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Abstract 

The hydroxycarbonylation of bromobenzene has been explored in a biphasic medium. Water-soluble [PdtTPPTS),] (TPPTS = 
sodium salt of tris(3-sulphophenyl) phosphine) catalyses selectively this carbonylation reaction into benzoic acid. This complex is 
maintained intact in the presence of an excess of tris(3-sulphophenyljphosphine salt. Even when a hydrogen donor is added, the 
reaction is limited to hydroxycarbonylation. The two complexes [Pd(Ph)Br(TPPTS),] and [Pd(COPh)Br(TPPTS),] have been 
synthesized. A catalytic cycle is proposed. 
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1. Introduction 

After the pioneering work of Heck and coworkers 
[l] on the alkoxycarbonylation of aryl, benzyl or vinyl 
halides, there has been much work devoted to the 
extension of this carbonylation reaction [2]. Com- 
pounds ArCONu can be prepared by reacting the NuH 
species with the aryl halide ArX under a CO pressure 
and in the presence of a base: 

[Pdl 
ArX+CO+NuH+base- 

ArCONu + [base H]X (1) 

This reaction is catalysed by palladium complexes con- 
taining triphenylphosphine. 

According to the nature of the nucleophilic group, 
various organic compounds such as aldehydes, esters, 
acids and amides can be prepared by reaction of H,, 
ROH, H 2O and R,NH respectively. Among the pa- 
rameters which govern the reaction, the nature and the 
strength of the base are important in removing the HX 
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produced [3]. Moreover, as the rate-determining step is 
often the oxidative addition of ArX to the palladium(O) 
active species, at least for hydroxycarbonylation and 
alkoxycarbonylation reactions [4], the nature of the 
phosphine is also of importance [5]. 

This carbonylation reaction is generally slow. In- 
deed, for aromatic bromides and chlorides, the cat- 
alytic activity remains under 10 h-’ [1,3,5b,61. Only few 
exceptions were observed when molecular sieves were 
added to the medium (35 h-‘) 171, or when the aro- 
matic ring was activated by a chromium tricarbonyl 
fragment (300 h-l) [S]. 

We were interested in the hydroxycarbonylation of 
aromatic halides and we used water-soluble palladium 
complexes in order to improve the contact between the 
catalytic species and the nucleophilic agent. Bro- 
mobenzene was used as a representative compound of 
this class of molecule. Moreover, the palladium com- 
plex containing tris(3-sulphphenyljphosphine prevents 
the precipitation of metallic palladium under the reac- 
tion conditions. The hydrogenocarbonylation reaction 
was also investigated. Finally a study of the mecha- 
nisms of the carbonylation was carried out. 

0 1994 - Elsevier Science S.A. All rights reserved 
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2. Results and discussion Table 1 
Hydroxycarbonylation of bromobenzene catalysed by 1: influence of 
P-to-Pd ratio (PhBr, 25 mmol; [Pd(OAc),l, 0.5 mmol; NEt,, 55 
mmol; H,O, 10 ml; toluene, 10 ml; P(H,)= P(CO)= 1.5 MPa; 
T = 150°C; t = 15 h) 

2.1. Generation of the water-soluble palladium complex 
Usually a palladium(B) complex such as [PdCl,- 

(PPh,),] or a Pd(OAc),-PPh, mixture is used as start- 
ing material in the carbonylation of aryl halides [2]. 
Generally, the active species is a palladium(O) complex 
[Pd(PPh,),] [2a]. Recently it has been shown that addi- 
tion of triphenylphosphine to Pd(OAc), reduces of 
palladium(B) to [Pd(PPh,),] and forms triphenylphos- 
phine oxide [9,10]. Recently, it was unambiguously 
demonstrated that palladium(B) complexes are re- 
duced to a palladium (0) species by their own coordi- 
nated phosphine ligands which are oxidized to phos- 
phine oxides in the presence of OH- ions [2dl. 

P-to-Pd Conversion 
ratio (%) 

5 18 
7.5 97 

10 100 
12.5 100 
15 100 

Colour of 
aqueous phase 

Black 
Green 
Green 
Yellow 
Yellow 

2.2. Hydroxycarbonylation of bromobenzene 

We synthesized the complex [Pd(TPPTS),l (1) (TP- 
PTS = sodium salt of tris(3-sulphophenyl)hosphine) by 
exchange with [Pd(PPh,),], as described by Herrmann 
et al. [ll]. This complex is characterized by a broad 
singlet at 24.0 ppm in the 31P NMR spectrum, and 
small amounts of TPPTS shift this signal towards high 
fields showing that exchange occurs. The observed 
chemical shift is the mean of [Pd(TPPTS),], [Pd(TP- 
PTS),] and that of the free phosphine at -2.5 ppm, at 
25°C. A similar phenomenon was observed when the 
PPh, analogue is added to an excess of free phosphine 
[lo]. Thus, for a P-to-Pd ratio of 12.5, the mean phos- 
phine signal appears at 3.2 ppm. 

Carbonylation of bromobenzene under the condi- 
tions reported in Table 1 results selectively in benzoic 
acid according to: 

PhBr + CO + H,O + 2NEt, - 

[NHEt,][PhCOO] + [NHEt,]Br (2) 

In the presence of triethylamine, mainly ammonium 
benzoate is obtained, so that benzoic acid is isolated 
and quantified after acidification and extraction with 
diethyl ether. 

The addition of TPPTS to Pd(OAc), (P-to-Pd ratio 
of 12.5) was monitored by 31P NMR spectroscopy. Two 
signals are observed: a broad singlet centered at 4 ppm 
assigned to the mixture of [Pd(TPPTS),l, [Pd(TPPTS),l 
and free TPPTS in dynamic equilibrium, and a sharp 
singlet at 36.3 ppm assigned to the oxide, OTPPTS. 

As OTPPTS, like OPPh,, does not play any role in 
catalysis under rigorously homogeneous conditions, we 
preferred to introduce the non-air sensitive Pd(OAc), 

This reaction was carried out at 1.5 MPa and 150°C 
but, in the presence of a slight excess of phosphine, 
black palladium was invariably formed. For this reason 
the phosphorus-to-palladium ratio was examined. Table 
1 displays the results of these experiments. For a low 
P-to-Pd ratio, deactivation of the palladium catalyst 
occurs, leading to extensive decomposition, as shown 
by black palladium on the walls of the autoclave and in 
the aqueous phase. The green colour observed after 
catalysis is due to the presence of small black particles 
which are deposited progressively. For a P-to-Pd value 
of 12.5 or more, the palladium complex is recovered 
intact. Indeed, 31P NMR spectra show the presence of 
[Pd(TPPTS),] complexes in equilibrium with the free 
TPPTS (1.9 ppm). Further experiments were done with 
a P-to-Pd ratio of 12.5. 

salt and an excess of phosphine 
since we had shown that it is a 
zero-valent palladium complexes. 

into the autoclave 
good precursor for 

The temperature is also a very important parameter 

(PhP(3-C,H,SO,Na),)Br 

PhH + (P(OH)(3-C,H,SO,Na),)Br 3-C,H,SO,Na + (PhP(OHX3-C,H,SO,Na),)Br 

O=P(3-C,H,SO,Na), + HBr O=P(PhX3-C,H,SO,Na), + HBr 

Fig. 1. Proposed pathway for the formation of OTPPTS and OTPPDS. 
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for this reaction. Below 120°C there is no activity 
whereas, above 170°C side reactions occur, especially 
the formation of PhCONEt 2 and related products due 
to decomposition of the triethylamine or of the trieth- 
ylammonium salt. The best compromise between good 
chemoselectivity and a satisfactory reaction rate was 
found to be 150°C. 

The catalytic reaction requires an induction period 
of 1 h and is complete after about 3 h, giving a 
turn-over frequency of 17 h-‘. Decantation of the 
reaction mixture allows a rapid separation of the or- 
ganic and aqueous phases. Gas chromatography analy- 
ses have shown that the organic phase contains less 
than 2% of the total benzoic acid produced. The yellow 
aqueous phase was used in a second run. Carbonyla- 
tion of the second aliquot of bromobenzene still re- 
curred, but palladium was recovered as a black precipi- 
tate, affording an almost colourless aqueous phase. 31P 
NMR spectroscopy reveals that only small amounts of 
TPPTS are still present in the medium and that the 
phosphine is transformed into OTPPTS (32.9 ppm) and 
OPPh(3-C,H,SO,Na), or OTPPDS (33.5 ppm). We 
have checked that these oxidation reactions occur only 
in the presence of palladium. These oxides could be 
formed via the phosphonium salt [PhP(3-C,H,- 
SO,Na),]Br according to Fig. 1. Indeed the two signals 
detected at 25.3 and 25.0 ppm are in the range charac- 
teristic of phosphonium salts [12]. They could result 
from an exchange reaction between the aryl group on 
the coordinated phosphine and the palladium-bound 
phenyl group, as already observed by Kong and Cheng 
[13]. In this case, the 3-sulphobenzoic acid resulting 
from the hydrolysis of the 3-sulphobenzoyl palladium 
species would have not been observed since its high 
polarity keeps it in water during the ether extraction. 

Thus, since even in the first cycle phosphine oxide is 
formed, recycling the catalytic system requires the 
aqueous phase to be complemented with fresh TPPTS. 

Using [Pd(TPPTS),l as a catalyst affords a highly 
selective hydroxycarbonylation reaction. Moreover, 
provided that an excess of TPPTS is added, the in- 
tegrity of the complex is maintained. However, the 
major drawback of this carbonylation reaction is the 
presence of increasing amounts of ammonium ben- 
zoate and ammonium bromide. As most of the reac- 
tions involving water-soluble complexes take place in 
the aqueous phase [141, this increase in salt concentra- 
tion could decrease considerably the catalytic activity 
due to a salt effect. Moreover, in order to isolate the 
benzoic acid, it must be separated from the palladium 
catalyst and ammonium bromide. 

For this reason we have explored the hydrogenocar- 
bonylation reaction to produce benzaldehyde, soluble 
in the organic phase. 

2.3. Hydrogencarbonylation vs. hydroxycarbonylation of 
bromobenzene 

Dihydrogen was added to the reaction mixture un- 
der similar conditions. Whatever the dihydrogen pres- 
sure (1.5 and 3 MPa with PC0 = 1.5 MPa), less than 
1% of benzaldehyde and 99% of benzoic acid (as 
benzoate) were formed. Since the solubility of dihydro- 
gen is 8.45 x lop4 mol-’ at 25°C in order to increase 
the concentration of the hydrogen source in water, 
sodium formate was used as hydrogen donor and basic 
reagent as well. One equivalent of formate per bro- 
mobenzene was introduced. The reaction proceeds 
more slowly and after 15 h the conversion was 92%. 
Even in these conditions no aldehyde appears (less 
than 1%) but 75% of benzoic acid and 16% of benzene 
are formed. Two reasons can account for the debromo- 
hydrogenation reaction observed. First, it may corre- 
late with the large amounts of black palladium which 
were collected after the reaction. Indeed, in a separate 
run carried out with bromobenzene, dihydrogen, car- 
bon monoxide, triethylamine and palladium on acti- 
vated carbon (5 wt.%) under the same biphasic condi- 
tions, 3% of bromobenzene were hyrogenolysed into 
benzene, showing that palladium metal is a possible 
catalyst for the debromohydrogenation of bromoben- 
zene. Secondly, benzene could be formed homoge- 
neously as previously described by Helquist 1151. De- 
carbonylation of the species [Pd(PhXHCO,)L,] and 
then reductive elimination would afford benzene. How- 
ever, in this case, as insertion of carbonyl group in the 
phenyl-palladium bond is quite easy, we should have 
observed also the formation of benzaldehyde. Thus 
benzene is presumably formed by a heterogeneous 
pathway. 

2.4. Mechanistic considerations 
Moser, et al. [41 have reinvestigated the mechanism 

of the methoxycarbonylation of bromobenzene catal- 
ysed by triphenylphosphine-containing palladium com- 
plexes which had previously been described by Garrou 
and Heck 1161. It was shown that the active species is 
[Pd(PPh,),l and that the rate-determining step is the 
oxidative addition of bromobenzene to afford 
[Pd(Ph)Br(PPh,),l [161. Carbonylation gives the ben- 
zoyl complex [Pd(COPh)Br(PPh,),]; then a trieth- 
ylamine-assisted attack of methanol regenerates the 
active palladium(O) species and leads to methylben- 
zoate and triethylammonium bromide [4]. 

For our part, we investigated the oxidative addition 
of bromobenzene to [Pd(TPPTS),l in methanol. Below 
35°C no reaction occurs whereas, above 40°C methanol 
itself reacts with the palladium complex to give a 
yellow precipitate, which shows IR bands characteristic 
of TPPTS and in the 31P NMR spectrum a singlet at 
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25.8 ppm. At 35°C the reaction proceeds slowly to 
afford quantitatively after 15 h [Pd(Ph)Br(TPPTS),] (2) 
as a white precipitate. Elemental analysis and IR spec- 
tra are consistent with this. In particular, the character- 
istic palladium-bound phenyl C-C stretch was found at 
1562 cm-‘. This complex reacts quickly with water, 
since a deep-garnet colour develops when it is dis- 
solved in water. ‘H NMR spectra recorded in D,O are 
consistent with a [Pd(PhXTPPTS),] fragment, as shown 
by the signal intensities. In 31P NMR spectrum there is 
a singlet at 27.8 ppm. We assign to this garnet complex 
a formula [Pd(Ph)X(TPPTS),]. After evaporation of 
the solution the v(CC) band shifted from 1562 for 2 to 
1556 cm-’ for the resulting garnet solid. We believe 
that the bromide has been replaced by OH or OH,. 
Moreover, any attempt to prepare [Pd(Ph)Br(TPPTS),l 
by an exchange reaction from the PPh, analogue in 
water-chloroform mixtures failed. Indeed we obtained 
the complex [Pd(TPPTS),] in equilibrium with free 
TPPTS (0.6 ppm), OTPPTS (37.1 ppm) and presum- 
ably a phosphonium salt (26.3 ppm) in the aqueous 
phase while benzene is produced simultaneously. In 
Fig. 2 a pathway is proposed to account for our obser- 
vations. 

Finally, when performed in water, the direct addi- 
tion of bromobenzene to [Pd(TPPTS),l leads to 
[Pd(Ph)X(TPPTS),] as shown by its 31P NMR signal at 
27.9 ppm and its v(CC) band at 1556 cm-‘. 

Thus the complex [Pd(Ph)Br(TPPTS),] can be pre- 
pared by oxidative addition of bromobenzene to 
[Pd(TPPTS),], provided that the reaction is carried out 
in methanol. When this compound is dissolved in water 
or when the oxidative addition is made in water, the 
bromide is presumably replaced by a hydroxide or an 
aqua ligand. The complex [Pd(TPPTS),l is ultimately 
produced by ligand exchange from [Pd(Ph)Br(PPh,),l. 

On the contrary the addition of an aqueous phase 
containing TPPTS to a chloroform solution of 
[Pd(COPh)Br(PPh,),] leads at 50°C after 1 h to the 

p3 

corresponding complex [Pd(COPh)Br(TPPTS),] (3). In 
the 31P NMR spectrum this complex is characterized 
by a singlet at 24.7 ppm, as well as the signal of free 
TPPTS at -2.5 ppm. The 13C NMR spectrum is not 
informative enough, since the spectra show a phenyl 
group and two palladium-bound TPPTS but not the 
CO benzoyl signal. In the IR spectrum the u(CO) band 
is masked by the broad 6(OH) band of water at 1636 
cm- ‘. However, the presence of the benzoyl group is 
shown by the carbonyl-bound phenyl C-C stretch at 
1579 cm-‘, which compares correctly with the analo- 
gous v(CC) at 1578 cm-’ for the complex [Pd 
(COPh)Br(PPh,),l. In addition, the presence of COPh 
is confirmed by the quantitative formation of trieth- 
ylammonium benzoate and 1 when the water-soluble 
complex resulting from ligand exchange reacts with 
water in the presence of triethylamine. The absence of 
triethylamine does not allow this reaction to proceed. 
As we also observed in catalysis, reductive elimination 
of the carbonylated compound needs to be assisted by 
a basic agent. 

Moreover, carbonylation of [Pd(Ph)X(TPPTS),l un- 
der ambient conditions leads to [Pd(COPh)X 
(TPPTS),], showing a singlet in the 31P NMR spectrum 
at 24.7 ppm and, after evaporation, a v(K) band at 
1579 cm-‘. Thus, the carbonylation of the palladium 
phenyl bond into a palladium benzoyl bond is rather 
easy and in any case more rapid than the oxidative 
addition of bromobenzene to 1. 

As l-3 have been characterized, a catalytic cycle 
can been proposed which recalls that initially published 
by Garrou and Heck [161 and then modified by Moser 
et al. [4]. We consider that in water a nucleophilic 
attack of a hydroxide ion assisted by triethylamine 
occurs on the benzoyl species. This proposed mecha- 
nism is supported by the fact that sodium hydroxide 
affords the same result. Figure 3 displays the four main 
steps, including a pentacoordinated carbonyl species 
which has not been observed. 

Ph-Pd-Br 

PPh, 

+ (PhP(3-C,H,SO,Na),)Br 

+ 

HBr 

Fig. 2. Proposed pathway for the formation of 1, OTPPTS and benzene in an attempt to replace the PPh, in [Pd(Ph)Br(PPh,),l by TPPTS. 
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‘H NMR (CDCI,, 27°C); 6 6.19 (2H “t”, J(H,H,) 
= (H,Hs) = 7.4 HZ, H,); 6.33 (lH, t, J(H,H,) = 7.5 
Hz, H,); 6.59 (2H, dm, J(H,H,) = 7.9 Hz, H,); 7.28 
(m, 18H, H, + H4), 7.65 (12H, “t”, J(H,H,) = J(H,P) 
= 6.2 Hz, HZ) ppm. 

13C NMR (CDCl,, 24°C): 6 127.23 (dd, .KC,H,) = 
160.8 Hz, J(C,H,,) = 7.6 Hz, C,); 127.92 (dtd, 
J(C,H,) = 161.4 Hz, J(C,P) = 5.1 Hz, J(C,Hr) = 5.5 
Hz, C,); 129.08 (d “t”, J(C,H,) = 159.6 Hz, J (C,H,) 
= J(C,H,) = 6.7 Hz, C,); 130.05 (dt, J(C,H,) = 160.8 
Hz, J(C,H,) = 7.5 Hz, C,); 131.12 (tt, J(C,P) = 22.3 
Hz, J(C,H,) = 7.7 Hz, C,); 131.29 (dt, J(C,H,) = 160.1 
Hz, J(C,H,) = 7.7 Hz, C,); 134.78 (dt “t”, J(C,H,) = 
162.1 Hz, J(C,P) = 6.4 Hz, J(C,H,) = J(C,Hr) = 6.2 
Hz, C,); 140.06 (tt, J(C,P) = 15.8 Hz, J(C,H,) = 7.9 
HZ, C,); 231.15 (t, J(C,P) = 4.1 Hz, C,) ppm. 

3.6. [Pd(TPPTS),] (1) 
This complex was prepared according to the first 

procedure of Herrmann et al. [ill. 
31P (1H) NMR (H,O-D,O, 30°C): S 24.00 (s) ppm. 
IR (KBr): u(CC) 1464 (m); u(CP) 1397 (m), 1095 (s); 

v(S0) 1191 (vs) 1039 (vs), 693 (vs); 6 (CH) 788 (s), 692 
(s) cm-‘. 

Elemental anal. Found: C, 32.9, H, 2.7. Calc. C, 
33.1, H, 2.6%. 

3.7. [pd(ph) (Br) (TPPTS),] (2) 
0.59 g (0.3 mmol) of 1 and 0.32 ml (3.0 mmol) of 

bromobenzene were added to 50 ml of chloroform. The 
orange solution was stirred at 35°C for 15 h to give a 
white precipitate of 2. This was filtrated and dried 
under vacuum (0.29 g; yield, 65%). 

IR (KBr): u(CC) 1562 (m), 1467 (m); u(CP), 1398 
(m), 1099 (s); &SO) 1196 (vs), 1040 (vs), 624 (vs); S 
(CH) 790 (s), 731 (s), 691 (s), 676 (s) cm- ‘. 

Elemental anal. Found: C, 33.4, H, 2.7, S, 12.8, Br, 
5.3, Na, 9.1, Pd, 7.1. Calc. C, 33.8, H, 2.7, S, 12.0, Br, 
5.3, Na, 9.0, Pd, 6.8%. 

3.8. [Pd(COPh)(Br)(TPPT+$l (3) 
A solution of 0.41 g (0.5 mmol) of [Pd(COPh)- 

Br(PPh,),] in 15 ml of chloroform was mixed with an 

aqueous solution of TPPTS (1 mmol in 10 ml) at 50°C 
for 3 h. The aqueous phase became yellow but ex- 
change was not complete and the organic phase was 
still coloured. After decanting, the aqueous phase was 
washed with chloroform and dried under vacuum. 
Complex 3 was obtained as a mixture with TPPTS in 
excess. 

IR (KBr): &CC) 1578 (m), 1467 (m>; u(CP) 1398 
(m), 1099 (s); &SO) 1196 (vs), 1040 (vs), 623 (vs); S 
(CH) 790 (s), 688 (s) cm - ‘. 
31P {lH} NMR (H,O-D,O, 30°C); 6 24.74 (s) ppm. 

H20*Na03S ’ 

‘H NMR (D,O, 20°C); 6 6.96 (,‘t”, 2H, J(I$Hs) = 
J(H,H,,) = 7.6 HZ, H,); 7.16 (t, lH, JcHloH9) = 7.2 

HZ, H,,); 7.3-8 (m, 26H, H,+H,+H, +H,+Hs) 

ppm. 
13C NMR (D,O, 24°C): 6 131.1 (d, J(C,H,) = 163.3 
Hz, c,); 131.17 (dm, J(C,,H,) = 166.0 I-& C& 132.03 
(dm, J(C,H,) = 161.2 Hz, C,); 132.22 (t, J(C,P) = 22.4 
Hz, Cl>; 132.49 (dt, J(C,H,) = 167.5 Hz, J(C,P) = 5.4 
Hz, c,); 133.44 (dt, J(C,H,) = 165.8 Hz, J(C,P) = 6.5 
Hz, C,); 136.4 (dt, J(C,,H,, = 162.7 Hz, J(C,,H,) = 
7.4 Hz, Cl,); 139.91 (m, C,); 140.24 (dt, J(C,H,) = 
165.8 Hz, J(C,P) = 7.2 Hz, C&45.9 (m, J(C,P) = 4.9 

I& C,) ppm. 

3.9. General procedure for carbonylation of bromoben- 
zene 

The mixture of products was prepared in a Schlenk 
tube. To 10 ml of water and 10 ml of toluene were 
added 0.11 g (0.5 mmol) of palladium diacetate, 2.63 
ml (25 mmol) of bromobenzene, 3.87 g (6.25 mmol) of 
TPPTS and 7.7 ml (55 mmol) of triethylamine. The 
mixture was stirred for 5 min in order to dissolve the 
solid catalyst and was introduced in a stainless steel 
autoclave previously purged with argon. The autoclave 
was heated to 150°C under carbon monoxide at 0.3 
MPa. Then it was pressurized to 1.5 MPa and stirred at 
a constant pressure. After 15 h, the autoclave was 
cooled to room temperature and slowly depressurized. 
The solution was collected under argon in a separatory 
funnel and after decanting the two phases were anal- 
ysed independently. 
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4. Conclusion 

This study has shown that the active species [Pd(TP- 
PTS),] can be maintained intact during the carbonyla- 
tion reaction of bromoaromatic compounds, provided 
an excess of TPPTS is present. The water-soluble pal- 
ladium tris(3-sulphophenyljphosphine complex which 
catalyses this reaction works in a biphasic system, but 
the benzoic acid produced remains in the aqueous 
phase, thus avoiding the direct recycling of the catalyst. 
This work has also shown that water reacts so quickly 
that any hydrogen source cannot produce an aldehyde 
and that the reaction is quite limited exclusively to the 
hydroxycarbonylation of bromobenzene. The mecha- 
nism follows the classical steps initially proposed by 
Garrou and Heck and involves a zero-valent palladium 
species. 
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