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Abstract

Polychlorinated aliphatic or aromatic compounds are hydrodehalogenated under mild condita@333{343K; pH=0.1MPa) in
methanol containing an organic or inorganic base, using intercalated Pd(Il) and Rh(lll) as metal catalysts. Both “naked” ions inserted
into y-Zirconium phosphateytZrP-M) and their complexes with 2;:Bipyridyl (bipy) or 1,10-phenanthroline (phen}ZrP-M-L (L = bipy,
phen) intercalated into the same matrix have been used. A recently prepared material containing intercalated octadecyltrimethylammonium
ion, y-ZrP-Cyg (C15= C1gH37N(CHjz)3"), with an unusually large interlayer distance has been also used as support. The catalytic activity
depends on the metal, the ligand and the base. The best results have been obtained upon yamthblBase. Pd-compounds are more
active but less stable than the analogous Rh-compounds. Bipy and phen ligands play a dual role: in fact, they reduce the catalytic activity, but
they increase the stability over time and the recycling possibility of the catalyst. Conversely, the catalyst based on naked metal ions inserted
intoy-ZrP charged with surfactant ions exhibits an initial catalytic activity comparable with that of the materials described above, but it looses
more rapidly its activity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction stability over the time. A review on the catalytic hydrode-
halogenation by palladium catalysts in both liquid and gas
Chlorinated organic compounds are noxious and persis-phase did appear in 20Q22]. It should be stressed that this
tent pollutants owing to their inertness and, in general, low metal-catalyzed technology is by far preferred to the thermo-
biodegradability. An efficient procedure for their abatement oxidative—and/or chemical oxidation—destruction ones that
is the hydrodechlorination that can be performed upon re- may produce species more toxic than the reactants, particu-
acting the chlorinated species with hydrogen at atmosphericlarly chloro-dioxins and/or phosgei23—26]
or higher pressure in the presence of transition metal centres In recent years, we have investigated the use of titanium
or their complexes, at 300—373 K. Noble metals supported and zirconium hydrogen phosphate, bothwagnd~y-phase
on coal, silica or alumina have mostly been used as catalyst«-TiP andy-ZrP), as “heterogenizing” support. These in-
[1-21], but their practical application is limited by their poor organic zeolite-like ion-exchanger materials, with layered
structure, are able to locate in their layers either “naked
* Corresponding author. Tel.: +39 0805442093; fax: +39 0805442129, 10Ns” or transition metal complexes. Remarkably, the inserted
E-mail addressgiannoccaro@chimica.uniba.it (P. Giannoccaro). metals or complexes, sometimes, are more active than the

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.10.026



134 P. Giannoccaro et al. / Journal of Molecular Catalysis A: Chemical 227 (2005) 133-140

non-supported compounfi&7] and the intercalated catalysts 2.4. Substrate hydrodechlorination
can be easily recovered and reused, preserving in most cases

their catalytic activity over several runs. All reactions were carried out in a 175mL glass
In this paper we report on the activity of some reactor. In a typical experiment, 20mL of a methanol
zirconium-phosphate materials, containing either “naked solution of GHsCl 0.25M, 2mL of NEg and 60mg of
ions” (y-ZrP-Me; Me=Pd(ll), Rh(lll), or their N,N'- v-Zr(PQy)2H1.8Pth.1-:2.5H0  (CsH5CI/Pd =282 mol/mol)
diamine complexesy¢ZrP-Me-L; L =2,2-bipyridil, 1,10- were introduced in the reactor under nitrogen atmosphere at

phenantroline), for the hydrodechlorination of chloroben- 343 K. Hydrogen was bubbled for 2 min and then the reactor
zenes, polychlorobenzenes and other polychlorinatedwas closed at atmospheric pressure of Fhe mixture was
aromatic and aliphatic compounds, which are converted into reacted under stirring at 343K for 1h. The reactor was
the relevant hydrocarbons. The preliminary results have beenthen cooled at ambient temperature and the volume ;of H
reported in 200228]. consumed was calculated by a gas burette measuring the
The influence of the reaction conditions on the catalytic required gas to restore the initial pressure in the reactor.
activity as well as on the stability over time and recycling of The reaction mixture was filtered and the solution was LGC
different materials is also reported and discussed. analysed for reactants and products. The catalyst on the
filter was washed with a 1:2 methanol-diethyl ether mixture
and recovered. It was either directly used in another run, to

2. Experimental test its catalytic stability, or for XPS analysis, to detect the
oxidation state of the metal centres (Sedles 2—4 and)6
2.1. Chemicals and materials The same procedure was used for all the reactions involv-

ing other catalysts, substrates and bases. Catalyst amaunt, H
Rh(lll) nitrate, Pd(Il) chloride, 2,2bipyridil (bipy), uptake, halogenated compounds reacted and TOF, expressed

1,10-phenanthroline (phen) and solvents were Aldrich as mole of dechlorinated compounds per mole of metal per
products and were used as purchased. The precursohour, are reported ifiables 1-5
materialy-zirconium phosphatey-Zr(POy)(H2POy)-2H,0
(y-Zr-P) was prepared according to the literature proce-
dure [29-31] vy-Pd(ll)-zirconium phosphatevy¢(ZrP-Pd), 3. Results and discussion
v-Rh(lll)-zirconium  phosphate ~(ZrP-Rh), ~v-Pd(ll)-
ligand-zirconium phosphatey{ZrP-Pd-L; Ligand = bipy or The Pd(ll)- and Rh(lll)-intercalateg-zirconium phos-
phen), andy-Rh(ll)-ligand-zirconium phosphatey{ZrP- phate catalytic systemsy{rP-M), their corresponding
Rh-L; Ligand=bipy or phen) were prepared as already materials in which the metal centres are coordinated
reported [32—35] v-Pd(ll)-octadecyltrimethylammonium-  to 2,2-bipyridyl (bipy) or 1,10-phenantroline (phen)-(
zirconium phosphate (ZrP-Pd-Gg), vy-Rh(lll)-octa-  ZrP-Pd-L, y-ZrP-Rh-L; L=bipy, phen), or the more re-
decyltrimethylammonium-zirconium phosphate - ( cently prepared36] derivatives that bear an intercalated
ZrP-Rh-Gg), were also prepared as recently described octadecyltrimetylammonium iony-ZrP-M-Cig (M =Pd,
[36]. Rh; Cig=CigH37N(CHz3)3™), that imposes a greater inter-
layer distance, are effective in the hydrodechlorination of
monochloro- and polychlorobenzenes (reactidns(2)) and
other polychlorinated aliphatic and aromatic compounds
(tetrachloroethylene, esachloroethane, benzylchloride)

2.2. Physical measurements

GLC quantitative analyses of reaction products were

carried out with a Varian Chrompack CP 3800 gas chro- C4HsCl + Hy — CgHg + HCI (1)
matograph connected to a Varian “Star chromatograph
workstation”, using a CP Sil8 CB 30 m 0.53i.d. capillary col- CeH(6-»Clx +xHz2 — CgHg + xHCI )

umn and toluene as internal standard. GC-MS analyses Wen?1 <x<6).
performed using a Hewlett-Packard instrument. X-ray photo- * =,
electron spectra were taken with a Leybold LHS 10 spectrom-
eter: the experimental details were already descriBéf

The dehalogenation reaction has been monitored by both
a quantitative analysis of reagents and products by gas-
chromatography and measuring the volume of reacted hy-
drogen. The titration of HCI developed, when the reaction is
2.3. Catalyst pre-reduction carried out without the addition of a base, has also been used

as a means of controlling the course of the reaction.

The catalyst was suspended in methanol in a glass reactor, All the catalysts, with the exception of those containing
under B at atmospheric pressure, and allowed to react underintercalated palladium ions exhibit an induction time and
stirring at 345K for a fixed time (3, 5, and 7 h). Then, it was the rate of dehalogenation reaches a maximum within 3-5 h.
recovered by filtration dried in vacuo and used for catalytic Blank tests have shown that a methanol solution of a Pd(ll)-
reactions and XPS characterization. salt, nitrate or acetate, treated with irhmediately produces
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Table 1
Hydrodechlorination of gHsCl in presence of Nitat 343 K under 0.1 MPa of 3
Entry Catalyst Vi, (ML) CsHsCI (mmol) reacted TOFE
1 v-Zr(POy)2H1 8P h.1-2.5H,0 (Pd% =3.14), 60 mg 101 4.49 254
2¢ v-Zr(POy)2H1 8Pth 1-:2.5H0 104 451 255
3 v¥-Zr(POs)2H1.46RMp 181.75H0 (Rh% =5.57), 50 mg 16 0.68 25
4° v-Zr(POy)2H1 46Rp 18- 1. 75H0 41 1.84 68
54 v-Zr(POs)2H1 46Rhp 181.75H0 68 3.03 112
6° v-Zr(POy)2H1 46Ro 18- 1.75H0 67 2.97 110
7 y-Zr(PO4)2H1_64Pcb_13(bipy)o_27-1.9H20 (Pd% = 5.06), 40 mg 45 2.02 106
8 ¥-Zr(POy)2H1.64Ph.18(bipy)o.27-1.9H0 7 3.42 180
od ¥-Zr(POy)2H1.64P b 18(bipY)o.27-1.9H0 91 4.05 212
1¢° ¥-Zr(PCy)2H1.64P b 18(bipY)o.27-1.9H0 90 4.01 210
11 v-Zr(POy)2H1.44P b 28(Pheny 2g:1.75H,0 (Pd% =7.55), 40 mg 21 0.91 32
12d y-Zr(PO4)2H1,44P(b,28(Phenh,28-1.75I—bO 99 4.41 155
13 V-Zr(POy)2H1 44P b 28(Pheny 2g:1.75H,0 92 4.10 144
14d V-ZF(PO4)2H1.4Rh).20(bipy)o_22-2H20 (Rh% = 5.51), 40 mg 44 1.93 90
15° v-Zr(POy)2H1 4R 20(bipy)o.22:2H20 42 1.88 88
lGd ’y-ZI’(PO4)2 H1_16be_23 (Phena,_40-2.6H20 (Rh% = 6.70), 40 mg 40 1.80 69
17 v-Zr(POy)2 H1.16Rho 28 (Pheny 40-2.6H,O 40 1.77 68
18 v¥-Zr(POs)2H1 46P b 18(C18)0.182H20 (Pd% =4.86), 40 mg 62 2.74 150
19 ¥-Zr(PO4)2H1 46Ph.18(C18)0.18:2H20 78 3.47 190
207 v-Zr(POy)2Ho 6R o 3(C18)0.5:2H20 (Rh% =6.16), 40 mg 54 2.39 100
21° v-Zr(POy)2Ho.6Rho.3(C18)0.5:2H20 51 2.27 95
2 In all experiments 20 mL of a methanol solution oft5Cl (0.25 M) and 2 mL of NEf were used. The reaction time is 1 h.
b Turnover frequency (TOF) expressed as mole of chlorobenzene reacted per mole of metal per hour.
¢ Pre-reduced underzht 343K for 3h.
d pre-reduced undergat 343K for 5 h.
€ Pre-reduced undersat 343K for 7 h.
Table 2
Catalytic stability of Pd-materiats
Entry Cycles Catalysts &Es5Cl (mmol) reacted TOFE
1 2 v-Zr(POy)2H1 8P 10:2.5H0 (Pd% =3.14), 60 mg 8.85 250
2 4 7.86 222
3 6 6.13 173
4 7 3.89 110
5 2 v-Zr(POy)2H1 64Ph 18(bipYy)o.27-1.9H,0 (Pd% =5.06), 40 mg 7.60 200
6 4 7.00 184
7 6 5.93 156
8 7 4.56 120
9 2 v-Zr(POys)2H1 44Ph 28(Pheny 2g:1.75H0 (Pd% = 7.55), 40 mg 7.95 140
10 4 7.43 131
11 6 6.53 115
12 7 5.39 95

2 |n all experiments 20 mL of a methanol solution ofH;Cl 0.5 M and 2 mL of NE§ were used. The catalyst were pre-reduced undeedore the use.
Reaction conditionsT =343 K; pH, =0.1 MPa; time =2 h.

b Turnover frequency (TOF) expressed as mole of chlorobenzene reacted per mole of metal per hour.

a suspension of Pd black. Similarly, a methanol solution of v-Zr Rh(I1T)H(2 - 31 (POs)2 + xHa
RhCkL-3H20 produces a fine black suspension of reduced Rh,
but with a slower kinetics. Moreover, the addition of either

bipy or phen to the methanol solution of metal salts causes

in all cases, a decrease of the reduction rate.

These features suggest that the catalytically active species
are not the initial intercalated metal ions or complexes, but
their reduced forms produced by interaction with molecular (o<x<1 for Pd-compounds, and 9x<0.66 for Rh-

hydrogen (reaction&)5)).

¥-ZrPd(I1),Hez - 20)(PQs)2 + xHz — y-ZrPd(0)Hb(PQy)2

compounds).

It is worth noting that the protons generated in the
reductive process involving Pd(ll), Rh(lll) and Rh(l)
3) for the electro-neutrality of the materials remain in the

— y-ZrRh(I)xH(2 - 1 (POs)2

Y-ZrRh(I)xHez - x)(PQs)2 + x/2H;
— y-ZrRh(0);H2(POy)2

4)

(%)
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Table 3

Catalytic stability of Rh-materials

Entry Cycles Catalysts &E15Cl (mmol) reacted TOF
1 2 v-Zr(POys)2H1.46RNp 18 1.75H0 (Rh% =5.57), 50mg 5.84 108
2 4 5.41 100
3 6 4.60 85
4 7 3.52 65
5 2 v-Zr(POys)2H1 4Ry 20(bipy)o.22-2H20 (Rh% =5.51), 40 mg 3.68 86
6 4 3.43 80
7 6 3.04 71
8 7 2.57 60
9 2 v-Zr(POy)2 Hi.16Rho.28 (Pheny 40-2.6H,O (Rh% =6.70), 40 mg 3.44 66

10 4 3.28 63

11 6 2,97 57

12 7 2.60 50

2 In all experiments 20 mL of a methanol solution oftCl 0.5 M and 2 mL of NE§ were used. The catalyst were pre-reduced undebpéfore the use.
Reaction conditionst =343 K; pH, =0.1 MPa; time =2 h.

b Turnover frequency (TOF) expressed as mole of chlorobenzene reacted per mole of metal per hour.

Table 4

Catalytic stability of Pd- and Rh+g materialé

Entry Cycles Catalyst §HsCl (mmol) reacted TOF
1 2 ‘\{-ZT(PO4)2H1_46Pd)_18(C18)0_18-2H20 (Pd% = 4.86), 40 mg 4.20 115
2 4 3.50 96
3 6 2.37 65
4 7 0.87 24
5 2 v-Zr(POys)2Ho.6RNo.3(C18)0.5:2H20 (Rh% = 6.16), 40 mg 3.40 71
6 4 3.02 63
7 6 191 40
8 7 1.34 28

2 In all experiments 20 mL of a methanol solution oft5Cl, 0.5 M and 2 mL of Nef were used. The catalyst were pre-reduced undedpéfore the use.
Reaction conditionst = 70°C, pHy =1 atm, time=2h.

b Turnover frequency (TOF) expressed as mole of chlorobenzene reacted per mole of metal per hour.

Table 5

Hydrodechlorination of chloro benzene in absence of Bas843K; time=1/

Entry Catalyst TOP
1 ~v-Zr(POy)2H1.8Pch.10-2.5H0 (Pd% = 3.14), 60 mg 250
P Y-Zr(PCy)2H1.8Pth.102.5H0 247
3 v-Zr(POs)2H1.46RN0 18 1.75H0 (Rh% =5.57), 50 mg 20
4d v-Zr(PQy)2H1.46Rhp.18:1.75H,0 (Rh% =5.57), 50 mg 90
50 Y-Zr(PCy)2H1.64P b 18(bipY)o.27-1.9H0 (Pd% =5.06), 40 mg 175
64 ~v-Zr(POs)2H1.4Rhg 20(bipy)o.22-2H20 (Rh% =5.51), 40 mg 75

2 In all experiments 20 mL of a methanol solution afH;Cl 0.25 M were used.

b Turnover frequency (TOF) expressed as mole of chlorobenzene reacted per mole of metal per hour.

¢ Pre-reduced underght 343K for 3 h.
d pre-reduced undergat 343K for 5 h.

matrix bonded to Pg¥~ moieties that are converted into

monohydrogen- or dihydrogen-phosphate. However, the ef-
ficiency of the catalysts has been evaluated comparing the
activity of materials after they were pre-reduced under H

Table 1shows the activity of the materials used in the hy- to be oxidized by chlorobenzeng8d¢heme 1[38]. The sub-

Hz

M+R-X — MRX — R-H+ HX+M

Scheme 1.

drodechlorination of monochlorobenzene expressed as thesequent interaction with HScheme 1 causes the reductive
turnover frequency (TOF, mole of chlorobenzene reacted perelimination of benzene and hydrogen chloride.

mole of metal per hour). The materials containing palladium  This mechanism has already been proposed by other
(entries 1-2; 7-10; 11-13) are much more active than the cor-authors through kinetic measuremefit$, under compa-
responding rhodium ones (entries 3-6, 1415, 16-17). Thisrable conditions. The presence of intercalated ligand such
different reactivity, already previously observed with other as bipy or phen causes a decrease of the catalytic activ-
systemd6], can be ascribed to the greater ability of Pd(0) ity for both the palladium-Table 1, entries 2, 8, 12) and
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rhodium-compoundsTable 1 entries 5, 14, 16). This effect (Table 3 entries 1-4). The presence of intercalated nitro-

can be rationalized on the basis of the steric hindrance: thegen ligands, such as bipy or phen, improves the performance

presence of ligand makes more difficult the interaction be- of the catalysts and the observed decrease of activity was

tween the substrate and the active metal centre. Quite different40% for y-ZrPPd-bipy Table 2 entries 5-8), and 30% for

is the behaviour of materials with intercalategs@ns. Their v-ZrPPd-phenTable 2 entries 9—12). For the corresponding

initial activity is in fact lower than that of the corresponding Rh-containing materials the decrease ranges around 30% for

materials containing “naked” ions, but higher than that of cat- y-ZrPRh-bipy {Table 3 entries 5-8), and 20% far-ZrPRh-

alysts loaded with intercalated bipy and phen ligaffdble 1, phen [able 3 entries 9-12).

entries 1, 2, 9, 12,18, and 19 for palladium-compounds and So, according to the trend of TOF values the

5, 14, 16, 20 for Rh-compounds). We observe that the C stability order of the two series of materials re-

ions are released during the catalytic runs as evidentiated bysults to be: ZrPPd-(phen) > ZrPPd-(dipy) > ZrP-Pd; ZrPRh-

GC and carbon and nitrogen elemental analysis on recoveredphen) > ZrPRh-(dipy) > ZrP-Rh. It is worth noting the con-

catalysts. trasting effect of the intercalated ligand, which if on one hand
causes a decrease of the specific activity (lower TOF), on
the other hand it improves the stability over cycles (higher

4. Stability of the catalysts and demonstration of turnover number, TON). The observed reduction of activity

heterogeneous catalysis over the time and with recycling of the catalyst is higher for
materials containing intercalatedigCions (Table 4 entries

Our previous studies on the catalytic activity in carbonyla- 1-8). This trend can be perhaps related to larger interlayer

tion processes of these and related matej2as32,33]have distance imposed by the bulky surfactang@n that makes

shown that their efficiency and stability do mainly depend easier the elution of the active metal centres.

on the metal, its oxidation state and the substrate presentin The whole of these findings suggest that the dehalogena-

solution. Deactivation of catalysts can occur by elution of tion process is promoted by the heterogeneous catalysts and

both oxidized and/or reduced active metal centres dependingnot by the reduced metal eluted, which produces a metallic

on whether the catalysis occurs under oxidative or reductive film on the walls of the reactor. This, if recovered, shows a

conditions. In general, the catalytic materials are more sta- poor catalytic activity. Also, the fact that the intercalation of

ble under oxidative than reductive conditid88,39—40] To large ions makes less effective the dehalogenation reaction

check the stability of catalytic systems over time and after re- suggests that the increase of the interlayer distance reduces

cycling, they have been separated from the reaction mixturethe efficacy of the catalysts.

after 2h and re-used. After each run, the solution has been

analysed and the TOF calculated as moles of halocarbons

converted per mole of metal. At least seven runs have been5. Modification of the catalysts during the

performed per each material. hydrodechlorination catalysis

In Tables 2—4the TOF values for different compounds are

reported. The results show that within the first two or three  In an attempt to explain the course of activity with time

runs the catalytic activity of our systems remains almost con- and to evidentiate the nature of the active species, we have

stant, and then a decrease is observed, the entity of whichrecorded the XPS-spectra of materials before and after their

depends on the metal and the intercalated ligand. After severuse. The binding energy values of signals are summarized

cycles, the TOF value is about 55% lower than the initial in Table 6 As we have already show32,41] palladium-

one for materials containing “Pd-naked” iornEable 2en- compounds before the use display signals at 338.5 and

tries 1-4) and 40% lower for the corresponding Rh-materials 338.6 eV, attributed tg-ZrPPd(Il),y-ZrPPd(II)-L (L = bipy,

Table 6
XPS characterization of materials under different conditions: signals eV and assignment
Entry Pd-compounds Conditions Pd (I1) Pd(0)
1 v-Zr(POy)2H1 8P th.10-2.5H,0 Before reaction 338.5 -
2 v-Zr(POy)2H1.64P b 18-L (L =bipy, phen) Before reaction 338.6 -
3 v-Zr(POy)2H1 8P th.10-2.5H,0 After first cycle - 335.4
4 v¥-Zr(POy)2H1 64Ph 18-L(L = bipy, phen) After first cycle 338.5 3355
5 v-Zr(POy)2H1.64P b 18-L (L =bipy, phen) Pre-reduced 335.5
Rh-compounds Rh(ll1) Rh(l) Rh(0)
6 v-Zr(POy)2H1 46Rhp 18- 1. 75H0 Before reaction 309.6 - -
7 v-Zr(POy)2H1.4Rhg 20-L (L = bipy, phen) Before reaction 309.5
8 v-Zr(POy)2H1 46RMp 18:1.75H,0 After first cycle 309.5 308.8-308.5 307.3-306.9
9 v-Zr(POy)2H1.46Rp 18- 1. 75H0 Pre-reduced for 5h - 308.8-308.5 307.3-306.9
10 v-Zr(POy)2H1 4Rhg 20-L (L = bipy, phen) Pre-reduced for 5h - 308.5 306.9
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phen), respectively,Table § entries 1, 2). After one cycle  When the chlorobenzene is hydrodechlorinated in the ab-

the compounds loaded with “Pd-naked ions” do not show any sence of a base, the catalytic activity (TOF) is quite similar to

Pd(ll) signal, while a signal at 335.4 eV appears, attributed that obtained in presence of NFor palladium materials and

to Pd(0) Table 6 entry 3). Conversely, materials loaded with almost lower for Rh-compounds. We tentatively ascribe this

the intercalated ligand bipy or phen display both Pd(Il) and behaviour to their different reactivity towards HCI produced

Pd(0) signals at the same reaction tifiat{le § entry 4). Af- in the hydrodechlorination process as in reactidns(2). In

ter the first run the signal intensity of Pd(Il) decreases untilto fact, HCl may cause arelease of Rhions from the catalyst fol-

disappear after the third run, whereas that of Pd(0) increaseslowing the exchanges #Rh(lll) and H/Rh(l). Leaching of

Materials pre-treated with #for 5 h show only a XPS signal  active species determines a decrease of catalytic activity. The

related to Pd(0)Table § entry 5). Over the time all catalysts same occurs at much less extent with Pd-materials because

show a slow but steady decrease of the Pd(0) signal, whichof their faster reduction to Pd(0).

disappears after about 40 h. Apparently, a gradual total re- Monochlorobenzene is hydrodechlorinated also in the

lease of Pd occurs. presence of inorganic bases (NaOHN@&3 and Ca0). With
Rh(lll)-based materials show signals at 309.6 and NaOH, both Pd- and Rh-materials exhibit a good initial ac-

309.5eV fory-ZrP-Rh(lll) and y-ZrP-Rh(lll)-L, respec- tivity that ceases within 2—3 cycles, whereas with other bases

tively, (Table 6 entries 6, 7). After the first run, they display (NaxCOs and CaO) the activity decay is more rapid. Such

besides the signal of Rh(lll), two new signals, one in the range worse performance of inorganic bases with respect to organic

308.8-308.5 eV, that we attribute to a Rh(l)-species, and theones, can be explained interms of increased leaching of Pd(ll)

otherinthe range 307.3-306.9 eV, relevant to a Rh(0) speciesor Rh(lll) and Rh(l) from the catalyst by exchange with Na-

(Table g entry 8). These values are in agreement with our pre- cations (see E(q6), for Pd), or because an extended change

vious findings[27,32,33,40] Over the time during the cat-  of the surrounding of the active centre due to proton loss (Eq.

alytic runs, the intensity of the signals decreases as follows: (7)).

Rh(1ll), Rh(l), Rh(0). Materials pre-treated for 5h withbH

do not show the signals of Rh(lllTable G entries 9, 10)  ¥-ZrPd(l)H 2, (POs)2 + yNaOH

anq gnder these copditions they show th_e.highest catalytic _, y-ZrPd(I): — 2)NayHez - 20(PQu)2

activity (Table 1 entries 5, 16, 18). The activity is preserved

until the materials display at least the Rh(0) signal. +y/2Pd(Il)+ yOH™ (6)
These data are in agreement with what discussed above for

Pd and confirm that the catalytic active sites are the metal cen-

tres in their reduced state, namely, Pd(0) for Pd—cpmpoundsy_erd(U)xH(z_ 29(POy)2 + yNaOH

and Rh(l) or Rh(0) for the Rh-analogues. The higher sta-

bility of Rh-materials with respect to Pd, that we have al- y-ZrPd(I)H2 - 2.~ ))Na,(PQs)2 + yH20 ()

ready observed in previous works under reductive conditions

[27,33,40] can be explained considering the fact that for Pd-

catalysts only Pd(0) is active, whereas for Rh-compounds

both Rh(l) and Rh(0) species are reasonably active.

As a matter of fact, the protons play an important role in the
stabilization of the structure of the catalyst as a whole. We
have also found that Pd- or Rh-materials, pre-reduced with
H> and subsequently allowed to react with a NaOH methanol
solution under N, show a lower catalytic activity than that
of materials not treated with NaOH. Reacti@) could ex-

6. Effect of the base on the hydrodechlorination of plain the decrease of activity in term of destabilization of the
monochlorobenzene structure of the matrix upon deprotonation.

The hydrodechlorination of monochlorobenzene is af- ¥-2rPd(0)H2(PQy)2 + yNaOH

fected in different ways by the absence or presence of bases. — y-ZrPd(0)Na,H_ ,y(PQ4)2 4 yH20 (8)
/ (o] -7 -
ll'l H2 / 0.'.
i — “M™ 4+ HX + RH
*H R-X *

Fig. 1.
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Table 7
Hydrodechlorination of polychlorinated compounds at 343 K angpBlL1 MPa, in the presence §fZr(POy)2H1.sPh.1-2.5H0 as catalyst
Entry Substratés Time (h)  Vy, (mL) Products GH - x Clx
X=6 x=5 x=4 x=3 Xx=2 x=1 x=0
1 1,2-Dichlorobenzene (4.89) 1 83 - - - - 2.89 0.40 1.6
25 197 - - - - 0.34 0.55 4.1
2 1,2,3-Trichlorobenzene (1.43) 1 87 - - - - 0.14 0.01 1.28
3 Esachlorobenzene (0.72) 1 d52 0.035 0.17 0.19 0.1d 0.085 0.02 0.17
4 4-Chloro-GH4Br (1.86) 1 55 Br-GHs trace Cl-GHs 1.36 (73%) GHg 0.5
5 4-Cl-GsH4NO; (2.99) 1 72 2-Cl-GHsNO> (0.38) GHsNO, 2.31 (84%) GHs5NH» 0.30
2 15¢° Absent GHs5NO, 2.31 (1.96) GHsNH3 1.03
6 CsHsCH,CI (4.1) 1 75 GHsCH,CI 0.9 GsHsCH3 3.2

a Unless otherwise stated, all the experiments were carried out in methanol usingdNfase. The amount of substrates and reaction products are expressed
in mmol.

b In parenthesis mmol of substrate.

¢ Total H, volume consumed.

d For solubility reason THF was used.

€ The amount is related to the 1,2,4,5 isomer, which is the main product.

f The amount is related to the 1,2,3 isomer, which is the main product.

Fig. 1 shows the possible role efP—OH and=P-O" moi- and Rh(l) ions or their complexes with di-nitrogen ligands
eties in stabilizing reduced and oxidized forms of metal, re- allows to prepare catalytic systems active for the hydrode-
spectively, which are implied into the H-transfer reaction. As halogenation of per-halogenated organics. An organic base
XPS shows only reduced forms of the metals, most prob- can assist the process. The higher stability of catalysts when
ably the B to 2H" conversion is quite fast and the rate- the hydrodechlorination process is carried out in the pres-
determining step is the H-transfer to RX. ence of NE4 rather than of an inorganic base (NaOH, Ca0),
is explained, also taking into account our previous findings
[32,33,40] in terms of the fact that protons of phosphate
groups can play an important role in stabilizing metal species
in a reduced oxidation state as showrig. 1

7. Hydrodechlorination of poly-chlorinated
compounds

In Table 7we have summarized the results of the dehy-
drochlorination of poly-chlorinated substrates and listed the
relevant reaction products. All the reactions have been car- Acknowledgement
ried out at 343K under atmospheric pressure efusing
v-Zr(POy4)2H1 8Ph.1-2.5H,0 as catalyst. The authors wish to thank MURST, (Prin Cofin, 2003 prot.
The uptake of Hshows that the catalytic activity isalmost  2003039774) for financial support.
independent of the chlorine content of the substréable 7
entries 1-3), even though the distribution of reaction inter-
mediates suggests that they occur at different dechlorination
rates, the monochlorobenzene being the most reactive.
As expected on the basis of the bpnd strength, the 4- [1] R.M. Rioux, C.D. Thompson, N. Chen, F.H. Ribeiro, Catal. Today
chlorobromobenzeneTéble 7 entry 4) is de-halogenated 62 (2000) 269.
almost selectively to chlorobenzene, that is subsequently [2] C.D. Thompson, R.M. Rioux, N. Chen, F.H. Ribeiro, J. Phys. Chem.
reduced to benzene. Also of interest is the behaviour of B 104 (2000) 3067.
4-chloronitrobenzene (entry 5), which is converted into ni- [3 M-A. Aramendia, V. Boau, M. Garéa, C. Jinenez, F. Lafont, A.

: . . Marinas, J.M. Marinas, F.J. Urbano, J. Catal. 187 (1999) 392.
trobenzene before undergoing the reduction of the nitro group [4] K. Early, V.l. Kovalchuk, F. Lonyi, S. Deshmulkh, J.L. d'ltri, J

to give aniline. _ Catal. 182 (1999) 159.
Finally, the catalysts are also effective for the hydrodechlo- [5] c.A. Marques, M. Selva, P. Tundo, J. Org. Chem. 60 (1995)
rination of chloro-aliphatic compounds. For instance, benzyl 2430-2435. _
chloride (Table 7 entry 6) is easily converted into toluene. [6] (a).J.L. Benitez, G. Del Angel, React. Kinet. Catal. Lett. 66 (1999)
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Kellner, G.W. Coulston, L. Abrams, L.E. Manzer, J. Catal. 176
(1998) 352.
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