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Abstract

Methyl N-phenylcarbamate has been synthesized by reductive carbonylation of nitrobenzene. Homogeneous catalytic
systems based on palladium and silver salts, 1,10-phenanthroline (phen) and p-toluensulfonic acid (PTS) were found highly
active and selective yielding nitrobenzene conversion up to 96%. The effect of Ag/Pd molar ratio has been studied. Copper
(I) and mercury (II) acetates as cocatalysts in palladium based bimetallic systems also behaved satisfactorily. © 1997

Elsevier Science B.V.
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1. Introduction

The direct carbonylation of nitroaromatics
into the corresponding isocyanates (or carba-
mates, if an alcohol is present) is an important
target reaction, from an industrial viewpoint, as
it provides a phosgene- and aromatic amines-free
route for the synthesis of these commercially
important intermediates.

Industrially aromatic isocyanates are manu-
factured by phosgenation of the aminocom-
pounds, deriving from the catalytic reduction of
the corresponding nitroderivatives.

Reductive carbonylation of nitroderivates, oc-
curring through

ArNO, + 3CO — ArNCO + 2C0,, (1)

* Corresponding author. Tel.: +39-32-1447532; fax: +39-32-
1447425.

is an attractive route as it eliminates the toxic
phosgene, the carcinogenic amines and the hy-
drochloric acid co-product. The reaction, al-
though thermodynamically favoured (AH? =
— 130 kcal /mol), does not occur in the absence
of a catalyst [1]. More conveniently, such a
reaction can be carried out in an alcoholic
medium to afford urethanes,
ArNO, + 3CO + ROH — ArNHCOOR + 2CO,
()

Usually, the catalytic systems for such a reac-
tion are based on palladium [2-5], rhodium
[6—8] or ruthenium [9—12] complexes.

The most reactive and selective systems re-
ported up to date are those based on palladium
catalysts. Drent and Van Leeuwen claimed high
catalytic activity in carbonylation of ni-
troderivates when a chelating nitrogen ligand-
based palladium catalyst is used [13].
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Catalytic systems based on palladium com-
plexes in the presence of a Lewis acid have
been used in the synthesis of isocyanates (Eq.
(1)). All the active cocatalysts were Lewis acid
[14] containing redox-active metals, like iron
[15,16], vanadium [17,18] or molybdenum [19—
21] salts, or their mixture.

In this paper, we report the results of methyl-
N-phenylcarbamate synthesis by reductive car-
bonylation of nitrobenzene in the presence of a
bimetallic system, based on homogeneuos palla-
dium and silver compounds.

2. Results and discussion

The promotional effect of silver salts, such as
AgF, Ag(OAc), Ag(tfa) (OAc = acetate; tfa=
trifluoroacetate) in reductive carbonylation of
nitrobenzene with the homogeneous Pd(OAc),-
1,10-phenanthroline (phen) and p-toluene-
sulfonic acid (PTS) catalyst are summarized in
Table 1.

Particularly, the catalytic system containing
Pd(OAc), and either Ag(OAc) or AgF (molar
ratio Pd/Ag=1/1) showed higher nitroben-
zene conversion and selectivity into carbamate
in comparison to the experiment conduced with
Pd(OAc), alone (run 2 and 3 vs. 1). In all
experiments, diphenylurea was the major by-
product; it arises from palladium(Il) catalyzed
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reaction of nitrobenzene, carbon monoxide and
aniline [22]. The latter probably originates from
reduction of nitrobenzene with CO and trace of
water [23], although 2,2-dimethoxypropane
(DMP) was added as dehydrating agent.

On the other hand, using Ag(tfa) as cocata-
lyst (run 4) we observed an increase in the
selectivity to urethane, while the conversion
was a bit lowered.

The use of Pd(tfa), alone gave a similar
result to PA(OAc), (run 5 vs. 1), but the combi-
nation of Pd(tfa), and Ag(tfa) caused a note-
worthy increase of conversion and selectivity
into phenylcarbamate (run 6). A less coordinat-
ing anion, such as trifluorocetate with respect to
acetate and fluoride, allowed us to increase the
catalytic activity, since it tends to compete to a
minor extent than the substrate for the metal
center.

Blank experiments carried out in the absence
of palladium indicated that silver alone was
completely inactive as catalyst.

The effect of Ag/Pd molar ratio has been
reported in Table 2 (Pd(OAc), and Ag(OAc)
catalyzed experiments were studied). Keeping
the palladium concentration constant, the best
value of nitrobenzene conversion and selectivity
into carbamate was found for an equimolar ratio
between Ag and Pd. The silver synergic action
on the catalytic system has been observed only
when it was added to the usual palladium

Table 1

Effect of silver salts addition on the reductive carbonylation of nitrobenzene catalysed by Pd(OAc), and Pd(tfa),

Run  Catalytic PhNO, PENHCOOMe  PhNH, (PhNH),CO  PhN=NPh  PhN(0)=NPh
precursor conv. selectivity selectivity selectivity selectivity selectivity

(% mol) (% mols) (% mol) (% mol) (% mol) (% mol)

1 Pd(OAc), 88 75 2.8 10 0.5 34

2 Pd(OAc), /AgOAc 94 78 23 9.1 03 1.9

3 Pd(OAc),/AgF 96 79 44 9 03 16

4 Pd(OAc),/Agtfa 86 81 15 11 0.1 2

5 Pd(tfa), 81 78 2 9.5 0.1 1.1

6 Pd(tfa), /Agtfa 95 83 1.8 85 03 14

Reaction conditions: [nitrobenzene] 1.34 M; [Pd] 6.68 X 10 M, [Ag] 6.68 X 10™* M; [phen] 5.34 X 1072 M, [PTS] 2.0% 1072 M,
[nitrobenzene]:[Pd}:{Ag):iphen)}:[PTS] = 2000:1:1:70:30; P(CO) = 60 bar; T = 135°C; ¢ =2 h; MeOH 100 ml, DMP 1 ml.
DMP = 2,2'-dimethoxypropane; OAc = acetate; tfa = trifluoroacetate; phen = 1,10-phenanthroline; PTS = p-toluenesulfonic acid.
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Table 2

Effect of the variation of Ag(OAc)/Pd(OAc), molar ratio in
nitrobenzene reductive carbonylation at constant Pd(OAc), con-
centration

Run [Agl/[Pd] PhNO, PhNHCOOMe
molar ratio conv. select.
(% mol) (yield) (% mol)
1 0 88 75 (66)
2 0.5 90 74 (67)
3 1 94 78 (73)
4 2 79 78 (62)

Reaction conditions: [nitrobenzene] = 1.34 M; [Pd]=7X 10™* M;
[phen] = 5.34x 102 M; [PTS]=2.0x 1072 M, P(CO) = 60 bar;
T =135°C: t =2 h; MeOH 100 ml; DMP 1 ml.

DMP = 2,2'-dimethoxypropane; OAc = acetate; phen = 1,10-
phenanthroline; PTS = p-toluenesulfonic acid.

amount. When a portion of palladium was sub-
stituited for the silver salt we observed a signifi-
cant decrease both in conversion and in selectiv-
ity, as expected (Table 3).

Although at the moment the nature of the
interplay between various palladium and silver
salts is not clear, the beneficial effect on either
selectivity or both selectivity and conversion of
added silver salts is apparent. We tentatively
propose some possibilities:

— The acidic nature of Ag (I) can contribute
to avoid the azoxybenzene formation (Table 1,
runs 2 and 3 vs. 1) increasing the selectivity
towards phenylcarbamate. The acidity of Ag(I)
was reported, e.g., in cubane isomerization to
yield cuneane [24-26] and, more significantly,
the strong acidity of Ag(I) in the presence of

Table 3
Effect of AgF/Pd(OAc), molar ratio in nitrobenzene reductive
carbonylation at a constant ([Ag]+[Pd]) concentration

Run [Ag]/[Pd] PhNO, PhNHCOOMe
molar ratio conv. select.
(% mol) (yield) (% mol)
1 1 96 79 (76)
3 51 74 (371
3 9 31 55(17)

Reaction conditions: [nitrobenzene]=1.34 M; [Pd]+[Ag] =146
x107% M; [PTS]=2.0x10"2 M; [phen]=5.34%10"2 M;
P(CO)= 60 bar; T =135°C: ¢t =2 h; MeOH 100 ml; DMP 1 ml.
DMP = 2,2'-dimethoxypropane; OAc = acetate; phen = 1,10-
phenanthroline; PTS = p-toluenesulfonic acid.

Table 4
Comparison between added Lewis acid redox-metal in Pd(OAc);
catalysed reductive carbonylation of nitrobenzene

Run Cocatalyst PhNO, PhNHCOOMe
conv. select.
(% mols) (yield) (% mols)
1 none 88 75 (66)
2 Cu(OAc), 88 80 (71)
3 Ag(OAc) 94 78 (13)
4 Hg(OAc), 100 88 (88)

Reaction conditions: [nitrobenzene] = 1.3¢ M; [Pd] = 6.68x 10~*
M, [Ag or Cu or Hg]=6.68 X 10™* M:; [phen]=5.34 X 1072 M;
[PTS]=2.0x10"2 M; P(CO)=60 bar; T=135°C; t=2 h;
MeOH 100 ml; DMP 1 ml.

DMP = 2,2'-dimethoxypropane; OAc = acetate; phen = 1,10-
phenanthroline; PTS = p-toluenesulfonic acid.

CO was argued from »(CO) higher than 2200
cm™' in IR spectrum of Ag(CO),B(OTeF;)
[27,28].

— The redox nature of Ag(I) [29] could con-
tribute to avoid the formation of metallic palla-
dium. The Lewis acidity combined with its re-
dox nature makes Ag(l) an effective cocatalyst
in palladium catalyzed reductive carbonylation.
To verify this possibility, we compared mercury
and copper acetates as cocatalysts and obtained
results attribuitable both to Lewis acidity [30]
and redox properties of the metal-cocatalyst (see
Table 4). Indeed, the addition of mercuric ac-
etate caused complete nitrobenzene conversion
together with high selectivity (Table 4, run 4 vs.
3), while added cupric acetate increased only
the selectivity (Table 4, run 2 vs. 3 and 1).

~ Finally, Ag(I) forms very stable dinuclear
complexes with azobenzene [31]. As a matter of
fact, we found that added azobenzene [32] poi-
soned palladium catalysis, lowering both ni-
trobenzene conversion and selectivity into ure-
thane (see Table 5, run 2 vs. 1). Ag(OAc),
added when azobenzene was present, improved
both selectivity and conversion (run 3 vs. 2).
The higher activity observed in this case can be
ascribed to the equilibrium, according to

2Ag(phen)2+ + 3Ar-N=N-Ar
S Ag,(Ar—-N=N-Ar); + 4phen. (3)
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Table 5

Effect of azobenzene addition in the palladium catalyzed nitrobenzene reductive carbonylation in the presence and in the absence of silver
cocatalyst

Run Catalyst Azobenzene (% mol) PhNO, conv. (% mol) PhNHCOOM e select. (yield) (% mol)
1 Pd(OAc), 0 38 75 (66)
2 Pd(OAc)2 10 62 78 (48)
3 Pd(OAc), /Ag(OAC) 10 100 88 (8)

Reaction conditions: [nitrobenzene] = 1.34 M; [Pd] = 6.68 X 10™* M; [Ag] = 6.68 X 10™* M; [phen] = 5.34 X 1072 M; [PTS] = 2.0 X 102
M; P(CO) = 60 bar; T = 135°C; =2 h; MeOH 100 ml; DMP 1 ml.

DMP = 2,2'-dimethoxypropane; OAc = acetate; phen = 1,10-phenanthroline; PTS = p-toluenesulfonic acid.

Indeed, shift to the right of the equilibrium of
Eq. (3) was observed when we carried out the
reaction between Ag(phen),(OSO,CF,) [33] and
an excess of azobenzene (see Section 3). The
azoderivative-Ag complex could be more effec-
tive to detach the palladium coordinated
azobenzene in respect to the more stable
Ag(phen); complex [34]. Further experiments
are underway to clarify this point.

In conclusion, the addition of Ag, Hg or Cu
salts to the palladium catalyst results in im-
provements in conversion and selectivity, which
may be relevant performing industrial catalyti-
cal cycles.

3. Experimental
3.1. Chemicals and instrumentation

Methanol (C. Erba), nitrobenzene (Aldrich),
azobenzene (Aldrich), 2,2'-dimethoxypropane
(Fluka), 1,10-phenanthroline monohydrate (Al-
drich), p-toluenesulfonic acid monohydrate
(Fluka), palladium, cupric, mercuric and silver
acetates (Aldrich), palladium and silver trifluo-
roacetates (Fluka), AgF (Strem) and carbon
monoxide (Rivoira) were used as received.

Ag(phen),(OSO,CF;) was synthesized ac-
cording to the literature [33].

All reactions were carried out in triplicate
and the products were analyzed by HPLC, using
an HPLC Hewlett-Packard G mod. 1090, fur-
nished of a Lichrosphere 100 RP 18 column
(Merks), to determine the yield of the products.

3.2. Procedure

All reactions were carried out in a Hastelloy
C autoclave (500 ml), equipped with a mechani-
cal stirrer, a manometer and heating mantle. A
teflon-coated thermocouple allowed the internal
temperature to be measured.

In a typical reaction run the reactants were
charged into the autoclave that, subsequently,
was purged three times with CO, filled with CO
to the desired pressure and heated at the re-
quired temperature.

At the end of the reaction, the reactor was
degased and the homogeneuos solution was di-
luted with methanol to the required volume and
analyzed by HPLC.

3.3. Reaction of Ag(phen),(OSO,CF;) with
azobenzene

To 0.29 g of Ag(phen),(OSO,CF,) (0.48
mmols) in 40 ml of anhydrous methanol were
added 0.90 g of azobenzene (4.8 mmol). The
solution was stirred under argon at 60°C for 24
h and, finally, analyzed for the content of
phenanthroline and azobenzene. The results in-
dicated a complete exchange of phenanthroline
for azobenzene, on the silver complex.
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