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Pa l l ad ium c l u s t e r  c o m p l e x e s  with p h o s p h o r u s - c o n t a i n i n g  l igands a r e  used as  ac t ive  c a t a l y s t s  for  the 
hydrogena t ion  of  unsa t u r a t e d  compounds  [1, 2]. The p r e s e n t  paper  wil l  d e s c r i b e  the ca ta ly t ic  ac t ion  of  a new 
type of  pa l ladium c l u s t e r  complex  which conta ins  o -phenan th ro l i ne  as  a s tab i l i z ing  l igand [3]. 

A w a t e r - b e n z e n e  emuls ion  conta in ing  Pd(OAe)2 and o -phenan th ro l ine  (Phen) in 5 �9 2 p ropo r t i ons  was 
found to a d s o r b  ~ 0.9 mole  H 2 pe r  g - a t o m  of  Pd at  20~ and 1 a i m ,  the fac t  that  the benzene l aye r  tost  its 
co lo ra t ion  while the wa te r  l a y e r  took on a d a r k  brown hue sugges t ing  that  the abso rp t i on  p r o c e s s  had led to 
the f o r m a t i o n  of  ionic r e a c t i o n  p roduc t s .  The consumpt ion  of  s y s t e m  componen t s  in the abso rp t ion  could be 
r e p r e s e n t e d  by an equat ion of  the fo rm*  

5nPd(OAc)~ -~- 2Phen ~- 4.5nH2 --> [(Pd~Phen~)OAe]n + 9nHOAc (A) 
(i) 

The fac t  tha t  the OAc g roups  were  Iocated  in the ex t e rna l  coord ina t ion  sphe re  of  complex  (I) was  ind i -  
cated by the o b s e r v a t i o n  that  the complex  would not  r e a c t  with H 2 as  did those  c o m p l e x e s  of  the me ta l  which 
con ta ined  P d - O A c  bonds [5]. The Phen molecu le  occup ies  two coord ina ted  pos i t ions  pe r  me ta l  a tom in the p a l -  
ladium complex  [6]. It would t h e r e f o r e  s e e m  that  th ree  of  the five Pd a t o m s  p r e s e n t  in complex  (I) m u s t  e i -  
t h e r  be bound to H20 m o l e c u l e s  o r  a r e  bound to o t h e r  Pd a t o m s  th rough  Pd 5 groups .  Aqueous  solut ions  of  (I) 
took up 0.3 mole  of  02 pe r  1 g - a t o m  of Pd.  Here  r e a c t i o n  led to the sepa ra t ion  of  a complex  which was  shown 
by e l e m e n t a r y  ana lys i s  and m o l e c u l a r  m a s s  d e t e r m i n a t i o n s  to have the fo rmu la  [PdloPhen4(O2)3](OAc)2 (ii) [2]. 
The PMR s p e c t r a  of  complex  (II) showed bands at  1.82 ppm (OAt),  and at 6.97, 7.82, and 8.86 ppm (Phen), the 
ra t io  of  p ro ton  s ignal  in tens i t i es  being such that  P h e n / O A e  = 5.3. The IR s p e c t r u m  of  complex  (I) showed a 
band fo r  C ~=O band abso rp t i on  in OAc in 1580 cm -1. The oxygenyl  complex  (II) was  t h e r e f o r e  f o r m e d  through  
a r e a c t i o n  of  the type 

2/n (I) + 30~ -+ (II) (t~) 

This  s a m e  complex  could be p r e p a r e d  by r e a c t i n g  the [(RP)~Pds] n c l u s t e r  [2] with Phen and HOAc in C~HG, 
and then br ing ing  the solut ion into con tac t  with 02 . 

The fac t  tha t  H202 was  f o r m e d  through  the in t e rac t ion  of  (H) with ac ids  [3] was taken as  an indicat ion 
tha t  the coord ina t ed  oxygen ex is ted  as  O~- in the complex .  On this bas i s  it was  c o n s i d e r e d  tha t  r eac t i on  (17) 
was  an ins tance  of  the oxidat ive  addi t ion of  O 2 to a l ow-va lence  pa l ladium complex .  

Al though aqueous  solut ions  of  (I) did not r e a c t  with I-I 2 under  gent le  t r e a t m e n t ,  aqueous  solut ions  of  (H) 
took up H 2 in quant i t ies  c o r r e s p o n d i n g  to the fo rma t ion  of  (I) and H20 , but wi thout  the a p p e a r a n c e  of  HOAe, if 
one could judge f r o m  the GLC data 

(II) + 6H 2 --~ 2In (I) -[- 6H~O (C) 

Cata ly t ic  hydrogena t ion  of  O 2 [sum of r e a c t i o n s  (13) and (C)] led to the fo rma t ion  of  H20 when an aqueous  
solut ion of  (I) was  brought  into con tac t  with a 2 �9 i H2--O 2 mix tu re .  

* The H20 m o l e c u l e s  occupy ing  the vacan t  posi t ion in the coord ina t ion  sphe re  of  the pal ladium c l u s t e r  have 
been omi t t ed  in wr i t i ng  this equat ion.  It s e e m s  l ikely  that  n is an even n u m b e r  bere  s ince the complex  (I) 
would o the rwi se  be of  the p a r a m a g n e t i c  type r a r e l y  me t  in the c h e m i s t r y  of  pal ladium [4]. 
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Fig.  1. Var i a t ion  of  the r a t e  of  h y d r o -  
genat ion  of a l ly l  a lcohol  with iS] and [H2] 
(30~ [I] = 0.5" 10 .4 m o l e / l i t e r ) :  1) iN2] = 
0.8" 10 .3 m o l e / l i t e r ;  2) iS] = 0.3 mo le / l i t e r .  

The hydrogena t ion  of  unsa t u r a t e d  h y d r o c a r b e n s  p roceeded  in a s i m i l a r  fashion.  Thus ,  aqueous  so lu -  
t ions of  (I) were  found to a b s o r b  H 2 only  a f t e r  they had been t r ea t ed  with e i the r  1 ,3-pentad iene  o r  a l ly l  a lcohol  
(S). The r a t e  o f  H 2 uptake by a solut ion conta in ing  (I) a t  10 .4 m o l e A i t e r  concen t r a t ion  was  found to be on ly  
s l ight ly  dependent  on S concen t r a t i on  a t  iS] > 0.6 m o l e / l i t e r  (Fig. 1). These  fac ts  sugges ted  that  subs t r a t e  
hydrogena t ion  p r e c e e d s  (I " S) complex  f o r m a t i o n ,  he re  just  as  in the case  of  o the r  pal ladium c l u s t e r  c o m p l e x -  
es [7], poss ib ly  p roceed ing  th rough  oxidat ive  addi t ion  of  the hydrogena t ing  subs t r a t e  to Pd a c c o r d i n g  to the 
r e a c t i o n  

(I) + S ~ (I.S) (1) 

The ([ - S) complex  r e a c t e d  with H 2 m o r e  r ead i l y  than complex  (I), r e a c t i o n  p r o c e e d i n g  th rough  a b e t e r o -  
lyric m e c h a n i s m  of hydrogenat ion  and the r e g e n e r a t i o n  of  (I) 

(I .S)  + H~ -~  (I) + SH e (2) 

The k ine t ics  of  unsa tu ra t ed  h y d r o c a r b o n  hydrogena t ion  were  s tudied th rough  the r educ t ion  of  a l ly l  a l -  
cohol .  

On the bas i s  of  GLC data it would seem that  the hydrogena t ion  of  a l ly l  a lcohol  leads to the fo rma t ion  of 
p ropy I  a l coho l  with y ie lds  in e x c e s s  of  90~-.* The c a t a l y s t  fo r  the r e a c t i o n  did not d e c o m p o s e  and was  not 
poisoned by the a lcoho l  f o rmed  on it. Thus ,  the kinet ic  cu rve  for  H 2 abso rp t i on  could be comple t e ly  r e p r o -  
dueed by in t roduc ing  a second  por t ion  of  s u b s t r a t e  into the solut ion left f r o m  the S hydrogenat ion .  

Fo r  a s t e a d y - s t a t e  (l �9 S) c o n c e n t r a t i o n  in r e a c t i o n s  (1)-(2), the r e a c t i o n  r a t e  W is given by an e x p r e s -  
s ion of  the f o r m  

W =- k~ke [He] [I]r. [S]z (3) 
k-i + ke [He] 4- kl [Slz 

in which the k i a r e  the r a t e  cons tan t s  fo r  s teps  (1) and (2), and [I] Z and iS] E a r e  the r e s p e c t i v e  total  c o n c e n -  
t r a t i ons  of  f r ee  and complexed  ([) and S in the s y s t e m .  

By d rawing  on the p r o c e d u r e  of  [7], Eq.  (3) could be r e w r i t t e n  as  

i k - i+ke [ t t e ]  i i (4) 
- W - - -  klke [I]z [H2] [S]z ~- k2[I]z[He]' 

The ra te  of  r eac t i on  p roved  to be l i nea r ly  dependent  on the H 2 p r e s s u r e  o v e r  the in te rva l  f r o m  0.25 to 
1.0 a im (see Fig.  1), thus indicat ing that  k -  1 ~ k  2 [H2] , and sugges t ing  that  Eq. (4) i t se l f  be r e w r i t t e n  as  

i k-i i 
- W  - -  klke [I]~ [He] [SIx + k2[I]~ [He] 

(5) 

* Hydrogenation was accompanied by substrate isomerization to propanal. 
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Fig .  2. V a r i a t i o n  of  the r a t e  of  H 2 a b s o r p t i o n  with  [I] (iS] = 0.3; 
[H 2] = 0.8" 10 -a m o l e / l i t e r ,  30~ 

F ig .  3. V a r i a t i o n  of 1 /W with 1 / iS]  ([H2] = 0.8" 10 -a,  [I] -- 0.5" 
10 -~ m o l e / l i t e r ,  30~ 

The fact that the experimental data of Figs. 1 and 2 could be linearized by plotting in I/W vs I/S co- 
ordinates (Fig. 3) was an indication of the adequacy of the kinetic equations. The quantities 

i k - 1  

k, [I]z[H2] ' k l k 2 [ I ] z [ H e ]  

w e r e  e s t i m a t e d  g r a p h i c a l l y ,  and  the r e s u l t s  u s e d  to c a l c u l a t e  the c o n s t a n t s  k 2 [2.4" 10 5 l i t e r s / ( m o l e  "min)] and 

K = k t / k - t  [4.7 l i t e r s / m o l e ] , *  

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

The hydrogenation experiments were carried out by first degassing the DMFA so lu t ion  of  complex (H) 

and then introducing the allyl alcohol in a stream of gaseous H 2. 

The hydrogenation kinetics were studied volumetrically, working at 30~ and 1 atm pressure. The long- 

necked hydrogenation flask-type reactor was shaken at a rate of 500-700 min -I in order to assure that reac- 

tion would take place in the kinetic region. 

The procedure followed in preparing [Pd10(Phen)4(O2)3](OAc)2 from Pd(OAe)2 and Phen has been de- 
scribed in [3]. 

Preparation of [Pdi0(Phen)4(O2)3](OAc)2 from Pd(OAc)2 , PBu3, and Phen. To a solution containing 0.12 g 

(5.3 �9 10 -4 mole) of Pd(OAc)2 dissolved in 5 ml of benzene there was added, under constant agitation, 0.14 ml 

(5.3 " 10 -4 mole) of P]3u 3 dissolved in 1 ml of benzene; the resulting mixture was degassed and then treated 
with H2, again under constant agitation, for 1 h. The color of the solution changed from yellowish orange to 
brown during this treatment. At the end of this period, a solution containing 0.18 g (8 �9 10 -4 mole) of Pd(OAc)2 

dissolved in 15 ml of benzene was introduced by pipette under the liquid layer in the system, introduction be- 

ing in the form of three separate 5-ml batches over a 15-rain interval, with the entire operation carried out 

in a stream of H 2. 

After introduction of the Pd(OAc)2 had been completed, a solution containing 0.14 g (7.8 " 10 -4 mole) of 

phenanthroline dissolved in 15 ml of benzene was run into the system. Addition of water, and exposure of the 

reaction mixture to the action of air, caused the aqueous layer to take on a brownish coloration, while the ben- 

zene layer became light yellow. The aqueous layer was separated off, filtered, and the water elin~linated from 

it by evaporation to a volume of 3-5 ml. Addition of acetone brought down a black powder which was filtered 

off, washed with acetone, and dried. Found: C 39.9; H 2.3; N 5.5~. C52H38NsO10Pdi0. Calculated: C 31.3; 
H 1.9; N 5 .6~.  

A n a l y s i s  of  the r e a c t i o n  m i x t u r e  was  c a r r i e d  ou t  by GLC (LKhM 8MD, f l a m e - i o n i z a t i o n  d e t e c t o r ,  15~ 
C a r b o w a x - 2 0 0  on C h r o m a t o n ,  He c a r r i e r  g a s ,  40 m l / m i n ,  3 • 0.002 m co lumn) .  The a l l y l  a l c o h o l  was  a cp 
g r a d e  which  had been  p u r i f i e d  by d i s t i l l a t i o n .  D i s t i l l e d  w a t e r  was  u s e d  a s  the so lven t .  

�9 The n ~f (I) was  s e t  equa l  to 2 fo r  t h e s e  c a l c u l a t i o n s .  
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C O N C L U S I O N S  

1. The [(Pd5Phen2)OAC]n (I) c lu s t e r  complex is fo rmed  through the reac t ion  of pal ladium diaceta l  with 
molecu la r  bydrogen in the p re sence  of o-phenanthrol ine .  A product  of composi t ion [Pdl0Phen4(O2)3](OAc)2 s ep -  
a r a t e s  out when this complex is t rea ted  with oxygen. 

2. The hydrogenation of O2, 1 ,3-pentadiene,  and a l ly l  alcohol a r e  ca ta lyzed  by aqueous solutions of (I). 

3. The kinetic data on the hydrogenation of a l ly l  alcohol  by (I) in aqueous solution can be desc r ibed  by 
a mechan i sm involving complexing between c l u s t e r  and subs t r a t e ,  reac t ion  with hydrogen leading to the f o r m a -  
tion of the alcohol  and regenera t ion  of the or ig ina l  pal ladium compound. Rate constants  have been de te rmined  
for  the var ious  s teps  in this mechan i sm.  
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A C I D - C A T A L Y T E D  H Y D R O L Y S I S  O F  P E N Z O Y L H Y D R A Z I N E  

IN S U L F U R I C  A C I D  

N .  G.  Z a r a k h a n , *  E .  N .  B o r i s o v a ,  UDC 541.128: 542.938:547.556.8 
P .  P .  N e e h a e v ,  a n d  G. E .  7 a i k o v  

Many heterochain po lymer ic  m a t e r i a l s  a r e  synthes ized and r e s t r u c t u r e d  in H2SO 4 solution. There  is the 
poss ib i l i ty  that hydrolyt ical ly  unstable bonds would be hydrolyzed in the course  of such p r o c e s s e s .  E s t i m a -  
tion of the effect  of this fac tor  cal ls  for  a study of the hydrolys is  mechan i sm.  We have, the re fo re ,  invest igated 
the ac id -ca t a lyzed  hydrolys is  of benzoylhydrazine ,  a compound used to model  the hydrolyt ical ly  unstable f r a g -  

ments  in polyhydrazines  and polyoxadiazoles .  

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

The kinet ics  of  the benzoylhydrazine hydrolys is  in aqueous H2SO 4 solution were  studied a t  50-90~ - 
ing a t  concent ra t ions  ranging f rom 0.01 to 0.1 M, and in solutions containing f rom 20 to 76% H2SO 4. M e a s u r e -  
ment  was made of the a l te ra t ion  of the opt ica l  densi ty  a t  ~ 210 nm, where the spec t roscop ic  di f ference between 
the reac tan t s  and products  was m o s t  pronounced.  Under our  working condit ions,  the hydrolys is  of benzoylby-  
draz ine  was an i r r e v e r s i b l e  p r o c e s s ,  the spec t rum of the reac t ion  products  being a superposi t ioning of the 
spec t r a  for  hydrazine and benzoic acid.  Hydrolys is  ra te  constants  were  calculated f rom a f i r s t - o r d e r  equa-  
tion (Table 1), and the r e su l t s  obtained ex t rapola ted  to 25~ (Table 2). 

* Deceased.  
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