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Abstract

The gas-phase regioselective reduction of mesityl oxide to the allyl alcohol using 2-propanol as a hydrogen donor was studied at
523K on basic MgO, MgAJ330, and CuyosMgAlesO, oxides. Catalysts were characterized using a variety of physical and spectro-
scopic techniques. The effect of contact time on the product distribution was determined in order to identify primary and secondary
reaction pathways. Main reaction products from mesityl oxide conversion were the two allyl alcohol isomers (UOL, 4-methyl-3-penten-
2-ol and 4-methyl-4-penten-2-ol), isomesityl oxide, methyl isobutyl ketone (MIBK), methyl isobutyl carbinol aatfi@ condensation
products.

Bifunctional Cy0sMgAl( 650, did not produce alcohols. Metallic Cu atoms readily decomposed 2-propanol forming acetone and mobile
surface H atoms that selectively reduced tFre0ond of mesityl oxide giving mainly MIBK.

UOL formed on MgO at unusually high yields for a gas-phase reaction (40% at 523K, 2-propanol/mesigyFoxidnd HLSV =
14 cn/(h g)). UOL formation on MgO proceeds via a hydrogen transfer Meerwein—Ponndorf-Verley (MPV) mechanism without participation
of surface H atoms from 2-propanol dissociation. Weak acid—strong ba$e-@§- surface pairs efficiently promote formation of the six-
atom cyclic intermediate required in the MPV mechanism for selectively reducing@@d08nd of an unsaturated ketone to the corresponding
allyl alcohol.

In contrast, UOL yield on MgAJ330, was always lower than 5%. UOL formation is hindered on Mg#AD, because surface Al sites
decrease by dilution the density of kfg-O?~ pairs and concomitantly favor the adsorption of mesityl oxide via ta€ ®ond, thereby
promoting the selective formation of MIBK.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction catalystq1,2]. The carbonyl function of unsaturated aldehy-
des is more easily reduced as compared to that of unsatu-
Among the reduction processes of carbonyl-containing rated ketonef3,4]. Actually, the selective hydrogenation of
unsaturated compounds, those that selectively reduce the camnsaturated ketones by molecular hydrogen toward the cor-
bonyl group preserving the other functional groups in the responding allyl alcohols with high yields was only recently
molecule are of special interest in fine chemical synthesis. reported5,6].
These regioselective processes have been extensively stud- The hydrogen transfer reduction (HTR) of aldehydes and
ied in liquid phase under high hydrogen pressures on bothketones provides a highly selective alternative route for alco-
supported noble metal catalysts and non-noble mixed oxidehol synthesis. In the HTR reaction, the carbonyl compound
(oxidant) is contacted with a hydrogen donor reactant (re-

* Corresponding author. Tel.: +54 342 4555279; fax: +54 342 4531068. ductant) at mild conditions in liquid or gas phase thereby
E-mail addressdicosimo@fiqus.unl.edu.ar (J.I.D. Cosimo). avoiding the use of pressurized hydrogen. This redox reaction
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can be depicted as Eq. (1): each catalyst formulation that is interpreted in terms of the
) R, R, , role played by the different surface species (acid—base or
R,/C=0 + RJCH-OHE=—= g CH-OH + g Cc=0 (1) metallic) in the coordination of the carbonyl group for regios-

elective allyl alcohol formation. We identify primary and sec-

ondary pathways involved in mesityl oxide reduction mech-
anism by modifying the contact time. We also discuss the
effect of varying the reaction atmosphere on the activity and
productdistribution of this reaction. Our goal was to elucidate
the reaction pathways leading to allyl alcohol and saturated

tion of the G=O bond leaving unreacted the other reducible . .
X compounds and to ascertain the nature of the surface species
functional groups of the reactant molec(i®7]. Recently, .
that promote these reactions.

several regio, chemo, enantio or stereoselective applications
of the HTR reaction have been report¢d-10] either

in liquid or in gas phases using solid catalysts. Zeolites o Experimental

and metal oxide catalysts containing Lewis acid or base

surface sites have been shown to promote HTR reaction 1. Catalyst synthesis
[7,11,12] The reaction mechanism, the occurrence of side

reactions, and the catalyst activity decay strongly depend Mg—Al and Cu-Mg—Al mixed oxides identified as
on the acid—base nature of the catalyst. For example, aCidiC(Cuy)MgAIZOx were prepared by co-precipitation method
catalysts frequently dehydrate the obtained alcohol forming gt 5 constant pH of 10 following similar procedures. For the
olefins, whereas basic catalysts promote consecutive aldolternary Cu-Mg—Al catalyst, a nitrate solution with a total
condensations of the carbonyl intermediates. [Mg + Al + Cu] cation concentration of 1.5 M was contacted
Most of the contributions on HTR reaction applications \ith a basic solution of KCOs and KOH by dropwise addi-
lately reported deal with the reduction of saturated carbonyl tjon of hoth solutions into a stirred beaker containing 358 cm
compounds and very few with unsaturated ketones or alde-of gistilled deionized water held at 333 K. The precipitates
hydes. However, the HTR reaction is particularly suitable formed were aged in their mother liquor for 2h at 333K
for the reduction ofx,B-unsaturated carbonyl compounds to anq then filtered, washed with boiling distilled water un-
the corresponding allyl alcohols since the@bond is not til K+ was no longer detected in the filtrate, and dried at
affected. In fine chemistry applications, the allyl alcohol is 348 overnight. Dried precursors were decomposedz4n N
usually the most valuable and difficult to obtain product of o gir at 773K overnight in order to obtain the corresponding
thea,B-unsaturated carbonyl reducti{d] because the reac- (Cu,)MgAI,O, samples. High surface area pure MgO was
tion generally proceeds further toward formation of saturated prepared by hydration with distilled water at room temper-
carbony! or alcohol compounds. ature of commercial MgO (Carlo Erba, 99%, 2%/g) and
Gas-phase reduction of unsaturated carbonyl compoundsiyrther decomposition in Nat 773 K. Details are given else-
such as cinnamaldehyde, citral, acrolein, 4-hexen-3-one, CY-where[17].
clohexenone or 5-hexen-2-one to the corresponding unsatu- | addition, a Cu/Si@ (SiO,, Grace 62, 99.7%) sample
rated alcohols has been explored in the literature with diverse, a5 prepared by incipient wetness impregnation by dropwise
level of success using Mg-based catalysts, such as MgO,addition of an aqueous solution of Cu(¥)@3H,0 with a

Mg-B, or Mg-Al mixed oxides in flow reactors. Allyl al-  ¢opper concentration of 0.6 M. After drying, sample was cal-
cohol yields of 4-88% were achieved within a wide range cined in air at 773K overnight.

of operating conditions, i.e. temperatures between 473 and
723K, alcohol/carbonyl molar ratio of 2-20, and HLSV of 5 o Catalyst characterization
0.6—2500 crf of liquid reactant/(h g-catalysfp,13—16]

In this paper, we study the gas-phase reduction of mesityl  The crystalline phases in the coprecipitates and in the
oxide, ana,B-unsaturated ketone, toward the allyl alcohol mixed oxides were determined by X-ray diffraction (XRD)
(4-methyl-3-penten-2-ol), by HTR using 2-propanol as a hy- ysing a Shimadzu XD-D1 diffractometer and Ni-filtered Cu
drogen donor on acid-base and bifunctional metal/acid-basec  radiation. Crystallite sizes were calculated from the CuO
catalysts according to Eq. (2), where acetone is the product of(l 11) diffraction lines using the Scherrer equation.
the 2-propanol oxidation. Specifically, we first prepared and ~ The total CQ adsorption site densities and binding en-
characterized Mg-based catalysts such as MgG;Mand ergies were obtained from temperature-programmed des-

performance. Results show a distinct catalytic behavior for

where a hydride is transferred from the alcohol to the carbonyl
compound with no involvement of molecular hydrogen.

It is generally accepted that HTR of aldehydes and
ketones on oxides occurs via a Meerwein—Ponndorf-\erley
(MPV) mechanism which involves the selective hydrogena-

OH OH 0

C_ I | H,C_ | I

J,C=CH-C-CH; + H;C-CH-CH; <= ,C=CH-CH-CH; + H,C-C-CH, (2)
;C ) H,;C

H;

4-methyl 3-penten 2-one 2-propanol 4-methyl 3-penten 2-ol acetone



J.I. Di Cosimo et al. / Journal of Molecular Catalysis A: Chemical 222 (2004) 87-96 89

Samples (150 mg) were pretreated ind 773 K for 1 h and bons (propane or propylene) were formed by 2P dehydration.

then exposed to a flow of 100 &min of 3.09% CQ/N» Selectivities §, carbon atoms of produétcarbon atoms of

at room temperature until saturation coverage was reachedMO reacted) and yields){, carbon atoms of produidtarbon

Weakly adsorbed Cfwas removed by flowing Nand then atoms of MO fed) were calculated §s= F;N;/ > F;N; and

the temperature was increased to 773K at 10K/min. The n; = FiNi/GF,aO, whereF; is the molar flow of a produdt

evolved CQ was converted to methane by means of a metha- formed from MO N; the number of carbon atoms in prodiuct

nation catalyst (Ni/Kieselghur) operating at 673 K and mon- andF,f}lo the molar flow of MO in the feed. Due to catalyst de-

itored using a flame ionization detector. activation, the catalytic results reported here were calculated
BET surface areassg) were measured by Nohysisorp- by extrapolation of the reactant and product concentration

tion at its boiling point using a Quantachrome Nova-1000 curves to zero time on stream. Thef),S andn represent

sorptometer. Bulk elemental analysis of Cu, Mg, Al and K conversion, selectivity, and yield &t 0, respectively.

was carried out by atomic absorption spectroscopy (AAS).

2.3. Catalytic testing 3. Results and discussion

Catalytic tests were conducted at 523K and atmo- 3.1. Characterization
spheric pressure in a fixed bed reactor. Samples sieved at

0.35-0.42 mm were pretreated in Bt 773K for 1 h before The chemical composition, BET surface area, and crys-
reaction in order to remove adsorbegand CQ. In addi- talline phases of mixed oxides and MgO are showfreinle 1

tion, Cu-containing catalysts were reduced in situ in flowing Elemental analysis of the oxides revealed that the actual com-
H2 at 573 K for 1 h prior the catalytic test. position was very similar to the nominal one, suggesting com-

The reactants, mesityl oxide, MO (Acros 99%, isomer plete precipitation of Mg and Al or Cu salts during synthesis.
mixture of mesityl oxide/isomesityl oxide = 91/9) and 2- The potassium content in all the mixed oxides was below
propanol, 2P (Merck, ACS, 99.5%) were introduced as a mix- 0.1 wt.%, which confirms that K ions were effectively re-
ture with the proper molar composition via a syringe pump moved by washing of the precipitated precursors.
and vaporized into flowing Nor Hy to give a N(H2)/2- X-ray diffraction pattern for Cu/Si® exhibited a sin-
propanol = 12 (molar). The hourly liquid space velocity gle well-defined CuO phase; calculations showed that on
(HLSV) of the reactant mixture was varied in the range of this sample the CuO crystallite size was about AR50
14-400 cm/(h g-cat.). Reaction products were analyzed by The diffraction patterns of MgAlssO, and of unreduced
on-line gas chromatography in a Varian Star 3400 CX chro- Cup osMgAlge50, mixed oxides showed broad XRD lines
matograph equipped with a flame ionization detector and a corresponding to a quasi-amorphous MgO periclase phase,
0.2% Carbowax 1500/80-100 Carbopack C column. Main probably because the hydrated precursors were decomposed
reaction products from MO conversion were identified as the at relatively low temperatures (773 K). gssMgAlg 650,
two unsaturated alcohol isomers (UOL, 4-methyl-3-penten- contained an additional MgAD4 spinel phase and copper
20l and 4-methyl-4-penten-20l), isomesityl oxideMO), oxide (CuO, tenorite), which was detected as a poorly crys-
methyl isobutyl ketone (MIBK) and methyl isobutyl carbinol talline phase, thereby suggesting that inpggMgAl 9,650«
(MIBC). At high MO conversion levels, £oxygenates such ~ sample copper is highly dispersed in the mixed oxide matrix.

as diisobutyl ketone (DIBK), diisobutyl carbinol (DIBC) and In previous work[18-20] we characterized the surface
phorones were also obtained as well as other unidentifiedbasicity of similar Mg-based catalysts by using a combina-
heavier condensation products)(G. The total g aldol con- tion of spectroscopic techniques and identified three different

densation products (DIBK + DIBC + phorones) are identified surface basic sites. We also determined the following base
in the text as AC. Acetone (DMK) was produced by 2P oxida- strength order for these sites: low coordinatiofr Ginions
tionin HTR reaction (Eq. (2)). Smallamounts of Bydrocar- > oxygen in Mg+ —0?~ pairs > OH" groups. In the present

Table 1
Catalyst physicochemical properties
Catalyst Sg(m?/g) Phases detected Base site densify(umol/m?) Chemical compositidh(wt.%)
Mg Al Cu
MgO 136 MgO periclase 5.6 60.3 - -
MgAl 9330, 200 MgO periclase 3.3 34.4 12.1 —
Cly,05MgAl 0,650« 245 MgO, MgAbO,, Cud? 1.4 314 22.7 4.0
Cu/Si» 233 CuO 0.0 - - 6.1
2 By XRD.
b By TPD of CQp.
¢ By AAS.

d Traces.
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Fig. 1. CQ TPD traces of basic Mg-based catalysts.

work, we have measured GQ@dsorption site densities and
binding energies by TPD of GOThe CQ desorption rate
as a function of sample temperature is presentellign 1
for MgO, MgAlp.330, and Cy gsMgAlg 650, samples. The
total amount of desorbed GQvas measured by integration
of TPD curves. The resulting values are reporteddble 1
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Fig. 2. Selectivities and conversiong at0 on different Mg-based catalysts
for gas-phase HTR of MO with 2F.= 523 K; Py = 100 kPa; N/2P/MO =
93.4/6.6/1.3 kPaXmo = 85—-89%.

2P conversion Xzp) was 15% on MgO and 20% on
MgAl 330y, giving in both casesX¥yo/Xzop conversion ratio
close to 5, what suggests that a HTR reaction predominates.
In contrast, on CglosMgAlges0, catalyst, 2P conversion
reached a value of 83%X{y0/X2p ~ 1), thereby indicating

The base site density and strength distribution dependedthat 2P participates in other reactions besides HTR.

on the acid—base properties of the metal cations present in

the catalyst formulation. In mixed oxides containing Lewis
acidic cations such as Mgé30, and Cu gsMgAlg 650y,

the base site density is lower than in MgO. Just 12.1 wt.%
Al in the catalyst formulation of MgAJ 330, decreased the

Metallic copper is industrially used in acetone synthesis
from 2-propano[21] because its well known dehydrogenat-
ing properties. Furthermore, we have previously demon-
strated that Clacid-base catalysts are about 1000 times
more active to dehydrogenate 2P than Cu-free acid—base

base site density by almost a factor of 2 compared to pure catalysts[18]. Thus, the high 2P conversion observed on
MgO. On the other hand, the number of surface basic sites Clo.0sMgAlge50; catalyst is attributed to the fact that sur-

on Cu/SiQ was negligible.

Similarly, the TPD traces dfig. 1show that the binding
energies of adsorbed GQpecies are affected by the elec-
tronegativity of the metal cations. MgO contains not only
weak (CQ desorption temperature400 K) and medium-
strength €450 K) but also high-strength base site$60 K).

face C{ atoms readily convert 2P in DMK and molecular
hydrogen.

Fig. 2 also shows the product distribution on MgO,
MgAl 330y, and Cy osMgAlg 650, samples. On MgO, se-
lectivity to UOL was 45% (38% of 4-methyl-3-penten-2-
ol and 7% of 4-methyl-4-penten-2-ol); other unsaturated

In general, the amount of strong base sites decreased with incompounds such asMO (16%) and AC products (4.5%

creasing the catalyst Al content. Catalyst@sMgAl g.650,

phorones) were also obtained. Phorones ayeraturated

presents a low total density of base sites and almost no high-ketones formed by aldol condensation of MO with the DMK

strength base sites.

3.2. Catalyst activity and selectivity

Catalyst activity and selectivity for the HTR of MO with
2P were investigated by carrying out catalytic experiments
at similar MO conversion levelsXfyo = 85-89%).Fig. 2

compares the catalyst performance at 523 K resulting from

contacting the catalyst bed with the reactant mixture previ-
ously vaporized in W (N2/2P/MO = 93.4/6.6/1.3 kPa).

For a reactant mixture of 2P/MO = 5 molar ratio, the ex-
pectedXyo/Xzp conversion ratio should be 5, either if sto-
ichiometric selective reduction of=€© (Eq. (2)) or GC
(Eg. (3) double bonds of MO takes place.

MO + 2P = MIBK + DMK A3)

resulting from 2P oxidation. The saturated alcohol, MIBC,
was obtained with 31% selectivity, whereas the saturated ke-
tone, MIBK, was detected only in negligible amounts. For-
mation of the MO isomeii:MO, is explained by €C dou-
ble bond isomerization of MO. Similarly to isomerization of
olefins on basic oxides, this reaction proceeds via carbanion
intermediateq22] as depicted irScheme 1Although the
isomerization reaction involves formation of mobile surface
protons, not necessarily incorporates hydrogen from the hy-
drogen donor as it may proceed by intramolecular hydrogen
transfer. In the same way, formation of 4-methyl-4-penten-
2-ol, can be assigned to fastC double bond isomerization
of 4-methyl-3-penten-2-ol, the unsaturated alcohol resulting
from C=0 reduction of MO or to €0 reduction of-MO.

On MgAlp 330, mixed oxide, formation of the unsatu-
rated compounds (UOL andMO) was almost completely
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3Co i e H3C i e HCN i
,C=CH-C-CH; &= H.C 4‘gz,_C‘H-C-CH3 a— C ,C-HCH-C-CH,
21_.1 2% 2

Scheme 1. Double bond isomerization of MO.

suppressed. Contrarily, the selectivity to saturated com-
pounds raised significantly up to 60% (37% MIBK and 23%
MIBC) compared to MgO. Selectivity to AC compounds
also increased drastically to 34% but in contrast to MgO,
MgAl 330, formed saturated aldol condensation products
(10% DIBK and 24% DIBC). DIBK and DIBC formed by
cross-aldol condensation of MO or MIBK with DMK, fol-
lowed by fast dehydration of the aldol intermediate and con-
secutive HTR of the ga,B-unsaturated product. These re-
sults suggest that the Mgfd30, catalyst combines metal
cations of different electronegativities which promote both
C=C and G=0O reductions giving mainly gand G saturated
ketones and alcohols.

Cup,05MgAl ¢.650, produced MIBK (62%) and AC com-
pounds (32% DIBK and 0.8% phorones), but neither form
UOL nor DIBC and yielded only small amounts of MIBC.
In addition to the acid—base sites, {ggMgAl 650, cata-
lyst contains surface Cuatoms. The role of the Cuatoms
on the selectivity of HTR reactions was explored by carry-
ing out additional catalytic runs on a 6 wt.% Cu/Si€am-
ple. The selectivity to MIBK on Cu/Si©®was about 95%,
thereby suggesting that coppéiable 2, supported on in-
ert solids promotes almost exclusively theCbond hydro-
genation of MO molecule. Similar findings on Cu/Sibave
been reported by Ravasio etf@3] in the liquid-phase hydro-
genation of othew,B-unsaturated ketones. Since the Cu/SiO
catalyst did not promote aldol condensations reactions, for-
mation of AC compounds on @dsMgAl g e50, must be at-
tributed to the surface acid—base properties of this sample.
In Cug.0sMgAl g 650, catalyst, copper metal atoms are better
dispersed than in the silica matrix thereby favoring the inter-

3.3. Effect of contact time: reaction pathways

The effect of contact timeW/ Fo and W/ FS) on the
product distribution was determined in order to identify pri-
mary and secondary reaction pathways. The observed de-
activation, however, required that each data point be ob-
tained on a fresh catalyst and that product yielg$ &nd
conversions Xmo andX,p) be obtained by extrapolating to
zero time on stream using proper fitting functioRiys. 3-5
show the results obtained at 523 K onggsMgAl o650y,
MgAl g 330,, and MgO, respectively, using a 2POVE 5 re-
actant molar ratio and a wide contact time rang#r =
1.5-42.0 g-cat. h/mol MOM F;, = 0.3-8.4 g-cat. h/mol 2P).
From the initial slopes of th&wo and Xzp versusW/F9q
curves and from those of th;(-;versus)/V/F,\(},o plots, the areal
initial conversion rate of each reactarf,§ andr9y) and the
areal initial formation rates of produb(r?) were calculated
according to

1
Sg

r E/IO = 7dXMO
| d(W/ Fo)

] W/ F3o=0

5

Sg

dXop
d(W/ FSp)

dXop
d(W/Fo)

0 _
Tap =

W/ F9y=0 W/F9o=0

dn;
| d(W/ Fyo)

0_

P =

] W/ Flo=0

as presented ifable 2
Calculations for Eqg. (2) using additivity rules for the es-

action between metal and acid—base sites. The bifunctionaltimation of thermodynamic parametg@4] led us to con-

catalysis operating on @ysMgAlge50, explains why this
sample, in contrast to MgAksO,, produces only gand G
ketones.

Table 2
Gas-phase HTR of mesityl oxide with 2-propanol

clude that unsaturated alcohol formation by gas-phase HTR
of MO with 2P at 523K is a slightly endothermic process

favored at high 2P/MO ratios. At 523 K and 2P/MO =5, the

Catalyst Initial conversion ratep.ol/(h 7)) Initial formation rates gmol/(h nt))
o o oL (C=0) rmigk (C=C) r®Misc (C=0 + C=C)
MgO 711 992 182 9 146
MgO? - 14 - - -
MgAl 330, 785 800 47 296 69
CLb.OSMgAI o'ssox 1011 2225 29 683 132
Cu/SiQ 382 270 4 363 5

T=523K; No/2P/MO = 93.4/6.6/1.3 kPa.
8 No/2P = 93.5/7.8 kPa.
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Fig. 3. Gas-phase HTR of MO with 2P on §gsMgAlg.650y. (A) Reactant conversionstt 0; (B) product yields at= 0. T =523 K; Py = 100 kPa; N/2P/MO
=93.4/6.6/1.3 kPa.
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Fig. 4. Gas-phase HTR of MO with 2P on MgAkO,. (A) Reactant conversions gt 0; (B) product yields at= 0. T = 523 K; Py = 100 kPa; N/2P/MO =
93.4/6.6/1.3 kPa.

W/F',, (g cat h/mol 2P)
0 3 6 9
~ 100 : :
°\° ~
i :
% =)
> 601 >
= -
= =}
S ! g
< 20 E
5 <
© o s
0 10 20 30 40 0 10 20 30 40
0
W/FoMO (g cat h/mol MO) W/F 10 (g cat h/mol MO)

Fig. 5. Gas-phase HTR of MO with 2P on MgO. (A) Reactant conversions=&l; (B) product yields at = 0. T = 523 K; Py = 100kPa; N/2P/MO =
93.4/6.6/1.3 kPa.
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calculated MO and 2P equilibrium conversions were 80 and
16%, respectively. However, the experimental MO and 2P

conversions were in general higher than those values be-
cause of consecutive or parallel reactions. Nevertheless, alCuyosMgAl 650y,

all contact times ghydrocarbons were observed in negligi-

93
3.4. Surface properties and catalytic performance
The distinct catalytic behavior observed on
MgAlp330,, and MgO samples

may be explained by considering essentially the role played

ble amounts on the three catalysts, thereby confirming thatby the different surface species (acid—base or metallic sites)

2P molecules do not participate significatively in dehydration
reactions.

On bifunctional Cyg gsMgAl g 650, catalyst, we measured
MO and 2P conversions of up to 100%id. 3A). The
main and primary product is MIBK, as indicatedfing. 3B
by its non-zero initial slope; MIBK converts to AC prod-
ucts at increasing contact times. MIBC yield is low on
Cup.05MgAl 0650, over the entire contact time range stud-
ied because consecutive MIBK reduction to MIBC with H
fragments formed by 2P decomposition orP@ithermody-
namically unfavored24]. Formation of UOL was detected
only at very short contact times, but in yields lower than 1%.

MO and 2P conversions of up to 100 and 35%, respec-
tively, were achieved on the slightly acidic Mg/JsO,
mixed oxide Fig. 4A). On this catalyst, UOL is a primary
product butyyoL was lower than 5% in all the conversion
range, as shown iRig. 4B. The main reaction pathway leads
to primary MIBK formed by direct reduction of the<C bond
of MO. MIBK reaches a maximum concentration as it rapidly

on both the coordination of reactant molecules and the
selective promotion of €C or C=0 bonds in the adsorbed
MO molecule.

On MgO, HTR reaction proceeds by a Meerwein—
Ponndorf-Verley (MPV) mechanism. Traditionally, the MPV
reaction was a homogeneous process catalyzed by metal
alkoxides with participation of a Lewis acid center. The re-
action mechanism of the homogeneous reaction involves for-
mation of a cyclic six-membered intermediate in which both
reactants are coordinated to the metal of the alkofiglelt
is customary to postulate a similar intermediate for the het-
erogeneously catalyzed process, as present&tlieme 2
in which MO adsorption takes place via the<G bond on
a weak Lewis acid M§" cation, whereas 2P adsorbs non-
dissociatively on a vicinal Mg —0?~ pair, giving rise to
a cyclic six-atom surface intermediate. Thus, in the MPV
concerted mechanism, the hydride transfet)(Hccurs se-
lectively toward allyl alcohol formation without participation
of surface H fragments from alcohol dissociation. It has been

converts to larger oxygenates in secondary condensation redebated in the literature whether the ketone adsorbs on a

actions (AC compounds) with increasing contact time. MIBC

Lewis acid catiorj27,28]or on an OH group generated from

is probably formed at short contact times by fast consecutive alcohol adsorptiorj12]. The MO adsorption on the Mg

HTR of MIBK with 2P. At high contact times, aldol conden-
sation reactions clearly prevail over the HTR reactions.
The highest MO conversion measured on M@ (5A)
was 87%. On the strongly basic MgO, UOL is a primary
product formed directly from MO or-MO as indicated by
its non-zero initial slope irFig. 5B. UOL vyield increases

cations as we postulate Bcheme Zor the gas-phase allyl
alcohol synthesis is supported by the presence of phorones
among the reaction products. Formation of phorones by aldol
condensation requires, in fact, initial activation of the reac-
tant ketones (MO and DMK) on vicinal Lewis acid sites, as
postulated previously for similar aldolization reacti¢a8].

monotonically with increasing contact time because on MgO Besides, strong MO adsorption on MgO probably impedes
the consecutive conversion of UOL to secondary products is further UOL competitive adsorption, thereby preventing con-
not favored, in contrast to what is usually observed in liquid- secutive transformation of UOL to secondary products by re-
phase on noble metal catalysts, on which the allyl alcohol is leasing the UOL molecule to the gas phase. This is consistent

rapidly isomerised to the saturated ketone via enol formation
[25] or further hydrogenated to the saturated alcdiél.
MIBK vyields of <1% were measured at increasing contact
times. Consequently, UOL is the main reaction product on
MgO at high contact times. Similarly;MO is a primary
product thatis probably converted into UOL at higher contact
times.

The initial slope of the MIBC curve ifrig. 5B suggests
that this product forms directly from the MO and 2P reactants,
as depicted iEq. (4) This reaction is highly exothermic with
an equilibrium constant ftimes higher than that of UOL
formation according to Eq. (2). At high contact times, MIBC
is also formed by consecutive HTR fronMO. Finally, the
initial zero slope for AC formation reveals that this prod-

uct is produced via the consecutive condensation of primary

products.

MO + 2(2P)= MIBC + 2 DMK @)

with the fact that UOL is the main reaction product at high
conversions.

Formation of MIBK on MgO via the initial reduction of
the G=C bond of MO is very low, but significant amounts of
MIBC are producedTable 2shows that®ysc is more than
one order of magnitude higher tha\igk . Therefore, the
unselective reduction of MO to MIBC can be envisaged as
occurring according t&q. (4) probably by a simultaneous

CH, CH
H,C~¢ e CHy cH,  H,C CHy (s |CH3
O/\ NS | C H\C ¢
S H--£07 C”7 CH, ! Ol C7 “CH,

Scheme 2. Gas-phase HTR of MO with 2P on MgO. Allyl alcohol formation
by MPV mechanism.
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(C=C bond) followed by protonation of the resulting carban-
ion at the G carbon atom of MO; (ii) adsorption of MO via a
mc-c complex of the &C bond on the A+ cations, which
are stronger Lewis acid sites than #g(Scheme % Both
mechanisms imply formation of surface hydrogen fragments
from 2-propanol dissociation and at the present we have no
means to ascertain which one contributes the most to MIBK
formation.
As stated above for MgO, reduction of the=C bond on
Scheme 3. Gas-phase HTR of MO with 2P on MgO. MIBC formation.  M@Al.330, would require hydrogen fragments to be present
on the surface. In previous wofR0], we studied 2-propanol
di- adsorption mode of both-€ and G-O bondg4,30] or dehydrogenation on MgO and Mgl mixed oxides and
by “on top” combined withmc—c adsorption modes on the  found that the former is a better dehydrogenating catalyst.
Mg?* cations as sketched8theme 3However, reductionof ~ The dehydrogenation rate of 2P on a MgAdO, catalyst at
the G=C bond cannot be achieved by direct hydrogen transfer 533 K was three times slower than on MgO but not negligible.
from 2P as in the MPV mechanism, and thus dissociative Thus, participation of the At" in providing the H fragments
2P adsorption with formation of hydrogen and DMK might for C=C reduction cannot be excluded, even though they are
supply the surface H fragments. Participation of surface H not considered irscheme 4lnvolvement of surface H frag-
fragments in reduction of the=€C bond of MO on MgO, was  ments in reduction of the-6C bond of MO on MgA} 330,
confirmed by performing catalytic tests inldtmosphere. In was confirmed by comparing catalytic tests ip&hd in H
fact, MIBK was observed in significant concentrations all atmosphereTable 3. A slight increase of the MIBK/MIBC
along the catalytic run and the MIBK/MIBC selectivity ratio  selectivity ratio was observed in,HThe smaller increment
clearly increased by an order of magnitude when gas phasecompared to that measured on MgO is explained by the fact

C=0 reduction by fast C=C reduction by slow
MPV mechanism 2P dehydrogenation

hydrogen was included in the reactant fegdkle 3. that Mg-Al mixed oxides are less active than MgO to pro-
Additional 2P dehydrogenation experiments carried out mote H dissociatior[29].

by injecting 2-propanol diluted in Non MgO (Table 2 Once the saturated ketone (MIBK) has formed on

indicated that this reaction is significantly slowe;gp( = MgAl 330y, it readily converts to MIBC by a MPV mecha-

14umol/(hm?)) compared with UOL formation by MPV  nism probably involving both Mg and AR* surface sites
mechanismrCyor = 182pumol/(h n?)). Thus, the hydrogen  (Scheme % Mg—Al mixed oxides have been reported as very
transfer rate from 2P to MO via a MPV mechanism on MgO active and selective catalysts for HTR of saturated ketones to-
is more rapid than the formation of H fragments by 2P dehy- ward the saturated alcohi@1,32]. In particular, Jyothi et al.
drogenation to DMK. This result explains why the formation [13] reported a 95% MIBC yield in the gas-phase HTR of
of UOL (Scheme Ris kinetically favored compared to the MIBK with 2P at 473K and low HLSV (1.5 cii(h g-cat.))

formation of MIBC (Scheme 3 on a MgAlb 330, mixed oxide. However, MgAl mixed ox-
Contrarily to what was found on MgO, MIBK was ides are not selective for the HTR of unsaturated ketones
initially formed at high rates on MgAksO: (F°misk = toward the unsaturated alcohdbple 2.

296p.mol/(h n?)). This is explained by considering that the Although UOL is a primary product on MgAbk3Ox
presence of At cations in the catalyst gives rise to two possi-  (Fig. 4B), UOL synthesis is hampered on this catalySg6.
ble mechanisms leading to selective hydrogenation of MO to = 47 umol/(h n?)) irrespective of the conversion level, prob-
MIBK: (i) Michael addition of a hydride (4 of the adsorbed  ably because surface Al sites decrease by dilution the
2-propoxide intermediate) to the;@tom of adsorbed MO density of Mg™—0?~ pairs and shift MO adsorption mode

Table 3
Effect of the reaction atmosphere on the gas-phase HTR of mesityl oxide with 2-propanol
Catalyst Atmosphere Conversf(?o) Selectivitie8 (%)
Xmo Xop uoL i-MO MIBC MIBK MIBK/MIBC AC Others
MgO N2 71.3 15.9 39D 260 261 0.8 0.03 45 3.6
Ha 715 17.2 367 302 208 6.4 0.3 17 4.2
MgAl 330, N2 90.9 23.8 40 58 250 336 13 313 0.3
Hz 90.8 234 » 55 240 374 16 295 0.0
Cuo,05MgAl 0,650 NP 96.0 82.7 [09) 16 34 680 200 270 0.0
Hz 99.9 83.7 [04) 0.0 7.4 573 7.7 353 0.0
T =523K; Np(H2)/2P/MO = 93.4/6.6/1.3 kP& F} o = 15 g h/mol.
aAtt=0.

b WIF)o = 10gh/mol.
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2P MIBK

HZ
H,C CH, H,C CH,
\(If/ HSG\ # \(I:I/ H,C H3C\c/0
H NI 0 .’

BRI
C=C reduction by fas DMK MIBK
2P dehydrogenation

Scheme 5. Gas-phase HTR of MO with 2P omgaMgAl g.650,. MIBK formation.

favoring the fast HTR of the €C bond. Surface Lewis acid  (Fig. 4B) because it is formed via different reaction path-

Al3t cations also favor DMK and MO polymerizationto AC  ways on both samples. In fact, on §#8MgAl 650, MIBC

compounds. lvanov et4lL.2] showedthatHTR on Lewisacid  formation from MIBK hydrogenation is hindered because

catalysts is affected by competitive aldol condensation reac-thermodynamics but also because of insufficient surface hy-

tions since ketone adsorption under flow conditions probably drogen concentration generated by 2P dehydrogenation. The

displaces coordinated alcohol adsorption leading preferen-latter explains the positive effect of the hydrogen pressure in

tially to AC products. forming MIBC at expenses of MIBK compared to the typi-
On Cup 05sMgAl o 650, catalyst, surface Clatoms readily cal experiment in N (Table 3. In contrast, on MgAJ 330,

decompose 2HHg. 3A) forming acetone and mobile surface MIBC is essentially formed by HTR of MIBK with 2P ac-

H fragments that migrate to selectively reduce th&€®ond cording toScheme 4and the presence ofoHn gas phase

of MO giving MIBK, as depicted inrScheme 5In fact, we does not change significantly the MIBC yieltaple 3.

obtained similar results in a previous work on MIBK syn-

thesis from 2-propanol on bifunctional Cu-based catalysts

[18]. Scheme 5s indeed similar t&scheme decause metal 4. Conclusions

cations of the MgAd 330, catalyst and copper metal atoms

of the Cp.0sMgAl 650, catalyst promote the same reaction  The rates and product distributions for the hydrogen trans-

pathway toward MIBK. However, whereas MO conversion fer reduction of mesityl oxide with 2-propanol on Mg-based

rates are comparable on both catalysts, 2P dehydrogenatiogatalysts greatly depend on the ability of surface active sites

rate on Cy.0sMgAl 650, is much faster than on Mg#k3O. for promoting both the coordination of adjacent adsorbed re-
(Table . In fact, we measured &y = 2225umol/(h n?) actants and the selective promotion ef@or G=C bonds in
on CyosMgAloesOx in contrast to 80@umol/(h?) on the adsorbed mesityl oxide molecule.

MgAlo.330;. As a consequence of the higher surface hydro-  Bijfunctional Cu,gsMgAlgesOx catalyst combine metal
gen pressure, reduction of the=C bond is two-fold faster  and acid-base sites for producing predominantly MIBK.
on Cuy,0sMgAl.650; (rmisk = 683umol/(hn®)) than on  Copper metal atoms readily dehydrogenate 2-propanol to
MgAIl0.330; (rPmisk = 296umol/(hn?)). acetone forming significant amounts of dissociated hydro-
In spite of the higher concentration of surface-generated gen which migrates then from €atoms to selectively hy-
hydrogen fragments, MIBC is obtained in smaller concen- drogenate the €C bond of mesityl oxide adsorbed on either
trations on Cg,0sMgAl 0,650, (Fig. 3B) than on MgAb.330; surface Cll atoms or Mg+ (AI3+)—0%~ acid—base sites of
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the support. The MgA)l330, sample combines metal cations
of different electronegativities which promote botkCand
C=0 reductions giving mainly g£and G saturated ketones
and alcohols. Lewis acid At cations adsorb mesityl oxide
via a mc—c complex of the &C bond thereby promoting
its selective hydrogenation to MIBK with hydrogen frag-

[4] V. Ponec, Appl. Catal. A: Gen. 149 (1997) 27.

[5] M. von Arx, T. Mallat, A. Baiker, J. Mol. Catal. A: Chem. 148
(1999) 275.

[6] C. Milone, R. Ingoglia, M.L. Tropeano, G. Neri, S. Galvagno, Chem.
Commun. (2003) 868.

[7] E.J. Creyghton, S.D. Ganeshie, R.S. Downing, H. van Bekkum, J.
Mol. Catal. A: Chem. 115 (1997) 457.

ments generated from 2-propanol dissociation on surface [8] M-A. Aramendia, V. Borau, C. Jimenez, J.M. Marinas, A. Porras,

Mg2t—0O?%~ or AI3t—0?" pairs. MIBK is then consecutively
transformed to MIBC and &aldol condensation products,

F.J. Urbano, Appl. Catal. A: Gen. 172 (1998) 31.
[9] J. Lopez, J. Sanchez Valente, J.M. Clacens, F. Figueras, J. Catal.
208 (2002) 30.

which are formed in significant amounts at high mesityl 0X- [10] A. corma, M.E. Domine, S. Valencia, J. Catal. 215 (2003) 294.
ide conversions. In contrast, formation of the allyl alcohol [11] S.H. Liu, S. Jaenicke, G.K. Chuah, J. Catal. 206 (2002) 321.

from mesityl oxide is not significant on Mgk3Oy, even
for total conversion of mesityl oxide.
MgO selectively reduces mesityl oxide to the allyl al-

[12] V.A. Ivanov, J. Bachelier, F. Audry, J.C. Lavalley, J. Mol. Catal. 91
(1994) 45.

[13] T.M. Jyothi, T. Raja, B.S. Rao, J. Mol. Catal. A: Chem. 168 (2001)
187.

cohol at unusually high yields for a gas-phase reaction. [14] J. kaspar, A. Trovarelli, F. Zamoner, E. Farnetti, M. Graziani, in:

The unique performance of MgO is based on the ability of

weak acid—strong base Mig—O?~ pair sites for promot-

M. Guisnet (Ed.), Heterogeneous Catalysis and Fine Chemicals I,
Elsevier Science, Amsterdam, 1991, p. 253.

ing formation of the six-atom cyclic intermediate needed [15] M.A. Aramendia, V. Borau, C. Jimenez, A. Marinas, J.M. Marinas,

in Meerwein—Ponndorf—Verley mechanism for preferentially [16]

A. Porras, F.J. Urbano, Catal. Lett. 50 (1998) 173.
G. Szollosi, M. Bartok, J. Mol. Catal. A: Chem. 148 (1999) 265.

transferring hydrogen from the 2-propanol donor molecule [17] .. bi Cosimo, V.K. Oez, C.R. Apestega, Appl. Catal. A: Gen.

to the G=O bond of mesityl oxide. In fact, mesityl oxide ad-
sorbs via the €0 bond on a weak Lewis acid Mg cation,

whereas 2-propanol adsorbs non-dissociatively on a vicinal

Mg?t—O?~ pair, giving rise to the required bimolecular six-

137 (1996).

[18] J.I. Di Cosimo, G. Torres, C.R. Apestdgu J. Catal. 208 (2002)
114.

[19] J.I. Di Cosimo, V.K. Dez, M. Xu, E. Iglesia, C.R. Apestemy J.
Catal. 178 (1998) 499.

atom cyclic intermediate. The hydride transfer occurs then 2q] vk. Diez, C.R. Apestega, J.I. Di Cosimo, J. Catal. 215 (2003)

selectively toward the allyl alcohol without participation of
surface H fragments from 2-propanol dissociation.
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