibond

coordination ability. In solvents such as acetone and acetonitrile,[2_881(4) A] in the crystal structure of [PtIM@VesSn)-

the solvents S coordinate to give a five-coordinate tin complex (
MesSnCI(S), but noncoordinating solvents such as toluene do

not® In the absence of solvent coordination, the polas Xt

bpy-bw,)],” indicating the powerfutransinfluence exerted by
the trimethyltin ligand. A similar situation is expected for
[PtCIMex(MesSn)(bpytbw)], and since the Pt—Cl bond is very

group ransto Me;Sn which has a strongansinfluence) of weak and polar, it is reasonable to expect only a small energy

the platinum(lV) complex coordinates to give a solution igerence between this complex and the cation. The coexist-
structure analogous to that observed in the solid state for

[PtIMex(MesSn)(bpytbuy)]-MesSnl
Support for this conclusion is provided by the increases in

theH chemical shift andJ(11711%nH) of the MgSnCl signall
with decreasing temperature in toluesigindicating an increase

in concentration of [PtCIMgMes;Sn)(bpy%buy)]-MesSnCl (Fig-
ure S1, Supporting Information§. Further evidence of coor-
dination to MgSnCl by the platinum(lV) complex at low
temperatures is provided by the large valueét{SnH)e for

the MgSnCI signal; at—72 °C, the value of2J(SnH)ye is

66.6 Hz, considerably larger than the 57.2 Hz observed for pure

MesSnCl in tolueneds at —60 °C, and indicative of 5-coordinate
tin.%

There is evidence for the coordination of tin reagent to the
platinum(lV) complex in solution, such as in eq 2, in &I,
solution also. For example, we note that the valuJ(@nH)ye
is 66.1 Hz for the MgSnCl signal in a solution of [PtCIMe
(MesSn)(bpytbuw,)]-MesSnCl at—87 °C in CD.Cl, (Figure 1),
and only 57.2 Hz for pure M&nCl in CD,Cl,. In the case of
[PtBrMey(MesSn)(bpytbu,)]-MesSnBr, a broadening in the
MesSnBr signal occurs on going from77 °C to —87 °C, and
the 2J(SnMe)e value is 62.4 Hz at-87 °C compared to 56.8
Hz for MesSnBr in CDxCl, at room temperature. However,
the low temperature<{57 °C) *H-NMR spectrum of [PtIMe-
(MesSn)(bpytbu,)]-MesSnl in CDCl, shows?J(M19SnH) = 58.2
Hz for the MeSnl signal, close to the value of 57.7 Hz observed
for MesSnl at room temperature in GDI,, indicating that little
[PtIMex(MesSn)(bpytbup)]-MesSnl is formedt®1t These find-

(9) Bolles, T. F.; Drago, R. S1. Am. Chem. Sod.966 88, 5730.

(10) We have measured the room temperature chemical shifts of

MesSnCl in acetonels and CQXCN as 0.61 and 0.59 ppm respectively,
compared to a chemical shift of 0.25 ppm in toluelgeMesSnCl has been
shown to exist largely as five-coordinate solvated species in the first two
solvents and as discrete molecules in toludnéef 9).

(11) Since CIRCI, has poor coordination ability, the magnitude of
2J(SnMe)ye is not expected to change appreciably on going to lower
temperatures.

ence of [PtCIMe(MesSn)(bpylbw)] and [PtMe(MesSn)-
(bpy+bup)(OC(CDs),)]* is thus reasonable in thermodynamic
terms. Recent work by Elseviet al1®> shows similar equilibria
for complexes of the type [PtMESO;CFs)(N—N)] where N—-N
is a rigid diimine ligand. Although chloride is a much better
ligand than S@CF;—, the MgSn group has a considerably
highertransinfluence than methyl, and hence the systems are
roughly analogous. Precedence for the stability of platirum
acetone complexes has been established by the structure of
[PtMe(M&CO)(PMePh)]PFs.16

In the trans oxidative addition of Mel to [PtMgbpy)], the
cationic intermediate [PtM¢bpy)(NCMe)[" has been ob-
served in CRCN solution at low temperatufg. The chemical
shift of the equatorial MePtV resonance in the intermediate
cation was found to be 0.22 ppm lower than for the thermo-
dynamic product, [PtiMgbpy)]. Similarly, the Me-PtVY
resonance of the cation is expected to have a lower chemical
shift than the neutral platinuthcomplex. Thus, it is reasonable
to assign the MgSn—PtY signal at higher frequency to the
cationic species, [PtMéMesSn)(bpybu){ OC(CDs)2} 1T, and
the MeSn—PtV at lower frequency to the neutral complex,
[PtCIMex(MesSn)(bpytbup)].  Since CRCN is a better coor-
dinating solvent than acetomlg;'8 it is expected that a solution
of [PtCIMex(MesSn)(bpytup)]-MesSnCl in CDCN will contain
the cation [PtMg(Me3Sn)(bpy*hu,)(N=CCDs)] " analogous to

(12) Van Der Kelen, G. P.; Van Den Berghe, E. V.; Verdonck, L.
Organotin CompoundsSawyer, A. K., Ed.; Marcel Dekker: New York,
1971; Vol. 1, pp 1189.

(13) Van Den Berghe, E. V.; Van Der Kelen, G.P Organomet. Chem
1966 6, 515.

(14) Achar, S.; Scott, J. D.; Vittal, J. J.; Puddephatt, Rr@ianometallics
1993 12, 4592.

(15) Asselt, R.; Rijnberg, E.; Elsevier, C.Qrganometallics1994 13,
706.

(16) Thayer, A. G.; Payne, N. @Q\cta Crystallogr.1986 C42 1302.

(17) Crespo, M.; Puddephatt, R.Qrganometallics1987, 6, 2548.

(18) Hartley, F. RThe Chemistry of Platinum and Palladiumpplied
Science Publishers Ltd.: London, 1973; pp 3@/
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that formed in acetonds. However, since we do not observe
the slow exchange region for the M&n or Me-Pt signals in
CDsCN, there is no direct evidence for the existence or absence
of a cationic species.

Titrations of [PtMe(diimine)] complexes with MgSiX (X
= Cl, Br, I) in toluene resulted in UV visible spectra consistent
with [PtMeX(diimine)] and not the oxidative addition product.
One explanation for this is the oxidative addition of }8&X
(X = Br, I) to [PtMex(diimine)], followed by the reductive
elimination of tetramethylsilane to give [PtXMe(bpy)]; since
methane was detected by GC, it is likely that the silane reacts
with traces of water to give M&IOH and HX, which then
undergoes oxidative addition to the dimethylplatinum(ll) com-
plex. This is followed by the rapid reductive elimination of
methane to give [PtMeX(diimine)]. Similar behavior was ob-
served for attempted titrations of MgeCl to [PtMe(bpy-bu,)].
It is very difficult to avoid these problems at the low concentra-
tions required for the UVtvisible studies.

vyLand Puddephatt

Table 5. Free Energy Change in Oxidative Addition to
Platinum(ll) with Halide Change in M&nX

method (solvent) AG°¢ — AG®; AG®g — AG®
electronic spec. (toluerfe) 1.1-2.8 10.7#14.0
VT-NMR (CD.Cl,)? 6.8+ 0.3 10.7£ 0.5
VT-NMR (CD3sCN)° 8.8+ 0.3 11.0+£ 0.7
calcd? 4.5 10.5

2 Range for all reactions studietiReaction with [PtMg(bpy-bu,)].

will be greater for the starting materials. The result is an
expected increase in solvent entropy upon oxidative addition.
Table 1 shows that the values A become less negative with
increasing solvent polarity, consistent with an increase in solvent
order for the starting materials relative to the product with
increasing solvent polarity.

The free energy for the oxidative addition of p&nCI to
[PtMex(bpy-buy)] is small and negative in all solvents, leading
to a small driving force for the reaction. There is no clear trend

to link AG to solvent polarity because of the counteracting
effects in theAH and AS terms as a function of polarity.

Effect of Diimine Ligand. Little effect on thermodynamic
parameters of the oxidative addition reaction is seen upon chang-

Thermodynamics

Effect of Solvent on Thermodynamic Parameters. As a
model system for the discussion of solvent effects we will con-
sider the oxidative addition of M8nCl to [PtMe(bpy-‘buw,)] ing the nature of the diimine ligand. The reactions involving
to give [PtCIMe(MesSn)(bpytbw)]. The relative solvent ligands with dangling groups [pypr = 2-(CsHaN)CH=NCH;-
effects on the starting materials and products determine the CH2CHs and paen-me= 2-(CsHsN)CH=NCH,CH;NMe;] are
overall effect of a change in solvent on the thermodynamics of Somewhat less favored than those involving Hpys; largely
the reaction. One important factor is the bimolecular nature of due to an entropy effect. This is probably the result of the
the reaction: there are two neutral starting materials and onerestricted movement of the dangling group in the platinum(1V)
neutral product, and hence solvation of the starting materials COmplex compared to the platinum(ll) complex as a result of
should be greater than that for the product. Since solvation the axial ligands in the former.
decreases with diffusion of chard®,MesSnCl, which is Effect of the Group 14 Reagent. There is a pronounced
relatively small and polar, will be more strongly solvated than decrease in the free energy of oxidative addition in the order
other species in solution. Cl > Br > | in tolueneds, CD,Cl,, and CRCN (Table 5). The

Solvation affects both the enthalpy and entropy of a reaction. decrease in free energy on going from48aCl to MeSnBr in
The solvation of a species has a stabilizing effect, and so the CD2Clz and CRCN (VT *H NMR) is somewhat larger than
AH of a reaction will increase if the starting materials are better those found in toluene (U¥vis). The decrease in free energy
solvated than the products, thereby disfavoring the reaction. ThisOn going from MeSnBr to MeSnl is essentially identical,
is the case for the oxidative addition reactions discussed here Within experimental error, in all solvents studied. An inspection
On changing to a more polar solvent the solvation of all species ©f the AH and AS values in Table 1 indicates that, in most
in solution is increased, but the effect is greater for the starting cases, the change in free energy upon a change in halide is the
materials since the reaction is bimolecular and the starting result of an enthalpy change. However, in some cases there
materials are more p0|ar than the product_ The result is aare substantial Variationsms which have asignificantimpact
stabilization of the starting materials with respect to the product, On the free energy difference between reactions. For example,
and an increase inH is expected for the reaction on going to  the entropy term is the dominant factor affecting the free energy

more polar solvents. A further consideration is the added
stabilization of M@SnCl resulting from adduct formation with
the solvent. This is not expected in toluesieand CDQCIy;
however, both acetongsand CRXCN are known to coordinate
to MesSnCl, with AH values of—23.8 and—20.1 kJ mot?,
respectively’ The invariance of th@J(SnH) value associated
with the MeSn—PtV signal indicates that coordination of this
type is not significant in the platinum(lV) species, and coordi-
nation of solvent to MgSnCl is expected to disfavor the oxida-
tive addition reaction on enthalpic grounds. It is clear from
the thermodynamic parameters for the oxidative addition of
MesSnCl to [PtMe(bpy-bw,)] in various solvents (Table 1) that
there is a pronounced increaseA with increasing solvent
polarity.

difference between the oxidative addition of #aCl and
Me;SnBr to [PtMe(bpy-‘buy)].

One other group 14 reagent whose oxidative addition reaction
to [PtMex(bpy-bw,)] proved amenable to thermodynamic analy-
sis was MegGeCl. This reagent showed thermodynamic pa-
rameters similar to those for the reaction involving §8eCl
(Table 1).

Activation Parameters and Mechanism of Reaction

The reversible nature of the oxidative addition of group-14
halogen bonds to [PtM&iimine)] rules out free radical
mechanisms and thus suggests a two-electron mechanism, i.e.
three-centecis addition or &2 oxidative addition. It is well-
known that methylhalotin compounds can readily accept a Lewis

The bimolecular nature of the oxidative addition reactions is base to give five-coordinate (and higher) speéfesThe
expected to result in a decrease in entropy. However, the totalstructure of the adduct [PtIMEMesSn)(bpytbw,)]-MesSnl
effect of both reagents and solvent must be considered to detershows a five-coordinate tin specieand the variable-temper-
mine the overall entropy change for the reaction. Itis expected atureH-NMR study of [PtCIMe(MezSn)(bpytbuy)]-MesSnCl
that the degree of solvation (and hence ordering) of the solventin tolueneds suggests a similar structure in solution at low

(19) Ingold, C. K.Structure and Mechanism in Organic Chemis@pd
ed.; Cornell University Press: Ithaca, 1969; p 459.

(20) For example, see: Omae,Qrganotin ChemistryElsevier: New
York, 1989; pp 241-248.
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Figure 3. Proposed reaction coordinate for the reversible oxidative
addition of MgSnClI to [PtMe(bpy-buw,)] in acetoneds.

temperature. Thus, it seems evident that methylhalotin reagents

are well-suited to react by ain& pathway, which would require
a five-coordinate tin species in the transition state.

All platinum(IV) products reported here are formedtbgns
oxidative addition. Though not conclusive evidence, this
strongly favors an @ over a concerted pathway. In a concerted
pathway, the initial oxidative addition product would be that
resulting fromcis addition, and an exclusivelyrans addition
product would only be observed if there was a rapid isomer-
ization following initial cis oxidative addition. The principle
of microscopic reversibility would require isomerization in the
opposite direction prior to reductive elimination, suggesting a
low-energy barrier and rapid isomerization. Under these
conditions the observation of both isomers would be expected,
but this never occurs.

One strong piece of evidence for thg2Z3mechanism is pro-
vided by the low-temperaturtH NMR spectra of [PtCIMg
(MesSn)(bpytbuy)]-MesSnCl in acetonels (Figure S2, Sup-
porting Information). This shows the cationic complex
[PtMex(MesSn)(bpytbu,) (OC(CDs)2)] * to be in equilibrium with
[PtCIMex(MesSn)(bpylbw,)]. A cationic species is the expecte
intermediate of an & oxidative addition reactioft The
spectral series of [PtCIM&MesSn)(bpytbu,)]-MesSnCl in ace-
toneds shows the coalescence point (both MePt and-8ga
signals) for the equilibrium between the cation and the neutral
platinum(lV) product. The coalescence temperature along with
the relative proportions of the two species can be used to
calculate the free energy of activation for the process (43.0
0.6 kJ mot1).22 The free energy of activation for the oxidative
addition of MgSnCl to [PtMe(bpy-bu,)] at —70 °C can be
calculated as 43 1 kJ molL. This represents an averaged
free energy since both the cation and the neutral platinum(IV)

d
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may be very similar in structure. By this reasoning, the acti-
vated complex formed by initial attack of NM®NCl on
[PtMex(bpy-bw,)] has, to a large degree, completed-Bh bond
formation and SrCl bond cleavage. As well, there is likely
an insignificant degree of solvent coordination to the activated
complex. For the more weakly coordinating solvent used in
this work (CD,Cl, and tolueneds) we can expect the cationic
intermediate to be significantly higher in energy due to much
poorer solvation than in acetowg- However, in CRCN we
expect a very similar reaction coordinate as that in acetigne-
due to the strong coordinating ability of this solvent.

With the above discussion in mind, the activation parameters
obtained by our variable-temperatutd-NMR studies can be
interpreted. One of the most striking features of the reversible
oxidative addition/reductive elimination reactions is the ex-
tremely rapid rate of the processes. For the oxidative addition
reaction of MgSnl to [PtMe(bpy-bw,)] in CD3CN at 25°C,
the rate constant is & 108 M~ s71, close to the diffusion-
controlled processch. 10° M~1s71).23 This is several orders
of magnitude faster than is seen for the oxidative addition of
Mel to organoplatinum(ll) complexes. For example, a rate
constant of 47 M! s~ was found for the oxidative addition of
Mel to [PtPh(bpy)] in acetone at 30C 24 and a rate constant
of 69 M1 s71 was found for the oxidative addition of Mel to
[PtMex(bpy)] in acetone at 28C.25 The very rapid reactions
involving tin reagents can be ascribed to the ease with which
these compounds achieve a five-coordinate geometry, as would
be required in the activated complex of a reaction proceeding
by the §2 mechanism. Stable five-coordinate tin complexes
are quite common and are formed even with weak Lewis bases
such as acetorfe. Alkyl halides only form five-coordinate
species with great difficulty, and hence the activation barrier is
much higher than that for ay8 reaction involving a methyl-
halotin compound.

Effect of Solvent. Consider the reversible oxidative addition
of MesSnCl to [PtMe(bpy-buw,)] as a typical example. There
is a pronounced increase in the rate of reductive elimination in
the series toluends < CD,Cl, < acetoneds (Table 3). Such
a trend is generally accepted as being characteristic of a
transition state that is more polar than the starting matefials.
One would expect the dipolar activated complex to be stabilized
by an increase in the polarity of the solvent, whereas the neutral
reactants would hardly be affected. This implies that the
enthalpy of activation,AH*, should decrease on going to
solvents of higher polarity, and indeed, this is consistent with
our results in toluenég, CD.Cl,, and acetoneés.

For reactions where neutral reagents proce@da highly
polar transition state, it has been observed &t increases
in more polar solvents, indicating decreasing order in the
transition state relative to the ground st&fteExamples of this

complex are present in solution over the range of measurementsinclude the o>2<i7d£tive addition of Mel to [PtRbpy)P* and [IrCI-
However’ because the two Spec|es are Very C|Ose |n energy (1(CO)(PPE)2] ’ For the 0X|dat|ve add|t|0n I‘eaCtIOI’], itis C|eal‘

kJ mol1), the free energy can be considered as that for the
reaction of M@SnCl with [PtMe(bpy-bw,)] to form the cationic

thatAS" becomes less negative with more polar solvents; values
of —160,—106, and—61.8 J mot! K~! are seen for reactions

intermediate. The result is that we can construct a completein tolueneds, CD:Clz, and acetoneks, respectively? It has

reaction coordinate for the reaction (Figure 3). This is the first
example of a fully elucidated reaction coordinate, including the
cationic intermediate, for an oxidative addition reaction of a
metal complex. It is perhaps surprising that the free energy of
activation on going from the starting materials to the intermedi-

ate is essentially the same as that on going from the cation to

the neutral platinum(IV) complex. The similarity in the energies

of the two activated complexes suggests the possibility that they

(21) Puddephatt, R. J.; Scott, J. Organometallics1985 4, 1221.
(22) Shanan-Atidi, H.; Bar-Eli, K. HJ. Phys. Chem197Q 74, 961.

been found that solvent effects on the rate of an oxidative

(23) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RRi@ciples
and Applications of Organotransition Metal Chemistgniversity Science
Books: Mill Valley, CA, 1987; p 314.

(24) Jawad, J. K.; Puddephatt, RJJChem. Soc., Dalton Tran£977,

(25) Monaghan, P. K.; Puddephatt, R.JJ.Chem. Soc., Dalton Trans.
1988 595.

(26) Wiberg, K. B.Physical Organic Chemistrydohn Wiley & Sons:
New York, 1964; pp 38%7.

(27) Steiger, H.; Kelm, HJ. Phys. Chem1973 77, 290.

(28) Chock, P. B.; Halpern, J. Am. Chem. Sod.966 88, 3511.
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addition reaction are usually dominated by th&" term, and to imply that the dangling dimethylamino group of paen;me
this is typical of reactions proceeding through a highly polar participates in the reaction.

transition stat8® Our results are consistent with this proposal. Effect of Group 14 Reagent Changing the nature of the
The decrease iMG* on going from toluenalg to CD,Cl, is tin reagent has a dramatic effect on the rates of Sroxida-
largely due to the entropy change. Both enthalpy and entropy tive addition and reductive elimination. In both @O, and
changes have a significant effect on the chang®&®f on going CDsCN there is a substantial decrease in the rate of reductive

from CD,Cl, to acetoneds, but the large influence of thaH* elimination in the following order: Mg&SnCl > MesSnBr >

term is easily explained as resulting from acetogeoordina- MesSnl. This rate decrease is directly reflected in the increased
tion to M&SnCl. These results indicate a highly polar transition AG* values (Table 2), and there is a strong correlation with the
state and provide further evidence for the2$athway. corresponding\G values (Table 1AGe = —AGyy; Figure S4,

Ugo and co-workef have noted that substantial negative Supporting Information). The opposite effect is expected for
AS values are not inconsistent with a concerted mechanism the oxidative addition reaction and, for reactions carried out in
since considerable distortion of the complex is required at the both CD,Cl, and CQXCN, there is a significant decreaseAG*
transition state. However, studies have established large negafollowing the order MgSnCl> Me3SnBr> MesSnl. This same
tive ASf values for oxidative addition reaction proceeding by reactivity order, 1> Br > Cl, follows the classic pattern
the S2 mechanism, and considerably less negagvalues established for the rates of® oxidative additior?® A plot of
for reactions proceeding by a concerted mechadfsth.The AG* vs AG for the reactions of MgnX (X = ClI, Br, I) to
concerted pathway for oxidative addition does not lead to a [PtMex(bpy*bu;)] shows a reasonable correlation in both
highly polar species and hence there is not as large a decreas€D-Cl> and CIXCN, indicating a linear free-energy relationship
in solvent entropy on approaching the transition statesf for the reaction.
values of—156 and—114 J mot! K~1in benzene and acetone, The rate constant for the reductive elimination of JdeCh
respectively, were found for the oxidative addition of Mel to from [PtCIMex(Me,SnCl)(bpy!buy)] is much smaller than that
[PtPhy(bpy)] by an {2 type mechanisr? Our values for the for any of the corresponding M8nX eliminations, and thAG
oxidative addition of MeSnCl to [PtMe(bpy-bw,)] are com- for the reductive elimination reaction must be significantly more
parable to those of these studies, and are consistent with a similapositive than that for all other reactions studied. It is therefore
mechanism. The rate constants for the reductive elimination reasonable to expect that the oxidative addition reaction is the
of MesSnCl from [PtCIMe(MesSn)(bpyluy)] at —2.1°C show fastest of all those studied. These results are consistent with
a pronounced rate increase with increasing solvent polarity: the increasing ability of methylhalotin compounds to form
tolueneds < CD,Cl, < acetoneds. There is a correspondingly  species with coordination numbers greater than four when the
large increase in the rate of oxidative addition on moving from number of halide atoms surrounding the tin center is incre#sed.
toluenedg to the more polar solvents, as evidenced byAGE . The VT-NMR spectral series for the reaction between
values. Such rate increases are often taken as evidence of #MesGeCl and [PtMgbpy+bw)] in CD,Cl, shows distinct
polar transition state for reactions involving neutral reag&hts. signals for all*H nuclei in both the platinum(ll) and platinum-

The rate of the reductive elimination reaction in £IN is (IV) complexes. The reaction was too slow for any rate
anomalously slow. According to the above arguments, the rate determination by this method. The reason for the substantial
would be expected to be faster than in acetdgebut this is rate decrease on going from tin to germanium may be at least

not the case. In examining th&S'eq and AH*q values for ~ partly due to the reduced ability of M&eX to form a five-
the reaction in the two solvents it appears that the change in coordinate intermediate, as would be found in the transition state
AG'qis largely an entropy effect. This may be the result of of a reaction following the & pathway. The rate decrease on
substantial amounts of low-energy cationic intermediate 9oing from tin to germanium may also be partly due to a size
[PtMex(MesSn)(bpytbu,)(NCCDs)]* in solution which results  effect; germanium is smaller than tin and hence must get closer
in a high degree of solvent ordering. to the platinum center for reaction to occur. This means that
Effect of Diimine Ligand. Kinetic data were determined ~ Steric effects are more important for germanium as opposed to
for the reactions between MBNCl and [PtMg(N—N)] (N—N tin reagents. Despite _the S|m|Ia]s_H values for the two
= bpy-bu,, py-n-py, paen-mg to determine if the dangling  éactions, the one involving M&eCl is much slower. ThiH
amino group had any effect on the reaction. Oxidative addition NMR spectra of platinum(IV)silicon complexes did not show
reactions involving the dangling ligands were somewhat slower any evidence of a reversible oxidative addition process, and
than those for [PtMgbpy-bw,)], perhaps indicating that the hence we conclude this process proceeds at a rate too slow to

dangling ligand must be positioned in such a way as not to be detected on thi¢1 NMR time s.calej. Clea(ly, there igagroup
interfere with the incoming electrophile. There is no evidence 14 rate dependence for the oxidative addition reactions which

follows the series S+ Ge > Si.

(29) The entropy of activation values for the reductive elimination of
MesSnCl from [PtCIMe(MesSn)(bpyhb,)] in various solvents is fairly Conclusions
small (—25 to+9 J mofit K~1) and the large relative errors associated
with the values do not allow for a meaningful discussion. The small  The oxidative addition of trimethyltin halides to complexes

magnitude ofAS® is not unreasonable since reductive elimination is a [PtMey(diimine)] is shown to be very fast and easily reversible.

dissociative process and this counteracts the negative entropy of solvation—, . .~ . .
on approaching a polar transition state. The calculatvalues for the This is important because it allows direct study of both the rates

oxidative addition process have considerably larger magnitudes. and thermodynamics of the reactions by variable temperature
(30) Stille, J. K.The Chemistry of the Metal-Carbon Bond: The Nature 14 NMR spectroscopy, and the thermodynamics can be studied

and Cleaage of Metat-Carbon BondsHartley, F. R., Patai, S., Eds.; John o
Wiley & Sons: Toronto. 1985: p 672. independently by UV-visible spectroscopy. In the products

(31) Ugo, R.; Pasini, A.; Fusi, A.; Cenini, 8. Am. Chem. Sod.972 [PtXMe,(SnMe)(diimine)], the P+X bond is polarized and
94, 7364. weakened by the very stromigansinfluence of the trimethyltin
(32) Kubota, M.; Ishikawa, R. M.; Bencala, K. Eorg. Chim. Acta
1973 7, 195. (35) (&) Kochi, J. K.Organometallic Mechanisms and Catalysis
(33) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrybth Academic Press: New York, 1978; p 159. (b) Atwood, J.lbrganic
ed.; John Wiley & Sons: Toronto, 1988; p 1195. and Organometallic Reaction MechanisnBsooks/Cole: Monterey, CA,

(34) Atwood, J. DInorganic and Organometallic Reaction Mechanisms 1985 p 174. (c) Collman, J. P.; MacLaury, M. B. Am. Chem. So4974
Brooks/Cole: Monterey, CA, 1985; p 19. 96, 3019.
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group, and this has two effects. In nonpolar solvents such asTable 6. Calculated Enthalpies of Oxidative Addition of ié-X

toluene, the PtX group is polar and can form a bridge to a

second molecule of M&nX. Such compounds have been

isolated previously and are now detected directly in solution
by low-temperaturéH NMR. In polar solvents such as acetone

or CHsCN, the halide can be displaced very easily to give an
equilibrium with the cations [PtMgSnMey)(S)(diimine)t, S

= solvent, and these too can be detected by low-temperature

IH NMR. A reaction coordinate diagram has been obtained
for the first time for such reactions, and provides powerful
evidence for the @ mechanism of oxidative addition in which
the transition state is close to the 5-coordinate platinum(IV)
species [PtMgSnMe;)(diimine)]*X~. Itis perhaps surprising
that there is no evidence for solvent coordination to platinum
at this stage, but this can be rationalized in the following way.
In the starting complex [PtMédiimine)], the platinum is
electron rich and will orient to the positive dipole of the solvent,
and since the reaction with M8nX is very fast to give a much
more electron-deficient platinum center, solvent coordination
probably occurs subsequent to the transition state. The rate
of reaction Mg@Sn—X > Me3Ge—X > MesSi—X > MesC—X
correlate with the size of the central atom.

The “halogen effect” on the thermodynamics of the oxidative
addition of MgSnX (X = Cl, Br, I) to [PtMexbpy-bw)] in
CD,Cl, and CXCN has been established quantitatively. The
oxidative addition reaction is thermodynamically favored by

heavier halides, largely due to a change in enthalpy. The values

obtained are comparable to the calculated values, based o
literature bond energies. The thermodynamic basis of this
“halogen effect” is the greater decrease in-M bond energies

for the harder metal (group 14 element) compared to the softer

metal (platinum). The nature of the halide also has a pro-
nounced effect on the rates of oxidative addition and reductive
elimination. The reductive elimination reactions become slower

as the halide becomes larger, but the oxidative addition reactions

become much faster. The difference in rate for the two
processes is tied directly to the position of the equilibrium, with
the heavier halides favoring the oxidative addition product.

There is good evidence for a linear relationship between the

free energy of reaction and the free energy of activation for the
reductive elimination (as well as for the oxidative addition)
process. The increase in the rate of oxidative addition for the
series Cl< Br < | is fully consistent with an § reaction

mechanism. These results quantitatively establish, for the first

time, the magnitude of the halide effect on oxidative addition
reactions. This should prove of great value in predictions of
halide effects on other elemerttalogen bond oxidative addition
metal centers.

If enthalpic effects due to differential solvation of starting
materials and products can be ignored, the overall enthalpy o
the oxidative addition reaction of Mgl —X may be given by
eq 3.

AH = (Me;Me—X) — D(Pt-MMe,) — D(Pt-X) (3)

It is then possible to estimate the platinttim or platinum-
germanium bond dissociation energies if value®@esM—
X) and D(Pt=X) are known (eq 4).

D(Pt-MMe,) = D(Me;M—X) — D(Pt=X) — AH (4)

The value ofD(Pt—Cl) is taken to be 215 kJ mo! (the value
obtained by calorimetry for [Ptg]F),3¢ and, based on the
known differences in PtX bond energie$ the values oD(Pt—

(36) Borkovskii, N. B.; Kovrikov, A. B.; Lipnitskii, I. V.; Umreiko, D.
S. Koord. Khim.1982 8, 523.

n

to [PtMex(bpy)] To Give [PtXMe(MMes)(bpy)

X
M H Me MMe3 Cl Br I
C 37 73 23 —15 —43 —131
Si —68 6 —129 24 —10 —45
Ge —52 -1 —59 —38 —100
Sn —71 —37 —110 —-31 —34 —46

aBased on the values of bond dissociation energies (kJ¥)iéfe—
39: C—H 385; C-Me, 343; C-CMe; 293; C-CIl 335; C-Br 268;
C—1213; Si-H 378; Si-Me 374; Si-SiMe; 337; Si-Cl, 472; Si-Br
402; Si-1 321; Ge-H 343; Ge-Me 316; Ge-GeMe 305; Ge-Cl 359;
Ge—Br 261; Sn-H 314; Sn-Me 270; Sn-SnMe; 234; Sn-Cl 356;
Sn—Br 318; Sn-| 259; Pt-H, 213; P+-C 135; P+Si 233; P+-Ge 182;
Pt—=Sn 172.

Br) andD(Pt—1) are then estimated as 182 and 133 kJ Thol
respectively. The values &(MesSn—X) are taken to be 356
(X = CI), 318 (X = Br), and 259 (X= 1) kJ mol~1,37 while
from a number of divergent values quoted BiMe;Ge—Cl),38

She most recent value of 359 kJ miis used® The values of

D(Pt—MMej3) calculated in this way (using thAH values
obtained by'H NMR in the relatively noncoordinating solvent
CD,Cly) are 174, 171, and 171 kJ mélfor D(Pt—Sn) when X
= ClI, Br, and I, respectively, and 182 kJ mbifor D(Pt—Ge)
when X= Cl.

These should be considered as rough estimates only, since
although the values okH are precise, the values Bi(Pt—X)
andD(Ge-X) are nof&3° |t is significant, however, that the
three independent values &f(Pt—Sn) are remarkably self-
consistent at 172 2 kJ mof1, though the accuracy is likely
to be lower. Coupled with the values D{Pt—SiMe;) = 233
kJ molt andD(Pt—CHsz) = 135 kJ moi? estimated previously,
the serieD(Pt—C) < D(Pt=Si) > D(Pt—Ge) > D(Pt=Sn) is
obtained and is consistent with trends{Pt—X) for bonds to
group 15-17 elements, for which the second-row element
usually gives the strongest bofftl.

Although these values should be viewed with caution, it is
interesting to examine predictions of the enthalpies of oxidative
addition of MgM—X to platinum(ll) based on their values and
on eq 3. The predicted enthalpy changes are listed in Table 6,
and some trends are as follows. For all M, the oxidative addition
of MesM—I is clearly favored over MgM —ClI and the enthalpy
difference decreases on descending group 14, that is fer M
C > Si > Sn, and so the “halogen effect” decreases on
descending the group. Of all the compoundszMe-X with
X = halogen, only the oxidative addition of N®—CI is
predicted to be unfavorable and this is consistent with the
experimental observations. The oxidative addition okMe-

fMM63 is predicted to be unfavorable, for carbon but very

favorable for all the heavier group 14 elements. The oxidative
addition of MgM—Me is likely to be favorable only for M=

Sn, since the unfavorable entropy term will dominate for the
cases with M= Si and Ge for which the predicted enthalpy
change (Table 6) is small. Finally, M —H oxidative addition

is predicted to be unfavorable for M C, but highly favorable
for M = Si, Ge, and Sn.

(37) (a) Walsh, RThe Chemistry of Organic Silicon CompounBstai,

S., Rappoport, Z., Eds.; J. Wiley: New York, 1989; Chapter 5. (b) Walsh,
R. Acc. Chem. Red981, 14, 246.

(38) (a) Baldwin, J. C.; Lappert, M. F.; Pedley, J. B.; Poland, 11.S.
Chem. Soc., Dalton Tran§972 1943. (b) Jackson, R. Al. Organomet.
Chem.1979 166, 17. (c) Brinkman, E. A.; Salomon, K.; Tumas, W.;
Brauman, J. IJ. Am. Chem. Sod995 117, 4905. Clark, K. B.; Griller, D.
Organometallicsl991, 10, 746.

(39) Dewar, M. J. S.; Jie, @rganometallics1989 8, 1544.

(40) Ziegler, T.; Tschinke, V.; Versluis, L.; Baerends, E. J.; Ravenek,
W. Polyhedron1988 7, 1625.
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The values given in Table 6 can rationalize some known NMR spectroscopies. For the UWisible spectroscopic studies
chemical reactions. For example, in platinum complex catalyzed Scatchard-type plots were used to find the free energies of the reactions.
hydrosilation of alkenes it is proposed that oxidative addition TO obtain the thermodynamic data from VT-NMR studies, the mole

of R3Si—H gives the PtH(SiB group, followed by insertion fractions of platinum complexes in solution were determined by the
of alkene into the PtH bond to i\;e PtRSIRs) and then magnitude of the averagéd(Pt—C—H) coupling constants associated
reductive elimination of ESi—R' 41 Igt is important that oxida- with the Me—Pt signal. The Pt:Sn ratios as well as initial concentrations

. . . . L . were known, allowing equilibrium constants to be calculated. For the
tive addition of Si-H and reductive elimination of SiC both equilibrium involving MeGeCl the averaged MePt signals were not
be favorable reactions which occur eaS‘Hy.Whlle the ther- seen in théH NMR spectra, and integration was used to determine
mochemistry cannot predict the ease of reaction, it does at leastoncentration in solution. In all cases the equilibrium constants were

predict that each of these reactions is thermodynamically determined over a range of temperatures allowing for the determinations

favorable. of AG, AH, andAS with standard thermodynamic relationships.
Kinetics data were determined from the line widths of-M&n VT-
Experimental Section NMR signals?*%® Once the kinetic parameters for the reductive

elimination reaction and the thermodynamic parameters of the reaction
General. The NMR spectra were recorded with a Varian Gemini  are known, the kinetic parameters for the oxidative addition reaction
300 spectrometer. The temperature of the probe was calibrated by usingcan be easily calculated by using standard relationships.
a MeOH sample and the Varian instrumental calibration routifté. The enthalpy and entropy of oxidative addition for each VT-NMR
NMR spectra were referenced to TMS by use of the residual solvent study were determined from a plot of Keq vs T-%, and errors were
protons. All platinum complexes were prepared as described previ- determined by using standard regression analyses. Activation param-
ously®’ All samples were prepared in dry 5-mm NMR tubes under a eters AH* and AS) for reductive elimination were determined from
nitrogen atmosphere. Eyring plots (InkedT s T'Y). The confidence level of 95% was us&d.
UV—visible spectra were recorded with a Varian Cary 2290 Background NMR and UV vis data needed for the calculations are
spectrometer with a temperature-controlled sample chamber maintainedncluded in the Supporting Information.
at 25°C and the sample and reference solvent contained in quartz cells  Visible Spectroscopic Titration of [PtMe,(bpy)] with Me 3SnClI.
(1 cm). Solvents were dried and distilled immediately prior to use. Toluene solutions of [PtM€bpy)] (2.648+ 0.0009 x 1074 M) and
For spectroscopic titrations, cells were loaded with freshly-prepared Me;SnCl (0.1020+ 0.0008 M) were prepared. The sample cell was
solutions of the platinum(ll) complexes in a nitrogen atmosphere by charged with the [PtMgbpy)] solution (3.000 mL), and the visible
use of a Vacuum Atmospheres Mo-40-1 dry lab. The sample cell was spectrum was recorded. Aliquots (25:00.5uL) of MesSnCl solution
fitted with a PTFE-lined septum to allow for additions of the group 14 were added to the sample cell, and the spectrum was run after each
reagent under an inert atmosphere. Titrations were conducted by theaddition. The color of the solution lightened immediately on addition
addition of solutions of group 14 reagent to the sample cell with use of the tin reagent.

of a 50 uL air-tight syringe with a PTFE plunger. The titration of .
[PtMes(bpy)] with MeSnCl which follows represents a typical Acknowledgment. We thank the Natural Sciences and

procedure. Engineering Council of Canada for financial support to R.J.P.
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(41) (a) Chalk, A. J.; Harrod, J. B. Am. Chem. Sod965 87, 16. (b) and UV—vis spectro_s_copic data, calculation (_jetails, as well as
Tilley, T. D. In The Silicon-Heteroatom BongdPatai, S., Rappoport, Z.,  data and plots for visible and VIH NMR studies (92 pages).
Eds.; J. Wiley: New York, 1991. See any current masthead page for ordering and Internet access

(42) (a) Shimada, S.; Tanaka, M.; Honda, KX.Am. Chem. S0d.995 instructi
117, 8289. (b) Yamashita, H.; Kobayashi, T.-A.; Hayashi, T.; Tanaka, M.; Instrucuons.
Goto, M.J. Am. Chem. S0d.988 110 4417. (c) Eaborn, C.; Pidcock, A.;

Steele, B. RJ. Chem. Soc., Dalton Trand976 767. (d) Heyn, R. H.; JA971532R

Tilley, T. D. J. Am. Chem. S0d.992 114 1917. (e) Latif, L. A.; Eaborn, (43) Piette, L. H.; Anderson, W. Al. Chem. Phys1959 30, 899.

C.; Pidcock, A.; Weng, N. SJ. Organomet. Chenl994 474, 217. (f) (44) Sandstrom, JDynamic NMR SpectroscopyAcademic Press:
Ozawa, F.; Hikida, T.; Hayashi, T. Am. Chem. S0d994 116 2844. (g) Toronto, 1982.

Yamashita, H.; Kobayashi, T.; Hayashi, T.; Tanaka,®hem. Lett199Q (45) For egs 11 and 12\s, is the width of the MeSn signal of the tin
1447. (h) Yamashita, H.; Tanaka, M.; Goto, @rganometallics1992 11, reagent\\ is the width in the absence of exchan@é, is the width of the
3227. Note that both €H and Si-Me oxidative additions may occur with averaged MeSn signady is the frequency difference between the MeSn
the strained Pt(0) intermediate [PRu,PCHPt-Buy)]. (i) Hofmann, P.; signals in free tin reagent and platinum(lV) complex, &dandPpishare
Heiss, H.; Neitler, P.; Muller, G.; Lachmann, Angew. Chem., Int. Ed. the relative proportions of free tin reagent and platinum(lV) complex,

Engl. 199Q 29, 880. respectively.



