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S T U D Y  O F  T H E  M E C H A N I S M  O F  R E D U C T I V E  D E C O M P O S I T I O N  

o f  ~ r - A L L Y L  C O M P L E X E S  OF  P A L L A D I U M  IN A Q U E O U S  

S O L U T I O N S  BY T H E  T R A C E R  A T O M  M E T H O D  

Go M.  B o g d a n o v  a n d  Ao P .  B e l o v  UDC 541.49:547.359.8:547.315.25 

The reduct ive decomposit ion reac t ion  seems  to be one of the major  react ions  of r-allyl complexes of 
t rans i t ion  metals .  The reduct ive decomposi t ion of v -a l ly l  complexes of palladium leads to the format ion of 
olefins [1-5], unsatura ted and sa tura ted  e thers  [6, 7], e s t e r s ,  and aldehydes [8]. During a study of the m e c h -  
anism of r e d u c t i v e  decomposit ion of v -a l l y l  complexes  of palladium in alcoholic (methanol) solutions [9], we 
have es tabl ished that  the format ion of the react ion products proceeds  as the resul t  of t r a n s f e r  of hydride ion 
f r o m  the reducing agent (methylate ion) to the allyl ligand of the complex.  In [9], an in t rasphere  ~-ai ly l  hydride 
mechanism of the p roces s  was suggested which includes the introduction of methylate  ion into the inner sphere  
of the complex,  its in t rasphere  oxidation with the in termedia te  format ion of a ~-a l ly l  hydride complex of pal-  
ladium, and attack of the hydride ion on the allyl ligand with the format ion  of the react ion products.  

Many reduct ive  decomposi t ion reac t ions  of ~-a l ly l  complexes  of palladium proceed  in aqueous and aque-  
ous alcoholic solutions [1-3, 5]. Fo r  the study of the mechanism of reduct ive decomposit ion in these media,  in 
this work the decomposit ion of 1 - (methoxymethyl ) -2-methyl -~-a l ly lpa l lad ium chloride,  [(~-CsH 8 �9 OCH3)PdC1] 2, 
is studied in aqueous solutions under the action of a "mild" reducing agent, potassium formate .  

The reac t ion  was c a r r i e d  out at 40~ Chloride ion (KCD was introduced into the solution in o rde r  to 
r a i s e  the solubili ty of the complex. Reductive decomposit ion of the complex in aqueous solutions leads to the 
fo rmat ion  of metal l ic  palladium and the unsatura ted  e the r s  4 -me thoxy-2 -me thy l - l -bu t ene  (I) and 4 -methoxy-2-  
methyl -2-butene  (tI): 

I ~H~ I f oH, ~~ / ,coo- / I 

t / 

Study of the stoichiometry showed that the reaction is described by the equation 

I [(n-C~Hs OCH3) PdCl]~ -~ HCOO--~,o~ (I--II) + Pd ~- Cl- + CO~, 

M. V. Lomonos0v Moscow Institute of Fine Chemical  Technology. Yaroslav Polytechnic Institute.  T r a n s -  
lated f r om Teore t i cheskaya  i t~ksperimental 'naya Khimiya, Vol. 15, No. 3, pp. 319-323, May-June,  1979. Orig-  
inal a r t ic le  submitted July 3, 1978. 
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TABLE 1. Spectral  Charac te r i s t i cs  of the Product  of Reductive 
Decomposit ion of the ~-Allyl  Complex of Palladium in Aqueous 
Deuterated Media 

Reaction product 

CHs (a) 
I 

HsC---C~ CH--CH~--OCHs 
( a )  (b) (c) (d) 

agent 

HCOO- 
HCOO- 
DCOO-- 

H,O 
D~O 
H.O 

Intensities of proton 
signals 

Ha Hb Hc 

6,0 1,0 2,0 
6,0 1,0 2,0 
5,3 0,8 1,9 

Tota l  i;~- 
mnsity 

Hd 

3,0 |2,0 
3,0* 12,0 
3,0* ll,0 

*During calculation of relat ive i n tens i t y ,  the intensity of the 
signal of protons of the CH30 group was chosen as a standard.  

whence it follows that the react ion products (I, ID are  formed as the resul t  of "finishing" of the allyl ligand of 
the complex by a hydrogen atom. 

The source  of the hydrogen atoms which "finish" the allyl ligand into unsaturated e thers  in the reaction 
studied may be e i ther  the solvent {water) or the reducing agent (formate ion). In connection with this, two 
se r i e s  of tes ts  were ca r r i ed  out on the reductive decomposit ion of the ~-al lyl  complex: 1) under the action of 
undeutera tedpotass ium formate  HCOOK in deuter ium oxide (D20); b) under the action of deuterated potassium 
formate  DCOOK in water .  

The solution of deuterated potassium formate  in water  was prepared by neutral izat ion of formic  acid 
labeled with deuter ium on the fo rmyl  group (DCOOH) by a KOH solution. One of the products of reductive de-  
composit ion (4-methoxy-2-methyl-2-butene)  was isolated by the method of preparat ive chromatography and 
analyzed by the PMR method. F r o m  the data given in Table 1 it follows that the reductive decomposition of 
the complex under the action of tlCOO- ion in deuter ium oxide leads to the formation of an ether  which does not 
contain the deuter ium " t r a c e r . "  

Upon ca r ry ing  out the react ion under the action of the deuterated formate  ion DCOO- in water,  a deu- 
t e ra t ed  ether  is fo rmed which contains one atom of deuterium per molecule. It should be noted that in this case 
a change occurs  in the integrated intensities of the proton signals in the PMR spect ra ,  not for  one, but s imul-  
taneously for  severa l  carbon atoms of the allyl ligand. This is evidence that the deuterium occurs ,  not on any 
one carbon atom, but is "deloealized" over  the molecule;  i.e., i somers  with different positions of the deuterium 
in the molecule are  fo rmed  as the resu l t  of the react ion {isotopic i somers  a, b, and c, see Scheme 1). 

|%+--~,(:x-ca.z-m+., | 
t ~ ' I Hz 0 ! 
L "  J, 

Scheme 1 

The resul ts  obtained provide evidence that the mechanism of  reductive decomposit ion of the ~-al lyl  
complex of palladium in aqueous solutions is associa ted with the t r ans f e r  of hydrogen f rom the reducing agent 
(formate ion) to the allyl ligand of the complex. A sa t i s fac tory  explanation of the p rocesses  which occur  is 
found in the scheme of the mechanism {Scheme 2), 

~ , , - c  = oH- ~zSfn 5 ([J 

Scheme 2. Mechanism of the reductive decomposit ion of v -a l ly l  
complexes of palladium. 
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the bas ic  s tages  of which s e e m  to be: a) the introduction of the reducing agent  into the inner  coordination 
sphere ;  b) its in t r a sphere  oxidation with the in te rmedia te  fo rmat ion  of a hydride complex of palladium; c) 
a t tack  of the hydride  ion on the allyl  ligand with the fo rmat ion  of reac t ion  products  I and II. TMs mechan i sm 
is cons is tent  with the m e c h a n i s m  of reduct ive  decomposi t ion of r - a l l y l  complexes  of pal ladium in alcohol 
solut ions [9]. 

Study of the reac t ion  by the t r a c e r  a tom method has  also allowed express ion  of a suggest ion as to the m e c h -  
an ism of a t t a c k  of the hydride  ion o n t h e  aUyl l igand (Scheme 2, s tep 3). Let  us examine this mechan i sm as 
an example  of the fo rmat ion  of one of the products ,  4 - m e t h o x y - 2 - m e t h y l - 2 - b u t e n e  (D. As could have been a s -  
sumed,  fo rma t ion  of this  product  should occur  as the r e su l t  of a t tack of the hydride ion in position 1 of the al lyl  
ligand (Scheme 1). However ,  analys is  of the PMR s p e c t r a  showed that  in this case  s eve ra l  isotopic i s o m e r s  a re  
f o r m e d  with different  posi t ions of the deuter ium in the molecule  (Ia-Ic)o Forma t ion  of the isotopic i s o m e r  Ia 
(Scheme 1) s e r v e s  as a demons t ra t ion  of Wdirect ~ a t tack of deuter ium (hydride ion) in posit ion 1 of the allyl  
ligando F o r m a t i o n  of the i s o m e r s  Ib (Ic) t h e m s e l v e s  provides  evidence of the a t tack  of deuter ium in posit ion 3 
(4) of the allyl  ligand and subsequent  migra t ion  of the hydrogen a tom f r o m  position 3 (4) to posit ion 1 (Wrico- 
chet" mechanism)~ 

F o r  explanation of the nr icochet"  mechan i sm,  we sugges ted  that  the reac t ion  products  a re  not f o rmed  di-  
r ec t ly  f r o m  the ~ -a l ly l  hydride complex,  bu tby  the step of in te rmedia te  fo rmat io~of  a ~-o lef in  ( r -diolef i r0  c o m -  
plex of Pd{0)o The fo rmat ion  of such complexes  has  been  postulated in the reac t ions  of i somer i za t ion  and hy-  
dr idat ion of olefins and dienes [10-12]. The fact  of migra t ion  of hydrogen along the carbon chain of the al lyl  
l igand and the fo rma t ion  of products  with d i f ferent  locat ions of deuter ium in the molecule  find an explanation on 
the bas i s  of mutual  t r an s fo rm a t i ons  of the ~ -a l ly l  hydride and ~-olef in  complexes  of pal ladium (Scheme 3). 

F 2  l P 
/ / L  ~d j I~ 

t 2  r oH, 2 l " f,, 

'~ ', ~d. , 
L J L JL ,, JL,, ] 

k %  J L j ,o 

Scheme 3o Mechanism of a t tack of hydride ion on the al lyl  ligand in the reduct ive  de-  
composi t ion  reac t ion .  

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

The ~ -a l ly l  complex of pal ladium [(~-CsH 8 o OCH3)PdCI] z was synthes ized  f r o m  i soprene  and pal ladium 
chloride in methanol  by the method of [13]. Found, ~0: C 29.88; H 4.60. Calculated fo r  CI2H22C1202Pd2, ~d 
C 29.93; H 4.53. The s t r u c t u r e  of the complex was conf i rmed  by the r e su l t s  of PMR spec t roscopy .  

Reduction of the complex  by po tass ium fo rma te  in wa te r  was c a r r i e d  out at 40-50~ Additionally, chlo-  
r ide  ion (KC1, 3.0 m o l e s / l i t e r )  was introduced in o rde r  to i nc r ea se  the solubil i ty of the complex.  Concen t ra -  
t ions of the reagen t s  were:  complex 0.015-0.03 m o l e / l i t e r ,  po tass ium f o r m a t e  1o0-2o0 m o l e s / l i t e r .  After  c o m -  
pletion of the reac t ion  (~1 11), the reac t ion  mix tu re  was s epa ra t ed  f r o m  meta l l i c  pal ladium by f i l t ra t ion,  and the 
reac t ion  product  was ex t r ac t ed  with diethyl e ther .  The e the r  solution was dr ied over  sodium sulfate ,  and the 
ex t rac tan t  was then dis t i l led off. 

G a s - l i q u i d  ch romatograph ic  analys is  and p r epa ra t i ve  separa t ion  of the reac t ion  products  were  c a r r i e d  
out on a " T s v e t - 4  n ch romatograph  under  the following conditions: ka tha romete r ;  25% di(2-ethylhexyl) e s t e r  of 
sebac ic  acid on C h r o m o s o r b  W (part icle  s ize  60-80 mesh);  length of column 3 m; hel ium c a r r i e r  gas.  In ex -  
p e r i m e n t s  on separa t ion ,  the components  upon exi t  f r o m  the chromatograph  were  condensed in specia l  t r aps  
cooled by liquid ni t rogen.  

The deu te r ium content inthe reac t ion  product  was de te rmined  f r o m  the ra t io  of in tegra ted  intensi t ies  of 
the proton s ignals  on a B r u k e r  WP-60 s p e c t r o m e t e r .  The s p e c t r a  were  taken in CC14 (0.01-0.05 m o l e / l i t e r )  
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by use  of hexamethyld is i loxane  as an in ternal  s tandard ,  100-150 scannings being done fo r  each m e a s u r e m e n t .  
The accu racy  of de te rmina t ion  of amount of deu te r ium amounted to ~10%. 
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In con t r a s t  to t r i ch lo rophosphazosu l fony la ry l s  and t r i ch lo rophosphazoca rbacy l s ,  many t r i ch lo rophosphazo-  
a ry l s  and t r i ch lo rophosphazoa lky l s  Clap = NR (R = Alk, At) a re  d imer i zed  [1]. The following cyclic  s t ruc tu re ,  
involving par t i a l ly  delocal ized p ~ - d v  bonds,  was proposed  for  d imer ic  phosphazo compounds [1, 2]: 

(;bP _2_ -.~R 
i : " ' " ; 3  

i \~ J �9 
R~-~--,-  PCL 5 

(1) 

Insti tute of Organic  Chemis t ry ,  Academy of Sciences of the Ukrainian SSR, Kiev. T rans l a t ed  f r o m  T e o -  
r e t i c h e s k a y a  i l~ksper imenta l 'naya  Khimiya,  Vol.  15, No. 3, pp. 324-329, May-June ,  1979. Original  a r t i c l e  sub -  
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