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The oxidational addition of olefins in the presence  of palladium acetate 

2R'R2C=CH2 q- Pd(OAe)~-+ R'R~C=CHCH=CR'R ~ + Pd(0) q- 2HOAe (1) 

is accompanied by the format ion of a l lyl- type ~ complexes [1], thus giving r i se  to complications such as those 
met  in the ~ -me thy l s ty rene  reac t ion  (R 1 = CH3, R 2 = C6H5). It therefore  seemed desirable  to study olefin reac-  
tions which do not give r i se  to such complexes.  The presen t  paper  will r epor t  kinetic data on the react ions of 
Pd(OAc)2 with 1,1-diphenylethylene (DPhE, R 1 = R 2 = C6H5) and s tyrene (ST, R 1 = C6H 5, R 2 = H). 

E X P E R I M E N T A L  

1,1-Diphenylethylene was synthesized by the method of [2]. The s tyrene used here was redist i l led before 
use. The cha rac te r i s t i c s  of the remaining mater ia l s  used in the work and the technique of the kinetic experi-  
ments have been descr ibed in [1]. Identification of the react ion products was made spect rophotometr iea l ly ,  us-  
ing the following values of the extinction coefficients:  for 1,1,4,4-tetraphenylbutadiene,  2.3- 104 l i t e r s /mole"  
•  at 345 nm (TPhB, 3.3" 104 at 345 nm [3]); for 1,4-diphenylbutadiene, 4.8- 104 l i t e r s /mole  �9 cm at 330 nm 
(DPhB, 5.5.  104 at 328 nm [4]). 

D I S C U S S I O N  O F  R E S U L T S  

Both react ions  proceeded a lmos t  s to ichiometr ica l ly  to fo rm the addition products,  the respect ive  yields 
being 92% for TPhB and 83% for DPhB, as calculated f rom Pd(OAc) 2. Measurement  of initial ra tes  and appli- 
cation of integral  methods showed that the ST oxidation followed a second-order  rate equation 

d [DPb2 ] = k~ [C6HsGHCH2] [Pd (OAc)~] (2) 
dt 

over the concentrat ion in tervals :  0.25-3.5 moles / l i t e r  for ST and 0.005-0.05 mole / l i t e r  for Pd(OAc) 2, where 

[C6HsCHCH 2] >> [Pd(OAc)z]. 

The kinetic curve for TPhB formation was somewhat more  complex, showing a br ief  induction period at 
the beginning of the react ion (Fig. 1). Attempts to l inearize this curve by plotting the data in semilogar i thmic 
coordinates  showed the react ion to be f i r s t - o r d e r  overal l  of its course  beyond a cer tain initial low-t ime region. 
Calculated values of kobs, the p seudo - f i r s t - o rde r  react ion rate constant, agreed with values calculated f rom 

s ta t ionary ra tes  through the equation 

kobs = Vstat/[Pd(OAc)2] (3) 

Vstat being the react ion rate on the s ta t ionary section of the curve (Fig. 2). The value of kobs was independent 
of the Pd(OAc) 2 concentrat ion over the interval f rom 0.02 to 0.06 mole / l i te r ,  the react ion being obviously f i r s t -  
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Fig. 1. Kinetic curves  for the format ion of TPhB (1) and DPhB (2) n react ion (1). 
Concentrat ions (mole/ l i ter ) :  Pd(OAc)2 , 0.05; s tyrene,  0.58; 1, 1-diphenytethylene, 
0.38; in glacial  HOAc at 70~ 

Fig. 2. Initial segments  of kinetic curves  for TPhB formation.  The slopes of the 
full-line portions of the curves  give values of the Vstat of Eq. (3). Concentrations 
(mole/ l i ter ) :  Pd(OAc)2, 0.012; 1,1-diphenylethylene, 0.13 (1) and 0.03 (2); in gla- 
cial HOAc at  70~ 

order  with respec t  to Pd(II). The fact that the kobs vs DPhE concentrat ion plot was not l inear (Fig. 3) e~uld 
not have been due to the change in medium (1 mole / l i t e r  DPhE is roughly 20 vol. %) since the introduction of 
20-50 vol.% toluene or heptane had a lmos t  no effect on the react ion rate .  Approach to a limiting value here  
could not be taken as an indication of an in t ramotecular  Pd(OAc) 2 react ion Ca slow depolymeriza t ien  of the 
Pd3(OAc) 6 trimer [5], for example, which would limit the reaction rate at high olefin concentration), the ~eac- 
tions with ST and ~-methylstyrene being strictly first-order in the olefin at these rates [i]. Thus, the forma- 
tion of an intermediate 7r-type complex between the Pd(II) and the olefin, possibly through the reaction 

kt k," 
Pd (OAt)2 + Olefin ~_~ Complex ~ Products (4) 

remains  as the most  likely cause of the nonlineari ty of the plot of Fig. 3a. By applying the s teady-s ta te  approxi-  
mation to (4) one obtains the equation 

/Cob s = k~' [ olefin ]/(K, + [ olefin ]) (5) 

with KM = (k2 ~ + k_l)/kl.  The data of Fig. 3a were l inearized sa t is factor i ly  by plotting in the rec iproca l  coordi-  
nates of Eq. (5) (Fig. 3b): KM = 1.0 ~0.1 mole / l i t e r ,  k 2' = 0.034 • rain -1. The rate of react ion (1) with 
DPhE and ST diminished markedly on adding C1- ions to the sys tem,  and increased somewhat  on adding AcO- 
ions. 

The data of Table 1 make it c lear  that the rate of react ion (1) was not affected by the nature of the hydro-  
carbon substituent at the double bond adjacent to the phenyl ring. The values of the rate constants for  epoxida- 
tion of the various olefins by perace t ic  acid, a typical electrophil ic  p rocess ,  indicated a considerable  var ia t ion 
of the C = C bond nucleophilicity in these compounds. Double bond at tack by Pd(II) ions is also an electrophil ic  
p rocess  and one in which the rate of format ion of the palladium ~ complexes cor re la tes  with the rate of peracid  
epoxidation in the substituted cyclopropene [7]. Lack of a s imi lar  corre la t ion  in the present  case was taken as 
indication of diphilicity in the t ransi t ion state of react ion (1). There  is also a cer ta in  symbatic  relationship be-. 
tween the activation energies  for oxidational d imer iza t ion  and epoxidation (cf. Table 1). Although this param-  
e ter  cannot be given a c l ea r - cu t  in terpreta t ion here ,  its value does suggest  that eleetrophil ic  double-bond at- 
tack f rom the Pd(II) does come into play in this sys tem.  The rate of a romat ic  compound oxidatiorml d imer iza-  
tion, a c losely allied reaction,  

2RCsH 5 q- Pd(II) -+ RCsH4--C6H4R q- Pd(0) + 2H + (6) 

is also only weakly dependent on the nature of the R substituent [8]. 

It should be pointed out that react ions  (1) and (6) have a number of features in common.  In the f i rs t  place, 
both react ions  are  overal l  s econd-o rde r  with respec t  to Pd(II) and ei ther  the olefin (present work) or  the a ro-  
matic subst ra te  [9]. Both react ions  occur  only in sys tems  containing AcO- ions and in both cases  the oxidation 
is inhibited by CI- ions, coming a lmost  to a standstil l  when these ions are  present  in the sys tem at high concen- 
t ra t ion [1, 9]. Finally, nei ther  react ion rate is affected by the ionic s trength of the solution [1, 9]. 
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Fig. 3. Var ia t ion of the obse rved  ra te  con-. 
s tant  for  the p s e u d o - f i r s t - o r d e r  1 ,2-diphenyl-  
e thylene oxidation [Eq. (3)] with the olefin 
Concentration (a). 0.033 m o l e / l i t e r  Pd(OAc) 2 
in glacia l  HOAc at 70~ L inea r i za t ionof  the 
data of Fig. 3a in the r e c i p r o c a l  coordinates  
of Eq. (5) (b). 

TABLE t .  Second-Order  Rate  Constants  and 
Activation Energ ie s  for  Oxidational Dimer iza t ion  
and Epoxidation of Arylolef in  by P e r a c e t i c  Acid 

Kinetic ce-Methyt- [ 1,1-Diphenyl- 
parameter Styrene styrene i acetylem ** 

] 

k2,1iter/mole.min * 0,040 0,030 [ 0,034 
ga. kcal/mole t3,9• 15.2• ] t9,8• 
kep, liter/mole .mm r 0,01t $ 0,0~8 
E a, kcal//hole 13,9 - i6,2 

�9 A t  70~  

t A t  26~ [6]. 
Although data for  ~ . m e t h y l s t y r e n e  a r e  not avai l -  

able,  the ef fec t  of the methyl  group can be es t imated  
by compar ing  ra t e  constants  for  the epoxidation of 
propylene (4.2" 10 -3 l i t e r / m o l e ,  min) and isobutylene 
(9.2- 10-2 l i t e r / m o l e  �9 min) [6]. 
�9 *The value l i s ted  f o r  DPhE is that  of k 2 kz ' /KM. 

Taken together ,  these  fac ts  suggested that r eac t ions  (1) and (6) p roceed  through the s a m e  mechan i sm.  
Reasoning in analogy with the m e c h a n i s m  developed e a r l i e r  for  reac t ion  (6) [9], it can be supposed that  (1 )p ro -  
ceeds  through slow fo rmat ion  of a Pd(II) a complex  with the olefin, poss ib ly  through the i n t e rmed ia ry  of a 7r 
complex,  

�9 Pd(OAe)~ + R1R~C=CH~ ~ RxR~C=CHPdOAc + HOAe (7) 

this a complex then undergoing rapid d ispropor t iona t ion  to f o r m  the diene: 

2RaR~C=CHPdOAc --). RaR~C=CHCH=CR'R " + Pd(0) + Pd(OAe)2 (8) 

The role  played by the AcO ions in this react ion,  and the fact  that  the reac t ion  ra te  is not af fec ted  by the nature  
of the subst i tuent ,  can be explained,  jus t  as  for  reac t ion  (6) [9], by a s suming  that r eac t ion  (7) p roceeds  through 
a multifunctional cycl ic  t rans i t ion  s ta te  of the type 

R'\ /~ 

It  should be noted that  the m e c h a n i s m s  of [10, 11] r e s e m b l e  that proposed he re  insofar  as the f i r s t  s tep is 
a s s u m e d  to be ~ complex  fo rmat ion  through e i ther  reac t ion  (7) or  a more  involved p roce s s  of in te rmedia te  
acetoxyla t ion (9) with subsequent  oxidational addit ion (10) [11] 

1 6 3 0  



Pd(OAe)~ + RaR~C~-CH,-+ R~R~C=CHOAe + Pd(0) q- HOAe 

RaR2C=CHOAe q- Pd(0) -+ R!R~C =CHPdOAe 

(9) 
(10) 

This mechanism has not been exper imental ly  confirmed;  its support  in [11] is based on the appearance of ace-  
toxylation side products  in oxidational dimerizat ion,  and this despite the fact  the such products a re  not observed 
in react ions  of the 1 ,1-disubst i tuted ethylenes [3, 12]. 

A mechanism which does not include react ion (7) has been proposed in [3], where it is assumed that two 
olefin molecules a re  coordinated by the Pd2(OAc) 4 d imer ,  one of the olefins undergoing intramolecu].ar conver-  
sion to a carbanion which, in turn, at tacks the second olefin, forming the diene and splitting off a palladium hy- 
dride ion. It is difficult to reconci le  this mechanism with the fact that react ion (1) is f i r s t - o r d e r  w~.th respect  
to the olefin; moreover ,  chemical  considerat ions make it quite unlikely that carbanions would resu]~t f rom the 
interact ion of olefins with Pd(II), a fact a l ready noted in [10]. It is c lear  that best  consis tency with the avail-  
able data is attained by supposing (7) to be the limiting step in react ion (1). 

The mechanism of the subsequent react ions of the a complex is also a mat ter  of some interest .  It has 
been postulated in [10, 11] that diene formation proceeds through an inser t ion mechanism 

R*R2C=CH2 + R~R2C=CHPdOAc-~ R~R2C=CHCH2CR1R2Pd0Ae-~ (11) 
-+ R1R2C=CHCH=CRIR ~ + Pd(0) + HOAc 

It is, however,  not c lear  why react ion invariably leads to 1,4-substi tuted 1,3-butadienes ra ther  than a mixture 
of the 1,4- and 1,3-substi tuted compounds.  The fact that one has here to do with "head-to-head" dimerizat ion 
exclusively can be most  readily explained in t e rms  of the disproport ionation react ion (8). The proposed mech- 
an ism would be consis tent  with DPhB formation in the interaction of s t y r y l m e r c u r y  chloride with PdC12 such as 
descr ibed in [13]. 

Study of the data of the l i te ra ture  shows that the two most important  factors  for the real izat ion of reac-  
tion (1) are  the nature of the olefin and the composit ion of the Pd(II) coordination sphere  (obligatory presence  
of AcO- ions). Oxidational d imer iza t ion is never  observed in unsubstituted ethylene. The alkyt-subst i tuted 
olefins d imer ize  only when there is branching at one of the double-bond C a toms [3]. However,  the effect  of 
branching is decisive only in this one case,  the a ry l  olefins dimerizing,  as shown above, when there; is a single 
substituent at the double bond. Vinyl acetate and monosubstituted ethylenes behave in the same way [3, 14], but 
/Lch lo ro -~-o le f ins  do not [3]. 

Reaction (1) is in competit ion with olefin acetoxylation and oxidation, reactions leading to the formation 
of carbonyl compounds through acetoxy palladination at the double bond [15]. It is c lear  that the factors  which 
inhibit double-bond opening in these react ions  a re  also those which favor dimerizat ion.  Branching would be one 
such factor  in the case of the alkylolefins, since this sets  up s ter ic  hindrances at one of the double bond C 
atoms.  The resul t  is that ~-complex formation on the opposite, unhindered double-bond C atom becomes the 
p re fe r red  process  here.  Another factor  to be taken into account in the aryl  olefins is the possibil i ty of conjuga- 
tion of the double bond with the a romat ic  ring. Such conjugation would be lost in acetoxy palladination but main-  
mined in a - complex  formation,  there being no need for a loss-compensat ing t e rm in the express ion for the 
activation energy in the la t ter  case.  Although a s imi la r  conjugation is established between the double bond and 
the acetoxyl group of vinyl acetate,  such effects a re  not observed in the alkyl- and chloroolefins.  This explains 
the above-mentioned tendency to dimerizat ion which distinguishes vinyl acetate f rom the simple alkyl- and 
chloroolefins.  The energy of resonance stabilization is especial ly high inthe aromat ic  compounds where it is 
react ion (6), the analog of (1), which predominates .  The a romat ic  compounds will undergo acetoxylation in the 
presence  of Pd(OAc)2, but only with difficulty, and certainly not by the mechanism of intermediat ion acetoxy 
palladination proposed in [11], since this would involve an appreciable loss of resonance energy.  

C O N C L U S I O N S  

1. Study has been made of the kinetics of oxidational dimerizat ion of s tyrene and 1,1-diphenylethylene 
under the action of Pd(OAc}2 in acetic acid. The mechanism is of overall  s econd-o rde r  in the case of s tyrene 
and of the so-cal led  Michaelis type in the case of the 1,1-diphenylethylene. 

2. The data on the oxidational d imer iza t ion of olefins have been reviewed and a react ion mechanism 
posed. 
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I t  has been shown e a r l i e r  [1] that the proton of the OH group of 3 ,6 -d i - t e r t -bu ty l -2 -hydroxyphenoxy l  (I) 
undergoes  exchange with CH3COOH and CF3COOH. 

R l~ 
I O" I O" 

I OH I OH" 
R R 
(I) R = C(CH3)s 

d- R'COOII 

This  exchange leads to a un i fo rm spli t t ing of each of the hyperf ine  in terac t ion  components  in the ESR sp ec t ru m 
of rad ica l  (I), the s p e c t r u m  i t se l f  having the fo rm of a t r ip le t  (a H = 3.92 Oe) ( interact ion of the unpaired e lec-  
t ron  with the r ing protons) ,  each  component  of which is spl i t  into a doublet (aHOH = 1.62 Oe) ( interact ion with 
the OH group proton).  Each doublet  pa i r  pas ses  ove r  to a single line at e levated t e m p e r a t u r e s  and high acid 
concent ra t ions ,  this line cont rac t ing  as the exchange ra t e  r i s e s  {Fig. 1). 

The p re sen t  work was a study of the ef fec t  of the solvent  on the kinet ics  of proton exchange between (I) 
and CH3COOH. When working under  such conditions that  the l ines in the spec t rum have widened but not yet  
merged ,  the exchange f requency (Vex) is given by the e x p r e s s i o n  [2] 

= ?eao  1 /" t  - -  ( a e f l a o )  ~ ~BX ~r~ v -  

in which 7e is the gyromagne t i c  ra t io  of the e lec t ron ,  and o and a 0 a r e  the r e spec t ive  hyperf ine  coupling con- 
s tan ts  for  the OH group proton, with and without exchange.  Since the CH3COOH was la rge ly  in d imer  f o r m  
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