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Oxidative carbonylation of phenol 
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Oxidative carbonytatiori of phenol was studied. The activities of the catalysts and 
cocatalysts were compared. The effect of solvents and pressure on the yield of the target 
product was studied. 
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Oxidative carbonylation of phenol (OCP) affords 
diphenyl carbonate (DPC),  the intermediate of polycar- 
bonates that are widely used in electrical technology, 
medicine, and optics, t 

Presently, DPC is obtained from phenol and highly 
toxic phosgene z 

2PhOH + COCI 2 --~ (PhO)2CO + 2HCI 

and this reaction is accompanied by the formation of 
chlorinated waste. Oxidative carbonylation of phenol is 
an alternative method for manufacturing DPC 

2PhOH + CO +0.502 C a t  (PhO)2CO + HzO. 

The purpose of  this work is to study the effect of the 
nature of  components of  the catalytic system on the 
catalytic synthesis of diphenyl carbonate by OCP and 
search for optimum conditions for this process. 

Palladium salts PdCI2, Pd(PhCN)2CI 2, Pd(NO3) 2, 
and Pd(OAc)2 3 and palladium clusters a can catalyze 
OCP. The data of  the comparative study of  the activity 
and selectivity of  different palladium salts using CuCI 2 

Table 1. Catalysts of oxidative carbonylation of phenol 

as the cocatalyst are presented in Table 1. They show 
that Pd(OAc)2 and Pd(NO3) 2 give the best results. 

In the catalytic cycle of  the formation of  DPC,  
palladium changes oxidation state from Pd 2+ to Pd~ (see 
Refs. 3 and 5), and an oxidant is required to return it to 
the active form. Under  conditions of  this reaction, pal- 
ladium is oxidized by molecular oxygen at a low rate, 
and hence, a catalyst of  palladium oxidation is required, 
which is the cocatalyst ill the process under discussion. 
Some compounds favoring the oxidation o f  palladium 
are listed in Table 2. CuC1 and CuCI2, which, as is 
known, perform efficiently in the re-oxidation of  paUa- 
dium in the "Wacker pro- 
cess,"6 are the best of 
the cocatalysts checked. 
Good results were ob- 
tained with a complex 
cobalt compound with 
the tetradentate ligand 

/ - ' - ' N  

~ N ,  N - ~  k 

o / C ~  

N, N ' -b i s ( sa l i cy l idene )e t  hy lened iamine  ( C o S a l e n ,  
salcomine), which call be considered as a model of  the 

Table 2. Effect of the nature of cocatalysts on the yield of DPC 
in the absence of ligands 

Catalyst Yield of DPC, Selectivity, TON 
q (%) oo~c (%) 

Pd(PhCN)2CI2 a Absent -- -- 
Pd(NO3) 2 26.1 68.1 17.7 
PdCI 2 9.7 57.4 6.7 
PdBr 2 Traces -- -- 
Pd(OAc)2t~ 8. l 95.3 5.3 
Pd(OAc) 2 36.8 99.7 24.7 

Note: CH2CI2/PhOH = 5.55 (wt.); Bu4NBr/Cat = 5.55 (tool.); 
T = 120 ~ t = 1 h; CuCI2/Cat = I; PhOl-I/Cat = 127.5 
(mol.); p = 130 arm. 
a Tar products are absent. 
b Entry without CuCl~. 

*Deceased. 

Cocatalyst Yield of DPC, Selectivity, TON 
n (%) cro[,c (%) 

-- 8.1 95.3 5.3 
Co(OAc)2 17.1 99.8 t 1.6 
CoAcac 3 21.8 93.2 14j8 
CoSalen 37.0 87.2 25.36 
MnAcac 3 26.4 78.3 17.8 
Pb(OAc) 2 27.1 86.6 18.3 
CuBr 2 13.6 99.8 9.1 
CnBr 28.7 79.7 19.4 
CuCI 2 36.8 99.7 24.9 
CuCI 41.6 93.1 28.1 

Note: PhOH/Pd(OAc) 2 = 127.5 (tool.); CH2CI2/PhOH = 5.55 
(wt.); cocatalyst/Pd = 2; Bu4NBr/Pd = 5.55 (mol.); T = 
120 ~  130arm; t = 1 h. 
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cobalt analog of  i ron-conta ining porphyrins. The ability 
of  the CoSalen complex to absorb dioxygen reversibly 
from the air  (more  than  3000 "oxygena t ion - -  
desoxygenation" cycles per  sample) makes it possible to 
perform the catalytic oxidation of various substrates 
under mild condit ions and even at room t empera tu re :  
It is known s that CoSalen is capable of oxidizing phenols 
to benzoquinones. Trace amounts of benzoquinone are 
present in the products  of  OCP. Although the presence 
of palladium in the catalytic system prevents, most 
likely, the oxidat ion of  phenol to benzoquiiaone, the 
latter is nevertheless formed. The Pd ~ --,, Pd 2+ oxidation 
with benzoquinone is described in the literature. 9 Con-  
sidering the nature of  the solvent, temperature, oxygen 
concentration, and structure of  the ligands, the energy 
barrier of the oxidat ion of  Pd ~ with the CoSalen- -O 2 
system can be quite high. Accordingly, the three-step 
mechanism of  pa l ladium oxidation I~ with dioxygen in- 
volving the CoSalen complex  (Scheme l, stages I I - - IV)  
can be envisaged. 

The quaternary ammonium salt is an important com-  
ponent of the catalytic system without which DPC is 
virtually not formed. The data on the effect of tertiary 
amines and quaternary ammonium salts as well as their  
anions on the yield of DPC are presented in Table 3. 

T a b l e  3. Influence of the structure of amines and their salts in 
the catalytic system on the yield of DPC 

Amine or Yield of DPC, Selectivity, 
ammonium salt 11 (%) oDp c (%) 

Me4NBr Traces --  
Me4N1 7.8 88.6 
Et3N 15.3 79.3 
Et4NCI 7.3 76.8 
Et4NBr 37.5 76.5 
Et4N I Traces --  
Bu3N Traces -- 
Bu4NBr 36.8 99.7 
Bu3N + BuBr 4.0 78.9 
Bu4N I 4.0 99.9 

Note: PhOH/Pd = 127.5 (mol.); CH2CI2/PhOH = 5.55 (wt.); 
N/Pd = 5.55 (tool.); CuCI 2 : Pd(OAc) 2 = I : 2 (mol.); T = 
120 ~ p = 130 atm; t = I h. 

Et4NBr and Bu4NBr are the most efficient, whereas 
Me4NBr  has no posit ive e f fec t  on the ox ida t ive  
carbonylat ion of  phenol. The opposite situation is ob- 
served for iodides: Me4NI is the best, and Et4NI is 
inactive. Tert iary amines with bulky radicals are less 
favorable for the synthesis of I ) P C  than Et3N. It is most 
likely that  the quaternary a m m o n i u m  salt does not 
decompose during the OCP process, because in the 
presence of  its components the yield of DPC is an order 
of magnitude lower than in the  presence of  Bu4NBr. 

W h e n  such n i t r o g e n - c o n t a i n i n g  l igands  as 
phenanthrol ine,  it  terpyridine, 12 etc. are introduced into 
the catalytic system, the yield o f  DPC increases signifi- 
cantly. The results obtained with ligands of the terpyridine 
series are presented in Table 4. In the absence of  the 
cocatalyst,  but in the presence o f  the ligand, the yield of 
DPC increases 1.5-fold (cf. the  data in Table 1). In the 
presence of  the cocatalyst, the  ligand also provides an 
increase in the yield of DPC from 1.5 to 3 times. The 
ligand exerts the lowest effect when the copper salts are 
used, and the effect is the highest for the cobalt  com-  
pounds. As the result of the int roduct ion of  the ligand, 
the efficiencies of catalytic systems with different co- 
catalysts become similar, and the yield of  D P C  is 
retained at a level of ~60%. 

Evidently, during the oxidat ion in the catalytic cycle, 
the ligand favors the transit ion of palladium from a 
lower to a higher oxidation state. 

Based on the foregoing, we suggested the scheme of 
oxidative carbonylation of phenol  involving the catalytic 
system with palladium compounds  (Scheme 2). 

Complex 2 can be formed from the Pd 2+ compound 
(1) by analogy with the aicoholate  mechanism, t3 Then 
inser t ing  CO t ransforms c omple x  2 in to  the  
phenoxycarbonyl  complex 3, followed by the at tack of 
the phenolate  ion on the carbonyl carbon atom. This 
attack can occur  both through the five-coordinate tran- 
sition complex and by the interaction of the phenolate 
ion with the external sphere o f  complex 3. As a result, 
the complex decomposes to diphenyl  carbonate and the 
complex pal ladium compound in the oxidation state of  0 
(4). The presence of the ligands does not allow palla- 
dium to aggregate, and it can rather  easily be oxidized to 
Pd 2+ to form the starting conaplex !. The scheme sug- 

Scheme i 

Lilo  ii?i??i'f_0111 
O 
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HQ is hydroquinone, BQ is benzoquinone, CoL(ox) is the oxidized form of 
CoSalen, CoL(red) is the initial CoSalen complex present before the 
reaction with dioxygen occurs, and - - O - -  is part of the organic 
carbonate molecule. 
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Table 4. Yield of DPC in the presence of ligands of the terpyridine series 

Cocatalyst Ligand Ligand : Pd Yield of DPC, Selectivity, TON 
(mol_ : at.) rl (%) (~DPC (%) 

CoSalen ~ 1 : 1 63.6 95.4 43.1 

8r 

CoSalen 

OMe 

CoSalen 

CoSalen The same 
Co(OAc) 2 
CoAcac 3 " 
M nAcac 3 
CuCI~ 
CuCl" ~, 

1 : [ 59.2 90.1 40.0 

I 1 

1 2 
I I 
I 1 
1 1 
1 2 
1 2 
l 2 

59.6 90.7 40.1 

58.8 86.0 39.9 
63.7 87.2 43.1 
61.7 84.1 41.8 
49.7 86.0 33.2 
62.1 83.2 42.1 
53.4 89.4 36.1 
12 .8  90. I 8.5 

Note: PhOH/Pd(OAc)2 = 127.5 (mol.); CH2CI2/PhOH = 5.55 (wt.); Bu4NBr/Pd = 5.55 (mol.); T = 
120 ~  130arm; t =  1 h; Pd :cocatalyst = t : 1 (at.) 

H202Y- f 

2HY, 0 2 Re 

S c h e m e  2 

+PhOH 
[L3PdYIY 

1 [L.3Pd---OPh]Y 

2 I+CO 
[l..3Pd-- COPh]Y 

L~ Pd~ +PhOH~ ~ 
-HY ,y  

PhOCOPh 
II 
o 

Y = AcO-, CI-, Br- etc_ 

R = H, PhBr. PhOMe 

O 

Ox = Cu- , Co 3+, Mn ~+, (BO) 

o 

OH 

Red = Cu +, Co 2+, Mn l+, @ (HQ) 

OH 

gested can also inc lude  cluster  pal ladium compotmds  as 
active in termedia tes .  

Oxidative carbonyla t ion  o f  phenol  can be performed 
both in the  absenc~ of  the solvent and in an inert solvent 
(Table 5). In the  absence o f  the solvent,  a considerable 

amoul] t  o f  phenol converts  to tars, and the  selectivity 
does not  exceed 50%. When M e C O E t  is used as the 
solvent ,  the selectivity of  the process is low, two by- 
products  are present in the reaction mixture ,  and their  
a m o u n t  is comparable with that of  D P C  ( D P C  : X 1 : X 2 
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Table 5. Effect of solvent on  oxidative carbonylation of phenol 

Solvent Yield of DPC, Selectivity, 

n (%) oDPC (%) 

Without solvent 15.1 47.9 
Methyl ethyl ketone 4.9 38.6 
Tetrahydrofuran 13.3 99.9 
N-Methylpyrrolidone Traces --  
N,N- Dimethylacetamide Traces 
Methylene dichloride 35. I 93.6 
Butyl acetate 36.2 72.8 

Note: PhOH/Pd(OAc)  2 = 127.5 (mol.); CH2CI2/PhOH = 5.55 
(tool.); Bu4NBr/Pd = 5.55 (mol . ) ;T = 120 *C; p = 130 atm; 
t =  1 h; Pd/CuCI 2 = 1 : 2  (mol.); volume of the solvent, V =  
10 mL. 

Table 6. Effect of  pressure on the yield 
of DPC 

Pco po  2 Yield of DPC, 

atm q (%) 
1.0 0.08 Traces 
40.0 3.0 20.2 
60.0 4.0 52.5 
120.0 8.0 59.6 

Note: PhOH, 2.4 g; PhOH/Pd,  127.5 
(moi . ) ;  B u 4 N B r / P d ,  5.55 (tool.); 
Pd/CuCI2, 1 : 2 (tool.); volume of the 
solvent, V =  10 mL; t = 120 ~ 

= 4.9 : 5 : 2). T h e  ox ida t i ve  ca rbony la t ion  of  pheno l  
does  no t  p roceed  in so lven t s  o f  amide  na ture .  CH2CI 2 
and  B u O A c  are  the  bes t  o f  so lvents  s tudied.  

T h e  effect o f  t he  C O  pressure  on the  yield of  D P C  is 
shown  in Table  6. W h e n  a C O : O  2 mixture  is passed 
t h r o u g h  the  r eac t ion  m i x t u r e  at  a tmospher ic  pressure, the  
catalyt ic  sys tems u n d e r  s tudy  did not exhibi t  sufficient 
activity,  and  on ly  t races  o f  D P C  were observed a m o n g  
the  reac t ion  produc ts .  T h e  yield of  D P C  increases as the  
init ial  C O  pressure  increases .  A sharp rise in the  yield of  
D P C  is observed  w h e n  t h e  init ial  pressure is increased 
f rom 40 to 60 a t m ;  t h e  fact  m a y  be due to an  increased 
solubil i ty  o f  C O  in t he  r e a c t i o n  mixture  and an rise in the  
rate o f  f o rma t ion  o f  i n t e rmed ia t e s .  

T h e  oxidat ive c a r b o n y l a t i o n  of  phenol  occurs  more  
eff icient ly in the  p r e s e n c e  o f  Pd(OAc)  2 and  cocatalyst-  
oxidants ,  such  as c o p p e r  sal ts  CuCI and CuCI  2 or  the  
cobal t  c o m p l e x  C o S a l e n .  T h e  presence  of  such ligands as 
t e rpyr id ine  and  its der iva t ives  in the react ion system also 
e n h a n c e s  the  e f f ic iency  o f  the  process. The  oxidative 
ca rbony la t ion  o f  p h e n o l  does  not  proceed in the  absence  
o f  the  q u a t e r n a r y  a m m o n i u m  bromide  salt. T he  best  
results  were o b t a i n e d  in t he  presence  of  Bu4NBr and  an  
eff ic ient  drying agent .  R e m o v a l  of  water  f rom the  reac-  
t ion  m e d i u m  is ;r i m p o r t a n t ,  because water  i~hibits,  
mos t  likely, the  ca ta ly t ic  pa l l ad ium complexes,  occupying 

sites in the coord ina t ion  sphere  o f  pa l l ad ium,  a n d  favors 
the non-produc t ive  ox ida t ion  o f  C O  to form C O  2. 

This  study ou t l ined  the  o p t i m u m  c o n d i t i o n s  for  the  
format ion  of  d ipheny l  c a r b o n a t e  in  a 63% yield w i th  a 
selectivity of  95%. This  b e c a m e  poss ible  w h e n  Pd (OAc)2  , 
CoSalen ,  and  t e rpyr id ine  we re  used as the  ca ta lys t ,  
cocatalyst ,  and  l igand,  respec t ive ly ,  in the  p r e s e n c e  o f  
the  drying agent .  

Experimental  

Phenol (2.4 g), palladium acetate (0.045 g), calculated 
amounts of the cocatalyst and ligand, tetrabutylammonium 
bromide (0.36 g), methylene dichloride (10 mL), and a drying 
agent (1 g) were loaded into a 50-mL Hastelloy-C autoclave. 
Then an oxygen-helium mixture (80% 02) calculated as a 1.5- 
fold excess of oxygen with respect to stoichiometry of  the 
reaction (10 atm of the mixture) was transferred into the 
autoclave, and the pressure was brought  to 130 atm of  CO. 

The reaction was carried out with stirring at 120 ~ for 1-- 
6 h, noting the reading of a manomete r  initially at 15-min 
intervals and then at 30-min and 1-h intervals. After the end of 
the reaction, the autoclave was cooled, and the pressure was 
reduced to atmospheric. The reaction mixture was removed 
into a receiver, weighed, and analyzed. 

The yield of DPC was determined from the ratio of its 
content in the reaction mixture to the theoretical content  upon 
complete conversion of phenol and 100% selectivity: 

rlDPC = a Dpc2MphoH 100(%) 
a'  PhOH MDPC 

where aDp c and a'PhOH/g are the conten t  of diphenyl carbon-  
ate in the reaction mixture and that  of phenol in the substrate, 
respectively; MphoH and MDp C are the molecular weights of 
phenol and diphenyl carbonate. 

The conversion of phenol was determined from the ratio of 
the difference between the concentrat ions of phenol in the 
reaction mixture and substrate to the  content  of phenol in the 
substrate: 

VnOH = 
a' PhOH - aphoH 100(%) 

a '  PhOH 

where a'l~OH and aphoH/g are the concentrations of phenol  in 
the starting and reaction mixtures, respectively. 

Selectivity was calculated as the ratio of the yield of 
diphenyl carbonate to the conversion of  phenol 

tyDp C = rlDPC 100(%). 
X PI,OH 

The number of catalytic cycles of the catalyst was calcu- 
lated as the ratio of the amount  o f  the product formed to the 
amount of the catalyst (mol tool- t ) .  

TON = nDPc/nca t- 

Procedure of chromatographic attalysis. The reaction mix- 
ture was weighed, l g of the product  was taken, and dodecane 
(0.1 g) was added to it as the internal standard. Analysis was 
carried out on an LKhM-8 temperature-programmed chro- 
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matograph (after elution of the peak of dodecane, the tem- 
perature rises from 100 to 200~ with a velocity of 
12 deg rain-l) .  

A steel column with a length of 1 m and a diameter of 4 ram, 
15% SE-30 on Chromaton as the chromatographic phase, and 
helium as the carrier gas (flow rate 30 mL rain -t) were used. 
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