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Abstract

The mechanism of the reaction that produces maleic and succinic anhydrides from carbon monoxide and acetylene was studied
in the catalytic PdBr,—LiBr—CH;CN system. The in situ study of reactivities of possible organic intermediates, the kinetic isotope
effect study (for succinic and maleic anhydrides ky/kp, was estimated to be 1.0540.05 and 0.9 £ 0.1, respectively), the study
of isotope exchange, and the oxygen effect on the process direction, revealed that maleic anhydride is most likely a key
intermediate of the succinic anhydride formation. Maleic anhydride undergoes transformations through the mediation of a
palladium hydride complex. This complex was detected in the catalytic solution at —40°C with ‘"H NMR (8= —1.88 ppm, v,,

,=T70Hz).
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1. Introduction

Alkyne carbonylation reactions, the subject of
considerable investigation since the 1940s, are
commercially used in the syntheses of acrylic acid
and acrylates [1-3]. Reactions between alkynes
and carbon monoxide, which involve various rea-
gents, can produce saturated and unsaturated car-
boxylic and dicarboxylic acids, their derivatives
(i.e., esters, amides, lactones, anhydrides, etc.),
ketones, quinones, and hydroquinones [ 1,2]. Pos-
sible mechanisms of carbonylation reactions were
studied in detail for reactions producing acids and
esters [1,3,4]. There are three basic mechanisms
for the synthesis of &, B-unsaturated monocarbox-
ylic and dicarboxylic acids, esters, and amides
[3]. The first mechanism involves M(CO)X
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(X=0H, OR, NR,) as a key intermediate [3].
According to the second mechanism, catalytically
active species are transition metal hydride com-
plexes. The third mechanism implies the forma-
tion of cyclic intermediates with a metal atom in
acycle:

N ST

CH and
\CO/ \CO/CH

or insertion of alkynes and carbon monoxide into
a metal-metal bond resulting in M—~CH=CH-M
and M-CH=CH-CO-M. Some mixed variants
are also possible. In the alkyne carbonylation,
unsaturated products can produce saturated mono-
carboxylic and dicarboxylic acids and their deriv-
atives. For instance, acrylic and maleic acids can
generate succinic acid [5]; acrylate can produce
propionate [6].
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Not much evidence on the mechanism for the
syntheses of anhydrides of dicarboxylic acids can
be found in the literature. It is remarkable that,
unlike the synthesis of succinic anhydride, which
is our recent finding [7], the synthesis of maleic
anhydride has been known for more than 20 years
[6]. However, mechanistic details of both reac-
tions are poorly studied. Only our recent short
communications were devoted to the synthesis of
succinic anhydride [7,8].

This paper is devoted to the mechanistic study
of syntheses of anhydrides of dicarboxylic acids
in the catalytic PdBr,—LiBr—CH,CN system [7]:

CoHa + 2CO +H,0 — y
oJ :o:ko (1)
CyH; + 2CO +1/120; —
/Eolo (2)

2. Experimental

Experiments were performed in the gas-flow
constant-temperature reactor with vigorous stir-
ring of both gas and liquid phases at 1 atm. The
gas phase was analyzed by gas-adsorption chro-
matography (phase, activated carbon AG-3 with
a granule size of 0.25-0.5 mm; column 3 m long
and 3 mm in diameter; temperature, 140°C; carrier
gas, argon; thermal conductivity detector). The
liquid phase was analyzed by the GLC method
(column 3 m long and 3 mm in diameter, filled
with 10% poly(methylphenylsiloxane) PFMS-4
on Polychrom-1; temperature, 180°C; thermal
conductivity detector; carrier gas, helium). IR
spectra of gases and solutions were recorded with
an IR spectrometer M-82. 'H and ">C NMR spec-
tra were recorded with a Bruker WP-200SY
instrument using a PRESAT14 pulse sequence.
Potentiometric titration of solutions and potenti-
ometric measurements during each run were con-
ducted with the pH-673 potentiometer, glass and
platinum electrodes. Silver chloride electrode was
used as a reference electrode.

All reagents were of chemically pure grade and
analytically pure according to the Russian

National Standards and were used without addi-
tional purification. CO and C,H, were purified to
achieve a concentration of the main component of
more than 99.5%.

3. Results and discussion

3.1. Results of preliminary experiments

In the PdBr,-LiBr-CH;CN system, = 70% of
acetylene consumed goes into the formation of
succinic anhydride by reaction (1) at the initial
CO:C,H, volume ratio of 2.5 and [H,0]=0.5
mol/l. Besides succinic anhydride, the reacting
system produces lesser amounts of maleic anhy-
dride and succinic, maleic, fumaric, and acrylic
acids, and even more limited amounts of propionic
acid, 2(5H)-furanone, and ethylene. The balance
of C,H, was 90+ 5% and the balance of CO was
95+ 5%. Fig. 1 shows the plots of concentration
vs. time for succinic and maleic anhydrides.

The setting time of the steady-state reaction
mode was 10-15 mir during which palladium
changed its oxidation state. In the initial solution
saturated with CO, the characteristic adsorption
band of terminal CO coordinated to Pd(II) was
2120 cm ™. The potential difference correspond-
ing to Pd(II)/Pd(I) in the initial solution was
A &= gp,~ £pgc; =240 mV. Within 10-15 min of
the beginning of the reaction, the band at 2120
cm ™! almost completely disappeared and another
less intense adsorption band appeared, which can
be assigned to the bridging carbonyl group in

pi-co-Pa .
1935 cm ™! [9]. The potential difference became
&p.— Eagcr=060-80 mV. This points to the fact
that, within the first 10—15 min, Pd(II) is reduced
to yield diamagnetic Pd(I) dimer complexes.
Upon addition of oxidant (CuBr,, Fe,(S0,);,
p-benzoquinone) to the initial reacting mixture,
the period during which the reaction attained a
steady-state mode increased. During this period,
the initial gaseous mixture was consumed to a
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Fig. 1. The change in concentrations of succinic anhydride (1) and maleic anhydride (2) during the run in the PdBr,-LiBr—CH,CN system

([PdBz,] =0.05 mol/1, [LiBr] =0.1 mol/l, Peo:Pe, = 2.5, T=40°C).

small extent, and the potential difference
Epy — Eagc) Temained virtually constant.

These results suggest that, as in a number of
palladium-based systems [ 10], palladium(I) car-
bonyl complexes are catalytically active
components in the reacting mixtures.

3.2. Possible mechanisms for the formation of
succinic and maleic anhydrides

In this study, we applied a hypothetico-deduc-
tive approach to mechanistic studies according to
which the key stage of the study is the advancing
of hypotheses followed by the discrimination
between them [11].

Generation of hypothetical mechanisms can be
conducted with the aid of a specially designed
computer program [11] and the library of ele-
mentary reactions for the computer-assisted gen-
eration of the mechanisms. The program was used
to generate mechanisms for the succinic anhydride
formation [11]. Hypothetical mechanisms
obtained were classified according to the type of
organic intermediate: (i) ethylene, (ii) acrylic
acid, (iii) maleic anhydride, and (iv) no organic
intermediate [12].

The principle lines of discriminating experi-
ments were as follows: (1) in situ study of the
reactivity of possible organic intermediates, (2)
the kinetic isotope effect study, and study of the

isotope exchange reactions to reveal the kinetic
relationships between reactions that yield differ-
ent products. According to the hypothetical mech-
anisms, the oxidative carbonylation reactions,
which produce maleic anhydride and maleic and
fumaric acids, should also yield palladium hydride
complexes (vide infra). Because of this, it was
important to elucidate the palladium hydride com-
plexes under experimental conditions and to
understand their role in the conjugation of various
carbonylation reactions within the frame of the
overall reaction mechanism.

3.3. Elucidation of hydride complexes

It should be noted that, in all instances, the
mechanism of succinic anhydride formation
should account for the transfer of the two hydro-
gen atoms from water to the acetylene carbon
atoms to yield a -CH,—-CH,— fragment. The most
probable variant of the hydrogen transfer is the
participation of palladium hydride complexes. In
this connection, we attempted to detect palladium
hydride complexes in solutions under the experi-
mental conditions. Because Pd(I) hydride com-
plexes with CO and Br™ ligands are diamagnetic,
"H NMR spectroscopy can be used for their elu-
cidation. The reaction was conducted in acetoni-
trile-d5. 'H chemical shift was referenced to the
residual solvent (acetonitrile-4). Within 10 min
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Table 1
Effects of ethylene and acrylic acid on the characteristics of the
carbonylation process in the PdBr,—LiBr—CH,CN system

Additive Formation rates, mol 1™ ' h~!
Succinic Maleic  Acrylic Propionic
anhydride anhydride acid  acid
None 0.64 0.065 0.070  0.020
Ethylene (15 vol%) 0.57 0.064 0.067 0.026
Acrylic acid (0.15 mol/1) 0.65 0.070 0.055 0.023

[PdBr,] =0.05 mol/1, [LiBr] =0.1 mol/l, Peo/ Py, =2.5 ,
T=40°C.

of the beginning of reaction, a sample of reacting
mixture was rapidly cooled to —40°C. Then, the
'H NMR spectrum of the sample was recorded.
Using a PRESAT14 pulse sequence, a weak
broadened (v,,,=70 Hz) signal at 6= —1.88
ppm was monitored. Line broadening is suppos-
edly due to the exchange process, which occurs
even at this temperature, and reveals relaxation
effects, which are caused by the quadrupole pal-
ladium nucleus. Upon heating the solution to 0°C,
this signal rapidly disappeared. A 6= —1.88 ppm
signal belongs to the region of chemical shifts that
is characteristic of transition metal hydride com-
plexes. This value is close to those observed for
other Pd(I) hydride complexes stabilized by
phosphine ligands, dippp and PPh; [dippp=1,3-
bis(diisopropylphosphino)propane]: [(PPh;),
Pd( p-H) (u-CO)PA(PPhy),] * (8= —6.3 ppm)
[13]; [(dippp)Pd(x-H)(u-CO)Pd(dippp)]Cl

R, mol 1'p”!

0.75

0.5

0.25

0

-0.25

(6=-5.17 ppm) [14]; [(dippp)Pd(u-
H),Pd(dippp) ] - LiBEt, (6= —3.66 ppm) [15];
and [(dippp)Pd(u-H),Pd(dippp)] (6= —2.52
ppm) [15]. Therefore, results of the 'H NMR
spectroscopic study suggest the presence of pal-
ladium hydride complexes in the systems of acet-
ylene carbonylation. The most probable route for
the formation of hydride complexes is the oxida-
tive carbonylation of acetylene to produce maleic
anhydride or maleic and fumaric acids.

3.4. Study of the reactivity of possible
intermediates under experimental conditions

The addition of ethylene to the gas phase or the
addition of acrylic acid to the liquid phase in con-
centrations exceeding those observed in experi-
ments negligibly affected the formation rate of
succinic anhydride Rs, (Table 1). When ethyl-
ene substituted for the entire amount of acetylene
in the initial gas mixture, the products of ethylene
conversion were not observed. This result allowed
us to exclude hypothetical mechanisms according
to which ethylene and acrylic acid are reactive
intermediates in the synthesis of succinic anhy-
dride.

A plot of Rg4 versus the initial concentration of
maleic anhydride passes through a broad maxi-
mum (Fig. 2). The portion of the curve corre-
sponding to the increase in Rg, with the
concentration of maleic anhydride in the initial

Succinic
anhydride

Maleic
anhydride

0 4

] 12 Gy, ™%

Fig. 2. The effect of maleic anhydride additives on the rate of succinic and maleic anhydride formation in the PdBr,~LiBr-CH,CN system

({PdBr,] =0.05 mol/l, [LiBr] =0.1 mol/1, Pco:Pey, = 2.5, T=40°C).
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Pd,(Br)(CO), + H,0 z BrPd;(CO),.1COCH + HBr

BrPd,(C0),1COOH + C;H, + CO — Br(CO),1PdC(O)CH=CHCOOH

o. CH
N
Br(CO)p-1Pd~C  SCH
—— BrPdy(CO),H + (3)
0 o o
H/ \o
Scheme |.
CH CH=CH
P
cH  Tceo o=c co
Pdy(Br)2(CO), — 22 A s Br
2 2 2
(COPd Pd(CO) A ~plhco
~” copal_ ZPaco)
o. CH
N
(H)(B),(CO),PY, e NCH
s ') s (H)Pd(Br(CO), + ()
o< o) o
H/ \o

Scheme 2.

Table 2
Kinetic isotope effects in the PdBr,—LiBr—CH,CN system

System kyy/ kp ?
Succinic Maleic Acrylic  Propionic
anhydride anhydride acid acid

Acetonitrile-d,— 1.13+0.05 0940.1 1.8+0.15 25103
C,H,-D,0
Acetonitrile-d,—

C,D,-D,0

1.10+0.05 09401 174015 22403

[PdBr,] =0.05 mol/l, [LiBr] =0.1 mol/l, Peo/Pcop,=2.5 .
T=40°C.

“ kyy/ kp was calculated as the ratio between the formation rate of a
product in the standard system ( Acetonitrile-k;~C,H,-H,0) and the
formation rate of a product in the system, which is specified in the
table (all other conditions being the same).

solution agrees well with the hypothesis that mal-
eic anhydride is a key intermediate in the succinic
anhydride formation. It is likely that the decrease
in Rg, at high concentrations of maleic anhydride
is due to the inhibition effect of maleic anhydride
as a strong 7r-ligand undergoing the coordination
on palladium centers. A characteristic of the proc-
ess is that the rate of formation of maleic anhy-
dride decreases with increase in the concentration
of maleic anhydride. This fact is further evidence
of the maleic anhydride consumption within the
reacting system. Thus, after these experiments
only two groups of mechanisms remain: (iii)

mechanisms involving a maleic anhydride as a
reactive intermediate and (iv) the mechanism
implying no organic intermediates.

At least two mechanisms, Scheme 1 and
Scheme 2, for the formation of maleic anhydride
and the palladium hydride complex are possible.

To test the possibility of these mechanisms of
the formation of maleic anhydrides and palladium
hydride complexes in the system under consider-
ation, we conducted kinetic isotope effect studies
using the deuterated solvent and reagents
(Table 2).

Kinetic isotope effects of the formation rates of
maleic and succinic anhydrides ky/ ky, are close to
unity. This fact suggests that the mechanism 3
(Scheme 1) for the formation of maleic anhydride
and all variants of the mechanism of succinic
anhydride formation involving mechanism 3 as a
part should be excluded from the consideration.
Otherwise, the cleavage of the H-OH bond before
the firstirreversible step would result in the values
ky/kp> 1.

From the formal standpoint, O—H bond break-
ing in the framework of mechanism 3 can occur
after the irreversible step. There is the only variant
of mechanism 3, which cannot be discarded on
the basis of the experimental data: proton disso-
ciates after the irreversible acetylene insertion,
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Scheme 3.

Table 3
The H-D distribution in carbonylation products in the acetonitrile-d;—C,D,-D,0 system

(Br),Pd,(CO), 4 [ :o

P

C

N

o]

No. of the run Product concentration, mol/l

Concentration ratio

Succinic anhydride

{(CHDCO),0] * [(CD,C0),0] *

[(CHDCO),01/[(CD,C0),0]

1 0.15 0.87 0.13
2° 0.38 0.73 0.52
Maleic anhydride

[(CHCO),0] * [(CDCO),0] *
1 0.00 020
2° 0.01 0.40

[ (CHCO),0]/[(CDCO),0]
0.00
0.03

[PdBr,] =0.05 mol/1, [LiBr] =0.1 mol/l, time of each run was 105 min, T 40°C.

2 For the sake of simplicity, calculation was performed on the assumption that only symmetrical products are formed in the system.

® In the second run, 0.288 mol/1 (CHCO),0 was added to the solution.

R, mol I'b'
1.8 4
[ ]
1.6 4 o °
1.4
Maleic
1.2 4 anhydride
1.0 4
0.8 1
0.6
0.4 1 A Succinic
anhydride
0.2 4

0 0.10 0.20 0.30

o040 I atm

Fig. 3. The effect of oxygen partial pressure on the process direction in the PdBr,—LiBr-CH;CN-O, system ([PdBr,] = 0.05 mol/l, [LiBr] =0.1

mol/1, T=40°C).
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C2Hz

~Pd(CO) +H,0= ~Pd —-COO™*H, —
~Pd -CH=CHCOO*H, = (5)
~Pd —-CH=CHCOOH+H"

However, because there is no direct evidence for
mechanism 5, we consider it rather improbable.

It seems likely that mechanisms for the forma-
tion of acrylic and propionic acids involve the step
of H-OH bond cleavage (before the first irrevers-
ible step). This assumption follows from values
of kinetic isotope effects (Table 2).

We can summarize the above discussion by the
statement that the most probable mechanism for
the formation of maleic anhydride is that shown
in Scheme 2 (Eq. 4). Then, reasonable questions
arise whether maleic anhydride, which is presum-
ably coordinated by the palladium hydride com-
plexes, is capable of transforming to succinic
anhydride and how this transformation occurs.

The simplest variant implies the insertion of
maleic anhydride into a Pd—H bond followed by
the reductive elimination of succinic anhydride
(or the acidolysis resulting in the same product)
as depicted in Eq. 6 (Scheme 3).

Complex I is the immediate product of the acet-
ylene oxidative carbonylation and is a common
intermediate on the pathways to succinic and mal-
eic anhydrides. The reversibility of step (6.2)
accounts for the effect of the maleic anhydride
added on the direction of carbonylation process
(Fig. 2).

The H-D exchange in the maleic anhydride
added and the considerable increase in the content
of H atoms in succinic anhydride upon this addi-
tion agree with the reversibility of steps 6.1 and
6.2 (Table 3).

If Eq. 6 (Scheme 3) is by and large true, the
process direction can be controlled by the addition
of a reactant, capable to react with the palladium
hydride complexes and to be competitive with
maleic anhydride. To test this conjecture, oxygen
was selected to be this additive. Fig. 3 shows the
effect of oxygen added to the gaseous mixture on

the direction of the carbonylation process at a
fixed partial pressure ratio Pco: Py,

It was reasonable to expect that the increase in
the oxygen partial pressure would result in
decreasing the formation rate of succinic anhy-
dride and increasing the rate of formation of mal-
eic anhydride. However, in the acetylene
carbonylation, palladium(l) complexes showed
an unexpectedly drastic increase in the catalytic
activity toward maleic anhydride formation with
increasing oxygen partial pressure above 0.15
atm. This effect is likely due to the modification
of active centers, Pd(1) complexes, at the expense
of oxygen coordination to Pd(1I).

The above results are in complete agreement
with Eq. 6 (Scheme 3), but they do not allow us
to exclude the mechanisms that imply there is no
organic intermediate participating in the reaction.

Further evaluation of mechanisms will be con-
ducted with the aid of kinetic studies and reported
elsewhere.
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