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FRIEDEL-CRAFTS ACYLATION IN SUPERCRITICAL CO 2
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Friedel-Crafts acylation is among the most fundamental and useful reactions to yield aromatic ketones but it is one of the less acceptable in terms of unwanted polluting by-products or atom economy because of overconsumption of conventional catalyst used in stoichiometric quantities. This route is nevertheless still widely used in the fine chemicals industry. In recent years, awareness of the impact of industrial activities on the environment has lead chemists to work on new chemical routes, less dangerous and more environmentally friendly. We considered here the acylation of benzofurane derivative by an acid chloride. In this study, one of the first solutions was to replace conventional catalysts by reusable solid catalysts. Indeed, a wide variety of new solid catalysts, more efficient and less polluting, has now emerged (zeolites, ion-exchange resins…). These catalysts were first tested in "conventional" conditions, i.e., using an organic solvent (dichlorobenzene in our case), to determine the best one, in terms of reactivity, lifetime and reusability (regeneration). The zeolite Y was found the most appropriate. However, the use of an organic solvent remaining questionable, we have also considered the use of supercritical carbon dioxide as the solvent. Its inherent properties include non-flammability, mild critical conditions, tuneable solubility near to the critical point and very low environmental impact. The reaction was then operated using a continuous high pressure fixed bed and results concerning yield and selectivity are presented.

INTRODUCTION

The Friedel-Crafts acylation of aromatic compounds is among the most important and useful reactions for the synthesis of aromatic ketones. This acylation is an electrophilic substitution by acyl halides, anhydrides, carboxylic acids or esters with an aromatic substrate and is carried out using overstoichiometric amounts of metal halides as catalysts. Despite the high production of unwanted polluting and corrosive by-products, Friedel-Crafts chemistry is widely used in the manufacture of fine chemicals intermediates (pharmaceuticals, agrochemicals and fragrances) [START_REF] Gore | Friedel-Crafts and Related Reactions[END_REF] .

In recent years, the concept of "green chemistry" has lead chemical industries to develop new products, materials and chemical processes, less dangerous and more environmentally friendly. One of the first solutions is to find alternatives to the catalysts (Lewis acids: AlCl 3 , BF 3 , ZnCl 2 ... or Brønsted acids: H 2 SO 4 , HF ...). It can be done by the use of reusable solid catalysts [START_REF] Corma | Inorganic solid acids and their use in acid-catalyzed hydrocarbon reactions[END_REF][START_REF] Jasra | Solid acid catalyst for acylation of aromatics[END_REF] . Indeed, a wide variety of new solid catalysts, more efficient and less polluting can be proposed: zeolites, ion exchange resins, heteropoly acids... Such solid catalysts can be easily separated from liquid products and they offer in addition the possibility of carrying out Friedel-Crafts reactions using a continuous fixed bed reactor, rather than in batch reactors. For the same production target, continuous flow reactors can be smaller than the batch reactors, thus increasing safety and reducing capital cost.

Although carbon dioxide does not satisfy the social and economic requirements of the world's everincreasing population, its use as a solvent reaction is a good alternative to conventional organics solvents, because, in this case, it has no environmental impact. Up to date its usefulness and particularly in the field of chemical synthesis has been amply demonstrated [START_REF] Beckman | Supercritical and near-critical CO 2 in green chemical synthesis and processing[END_REF][START_REF] Rayner | The Potential of Carbon Dioxide in Synthetic Organic Chemistry[END_REF][START_REF] Ghosh | Polymerisation in Supercritical Carbon Dioxide: A Review[END_REF][START_REF] Patcas | Supercritical carbon dioxide as an alternative reaction medium for hydroformylation with integrated catalyst recycling[END_REF][START_REF] Arunajatesan | Fixed-bed hydrogenation of organic compounds in supercritical carbon dioxide[END_REF][START_REF] Hitzler | Friedel-Crafts alkylation in supercritical fluids: continuous, selective and clean[END_REF] . This article presents briefly the best catalyst found for use in a conventional solvent, and mainly the work made in supercritical conditions with the continuous high pressure fixed bed.

EXPERIMENTAL Materials

Different kinds of catalysts were used to perform the acylation: zeolites, ion exchange resins, metallic oxides, heteropoly acids (HPA) and clay. The choice of these catalysts was made according to their reported efficiency for different aromatic acylations [START_REF] Jasra | Solid acid catalyst for acylation of aromatics[END_REF][START_REF] Arata | Friedel-Crafts acylation of toluene catalyzed by solid superacids[END_REF][START_REF] Choudhary | Highly active Si-MCM-41 Supported Ga 2 O 3 and In 2 O 3 Catalysts for Friedel-Crafts-type benzylation and acylation reactions in Presence or Absence of Moisture[END_REF] . In the context of this study, which is done through a collaborative industrial contract, it is not possible to disclose the exact name of the involved molecules.

Reaction procedure

Conventional solvent: The acylation reaction was carried out in a 250 cm 3 batch reactor equipped with a condenser and magnetic stirrer where the acyl choride (AC), the aromatic substrate (AS) and the solvent (dichlorobenzene, S) were mixed in the reactor. The catalyst (zeolites were used directly after calcination * ) was introduced in the reactor and the medium was heated up to the reaction temperature. The resulting suspension was stirred under reflux for 6h. The initial amounts of each compound are given for each reaction. Samples were taken out periodically during the reaction and assayed by HPLC (Waters 600E apparatus with Symmetry C8 column). * Calcination procedure: the sample of catalyst is heated in a furnace with a heating rate of 4°C min -1 from room temperature to 500°C and then maintained at this temperature during 6 hours Supercritical CO 2 :

The catalytic acylation reactions in supercritical conditions were performed in a continuous fixed-bed reactor, consisting of: (i) a medium supply unit, (ii) a reaction unit; and (iii) an analytical loop (Fig. 1). The medium supply unit comprised two HPLC pump, one for the liquid reactant mixture with a given ratio AS/AC and one for liquid CO 2 . A static mixer (heated around 60°C) before the reaction unit allows a good mixing of reactants and CO 2 . Our system allows in-situ calcination of the catalyst, where nitrogen is used at a flow-rate of 250 cm 3 /min (STP). The calcination was performed at 500°C during 6 h. The reaction unit comprised a tubular reactor with an internal cartridge (14mL, 0.50 m length, 6mm inner diameter) loaded with the solid catalyst, a safety rupture disc, a pressure transducer and a K-type thermocouple located inside the catalytic bed, near the outlet. In addition a PID temperature controller and electrically heated shells allow operating at the desired temperature. Continuous reactors for SCFs have the advantage over batch reactors that they do not require depressurisation to feed in the reactants or to recover the products. Samples can be taken out periodically during the reaction by using a sample loop of known volume. The obtained sample is then decompressed in the HPLC solvent and the loop is rinsed with 10 times the volume of the loop. The HPLC apparatus is the same than for the reaction in conventional solvent.

The procedure for operation of the continuous reaction is as follow:

The cartridge is loaded with 4.3g of catalyst and calcined during the first day. The next day, the CO 2 is pumped and then the reactor is heated up between 150-180°C, according to the experiment. When the temperature at the outlet is stable the mixture of reactants is pumped into the system. Samples are taken each half hour. The flow of CO 2 was fixed to 1g/min or 2g/min, and the flow of reactants to 0.1g or 0.05g depending from experiments. The pressure was fixed at 300 bar, to compensate the loss of dissolving power, induced from the use of high temperature.

RESULTS AND DISCUSSION Conventional solvent

Table 1 shows the results of acylation at 180°C over various solid acid catalysts. Among these different kinds of catalysts, Zeolite Y and Indium oxide seem to be the most appropriate solid catalysts. Indeed, K-10 clay, HPA and H-Mor are completely inactive. Zeolite β, Amberlyst-15, bismuth oxide and iron oxide are barely active. Even if gallium oxide is better, its activity is not sufficient enough.

Indium oxide showed a very good activity, nearly 46% in 3 hours, but reusability tests have shown that it was not reusable. During the reaction, we observed that the oxide was solubilized in the medium, which is redhibitory for our studies. The same reaction with the acid form or the anhydrid form does not give any yield.

Finally, only the zeolite Y (SiO 2 /Al 2 O 3 =15) give interesting yield and behaviour during the reaction. Some reactions have been carried out using zeolite Y with different ratio SiO 2 /Al 2 O 3 (6 and 200), but in the same conditions, the maximal yield is smaller (respectively 18% and 1%).

According to the industrial aspect, the reusability of the catalyst is a decisive parameter. Then other reactions have been carried out to optimise the operating conditions (ratio AS/AC, catalyst loading, reusability…) before using it in the supercritical fixed bed reactor. The figures 2 and 3 summarize the best results in terms of yield and reusability of the zeolite Y(15). The maximal yield reaches 80% with 2g of zeolite in 6 hours and the reactant ratio is the main parameter.

The best one was around 1 mol of substrate for 1.5 mol of acylating agent. The results are equivalent when the ratio AS/AC is increased to 1/4. Although with an excess of AC superior to 1/4 (ratio 1/10 fig 2), the activity of the zeolite seems to be inhibited: active sites may be saturated by the AC. In fact this inhibition already appeared with a ratio of 1/4 at the end of the reaction (around 4h). The kinetic stabilizes unlike the experiment carried out with a 1/1.5 ratio, where the kinetics slowed down but did not stop.

In term of reusability, figure 3 shows that the deactivation of the zeolite is relatively fast. After a single use and a simple filtration on a fritted disc the yield drops significantly to 18%. The deactivation of the zeolite has many reasons, notably due to the deposition of heavy products usually termed as "coke". According to Richard et al [START_REF] Richard | Zeolite catalyzed acylation of heterocyclic compounds. Part II. Acylation of benzofuran over Y zeolites[END_REF] this "coke" probably results from the acylation of compounds obtained by condensation of aromatic substrate, thus blocking the actives sites. As expected, the calcination of the used zeolite allows complete recovery of its catalytic activity. Indeed, the need for zeolite regeneration was already observed by Guignard et al and Moreau et al [START_REF] Guignard | Acylation of veratrole by acetic anhydride over Hβ and HY zeolites: Possible role of Di-and Triketone by-products in the deactivation process[END_REF][START_REF] Moreau | Acetylation of dimethoxybenzenes with acetic anhydride in the presence of acidic zeolites[END_REF] . In this kind of experiments the regeneration (here by calcination) of the catalyst becomes a prominent parameter.

Supercritical conditions

These previous experiments in a conventional solvent, the dichlorobenzene, have indicated which solid catalyst has the researched properties: good activity, reusable and which recovers all its activity by calcination.

Thus zeolite Y(15) was tested, first in its powder form. Preliminary calculations, using the Darcy law, have estimated the expected pressure drop (16 bars with a powder around 6-8µm) and this value was found acceptable for an operating pressure above 200 bar. Experiments confirmed the value of the predicted pressure drop. However use of zeolite powder proved to be very problematic, because all reaction runs ultimately lead to clogging of the reactor, very likely because these catalyst particles were indeed too small to be used in a fixed-bed reactor. Although duration of experiments were note sufficient (a few hours) to be really representative, a 10% yield was observed (2g/min of CO 2 , 0.05g/min of reactants with a ratio AS/AC=1/2, T=180°C, P=200 bar).

Fortunately, zeolite H-Y is also available in pelletized form: 1.5 mm in diameter and 2-5mm in length pellets, made with 20% inactive binder clay ("Montmorillonite K-10"). These pellets are more suitable and, indeed, their use did not lead to clogging inside the reactor. The pressure drop of the bed of pellets is expected to be much smaller, the observed pressure drop being mainly due to the fritted disk at the ends of the tube, and did not exceed 5 bar. 4 presents the time course of the product concentration at the output of the fixed bed. The influence of the calcination pre-treatment on the activity of the zeolite, where 15% yield against 5% with the non-calcined zeolite is observed. In a conventional solvent, the same behaviour was observed, i.e., an increase of yield when the zeolite is calcined. But Figure 4 also shows that the activity of the calcined zeolite declines rapidly after 60 minutes (maximal yield reached at this time). The study of the reusability of the zeolite by calcination is now under progress. Different operating conditions are planned to increase the yield and mainly to increase the life time of the zeolite.

CONCLUSION

From experiments in a conventional organic solvent, zeolite Y(15), among all the tested catalysts, was shown to be the only solid catalyst having the researched properties for this reaction (activity of the zeolite) and for its operation in a continuous fixed bed reactor (solid catalyst reusable by calcination). The different experiments carried out with this zeolite have given promising results, where few by-products were generated. The only detected one was the anhydride form of the AC, which could be easily eliminated by simple post reactional hydrolysis of the medium.

The experiments with supercritical CO 2 as the solvent, in a continuous fixed bed, yielded interesting and encouraging results, even if rapid deactivation of the zeolite was observed. Note that a specific formulation of the catalyst (pelletized form) was necessary to operate the fixed bed rector without clogging. This evolution has to be understood and improved very likely by varying temperature or pressure. In the continuous fixed bed, improvement of the yield can be done by increase of the residence time. Batch operation of the reaction in a high pressure agitated vessel is also under progress to better understand the different phenomenon, by direct comparison with results of batch experiments in dichlorobenzene.

Figure 1 .

 1 Figure 1. Scheme of the continuous high pressure fixed bed (length 50 cm, inner diameter 6mm)

Table 1 :

 1 The acylation over different types of solid acid catalysts

	Catalyst (SiO 2 /Al 2 O 3 )	Surface area (m	2 /g) Yield	a (time)
	360 HUA H-Y(15)		600	45% (6h)
	930 NHA H-β (27)		630		4% (6h)
	TZM-1013 H-Mor (12)		475	NR	b (6h)
	Resin	Amberlyst-15		53	6,3% (6h)
	HPA	H 3 [P(W 3 O 10 ) 4 ]		4,6	0,2% (6h)
		Ga 2 O 3	10-50 16,3% (3h)
	Oxide	In 2 O 3 Fe 2 O 3	25-50 45,5% (3h) 30-50 6,5% (3h)
		Bi 2 O 3	10-50	1,6% (3h)
	Clay	Mont. K-10		220	NR	b (6h)
	a Reaction conditions: 10mmol of AS; 10 mmol of AC; 50mL of S; catalyst
	loading 1,0g; temperature 180°C			

b NR: No Reaction

• calcined zeolite.