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A new class of rhodium complexes containing free donor atoms
and their intramolecular substitution reaction
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A new class of rhodium complexes with high catalytic activity
as well as excellent stability, which was used as catalyst for
carbonylation of methanol to acetic acid, is reported. It con-
tains free donor (namely un-coordinated donor) atoms which
enable to improve its stability by intramolecular substitution
reaction. Its synthesis, characteristic and catalytic reaction
were discussed here.

Keywords Rhodium complex, substitution reaction, acetic
acid, catalytic stability

Used as catalysts for methanol carbonylation to
acetic acid and acetic anhydride in homogeneous phase
catalytic reaction,! square planar Rh(I) complexes are
typical metal complexes due to their high catalytic activi-
ty. However, they are usually unstable. They were cur-
rently anionic complexes which have high catalytic activ-
ity but low stability in catalytic reaction.? A new class of
cis-dicarbonyl Rh(I) cationic complexes exhibiting spe-
cial properties is reported here. They not only possess
high catalytic activity but also outstanding stability at-
tributed to their special structure.

Experimental

The ligands were prepared according to refer-

ences.>”’

Preparation of complex PMRh

A tetrahydrofuran solution of [ Rh(CO),Cl], was
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added dropwise to a tetrahydrofuran solution containing
excessive ligand under stirring to give a mixiure solu-
tion. The rhodium complex was obtained after dropping a
tetrahydrofuran solution of excessive NaBPh, in the above
mixture solution. The product was filtered off, washed
with diethyl ether and dried to constant weight under
vacuum at normal atmospheric temperature

Characteristic of the complexes

The XPS measurement of the complexes ( solid sam-
ple immediately) was carried out on a Krato ES 300 X-
ray photoelectron spectroscopy using Mg K, , X-radia-
tion at 1245 eV with the vacuum of 266. 67 x 107 Pa.
Their IR spectra were recorded on a VR-10 IR spec-
trophotometer.

Results and discussion

Formation of rthodium complex is shown in Scheme
1. The ligand contains two different donors, N and O,
which coordinate with rhodium atom to form two coordi-
nate bonds. The strong N—Rh bond makes the complex
stable while the weak O—Rh bond makes it active in
catalytic reaction. With the formation of the two coordi-
nate bonds, the electronic charge transference happens.
As a result the binding energies of Ny, , Oy, and Rhyys,,
change following the charge transference. As is shown in
Table 1, The binding energy of Ny, increases from 398.3
eV of the ligand to 399.8 eV of the complex, which in-
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dicates that the nitrogen donor donates electronic charge
to thodium atom. The binding energy of O;, increases
from 532.1 eV of the ligand to 533.0 eV of the com-
plex, which indicates that the oxygen donor donates
electronic charge to thodium. However, the binding en-
ergy of Rhsgs, decreases from 310. 0 eV of [ Rh-

(C0),Cl1]; t0 308.8 eV of the complex, which indicates
that the rhodium atom accepts electronic charge from ni-
trogen and oxygen atoms. The complex’s IR spectrum
displaying two equal intensity peaks reflected the charac-
teristic absorption of terminal carbonyl in 1,990 cm™! and
2,070 em™.

Scheme 1 Formation of the cis-dicarbonyl rhodium complex (for convenience, we omit the BPh, in the following figure)

n (CH2)3ﬁ0CH3 [Rh(CO),Cl], @(CHz)scmHg NaBPh, @(CthCOCH;
x N o X N\ I X N\ /|O| N
1a OC/Rh:_ cl [oc/Rh\co] (BPh4)~
1b 1c

Table 1 Binding energy of samples E}, (eV) cording to above method by using 2-vinyl-piridine/
Sample Ny, 0., Rhy s methyl acrylate copolymer as ligand. After analyzing its
1a 398 .3 321 structure, it is found that the structure unit of PVMRh is
1c 399.8 533.0 308.8 similar to that of common organic rhodium complexes.
[Rh(C0),q], 310.0 Both have square planar cis-dicarbonyl rhodium structure

Compared to the current thodium complexes report-
ed before, 8 the above complex has been largely improved
on its stability. But it is still easy to decompose at the
temperature in reaction condition due to no free donors.
On the contrary, the copolymer rhodium complex
PVMRh we found has very excellent stability in reaction
system while let alone in air.® PVMRh was obtained ac-

unit. However, a large amount of free N, O donors in
copolymer chain, which are important for the high stabil-
ity of the complex, differentiate copolymer thodium com-
plexes from common organic rhodium complexes. In or-
der to study the mechanism of its high stability, we syn-
thesized some small molecular rhodium complexes con-

taining free donors as shown in Scheme 2 and Table
2.5—8

Scheme 2 Formulation of small molecular rhodium complexes containing free donors
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Table 2 Binding energy E;, (eV) and IR bands vg (em™) of ligands and rhodium complexes

Binding energy Ep(eV)

Sample veo (em™)
Nl: Ols Slp Rh3d5/2
2a 399.5 532.0 (imp.)
2080 400.8 (coord. ) 533.8 (coord. )
2a' 310.4
. 1980 399.5 (free) 532.0 (imp.) 0
2b 398.8 532.7
, 2000 399.8 (coord.) 533.4 (coord. )
20 2100 398.8 (free) 532.7 309.8
2 399.3 532.1
2¢ 228703 399.8 (coord. ) 532.1 310.1
2d 532.1 162.1
534.6 (coord. ) 163.3 (coord.)
g 10.1
2d 533.0 162.1 (free) 310

coord. : coordinated; imp. : impurity.

In rthodium complexes, coordinated donors’ bind-
ing energy was different from that of free donors. The
binding energy of coordinated donor increased because
the donor atom transfered electronic charge to rhodium
atom, however, the binding energy of free donor was e-
qual to that of ligand. These rhodium complexes are
quite stable for possessing special properties. If being
placed in air for severaldays or heated,*® their peaks of
terminal carbonyl in IR spectrum would gradually change
from double peaks to single peak. Furthermore, after
being heated at further temperature for a period of time,
they lost the single peak remained. Pesks, which re-
flected the characteristic absorption of terminal carbonyl,
were totally lost up to now. However, these complexes
do not decompose for the loss of the terminal carbonyl,
which is the main reason for the decomposition of the
rthodium complexes reported before. Why these complex-
es were so stable? We consider that it is because of the
existing of the free donors. They protect the Rh(I) ac-
tive unit from decomposing by intramolecular substitution
reaction. The substitution process of the coordinated

Scheme 3 Intramolecular substitution of complex PMRh

bond in the square planar metal complex has been stud-
ied and confirmed.!® However, all the intramolecular
substitution reactions reported before occurred in solu-
tion. Here, we studied the substitution process in solid
state. '

Here, we take the complex 2d in Scheme 2,
named PMRh, for example. After PMRh being heated in
air at 50°C for 30 min, the double peaks reflecting the
characteristic absorption of the terminal carbonyl groups
changed into single peak, which indicates that one of the
two terminal carbonyls had been dropped off.1'!* As a
result the complex changed from structure I to structure
II. Even the singlepeak disappeared when the complex
of structure II was heated at 100°C for 1.5 h and struc-
ture IIT was obtained. To our surprise, the double peaks
were recovered in its IR spectrum if PMRh with structure
III was heated at 100°C for 2 h under an atmosphere of
CO. According to the above phenomena, we proposed a
reversible intramolecular substitution reaction of such
complexes containing two free donor atoms as shown in
Scheme 3.
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One of the two terminal carbonyls was dropped off if
PMRh was heated without efficient protection of the CO,
at the same time, neighboring free oxygen donor immedi-
ately replaced it to form a O—>Rh coordinate bond. After
that, the uncoordinated sulfur donor replaced the re-
maining terminal carbonyl to form quadridentate complex
given further heating. And it should be noted that this
substitution process is reversible. Under an atmosphere
of CO, it will return to its original structure I. That is
the reason why the IR spectrum changes.

As is shown in Table 3, further evidence of the
change of binding energy conforms that the above in-
tramolecular substitution reaction is reasonable. E} of
sulfur atom which coordinated with rhodium in structure I
increased from 162.1 eV of ligand to 163.3 eV, but
that of free sulfur atom remained constant. The same was
the case with oxygen. In structure II, the free carbonyl
oxygen atom of complex replaces the terminal carbonyl to
form tridentate complex. But its XPS spectrum does not
change because the coordinate status does not change.
With the second terminal carbonyl being dropped off,
the free sulfur donor immediately coordinates with thodi-
um atom to form a stable quadridentate complex. As a
result the E}, of S),, all increases to 163.4 eV due to no
free sulfur donors remained.

Table 3 Binding energies and IR data of the complex
PMRh in three different structures

veo Binding energy E;, (eV)
Structure 1
( cm ) SZp Ol 3 Rh3d5/2

2060  163.3° 534.6°

1 310.1
1990  162.1° 533.0°
163.3¢ 534.5¢

I 2060 309.5
162.1b 533.1%
534.5°

m 163.4¢ , 308.5
533.1

% coordinate donor. ° free donor.

Table 3 shows an downward tendency in the binding
energy of Rhyys,. Compared with 311.2 eV in [ Rh-
(CO),Cl], (according to the measurement of refer-
ence'), it decreases to 310.1 eV in the structure I.
This case is due to the fact that the negative charge
transfer is from sulfur and oxygen donors to rhodium in
the process of formation of the complex. With the change
of the structure I to structure II, the binding energy de-

crease to 309.5 eV can be attributed to more charge ac-
cepted by rhodium. For the same reason, it further de-
creases to 308.5 eV after the structure changes from II to
II.

Reversible intramolecular substitution reaction
largely improves stability of complex in air. In catalytic
reaction system, experiments showed that it was the key
factor of high stability for this class of thodium complex-
es. Fig. 1 shows the catalyst PMRh for the carbonylation
from methanol to acetic acid. After it reacted 150 min,
we gave out CO from reactor and aerated air (stirring at
normal temperature, 10 kg/cm™! pressure) into it to test
its stability. After 30 min, we let out air and aerated CO
to reactor. The reaction went on without any difficulty.
This indicates that the catalyst remains its catalytic activ-
ity. Compared to the catalyst used before,' its stability
is greatly improved when lack of protection of CO.
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Carbonylation of methanol. Reaction conditions:
140°C, Pco 4-5 MPa, CH;0H 120 mL, CH,I 30
mL, Rh 6 x 10* mol, reactor 250 mL. a) conver-
sion of methanol; b) yield of methyl acetate; c)
yield of acetic acid; d) pressure reduce of CO ac-
cumulative absorption.

The new class of square planar cis-dicarbonyl Rh-
(I) complexes, on one hand, remains high active in
catalytic reaction. On the other hand, its stability is
largely improved. So it is a prospective catalyst for
methanol carbonylation.
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