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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
523 K on basic MgO, MgAl0.33Ox and Cu0.05MgAl0.65Ox 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
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eaction pathways. Main reaction products from mesityl oxide conversion were the two allyl alcohol isomers (UOL, 4-methyl-3
-ol and 4-methyl-4-penten-2-ol), isomesityl oxide, methyl isobutyl ketone (MIBK), methyl isobutyl carbinol and C9 aldol condensatio
roducts.
Bifunctional Cu0.05MgAl0.65Ox did not produce alcohols. Metallic Cu atoms readily decomposed 2-propanol forming acetone and

urface H atoms that selectively reduced the CC bond of mesityl oxide giving mainly MIBK.
UOL formed on MgO at unusually high yields for a gas-phase reaction (40% at 523 K, 2-propanol/mesityl oxide = 5 and HLSV =

4 cm3/(h g)). UOL formation on MgO proceeds via a hydrogen transfer Meerwein–Ponndorf–Verley (MPV) mechanism without part
f surface H atoms from 2-propanol dissociation. Weak acid–strong base Mg2+ O2− surface pairs efficiently promote formation of the s
tom cyclic intermediate required in the MPV mechanism for selectively reducing the CO bond of an unsaturated ketone to the correspon
llyl alcohol.
In contrast, UOL yield on MgAl0.33Ox was always lower than 5%. UOL formation is hindered on MgAl0.33Ox because surface Al3+ sites

ecrease by dilution the density of Mg2+ O2− pairs and concomitantly favor the adsorption of mesityl oxide via the CC bond, thereb
romoting the selective formation of MIBK.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Among the reduction processes of carbonyl-containing
nsaturated compounds, those that selectively reduce the car-
onyl group preserving the other functional groups in the
olecule are of special interest in fine chemical synthesis.
hese regioselective processes have been extensively stud-

ed in liquid phase under high hydrogen pressures on both
upported noble metal catalysts and non-noble mixed oxide

∗ Corresponding author. Tel.: +54 342 4555279; fax: +54 342 4531068.
E-mail address:dicosimo@fiqus.unl.edu.ar (J.I.D. Cosimo).

catalysts[1,2]. The carbonyl function of unsaturated alde
des is more easily reduced as compared to that of un
rated ketones[3,4]. Actually, the selective hydrogenation
unsaturated ketones by molecular hydrogen toward the
responding allyl alcohols with high yields was only rece
reported[5,6].

The hydrogen transfer reduction (HTR) of aldehydes
ketones provides a highly selective alternative route for a
hol synthesis. In the HTR reaction, the carbonyl compo
(oxidant) is contacted with a hydrogen donor reactant
ductant) at mild conditions in liquid or gas phase ther
avoiding the use of pressurized hydrogen. This redox rea
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can be depicted as Eq. (1):

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–Verley
(MPV) mechanism which involves the selective hydrogena-
tion of the C O bond leaving unreacted the other reducible
functional groups of the reactant molecule[3,7]. Recently,
several regio, chemo, enantio or stereoselective applications
of the HTR reaction have been reported[7–10] either
in liquid or in gas phases using solid catalysts. Zeolites
and metal oxide catalysts containing Lewis acid or base
surface sites have been shown to promote HTR reaction
[7,11,12]. The reaction mechanism, the occurrence of side
reactions, and the catalyst activity decay strongly depend
on the acid–base nature of the catalyst. For example, acidic
catalysts frequently dehydrate the obtained alcohol forming
olefins, whereas basic catalysts promote consecutive aldol
condensations of the carbonyl intermediates.

Most of the contributions on HTR reaction applications
lately reported deal with the reduction of saturated carbonyl
compounds and very few with unsaturated ketones or alde-
hydes. However, the HTR reaction is particularly suitable
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each catalyst formulation that is interpreted in terms of the
role played by the different surface species (acid–base or
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
product distribution of this reaction. Our goal was to elucidate
the reaction pathways leading to allyl alcohol and saturated
compounds and to ascertain the nature of the surface species
that promote these reactions.

2. Experimental

2.1. Catalyst synthesis

Mg Al and Cu Mg Al mixed oxides identified as
(Cuy)MgAl zOx were prepared by co-precipitation method
at a constant pH of 10 following similar procedures. For the
ternary Cu Mg Al catalyst, a nitrate solution with a total
[Mg + Al + Cu] cation concentration of 1.5 M was contacted
with a basic solution of K2CO3 and KOH by dropwise addi-
tion of both solutions into a stirred beaker containing 350 cm3

of distilled deionized water held at 333 K. The precipitates
formed were aged in their mother liquor for 2 h at 333 K
a un-
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or the reduction of�,�-unsaturated carbonyl compounds
he corresponding allyl alcohols since the CC bond is no
ffected. In fine chemistry applications, the allyl alcoho
sually the most valuable and difficult to obtain produc

he�,�-unsaturated carbonyl reduction[9] because the rea
ion generally proceeds further toward formation of satur
arbonyl or alcohol compounds.

Gas-phase reduction of unsaturated carbonyl compo
uch as cinnamaldehyde, citral, acrolein, 4-hexen-3-on
lohexenone or 5-hexen-2-one to the corresponding un
ated alcohols has been explored in the literature with div
evel of success using Mg-based catalysts, such as M

g B, or Mg Al mixed oxides in flow reactors. Allyl a
ohol yields of 4–88% were achieved within a wide ra
f operating conditions, i.e. temperatures between 473
23 K, alcohol/carbonyl molar ratio of 2–20, and HLSV
.6–2500 cm3 of liquid reactant/(h g-catalyst)[8,13–16].

In this paper, we study the gas-phase reduction of me
xide, an�,�-unsaturated ketone, toward the allyl alco
4-methyl-3-penten-2-ol), by HTR using 2-propanol as a
rogen donor on acid–base and bifunctional metal/acid–
atalysts according to Eq. (2), where acetone is the prod
he 2-propanol oxidation. Specifically, we first prepared
haracterized Mg-based catalysts such as MgO, MgAl and
g Al Cu mixed oxides, and then determined their cata
erformance. Results show a distinct catalytic behavio
nd then filtered, washed with boiling distilled water
il K + was no longer detected in the filtrate, and drie
48 K overnight. Dried precursors were decomposed i2
r air at 773 K overnight in order to obtain the correspon
Cuy)MgAlzOx samples. High surface area pure MgO
repared by hydration with distilled water at room tem
ture of commercial MgO (Carlo Erba, 99%, 27 m2/g) and

urther decomposition in N2 at 773 K. Details are given els
here[17].
In addition, a Cu/SiO2 (SiO2, Grace 62, 99.7%) samp

as prepared by incipient wetness impregnation by drop
ddition of an aqueous solution of Cu(NO3)2·3H2O with a
opper concentration of 0.6 M. After drying, sample was
ined in air at 773 K overnight.

.2. Catalyst characterization

The crystalline phases in the coprecipitates and in
ixed oxides were determined by X-ray diffraction (XR
sing a Shimadzu XD-D1 diffractometer and Ni-filtered
� radiation. Crystallite sizes were calculated from the C

1 1 1) diffraction lines using the Scherrer equation.
The total CO2 adsorption site densities and binding

rgies were obtained from temperature-programmed
rption (TPD) of CO2 preadsorbed at room temperatu
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Samples (150 mg) were pretreated in N2 at 773 K for 1 h and
then exposed to a flow of 100 cm3/min of 3.09% CO2/N2
at room temperature until saturation coverage was reached.
Weakly adsorbed CO2 was removed by flowing N2 and then
the temperature was increased to 773 K at 10 K/min. The
evolved CO2 was converted to methane by means of a metha-
nation catalyst (Ni/Kieselghur) operating at 673 K and mon-
itored using a flame ionization detector.

BET surface areas (Sg) were measured by N2 physisorp-
tion at its boiling point using a Quantachrome Nova-1000
sorptometer. Bulk elemental analysis of Cu, Mg, Al and K
was carried out by atomic absorption spectroscopy (AAS).

2.3. Catalytic testing

Catalytic tests were conducted at 523 K and atmo-
spheric pressure in a fixed bed reactor. Samples sieved at
0.35–0.42 mm were pretreated in N2 at 773 K for 1 h before
reaction in order to remove adsorbed H2O and CO2. In addi-
tion, Cu-containing catalysts were reduced in situ in flowing
H2 at 573 K for 1 h prior the catalytic test.

The reactants, mesityl oxide, MO (Acros 99%, isomer
mixture of mesityl oxide/isomesityl oxide = 91/9) and 2-
propanol, 2P (Merck, ACS, 99.5%) were introduced as a mix-
ture with the proper molar composition via a syringe pump
a
p ity
( of
1 by
o hro-
m nd a
0 ain
r the
t ten-
2
m ol
( h
a nd
p tified
h
d fied
i ida-
t

T
C

C ase si

M 5.6
M 3.3
C .4
C 0.0

bons (propane or propylene) were formed by 2P dehydration.
Selectivities (Si, carbon atoms of producti/carbon atoms of
MO reacted) and yields (ηi, carbon atoms of producti/carbon
atoms of MO fed) were calculated asSi = FiNi/

∑
FiNi and

ηi = FiNi/6F0
MO, whereFi is the molar flow of a producti

formed from MO,Ni the number of carbon atoms in producti
andF0

MO the molar flow of MO in the feed. Due to catalyst de-
activation, the catalytic results reported here were calculated
by extrapolation of the reactant and product concentration
curves to zero time on stream. Then,X, S, andη represent
conversion, selectivity, and yield att = 0, respectively.

3. Results and discussion

3.1. Characterization

The chemical composition, BET surface area, and crys-
talline phases of mixed oxides and MgO are shown inTable 1.
Elemental analysis of the oxides revealed that the actual com-
position was very similar to the nominal one, suggesting com-
plete precipitation of Mg and Al or Cu salts during synthesis.
The potassium content in all the mixed oxides was below
0.1 wt.%, which confirms that K+ ions were effectively re-
moved by washing of the precipitated precursors.
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nd vaporized into flowing N2 or H2 to give a N2(H2)/2-
ropanol = 12 (molar). The hourly liquid space veloc
HLSV) of the reactant mixture was varied in the range
4–400 cm3/(h g-cat.). Reaction products were analyzed
n-line gas chromatography in a Varian Star 3400 CX c
atograph equipped with a flame ionization detector a
.2% Carbowax 1500/80–100 Carbopack C column. M
eaction products from MO conversion were identified as
wo unsaturated alcohol isomers (UOL, 4-methyl-3-pen
ol and 4-methyl-4-penten-2ol), isomesityl oxide (i-MO),
ethyl isobutyl ketone (MIBK) and methyl isobutyl carbin

MIBC). At high MO conversion levels, C9 oxygenates suc
s diisobutyl ketone (DIBK), diisobutyl carbinol (DIBC) a
horones were also obtained as well as other uniden
eavier condensation products (C9+). The total C9 aldol con-
ensation products (DIBK + DIBC + phorones) are identi

n the text as AC. Acetone (DMK) was produced by 2P ox
ion in HTR reaction (Eq. (2)). Small amounts of C3 hydrocar-

able 1
atalyst physicochemical properties

atalyst Sg(m2/g) Phases detecteda B

gO 136 MgO periclase
gAl0.33Ox 200 MgO periclase
u0.05MgAl0.65Ox 245 MgO, MgAl2O4, CuOd 1
u/SiO2 233 CuO
a By XRD.
b By TPD of CO2.
c By AAS.
d Traces.
te densityb (�mol/m2) Chemical compositionc (wt.%)

Mg Al Cu

60.3 – –
34.4 12.1 –

31.4 22.7 4.0
– – 6.1

X-ray diffraction pattern for Cu/SiO2 exhibited a sin
le well-defined CuO phase; calculations showed tha

his sample the CuO crystallite size was about 25Å.
he diffraction patterns of MgAl0.33Ox and of unreduce
u0.05MgAl0.65Ox mixed oxides showed broad XRD lin
orresponding to a quasi-amorphous MgO periclase p
robably because the hydrated precursors were decom
t relatively low temperatures (773 K). Cu0.05MgAl0.65Ox

ontained an additional MgAl2O4 spinel phase and copp
xide (CuO, tenorite), which was detected as a poorly c

alline phase, thereby suggesting that in Cu0.05MgAl0.65Ox

ample copper is highly dispersed in the mixed oxide ma
In previous work[18–20], we characterized the surfa

asicity of similar Mg-based catalysts by using a comb
ion of spectroscopic techniques and identified three diffe
urface basic sites. We also determined the following
trength order for these sites: low coordination O2− anions
oxygen in Mg2+ O2− pairs > OH− groups. In the prese
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Fig. 1. CO2 TPD traces of basic Mg-based catalysts.

work, we have measured CO2 adsorption site densities and
binding energies by TPD of CO2. The CO2 desorption rate
as a function of sample temperature is presented inFig. 1
for MgO, MgAl0.33Ox and Cu0.05MgAl0.65Ox samples. The
total amount of desorbed CO2 was measured by integration
of TPD curves. The resulting values are reported inTable 1.

The base site density and strength distribution depended
on the acid–base properties of the metal cations present in
the catalyst formulation. In mixed oxides containing Lewis
acidic cations such as MgAl0.33Ox and Cu0.05MgAl0.65Ox,
the base site density is lower than in MgO. Just 12.1 wt.%
Al in the catalyst formulation of MgAl0.33Ox decreased the
base site density by almost a factor of 2 compared to pure
MgO. On the other hand, the number of surface basic sites
on Cu/SiO2 was negligible.

Similarly, the TPD traces ofFig. 1show that the binding
energies of adsorbed CO2 species are affected by the elec-
tronegativity of the metal cations. MgO contains not only
weak (CO2 desorption temperature≈400 K) and medium-
strength (≈450 K) but also high-strength base sites (≈550 K).
In general, the amount of strong base sites decreased with in-
creasing the catalyst Al content. Catalyst Cu0.05MgAl0.65Ox

presents a low total density of base sites and almost no high-
strength base sites.
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Fig. 2. Selectivities and conversions att = 0 on different Mg-based catalysts
for gas-phase HTR of MO with 2P.T = 523 K;PT = 100 kPa; N2/2P/MO =
93.4/6.6/1.3 kPa;XMO = 85–89%.

2P conversion (X2P) was 15% on MgO and 20% on
MgAl0.33Ox, giving in both cases aXMO/X2Pconversion ratio
close to 5, what suggests that a HTR reaction predominates.
In contrast, on Cu0.05MgAl0.65Ox catalyst, 2P conversion
reached a value of 83% (XMO/X2P ≈ 1), thereby indicating
that 2P participates in other reactions besides HTR.

Metallic copper is industrially used in acetone synthesis
from 2-propanol[21] because its well known dehydrogenat-
ing properties. Furthermore, we have previously demon-
strated that Cu0/acid–base catalysts are about 1000 times
more active to dehydrogenate 2P than Cu-free acid–base
catalysts[18]. Thus, the high 2P conversion observed on
Cu0.05MgAl0.65Ox catalyst is attributed to the fact that sur-
face Cu0 atoms readily convert 2P in DMK and molecular
hydrogen.

Fig. 2 also shows the product distribution on MgO,
MgAl0.33Ox, and Cu0.05MgAl0.65Ox 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
compounds such asi-MO (16%) and AC products (4.5%
phorones) were also obtained. Phorones are C9 unsaturated
ketones formed by aldol condensation of MO with the DMK
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-
m
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.2. Catalyst activity and selectivity

Catalyst activity and selectivity for the HTR of MO wi
P were investigated by carrying out catalytic experim
t similar MO conversion levels (XMO = 85–89%).Fig. 2
ompares the catalyst performance at 523 K resulting
ontacting the catalyst bed with the reactant mixture p
usly vaporized in N2 (N2/2P/MO = 93.4/6.6/1.3 kPa).

For a reactant mixture of 2P/MO = 5 molar ratio, the
ectedXMO/X2P conversion ratio should be 5, either if s

chiometric selective reduction of CO (Eq. (2)) or C C
Eq. (3)) double bonds of MO takes place.

O + 2P� MIBK + DMK (3)
ation of the MO isomer,i-MO, is explained by CC dou-
le bond isomerization of MO. Similarly to isomerization
lefins on basic oxides, this reaction proceeds via carba

ntermediates[22] as depicted inScheme 1. Although the
somerization reaction involves formation of mobile surf
rotons, not necessarily incorporates hydrogen from th
rogen donor as it may proceed by intramolecular hydr

ransfer. In the same way, formation of 4-methyl-4-pen
-ol, can be assigned to fast CC double bond isomerizatio
f 4-methyl-3-penten-2-ol, the unsaturated alcohol resu

rom C O reduction of MO or to CO reduction ofi-MO.
On MgAl0.33Ox mixed oxide, formation of the unsat

ated compounds (UOL andi-MO) was almost complete
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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,
MgAl0.33Ox 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 C9 �,�-unsaturated product. These re-
sults suggest that the MgAl0.33Ox catalyst combines metal
cations of different electronegativities which promote both
C C and C O reductions giving mainly C6 and C9 saturated
ketones and alcohols.

Cu0.05MgAl0.65Ox 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, Cu0.05MgAl0.65Ox cata-
lyst contains surface Cu0 atoms. The role of the Cu0 atoms
on the selectivity of HTR reactions was explored by carry-
ing out additional catalytic runs on a 6 wt.% Cu/SiO2 sam-
ple. The selectivity to MIBK on Cu/SiO2 was about 95%,
thereby suggesting that copper (Table 2), supported on in-
ert solids promotes almost exclusively the CC bond hydro-
genation of MO molecule. Similar findings on Cu/SiO2 have
been reported by Ravasio et al.[23] in the liquid-phase hydro-
g iO
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3.3. Effect of contact time: reaction pathways

The effect of contact time (W/F0
MO andW/F0

2P) 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 yields (ηi) and
conversions (XMO andX2P) be obtained by extrapolating to
zero time on stream using proper fitting functions.Figs. 3–5
show the results obtained at 523 K on Cu0.05MgAl0.65Ox,
MgAl0.33Ox, and MgO, respectively, using a 2P/MO = 5 re-
actant molar ratio and a wide contact time range (W/F0

MO =
1.5–42.0 g-cat. h/mol MO;W/F0

2P= 0.3–8.4 g-cat. h/mol 2P).
From the initial slopes of theXMO andX2P versusW/F0

MO
curves and from those of theηi versusW/F0

MO plots, the areal
initial conversion rate of each reactant (r0

MO andr0
2P) and the

areal initial formation rates of producti (r0
i ) were calculated

according to

r0
MO = 1

Sg

[
dXMO

d(W/F0
MO)

]
W/F0

MO=0

r0
2P = 1

Sg

[
dX2P

d(W/F0
2P)

]
W/F0

2P=0

= 5

Sg

[
dX2P

d(W/F0
MO)

]
W/F0

MO=0

a
es-

t -
c HTR
o ess
f the
enation of other�,�-unsaturated ketones. Since the Cu/S2
atalyst did not promote aldol condensations reactions
ation of AC compounds on Cu0.05MgAl0.65Ox must be at

ributed to the surface acid–base properties of this sam
n Cu0.05MgAl0.65Ox catalyst, copper metal atoms are be
ispersed than in the silica matrix thereby favoring the in
ction between metal and acid–base sites. The bifunc
atalysis operating on Cu0.05MgAl0.65Ox explains why this
ample, in contrast to MgAl0.33Ox, produces only C6 and C9
etones.

able 2
as-phase HTR of mesityl oxide with 2-propanol

atalyst Initial conversion rates (�mol/(h m2))

r0
MO r0

2P

gO 711 992
gOa – 14
gAl0.33Ox 785 800
u0.05MgAl0.65Ox 1011 2225
u/SiO2 382 270

= 523 K; N2/2P/MO = 93.4/6.6/1.3 kPa.
a N2/2P = 93.5/7.8 kPa.
Initial formation rates (�mol/(h m2))

r0UOL (C O) r0MIBK (C C) r0MIBC (C O + C C)

182 9 146
– – –
47 296 69
29 683 132
4 363 5

r0
i = 1

Sg

[
dηi

d(W/F0
MO)

]
W/F0

MO=0

s presented inTable 2.
Calculations for Eq. (2) using additivity rules for the

imation of thermodynamic parameters[24] led us to con
lude that unsaturated alcohol formation by gas-phase
f MO with 2P at 523 K is a slightly endothermic proc

avored at high 2P/MO ratios. At 523 K and 2P/MO = 5,
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Fig. 3. Gas-phase HTR of MO with 2P on Cu0.05MgAl0.65Ox. (A) Reactant conversions att = 0; (B) product yields att = 0.T= 523 K;PT = 100 kPa; N2/2P/MO
= 93.4/6.6/1.3 kPa.

Fig. 4. Gas-phase HTR of MO with 2P on MgAl0.33Ox. (A) Reactant conversions att = 0; (B) product yields att = 0.T = 523 K;PT = 100 kPa; N2/2P/MO =
93.4/6.6/1.3 kPa.

Fig. 5. Gas-phase HTR of MO with 2P on MgO. (A) Reactant conversions att = 0; (B) product yields att = 0. T = 523 K; PT = 100 kPa; N2/2P/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, at
all contact times C3 hydrocarbons were observed in negligi-
ble amounts on the three catalysts, thereby confirming that
2P molecules do not participate significatively in dehydration
reactions.

On bifunctional Cu0.05MgAl0.65Ox catalyst, we measured
MO and 2P conversions of up to 100% (Fig. 3A). The
main and primary product is MIBK, as indicated inFig. 3B
by its non-zero initial slope; MIBK converts to AC prod-
ucts at increasing contact times. MIBC yield is low on
Cu0.05MgAl0.65Ox over the entire contact time range stud-
ied because consecutive MIBK reduction to MIBC with H
fragments formed by 2P decomposition on Cu0 is thermody-
namically unfavored[24]. 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 MgAl0.33Ox

mixed oxide (Fig. 4A). On this catalyst, UOL is a primary
product butηUOL was lower than 5% in all the conversion
range, as shown inFig. 4B. The main reaction pathway leads
to primary MIBK formed by direct reduction of the CC bond
of MO. MIBK reaches a maximum concentration as it rapidly
c on re-
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3.4. Surface properties and catalytic performance

The distinct catalytic behavior observed on
Cu0.05MgAl0.65Ox, MgAl0.33Ox, and MgO samples
may be explained by considering essentially the role played
by the different surface species (acid–base or metallic sites)
on both the coordination of reactant molecules and the
selective promotion of CC or C O 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 alkoxide[7]. It
is customary to postulate a similar intermediate for the het-
erogeneously catalyzed process, as presented inScheme 2,
in which MO adsorption takes place via the CO bond on
a weak Lewis acid Mg2+ cation, whereas 2P adsorbs non-
dissociatively on a vicinal Mg2+ O2− pair, giving rise to
a cyclic six-atom surface intermediate. Thus, in the MPV
concerted mechanism, the hydride transfer (H�) occurs se-
lectively toward allyl alcohol formation without participation
of surface H fragments from alcohol dissociation. It has been
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ctions (AC compounds) with increasing contact time. M

s probably formed at short contact times by fast consec
TR of MIBK with 2P. At high contact times, aldol conde
ation reactions clearly prevail over the HTR reactions.

The highest MO conversion measured on MgO (Fig. 5A)
as 87%. On the strongly basic MgO, UOL is a prim
roduct formed directly from MO ori-MO as indicated b

ts non-zero initial slope inFig. 5B. UOL yield increase
onotonically with increasing contact time because on M

he consecutive conversion of UOL to secondary produc
ot favored, in contrast to what is usually observed in liq
hase on noble metal catalysts, on which the allyl alcoh
apidly isomerised to the saturated ketone via enol forma
25] or further hydrogenated to the saturated alcohol[26].
IBK yields of <1% were measured at increasing con

imes. Consequently, UOL is the main reaction produc
gO at high contact times. Similarly,i-MO is a primary
roduct that is probably converted into UOL at higher con

imes.
The initial slope of the MIBC curve inFig. 5B suggest

hat this product forms directly from the MO and 2P reacta
s depicted inEq. (4). This reaction is highly exothermic wi
n equilibrium constant 106 times higher than that of UO

ormation according to Eq. (2). At high contact times, MI
s also formed by consecutive HTR fromi-MO. Finally, the
nitial zero slope for AC formation reveals that this pr
ct is produced via the consecutive condensation of prim
roducts.

O + 2(2P)� MIBC + 2 DMK (4)
ebated in the literature whether the ketone adsorbs
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lcohol adsorption[12]. The MO adsorption on the Mg2+
ations as we postulate inScheme 2for the gas-phase all
lcohol synthesis is supported by the presence of pho
mong the reaction products. Formation of phorones by
ondensation requires, in fact, initial activation of the re
ant ketones (MO and DMK) on vicinal Lewis acid sites
ostulated previously for similar aldolization reactions[29].
esides, strong MO adsorption on MgO probably impe

urther UOL competitive adsorption, thereby preventing c
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ith the fact that UOL is the main reaction product at h
onversions.

Formation of MIBK on MgO via the initial reduction o
he C C bond of MO is very low, but significant amounts
IBC are produced.Table 2shows thatr0MIBC is more than
ne order of magnitude higher thanr0MIBK . Therefore, th
nselective reduction of MO to MIBC can be envisage
ccurring according toEq. (4), probably by a simultaneo
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y MPV mechanism.



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

Scheme 3. Gas-phase HTR of MO with 2P on MgO. MIBC formation.

di-� adsorption mode of both CC and C O bonds[4,30]or
by “on top” combined with�C C adsorption modes on the
Mg2+ cations as sketched inScheme 3. However, reduction of
the C C bond cannot be achieved by direct hydrogen transfer
from 2P as in the MPV mechanism, and thus dissociative
2P adsorption with formation of hydrogen and DMK might
supply the surface H fragments. Participation of surface H
fragments in reduction of the CC bond of MO on MgO, was
confirmed by performing catalytic tests in H2 atmosphere. In
fact, MIBK was observed in significant concentrations all
along the catalytic run and the MIBK/MIBC selectivity ratio
clearly increased by an order of magnitude when gas phase
hydrogen was included in the reactant feed (Table 3).

Additional 2P dehydrogenation experiments carried out
by injecting 2-propanol diluted in N2 on MgO (Table 2)
indicated that this reaction is significantly slower (r0

2P =
14�mol/(h m2)) compared with UOL formation by MPV
mechanism (r0UOL = 182�mol/(h m2)). Thus, the hydrogen
transfer rate from 2P to MO via a MPV mechanism on MgO
is more rapid than the formation of H fragments by 2P dehy-
drogenation to DMK. This result explains why the formation
of UOL (Scheme 2) is kinetically favored compared to the
formation of MIBC (Scheme 3).

Contrarily to what was found on MgO, MIBK was
initially formed at high rates on MgAl0.33Ox (r0MIBK =
2 2 the
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(C C bond) followed by protonation of the resulting carban-
ion at the C3 carbon atom of MO; (ii) adsorption of MO via a
�C C complex of the CC bond on the Al3+ cations, which
are stronger Lewis acid sites than Mg2+ (Scheme 4). 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 CC bond on
MgAl0.33Ox would require hydrogen fragments to be present
on the surface. In previous work[20], we studied 2-propanol
dehydrogenation on MgO and MgAl mixed oxides and
found that the former is a better dehydrogenating catalyst.
The dehydrogenation rate of 2P on a MgAl0.33Ox catalyst at
533 K was three times slower than on MgO but not negligible.
Thus, participation of the Al3+ in providing the H fragments
for C C reduction cannot be excluded, even though they are
not considered inScheme 4. Involvement of surface H frag-
ments in reduction of the CC bond of MO on MgAl0.33Ox

was confirmed by comparing catalytic tests in N2 and in H2
atmosphere (Table 3). A slight increase of the MIBK/MIBC
selectivity ratio was observed in H2. The smaller increment
compared to that measured on MgO is explained by the fact
that Mg Al mixed oxides are less active than MgO to pro-
mote H2 dissociation[29].
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96�mol/(h m )). This is explained by considering that
resence of Al3+ cations in the catalyst gives rise to two po
le mechanisms leading to selective hydrogenation of M
IBK: (i) Michael addition of a hydride (H� of the adsorbe
-propoxide intermediate) to the C4 atom of adsorbed MO

able 3
ffect of the reaction atmosphere on the gas-phase HTR of mesityl o

atalyst Atmosphere Conversiona (%) Se

XMO X2P UO

gO N2 71.3 15.9 39.
H2 71.5 17.2 36.

gAl0.33Ox N2 90.9 23.8 4.
H2 90.8 23.4 3.

u0.05MgAl0.65Ox N2
b 96.0 82.7 0.

H2 99.9 83.7 0.

= 523 K; N2(H2)/2P/MO = 93.4/6.6/1.3 kPa;W/F0
MO = 15 g h/mol.

a At t = 0.
b W/F0

MO = 10 g h/mol.
th 2-propanol

esa (%)

i-MO MIBC MIBK MIBK/MIBC AC Others

26.0 26.1 0.8 0.03 4.5 3.6
30.2 20.8 6.4 0.3 1.7 4.2

5.8 25.0 33.6 1.3 31.3 0.3
5.5 24.0 37.4 1.6 29.5 0.0

1.6 3.4 68.0 20.0 27.0 0.0
0.0 7.4 57.3 7.7 35.3 0.0

Once the saturated ketone (MIBK) has formed
gAl0.33Ox, it readily converts to MIBC by a MPV mech
ism probably involving both Mg2+ and Al3+ surface site
Scheme 4). Mg Al mixed oxides have been reported as v
ctive and selective catalysts for HTR of saturated ketone
ard the saturated alcohol[31,32]. In particular, Jyothi et a

13] reported a 95% MIBC yield in the gas-phase HTR
IBK with 2P at 473 K and low HLSV (1.5 cm3/(h g-cat.))
n a MgAl0.33Ox mixed oxide. However, MgAl mixed ox-

des are not selective for the HTR of unsaturated ket
oward the unsaturated alcohol (Table 2).

Although UOL is a primary product on MgAl0.33Ox

Fig. 4B), UOL synthesis is hampered on this catalyst (r0UOL
47�mol/(h m2)) irrespective of the conversion level, pro
bly because surface Al3+ sites decrease by dilution t
ensity of Mg2+ O2− pairs and shift MO adsorption mo
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Scheme 4. Gas-phase HTR of MO with 2P on MgAl0.33Ox. MIBK and consecutive MIBC formation.

Scheme 5. Gas-phase HTR of MO with 2P on Cu0.05MgAl0.65Ox. MIBK formation.

favoring the fast HTR of the CC bond. Surface Lewis acid
Al3+ cations also favor DMK and MO polymerization to AC
compounds. Ivanov et al.[12] showed that HTR on Lewis acid
catalysts is affected by competitive aldol condensation reac-
tions since ketone adsorption under flow conditions probably
displaces coordinated alcohol adsorption leading preferen-
tially to AC products.

On Cu0.05MgAl0.65Ox catalyst, surface Cu0 atoms readily
decompose 2P (Fig. 3A) forming acetone and mobile surface
H fragments that migrate to selectively reduce the CC bond
of MO giving MIBK, as depicted inScheme 5. In fact, we
obtained similar results in a previous work on MIBK syn-
thesis from 2-propanol on bifunctional Cu-based catalysts
[18]. Scheme 5is indeed similar toScheme 4because metal
cations of the MgAl0.33Ox catalyst and copper metal atoms
of the Cu0.05MgAl0.65Ox catalyst promote the same reaction
pathway toward MIBK. However, whereas MO conversion
rates are comparable on both catalysts, 2P dehydrogenation
rate on Cu0.05MgAl0.65Ox is much faster than on MgAl0.33Ox

(Table 2). In fact, we measured ar0
2P = 2225�mol/(h m2)

on Cu0.05MgAl0.65Ox in contrast to 800�mol/(h m2) on
MgAl0.33Ox. As a consequence of the higher surface hydro-
gen pressure, reduction of the CC bond is two-fold faster
on Cu0.05MgAl0.65Ox (r0MIBK = 683�mol/(h m2)) than on
MgAl0.33Ox (r0MIBK = 296�mol/(h m2)).

ated
h en-
t

(Fig. 4B) because it is formed via different reaction path-
ways on both samples. In fact, on Cu0.05MgAl0.65Ox MIBC
formation from MIBK hydrogenation is hindered because
thermodynamics but also because of insufficient surface hy-
drogen concentration generated by 2P dehydrogenation. The
latter explains the positive effect of the hydrogen pressure in
forming MIBC at expenses of MIBK compared to the typi-
cal experiment in N2 (Table 3). In contrast, on MgAl0.33Ox

MIBC is essentially formed by HTR of MIBK with 2P ac-
cording toScheme 4, and the presence of H2 in gas phase
does not change significantly the MIBC yield (Table 3).

4. Conclusions

The rates and product distributions for the hydrogen trans-
fer reduction of mesityl oxide with 2-propanol on Mg-based
catalysts greatly depend on the ability of surface active sites
for promoting both the coordination of adjacent adsorbed re-
actants and the selective promotion of CO or C C bonds in
the adsorbed mesityl oxide molecule.

Bifunctional Cu0.05MgAl0.65Ox catalyst combine metal
and acid–base sites for producing predominantly MIBK.
Copper metal atoms readily dehydrogenate 2-propanol to
acetone forming significant amounts of dissociated hydro-
g -
d her
s of
In spite of the higher concentration of surface-gener
ydrogen fragments, MIBC is obtained in smaller conc

rations on Cu0.05MgAl0.65Ox (Fig. 3B) than on MgAl0.33Ox
en which migrates then from Cu0 atoms to selectively hy
rogenate the CC bond of mesityl oxide adsorbed on eit
urface Cu0 atoms or Mg2+(Al3+) O2− acid–base sites
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the support. The MgAl0.33Ox sample combines metal cations
of different electronegativities which promote both CC and
C O reductions giving mainly C6 and C9 saturated ketones
and alcohols. Lewis acid Al3+ cations adsorb mesityl oxide
via a �C C complex of the CC bond thereby promoting
its selective hydrogenation to MIBK with hydrogen frag-
ments generated from 2-propanol dissociation on surface
Mg2+ O2− or Al3+ O2− pairs. MIBK is then consecutively
transformed to MIBC and C9 aldol condensation products,
which are formed in significant amounts at high mesityl ox-
ide conversions. In contrast, formation of the allyl alcohol
from mesityl oxide is not significant on MgAl0.33Ox, even
for total conversion of mesityl oxide.

MgO selectively reduces mesityl oxide to the allyl al-
cohol at unusually high yields for a gas-phase reaction.
The unique performance of MgO is based on the ability of
weak acid–strong base Mg2+ O2− pair sites for promot-
ing formation of the six-atom cyclic intermediate needed
in Meerwein–Ponndorf–Verley mechanism for preferentially
transferring hydrogen from the 2-propanol donor molecule
to the C O bond of mesityl oxide. In fact, mesityl oxide ad-
sorbs via the CO bond on a weak Lewis acid Mg2+ cation,
whereas 2-propanol adsorbs non-dissociatively on a vicinal
Mg2+ O2− pair, giving rise to the required bimolecular six-
atom cyclic intermediate. The hydride transfer occurs then
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