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14 Abstract: Catalyst material plays a pivotal role in the pharmaceutical industry process. Among
15 them, Friedel-Craft acylation reaction is a well-known reaction to synthesis acetophenone
16 derivatives. However, Friedel-Craft acylation mostly used acetyl chloride as starting material with
17 Lewis acid as homogeneous catalyst, which is nonenvironmental friendly process. In this work, a
18 simple and efficient Friedel-Craft acylation reaction is reported by using the palladium oxide doped
19 on activated bentonite (PdOAB) as the heterogeneous catalyst. The PAOAB catalyst material was
20 characterized with scanning electron microscopy-energy dispersive X-ray (SEM-EDX), nitrogen

21 isotherm adsorption, Fourier transform infrared (FTIR), X-ray powder diffraction (XRD), and
22 thermogravimetric-differential thermal analysis (TG-DTA). The acetophenone derivatives with R =
23 -H, -Cl, -CHs, -OCHs, -OH and -NH-: at para position were successfully synthesized from its
24 corresponding aromatic compounds with glacial acetic acid in 86.6, 7.9, 91.7, 86.6, 82.7, and 78.9%

25 yield, respectively. Therefore, a green method was established because the byproduct is water and
26 the catalyst material can be recovered. Furthermore, the substituent () constants were obtained by
27 using Hammet equation, and the catalysis mechanism has been proposed.

28 Keywords: palladium oxide; bentonite; Friedel-Craft; acetophenone; catalyst.

29

30 1. Introduction

31 Acetophenone is an organic compound which is consist of benzene bearing the acyl group
32 moiety [1]. Acetophenone and its derivatives were widely applied as anti-tumor [2], anti-
33 inflammatory [3], and anti-fungal [4] agents. Furthermore, they are used in organic synthesis process
34 of somebioactive compound, such as benzyl alcohol [5, 6], chalcone [7], benzophenone [8], pyrazoline
35 [9], and p-quinol cochinchinenone [10]. Because of their important bioactivity, the demand of
36  acetophenone derivatives is keep increasing by years. Acetophenone derivatives were mostly
37  prepared by using Friedel-Craft acylation [11] and the oxidation of ethylbenzene [12, 13] or 1-
38  phenylethanol [14]. Among them, Friedel-Craft acylation is a simple organic reaction between
39  aromatic compound with acetyl chloride in the presence of homogeneous AICL or FeCls as Lewis
40  acid catalyst. This conventional reaction is a nonenvironmental friendly process because the
41  hydrochloric acid is formed as the byproduct and the catalyst materials are hygroscopic [11].

42 Many researchers tried to find a green and simple method for Friedel-Craft acylation reaction.
43 Wei et al. reported that acetyl chloride could be replaced with acetic anhydride to suppress the
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44 halogen waste [15]. Nakajima et al. reported that glacial acetic acid could be used and yielding higher
45  atom economy compared with acetic anhydride [16]. However, only few reports were found for this
46  method probably due to a narrow suitability for organic compounds and some disadvantages, such
47  aslow yield and long reaction time due to the less reactivity of acetic acid. Therefore, it is necessary
48  to develop a green and convenient synthesis method of acetophenone derivatives [17].

49 Nowadays, palladium materials attract many attentions due to its high catalyst performance and
50  wide applicability. Many novel organic reactions were developed well in a quantitative yield, such
51  as Suzuki-Miyaura cross-coupling [18], Sonogoshira coupling [19], Buchwald-Hartwig amination
52 [20], Heck-Matsuda reaction [21], and so on. Some stereoselective reactions were also reported by
53  using palladium catalyst [22]. However, palladium catalysts are expensive, and thus their application
54 isbeing limited [23].

55 Bentonite is a low-cost material due to abundantly available in the nature. Bentonite, an
56  aluminosilicate material, constructs of an octahedral alumina layer and two tetrahedral silica layers
57  with Bronsted and Lewis acid sites. Miranda et al. and Salmon et al. reported that bentonite materials
58  was able to catalyzed electrophilic-substitution reaction through its Lewis acid site [24, 25]. In our
59  previous studies, catalyst materials based on bentonite were prepared and exhibited an excellent
60 ability and also a high efficiency for esterification [26], acetalization [27] and ketalization [28]
61  reactions. Moreover, bentonite framework provides a unique three-dimensional structure that
62  contributes to the high selectivity of the reaction product [29]. A combination between palladium and
63  bentonite materials as catalyst could enhance the efficiency of the Friedel-Craft acylation reaction.
64 In the present work, three types of materials were prepared, i.e. natural bentonite (NB), activated
65  bentonite (AB), and palladium oxide doped onto activated bentonite (PdOAB) and used as
66  heterogeneous catalyst for Friedel-Craft acylation reaction. The activation of NB was carried out by
67  using sulfuric acid at 80 °C for 3 h and then the palladium(II) ions were doped onto AB to obtain
68  PdOAB. All catalyst materials were applied to find an optimum condition to prepare some
69 acetophenone derivatives with the R = -H, -Cl, -CHs, -OCHjs, -OH and -NH: at the para position. The
70 reaction equation was shown in Figure 1. The catalytic activity was evaluated by a comparison with
71  NB and AB in lieu of the PAOAB. In our previous work, an unsteady state diffusion model was
72 proposed and applied to understand the slow release mechanism of urea and also predicted the urea
73 interaction onto the host material as well [30]. In this work, another mathematical model, that was
74  Hammet equation was used to analyze the effect of the various aromatic compounds with PAOAB
75  catalyst material to the Friedel-Craft acylation reaction. Even though the Hammet analysis in the
76 organic synthesis reactions was rarely reported, it is critical to understand the physical organic aspect
77  to optimize the reaction process as well as to propose the catalysis mechanism.

78
o)
R
Catalyst
+ CH3COOH
R
Figure 1. The synthesis of acetophenone derivatives
79
80  2.Results and Discussion
81  2.1. Preparation of AB and PdOAB materials
82 The AB material was prepared through the activation of NB by using sulfuric acid. The common

83  metalions (e.g. sodium, potassium, iron, calcium and aluminium [32]) in the bentonite interlayer were
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84  exhanged with protons from the sulfuric acid solution to yield AB material. By using sulfuric acid,
85  the metal ions were exchanged with protons. Afterwards, the palladium(II) ions replaced the protons
86  and PdO was doped onto the surface of the AB material when the pH was increased by using
87  ammonia solution.

R 1500 25.0kV x250'SE

Figure 2. SEM morphology of natural bentonite (a and b) activated bentonite (c and d) and PdO

doped on bentonite (e and f)

88 The morphology of the NB, AB and PdOAB materials were photographed by SEM and shown
89  in Figure 2. It showed that the morphology of AB was similar with NB but different from PAOAB.
90  The PAOAB material was agglomerated probably due to the strong ionic interaction between PdO
91  with the surface of the AB. From the Figure 2(f), the presence of tetragonal particles located on the
92 bentonite surface, confirmed that the PdO was sucessfully doped on the surface of the bentonite. The
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93  surface area and the total pore volume of the material were obtained from the nitrogen isotherm
94 adsorption experiment. It showed that after doping of PdO on the AB material, the surface area of
95  the material decreased from 6.277 to 2.057 m2 g, and the total pore volume decreased from 12.04 to
96  8.688 mm? gl. The decrease of the surface area and total pore volume occurred caused by the
97  agglomeration of the material after PdO doping. To quantify the palladium percentage in the PAOAB
98  material, the EDX analysis was recorded in triplicate for each sample. From the Table 1, the presence
99 of the metal cations, such as iron, sodium, calcium and aluminium were not detected, except a small
100  amount of potassium and titanium. However, after PdO doping, both remains cation were replaced
101  with palladium. The average mass percentage of the palladium in the PAOAB material was 3.87%.

102
103 Table 1. Elemental composition of AB and PdAOAB materials
Mass percentage (%)
Elements AB PAOAB
Oxygen 49.48 43.99
Aluminium 9.36 9.34
Silicon 38.81 42.8
Titanium 1.92 0.00
Potassium 0.44 0.00
Palladium 0.00 3.87
104
105 To confirm the palladium species and crystal structure, the X-ray diffractogram were measured

106  and shown in Figure 3. The peak doo1 at 20 = 10° of the AB (Figure 3(b)) was decreased compared with
107  NB (Figure 3(a)). It confirms that the amount of the metal ions on the bentonite interlayer was
108  decreased and showed that the activation of NB was successfully conducted. Furthermore, new
109  peaks were appeared at 20 around 29, 33 and 41, in which correspond to the PdO peak with
110 tetragonal crystal system (JCPDS 00-043-1024) and confirmed that the doping process of PdO on the
111 AB material took place. It was also confirmed from the Figure 2d, that the tetragonal particles on the
112 bentonite surface were PdO.

| 7T T W

a
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20
Figure 3. Diffractogram of a) NB, b) AB and c¢) PAOAB materials
113 The FTIR spectra of NB, AB and PAOAB were shown in Figure 4. The Si-O-Si peak at 939 cm!

114 decreased due to the activation process of NB. On the other hand, the TG-DTA graph of the PAOAB
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115 material is shown in Figure 5. The PAOAB material underwent endothermic process at 225 and 300
116  °C, however the mass loss percentage was less than 10%. It showed that the PAOAB material has a
117  good thermal stability even at 850 °C, thus it can be applied as catalyst material at that temperature

118  range.
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Figure 4. FTIR spectra of a) NB, b) AB and c¢) PAOAB materials
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Figure 5. TG-DTA graph of the PdAOAB material (Solid line: TG; Dotted line: DTA)
120

121 2.2. The effect of catalyst mass and reaction time span towards the yield of the acetophenone products

122 In this work, the acylation reaction of the aromatic compounds gave the para subtituted
123 acetophenone as the major product, while the ortho product was not regarded. Figure 6 showed the
124 effect of the catalyst mass towards the yield of the acetophenone product at 5 h reaction time. Overall,
125 the acetophenone derivatives produced shot up with the increase of the catalyst mass. However, the
126  yield of some acetophenone derivatives decreased by the increase of the catalyst mass due to the
127 adsorption process on the catalyst material. Compared to the uncatalyzed reaction (m = 0.00 mg), NB
128  was able to increase the products yield until 20% (Figure 6(a)) because of the acid sites of the NB
129 catalyst were occupied with other metal ions, such as sodium, potassium, calcium and so on.
130  Therefore just a few amounts of aromatic compounds were activated on the catalytic sites.
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Figure 6. Dependency profile from the synthesis of acetophenone derivatives with the mass of (a)
NB, (b) AB and (c) PAOAB catalyst materials
132 Figure 6(b) showed that the AB catalyst was more effective than NB catalyst due to the activation

133 process. The yields of the products reached the equilibrium state when 200 mg catalyst was
134 employed. However, the yield of the products (except 4-methylacetophenone) were not satisfied
135  enough. The yield of the products were affected by the kind of R substituent. The electron donor
136  substituents, such as methyl, methoxy and hydroxy, tend to increase the yield because the aromatic
137  ring became more active to react. Even though the amino group is an electron donor substituent, the
138 yield of the 4-aminoacetophenone reached 10.41% only by using 200 mg AB catalyst. It occurred
139 because the amino substituent acted as a base, therefore, it was very easy to interact with the acid
140  sites of AB catalyst and became protonated. Likewise, electron withdrawing group, i.e. chloride gave
141  alow yield.

142 Figure 6(c) showed that the PAOAB can enhance the reaction yields, therefore this material was
143 the most efficient catalyst compared to NB or AB. The doped PdO onto the surface of the activated
144 bentonite could activate the the reactant via Lewis acid-base interaction, and consequently, the yield
145  of the products remarkably increased. It was found that 150 mg of PAOAB catalyst was enough to
146  reach the equilibrium state, however, the yield of the 4-hydroxyacetophenone and 4-
147  aminoacetophenone were drastically reduced when the catalyst mas was over than 150 mg. It was
148  caused by the interaction between palladium metal ion and the hydroxy or amino groups as the

149  ligand.

150 The catalyst efficiency was in a good correlation with the acid sites of each catalyst. Brensted
I51  and Lewis acid sites were determined from the vapour adsorption of ammonia and pyridine on the


http://dx.doi.org/10.20944/preprints201810.0246.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 October 2018 d0i:10.20944/preprints201810.0246.v1

7 of 16

152 catalyst surface. The Brensted acid sites on the NB, AB and PAOAB materials were 2.89, 8.66 and 3.51
153 mmol g, respectively, while Lewis acid sites were 4.08, 3.29 and 7.16 mmol g7, respectively. It was
154  confirmed that the catalytic efficiency of AB is better than NB due to a high Brensted acid sites,
155  because the Friedel-Craft acylation required Brensted acid sites for the formation of the acylium ion
156  as the intermediate [15]. Even though, the Brensted acid sites of the PAOAB decreased compared
157  with AB catalyst, however, the catalytic activity was better. It was due to the presence of a higher
158 Lewis acid sites that could stabilize the reaction intermediates [33-35].

159 The reaction time of the Friedel-Craft acylation was investigated to find the optimum reaction
160  time for each catalyst on each optimum catalyst mass. Figure 7(a) showed that all of the reactions
161  have not reached the equilibrium even in 6 h. Moreover, without any catalyst, the yield of the
162 products was very low, that was not more than 8%. Figure 7(b)-(d) shows the effect of the catalyst
163 materials on the yield of the products. Overall, the yield of the products increased compared to the
164  uncatalyzed reaction. It meant that the bentonite materials can be used as the catalyst for the Friedel-
165  Craft acylation reaction due to the presence of the acid catalytic sites. Since the AB had more active
166  acid sites than NB, the catalytic activity of the AB was better than NB. Figure 7(c) showed that the
167  reactions between 4-methoxybenzene and acetic acid glacial reached the equilibrium state after 5 h
168  reaction time, however, it was reduced to 4 h reaction time by using PAOAB catalyst material as
169  shown in Figure 7(d). It was occurred due to the additional catalytic sites from the PdAOAB material.

170 The required time to reach the reaction equilibrium state was determined from the plot between
171  reaction rate and reaction time as shown in Figure S1. The equlibrium state reached when the reaction
172 rate (%) reached the zero value. Figure S1 showed that PAOAB remarkably enhanced the initial

173 reaction rate 1.67-16.89 times faster that AB catalyst, therefore the time reaction of the the reaction
174 catalyzed by PAOAB was shorten. Table 2 shows the optimum condition for Friedel-Craft acylation
175 of the benzene derivatives over the varied substituents. The reaction order and rate constant were
176  calculated from equation (3) and shown in Table 3. Even though the reaction order and rate constant
177 for 4-chlorobenzene in not satisfied, other Friedel-Craft reactions were described well. The reaction
178 order was around 1.00 for benzene derivatives with R = -H, -CHs, and -OCHs substituents, showing
179 that the unimolecular reactions were occurred. On the other hand, the bimolecular reactions were
180  found for the acylation of benzene derivatives with -OH and -NH: groups.

181 The PAOAB catalyst material was the best among the others, except for 4-chloroacetophenone
182  that mightbe due to the strong electronic interaction between palladium as the soft acid and/or Lewis
183 acid sites with chloride as the soft base [36]. However, further investigation is required to understand
184  the interaction between chloro substituent with PAOAB catalyst material in details. The results
185  demonstrating that PAOAB catalyst was more efficient than either AB and NB catalyst materials.
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Figure 7. Reaction time dependency profile from the synthesis of acetophenone derivatives
without any catalyst (a) and with (b) NB, (c) AB and (d) PAOAB catalyst materials

186
187 Table 2. The optimum reaction condition for the Friedel-Craft acylation
R Catalyst Catalyst mass (mg) Reaction time (h) Yield (%)
H PdOAB 150 5 84.24
Cl AB 200 5 14.01
CHs PdOAB 150 4 91.65
OCHs PdOAB 150 5 86.63
OH PdOAB 150 4 62.42
NH: PdOAB 150 5 53.07
188
189 Table 3. The kinetic parameter of the Friedel-Craft acylation catalyzed by PdAOAB
R R? M k'
H 0.992 0.85 0.735
Cl 0.888 18.89 2.679 - 10
CHs 0.998 1.11 0.603
OCHs 0.997 0.72 1.069
OH 0.966 2.12 0.018
NH: 0.970 2.11 0.012

190
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191  2.3. Reusability of PAOAB material

192 To evaluate the reusability of the PAOAB catalyst material, the optimum condition for 4-
193 methoxyacetophenone was selected. The catalyst material was recovered after reaction by filtration
194  and then dried and also reused as the catalyst. The reaction yield decreased cycle by cycle of the
195  reaction and reached constant at 71.4% yield in the third cycle, as shown in Table 4. It was caused by
196  the palladium ions were leaked from the PAOAB material to the acidic solution. It showed that the
197  palladium(Il) plays a pivotal role in the reaction mechanism. The percentage of the eluted palladium
198  was calculated from the aqueous phase by using FAAS in a comparison with the initial palladium
199  concentration in the material (3.87% weight) from the EDX analysis (Table 1). Even though the
200  palladium was leaked, the catalyst activity was still high enough, therefore it showed that the
201  heterogeneous PAOAB catalyst material was an efficient material that could be easily recovered and
202 reused by a simple filtration process.

203
204 Table 4. PAOAB catalyst recycling investigation
Cycle Eluted Palladium (%) Reaction yield (%)
1 8.09 86.6
2 10.33 75.2
3 10.65 71.4
4 10.65 71.4
205

206  2.4. Hammet analysis of the synthesis of acetophenone reaction

207 To understand the catalytic mechanism, the Hammet analysis was carried out. Based on the
208  equation (4), the o values for each substituent (Table 5) were predicted with an assumption that p
209  was 1.00. If the o value was negative, the substituent can pull the electron density of the aromatic
210  ring to the para position, therefore its ability to act as nucleophile was reduced. The ¢ value for chloro
211  substituent was not satisfied due to its poor yield and its catalytic inhibition to PdOAB Lewis sites.
212 The amino and hydroxyl groups, which usually had positive o value [31], showed negative c values.
213 It caused by whether strong hydrogen bonding interaction with acid sites of the catalyst or the
214  protonation of the hydroxyl and amino functional groups in the acidic condition to form -OHz* and -
215  NHs, respectively. Therefore the electron density was getting further from the para position. The
216 methyl group is an activator substituent, however, the ¢ values of the hydrogen and the methyl group
217  were similar. Methoxy group is one of the strong activator substituent, therefore the o value of
218  methoxy group was positive as expected.

219
220 Table 5. The o constant for each substituent
R c
H 0.00
CH:s -0.09
OCHs 0.16
OH -1.62
NH: -1.78
221

222 3.5. Proposed mechanism of the catalyzed Friedel-Craft acylation reaction with PAOAB material
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Figure 8. Plausible reaction mechanism of the Friedel-Craft acylation involving the acid site of the
PdOAB catalyst

The catalyzed Friedel-Craft reaction mechanism was predicted based on the physicochemical
properties of the PAOAB material and its catalytic activity. From the SEM (Figure 2(f)) and XRD
(Figure 3(c)) results, the tetragonal palladium oxide was located on the surface of the material,
therefore increased the Lewis acid sites of the catalyst material. Many researchers reported that the
catalyzed acylation reaction mechanism strongly depended on the acidity properties of the materials
[15, 35, 37]. The AB material had higher Brensted acid sites, therefore it showed a higher catalytic
activity than the NB material and gave a higher yield toward Friedel-Craft acylation reaction.
However, the catalytic activity of the PAOAB material was the highest, even though it had lower
Bronsted acid sites but higher Lewis acid sites compared with AB. It meant that both acid sites were
important for the reaction catalysis mechanism. However, Lewis acid sites seem to play a pivotal role
on the PAOAB catalytic reaction mechanism. The first reason is the yield of the reaction depends on
the palladium concentration in the PAOAB material (Table 4), while the second is the catalytic activity
of the PAOAB for 4-chlorobenzene was lower than AB (Figure 7) due to the suitable interaction

doi:10.20944/preprints201810.0246.v1
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240  between the chloro substituent as soft base and the palladium(II) ion as soft acid. From these results,
241  the reaction mechanism with PAOAB catalyst was proposed and shown in Figure 8.

242 At first, the acetic acid was adsorbed on the Lewis acid sites of the palladium ion. Then the
243 hydroxyl group of the acetic acid was protonated and generated the acylium ion and water as the
244 byproduct. Afterwards, the aromatic compound was adsorped on the catalyst surface through the 7t-
245 7 interaction between aromatic ring and palladium ion as well as the dipole interaction between
246  palladium ion and the polar R groups (R = Cl, OH, OCHs and NH?>). Because of both interactions and
247  the steric hindrance, the acylation of the aromatic compound selectively occurred on the para
248  position. This step seems to be the rate-determining step, because the yield of the product was
249  affected by the kind of R substituent as well as the catalyst amount. For R substituent with a positive
250 o value (R = CHs), the intermediate was stabilized and consequently, the yield of the reaction was
251 remarkably enhanced. For the R substituent with a value near to zero (R = H and OCHs), the
252  intermediate was not strongly adsorped on the PAOAB surface, therefore, the electron density of the
253  aromatic ring was enough to react with the acylium ion. However, the R substituent with a negative
254 o value, such as OH and NH: groups, the aromatic compound was strongly adsorped due to its
255  interaction with palladium ion, therefore the electron density of the aromatic ring was not strong
256  enough to attack the acylium ion. It was also confirmed in Figure 6(c), in which the yield of the
257  product was decreased if the catalyst mass was more than 100 mg. Finally, the acetophenone
258  derivative product was desorped and the catalyst active site was regenerated. This reaction
259  mechanism was in agreement with the other result. Frouri et al. reported that furfural acylation was

260  facilitated by the additional Lewis sites from the alumunium(III) on the hydroxyide fluoride catalyst
261  [35].

262

263 3. Conclusions

264 The activation of the bentonite material and PdO doping on the activated bentonite have been
265  conducted to obtain AB and PdOAB catalyst materials. The prepared catalyst materials were
266  characterized by SEM, EDX, FTIR, XRD and TG-DTA analysis. These catalysts (i.e. NB, AB and
267  PdOAB) were applied in the synthesis of the several acetophenone derivatives via Friedel-Craft
268  acylation reaction. The kinetic analysis of these catalytic reactions has been carried out and resulting
269  that the PAOAB catalyst was the most efficient catalyst compared to NB and AB catalysts. The Friedel-
270  Craft acylation reactions catalyzed by PAOAB were unimolecular or bimolecular reaction depend on
271  the substituent of the reactants. The proposed mechanism of these catalytic reactions showed that the
272 interaction of the reactant and catalyst was more dominant through Lewis acid site instead of
273 Brensted acid site. By employing a reusable PAOAB catalyst material for the Friedel-Craft acylation,
274  asimple, green and efficient reaction process has been achieved.

275

276 4. Materials and Methods

277  4.1. Materials

278 Glacial acetic acid, benzene, chlorobenzene, anisole (methoxybenzene), toluene
279  (methylbenzene), phenol (hydroxybenzene), aniline (aminobenzene), palladium(Il) nitrate,
280  anhydrous sodium sulfate, ammonia solution and chloroform were purchased from E. Merck
281  (Germany) in analytical grade and used as it is without any further purification, while the natural
282  bentonite was obtained from Tasikmalaya, West Java, Indonesia.

283
284 4.2. Equipments
285 Fourier transform infrared (FTIR) spectra of the catalyst materials and synthesized products

286  were recorded on a Shimadzu Prestige-21 FT-IR spectrophotometer. Proton nuclear magnetic
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287  resonance (tH-NMR) spectra were obtained in the deuterated chloroform on a JEOL-MY 500 proton
288  NMR spectrometer. The X-Ray diffractogram of the catalyst materials was recorded on an X-Ray
289  Diffraction (XRD) Shimadzu S-6000. The surface morphology and elemental composition of the
290  catalyst materials were measured by using scanning electron microscope (SEM) with energy
291  dispersive X-ray (EDX) on JEOL JSM-6510. The thermal stability of catalyst materials was evaluated
292 by thermogravimetric-differential thermal analysis (TG-DTA) while the surface area of the catalyst
293  materials was measured by using Brunauer-Emmett-Teller (BET) method from the nitrogen
294  physisorption. Flame Atomic Absorption Spectroscopy (FAAS) was used to measure the palladium
295  concentration which was released from the heterogeneous catalyst material into the solution mixture.

296
297  4.3. Bentonite activation in the acidic solution
298 At first, the mashed NB was filtered to 100 mesh. Then 100 g of the material was soaked in 300

299  mL of 1.0 mol dm sulfuric acid and heated at 80 °C for 3 h. The mixture washed with distilled water
300  until neutral. The residue was dried at 120 °C for 6 h and then filtered to 100 mesh. The obtained AB
301  material was characterized by SEM-EDX, BET, FTIR, and XRD.

302
303 4.4. Preparation of PAOAB material
304 As much as 4.0 g of activated bentonite was added into the 20 mL of 0.1 M palladium(II) nitrate

305  solution and stirred for 30 min. The ammonia solution (20 mL, 6.0 M) was added dropwise and the
306  mixture was stirred overnight at room temperature. The mixture was filtered, and the residue was
307  dried at 120 °C for 6 h and then homogenized to 100 mesh. The PAOAB material was characterized
308 by SEM-EDX, BET, FTIR, XRD and TG-DTA.

309

310 4.5. Acetophenone synthesis

311 Under the nitrogen atmosphere, as much as 1.56 g (20 mmol) benzene was added into 25 mL
312 (438 mmol, 22 equivalent) of glacial acetic acid. Then, the catalyst (NB or AB or PAOAB) was added
313  into the solution. The mass of catalyst was varied from 0 (without catalyst); 0.05; 0.10; 0.15and 0.20 g
314 tofind the optimum mass of each catalyst material. The mixture was refluxed for 6 h and then filtered
315  to separate catalyst and the crude product, after that the product was extracted from crude product
316  into the chloroform. The organic layer was washed with distilled water and dried over anhydrous
317  sodium sulfate. The chloroform was evaporated to obtain the desired product. The other
318  acetophenone derivatives, ie. 4-chloroacetophenone, 4-methylacetophenone, 4-
319  methoxyacetophenone, 4-hydroxyacetophenone and 4-aminoacetophenone were obtained in a
320  similar manner as described above. Especially, additional acid hydrolysis process was required to
321  hydrolyze the ester and amide functional groups of the intermediate to obtain the 4-
322 hydroxyacetophenone and 4-aminoacetophenone as final products. The FTIR and 1H-NMR spectra
323 of the obtained products were similar to the standard compounds. The reaction time was also varied
324 from 0.5; 1; 2; 3; 4; 5 and 6 h to obtain the optimum reaction time.

325  Acetophenone. IUPAC name: 1-Phenylethanone. CsHsO. FTIR (KBr, cm-), 3089 (C-H sp2), 2969 (C-H
326  spd), 1691 (C=0), 1584 and 1450 (C=C aromatic). 'H-NMR (CDCL, d/ppm) 2.4 (s, 3H, COCHs), 7.30
327  (t, 2H, Ar-H meta), 7.42 (t, 1H, Ar-H para), 7.84 (d, 2H, Ar-H ortho).

328  4-Chloroacetophenone. IUPAC name: 1-(4-Chlorophenyl)ethanone. CsH-ClO. FTIR (KBr, cm), 3064 (C-
329 Hsp?), 2968 (C-H sp3), 1687 (C=0O), 1589 and 1488 (C=C aromatic), 588 (C-Cl). 'H-NMR (CDCl, d/ppm)
330  2.67 (s, 3H, COCHs), 7.41 (d, 2H, Ar-H meta), 7.83 (d, 2H, Ar-H ortho).
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331 4-Methylacetophenone. IUPAC name: 1-(4-Tolyl)ethanone. CoH10O. FTIR (KBr, v/cm-?), 3052 (C-H sp?),
332 2968 (C-H sp?), 1682 (C=0), 1574 and 1430 (C=C aromatic). 'TH-NMR (CDCl;, &/ppm) 2.34 (s, 3H, CHs),
333 2.59(s, 3H, COCHa), 6.61 (d, 2H, Ar-H meta), 7.51 (d, 2H, Ar-H ortho).

334 4-Methoxyacetophenone. IUPAC name: 1-(4-Methoxyphenyl)ethanone. CsH10O2. FTIR (KBr, cm), 3000
335  (C-H sp?), 2941 (C-H sp?3), 1668 (C=0), 1577 and 1445 (C=C aromatic), 1261 (C-O). 'H-NMR (CDCl;,
336 ®/ppm)2.59 (s, 3H, COCHs), 3.79 (s, 3H, OCH), 6.77 (d, 2H, Ar-H meta), 7.51 (d, 2H, Ar-H ortho).
337  4-Hydroxyacetophenone. IUPAC name: 1-(4-Hydroxyphenyl)ethanone. CsHsOz. FTIR (KBr, cm), 3147
338  (O-H), 3019 (C-H sp?), 2963 (C-H sp?3), 1588 (C=0), 1515 and 1441 (C=C aromatic), 1286 (C-O). 'H-
339  NMR (CDCl, d/ppm) 2.61 (s, 3H, COCHs), 7.06 (d, 2H, Ar-H meta), 7.84 (d, 2H, Ar-H ortho), 8.69 (s,
340 1H, OH).

341 4-Aminoacetophenone. IUPAC name: 1-(4-Aminophenyl)ethanone. CsHsNO. FTIR (KBr, cm™), 3396
342 and 3324 (H-N-H), 3064 (C-H sp2), 2956 (C-H sp3), 1594 (C=0), 1568 and 1439 (C=C aromatic), 1283
343 (C-N).H-NMR (CDCl, d/ppm) 2.47 (s, 3H, COCHa), 4.31 (s, 2H, NHz), 6.69 (d, 2H, Ar-H meta), 7.74
344  (d, 2H, Ar-H ortho).

345
346  4.6. Kinetic of the Friedel-Craft acylation catalyzed by PAOAB catalyst material
347 The rate equation of the Friedel-Craft acylation reaction was given by equation (1)
d[product
r= % = k [benzene derivative]™ [acetic acid]® 1)

348 where r is the reaction rate, t is the reaction time, k is the rate constant, and m and n are the reaction
349  order towards benzene derivative and acetic acid, respectively. The reaction rate was obtained as
350  gradient for a graph between product concentration (mmol dm=3) and reaction time (h). Since the
351 acetic acid concentration was in excess amount, the equation (1) can be simplified to equation (3),
352  therefore m and k’ values can be obtained as slope and intercept, respectively.

d[product
% = k' [benzene derivative]™ ()
d[product] o ,
log —a (= m - log[benzene derivative] + logk 3)
353
354 4.7. Analysis of the substituent variations effect (o) in the synthesis of acetophenone derivatives
355 The effect of the substituent variations in the synthesis of acetophenone derivatives has
356  been analyzed by using the Hammet equation as described below [31]
1 K 4
0g(~ = op @

357  where K is the experimental rate constant of the reaction for benzene (R =-H), k' is the experimental
358 rate constant for benzene with other substituents, ¢ is the substituent constant, and p is the reaction
359  constant.

360 Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Time course
361 dependency on the reaction rate of the Friedel-Craft acylation reaction catalyzed by NB, AB and PdOAB for (a)
362 acetophenone, (b) 4-chloroacetophenone, (c) 4-methylacetophenone, (d) 4-methoxyacetophenone, (e) 4-
363 hydroxyacetophenone, and (f) 4-aminoacetophenone
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