
Journal of Molecular Cataalysis A: Chemical 108 (1996) 77-85 

N.S. Kurnakou Institute of General and Inorganic Chemistry. Russian Academy of Sciences, 31 Leninski Prospect. 117907 Moscow GSP-I. 

RUSSiU 

Received 2 September 1995; accepted 17 November 1995 

Giant palladium-561 clusters were found to be effective in catalysis of the oxidative carbonylation of phenol to diphenyl 
carbonate, conjugated with the reductive carbonylation and reduction of nitrobenzene under CQ pressure. 
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Carbonylation of alcohols and phenols into 
dialkyl and diary1 carbonates is known to be a 
redox reaction: 

2ROH + co 9 to, --) (RO),CO + (1) 

where CO molecule is oxidized to a carbonate 
moiety and a hydroxyl containing substrate loses 
two H atoms to form H,O molecule. Reaction 
( 1) can be performed in the presence of Cu, Hg, 
or Pd compounds, and palladium catalysts ap- 
pear to be the most common [l-3]. Although 
reaction (1) looks fairly promising, its feasibil- 
ity is still restricted by the syntbesis of 

l Corresponding author. Fax: ( + 7-095)9541279. 

m methanol and CO [4,5] and the 
cerning the catalysts for the syn- 

thesis of diary1 carbonates is mainly limited by 
patents [6]. 

On the other hand, Pd co 
triad (Pd [7-lo], Ru [ 11- 151, 

efficient catalysts for the reductive carbonyla- 
tion oi nitroarenes to aryl isocyanates: 

ArNO, + 3C0 4 ArNCO + 2C0, (2) 

or to carbamates: 

ArNO, i- 3C0 + RO + ArNHC( 0)OR 

+ 2630, (3) 

It seemed promising to combine C 
tion (reaction 1) and nitroarene re 
tions 2, 3) within a unified Pd-based catalytic 
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system. Low-valent palladium clusters, e.g. gi- 
ant palladium clusters (GPC) of Pd-561 family 
could serve as such catalysts due to the ex- 
pected capability of both facilitating the nucle- 
ophilic attack 
acting as the el 
of ArNB, molecule. Previou 

Pd561 Phen,,(GAc),s,-, ( 
Pd,6,Phen,,(PF,),,Q,, (GPC II) idealized for- 
mulations have been found to be highly efficient 
catalysts for the oxidation of low alkenes, alco- 
01s and formic acid with diox 
ata are available so far on 

aIladi~m clusters toward nitroarenes, 

In this context, we studied the reactions of 

2.1. Materials 

All gases, organic solvents and reagents were 
reagent grade. The solvents and substrates were 
dried additionally before the experiments by 
standard methods [24], and their purity was 
checked by GLC. 

I and palladium(I) carbonyl complexes, 
)(OAc)l,, [Pd(CQ)Cl],, and [Pd(CO)Br], 

were prepared by the methods published else- 
where [ l&19,25-27]. 

2.2. Experimental procedure 

The reactions at ambient pressure were car- 
ried out in a magnetically stirred glass reaction 
vessel, 10 ml in a volume, supplied with a 
thermostating water jacket, water-c 
condenser and gas inlet tube eonne 
burette. Typically, the vessel was 
phenol or a solution of phenol in T 

e reactor was evacuated, then 
appropriate gas (CO, Ar or O,), 

and stirred in this atmosphere for a specified 

time. After the reactio stopped, whit 
usually 30-60 min, gaseous reaction products 
were measured with a volumetric burette and 
analyzed by GC on a LKhM-80 gas chromato- 
graph (3 mm X 2 m column packed with 
Polysorb 1, TCD). In the experiments in neat 
phenol as a solvent, the reaction mixture was 
dissolved in 5 ml of benzene before analysis. 
The liquid products of the reaction were identi- 
fied by GC-MS with an Automass 150 (Delsi- 
Nermag) instrument (capillary column with OV 
101, EI ionization, 70 eV). The concentrations 
of the reaction products were measured by GLC 
with a Varian 3600 gas chromatograph (capillary 
column with DB17-15N, FI 

In the experiments under elevated pressures 
( 1 OO- 150 atm), the reactions were carried out in 
a stainless steel pressure vessel of 7 ml volume. 

e reaction mixture was placed in a glass 
eaker inside the autoclave to prevent contact of 

the reagents with metal walls. The apparatus 
was evacuated, then charged with CO or C@ + 
0, gas mixture to a necessary pressure, then 
sealed and kept for a necessary time period, 2-3 
h, within an air-circulating thermostat ( + 2°C). 
Typically, the autoclave was charged with phe- 
nol, nitrobenzene, al~adi~m cluster, tetrameth- 

e and CQ or CO + 0, gas 
t room temperature). When 

the reaction stopped, the autoclave was cooled 
to an ambient temperature. Gas phase products 
were slowly discarded, under a manometric con- 
trol ( f 2 Torr), into a preliminarily pumped off 
(to l-2 Torr) round-bottom flask of 1 1 in a 
volume to measure the total amount of the 
gaseous reaction products. After measuring the 
final pressure, it was adjusted to 760 Torr with 
Ar added. The reaction products were identified 
and quantified by GC-MS and GLC such as 
mentioned above. 

2.2.1. Reactions of palladium(l) carbonyl ac- 
etate with phenol 

A. Palladium carbonyl ac 
mmol with respect to t 

monomer unit) was 
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stirred at 90°C under Ar for 30 min. 
Only traces (on the level of == 0.1% based on 
[Pd(CO)(OAc)]) of diphenyl carbonate @PC), 
phenyl salicylate (PS), and phenyl acetate were 

-MS and GLC. 
m carbonyl acetate (100 mg, 0.52 

mmol with respect to the [Pd(CO)(OAc)] 
monomer unit), tetramethylammo~i~m bromide 
(70 mg, 0.45 mmol), and 1.0 g of phenol were 
kept under CO (140 atm) for 3 h at 150°C. 
DPC, PS, and phenyl acetate were found in the 
reaction products in the yields of 0. and 
7.3%, respectively, based on [Pd( AC)] 
unit. 

C. In an experiment similar to tbat in 
carried out under a CO + 0, gas mixture (120 
+ 5 atm), afforded 25% of DPC, 5.0% of PS, 
and 46% of phenyl acetate. 

2.2.2. Reaction of GPC 1 with phenol and oxy- 
gen-frc-se CQ 

GPC I (100 mg, 1.23 X IO-” mmol) was 
dissobled in 8.5 g of phenol and kept for 3 h 
under CO (150 r organic 
products nor C W-MS 
and GLC. 

2.2.3. Reaction of GPC I with phenol and GO -I- 
O, gas mixture. 

GPC I (100 mg, 1.23 X 10m3 mmol) was 
dissolv in 0.5 g of phenol and kept for 3 h 
under + 0, (145 + 5 atm) at 150°C. No 
organic reaction products were detected by GC- 
MS ;ind GLC. Reaction gas contained 1.02% of 
CO, (360 mol per mol of GPC I). 

2.2.~#. Reaction between CO and nitrobenzene in 
a phenol solution. 

A. GPC I (100 mg, 1.23 X lo-” mm00 was 
dissolved in a mixture of phenol (0.5 g) and 
nitrobenzene (0.1 g) and kept CO atmosphere 
(150 atm) at “,50°C for 3 h. PC (5.5 mg, 21 
mcJ/moI I), phenylisocyana 
mof/mol I), and aniline (2.3 
I) “were found in the reaction 

,‘; and quantified by GLC. 

10ee3 mmol) and 
e (70 mg, 0.45 

mmol) were dissolved in a mixture of phenol 
(0.25 g) and nitrobenzene (0.1 g) and kept under 

(140 atm) at 1 
mol/mol I), 

I), along with phenyl 
acid (11.8 mg, 45 m 
(3.9 mg, 15 mol/ 0I I), and aniline (8.0 mg, 
70 mol/mol I) were found among the reaction 
products. 

3.1. Oxidations by Pd( + 2) and Pd( G 4) 

imethyl carbonate is 
reducing Pd( + 2) 

methanol solution [2-41: 

dCl,+CO+2 0 

+ 2IICl (4) 

Our experiments showed that 
was readily reduced by CO (1 atm) in a phenol 
solution at 50°C to give CO, and p 
etate, according to Eq. (5): 

AC)* + CO + Pb 

+ Pd” + CO, + PhOAc + AcOW (5) 

No DPC was found in the reaction products. 
Pd( + 1) compl uced by CO 

to give CO, and c 2), in this 
case phenol can be involved into redox CO + 
Pd(1) reaction. Only traces of diphenyl carbon- 
ate, phenyl acetate, and phenyl salicylate were 
found in the products of the reaction between 
tetranuclear palladium ( + 1) carbonyl acetate 
and phenol at 90°C in or air atmosphere 
(Table 1, entries 2 wever, under Co 

was formed in a fair1 
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Table I 
Organic products of the reaction of Pd(l) carbonyl complexes with low alcohols and phenol a 

Enlry Pd complex ROH, solvent, p(CO)/atm p(O,)/atm Yield based on CO coordinated 

temp./T in Pd (I) complex (%) 

RF% ROAc PS 

1 PCA EtOH, 20 0 0.2 10 3.5 

2 PCA PhOH, THP, 20-60 0 Ob =O.l = 0.1 50.1 

3 PCA PhOH, 90 0 0.2 = 0.1 = 0.1 =O.l 

4 PCA ’ PhOH. 150 140 0 0.E 7.3 3.2 

5 PCA ‘ PhOH, 120 120 5 25 46 5.0 

6 [Pd(CO)Cll, PhOH, 120 120 0 42 0 0 

7 [Pd(CO)Brl, PhOH, 120 120 0 0.3 0 0 

a 3 I-I time of reaction. 
b Argon (I atm). 
’ 2 mol 1-r of NMe,Br was added. 

0lF the reaction between polymeric 
and phenol (Table 1, entry 61, 

e other polymeric palladium C i- 1) 
n, yielded muc 

The difference in the productivities on DPC 
between two Pd( + 1) carbonyl halides (Table I, 

entries 6, 7) is poorly understood. Its origin 
could be due to different solubilities of these 
polymeric complexes in a reaction medium. It is 
worth noting that, in contrast to 
salicylate was formed in the ca 
carbonyl halides as starting complexes, who 
reaction with phenol proceeded 
ing to Eq. 6: 

(Pd(CO)XI, + PhOH - Pdo + CO2 + HX + Phd PhO\=O 

(6) 

A sharp difference in the productivities on PS 
and DPC between the experiments with 
[Pd(CO)(OAc)], + Me,NBr and [Pd(C 
(Table 1, entries 5, 7. respectively) sugge 
the expected metathetic reaction of PCA with 
bromide salt (Eq. 71 

n[Pd(CO)OAc] 4 -I- 4nBr- -+ 4 

+ 4nAcO- (7) 
does not produce the same carbonyl bromide 
complex as the polymeric d( + 1) carbony bra- 

mide, prepared by the standard procedure [27], 

that was used as the starting compound in our 
experiments. A mixed-ligand Pd( + 1) carbonyl 
bromoacetate complex seems to be responsible 
for the simultaneous formation c ^ DPC and PS 
in the experiment with [I .,CO)(OAc)] + 
Me,NBr (Table 1, entries 4, 5). 

Thus, in the reaction of palladium ( + 1) car- 
bony1 acetate with phenol, three pathways were 
observed, that led to the formation of phenyl 
acetate, diphenyl carbonate, and phenyl salicy- 
late (Eq. 8, routes A, B, and C respectively): 

[Pd(CO)(OAc)J4 -+- 

\ C 
OH 

df OOPh 

(8) 
Meanwhile, low molecular aliphatic alcohols, 

e.g. ethanol, when used instead of phenol for 
redox decomposition of PCA, were found to 
form both alkyl acetate and dialkyl carbonate 
1281, similarly to pathways A and B of the 
reaction wi phenol (Table 1, entry 1): 

9 Pd”+ C02+ EtOAc + AcON 
Pd,(CO)4(OA++ EtOH \ 

B Pd”+(Et0)2C0 + AcOH 
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Scheme 1. 

The nucleophilicity of ethanol is known to be 
higher than that of phenol. In this context, the 
difference in the reactivity of PCA toward Et 
and PhOH indicates the important role of the 
nucleophilicity of the hydroxyl containing 
reagent attacking the coordinated CO group for 
the reactions under study. 

Esterification of the OAc- anion by reactions 
(8A, 9A) seems to be an uncommon reaction. It 
can be explained by the insertion of CO into 
‘Pd-OAc bond to form unstable intermediate 

d-C(O)-QAc which can easily eliminate 
2 to form coordinated acetyl ligand [24] giv- 

ing aryl or alkyl acetate upon attack by the 
ROH molecule, as depicted in Scheme 1. 

Phenyl acetate seems to be formed upon car- 
bonylation of Pd(OAc), (Reaction 5) in a simi- 
lar way, by the reaction of phenol with the AC+ 
group bound to Pd( + 2) atom. 

Formation of carbonates by reactions 8B and 
9B can be explained as the result of the nucle- 
ophilic attack of ROI-I molecules to CO ligand 
as depicted in Scheme 2. 

The third pathway of the reaction between 
PCA and phenol (Reaction 8C) resulting in 

RO 

RO ROH ~ 
-Acox RO 

:c=o 

Scheme 2. 

formation of salicyl ester ma;/ 
evidence for the attack on the aromatic ring of 
phenol molecule by coordinated grou 

tions with2 CPC 

According to previous TE REM, elemen- 
tal analysis, and EXAFS data [ 18,19,29-311, the 

lecule of WC I consists of a positively 
ged metal core containing 500400 densely 

packed Pd atoms (561 atoms in 
icosahedron or a cubooctahedron-s 
ca. 60 neutral l,lO-phenanthroline (p 
ands and ca. 180 outer-sphere acetate 
anions, the last counterbalancing the positive 
charge of the metal core. Average 
of palladium atoms in a molecul 
ca. + l/3 (i.e. the total charge of metal core, 
+ 180, divided by the total number of Pd atoms, 
561, is equal to +0.321). On the basis of 
electrostatic considerations (the Gauss theorem), 
the positive charge of the cluster nucleus 
(possessing metal properties e.g. a weak Van 
Vleck-type temperature-ind endent paramag- 
netism [8,12]), is expected to be mostly located 
on the 252 outer-layer Pd atoms resulting in 
( + 180):(252) E + 2/3 formal charge of these 
metal atoms. Therefore, the outer-layer Pd atoms 
could exhibit some electrophilicity towards nu- 
cleophilic reagents such as 

Our experiments showed 
is not oxidized by giant palladi 
II at 1 - 100 atm and Xl-9O”C, 
plexes of Pd( -t 2) an 
palladium ( + 2/3) to be i 
tion. Nevertheless, being 
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C-catalyzed oxidation of alkenes 

CJ, -+- AC + ~O,lP~%Iz =CHGAc 

+ *G 

one could expect co-oxidation of CO and pbe- 
no1 by dioxyge to take place in the presence of 
GPC I or GPC 

ture, even at a pressure of 1 atm. Increasing 
both in pressure (up to 150 atm) and tempera- 
ture (up to 150°C) resulte in only GPC-cata- 
lyzed reaction (11) to form CO,: 

W 
These facts imply that the electrophilicity of 

Pd atoms of GPC 
nucleophilic attac molecule to coor- 
dinated CG group. IJnlike alkenes, in the case 
of CO a new reaction route arises that inclu 
insertion of CO molecule into Pd-8 bond that 
is formed upon coordination of 8, molecule 
with GPC (Scheme 3 ‘1. This route seems to 
gain in the competition with the above men- 
tioned electron-mediator mechanism which is 
operative in the case of alkene oxidation. 

In an attempt to suppress this route in favour 
of that of electron transfer, another oxidant, 
nitrobenzene, was taken instead of dioxygen. 

3.3. Oxidation by nitrobenzene with CPC cam 

lyst 

As the next step of the study, we tested GPC 
I as the catalyst for the carbonylation of ni- 
trobenzene. Our experiments showed tkat 

Scheme 3. 

enylisocyanate (P C> was formed, according 
to reaction (2), in 12% yield based on nitroben- 
zene taken, when a slurry of GPC I in nitroben- 
zene (0.3 g ml - ’ ) was kept under CG f 1 OO- 150 
atm) at 150°C for 3 h (see Table 2, entry 2). 

is fact prompted us to carry out this reaction 
in the presence of phenol. 

In accordance with the anticipations men- 
tioned above, PC was obtained in 5- 10% 
yield based on henol taken when contacting 
CG with a sol on of GPC I (0.3 g 1-l) in 
nitrobenzene-phenol mixed solvent (1: 1 or 1:2 
by weight) at 150°C 3 h (Table 2, entries 3-5). 

etected by GC-WIS analysis in the 
ucts in the yield being as great as 
that found for DPC (Table 2). It is 

reasonable that PIC, if it was formed, could not 
etained intact in a proton containing medium. 
eover, the reduction of nitrobenzene in such 

a medium was hardly expected to result in the 
same products (PIG mainly) as those in an 
aprotic solvent, neat nitrobenzene. Thus, phenyl 
ester of phenylcarbamic acid, PhNHCGGPh, 
diphenylurea, PhNhCGNHPh, and aniline, 
PhNH, were identified as the products of the 
nitrobenzene reduction. 

In contrast to a low selectivity of the oxida- 
tive carbonylation ofF phenol by Pd( + 1) car- 
bony1 complexes (see above), neither PS nor 

’ From here on the metal core of the W-561 cluster is denoted 
conditionally as the Pd, hexagon. 
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Table 2 
Oxidative carbonylation of phenol catalyzed by GPC a 

Entry p(CO)/atm 

! I45 
2 150 
3 I50 
4 I40 
5 I40 

Oxidant, concen- 
tration/mol I - ’ 

0,.5atrn 
PhNO,, 7.5 d 
PbNO, ,2.7 

d PRNO,, 2.7 
PhNO?. 4.8 d 

[PhOH]/mol I- ’ 

10.6 
0 
7.6 
7.6 
5.3 

Yield b 

DPC ’ 

0 

3.7/2 1 
46/26O 
41/230 

PIG 

0 
l2/67 
IO/60 
21/120 
24/ 13.5 

a 150°C. 3 ti reaction time. 
b The yields (%) are calculated with respect to one Pd atom of GPC I; those shown in brackets are catalyst turnovers, i.e. the number of mol 
of products per mol of GPC I. 

’ No PS was found by GC and GC-MS in the reaction products of all runs. 

d NMe,Br (2 mol lm3) was added. 

any other products of phenol oxidation were 
found in the GPC catalyzed reaction with ni- 
trobenzene. erefore, the conjugation of two 
processes: 

( 1) oxidative carbonylation of phenol 

+ CO + Ox + Ph,CO, + Red (12) 

(2) reductive carbonylation and re 
nitrobenzene: 

PhNO, + CO 

PhNCO 
--) ( + PhNHCOOPh, PhNHCONHPh, 

occurred in the presence of C C, where Ox was 
nitrobenzene and Red was PIG, aniline and 
others. 

The conjugation of reactions ( 12) and (13) 
can be understood, in the framework of Scheme 

CO, PhOH 
_4 

Scheme 4. 

4, where the metal core of d-561 cluster is an 
electron transfer mediator. 

As was mentioned above (see Section 3.1), 
low molecular Pd( + 2) complexes and Pd( i- 1) 
clusters were readily reduced by the action of 

inated CO) in phenol solution, 
s. (5) and (61, forming Pd’, 

normally in the form of metal nanoparticles. 
Such metal particles could be expected to func- 
tion as electron transfer mediators in conjuga- 
tion of reactions of type (12)~(131, similarly to 
giant clusters. The study on this subject is in 
progress now, and its results will be published 
elsewhere. 

Our study showed that palladium complexes 
of various oxidation states (+ 2, + 1, +2/3) 
differ substantially in their reactivity toward 
CO + phenol reagent system. In the case of 
Pd( + 2) acetate, the pathway predominates that 
includes insertion of CO into 
followed by CO, elimination to form Pd-acyl 
complex [26], whose reaction with phenol gives 
phenyl acetate: 

co R 
Pd(OAc)2 - AcO-Pd-C-OAc x AC 

2 

AcOH+PhOAc+Pd* 
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This pathway is also realized to some extent in 
the case of Pd( + 1) carbonyl acetate, th+tgh it 
is suppressed by halide anions in favour So the 
DPC format ion. 

Phenyl sahcylate observed unexpectedly in 
the experiments with ( + 1) carbonyl acetate 
can originate from at st two different reac- 
tions. First, it could result from the carbonyla- 
tion of phenol molecule by Pd-coordinated CO 
group by breaking the C-E bond in the ortho- 
position of its aromatic ring followed by oxida- 
tive phenoxylation of the aldehyde farmed. Al- 
ternatively, it 
Pd-coordinated 
ring of phenol 
PS in the products of the reactions of Pd( + 1) 
carbonyl halides with phenol indicates the first 

d in this case *. 
seems to be related to 

cluster catalysis. Nevertheless, palladium 
(+%/3) giant cluster appeared to b 
of catalyzing any re 
oxidation in the CG 
trary to our expectations, based on analogy with 
oxidative reactions of alkenes, G 
facilitate the nucleophilic attack of 
molecule to coordi CO. In fact another 
pathway was realize 
the attack of CO to coo 
as depicted in Scheme 3. 

Another oxidant, nitrobenzene, was also 
found to be capable of converting CG to CQ, in 
the presence of GPC. However, in this case 
another reaction pathway proceeding in parallel 
(Scheme 31, gains in the competition with direct 
CG oxidation. An electron transfer from the 
coordinated CO to the oxidant molecule via the 
metal skeleton of giant cluster (Scheme 4) en- 
ables nucleophilic attack of ph 
dinated CO molecule to form 
ously with reduction of nitrobe 

‘The reactions between PCA and phenol and its derivatives 

will be discussed elsewhere 
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