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ABSTRACT

A series of porous microspheres of linear and ethylene diacrylate (M ‘) cross — linked copolymers of
2 —vinylpyridine (V) and methyl acrylate (M) reacted with tetracarbonyldichlorodirhodium to form a series
of cis—dicarbonylrhodium chelate complex (MVRh and MVM 'Rh). They are thermally stable yet very
reactive in the carbonylation of methanol to acetic acid » and of methanol — acetic acid mixture to acetic acid
and acetic anhydride with a selectivity of 100% under relatively mild and anhydrous conditions .

Both the carbonylation of methanol to acetic acid'" and of methyl acetate to acetic
anhydride!? involve the unstable dicarbonyldiiodorhodate anionic complex'” as the
catalytically active species'***:¥. On the contrary , cis— dicarbonylrhodium cationic
complex coordinated with a slightly crosslinked copolymer of 2— vinylpyridine and
styrene showed a good thermal stability but a low activity in this regard!”. This find-
ing has now been modified to cis— dicarbonyirhodium cationic complex coordinated
with a series of linear or ethylene diacrylate ( M ’) crosslinked copolymers of
2—vinylpyridine (V) and methyl acrylate (M) in the attempt to introduce a little
instability to the heterogenized complex to improve its catalytic activity .

EXPERIMENTAL
1. Preparation of the copolymer ligands (MV Yand (MVM ).

The copolymer ligands were prepared in the usual way by dissolving the initiator
in the mixture of monomers , crosslinking agent and kerosene diluent . This mixture
was then added into an aqueous solution of 10% sodium sulfate stirring at 60 C to
make a dispersion . Subsequently a slurry of kieselguhr in water was added into this
dispersion and finally the resulting mixture was kept at 70 C for 24 hours to complete
the copolymerization . Kieselguhr was then washed out with alkali and the
microspheric copolymer ligand obtained was extracted with hot acetone and dried in
vacuum to a constant weight .

2. Preparation of the cis—dicarbonylrhodium cationic complexes(M VRh )and MV M 'Rh).

The complex was prepared by adding a methanol solution of
tetracarbonyldichlorodirhodium into the microspheric copolymer ligand ( MV)
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or (MVM ‘) suspension in methanol , and then an aqueous solution of sodium salt
was used to remove the loosely bound chloride to yield the yellow particles
of cis— dicarbonylrhodium cationic complex (MVRh) or (MVM ’Rh). After suc-
cessive washing with water, methanol and diethyl ether, the complex was stored and
dried in the desiccator over potassium hydroxide pellets .

3. Carbonylation reaction

The carbonylation reaction was carried out batchwise in a magnetic stirring
autoclave of 160 mL capacity with a stirring rate above 400 rpm . All chemicals used
were analytical reagents . Carbon monoxide was purchased from the Beijing Research
Institute of Chemical Industries , Ministry of Chemical Industries , without further re-
finement . The reaction products were analyzed by the 103— Gas Chromatograph
manufactured by the Shanghai Analytical Instrument Company with fixed phase
GDX-203 and GDX- 502, column length 2 m, column temperature 160 T,
hydrogen as carrier gas , flow rate 70 mL /minute , and bridge current 200 mA .

RESULTS AND DISCUSSION

1. Characterization of complex MVM ' Rh

(a) Scanning electron microscope ( SEM) and electron microprobe ( EMP)
studies
The scanning electron photomicrograph
(Fig. 1) shows the large porosity and high
specific surface of the yellow microspheric
complex (MVM “Rh), which were esti-
mated at the range of 250 — 500 A and
70 — 90 m’g~!, respectively . These proper-
ties provide well for the utilization of
the heterogenized complex in a slurry or sus-
pension reactor .
EMP studies ( Fig. 2) show that
. rhodium distributes homogeneously over
Fig . 1 Scanning electron photomicrograph the outermost surface and inner cavity of
of (MVYM 'Rh) the microspheric copolymer ligand . This
homogeneity means that rhodium is present in a mononuclear state of a complex as
shown in (Fig .2, b), not in a polynuclear state as a cluster of rhodium atoms .
(b) X - Ray photoelectron spectroscopy (XPS) studies
As the copolymer ligand contains the donor N from pyridine and donor O from
alkoxycarbonyl group on the one hand , and homopolymer of methyl! acrylate can not
form a stable cis— dicarbonylrhodium complex with tetracarbonyldichlorodirhodium
on the other hand , the yellow complex (MVM ’Rh) must consist of a coordination
bond between N and Rh , and probably another one between O and Rh due to the
hybrid nature of the copolymer ligand and the steric adjacency between pyridine ring
and alkoxycarbonyl group in the copolymer backbone . XPS studies clarify this
situation .
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Fig.2 EMP photograph of (MVM Rh)
(a)Surface of (MVM 'Rh) (b) Homogeneous distribution of rhodium over the
portion shown in Fig.2 ,a .

_ Table 1 Binding energy (BE )ard full width at half maximum (FWHM )of
different (MVM ’)§ and the corresponding (MVM 'Rh)’s .

, v . Nis 0y, Cis Rhiq; a
Sample No. ) | BE |FWHM | BE |FWHM | BE |FWHM | BE |FWHM | BE
MVM ' (%)
V)| (V) {eV)]| V) | V)] (V) |EV)] V) | V)
MVM ~1 53.10 398.2 1" 1.9 [s532.3| 3.0 [285.0] 2.1
288.7
MVM -2 70.70 3982 | 1.9 |[s32.2] 3.0 |285.0] 23
288.8
MVM -3 78.98 398.1 | 2.0 |[s532.2] 3.0 |285.0] 2.2
288.7
MVM -4 88.84 3083 | 2.0 |[s532.3| 3.0 |2850] 23
288.6
MVM 'Rh- | 399.3 [ 3.3 [ss2.s] 3.5 [285.0] 2.8 [308.9] 2.7
MVM 'Rh -2 399.2 | 3.2 ‘|s32.8| 3.6 [2850] 2.7 [308.9] 2.8
MVM 'Rh -3 399.3 | 3.2 |s32.7| 3.6 |285.0| 2.8 [308.8] 2.7
MVM ‘Rh—4 399.4 | 3.3 |s329| 3.7 [285.0] 2.7 [308.8] 2.8
Rh (CO ),Cl 532.4 : 310.0 199.5

In Table 1 the BE of N, O,,, C,, and Rh,, _ of four(MVM ’) & and the corre-
sponding dicarbonylrhodium complexes are listed . In all (MVM ") s the BE of N, is
398.2 eV, and increases to 399.2 eV in the rhodium complexes . Correspondingly ,
the BE of O, increases from 532.2 eV to 532.7 eV , which is higher than that in
tetracarbonyldichloro — dirhodium of 532.4 e¥ . Besides , the BE of Rh,,, , drops from
310.0 eV of the reference compound , tetracarbonyldichlorodirhodium , to 308.9 eV
in (MVM Rh) s . Combining with the widening of FWHM , all of these demon-
strate that rhodium coordinates with not only N but also O to form N —Rh and
O —Rh coordination bonds .

(c) Infrared spectroscopy studies

_The infrared spectroscopic studies of the (MVRh ) ‘s further reveal the
coordination of both N and O with rhodium . W hen the rhodium content in (M VRh)
is low (1% ), there are two absorption bands of terminal carbonyls at 2030 and 2100
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cm~', identical with that of the cis — dicarbonylrhodium complex coordinated with the
slightly crosslinked copolymer of 2— vinylpyridine and styrene'” . However , as the
rhodium content in (M VRh )increases , two more absorption bands at 2080 and 2010
cm ™' appear with increasing transmittance . These additional bands can only be attri-
buted to the appearance of other species with cis— dicarbonylrhodium moiety . Here
the only possibility is the structure B (Scheme 1).

~CH,-CH-CH,-CH- —CHZ—CH—CHZ—C{—
ON NO ON O0=C-0OR
\thz \‘Rhl_/
7\ / \
[OC CO]* [OC CO]"
(A) Scheme 1 (B)

2. Properties of (MVRh)and (MVM 'Rh)

(a) Swelling
‘For the liquid phase catalysis of heterogenized complex catalyst , swelling of the
catalyst in the reaction medium plays an important role to improve the mass transfer
process and thus the catalytic activity'®. The (MVM ’ ) ligand and (MVM’Rh )com-
plex show an appreciable swelling at room temperature in various organic com-
pounds .
Table 2 Swelling — volume ratio of (MVM ‘) and (MVM 'Rh ) in organic solvents

Sample MeOH HOAc (Ac )0 AcOMe Mel
MVM ’ 3.9 8.1 7.9 2.9 2.8
MVM Rh 2.3 3.5 3.1 1.7 1.4

In the carbonylation of methanol the absorption rate of carbon monoxide was
often accelerated when an appreciable amount of acetic acid was produced or acetic
acid was used as solvent . This may be attributed to the swelling effect of the catalyst in
acetic acid . The influence of acetic acid on the carbonylation of methanol will be dis-
cussed in the kinetic studies of the reaction'®'?,

(b) Carbonylation of methanol over (MVM' Rh)

During the carbonylation of methanol over (MVM * Rh )the changes of reactant
and products in the liquid phase are shown in Fig. 3. Methyl acetate was always the
intermediate found at the early stage and gradually converted to acetic acid . Methyl
iodide did not change in quantity as long as methanol or methyl acetate was present
in the system , and was recovered essentially quantitatively in a scale — up experiment .
Acetic anhydride appeared in a prolonged experiment . No other compound was
found as by-product . The selectivity is thus 100% . Dimethyl ether would appear as
intermediate if the reaction was carried out under ill — stirring condition .

(c) Carbonylation of methanol — acetic acid over (MVRh)

Under strictly anhydrous conditions methanol in glacial acetic acid was
carbonylated to acetic acid and acetic anhydride . The conversions of reactants and
yields of products in the liquid phase during the course of reaction are shown in Fig.4.

From Fig.3 and Fig.4 it is revealed that under relatively mild conditions both
crosslinked (MVM “Rh)and linear (M VRH )are very active to convert 80 — 90%
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Fig.3 The carbonylation of methanol over Fig.4 The carbonylation of methanol — acetic
(MVM Rh)* acid over (MVRh )*
* Reaction condition :CH3OH 0.5 mol, * Reaction condition : CH30H 0.4 mol ,
CH;l 0.06 mol .Rh 10™* g -atom , CH3;COOH 0.42 mol , CH3l 0.066 mol .
Poolinitial) 30 Kg -cm ™2, Rh 10™* g - atom . P (initial )30 Kg - cm ™2,
temp . 130+5C . temp . 130£5TC .

of the methanol to products within the first 30 minutes of reaction . The turnover rate
of methanol converted is thus estimated at 10* mols/g - atom Rh/h . Raising the rela-
tive concentration of methyl iodide and the reaction temperature can further speed up
the reaction . Methyl acetate and methyl iodide mixture could also be carbonylated to
acetic anhydride by these catalysts at a much lower rate .

From Fig.4 a series of reactions and equilibria can be deduced . The formation of
acetyl iodide!" starts these reactions .

CH,]+ CO — CH,COI (1)

At the early stage of the reaction the concentrations of both methanol and acetic
acid are relatively high ,two competitive equilibria ensue .

CH,COI+CH,O0H = CH,COOCH,+ HI (2)
CH,COI+CH,COOH +— (CH,C0O),0+HI (3)

At the same time esterification between methanol and acetic acid also occurs .
CH,OH+ CH,COOH — CH,COOCH,+H,0 (4)

As the reaction proceeds on to a stage the concentrations of hydrogen iodide and
water accumulate to such a level that the following equilibria take place .

CH,OH+HI — CH,I+H,0 (5)
CH,COI+H,0 — CH,COOH+HI (6)

As the reaction continues onward t?\e concentration of methanol further di-
minishes , the reactions concerning methanol become of minor importance .On the other
hand , the reaction between methyl acetate and hydrogen iodide formed
instantaneously prevails . This is manifested in the lowering of the concentration of
methyl acetate and the rising concentration of acetic anhydride . Methyl iodide liber-
ated continues the reaction(1)and hence the reaction (3). The following equilibria
also occur . . ‘

CH,COOCH,+ HI &— CH,COOH+ CH,I (7)
(CH,C0O),0+CH,0H = CH,COOCH,+ CH,COOH (8)
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(CH,CO0),0+H,0 = 2CH,COOH 9)

Thermal stability and specificity of (MVM' Rh).

The crosslinked copolymer ligand (M VM ' )decomposed above 360 C .

This thermal stability brought about the stabilization of (MVM " Rh)whose termi-
nal carbonyl groups began to disappear completely at 240 T in air . The activity of
(MVM ' Rh)increased with the rising of reaction temperature , and had been tested at
180 C without deterioration . However , rhodium complexes coordinated with
monodentate pyridine derivatives of low molecular weight lose their activity above
160 T ",

Contrary to dicarbonyldiiodorhodate anionic complex which catalyzes the water
gas shift reaction''?, no carbon dioxide was ever found with (M VM ’Rh))in the course
of this investigation although water is assumed to form in the reaction .

This specific and beneficial effect of the polymer in this case may involve a number
of complicate factors and deserve a further study . The rigid backbone and the hybrid
nature of copolymer to form a relatively unstable eight — membered chelate between a
stabilizing borderline base pyridine!'” and a hard base alkoxycarbonyl group , and the
stereochemistry about the active site may play an important role in this aspect .
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