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The nature of reaction 4 is not presently known. Decomposition 
of RhH(P(i-Pr)3)2 may be indicative of the formation of as- 
yet-uncharacterized clusters. The orange, plate-like crystals which 
also grew in the reaction solution (see Experimental Section) may 
contain the elusive complex [RhH(P(i-Pr)&]: but none of these 
crystals diffracts X-rays, and the true nature of the remaining 
compound(s) is presently unknown. 
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Abstract: tra~s-[PdR’~(PR~),] with a series of alkyl groups and tertiary phosphine ligands of various steric bulkiness (R’ = 
Et, PR3 = PMe2Ph (l), PEt3 (2), PEt,Ph (3), PMePh2 (4), PEtPh, (5); R’ = Pr (6), Bu (7), PR3 = PMe,Ph) are thermolyzed 
in solution by 8-elimination processes liberating alkane and alkene in a 1:1 ratio. Kinetic studies on thermolysis of trans- 
[PdEt2(PR3),] revealed that they decompose obeying the first-order rate law with respect to the concentration of the palladium 
complexes. Thermolysis predominantly proceeds from the four-coordinated complex without dissociation of the tertiary phosphine 
ligand. The minor parallel thermolysis pathway involving the dissociation of the phosphine is completely blocked by addition 
of the phosphine. Activation enthalpies for thermolysis of the ethylpalladium complexes having various steric bulkiness were 
virtually constant in the range of 26.0 * 1.0 kcal/mol whereas activation entropies showed considerable variation with increasing 
bulkiness of the phosphine. Thermolysis of trans-[Pd(CH2CD3),(PMePh2),] (8) cleanly liberated CH2=CD2 and CH2DCD3 
with a small isotope effect ( k ~ / k ~  = 1.4 f 0.1). The kinetic results together with examination of the molecular model suggest 
that the interaction between the bulky phosphine ligands and the ethyl groups causes the destabilization of the Pd-Et bonds. 
A thermolysis mechanism consistent with the kinetic results assuming an activation state distorted from the square-planar 
ground state is proposed. 

Introduction 
Tertiary phosphines are employed in a variety of transition- 

metal-promoted reactions to control the reaction courses.2 Un- 
derstanding of their influence on the stability and reactivity of 
organometallic species involved in these reactions is expected to 
provide essential information in clarifying the reaction mechanisms 
and further designing suitable catalytic reactions promoted by 
transition-metal catalysts. Effectiveness of tertiary phosphines 
as auxiliary stabilizing ligands of transition-metal alkyls is 
well-known as exemplified by an increasing number of successful 
isolations of transition-metal alkyls having tertiary phosphine 
ligandsk Although some proposals have been made for accounting 
for the stability of transition-metal  alkyl^,^ the exact reason for 
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the stabilization effect of the tertiary phosphine ligands is still 
far from clear. The role of tertiary phosphine ligands in stabilizing 
transition-metal alkyls may be accounted for in terms of electronic 
and steric factors. An attempt to interpret the stabilization effect 
of tertiary phosphines and related ligands in terms of the electronic 
effect as the increase in the ligand field energy to cause the 
electronic excitation of transition-metal alkyls has been made by 
Chatt and Shaw: whereas Wilkinson pointed out the importance 
of the role of auxiliary ligands as a blocking agent to hinder the 
occurrence of p elimination as the most frequently observed de- 
composition p a t h ~ a y . ~  There are some examples that show the 
dissociation of tertiary phosphines is quite important in initiating 
the thermolysis of transition-metal alkyls,6 but other examples 
indicate that explanation of the role of the auxiliary ligands in 
transition-metal alkyls merely as the blocking agent for the j3- 
elimination process is insufficient.’ For getting more information 
concerning the role of the stabilizing ligands on transition-metal 
alkyls, we have undertaken the kinetic study of thermolysis of 
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Table I. IRa and ‘ H  NMRb Data of trans-[PdEt,(PR,),] 
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IR data ‘H NMR dataC 
Pd-Et group Pd-Et P-R 

PR, u(C-H) 6(C-H) u(Pd-C) -cH, -CH, - -CH, CH, - 
PMe,Ph, 1 2880 s 1135 s 452 s 0.92 td 0.36 qd 1.68 te 

2820 s 1350 m 

2825 s 1360 m 
PEt,, 2 2875 s 1145 s 455 s g 0.33 qd 1.12 quid 1.82 m 

PEt ,Ph, 3 2875 s 1135 s 440 s 1.31 td 0.71 qd 0.92 quid 1.92 m 

PMePh,, 4 2890 s 1140 m 455 s 0.41 tf 0.05 qf 1.99 tf 

PEtPh,, 5 2900 s 1140 s 455 m 0.55 tf 0.17 qf 1.23 quif 2.41 m 

2800 s 1350 m 

2830 s 1355 m 

2840 s 1355 m 
KBr disk, in cm-’. 100 MHz, chemical shifts are in 6 values with respect to tetramethylsilane as an external or internal standard (down- 

field positive). Solvent: acetoned, (1, 2); toluened, (3); CD,Cl, (4, 5). Temperature (‘C): 25 (2);-20 (1, 3);-40 (4,5). 
abbreviations are as follows: t ,  triplet; q, quartet; qui, quintet; m, multiplet. 

Multiplicity 
Coupling constants, in Hz, 8. e Coupling constants in Hz, 2. 

Coupling constants are obscured due t o  broadening. g Chemical shift is obscured due to the signals of P-C-CH, protons. 

diethylpalladium complexes having various tertiary phosphines 
as continuation of our effort to clarify the thermolysis mechanisms 
of various transition-metal alkyls.8 

In view of the utility of palladium-promoted reactions conducted 
in the presence of tertiary phosphine  ligand^,^,^ examination of 
behavior of palladium alkyls having tertiary phosphine ligands 
and clarification of the influence of the phosphine ligands on the 
palladium-promoted reactions are quite desirable. However, 
studies on the behavior of well-characterized simple palladium 
alkyls having tertiary phosphines have been quite limited.I0 The 
recently isolated dialkylbis(tertiary phosphine)palladium(II) 
complexes have been found to provide convenient materials for 
the kinetic study on thermolysis mechanism of palladium alkyls. 
A series of trans-[PdR2L2] type complexes where R = Et, Pr, and 
Bu with various tertiary phosphines decompose via p-elimination 
pathways liberating alkanes and alkenes in a 1:l ratio. The kinetic 
study on thermolysis of trans-[PdEtz(PR3)z] revealed that the p 
elimination is not blocked by the presence of tertiary phosphines 
but rather accelerated by bulky tertiary phosphines. The strong 
steric effect of tertiary phosphines to destabilize the palladium 
ethyls observed here, for the first time to our knowledge, is in 
contrast with the electronic effect of tertiary phosphines on stability 
of copper alkyls.8d Kinetic studies on thermolysis of trans- and 
cis-dimethylpalladium complexes and cis-diethylpalladium com- 
plexes which decompose through reductive elimination pathways 
will be reported separately.12 

Results 
Preparation and Characterization of tran~-[PdR’~(PR&~]. The 

trans-diethylpalladium complexes having a range of tertiary 
phosphine (PRJ ligands of various basicities and steric bulkiness 
have been prepared by the reactions of [ P d ( a c a ~ ) ~ ]  (acac = 
pentane-2,4-dionato ligand) with AlEt2(OEt),” or more preferably 
with A12Et3(OEt),, in the presence of PR3 ligands (PR3 = PMQPh, 
(l), PEt, (Z), PEt2Ph (3), PMePhz (4), PEtPh, (5)). The em- 
ployment of the ethylaluminum compounds is suitable for ob- 

(8) (a) Yamamoto, T.; Yamamoto, A.; Ikeda, S. Bull. Chem. SOC. Jpn. 
1972,45, 1104. (b) Yamamoto, T.; Yamamoto, A,; Ikeda, S.  J.  Am. Chem. 
Soc. 1971, 93, 3350 and 3360. (c) Yamamoto, T.; Yamamoto, A. J.  Orgu- 
nomef. Chem. 1973, 57, 127. (d) Miyashita, A,; Yamamoto, T.; Yamamoto, 
A. Bull. Chem. SOC. Jpn. 1977,50, 1109. (e )  Ikariya, T.; Yamamoto, A. J .  
Organomet. Chem. 1976, 120, 257. (f) Yamamoto, A.; Yamamoto, T.; Sa- 
ruyama, T.; Nakamura, Y. J .  Am. Chem. SOC. 1973, 95,4073. (g) Yama- 
moto, T.; Saruyama, T.; Nakamura, Y.; Yamamoto, A. Bull. Chem. SOC. Jpn. 
1976, 49, 589. (h) Komiya, S.;  Yamamoto, T.; Yamamoto, A. Chem. Lef t .  
1978, 1273. 

(9) (a) Maitlis, P. M. “The Organic Chemistry of Palladium”; Academic 
Press: New York, 1971; Vol. 2. (b) Tsuji, J. Adu. Orgunomel. Chem. 1979, 
17, 141. (c) Tsuji, J. Acc. Chem. Res. 1969, 2, 144. (d) Trost, B. M. 
Tefruhedron 1977,33, 2615. ( e )  Heck, R. F. Acc. Chem. Res. 1979,12, 146. 

(10) Milstein, D.; Stille, J. K. J .  Am. Chem. SOC. 1979, 101, 4981, and 
references cited therein. 

(1 1) Ito, T.; Tsuchiya, H.; Yamamoto, A. Bull. Chem. SOC. Jpn. 1977,50, 
1319. 

Table II. Gases Evolved on Thermolysis of tran~-[PdEt,(PR,),]~ 
evolved gas ratio ’/ , x- 

Et/ 
run PR, (mol/L) C2H4 CZH6 C,Hl0 p p  

additive 

1 PMe,Ph, 1 st(0.22) 0.49 0.51 0.00 0.95 
2 PEt,, 2 st (0.22) 0.49 0.51 0.00 1.03 
3 PEt,Ph, 3 st (0.22) 0.49 0.49 0.02 1.03 
4 PMePh,, 4 st (0.22) 0.48 0.49 0.03 0.98 
5 PMePh,,4 py (0.31) 0.46 0.54 0.00 0.93 

6 PMePh,,4 py (0.62) 0.48 0.52 0.00 1.00 

7 PMePh,,4 AsPh, (0.18) 0.49 0.51 0.00 0.97 
8 PMePh,, 4 PPh, (0.21) 0.49 0.51 0.00 0.97 
9 PMePh,, 4 PMePh, (0.13) 0.49 0.51 0.00 0.93 

10 PMePh,,4 PMePh, (0.75) 0.44 0.56 0.00 1.02 
11 PEtPh,,5 st(0.22) 0.49 0.49 0.01 1.02 

Conditions: [complex] = 0.05 mol/L, at room temperature, 

st (0.13) 

st (0.09) 

in toluene. Key: st, styrene;py, pyridine. ‘/,ZEt/Pd = 
? /, (C,H, t C,H,) + C4HIo )/(complex). 

taining the trans isomers whereas ethyllithium gives cis isomers.l2 
The trans isomers are sometimes contaminated with the cis iso- 
mers, but the latter can be removed by recrystallization. Since 
most complexes are thermally unstable and not amenable to 
microanalysis, they were characterized by macroscopic palladium 
analysis and acidolysis with concentrated HzS04 and by means 
of IR and ‘H N M R  spectroscopy. The IR and ‘H N M R  data 
are listed in Table I. The ‘H N M R  spectra of trans-[PdEtz- 
(PR3)J having the methyl-substituted phosphines (1 and 4) 
showed the characteristic triplets, whereas those having the 
ethyl-substituted phosphine (2, 3, and 5) showed the apparent 
quintets supporting the trans configuration. 

Dipropyl and dibutyl analogues having dimethylphenyl- 
phosphine ligands have been prepared analogously, but attempts 
to prepare isopropyl and tert-butyl analogues resulted in failure 
with decomposition of complexes. Thermolysis studies discussed 
below have been carried out mainly with the diethylpalladium 
complexes. 

Thermolysis Products of trans-[PdEt2(PR3)2]. Thermolysis of 
t r a n ~ - [ P d E t ~ ( P R ~ ) ~ ]  in toluene as well as in the solid state” 
liberates ethane and ethylene together with a negligible amount 
of butane. Thermolysis of trans- [PdPr2(PMezPh)2] and trans- 
[ P ~ B U ~ ( P M ~ ~ P ~ ) ~ ]  gives likewise propane and propylene and 
butane and butene-1, respectively. Addition of olefins or tertiary 
phosphines to the toluene solution containing trans-[PdEt2(PR3)2] 
caused the liberation of quantitative amounts of ethane and 
ethylene as represented by eq 1 and summarized in Table 11. In 
thermolysis in the absence of these additives the liberation of 

(12) Ozawa, F.; Ito, T.; Yamamoto, A,, to be submitted for publication 
in Bull. Chem. SOC. Jpn. 
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1 

0.0 0.1 0.2 0.3 0.4 
IPR+ (molll) 

Figure 1. The effect of addition of the same tertiary phosphine as that 
originally coordinated to the complex on the thermolysis of trans- 
[PdEt2(PR3)2]. Conditions: [complex] = 0.025 mol/L, at 25.5 "C, in 
toluene. 

ethylene was hindered by formation of ethylene-coordinated 
complexes. 

nL C2H4 

trans -[WEt2(PR3)zl T [ P ~ ( C ~ H ~ ) ( P R ~ ) Z I  Li [PdL,(PR3)zl (1) 

2H6 

L = o l e f ' i i ; n = l o r 2  
The study of the olefin-coordinated complexes has been reported 
~eparate1y.l~ The results shown in Table I1 clearly indicate that 
the thermolysis proceeds through a @-elimination pathway. 
Thermolysis of trans-[Pd(CH2CD3)2(PMePh2)2] (8) liberated 
cleanly CHz=CDz and CH2DCD3 without formation of any H/D 
scrambled products. 

trans-[Pd(CHzCD3)z(PMePhz)z] - 
[Pd(L)(PMePh2)z] + CH2=CDz + CH2DCD3 

The clean formation of CHz=€Dz and CHzDCD3 was confirmed 
on the basis of IR and mass spectral results (see Experimental 
Section). 

Kinetic Studies. The rate of evolution of ethane and ethylene 
was followed by measuring the amount of the gases evolved on 
thermolysis of the palladium diethyls in toluene containing such 
additives as styrene or tertiary phosphine. While addition of the 
additives is required to liberate ethylene quantitatively, variation 
of the styrene concentration did not affect the thermolysis rate.14 
Invariance of the composition of the gases evolved during the 
thermolysis carried out in the presence of the olefin was also 
confirmed. The thermolysis proceeded for any tertiary phos- 
phine-coordinated complexes obeying a first-order rate law in the 
palladium ethyl concentration up to 80-90% decomposition. 

The Effects of Addition of Tertiary Phosphines and Other 
Ligands on the Thermolysis Rates. In contrast to the complete 
inhibition of thermolysis of c i ~ - [ P t B u ~ ( P P h ~ ) ~ ] ~ ~  and to consid- 
erable retardation of thermolysis of [ C ~ E t ~ ( a c a c ) ( P R , ) ~ ] * ~  by 
addition of the tertiary phosphine ligands, thermolysis of the 
toluene solutions of trans-[PdEt2(PR,),] (2-5) was only slightly 
retarded by tertiary phosphine as shown in Figure 1. The rate 
of thermolysis of 1 having the least bulky phosphine at 25.5 *C 
was too small to observe the effect of addition of PMe2Ph. The 

L 

~ 

(13) Ozawa, F.; Ito, T.; Yamamoto, A. J .  Organomet. Chem. 1979, 168, 
315. 
(14) The decomposition rate constants (103kk,, s-I) of 1-5 in the presence 

of styrene are as follows (concentration of styrene is in parentheses, mol/L): 
1 (at32oC),0.23(0.11),0.22(0.44);2(at25.5oC),0.14(0.11),0.14(0.44); 
3 (at 25.5 "C) ,  0.45 ( O . l l ) ,  0.45 (0.44); 4 (at 25.5 "C), 0.80 (O.ll), 0.81 
(0.35); 5 (at 25.5 "C), 4.0 (O.ll) ,  3.9 (0.44). 
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Figure 2. Plots of kow vs. l/[PR,], at 25.5 "C. 

Scheme I. Thermolysis Pdthways of trans-[PdEt,(PR,),] 

Et r 

Et  c J 

B A 

l k 2  I 3  

C2H4 + c$6 C2H4 + C2H6 

investigation at the higher temperature, 32.0 "C, only revealed 
the presence of a minor retardation effect of the phosphine, the 
observed first-order rate constant, kow, being diminished to 0.21 
X lo-, s-' in the presence of 0.43 mol/L of PMe;?Ph from the value 
of 0.23 X s-l in the absence of the phosphine. The plots of 
ko,, against the reciprocal of the added PR3 concentration gave 
straight lines for complexes 2-5 as shown in Figure 2. 

The results indicate that the thermolysis proceeds through two 
parallel pathways as represented in Scheme I, one through the 
undissociated species t ran~-[PdEt~(PR,)~]  and the other through 
a partially dissociated species [PdEtz(PR3)], the former pathway 
constituting the predominant route. 

Assumption of Scheme I as the thermolysis mechanism with 
small rate constants k2 and k3 compared with kl and kl leads 
to the kinetic expression 

where K = k l / k l  and [PdEt2lt0,, = [A] + [B]. Hence 

kobsd = k2 + K(k3 - kZ)/(K + [PR31) 

kobsd = k2 + K(k3 - k2) / fPR31 

(3)  

(4) 

if K << [PR,]. The assumption that the equilibrium constant K 
is much smaller than the concentration of the added PR, is 
reasonable since the 'H NMR spectra of trans- [PdEtz(PRJ2] 
show no sign of the presence of free PR, in the examined con- 
centration range. Equation 4 is consistent with the experimental 
results as demonstrated by Figure 2. 

An alternative mechanism involving the five-coordinated species 
[PdEt2(PR3),] in the thermolysis of trans-[PdEtZ(PR,),] in the 
presence of the added phosphine may be excluded on the basis 
of failure to observe such species a t  high concentrations of the 
added PR, by N M R  spectroscopy and also from the minimal 
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Table III. k, Values for the Thermolysis of 
trans-[PdEt,(PR,),] a 

Ozawa, Ito. and Yamamoto 

Table V. The Effects of Addition of Various Ligands on the 
Decomposition Rates of trans-[PdEt,(PMe,Ph),] 

PMe,Ph PEt, PEt,Ph PMePh, PEtPh, 
11’) 12) 131 (41 (5) 

cone angle 122 132 136 136 140 

PK 6.25 8.65 6.78 4.65 4.91 
10Bk,, s-’ 0.08S6 0.11 0.38 0.46 5.82 

The values obtained from Figure 2. See text. The values 

(01, deg 

In k, -9.37 -9.12 -7.88 -7.68 -5.15 

obtained by extrapolation of values at higher temperatures to the 
value at 25.5 “C. 

Table IV. The Effects of Addition of Various Tertiary 
Phosphines on the Thermolysis Rate Constants of 
trans-[ PdEt,(PEt,Ph),] (3)“ 

additive 
PMe,Ph PEt,Ph PEtPh, PPh, P(c-Hex), 

cone angle 122 136 140 145 170 

concnof additive, 0.12 0.14 0.12 0.13 0.13 

103k,bsd, s-’ 0.12 0.41 1.03 1.38 2.83 

a [3] FS 0.025 mol/L, at 25.5 ‘C, in toluene. 

(e), deg 

mol/L 

Figure 3. Plot of 
Cone angle 

In k2  vs. 0, at 25.5 OC. 

influence of the added PR, of the high coordinating abilities such 
as PMe2Ph, PEt,, and PEt2Ph. The intercepts of kow values at 
l/[PR,] = 0 correspond to k2 values in Scheme I and eq 4, 
representing the thermolysis rate constants of the undissociated 
four-coordinate species. The kz values for thermolysis of complexes 
1-5 a t  25.5 OC are summarized in Table I11 together with Tol- 
man’s cone angles ,I5 representing the steric bulkiness of the 
phosphine ligands and the pK, values of the conjugate acid of the 
tertiary phosphines to stand for the basicities of the tertiary 
phosphines.I6 Table I11 reveals the correlation of the thermolysis 
rate of tr~ns-[PdEt,(PR,)~] with the cone angles but not with the 
basicities of PR,. Figure 3 demonstrates the pronounced increase 
in the thermolysis rate of trans-[PdEt2(PR,),] with increase in 
the cone angle of the coordination tertiary phosphine over the fl 
value of - 132’. 

Since the range of the steric bulkiness of the phosphines co- 
ordinated in the isolated palladium ethyls 1-5 covers rather limited 
cone angles (0 = 122-140°), the effect of addition of tertiary 
phosphines of wider range of steric bulkiness to the solution 
containing 3 was examined. The results shown in Table IV in- 
dicate that the addition of phosphines of greater cone angles than 
that of PEt,Ph accelerates the thermolysis rate of 3 originally 
coordinated with PEtzPh in the order of PEtPh, < PPh, < P(c- 
Hex), whereas addition of the less bulky phosphine PMQPh caused 
the decrease in the thermolysis rate. Since the ligand exchange 
of the square-planar phosphine-coordinated complexes is known 
to proceed with retention of the configuration” and in fact the 
replacement of the coordinated phosphine ligands in 3 with an 
excess of PMezPh gave t r ~ n s - [ P d E t ~ ( P M e ~ P h ) ~ ) ]  (1) (see Ex- 

( I S )  Tolman, C. A. Chem. Reu. 1977, 77, 313. 
(16) pK, values of tertiary phosphines were calculated by the equation of 

pK, = 7.85-2.67%’: Kosolapoff, G. M.; Maier, L. “Organic Phosphorus 
Compounds”; Wiley-Interscience: New York, 1972; Vol. 1. 

(17) Basolo, F.; Pearson, R. G. “Mechanisms of Inorganic Reactions”, 2nd 
ed.; Wiley: New York, 1967. 

lo’kqbsdt 
run additive (mol/L)b S- 

1 0.10 

3 PY (0.077) 10.8 
4 PY (0.093) 12.5 
5 PY (0.124) 18.1 
6 PY (0.093) 0.14 

2 PY (0.031) 5.3 

PMe,Ph (0.038) 
7 AsPh, (0.032) 7.9 
8 NPh, (0.029) 0.15 

[ l ]  = 0.025 mol/L, at 27.0 “C, in toluene containing 0.11 
mol/L of styrene. py, pyridine. 

*O t 

0.0 - Ob5 0.10 015 
I p y r i d i d  (mol / 1)  

Figure 4. The effect of addition of pyridine on the decomposition rates 
of tr~ns-[PdEt~(PMe~Ph)~] (1) at 27.0 O C  in the presence of styrene. 
[complex] = 0.025 mol/L. 

perimental Section), addition of PR, ligands other than PEtzPh 
presumably gives the partly or totally exchanged PdEt2 complex 
retaining the trans configuration. The results in Table IV suggest 
that the thermolysis of such exchanged species is accelerated with 
replacement by the bulkier phosphines. 

Table V shows the effect of addition of ligands other than 
tertiary phosphines on the thermolysis rate of 1. The thermolysis 
rate of 1 is markedly accelerated by addition of pyridine (runs 
1-5) and triphenylarsine (run 7) whereas only a minor acceleration 
effect was observed en addition of triphenylamine (run 8). Figure 
4 shows the linear increase in the kohd value at  25.5 O C  with 
increase in the concentration of pyridine added to the toluene 
solution containing 1. These effects may be accounted for by 
assuming the exchange reaction with replacement of the originally 
coordinated ligands PMepPh by pyridine or AsPh3. The marked 
acceleration effect by addition of pyridine which is less bulky than 
the tertiary phosphines may be an indication of the contribution 
of electronic factors. Addition of an excess of PMe2Ph to the 
pyridine-containing system effectively suppressed the acceleration 
effect of pyridine (run 6 ) .  

Although addition of styrene does not accelerate the thermolysis 
of the trans-[PdEtz(PR3),] complexes, addition of more electro- 
negative olefins such as dimethyl maleate and methyl acrylate 
slightly increased the thermolysis rate, the koM values of 0.80 X 
lo-, s-I at 25.5 OC observed in the presence of styrene being raised 
to 1.0 and 0.90 X s-’ when 0.35 mol/L each of dimethyl 
maleate and methyl acrylate was added to the solution containing 
4. The acceleration effect was totally hampered by addition of 
PMePh,. The results are in sharp contrast with the behavior of 
diethyl(bipyridine)nickel(II) whose thermolysis is markedly ac- 
celerated by addition of electronegative olefins.8b 

Estimation of Kinetic Parameters and Isotope Effect. Activation 
parameters for thermolysis of 1-5 were derived from Arrhenius 
plots of the thermolysis rates of undissociated four-coordiante 
species. For complexes 3-5 the thermolysis rates were measured 
in the presence of added phosphine in the concentration of 0.4 
mol/L, whereas for complexes 1 and 2 whose thermolyses are not 
affected by addition of the same phosphine as coordinated in the 
complexes the thermolysis rates were measured in the presence 



Thermal Decomposition of trans-[PdEt2(PRJ2] 

Table VI. Activation Parameters for the Thermolysis of 
trans-[PdEt,(PR,),] at 300 Ka 

PMe,Ph PEt, PEt,Ph PMePh, PEtPh, 
(1) (2) (3) (4) ( 5 )  

EWb 26.4 26.5 26.9 27.0 26.3 

ximo1 25.8 25.9 26.3 26.4 25.7 

As+ ,c 9.3 10.6 14.0 14.7 17.5 

A G * , ~  23.0 22.7 22.1 22.0 20.5 

a Conditions: 1, 2, styrene (0.11 mol/L) was added; 3, PEt,Ph 

kcal/mol 

eu 

kcal/mol 

(0.40 mol/L) was added; 4, PMePh, (0.41 mol/L) was added; 5 ,  
PEtPh, (0.41 mol/L) was added; [complex] = 0.025 mol/L, in 
toluene. Experimental error kl.0 kcal/mol. Experimental 
error ~ 1 . 0  eu. 1 cal= 4.18 J. 

of styrene. The results summarized in Table VI show little 
variance of A P  values on variation of the coordinated tertiary 
phosphine ligands whereas the AS* values are all positive and 
increase with the increase in steric bulkiness of the coordinated 
phosphines. 

The isotope effect (k , /k , )  derived from thermolysis of 
tran~-[Pd(cH~CD~)~(PMePh~)~] (8) as compared with the 
thermolysis rate of undeuterated complex 4 in the presence of 
PMePh2 (0.27 mol/L) or styrene (0.1 1 mol/L) was found to be 
1.4 f 0.1. The isotope effect observed here is smaller than the 
reported isotope effects of 2.29 f 0.20 in the thermolysis of 
[C~HI~CD~CH~I~(CO)(PP~~)~] l8 and of 2.30 f 0.05 in that of 
[CO(CH~CD~)~(~C~~)(PM~~P~)~]~~ but significantly greater than 
the value expected for the secondary isotope effect.lg The absence 
of H / D  scrambling in the remaining ethyl groups of 8 and in the 
evolved gases suggests that (3 elimination is an irreversible process 
in contrast to the thermolysis behavior of the platinum ana- 
1ogues.6a,8h 

Discussion 
The kinetic study described here revealed several important 

features of the thermolysis behavior of the trans-[PdEt,(PR,),] 
type complexes: (i) The thermolysis proceeds by a clean b-hy- 
drogen elimination mechanism without involving the hydrogen 
scrambling and with a small isotope effect of k H / k D  = 1.4 f 0.1. 
(ii) Thermolysis takes place predominantly from the undissociated 
four-coordinate species. (iii) The coordination of sterically de- 
manding phosphine destabilizes the palladium ethyl rather than 
stabilizing the complex by blocking the site forb elimination. Most 
of these observations are unprecedented and merit the discussion 
in comparison with the reported results on thermolysis of tran- 
sition-metal alkyls. 

In thermolysis of a square-planar transition-metal diethyl of 
the type [MEtZL,] via 8-elimination pathways, paths a and b are 
conceivable. Path a involves the preliminary ligand dissociation 
path a 

0- H 
abstraction Ij\M/H 5 L2MEt2 LMEt2 -- - L’ ‘Et 

D L 

LM + C2H4 + CZHe 

path b 

H 

-C L2M + CzH4 + C$G 
I P - H  

L2MEt2 abstraction_ 

‘Et 

E 
to provide a coordinatively unsaturated species (C) which un- 

(18) Evans, J.; Schwarts, J.; Urguhart, P. W. J .  Organomet. Chem. 1974, 
81, C37. 

(19) The secondary isotope effect of 1.07 in thermolysis of fac-[PtX- 
(Me),(PR&] has been reported: Brown, M. P.; Puddephatt, R. J.; Upton, 
C. E. E. J .  Chem. SOC., Dalton Trans. 1974, 2457. 
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Figure 5. A possible structure of rrans-[PdEt,PR,),]: (1) PR3 = PEtPh, 
(0 = 140’), (2) PR3 = PMe,Ph (0 = 122’); atomic radius (A), Pd = 
1.31, P = 1.10, C = 0.77, H = 0.32; bond angle, Pd-C-C = C-C-H = 
109.28O. 

Figure 6. A geometry of a Pd-Et group: atomic radius (A), Pd = 1.31, 
P = 1.10, C = 0.77, H = 0.32; bond angle, Pd-C-C = C-C-H = 
109.28’. 

dergoes the @-hydrogen elimination to give a square-planar hy- 
dridoethyl complex coordinated with ethylene and further reductive 
elimination of the hydridoethyl complex gives the thermolysis 
products. When the hydrogen abstraction process, C - D, and 
its reverse process are rapid and reversible compared with the 
ensuing slow steps, hydrogen scrambling6~se-18~20 and sometimes 
the isomerization of the branched to linear alkyls are observed 
for the alkyls higher than ethyl.shs21 Path b proceeds without 
ligand dissociation and consequently the five-coordinate inter- 
mediate E is to be considered, if the formation of the hydrido- 
ethyl-ethylene intermediate of a meaningful lifetime should be 
involved. The behavior of trans- [PdEt2(PR3)2] distinctly differs 
from that of cis-[PtR2(PR&] studied in detai1.6a,8h The kinetic 
study supporting the Occurrence of thermolysis mainly from the 
undissociated four-coordinate complex suggests that the /3 elim- 
ination takes place in a sterically congested state. Examination 
of the molecular structure of t r ~ n s - [ P d E t ~ ( P R ~ ) ~ ]  using a CPK 
model reveals the considerable steric repulsion between the ethyl 
groups and the phosphine ligands. Figure 5 depicts the interaction 
between the ethyl groups and the phosphine ligands with covalent 
bond radii proposed by Pauling22 and cone angles of phosphines 
by Tolman.I5 It is clearly seen that the free rotation of the ethyl 
groups around the Pd-C bonds is severely restricted and even in 
the most favorable situation, where the methyl groups are directed 
perpendicularly to the molecular plane, considerable steric re- 
pulsion is expected between the ethyl groups and the bulky 
phosphine ligands. It is natural to assume that the sterically more 
demanding phosphines would destabilize the palladium ethyls since 
the lengthening of Pd-C bonds would release the steric interaction. 

(20) Chatt, J.; Coffey, R. S.; Gough, A,; Thompson, D. J. J .  Chem. SOC. 
A 1968, 190. 

(21) (a) Tamao, K.; Kiso, Y.; Sumitani, K.; Kumada, M. J .  Am. Chem. 
SOC. 1972, 94, 9268. (b) Bennett, M. A,; Charles, R. Ibid. 1972,94, 666. (c) 
Tamaki, A.; Kochi, J. K. J.  Chem. Soc., Chem. Commun. 1973, 423. (d) 
Regar, D. L.; Culbertson, E. C. Inorg. Chem., 1977, 16, 3104. 

(22) Pauling, L. “Nature of the Chemical Bond”, 3rd ed.; Cornell Univ- 
ersity Press: Ithaca, NY, 1960. Covalent bond radius (A): Pd, 1.31 (dsp’); 
P, 1.10 (sp’); C, 0.77 (sp’); H, 0.32 (s). 
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predissociation of the phosphine ligand whereas the dissociation 
is not a prerequisite to cause the p elimination against the generally 
held view that the tertiary phosphine ligand serves to block a site 
for p e l imina t i~n .~  

Experimental Section 
All manipulations were carried out under an atmosphere of nitrogen 

or argon or in vacuo. Solvents, pyridine, and olefins were dried in the 
usual manner, distilled, and stored under a nitrogen atmosphere. 

Infrared spectra were recorded on a Hitachi 295 spectrometer using 
KBr pellets. N M R  spectra were measured on a JEOL PS-100 spec- 
trometer. 'il N M R  signals are referred to tetramethylsilane as internal 
or external standard. Analysis of the gases evolved by the reactions was 
carried out by gas chromatography (Shimadzu GC-3BF) after collecting 
gases using a Toepler pump, by which the volumes of gases were also 
measured. Analysis of the gases dissolved in solution was also carried 
out by gas chromatography (Shimadzu GC-6A). Analysis of palladium 
content was performed by the colorimetric method using l-nitroso-2- 
naphthol as a color-producing reagent.24 The complete ionization of the 
palladium metal in the complex was achieved by treating the sample with 
a hot aqua regia. 

Dimethyl- 
phenylphosphine, diethylphenylphosphine, diphenylmethylphosphine, and 
diphenylethylphosphine were prepared by the reactions of PPhCI2 and 
PPh2C1, respectively, with RMgX (R = Me, X = I; R = Et, X = Br). 

trans-[PdEt2(PEt3)2] (2 )  and trans-[PdEt2(PMePh2),] (4) were pre- 
pared by the reactions of [ P d ( a ~ a c ) ~ ] ,  A12Et3(OEt)3,25 and tertiary 
phosphines according to the method described previously." Character- 
ization of 2 and 4 was carried out on the basis of their IR and N M R  
spectra and elemental analysis. 

Preparation of trans-[PdR',(PR,),J (PR, = PMe2Ph, R' = Et (l), P r  

To the heterogeneous red mixture of [ P d ( a ~ a c ) ~ ]  (1.5 g, 5 mmol), 
PMe2Ph (1.5 mL, 11 mmol), and diethyl ether (30 cm') cooled at  -70 
"C, A12Et3(OEt), (6.0 mL, 20 mmol) was added dropwise. On raising 
the temperature of the mixture gradually, it became homogeneous at -30 
'C. The solution was stirred for several hours at 0 ' C .  After concen- 
tration of the solution to ca. 10 mL, cooling at -70 OC overnight yielded 
a white precipitate, which was filtered, washed with a small amount of 
E t 2 0  at  the same temperature, and dried in vacuo. The product was 
recrystallized from cold E t 2 0  to yield white crystals of trans- [PdEt2- 
(PMe,Ph),] (1) (0.54 g, 25%). 

Similarly obtained were trans- [PdPr2(PMe2Ph),] (6)  and trans- 
[PdBu2(PMe2Ph),] (7) by the use of respectively AIPr,(OEt) and 
AIBu,(OEt) in place of AI,Et,(OEt),. trans-[PdEtz(PEt2Ph),1 (3) and 
trans-[PdEt,(PEtPh,),] (5) were also prepared analogously by using 
PEt2Ph and PEtPh,, respectively, in place of PMe2Ph. Complex 5 could 
not be purified by recrystallization due to its poor solubility. 

Since these complexes are too unstable for microanalysis, their char- 
acterization was carried out by means of IR and 'H N M R  spectroscopy, 
macroscopic analysis of Pd, and determination of the amount of alkane 
evolved on acidolysis with concentrated H2S04. I R  6, ~ C - H  = 1345 and 
11 15 cm-I, u~~ = 550 cm-'; 7 , 6 ~ - ~  = 1360 and 11 15 cm", u ~ x  = 550 
cm-I. IH N M R  (6 at -40 "C): 6 (in CD3COCD3), 0.36 (quintet, 
Pd-CH2-, 4 H),  0.92 (multiplet, Pd-C-CH2-, 4 H),  0.69 (triplet, Pd- 
C-C-CH,, 6 H),  1.71 (triplet, P-CHI 12 H),  7.56 and 7.91 (multiplet, 
P-Ph, 10 H); 7 (in CD2C1,), 0.16 (broad, Pd-CH2-, 4 H),  0.92 (broad, 
Pd-C-CH,-CH2-, 8 H),  0.60 (broad, Pd-C-C-C-CH, 6 H),  1.60 
(triplet, P-CH,, 12 H),  7.36 and 7.58 (multiplet, P-Ph, 10 H) .  Anal. 
Calcd for 1 (C20H32P2Pd): Pd, 24.1. Found: Pd, 24.4. Calcd for 6 
(C2,H,,P2Pd): Pd, 22.7. Found: Pd, 22.7. Calcd for 7 (C24HaP2Pd): 
Pd, 21.4. Found: Pd, 21.3. Calcd for 3 (C24Hd2Pd) :  Pd, 21.4. Found: 
Pd, 21.8. Calcd for 5 (C32HaP2Pd): Pd, 17.9. Found: Pd, 18.0. The 
amounts of corresponding alkanes evolved by acidolysis with concentrated 
HzS04  (mol/mol of complex): 1 (c&) ,  1.8; 6 ( C ~ H S ) ,  1.4; 7 (CdHlO), 

Kinetic Studies. A 20-mL Schlenk tube containing a toluene solution 
(4 mL) of the complex (about 0.05 g) and the additive (styrene or tertiary 
phosphine) was connected to a vacuum line equipped with a mercury 
manometer, and the system was evacuated. The Schlenk tube was placed 
in a thermostated bath (HAAKE Type FK-2) controlled to *OS OC. 
The rate constants for thermolysis of the complex were obtained by 
measuring the volume of the gas evolved with time. It was confirmed 

Triethylphosphine (Strem) was used as purchased. 

( 6 ) ,  BU (7); PR3 = PEt,Ph, R' = Et (3); PR3 = PEtPhz, R' = Et (5)). 

1.4; 3 (C2H6), 1.8; 5 (C2H6), 1.9. 

Scheme I1 
-+ 

Failures to prepare isopropyl- and isobutylpalladium complexes 
and successful preparation of propyl and butyl analogues are in 
line with the assumption of the steric repulsion between the alkyl 
groups and the phosphine ligands. 

As previously pointed outSd the distance between the central 
atom and the 6 hydrogen of the ethyl group is considerably large 
to have any significant interaction between the palladium and the 
p hydrogen in the ground state (Figure 6). We suspect that for 
the palladium and a hydrogen to interact causing the hydrogen 
abstraction by palladium, the lengthening of the Pd-C bond 
accompanied by bending of the Pd-C,-C, angle is required at  
the activated state as shown in eq 5. If lengthening of the Pd-C 

r u 1* 

bonds, distortion of the square-planar trans configuration, and 
other processes are involved to achieve the transition state for 
causing the (3 elimination, the hydrogen abstraction would con- 
stitute part of the whole rearrangement process and the reason 
for the small isotope effect may be understood. It is tempting 
to speculate further on the possible configuration of the activation 
complex. Bending away of the two phosphine ligands from the 
square molecular plane and approach of a p hydrogen at  one of 
the ethyl groups toward palladium through the space above the 
molecular plane would bring the complex to a configuration close 
to the trigonal-bipyramid structure as shown in Scheme 11. The 
relief of the strain existing on the ground state by acquiring the 
transition state coupled with release of the solvent interacted with 
the planar ground-state complex may be responsible for the positive 
values of activation entropies which were observed to increase with 
increase of the steric bulkiness. It is noted that a theoretical 
prediction for the transition state in elimination of square-planar 
transition-metal alkyls is in agreement with the proposed structure 
for the transition state.23 

Examination of the molecular model also suggests that the 
approach of an olefin toward palladium above the molecular plane 
would be difficult. The indication of only minor activation effects 
by addition of very electronegative olefins is in line with the 
observation using the model. The result is in contrast with the 
strong activation effect of electronegative olefins on [NiEt2(bpy)] .8b 
Although the strong interaction of the olefins with the nickel 
complex may be partly due to the higher electron density on the 
nickel complex which would give more electrons by back-donation 
to the olefins, the main factor for the stronger interaction with 
the nickel complex is ascribed to the less steric interaction between 
the olefin and the flat bipyridine complex as can be clearly seen 
on its molecular model. 

Thermolysis of cis-[PdMe2(PR3),] and c i ~ - [ P d E t ~ ( P R ~ ) ~ l ,  on 
the other hand, proceeds by reductive elimination pathways 
evolving predominantly ethane and butane, respectively, and the 
reductive elimination is severely hindered by addition of tertiary 
phosphines, as will be reported separately.12 It has been further 
established that there exist some energy barriers between the partly 
dissociated T-shaped trans- [PdR2L] and cis-[PdR2L] species.I2 
The contrast between their thermolysis behavior with that of the 
present trans complex is striking. It is interesting to note that 
the reductive elimination of the cis-dialkylpalladium requires the 

(23) Thorn, D. L.; Hoffmann, R. J .  Am. Chem. SOC. 1978, 100, 2079. 

(24) Cheng, K. L. Anal. Chem. 1954, 26, 1894. 
(25) In a previous paper" we used AlEt,(OEt) as an alkylation reagent. 

Later, we found that A12Et3(OEt)3 was more suitable for the preparation of 
trans-[PdEt2(PR3),] complexes with respect to the yield of the complex. 
Al,Et,(OEt), was prepared by the reaction of AIEt3 and EtOH in a molar 
ratio of 2/3 under a nitrogen atmosphere at -20 to 0 'C. 
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by means of GLC that the compositions of the gases evolved by the 
reactions did not vary through the reaction courses. 

Preparation of ~~U~~-[P~(CH~CD~)~(PM~P~~)~] (8) and Its Thermo- 
lysis in Toluene. ~~U~~-[P~(CH~CD~)~(PM~P~~)~] (8) was prepared by 
the reaction of [Pd(a~ac)~], PMePh2, and AI(CH2CD3)2(OEt)8g in a 
similar manner to the preparation of 4. 8 was identified by means of IR 
spectroscopy: (KBr disk, in cm-’) = 2180, 2150,2100, 2050 cm-’. 
The isotopic purity of 8 (97%) was determined by analyzing the IH 
NMR spectrum of (CD3CH2)ZC0 derived from 8 by the reaction with 
CO,” since 8 itself was poorly soluble in solvents to allow the accurate 
determination of the deuterium content in 8. 

Gases evolved on thermolysis of 8 (about 0.025 mol/L) in toluene (4 
mL) containing styrene (0.11 mol/L) or PMePh2 (0.27 mol/L) at 25.5 
OC were collected and analyzed by IR spectroscopy and mass spectrom- 
etry. The IR spectrum revealed that ethylene evolved on thermolysis 

consisted solely of CH2CD2: YC-D (cm-I) 946 and 752.8c Evolution of 
C2D4H2 was confirmed by means of mass spectrometry. 

Ligand Exchange Reaction of tr~ns-[PdEt~(PEt~Ph)~] (3) with 
PMe2Ph. To a colorless solution (3 mL) of tr~ns-[PdEt~(PEt~Ph)~] (0.18 
g, 0.36 mmol) in Et20 cooled at -70 “C, PMe2Ph (0.15 mL, 1.1 mmol) 
was added with a syringe. After stirring of the solution for 2 h, the 
solution was concentrated to yield a white precipitate. The precipitate 
was filtered, washed with a small amount of Et,O at -70 “C, and dried 
in vacuo at -10 OC. The precipitate was identified as fians-[PdEt2- 
(PMe2Ph)2] (1) (0.13 g, 84%) on the basis of the IR spectrum. 
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Abstract: Rates and a-D isotope effects have been determined for the following substrates and nucleophiles: p-methoxybenzyl 
bromide (Et3N, SCN-, N3-, OH-, S2O3’-), benzyl bromide (Et,N, SCN-, N3-, OH-, S20&, and p-nitrobenzyl bromide (Et3N, 
SCN-, N3-, S2O3’-). In nearly all cases the second-order rate constant for each nucleophile goes though a minimum for the 
unsubstituted compound while the a-D isotope increases monotonically in the sequence p N 0 2  > pH > p-OCH3. These results 
are consistent with an increasing “looseness” of the SN2 transition state as the substituent on the aromatic ring becomes more 
electron donating. 

Introduction 
Nearly 30 years ago Kohnstam’ suggested that as the nu- 

cleophile becomes weaker in the sN2 reactions of p-methoxybenzyl 
chloride (I) and p-phenoxybenzyl chloride (11), the charge on the 
benzylic carbon increases. Thus, the sum of the bond orders 
between the a-carbon-nucleophile bond and the a-carbon-leaving 
group bond was less for weak nucleophiles than for strong nu- 
cleophiles. For example, I solvolyzes (&I) 135-fold as rapidly 
as 11 while in the sN2 reactions of these two substrates the rate 
of I vs. I1 is dependent on the strength of the attacking nucleophile. 
With weak nucleophiles such as NO, a 139-fold rate enhancement 
was observed whereas for strong nucleophiles such as N y  a 4.9-fold 
rate enhancement was found. Schematically, this may be rep- 
resented as in Figure 1. 

In recent years analysis of the sN2 transition state using the 
reacting bond rule2 and O’Ferral13-Jencks4 diagrams has afforded 
deeper insight into this Harris6 has summarized 
several predictions concerning sN2 reactions of benzyl systems 
by using these OFerrall type reaction coordinate diagrams. For 
solvolysis of substituted benzyl tosylates and chlorides the ex- 

(1 )  G. Kohnstam, A. Queen, and T. Ribar, Chem. Ind., 1287 (1962). 
(2) E. R. Thornton, J .  Am. Chem. SOL, 89, 2915 (1967). 
(3) R. A. More OFerrall, J .  Chem. Soc., 13, 274 (1970). 
(4) W. P. Jencks, Chem. Rev., 72,  705 (1972). 
(5 )  T. H. Lowry and K.-S. Richardson in “Mechanism and Theory in 

(6) J. Milton Harris, S. G. Shafer, J. R. Moffatt, and A. R. Becker, J.  Am. 

(7) P. R. Joung and W. P. Jencks, J .  Am. Chem. Soc., 101,3288 (1979). 

Organic Chemistry”, Harper and Row, New York, 1976, pp 246-250. 

Chem. Soc., 101, 3295 (1979). 

perimental changes in m, kHlkD, ko*s/ka, and kdhanol/kH20 are 
as predicted for a transition state midway between reactants and 
products for a change to electron-donating substituents. 

In a series of significant papers Schowen8-’0 has shown how 
a-D isotope effects can be used to deduce the “tightness” of the 
sN2 transition state and how steric compression may lead to 
enzymatic accelerations in enzyme-mediated methyl transfer. 
Specifically, Schowen* has reported a-D isotope effects for re- 
actions 1 and 2. Once again, the poorer nucleophile furnishes the 
looser transition state. 

k H , / k D ,  = 1.17 f. 0.02 

Westaway and Ali” have studied the reaction of substituted 
phenyldimethylbenzylammonium ions with thiophenoxides in 
DMF (Figure 2). Secondary a-D isotope effects, nitrogen-leaving 

~ ~ ~ ~~~ ~~~~~~ 

(8) I .  Mihel, J. 0. Knipe, J. K. Coward, and R. L. Schowen, J.  Am. Chem. 

(9) C. H. Gray, J. K. Coward, K. Barbara Schowen, and R. L. Schowen, 

(10) M. F. Hegazi, R. T. Borchardt, and R. L. Schowen, J .  Am. Chem. 

(11) K. C. Westaway and S.  F. Ali, Can. J .  Chem., 57, 1354 (1979). 

Soc., 101,4349 (1979). 

J .  Am. Chem. Soc., 101, 4351 (1979). 

Soc., 101, 4359 (1979). 
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