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Mechanism of synthesis of maleic and succinic anhydrides 
by carbonylation of acetylene in solutions of palladium complexes* 
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The mechanism of synthesis of  maleic and succinic anhydrides from acetylene and CO in 
the PdBr2--LiBr--organie solvent catalytic system was studied using the procedure of 
advancement and discrimination of hypotheses. The hypotheses were obtained using the data 
bank on elementary steps and the Combl  combinatorial program. The discrimination of  the 
hypotheses was based on the data of NMR and IR spectroscopy, studies of isotope exchange, 
the role of  potential organic intermediates, the kinetic isotope effect, and one-factor  kinetic 
experiments. The most probable mechanism of synthesis of  maleic anhydride includes 
insertion of acetylene and CO into the Pd--Pd bond of the Pd I complex, which is formed 
from Pd II at the initial step of the process. Succinic anhydride results from the intramolecu- 
far transformation of the hydride complex of palladium and maleic anhydride. The palladium 
hydride complexes detected in the contact solution apparently play the crucial rote in the 
conjugation of oxidation, reduction, and addition type reactions. 

Key words: reaction mechanisms, advancement and discrimination of hypotheses; alkynes, 
carbonylation, kinetics, isotope effect; suecinic anhydride, maleic anhydride, synthesis from 
acetylene and CO. 

C a r b o n y l a t i o n  o f  a lkynes  makes  it possible  to  syn the -  
size n u m e r o u s  o x y g e n - c o n t a i n i n g  organ ic  c o m p o u n d s  
( sa tu ra ted  a n d  u n s a t u r a t e d  acids,  esters,  amides ,  tac-  
tones ,  ke tones ,  anhydr ides )  u n d e r  mi ld  cond i t i ons  and  
presen ts  bo th  prac t ica l  and  theore t i ca l  interest ,  i - 4  Re- 
cent ly ,  5 the  mos t  p r o m i s i n g  m e t h o d  for  the  synthes is  of  
me thy l  m e t h a c r y l a t e  has been  deve loped ;  the  m e t h o d  is 
based on  the  c a r b o n y l a t i o n  o f  m e t h y l a c e t y l e n e  in solu-  
t ions  o f  pa l l ad ium complexes .  

Pa l l ad ium der iva t ives  are the  mos t  act ive catalysts  
for  the  r eac t ions  o f  a lkynes  wi th  c a r b o n  m o n o x i d e  in-  
volving o t h e r  reac tan ts .  6 T h e  ca ta ly t ic  m e t h o d s  for the  
synthes i s  of  polyes ters ,  succ in ic  a n h y d r i d e  and  p roduc t s  
based  on  it, es te rs  o f  a lkyny lca rboxy l i c  acids,  a n d  
c i t r acon ic  a n h y d r i d e  deve loped  in recent  years are of  
pract ica l  interest .  6 

Coba l t -  and  p a l l a d i u m - b a s e d  catalysts  of ten p r om o te  
s i m u l t a n e o u s  o c c u r r e n c e  o f  oxidat ive ,  reduct ive ,  and  
"addi t ive" (no t  redox)  c a r b o n y l a t i o n  o f  alkynes.  4,6 A 
n u m b e r  o f  s tud ies  have  b e e n  devo t ed  to  t he  m e c h a n i s m  
of  con juga t ion  o f  reac t ions  o f  var ious  redox types. 6,7 
Th i s  s tudy deals  wi th  the  m e c h a n i s m  of  the  recent ly  
d i scovered  synthes i s  o f  succ in ic  a n h y d r i d e  7 and  also 
with the  r e l a t ionsh ip  b e t w e e n  the  m e c h a n i s m s  o f  fo rma-  
t ion  of  succ in ic  and  male ic  anhydr ides .  

* Dedicated to the memory of Academician M. E. Vol 'pin 
timed to his 75th birthday. 

Experimental 

Experiments were carried out in a gas-flow-type reactor 
maintained at a constant temperature (40 ~ with intense 
stirring of the gas and liquid phases under  atmospheric pres- 
sure. The initial solution (PdBr2--LiBr--organic solvent) was 
prepared directly in the reactor. A gas mixture (CO and C2H~) 
of the required composition was prepared beforehand in a gas 
meter and supplied to the reactor through columns with a 
drying agent at a velocity of ~2.2 L (L rain) - | .  The velocity of 
the gas mixture supply was monitored by a calibrated rheom- 
e~er. The gas velocity at the outlet  was determined using a 
Mariotte 's  vessel and a graduated cylinder. The gas phase was 
analyzed by gas-adsorption chromatography on an LKhM- 
8MD instrument (using a 3-m-long column with a diameter of 
3 mm packed with the AG-3 active carbon (0.25--0.50 mm 
fraction); the separation temperature was 140 ~ a katharo- 
meter was used as the detector; and argon was used as the 
carrier gas). 

Water was supplied to the reactor using a microsyringe. 
The content of water was determined by GLC on an LKhM- 
8MD instrument (a 3-m-long column with a diameter of 3 mm 
packed with Polysorb (the 0.25--0.50 mm fraction); the tem- 
perature of separation was 140 ~ a katharometer was used as 
the detector; and helium was u ~ d  as the carrier gas). 

The composition of  tile contact  solution was analyzed by 
G L C  

(a) succinic and maleic anhydrides (as well as citraconic 
anhydride and methylsuccinic anhydride) were determined on 
a Ysvet-II0 instrument (a 3-m-long column with a diameter 
of 3 mm packed with 10% polyphcnyhnethylsiloxane PPMS-4 
on Polychrom-l;  tile temperature of  separation was 180 ~ a 
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Fig. 1. Dependences of the concentrations (C) of suecinic (1) 
and maleic (2) anhydrides on the duration of the experiment. 
Conditions: [PdBr2l = 0.05 mol L -I ,  [LiBr] = 0.1 reel L -I ,  
Pco/Pc2rt 2 = 2.5, T = 40 ~ 

katharometer was used as the detector; and helium was used as 
the carrier gas); 

(b) acrylic and propionic acids were analyzed on an 
LKhM-80 instrument (a 3-m-long column with a diameter of 
3 mm packed with 10% poly(ethyleue glycol) PEG 12000 on 
Inerton AW DMEC; the temperature of separation was 180 ~ 
a katharometer was used as the detector; and helium was used 
as the carrier gas). 

The total amount of anhydrides and mono- and dicafooxy- 
lic acids was determined by potentiometric titration. Potentio- 
metric titration of the solution and potentiometric measure- 
ments during the experiments were performed using a pH-673 
instrument equipped with glass, platinum, and silver chloride 
electrodes (the latter was used as the reference electrode). 

IR spectra of gases and solutions were recorded on an 
M-82 IR spectrometer, and the IH and 13C NMR spectra were 
measured on a Bruker WP-200-SY instrument. 

The "concentration--time" dependences obtained in ki- 
netic experiments were processed by graphical differentiation 
at the quasi-steady-state section, after the period of formation 
of the active catalyst (Fig. I). To ensure that the concentration 
of Br- is constant ([Br-] = const) despite the variation of 
IPdBr21, the experiments were carried out at a high concentra- 
tion of LiBr ([LiBr] = 0.74 mol L-I). The variation of the 
partial pressures of acetylene and carbon monoxide was ac- 
complished by their partial replacement by helium, the con- 
centrations of the other reagents remaining the same. 

Commercial reagents of "chemically pure" and "pure for 
analysis" grades were used in the experiments as received. 
Carbon monoxide was obtained by decomposition of formic 
acid in H2SO 4, acetylene was additionally purified from phos- 
phorus-and sulfur-containing compounds using solutions of 
K2Cr~OT, CuSO4, and CuCI~. The purity of CO and C2H 2 was 
no less than 99.6%. 

Results  and Discussion 

Results of  prefiminary experiments 

It was shown previously 7 that in the catalytic system 
Pdl3r-,--LiBr--orgnnic solvent (acetone, acctonitrilc), 
reaction (I)  occtirs with a selectivity of  -70% with 

respect  to a c e t y l e n e  (in the  in i t i a l  gas m i x t u r e ,  
CO : C2H 2 = 2.5, [H20  ] = 0,3 mol  L-I ) .  

? 
H 2~"C\  

/ . O  (!) C2H:~ + 2 CO + H20 H2C""C~o 

SA 

In addition to succinic anhydr ide  (SA), o ther  prod-  
ucts are also formed in this system, namely,  male ic  
anhydride (MA),  -7% (react ion (2)),  dicarboxylic  (suc-  
cinic and maleic) acids (DA),  - 1 2 % ,  and acrylic acid 
(AA), -7%. Propionic  acid (PA) and 2 (SH)- fu ranone  
(reaction (3)) are produced in substantial ly lower yields. 

C2H 2+ 2CO + HzO 

? 
HcIC~ 

~- II /O + 2 [H] 
HC---. C 

\\ 
O MA 

(2) 

C2H 2+ 2CO + H20+ 2[H] 

? 
Hc~C\ 

II /O 
HC.--. C 

H~ 

(3) 

Some quant i ty  of  acetylene is conver ted  into ol igo-  
mers (there is unbalance).  The  hypothes is  on the partial  
hydrogenat ion of  ol igomers  makes  it possible to bring 
together the redox balance o f  the process. 

In the prel iminary exper iments ,  the  quest ion o f  tt~e 
state of  palladium in the catalyt ical ly active complexes  
was also addressed. The results o f  measurements  o f  the 
voltage difference between the p la t inum and silver ch lo-  
ride (reference)  e lectrodes  (EI~) dur ing  the process 
(Fig. 2), the charac ter  o f  inf luence  o f  added oxidants  
(CuBr2, Fe2(SO4)3, p - b e n z o q u i n o n e ,  chlorani l ) ,  and the 
data of  IR spectroscopy provide grounds  for believing 
that compounds  o f  Pd I are responsible  for the catalyt ic 
activity. 8 

The period of  formation of  the catalyst is matched in 
time by the decrease in the potential  o f  the platinum 
electrode from -240 to 60--80 mV and also by a decrease 
in the intensity o f  the absorption band at 2120 cm -I (the 
terminal CO group) and an increase in the intensity o f  the 
bands at 1948 and 1935 cm -I  (bridging CO groups) in the 
I R spcctrum of  the sample. These  facts are in good 
agreement with the assumption that during the period o f  
catalyst formation, Pd II is reduced to Pd I. 

The addit ion o f  oxidants  ( C u B r  2, Fe2(SO4) 3) to the 
initial catalytic solution results in an increase in the 
initial EpT value. Thcn,  judging f rom the variat ion o f  Ept, 
the oxidant is rapidly reduced by the react ion gascs. The 
addit ion o f  p -benzoqu inonc  and ch loran i l  results appar-  
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Fig. 2. Variation of the rate of gas absorption (wg) (a) and 
redox potential (Ep0 (b) during carbonylation of acetylene in 
the PdBr2--LiBr--acetone system (1). The effect of quinone 
(2) and chloranil (3) on the rate of gas absorption and E~. 
Conditions: [PdBr~l = 0,05 mol L - t ,  [LiBr f = 0.I mot L - t ,  
PCO/PC2H 2 = 2.5, T =  40 ~ 

ently in the formation of stable and catalytically inactive 
complexes of  Pd I1 with these oxidants, which undergo 
practically no changes under the reaction conditions 
(see Fig. 2). 

Advancement of hypotheses 

In the present study, we used the approach 9J~ that 
includes formal generation of  hypothetical mechanisms 
and their subsequent selection (discrimination) based on 
the results of  specially designed experiments. The proce- 
dure used here consisted of the following operations: 

I. Identification of the set of  bond transformations 
needed to obtain succinic anhydride from C2H2 ,CO,  
and H~O (cleavage of one C-=C, two C=-O, and two OH 
bonds and formation of three C- -C ,  two C- -O,  two 
C- -H ,  and two C = O  bonds). 

2. Choosing the steps that include the above-men- 
Tioned transformations out of the bank of steps involving 
metal complexes and organometallic compoullds. I! 

3. Combinatorial exhaustion of  the resulting set of 
steps by virtue of the Comb 1 program for personal 
computer 12 aimed at obtaining combinations containing 
necessary bond transformations. 

4. Analysis of the resulting combinat ions in order  to 
choose "chemically sensible" sequences of  steps on the 
way from the reactants to the succinic anhydride.  

To advance hypotheses concerning the mechanism 
of the synthesis of  succinic anhydride,  we chose the 
following 20 steps (M is the metal  atom incorporated in 
the complex or in the organometal l ic  compound):  

1. 
J J 

H M C = C  L ~ M + H C = C 2  

2. 
- -  / I I 

MH + , , , , C ~ C ~  ~ M C - - C - - H  
I I 

3. MH + - -C--=C - - - ~  M C = C - - H  
/ k 

/ 
4. H + M + 

. /  
MC-----C_ + ~ + H C = C _  

I - I 

5. 
/ 

M + - - C ~ C - -  + H + ~ M+- - . -C=C- -H  
/ 

M~.  / M  
6. M - - M  + - - C = C  - ~ . / C = C . . .  

7. MOH-.,F CO ~ M C O O H  

8. 

9. 

/ 

M + / C = C . . .  ~ M 

\ 

I l 
M - - C - -  + CO ~ M - - C ~ C - -  

I It I 
O 

10. 

IL. 

M - - /  I 
MH + . ~ C = C ~ . - - ~  M - - C H - - C - - M - -  

I I 

M.. , I  I 
M..._/L;=G~.M_/ + - - M H  ~ M / . Q - - C H - - M  

I I M , ,  I I .,-M 
12- M - - C = C - - M  + M - - M  ~ M . . -C - -C . , .M  

~. _ I ,  \ / 
13. M - - M  ~ / C - - C . , .  ~ M - - C - - C - - M  

/ \ 

14. M ~- H20  ~ H M O H  

15. M 2"~ + H20  - - ~  M + O H  ~ H + 

16. M - - M  + H20  ~ ---MH + H O M - -  

17 
I I 

M--C-- ~--M--H --~ M--M +--C--H 
I I 
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18. M - - C - -  + --C~--~C-- - - ~  M = C - - C ~  
I 

I I 
19. M-- -C- -C- -  + H20 ~ M- -H + ---C--C--OH 

II I I U 
O O 

I I 
20. M - - C - -  + H § ~ M + + H - - C - -  

I I 

The mechanism of  formation of  the catalyst, i.e., Pd 1 
clusters, has not  been specially studied. However, the 
currently available experimental and published data sug- 
gest that this occurs by a chain autocatalytic mechanism 
that includes three blocks of  steps: 

PdBr 2 + C2H 2 + 2 CO + H20 - - ~  MA + HPdBr + HBr. 

PdBr 2 + HPdBr ~ Pd2Br 2 + HBr, 

Pd2Br 2 + C2H 2 + 2 CO + H20 ~ MA + 2 HPdBr. 

The above reactions lead to fast reduction of Pd 11 to Pd I. 
The advancement  of  hypotheses based on the twenty 

steps presented above, some of  which might not be 

elementary steps, afforded ~500 combinat ions of  steps. 
In our opinion, 46 of  these combinat ions make sense 
from the chemical viewpoint. 

The forty-six hypotheses can be divided into four 
groups according to the type o f  organic intermediate 
involved in the synthesis of  succinic anhydride: 

- -  group I - -  ethylene (6 mechanisms);  
- -  group [I - -  acrylic acid (22 mechanisms);  
- -  group I l l  - -  maleic anhydride (8 mechanisms);  
- -  group IV - -  no organic intermediate  (10 mecha-  

nisms). 

Discrimination o f  the hypotheses 

Based on the results of the preliminary experiments 
(catalytic activity of  Pd j derivatives) and also in view of  
the fact that the system contains no ligands capable of 
stabilizing Pd ~ derivatives, those mechanisms in which 
Pd I1 and Pd ~ compounds act as the catalysts can be 
excluded from consideration. 

The 23 hypotheses left after the first selection step, 
3, 8, 4, and 8 hypotheses for groups I, l l ,  I II ,  and IV, 

Mechanism 1 

C2H 2 + Pd2flr  2 --~ 1 
I + 2 HBr -4. C2H 4 + 2 PdBr 2 

C2H 4 + Pd2Br 2 -+ 2 
2 +  2 C O - - - ~ 3  
3 + H20 -> HPdBr + 4 
4 --* SA + HPdBr 

G r o u p  l 

Mechanism 2 

C2H 2 + HPdBr --+ 5 
5 + HBr --) C2H 4 
C2H 4 + Pd2Br 2 -4P 2 
2 + 2 C 0 - + 3  
3 + H20 --* HPdBr + 4 
4 -~ SA + HPdBr 

Mechanism 3 

C2H 2 + HPdBr ---, 5 
5 + HPdBr ---* Pd2Br 2 + C2H 4 
Pd2Br 2 + H20 --~ HBr + 6 
6 + CO--+ 7 

7 + C2H 4 --~ 8 
8 + C 0 - . 9  
9 --* SA + HPdzBr 

Mechanism 4 

C2H 2 + PO2Br 2 - ,  1 
1 + O O - - - ) 1 0  
10 + H20 -+ HPdBr + 11 
11 + HBr --4, AA + PdBr 2 
AA + Pd2Br 2 -4, 12 
12 + HBr-4,  PdBr 2 + 13 
13 4- CO -4, 4 -+ SA + HPdBr 

Mechanism 7 

H20 4~ pd2Br 2 .-) 6 + HBr 
6 +  C 0 - ) 7  

7 + C2H 2 -,y 14 
14 + HBr -+ AA + Pd2Br 2 
AA 4- Pd28r 2 --~ 12 
12 + HBr-4, PdBr 2 + 13 
1:3 + CO --* 4 --) SA + HPdBr 

Mechanism 10 

He0 + Pd28r 2 --) BrPOOH + HPOBr 
BrPdOH + CO - )  16 

16 + C2H 2 --~ 11 
11 + HBr --~ AA ~- PdBr 2 
AA 4- HPdBr --* 13 

13 ~- CO -> 4 -~ SA t HPdBr 

Group II 

Mechanism 5 
C2H 2 4- Pd2Br 2 -4. 1 
1 + C 0 - )  10 

10 + H20 -~ HPdSr + 11 
11 + HBr --~ AA + PdBr 2 
AA 4- HPdBr ~ 13 
13 + CO--*  4 
4 -~ SA + HPdBr 

Mechanism 8 

C2H 2 + HPdBr - *  5 
5 + C 0 ~ 1 5  
15 + H20 --~ AA + HPdBr 
AA + HPdBr -4, 13 
13 + CO --~ 4 -4. SA 4- HPdBr 

Mechanism 6 
H20 4- Pd2Br 2 -~ 6 + HBr 
6 + CO --* 7 

7 + C2H 2 -4, 14  
14 + HBr --) AA + Pd2Br 2 
AA + HPdBr -+ 13  
13 + C 0 - - , 4 - ~  S A +  HPdBr 

Mechanism 9 

C2H 2 + HPOBr -4, 5 
5 + C 0 - ~  15 
15 + H20 -4, AA + HPdSr 

AA + Pd28r 2 - )  1 2  
12 + HSr -4, 13 + PdBr 2 
13 + CO --~ 4 -4, SA ~ HPdBr 

Mechanism I I 

H20 + Pd2Br 2 --~ 8rPdOH + HPOBr 
BrPdOH + CO --* 16 

16 4- 02H2 _}, 11 
1 1 4- HBr --~ AA 4- PdBr 2 

AA + Pd2Br 2 --, 12 
12 + HBr -~ 13 + PdBr 2 
13 + CO ~ 4 --~ SA + HPdBr 
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Group III 
Mechanism 12 

C2H 2 + Pd2Br 2 --~ 1 
1 + C O - *  10  
10  t - C 0 - +  17  
17  + H20  -4, HPdBr  + 18  
18 -~, MA + HPdBr  
MA + HPdBr  - )  19 
19  + HBr -+ SA + PdBr  2 

Mechanism 14 

H20 + Pd2Br 2 --) 6 + HBr 
6 + C 0 - ~ 7  

7 + C2H 2 -+ 1 4  
1 4 +  CO -4, 2 0  
2 0  -4, MA + HPd2Br 
MA + HPd2Br -~ 2 5  
25  + HBr --~ SA + Pd2Br 2 

Mechanism 13 

C2H 2 + Pd2Br 2 --) 1 
1 + C O - ~  10 
10 + CO -+ 17  
17 + H20 - *  HPdBr + 18  
18 -+ MA + HPdBr 
MA + HPdBr - ,  19 
19 + HPdBr -+ SA + PdzBr 2 

Mechanism 15 

H20 + Pd2Br 2 --) 6 + HBr 
6 + CO--+ 7 
7 + C 2 H  2--* 14  
14 + CO -> 20  
2 0  - *  MA + HPd2Br 
MA + HPd2Br ---) 25  
25  + HPd2Br - *  SA + Pd2Br 2 + 2 Pd~ 

Mechanism 16 

HPdBr  + C2H 2 -)' 5 
5 + HPdBr  --* 2 
2 + 2 C 0 - + 3  
3 + H20 -+ 4 + HPdBr  
4 ~  HPdBr  + SA 

Mechanism 19 

C2H 2 + Pd2Br z --~ 1 
1 + C 0 - ~  10  
10 + H20 --~ 11 + HPdBr  
11 + HPdBr  -+ 12  
12 + HBr -+ 13 + PdBr 2 
13 + CO --~ 4 --~ SA + HPdBr 

Mechanism 22 

Pd2Br 2 + Ha0 --4, 6 + HPOBr 
BrPd20  H 4- CO -~ 7 

7 ~- C2H 2 --). 14  
14  + HPd2Br -4. 2 3  
23  + HBr --) Pd2Br 2 + 8 
8 + C 0 - + 9  
9 -~ SA + HPd2Br 

Group IV 

Mechanism 17 

C2H 2 + Pd2Br 2 --* 1 
1 + H B r - )  5 + PdBr 2 
5 + HPdBr --~ 2 
2 +  2 C 0 - ) 3  
:3 + H20 -~ 4 + HPdBr 
4 -4. SA + HPdBr 

Mechanism 20 

C2H 2 + PO2Br 2 - *  1 
1 + HPdBr -4. 21 
21 + 2 CO ~ 22  
22 + HBr --* 3 ~ PdBr 2 
3 + H20 -~ 4 + HPdBr 
4 -+ SA + HPdBr 

Mechanism 23 

C2H 2 + Pd2Br 2 --> 1 
1 + HPdBr - *  21 
21 + HBr -+ 2 
2 + 2 CO - ,  3 
3 + H20 -4. HPdRr + 4 
4 -~ SA + HPdBr 

Mechanism 18 

C2H 2 -~ Pd2Br 2 .-4, 1 
1 + HBr -~, 5 + PdBr  2 
5 + Pd2Br 2 ---4, 21 
21 + 2 CO ~ 2 2  
22  + HBr -+ 3 + PdBr 2 
3 4- H20 -+ 4 + HPdSr 
4 --~ SA + HPdBr  

Mechanism 21 

Pd2Br 2 + H20 ~ 6 + HBr 
6 +  C 0 - ~ 7  

7 + C2H 2 -+ 14  
14  + HPd2Br -~ 2 3  
23  + HBr -+ Pd2Br 2 + 8 
8 + C 0 - ~ 9  
9 --~ SA + HPd2Br 

respectively, are listed below. We used the following 
designations: 

BrPdCH=CHPdBr (I) ,  BrPdCH2CH2PdBr (2), 
BrPdCOCH2CIt2COPdBr (3), BrPdCOCH2CH2COOH (4), 
BrPdCI-I=CH2 (5), BrPd2OH (B), BrPd2COOH (7), 
BrPd2Ctt2CH2COOH (8), BrPd2COCH2CIt2COOH (9), 
BrPdCH=CHCOPdBr (10), BrPdCH=CHCOOH (!1), 
BrPdCH2CH(COOH)PdBr (12), BrPdCH2CH;COOH (13). 
BrPd2CH=CHCOOIt (14), BrPdCOCH=CH 2 ~15), 
BrPdCOOH (16). B r P d C O C H = C H C O P d B r  (17), 

BrPd~'l I - -CH  2 

Brl}dCOCtI=CHCOOII (18) ,  O = C \  / C = O  (19) ,  
O 

BrPd}COCH=CtlCOOFI (20), (BrPd)2CHCtI2PdBr {21/, 

BrPdCOCHCH2COPdBr (22), BrPd2CH2CHPd2Br (23), 
I / 
PdBr COOH 

,Br BrPd2C/H-CH2  

BrPd,, ,~PdCOCH=CHCOOH (24), O=C..o/ .C=O (25), 
I! 

Pd_,,13r 2 is a Fragment ora Pd I complex; HPd-- is a fragment of 
a hydride Pd II or Pd I complex. 

Not all the sequences of steps presemed here include 
a closed catalytic cycle (resulting in the evolution of tile 
initial l'ornl of the catalyst). However, at the stage of 
advancing hypotheses, this makes no difference. The 
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necessary steps can be added during detailing of the 
mechanism and construction of the kinetic model. 

The next stage of  the selection involves elucidatiotl 
of the roles of the potential organic intermediates, ethyl- 
ene, acrylic acid, and maleic anhydride. Maleic anhy- 
dride and acrylic acid were identified among the prod- 
ucts of carbonylation of acetylene. Ethylene was found 
in the exhaust gas only when the concentration of  the 
catalyst was sttbstautially increased. 

To elucidate the influence of concentrations of the 
possible intermediates, we carried out a series of  experi- 
ments in which the above-mentioned compounds were 
added to the reaction system. The concentration of the 
additive thus obtained was a pr ior i  larger than the high- 
est concentration of  the potential intermediate detected 
during the carbonylation (Table 1). The addition of  
ethylene does not influence significantly the rates of  
formation of  the succiuic and maleic anhydrides and 
acrylic acid (see Table I). The slight decrease in the 
rates of  formation of  the products may be due to the 
decrease in the partial pressures of  CO and C2H 2. 
Ethylene does not undergo substantial conversion during 
the experiment, although the increase in the rate of 
formation of  propionic  acid might  be due to its 
carbonylation. Thus, the mechanisms in which ethylene 
is proposed as the intermediate on the pathway to 
succinic anhydride (gronp 1 of  hypotheses) can also be 
excluded from consideration. 

The addition of  acrylic acid also has no effect on the 
rates of  formation of  the anhydrides. The observed slight 
changes in the rates of  formation of  acrylic acid (de- 
crease) and propionic acid (increase) suggest that acrylic 
acid might be converted into propionic acid. Therefore, 
the group of  hypotheses in which the mechanism of the 
synthesis of succinic anhydride involves the intermedi- 
ate formation of acrylic acid (group l l)  can also be 
excluded. 

When maleic anhydride (0.33 mol L - I ; - 4 % ,  w/w) is 
iqtroduced into the system, the rate of formation of 
succinic anhydride increases, whereas the rate of  forma- 
tion of  maleic anhydride decreases to approximately the 
same extent (Fig. 3). The introduction of a larger amount 
of maleic anhydride does not lead to further increase in 

T a b l e  1. Effect of the concentration of ethylene and acrylic 
acid on the rates of formation of the acetylene carbonylation 
prodllcts a 

Additive Rates of formation/mol (L h) -t 

(concentration) SA MA AA PA 

None 0.64 0.075 0.072 No data 
NoNc 0.64 0.065 0.070 0.020 
C2H 4 ( 15%, v/v) 0.57 0.064 0.067 0.026 
AA (0.15 tool L -I) 0.65 0.070 0.055 0.023 

~' Rcactk~n conditions: [PdI3r,I = 0.05 tool L -I, [LiBr] = 
0.1 tool 1. -I, acelo~litrilc as the solvent, Pco/Pc2H 2 = 2.5, T = 
40 "C 

r/tool L -t  h -I 
1.0 

0.6  

0 .4  

0 .2  

0 o �9 . . 2  

0 2 4 6 8 10 12 CMA (%, w/w) 

Fig. 3. The effect of the increase in the initial concentration of 
maleic anhydride on the rates (r) of formation of succinic (/) 
and maleic (2) anhydrides. Conditions: [PdBr2] = 0.05 tool L -I,  
[LiBr] = 0.1 tool L - l ,  Pco/PC2H2 = 2.5, T = 40 ~ 

the rate of formation of  succinic anhydride.  This finding 
is not at variance with the mechanisms assuming maleic 
anhydride as the intermediate o f  the synthesis of  suc- 
cinic anhydride. However, the observed change in the 
reaction rate exceeds only slightly the experimental  er- 
ror. Analysis of  the hypotheses proposed makes it pos- 
sible to interpret the limited increase in the rate of 
formation of  succinic anhydride upon an increase in the 
concentration of  maleic anhydride in the following way: 
apparently, the amount of hydride complexes of  palla-  
dium in the reaction system becomes  insufficient for the 
conversion of maleie anhydride into succinic anhydride.  

Hydride complexes of  pal ladium play an important  
role in all the hypotheses considered here; therefore, 
attempts were made to confirm the actual existence of  
these species under the condit ions of  acetylene car-  
bonylation. 

In the IR spectra of hydride complexes of  transit ion 
metals, the absorption bands corresponding to H - - M  
bonds occur in the same range as the bands for coordi-  
nated bridging carbon monoxide. Experiments with re- 
placement of CH3CN aqd H20 by CD3CN and D20 
showed that the absorption band at 1935 cm -1 observed 
in the quasi-steady-state carbonylat ion process remains 
unchanged; thus, the assignment of  this band to a 
bridging carbonyl group can be considered to be correct. 
In the experiments witl~ the addi t ion of maleic anhy-  
dride, the IR spectra exhibited no band at 1948 cm - t ,  
which is apparently related to the bridging carbonyl 
group in a Pd I complex containing acetylene in the 
coordination sphere. Thus, the band at 1935 cm - l  cor- 
responds to a carbonyl complex of  Pd I containing ma-  
leic anhydride in the coordinat ion  sphere. 

To identify the hydride complexes  in the solution, in 
an experiment carried out in acetoni t r i le-d  3, after the 
period of catalyst formation (10 min), the sample was 
rapidly cooled to - 4 0  ~C, and its IH N M R  spectrum 
was recorded.* By virtue of product  accumulat ion pro- 

* The authors are grateful to E. V. Vorontsov (A. N. 
Nesmeyanov Institute of Organoelemcnt Compounds of the 
RAS) for assistancc in the spectral studies. 
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cedures, a weak broadened signal (vl/2 = 70 Hz) at 
-1 .88  ppm could be detected. Broadening might be due 
to exchange processes (even at this temperature) and to 
the relaxation effects caused by the quadrupole nucleus 
of palladium. When the solution was heated to 0 ~ the 
signal in question quickly disappeared. Since this region 
of the t H N MR spectrum does not contain characteris- 
tic signals of  other  groups (except those for hydroxyl 
complexes of  Pd It, which are formed in alkaline me- 
dial3), this result makes it possible to regard the exist- 
ence of hydride complexes of  palladium in this system as 
authentic. The most probable pathway to the hydride 
complexes is oxidative carbonylation of acetylene to 
maleic anhydride and maleic and fumaric acid, for 
example, 

Pd2Br  2 + C2H 2 + 2 C O  + H 2 0  - - ~  M A  + 2 HPOBr.  

The next stage of  the selection of  hypotheses in- 
cluded investigation of  kinetic isotope effects. Each of 
the remaining two groups of  mechanisms (groups III  
and IV) can be divided into two parts: 

1. Mechanisms in which water reacts either before 
the first irreversible step or at the first irreversible step. 

2. Mechanisms in which water still participates in 
steps after irreversible transformations. In this case, the 
kinetic isotope effect (kH/kD) should be close to unity 
provided that the step involving H20 is not a part of the 
conjugation node. 

The first group comprises mechanisms 14, 15, 21, 
and 22, while the remaining mechanisms belong to the 
second group. 

To verify the possibility for the above mechanisms to 
be realized in the system under consideration, we deter- 
mined the kinetic isotope effect, which was defined as 

Table 2. Kinetic isotope effects in the reactions of formation of 
succlnic and maleic anhydrides a 

System rH/r D 
SA MA AA PA 

CD3CN--C2H2--D20 b 1.13+0.05 0.9+0.1 1.8• 2.5• 
CD3CN--C2Dz--D20 t' 1.10• 0.9• 1.7+0.15 2.2• 
(CD3):2CO--C2H2--D20 1.07• 0.9• - -  - -  

a Reaction conditions: [PdBr~] = 0.05 tool L -I ,  [LiBrl = 
0.1 tool L -I, Pco/Pc,H~ = 2.5, T = 40 ~ 
b Reference system ~|c(EN--C2H2--H20. 

the ratio of the rates of product  formation in prot ium- 
and deuterium-containing systems (rH/rD) , all other 
factors being the same (Table 2). 

The fact that the kinetic isotope effects found for the 
rates of  formation of maleic and succinic anhydrides are 
close to unity makes it possible to exclude mechanisms 
14, 15, 21, and 22 from consideration,  because in these 
cases, cleavage of  the H - - O H  ( D ~ O D )  bond occurs 
prior to the first irreversible step, and the rate constant 
for the rupture of  the O - - H  bond depends substantially 
on which particular hydrogen isotope is involved. Ap- 
parently, cleavage of  the H - - O H  bond before the first 
irreversible step is included in the mechanisms of  forma- 
tion of  acrylic and propionic acids (see Table 2). 

The results of  studies of  the distribution of  deuterium 
i~ the carbonylation products and the isotope exchange 
following the addition of  prot ium-containing maleic 
anhydride into a totally deuterated system (Table 3) 
provide grounds for claiming that the protium in maleic 
anhydride can rapidly exchange with deuterium and, 
hence, protium can get into succinic anhydride. These 
results are in good agreement with mechanisms 12 and 
13 provided that the step of  insertion of maleic anhy- 
dride into the Pd- -H bond is reversible. 

In most of  the remaining mechanisms (12, 17, 18, 
19, 20, 21, 22, 23), an important  role is played by 
protodemetallation. The initial catalytic system contains 
no hydrogen bromide; therefore, the catalytic solutions 
can become slightly acidic only as a result o f  hydrolysis 
of palladium(t 0 and palladium(I) bromides and the re- 
duction of  Pd II to Pd I. The maximum concentrat ion of  
HBr created in the system by the above reactions cannot" 
be higher than the concentrat ion of  palladium. Titration 
of samples withdrawn from the contact solution showed 
that the real concentration of  HBr is close to zero. 
Hydroge'n bromide rapidly reacts with acetonitri le yield- 
ing adducts  of  various composi t ions .  The product  
(MeCN)2(HBr)3 was isolated from a M e C N - - H B r  solu- 
tion; the structure of this compound was determined by 
X-ray diffraction analysis* and will be published else- 
where. 

Based on the results outl ined above, mechanisms 
including steps with the participation of HBr (12, 17, 

* The X-ray diffraction study of (MeCN)2(H Br)3 was carried 
out by S. E. Nefedov and 1. L. Eremenko (N. S. Kumakov 
Institute of General and Inorganic Chemistry of the RAS). 

Table 3. Distribution of H and D in the products of carbonylation in the CD3CN--C2D2--D20 system a 

[SAl/mol L -I I(CHDCO)2OI [MAl/mol L -t i(CHCO)2OI 
(CH DCO)20 (CD2CO)20 t' I(CD2CO):~OI (CFICO)~O t' (CDCO)20 b [(CDCO)20 ] 

0.15 087 0.17 0 0.20 0 
0.38" 0.73 0.52 O.Ol 0.4 0.03 

" Reaction cm~ditions: lPdBr2] = 0 05 tool L -1, [L.iBrl = 0.1 tool L -I, T= 40 "C, experiment dur:ttiou 105 rain. 
t, For convenience of the c:dculations, it was assumed that only symmetric m o l e c t l l e s  a r c  foFrl lc( |  ill t i le system. 
' MJlcic anhydride (CHCO)20 (0.288 tool [-s)  was added to the initial solution. 
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I8, 19, 20, 21, 23) are excluded from the subsequent 
discussion. 

To distinguish between the remaining two mecha- 
nisms (13 and 16) and to construct an adequate kinetic 
model, the kinetic regularities of the process were stud- 
ied by the method of one-factor experiment. Based on 
the analysis of the remaining hypotheses, the concentra- 
tion of PdBr~ and the partial pressures ofC2H 2 and CO 
were chosen as the variable parameters. 

The dependence of the rate of product formation on 
the concentration of PdBr 2 is significant for estimating 
the role of non-l inear  steps (those including interaction 
of two intermediates). If such a step is included in the 
conjugation node, 9 then the ratio of the product forma- 
tion rates would depend on the total concentration of 
palladium. If this step is not a part of the conjugation 
node but leads to the formation of palladium-containing 
compounds inactive in this process, then the depen- 
dences of the rates of formation of all the products on 
the concentration of the catalyst would follow identical 
nonlinear patterns. The dependences of the rates of 
formation of succinic and maleic anhydrides on the 
partial pressures of the reactants are significant for more 
precise determination of the structure of the conjugation 
node, i.e., for the elucidation of the sequence of steps 
leading to these products. 

In the preliminary experiments, it was found that in 
the range of stable operation of the catalytic system, the 
rates of product formation practically do not depend on 
the concentration of water. Since the catalyst operates 
steadily in a relatively narrow range of water concentra- 
tions, for each experiment with variation of other factors, 
a velocity of the water delivery was chosen in such a way 
as to ensure an approximately constant water concentra- 
tion [H20 ] = 0.1--0.2 mol L -t .  The period of formation 
of the catalyst is associated with the reduction of the 
initial PdBr2 to Pd I derivatives. The content of water in 
the initial system is anaong the important factors influenc- 
ing the characteristics of this process. Thus, in the system 
under study, water accomplishes a very complicated func- 
tion; it participates in the steps of the catalyst formation 
and acts as both a reagent and the ligand determining the 
stability of the catalytic system. At [H201 > 0.5 mol L - t ,  
the system loses stability. The complex character of the 
influence of water concentration and the difficulty of 
maintaining it constant accotmt for the not very good 
reproducibility of the kinetic data (4-15 rel.%). 

The dependences of the product formatioq rates on 
the concentration [PdBF2I Z are nearly linear up to 
[PdBr2] z = 0.05 tool L -t  (Fig. 4). The ratio of the 
Formation rates rSA/rMA does not depend on [Pd Br21 x to 
within the experimental error. When the concentration 
of PdBr 2 becomes >0.05 tool L - t ,  the order of the rate 
of formation of maleic anhydride with respect to [ PdBr2],- 
tends to it~crease, whereas that for the formatiou of 
succinic anhydride tends to decrease. The orders with 
respect to the partial pressures of CO and C2H 2 for the 
rates of lbrmation of the two :mhydrides vary (Figs. 5, 6). 

r/tool L -I h - l  
0.8 1 

0.6 

0.4 

0.2 

�9 - , 0 �9 

0 0.02 0.04 0.06 0.08 
[PdBr2]ffmol L -I 

Fig. 4. Dependences of the rates of formation of succinie (1) 
and maleic (2) anhydrides on the total concentration of palla- 
dium bromide. Conditions: [LiBr] = 0.74 tool L -I ,  acetoni- 
trile as the solvent, PC2H 2 = 0.16 to 0.21 atm, PCO = 0.73 to 
0.78 atm, T = 40 *C. 
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Fig, 5. Dependences of the rotes of formation of succinie (I) 
and maleic (2) anhydrides on the partial pressure of carbon 
monoxide. Conditions: [PdBr2] = 0.05 mol L -I,  [LiBr] = 
0.74 mol L -I, acetonitrile as the solvent, PC2H 2 = 0.16 to 
0.21 atm, T = 40 ~ 
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Fig. 6. Dependences of the rates of fbrmation of sttccinic (1) 
and maleic (2)anhydrides on the partial pressure ofacetyfene. 
Conditions: [PdBr2] = 0.05 tool k -I ,  [LiBr] = 0.74 tool L -I, 
acetonitrile as the solvent. Pco = 0.73 to 0.7~ atm. T = 
40 ~ 
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Let us discuss qualitatively the remaining hypotheses 
taking into account the kinetic data. in mechanism 13, 
the step of formation of  succinic anhydride is nonlinear 
and should be included in the conjugation node, since 
according to the data on isotope exchange, the step of  
insertion of  maleic anhydride into the Pd- -H bond is 
reversible (reaction (4)). 

C2H2 I,. 
Pd2Br 2 ~ " BrPdCH=CHPdBr CO 

! 

BrPdCH=CHCOPdBr co, H~O 18 + HPdBr 

BrPdCOCH=CHCOOH 
18 

Br .--C 
\ HC" \ 

,- Pd ~-II o 
. /  . c - -  c" 

\\ 

g 
BrPdCH--CH. 2 

I \ 

o / / C x o / C ~ o  

~. HPdBr + MA 

o 

HPdBr m. SA + Pd2Br 2 (4) 

This mechanism is inconsistent with the experimental 
dependence rsA/rMA = fl[PdBr21~: ). However, this dis- 
agreement can be el iminated by assuming that dimeric 
palladium complex (HPdBr)2 acts in the system, in this 
case, mechanism 13 can be presented as follows: 

C2H2 .COt,. 10 CO= 17 H20- 
Pd2Br 2 " 1 

B r  / \ 
BrPd\  /PdCOCH=CHCOOH 

H 
24 

/ B r  / H  
24 ~ BrPd .Pd c~ 

H ~/ /  C 
HC I 

\ ~O C" 
# 
o 

Br 
/ \ 

BrPd PdCH--CH 2 

o~C-,,o/'C% 0 

MA + H2Pd2Br 2 
(or HPd2Br + HBr) 

Pd2Br 2 + SA (5) 

In mechanism 16, the second step is nonlinear. 
Provided that the first step is reversible, this should 
result in the order of the rate of formatiol~ of succiuic 
anhydride with respect to the catalyst being greater than 

unity; this is at variance with the experimental  results. 
This disagreement can be el iminated by assuming ei ther  
that the first step is irreversible (to the best of  our 
knowledge, there is no exper imenta l  evidence for 
13-elimination in e-vinyl  organometai l ic  compounds)  or 
that both HPdBr  hydrides act as a single species 
(H2Pd2Br2). 

H~Pd2Br 2 + C2H 2 ~ H2Pd2Br2(C2H2) COL 

BrPdCOCH2CH2PdBr CO ,,- 

--~ BrPdCOCH2CHzCOPdBr H20-- SA + H2Pd2Br 2 (6) 

The dimeric hydride complex of Pd n could be pro- 
duced in this system upon oxidative carbonylat ion of  
acetylene to maleic anhydride.  The "bottleneck" of  this 
mechanism is the necessity for acetylene to displace the 
maleic anhydride from the coordinat ion sphere o f  the 
palladium hydride (maleic anhydride and the hydride 
complex are formed apparent ly in the same step) when 
the concentrations of C2H 2 and MA are commensu-  
rable. 

More detailed variants of  mechanisms 13 and 16 
(with more detailed specification of  the coordinat ion 
spheres of  the intermediate compounds)  were also de-  
veloped. The structures of  compounds  2"--8" were pro-  
posed by analogy with known compounds and are hypo- 
thetical. All the vacant sites in the coordination spheres 
of Pd t complexes and the intermediates are apparent ly 
occupied by acetonitrile molecules,  which play a stabi- 
lizing role. In the mechanisms given below, some of  the 
transformations occurring after the irreversible step are 
formulated as n o n - e l e m e n t a r y  steps (for example ,  
6" --, 7"), because these steps are not reflected in the 
kinetic model. 

As a result, mechanism 13 is presented as the follow- 
ing version: 

Mechanism 13. I 

kt 
Pd2Br2(CO);z + C2H 2 ~ Pd2Br2(CO)(CaH2) + CO 

1" 

HC ~--m-CH 

k, ,. O~C/ \c~O 

," + CO P~ ~ r r ~ / d d  P 

2" 

H / \ 

2" +- H20 ~. (MA)BrPd\ /PdBr 
H 
3" 

k~ / H \  
3" + C2H ~ " MA + (C2H2)BrPd \ /PdBr 

H 
4" 



1080 Russ.Chem.Butl . ,  Vol. 47, No. 6, .lune, 1998 Bruk et al. 

H 
k4 / "P " ~H 3" + CO ~ BrPd dCH--L, 2 

0 / / " " 0  / %0 
5" 

PdaBr2(CO)z + 5" C~ SA 

For this mechanism, kinetic equations (7) and (8) 
were derived. 

rsA = ktk2k4ks(PcO)aPCzH~[PdlT_/D, (7) 

rMA = klk2k3(k_ 4 + kSPCO)PCO(PC2H~)2[PdlffD (8) 

D = [(k_ I + /c2)pC 0 + klPC~H2l[k3k_4Pc2H2 + 

+ k3ksPC;~H_~CO + k4ks(Pco)2]. 

The coordination vacancies in the intermediate com- 
pounds are apparently occupied by carbon monoxide or 
by solvent molecules. The material balance for the cata- 
lyst takes into account compounds Pd:zBr2(CO) 2 and 1'. 

A more detailed version for mechanism 16 (mecha- 
nism 16./) and the corresponding kinetic equations were 
also obtained: 

Mechanism 16.1 

kl 
Pd2Br2(CO)2 + C2H2 ~:k_? PdzBr2(CO)(CzH;t) + CO 

1" 

HC~---CH 
k, ,. O"~C/ Nc-~'O 

1" + CO ~ /Br. . .  I 
Pd-..BrJPd 

2" 

/ H  
2" + H20 ~ (MA)BrPd\ /PdBr 

H 
3" 

3" + C2H 2 

Br 
= fvta, + BrPd\ PdCH=CH 2 

H 
6" 

6 " 4  CO 

H 2 
k. O % c / ' C \ c H ~  

Br 

7" 

k~ 
T + CO 

H2C- -CH 2 
O ~ C /  \ C  _~0 

/ / B r \  / 
Pal--.. B r..- -Pal 

8" 

8" + H;zO k~=. SA + H2Pd2Br 2 

9" 

H2Pd2Br 2 + C2H 2 ' =" 6" 

rSA = klk2k~ks(Pco )3 PCzH 2 [pd] z (9) 
[(k-I + k2 )Pco+ kaPc2H_,l(k-4 + ksPco)k6 

rMA = klk2Pc~ [Pd]z (10) 
(k_! + k2)pc O + klPc2H2 

The rate constants for the kinetic models obtained 
were estimated using the coordinate-wise descent method. 
The minimum mean-square sum of  deviations of  the 
calculated values from the experimental  values 0r2in) 
was taken as the optimization Criterion. The results of 
the calculation are presented in Table 4. According to 
the Fischer criterion, both mechanisms are adequate to 
experimental data. The fact that the magnitudes of  the 
Fischer criterion obtained do not permit  discrimination 
of  models 13.1 and 16.1 is apparent ly  due to the large 
experimental errors. Therefore, to perform further selec- 
tion of mechanisms 13. 1 and 16. 1, an addit ional series 
of experiments was carried out; in this case, the range of 
variation of the partial pressure of  acetylene was in- 
creased to 0.4 arm. The rate constants  were estimated 
and the values of the Fischer cri ter ion were calculated 
for the whole set of experimental  data (see Table 4). 
The results obtained make it possible to rule out  mecha-  
nism 16. 1. 

However, the kinetic model corresponding to mecha-  
nism 13. 1 poor ly describes the dependence  of  the rate of 
formation of succinic anhydride on the partial pressures 
of CO and acetylene (Fig. 7--9).  (The dependences of 
rsa on PC2H2 are presented in two plots (see Figs. 8 
and 9), because these series of  experiments  were carried 
out at different partial pressures o f  CO; the increase in 
the partial pressure of acetylene in the addit ional series 
of experiments was accomplished by introducing an 

Table 4. Resuks of calculation of the statistical 
criteria for the kinetic models describing 
mechanisms 13.1. 13.2. 16.1, 16.2 

Mecha- f~2,,i, Fischer criterion 
nism calculated tabular 17 

13, l ~ 0.0949 t .03 4.60 
13.1 ~ 0.1921 1.27 3.14 
13.2 b 0.1345 0.97 3.15 
161 a 0.3869 4.18 4.60 
16.1 b 0,7496 499 3.14 
16.2 h 0.3867 2.78 3.15 

n The first series of experiments 
The calculation was carried out for the two 

series of exl)criments. 
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Fig. 7. Description of  the experimental dependences of r on 
PCO for succinic (1--3) and maleic (2") anhydrides in terms of 
the equations corresponding to mechanisms I3.1 (1), 13.2 
(2, 2"), and 16.2 (3). Conditions: [PdBr2] = 0.05 tool L - t ,  
[LiBr] = 0.74 tool L - t ,  acetonitrile as the solvent, Pr 2 = 
0.16 to 0.21 atm, T = 40 ~ 
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Fig. 8. Description of the experimental dependences of r on 
PC2H2 for succinic (I--3)  and maleic (2') anhydrides in terms 
of the equations corresponding to mechanisms 13. I (1), t3.2 
(2, 2"), and 16.2 (3) (the fi~t series of experiments). Condi- 
tions: [PdBr2] = 0.05 mol L - t ,  [LiBr] = 0.74 tool L - t ,  aceto- 
nitrile as the solvent, PCO = 0.73 to 0.78 atm, T = 40 ~ 

inert gas into the system and, hence,  by decreasing the 
partial pressure of  CO.)  Therefore ,  we at tempted to 
improve the description by including the palladium com-  
plexes with acety lene  and carbon monoxide ,  inactive in 
the carbonyla t ion,  which might  form in the reaction 
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Fig. 9. Description of the experimental dependences of r on 
pc2t42 for succinic (1--31 and maleic (2") anhydrides in terms 
of the equations corresponding to mechanisms 13.1 (1), 13.2 
(2, 2'),  and 16.2 (3) (the additional series of  experiments). 
Conditions: [PdBr2] = 0.05 tool L - l ,  [LiBr] = 0.74 mol L - t ,  
acetonitriM as the solvent, PCo = 0.38 to 0.40 arm, T = 
4 0  ~  

system according to reactions (11) and (12), into the 
material  balance for the catalyst. 

Pd2Br2(CO)2 + CO -Kc~ Pd2+Br(CO) a + Br- (I 1) 
10" 

Pd2Br2(COI(C2H2 } + C2H 2 Kc2t42" Pd2Br2(CO)(C2H2)2 (12) 
11" 

The rate cons tan ts / 'o r  mechan i sm 13.2 (it is m e c h a -  
nism 13.1 supplemented  by reactions (11) and (121) 
were est imated using the fol lowing kinetic equat ions:  

rsa = klkTk4k5(PCO)3PC2H2[Pd]x/D, (I 3) 

rMA = klk2kj(k- 4 + ksPco)Pco(Pc2H2)2[pdlJD, (14) 

D = [(k_ I + k21(I + KcoPco)Pc 0 + klPC2H2(l + 
+ [(C2H2PC2H2)I[k3k-4PC2H2 + k3ksPc2HzdTco + k4ks(Pco)2l. 

Tile [Br-1 value does not appear  in the kinet ic  
equations,  because all the exper iments  were carried out  
at a high concent ra t ion  of  LiBr. 

The results of  calculat ions are presented in Tables  4, 
5 and in Figs. 7--9.  

Table 5. Sets of rate constants obtained for kinetic model 13.2 

k t k~. k 3 k4 k5 k-I k-4 Kco KC2H 2 f, ni,, 

10000 45.61 3.28 8.15 264.99 495.21 0.000t 4.t5 3.82 0.1346 
3112.7 44.85 23.36 54.67 135.53 00001 0.0001 18.88 3.75 0.1345 
6406.5 45.81 580.20 1476.0 934.87 297.25 0.0001 4.20 3.95 0.1350 
49677.0 44.75 5.49 13.89 t39.43 234.17 0.0001 50.06 3.83 0.1359 
6984.2 46 23 44.70 ! ! 3.60 8902.5 325.76 0.0001 4 30 4.02 0.1349 
24246.0 38.4,~ 3.73 9.52 280.22 177.12 0.0002 2497 2.97 0.1356 
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The rate constants for mechanism 16.2 (mechanism 
16.1 supplemented by reactions (I I) and (12)) were 
estimated from the following kinetic equations: 

rsA = klk2kalcs(PCO)3PC2H2[Pdlx/l[(Li + k2)(I + KCOPCO)PCO + 

+ klPc2H2(l + KC2HveCxrl2)](k_. 4 + kgco)k.6} , (15) 

rMA = klk2PCOPC2H2[PdJx/[(k_! + k2)(l + KCoPco)Pco + 

+ klPc2H2(I 4- KC2H2PC2H2) ]. (16) 

It should be noted that the assumed formation of 
inactive complexes of Pd with CO and C2H 2 in the 
system does not again make it possible to rule out 
mechanism 16.2 resorting to the Fischer criterion (see 
Table 4). However, graphical comparison of the calcu- 
lated curves and experimental points for mechanisms 
13.2 attd 16.2 (see Fig. 7--9) shows that mechanism 13.2 
provides a better description of the experimental data. 
The adequacy of the description of the carbonylation of 
acetylene to succinic anhydride in terms of mechanism 
13.2 can also be confirmed by looking at Fig. 10. The 
scatter of the points is apparently due to experimental 
errors. 

Analysis of the numerical values for the rate con- 
stants in mechanism 13.2 (see Table 5) demonstrates 
that only k 2 and Kc2II 2 values can be determined with 
sufficient reliability. The magnitudes of other constants 
vary over wide limits. This is a trivial result for this class 
of problems of parameter identification in chemical 
kinetics, t4 To estimate the constants with smaller confi- 
dence intervals, it is necessary to analyze the identifi- 
ability of the constants t5 or to pass to processing of non- 
steady-state kinetic data. 

Additional evidence sttpporting mechanisms 13 (with 
allowance for their modifications) was obtained in the 
experiments on carbonylation of methylacetylene. When 
methylacetylene is carbonylated under the same condi- 
tions as C2H2, except for the concentration of water 

/ 
0.6 ,. d ' o .  

0.2 ~ "  " 

�9 1 . i �9 i 6 1 . | . t , | . 1 . t . 

0 0.2 0.4 06 0,8 rg'~, p 

[rig. 10. Comparison of experinlcntal (rsA exp) and calculated 
(r c:,lc) s.~. rales of the formation of succinic "mhydride f'or 
mech:mism I3.2. 

(-1 tool L-t),  citraconic anhydride is formed as the 
main product�9 

MeC~CH + 2 CO + 1420 
Mec~C~  

- II O +  2 H C " C  / [H] (17) 
\ \  

0 

The material balance for aikyne can be brought 
together by no more than 50% (half of the alkyne is 
reduced in some form). When maleic anhydride is intro- 
duced into the system under the condit ions of earbonyla- 
tion of methylacetylene, succinic acid is formed. This 
implies that under the conditions o f  acetylene carbonyla- 
tion, maleic anhydride could also be hydrogenated into 
succinic anhydride. All these data provide grounds for 
believing that the most probable mechanism of the 
synthesis of succinic anhydride involves intermediate 
formation of maleic anhydride. The  main steps in the 
synthesis of the unsaturated anhydrides are insertion of 
the alkyne and carbon monoxide into the Pd- -Pd  bond 
of Pd r complexes (see mechanism 13). 

If this mechanism is valid, the introduction of an 
oxidizing agent capable of competing with maleic anhy- 
dride for the hydride should increase the selectivity of 

Table 6. Effects of various oxidants on the characteristics of 
the process n 

Oxidant rMA rSA rMA/rSA Product 
(concentration mol (L h) - t  yields based 
or presstire) on C2H 2 (%) 

None 0.08 0.71 0.11 72.8 
CC14 (10%, v/v) 0.10 0.79 0.13 73.8 
CCI 4 (30%, v/v) 0.16 0.93 0.17 78.7 
K3[Fe(CN)6I 0.02 0.15 0.13 74.7 

(I.0 tool L -l)  
CuBr 2 (I.0 mol L -t) 0.29 0.65 0.45 70.2 
CuCI 2 (1.0 mol L -I) 0.45 0.33 1.36 48.9 
CuO (1.0 tool L -j) 0.22 0.06 3.67 64.3 
Fc203 (I.0 tool L -I) 0.17 0.03 5.67 63.2 
V205 (1.0 tool L -I) 0.05 0.01 5.00 73.5 
C6C1402 (I.0 tool L -I) 0.05 - -  -- 55.0 
HxMoO 4 (1.0 tool L -I) 0.10 - -  -- 56.4 
MnO 2 (1.0 mot L -t) 0.20 - -  -- 33.5 
Co(Pc)O2 t, 0.04 0.004 10.0 68.8 

(0.1 mol L -t) 
O 2 (0.306 atm) 1.71 0.10 17.10 74.2 
02 (0.277 atm) 1.62 0.15 10.80 77.8 

Note: with C6t-1402, Cu(OAc) 2. and CrO 3 (1.0 tool L - I )  as 
oxidants acetylene efficiently potymerizes, and only traces of 
carbonylation products arc formed. 
a Reaction conditions: [PdBr2] = O.05 tool L -t ,  [LiBr] = 
0.1 tool L -], acetonitrilc as the solvent, Pco/Pc2H 2 = 1.8 to 
2.0. T = 40 ~ Most of the oxidants listed are insoluble in the 
c o n f l i c t  s o h l t i O [ l .  

These conccntralions of oxidants were calculated from the 
weighed poclions used [PdBr2] = 0.O2 rnol L - I  
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formation of MA. This assumption was confirmed in a 
series of experiments with various oxidants added to the 
system (Table 6). Most of the oxidants used were found 
to increase the selectivity of acetylene carbonylation 
into maleic anhydride. In the presence of oxygen, the 
yield of maleic anhydride reached ~60%. In 

The effect of the total concentration of palladium 
bromide on the ratio of the rates of formation of the 
anhydrides at [PdBr2] > 0.05 mol L - t  (see Fig. 4) must 
also be due to the reaction of PdBr 2 with the hydride 
complex of palladium. 

This work was carried out with the financial support 
of the Russian Foundation for Basic Research (Project 
No. 95-03-09169). 
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