Russian Chemical Bulletin, Vol. 48, No. 6, June, 1999 1113

Oxidative carbonylation of phenol
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Oxidative carbonyiation 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.!

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

2PhOH + COCi, - {Ph0),C0O + 2ZHCI

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

2PhOH + CO +0.50, 3% (Ph0),CO + H,0.

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

Palladium salts PdCl,, Pd(PhCN),Cl,, Pd(NO;),,
and Pd(OAc),? and palladium clusters* can catalyze
OCP. The data of the comparative study of the activity
and selectivity of different palladium salts using CuCl,

Table 1. Catalysts of oxidative carbonylation of phenol

Catalyst Yield of DPC, Selectivity, TON
n (%) Sppc (%)

Pd(PhCN),CL,”? Absent — -
PA(NO,), 26.1 68.1 17.7
PaCi, 9.7 57.4 6.7
PdBr, Traces — -
Pd(OAc)z" 8.1 95.3 3.3
Pd{OAc), 36.8 99.7 24.7
Note: CH,Cl,/PhOH = 5.35 (wt.); BuyNBr/Cat = 5.55 (mol.);
T =120 °C; t = | h; CuCly/Cat = |; PhOH/Cat = 127.5

{mol.); p = 130 atm.
2 Tar products are absent.
& Entry without CuCl,.

* Deceased.

b

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

In the catalytic cycle of the formation of DPC,
palladium changes oxidation state from Pd?* to Pd® (see
Refs. 3 and §), 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 in the process under discussion.
Some compounds favoring the oxidation of palladium
are listed in Table 2. CuCl and CuCl,, which, as is
known, perform efficiently in the re-oxidation of palla-
dium in the "Wacker pro-
cess," 6 are the best of

N\
the cocatalysts checked. =N_ N=
Good results were ob- /‘Co‘
tained with a complex 0 Yo

cobalt compound with
the tetradentate ligand
N,N’-bis(salicylidene)ethylenediamine  (CoSalen,
salcomine), which can 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

Cocatalyst Yield of DPC, Selectivity, TON
n (%) oppe (%)
—_ 8.1 95.3 5.3
Co(OAc), 17.1 99.8 116
CoAcac, 218 93.2 14.8
CoSalen 37.0 87.2 25.36
MnAcac, 26.4 78.3 17.8
Pb(OAC), 27.1 86.6 18.3
CuBr, 13.6 99.8 9.1
CuBr 28.7 79.7 19.4
CuCl, 36.8 99.7 249
CuCl’ 416 93.1 28.1

Note: PhOH/Pd{OAc), = 127.5 (mol.); CH,Cl,/PhOH = 5.55
(wt.); cocatalyst/Pd = 2; BuyyNBr/Pd = 555 (mol); T =
120 °C; p =130 atm; ¢t =1 h.
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cobalt analog of iron-containing porphyrins. The ability
of the CoSalen complex to absorb dioxygen reversibly
from the air (more than 3000 “oxygenation—
desoxygenation”™ cycles per sample) makes it possible to
perform the catalytic oxidation of various substrates
under mild conditions and even at room temperature.’
It is known?® 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 oxidation of phenol to benzoquinone, the
latter is nevertheless formed. The Pd® —» Pd?* oxidation
with benzoquinone is described in the literature.? Con-
sidering the nature of the solvent, temperature, oxygen
concentration, and structure of the ligands, the energy
barrier of the oxidation of Pd’ with the CoSalen—0O;
system can be quite high. Accordingly, the three-step
mechanism of palladium oxidation!? with dioxygen in-
volving the CoSalen compiex (Scheme 1, stages II—1IV)
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.

Table 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 n (%) appe (%)
Me, NBr Traces —
Me, N1 7.8 88.6
Et;N 15.3 79.3
Et,NCI 7.3 76.8
Et,NBr 375 76.5
Et,NI{ Traces -
Bu;N Traces —
Bu,NBr 36.8 99.7
Bu,N + BuBr 4.0 78.9
Bu, NI 4.0 99.9

Note: PhOH/Pd = 127.5 (mol.); CH,Cl/PhOH = 5.55 (wt.);

Et4NBr and Bu,NBr are the most efficient, whereas
MesNBr has no positive effect on the oxidative
carbonylation of phenol. The opposite situation is ob-
served for iodides: MeyNI is the best, and Et4NI is
inactive. Tertiary amines with bulky radicals are less
favorable for the synthesis of DPC than Et;N. It is most
likely that the quaternary armmonium 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 Bu,NBr.

When such nitrogen-containing ligands as
phenanthroline,!! terpyridine,!2 erc. are introduced into
the catalytic system, the yield of 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 of the ligand, the yield of
DPC increases 1.5-fold (¢f. 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 resuit of the introduction of the ligand,
the efficiencies of catalytic systems with different co-
catalysts become similar, and the yield of DPC is
retained at a level of ~60%

Evidently, during the oxidation in the catalytic cycle,
the ligand favors the transition 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 Pd2* compound
(1) by analogy with the alcoholate mechanism.13 Then
inserting CO transforms complex 2 into the
phenoxycarbonyl complex 3, followed by the attack 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 of complex 3. As a result,
the complex decomposes to dipheny! carbonate and the
complex palladium compound in the oxidation state of 0
(4). The presence of the ligands does not allow palla-

N/Pd = 5.55 (mol.); CuCl, : Pd{OAc); = | : 2 (mol); T = dium to aggregate, and it can rather easily be oxidized to
120 °C; p= 130 atm; t= 1 h. Pd?* to form the starting complex 1. The scheme sug-
Scheme 1

Col(ox)
Col{red)

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.
carbonate molecule.

—C— is part of the organic
i
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Table 4. Yicld of DPC in the presence of ligands of the terpyridine series

Cocatalyst Ligand Ligand : Pd  Yield of DPC, Selectivity, TON
(mol. : at.) n (%) oppe (%)
—d | —a
CoSalen Sy <y <y :1 63.6 95.4 43.1
CoSalen 1:1 59.2 90.1 40.0
CoSalen l:1 59.6 90.7 40.1
CoSalen The same P2 58.8 86.0 39.9
Co(OAc), » 1:1 63.7 87.2 43.1
COAcac3 » 1:1 61.7 84.1 41.8
MnAcac, » 1:1 497 86.0 33.2
CucCi, » 1:2 62.1 83.2 42.1
CuCl > 1:2 534 89.4 36.1
—_ » P:2 12.8 90.1 8.5

Note: PhOH/Pd(OAc); = 127.5 (mol.); CH,Cly/PhOH = 5.55 (wt); BuyNBr/Pd = 5.535 (mol.); T =

120 °C; p = 130 atm; t =1 h; Pd : cocatalyst = | :

Scheme 2
Y = AcO7, CI7, Br~
+PhOH y
fL,PAY]Y _
~ 1 ~HY L= 7\ [
H,02Y ox [L,Pd—OPR]Y =y w7
2\, co R = H, PhBr, PhOMe
Pd—COPh]Y
2HY, O, Red L, c )|
+PhOH 3 Ox = Cu?t, Co’t, Mn?t,
L3Pd0 ~HY
4

PhOCOPH
H

gested can also include cluster palladium compouunds as

active intermediates.

Oxidative carbgnylation of phenol can be performed
both in the absence of the solvent and in an inert solvent
(Table 5). In the absence of the solvent, a considerable

I (at.)

Red = Cu*, Co?*, Mn?*,

erc.

R
N N 7
Lo
N N N

(BQ)

(HQ)

OH

amount of phenol converts to tars, and the selectivity
does not exceed 30%. When MeCOEt is used as the
solvent, the sclectivity of the process is low, two by-
products are present in the reaction mixture, and their
amount is comparable with that of DPC (DPC: X, : X,
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Table 5. Effect of solvent on oxidative carbonylation of phenol

Solvent Yield of DPC, Selectivity,
1 (%) oppc (%)
Without solvent 15.1 479
Methyi ethyl ketone 49 38.6
Tetrahydrofuran 13.3 99.9
N-Methyipyrrolidone Traces -
N, N-Dimethylacetamide Traces —
Methylene dichloride 35.1 93.6
Butyl acetate 36.2 72.8

Note: PhOH/Pd(OAc), = 127.5 (mol.); CH,Cl,/PhOH = 5.55
(mol.); BuyNBr/Pd = 5.55 (mol.);T = 120 °C; p = 130 atm;
t=1 h; Pd/CuCl; = 1 : 2 (mol.); volume of the solvent, V' =
10 mL.

Table 6. Effect of pressure on the yield

of DPC

Pco Po, Yield of DPC,
atm n (%)

1.0 0.08 Traces

40.0 3.0 20.2

60.0 4.0 525

120.0 8.0 59.6

Note: PhOH, 2.4 g; PhOH/Pd, 1275

(mol.); Bu4NBr/Pd, 5.55 (mol);

Pd/CuCl,, 1 : 2 (mol.); volume of the
solvent, ¥ = {0 mL; t= 120 °C.

= 49:5:2). The oxidative carbonylation of phenol
does not proceed in solvents of amide nature. CH,Cl,
and BuOAc are the best of solvents studied.

The effect of the CO pressure on the yield of DPC is
shown in Table 6. When a CO: O, mixture is passed
through the reaction mixture at atmospheric pressure, the
catalytic systems under study did not exhibit sufficient
activity, and only traces of DPC were observed among
the reaction products. The yield of DPC increases as the
initial CO pressure increases. A sharp rise in the yield of
DPC is observed when the initia] pressure is increased
from 40 to 60 atm; the fact may be due to an increased
solubility of CO in the reaction mixture and an rise in the
rate of formation of intermediates.

‘The oxidative carbonylation of phenol occurs more
efficiently in the presence of Pd(OAc), and cocatalyst-
oxidants, such as copper salts CuCl and CuCly or the
cobalt complex CoSalen. The presence of such ligands as
terpyridine and its derivatives in the reaction system also
enhances the efficiency of the process. The oxidative
carbonylation of phenol does not proceed in the absence
of the quaternary ammonium bromide salt. The best
results were obtained in the presence of BuyNBr and an
efficient drying agent. Removal of water from the reac-
tion medium is very important, because water inhibits,
most likely, the catalytic palladium complexes, occupying

sites in the coordination sphere of palladium, and favors
the non-productive oxidation of CO to form CO,.

This study outlined the optimum conditions for the
formation of diphenyl carbonate in a 63% yield with a
selectivity of 95%. This became possible when Pd(OAc),,
CoSalen, and terpyridine were used as the catalyst,
cocatalyst, and ligand, respectively, in the presence of
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% O;) 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 °C for 1—
6 h, noting the reading of a manometer initially at 15-min
intervals and then at 30-min and !-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:

pc = i’_‘D.P__C.WM 100(%) |
@' pron Mprc

where appc and a’pey/g are the content of diphenyl carbon-
ate in the reaction mixture and that of phenol in the substrate,
respectively; Mpyon and Mppc are the molecular weights of
phenol and diphenyl carbonate.

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

a’ —a
Y PhOH = PhOlvi PhOH 100(%) .
4 prhoH ’

where a’prop and apnop/g are the concentrations of phenol in
the starting and reaction mixtures, respectively.

Selectivity was calculated as the ratio of the vield of
dipheny! carbonate to the conversion of phenol

oppc = —PPC100(%)
X PhoH

The number of catalytic cycles of the catalyst was calcu-
lated as the ratio of the amount of the product formed to the
amount of the catalyst (mol mol™!).

TON = nppe/ney

Pracedure of chromatographic analysis. The reaction mix-
ture was weighed, | 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°C with a velocity of
12 deg min™1).

A steel column with a length of 1 m and a diameter of 4 mm,
15% SE-30 on Chromaton as the chromatographic phase, and
helium as the camier gas (flow rate 30 mL min™!) were used.
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