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Abstract

Dehydrogenation and oxidative dehydrogenation of six different primary and secondary, aliphatic and aromatic alcohols to the correspond
ing carbonyl compounds were studied in cyclohexane, in the presence and absence of air. The reaction network was examined by attenuat
total reflection infrared (ATR-IR) spectroscopy of the catalytic solid—liquid interface and by GC analysis of the effluent in a continuous-flow
reactor. The 5 wt% Pd/AD3 catalyst was located in an ATR-IR cell that served as a tiny reactor. The studies revealed that all aldehydes
formed from primary alcohols (1-octanol, benzyl and cinnamyl alcohol) decarbonylated on Pd, whereas the ketones (2-octanone, cyclo
hexanone, and acetophenone) were stable. The decarbonylation reactions indicated by IR and the hydrogenation and hydrogenolysis-ty
side reactions detected by GC even in the presence of molecular oxygen corroborated the presence of $sifasafd the classic de-
hydrogenation mechanism of alcohol oxidation. Moreover, the facile removal of CO and the phenyl radical formed from decarbonylation of
benzaldehyde during benzyl alcohol oxidation unambiguously proved the simultaneous presence of adsorbed oxygen and hydrogen on tt
Pd surface. The relatively high rate of benzyl alcohol oxidation is attributed to the faster removal of strongly adsorbed by-products from the
metal surface and partly to the highest polarity of this alcohol among all of the reactants investigated. Benzyl alcohol increases the solubility
of water in the apolar solvent and thus minimizes the negative effect of water coproduct that accumulates on the catalyst surface.
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1. Introduction Pd single crystal surfaces under UHV conditiqhg—13}
ATR-IR makes it possible to probe these interactions with a
Much attention has been paid recently to in situ spec- commercial Pd/AIO; powder catalyst and an organic sol-
troscopic methods in the study of the catalytic solid—gas vent as a reaction medium.
and (to a smaller extent) the solid—liquid interfaldg?]. Aerobic oxidation of alcohols over Pt-group metal cat-
Among other techniques, attenuated total reflection infrared alysts in water or organic solvents is an environmentally
(ATR-IR) spectroscopy3] is a powerful tool for gaining in-  attractive and industrially relevant procg$d—16} Accord-
sight into heterogeneous catalytic processes at a moleculaing to the mostly accepted dehydrogenation mechanism of
level [4-10]. Here we applied this technique to investigate the reaction, the role of oxygen is to oxidize the coprod-
the catalytic processes occurring at the PgDAHliquid in- uct hydrogerj17—19] As a consequence of this mechanism,
terface during oxidation of alcohols with molecular oxygen the active metal is in a metallic state, partially covered by
(Scheme lreactionl). In contrast to the extensive research hydrogen[20—23] On the other hand, there are several re-
on alcohol-Pd and carbonyl compound-Pd interactions onports suggesting that surface oxygen is directly involved in
the interaction with the adsorbed alcohol or its partially de-
" Corresponding author. Fax: +41-1-632-11-63. hydrogenated intermediaf@4]. It has also been proposed
E-mail address: baiker@chem.ethz.qiA\. Baiker). that Pd oxide would be the real active species, and its reduc-
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Ro . R, ) mechanism of alcohol oxidation and to unveil the role of al-
——= R, +CO+H cohol structure in the product degradation. We followed the
reactions with a combination of in situ ATR-IR spectroscopy

of the catalytic surface and GC analysis of the effluent of the

—_—
RT "OH 1,0,;-H,0 Ry ~O
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Scheme 1. Generalized reaction scheme for the transformation of alco-

hols on Pd/ApOs. 1, oxidative dehydrogenatior®, decarbonylation (if 1-Phenylethanol (Aldrich and Acros, 98%), 2-octanol

Rz = H); 3, C-O bond hydrogenolysigt, hydration-dehydrogenation (if  (Fluka, > 99.5%), cyclohexanol (Mercks 99%), 1-octanol

Ro = H); and5, Cannizzaro reaction (if = H). All species are considered (Fluka, > 99_5%)' benzyl alcohol (Aldrich,> 99%)’ ace-

as adsorbed either on the metal surface oron the support, and the reaction?ophenone (Flukaz 99%), 1-octanal (Flukas 98%), high-

are catalyzed by Pd except for reactithat is catalyzed by AlOs. . i ’ ! .
purity water (Merck), and cyclohexane solvent (Aldrich,

. . > 99%) were used as received. Cinnamyl alcohol (Acros,

tion to P& by the alcohol reactant would result in catalyst 9896) was purified by recrystallization from petroleum ether.

deactivation25]. Note the contradiction of this concept to  Synthetic air, hydrogen, and Ar were of 99.999 vol% grade

the thoroughly investigated phenomenon referred to as cata{PANGAS), whereas a 0.5 vol% CO in Ar (PANGAS) was

lyst “overoxidation”[26,27] As has been shown repeatedly, used for the study of CO adsorption. The 5 wt% Pd@y

too high an oxygen concentration can lead to successive(Johnson Matthey 324) possessed a monomodal particle size

oxidation of the metal surface and a drop in activity. This distribution in the range of 1-6 nm. The mean Pd particle

difficulty can be avoided simply by working in the mass- size (3.4 nm) was determined by TEM; the corresponding
transport-limited regime and thus keeping the metal surface pd dispersion was 0.338].

in a reduced stat28,29]
The mechanistic studies may be complicated by an im- 2.2 ATR-IR spectroscopy: dehydrogenation in a
portant side reaction, the decomposition of the carbonyl continuous reactor
compound product [Eq$1)—(4). The strongly adsorbed CO
can be removed by oxidation with adsorbed oxygen, whereas  The 2-mm-thick trapezoidal ZnSe internal reflection ele-
removal of the hydrocarbon residue necessitates reducingment (IRE, 45, 50 x 20 x 2 mm, Komlas) was coated with

conditions[30,31} Pd/Al,O3 by dropping on its larger side an aqueous slurry of
R—HC=0ug — R—C=0aq + Hag, @ the catalyst, as reported elsewhfr@]. After evgporatlon of

the solvent under vacuum, the excess material was removed
R—C=059 — Rag + CO4g, (2) to match the geometric area of approximatelyx4® mne.

The ATR cell is designed in such a way that the solution can
COad + Oad > COy, ©) only flow over that part of the IRE that is covered by the cat-
Rad + Hag — RH. (4) alyst. Because of the porosity of the catalyst layer, a minor

contribution to the ATR-IR spectra from the exposure of the
The decarbonylation reaction over Pt-group metals has reaction mixture to ZnSe cannot be ruled out. The amount of
been studied extensively by temperature-programmed deScatalyst was 181 mg, which formed a layer of ca. 85 um, as
orption [32], high-resolution electron energy loss spec- determined by scanning electron microscopy (SEM, 1).
troscopy [13,33] and spectroelectrochemical methods an approximate penetration deptp) of 0.9 um was calcu-

[34,35] Despite the special conditions applied (single crys- |ated with the following formuld3]:
tal metal surfaces under UHV conditions and extended

polycrystalline metal surfaces in strongly acidic medium, ; _— A/niRe 7 (5)
respectively), the observations also seem to be relevant for Zn\/sinze — (n1/nmge)?
the aerobic oxidation of alcohols in water or organic sol-
vents[9,36). We have shown by ATR-IR spectroscopy under assuming that &2 = 1700 cnt! (v(C=0) of ketones and
working conditions that cinnamaldehyde and benzaldehydealdehydes)nire = 2.4, n; = 1.3 (wet catalyst layer), and
decarbonylate on Pd/AD3 [10,37] 6 = 45°. This indicates that only about 1% at the bottom
Here we extended the range of reactants involving pri- of the catalyst layer is probed by the evanescent wave gen-
mary and secondary aliphatic (1-octanol, 2-octanol), cy- erated by the IR beam at the IRE—catalyst interface. This
cloaliphatic (cyclohexanol), aromatic (benzyl alcohol, geometry represents a certain drawback when we consider
1-phenylethanol), and allylic (cinnamyl alcohol) alcohols. the possible diffusion limitation through the pores visible in
The aim of the work is to confirm the dehydrogenation the inset offFig. 1 [10] Note that a relatively thick layer is
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-5 wt% Pd/A

Fig. 1. Scanning electron microscopic (SEM) image of the ZnSe internal

reflection element coated with a layer of 5 wt% P@&#@4. The inset shows

the porous structure of the catalyst. The thickness of the whole crystal is
2 mm. A drawing of the ATR reactor cell is also shown with the cross sec-

tion along which the SEM image was taken.

required to achieve easily detectable conversion and selec

tivity by GC analysis. Furthermore, oxidation of alcohols on

Pt-group metal catalysts has to be carried out in the mass

transfer limited region in order to avoid catalyst deactivation,

as discussed previously. Note also that in an early work the

metal particles were intentionally located inside the narrow
pores of the support to avoid catalyst deactivaf{ig®,40].

In consideration of this point, our catalyst film is a suit-
able model for alcohol oxidation. Nevertheless, the effect of
diffusion limitation is carefully considered throughout the
present paper.

The coated IRE was installed in a home-built stainless-
steel flow-through cel41] mounted on the ATR mirror unit
(Optispec) of a FTIR spectrometer (IFS-66/S, Bruker Op-
tics). Cyclohexane solvent and alcohol solutions (18.5 mM)
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cyclohexane from a second glass reservoir for 30 min. We
started the reaction by switching to a cyclohexane solution
of an alcohol or a carbonyl compound saturated with Ar. The
time required to introduce an alcohold@urface Pd atom)
molar ratio of 1:1 over the catalytic filmis ca. 5 s. After a cer-
tain reaction time (48-55 min) Ar was replaced by air in the
same glass reservoir. Finally, the catalyst layer was rinsed
with Ar-saturated cyclohexane to follow the desorption of
weakly adsorbed species. CO adsorption was performed by
the admission of CO-saturated cyclohexane (0.5 vol% CO
in Ar) to the ATR cell. Moreover, control experiments with
the reaction mixture on the uncoated IRE confirmed that the
changes in the measured spectra were due to the presence
of the catalyst layer. We recorded ATR spectra by averaging
500 scans at 4 crt resolution; these are presented in ab-
sorbance units as difference spectra, where the last spectrum
obtained during in situ reduction of the catalyst is subtracted.
Where required, spectra were corrected to compensate for
the absorption of water vapor.

Transmission infrared spectra of neat and cyclohexane
solutions of alcohols and carbonyl compounds (10 mM)
were recorded at room temperature with a cell equipped
with Cak, windows (Specac) by co-adding of 100 scans at
a resolution of 4 cm®. Table 1shows the assignment for
the relevant vibrational modes in the 1800-1300 érspec-
tral range for neat compounds and for adsorbed carboxylate
species.

2.3. Dehydrogenation in a batch reactor

The reactions were performed in a flat-bottomed, 100-ml
glass reactor. Typically, 100 mg 5 wt% Pd¢&)3, 1.0 g alco-
hol, and 30 ml cyclohexane were loaded into the reactor. Air

was replaced by Ar, the reactor was immersed in a preheated
oil bath, and stirring was started. For detailed conditions see
Table 2 Products were analyzed by GC after 3 h.

2.4. Gaschromatographic analysis

GC analysis was carried out on a Thermo Quest Trace
2000 chromatograph, equipped with an HP-FFAP capillary
column and an FID detector. Several alcohols contained
the product carbonyl compound as impurities, which were
taken into account during calculation of yields and selectiv-
ities. The estimated error of determination of the yields was
around+0.5-10%, depending on the yields (15-0.1%).

saturated with different gases were admitted to the catalyst

at a rate of 1.0 mlmin'. All experiments were carried out

at 323 K. Samples were collected periodically and analyzed

by GC.

The following protocol was used throughout the experi-
ments. After background acquisition at 323 K, cyclohexane
saturated with Ar was admitted into the cell for 30 min. We
then reduced the catalyst in situ by admitting-shturated

3. Results

The structural effects in alcohol oxidation have been in-
vestigated in some commonly used test reactions represent-
ing various classes of alcohols. Note that an ATR-IR study
of benzyl alcoho[10] and a preliminary report of cinnamyl
alcohol[37] have already been published. Here we repeated
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Table 1
Vibrational mode assignment for neat reactants and products, and for carboxylate species adsor®g, @t 223 K

Band assignment

v(C=0) v(C=C) Ring modes vas(OCO) §(CH) + v(CC) vg(OCO) §(OH)
2-Octanol 1468m 1376m
2-Octanone 1725 1465m
1-Octanol 1468m 1379w
1-Octanal 1734 1465m
Octanoate 1552 1404
1-Phenylethanol 160dw 1494m 1368m
Acetophenone 1696s 1599m 1583w
Benzyl alcohol 1600w 1574vw 1497m 1374m
Benzaldehyde 1718s 1597m 1584m 1390w
Benzoate 1600 1547 1425 1391
Cinnamyl alcohol 160bw 1580vw 1495w 1380w
Cinnamaldehyde 16925 1628m 1611w 1578w
Cinnamate 1643 1550 1417 1391

vs, very strong;s, strong;m, medium;w, weak;vw, very weak.

Table 2
Dehydrogenation of aromatic and aliphatic alcohols in a batch reactor under argon. For identification of the pro@aottersect
Reactant t (h) Product Conversion (%) Selectivity (%)
OH (0]

O O - "

2 XoH 3 XX 21 2F
154 1 57

3 OH 5 X0 23 54
1f gf g3ef

5 QOH 3 <:>:o 05 100

6 \/\/\/\/OH 5 N0 0 _

& Conditions: 0.10 g 5 wt% Pd/AD3 (without pre-reduction), 1.0 g alcohol, 30 ml cyclohexane, reflux (353 K).

b The other product was ethyl benzene.

€ The other products were (selectivities in brackets): 3-phenyl-1-propadi%), dihydrocinnamaldehyde (1.4%), styrene (21.9%), ethyl bende8%),
1-propenylbenzene (15.7%) (s8eheme lwhere R =Ph—-CH=C- and R=H).

d Solvent: toluene, 338 K. The other products were (selectivities in bracBepélenyl-1-propanol (35.4%), dihydrocinnamaldehyde (0.9%), séy(2.1%),
ethyl benzene (0.4%), 1-propenylbenzene (4.1%).

€ The other product was toluene.

f 323k.

the analysis under the present (improved) conditions to ob- frequencies are consistent with the polycrystalline nature of
tain comparable results with these key reactants. the catalyst. Several adsorption sites are exposed to the solu-
tion and are probed by CO adsorption.
3.1. CO adsorption
3.2. 2-Octanal
Fig. 2 shows the time-dependent ATR-IR spectra of CO
adsorbed on the commercial Pds@®g catalyst from cy- The in situ ATR-IR spectra presented Iifig. 3a were
clohexane solvent. The spectra closely resemble those retecorded after admission of an Ar-saturated solution of 2-
ported for CO on numerous supported Pd catalys2s44] octanol over the catalyst layer. The signals observed at
Two main signals were observed at 2068 and 1968'cm 1377 cnt! (8(OH)) and at 1468 and 1305 crh (alkyl
which are attributed to linear and bridged CO, respectively. chain)[45] are due to 2-octanol in solution and partly ad-
A shoulder on the low-energy side of the latter signal at ca. sorbed on AlOs. The negative signal at 1450 crhorigi-
1900 cnt! and the evident tailing of the signal toward low nates from uncompensated cyclohexane solvent. Formation
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Fig. 2. In situ ATR-IR spectra of CO adsorption from CO-saturated cyclo-
hexane (0.5 vol% CO in Ar) over Pd/#D3. The overall adsorption time
was 45 min.
of 2-octanone is indicated by the appearance of the weak

band at 1727 cm! (v(C=0) of dissolved ketone; seEa- T T T T T T T T
ble 1). Similarly to the ATR spectra, GC analysis of the 2000 1900 1800 1700 1600 1500 1400 1300
effluent revealed the formation of 2-octanone as the only
product (0.1% yield; inset ifig. 3).

After 55 min on stream, replacement of Ar by a re- Fig. 3. In situ ATR-IR spectra recorded during dehydrogenation of 2-oc-

sulted in a rate enhancement. The intensity (€=0) of tanol in (a) Ar- and (b) air-saturated cyclohexane over PsiDAl The spec-
2-octanoneKig. 3 and inset) increased sharply and reached tra have been collected at 0, 3, 19 and 51.5 (bold) min on stream for (a), and
a maximum after 61 min on stream, in good agreement with at 56, 58, 61, and 86 (bold) min on stream for (b). After 88 min neat sol-
the GC analysis that showed a maximum yield of 4.9% at Ventwas passed over the cgtalyst layer. Spectra (c) were recprded after the
62 min. In the next 20 min the yieId dropped to 1.0%. It catalyst Iayerlwas rlnsed‘wnh Ar-saturated solvent for 30 min. ThPT spec-
. trum drawn with dashed line represents water accumulated by cycling H
has been shown previoud§7,46,47]that the rate of alco-  ang g,-saturated solvent over the catalyst in a separate experiment. The in-
hol oxidation (dehydrogenation) on Pt-group metals can be set shows the octanone yiel@) determined by GC and the maximum of
described by a bell-shaped curve as a function of the oxida-the carbonyl signal at 1727 cnt (@) as a function of time.
tion state of the metal. When the metal (in this case, Pd) is
in a reduced state and its surface is covered by hydrogen, thehe resulting “overoxidation” of the catalyst were described
rate of alcohol dehydrogenation is low. This is the case at the many years agf26,27]
end of the dehydrogenation of 2-octaneld. 3a, bold spec- Beside the carbonyl band, some new signals appeared in
trum). With the switch from Ar to air, the surface oxygen air at 1650, 1547, and 1422 crh and their intensity in-
concentration increases, the adsorbed hydrogen is oxidizectreased continuously with timéig. 3b). The broad signal
to water, and the rate of 2-octanol dehydrogenation increaseggrowing at 1650 cm? is attributed to adsorbed water that
rapidly (Fig. 3, inset). As soon as the rate of oxygen supply formed from the oxidation of hydrogen. The weakly polar
to the catalyst surface surpasses that of alcohol dehydrogenasolution of 2-octanol in cyclohexane cannot remove water
tion, the excess oxygen covers an increasing fraction of Pd.that accumulates on the surface of the hydrophilic catalyst.
Since the adsorption of oxygen is stronger than that of alco- The signals at 1547 and 1422 ctfare assigned to the
hols, the number of surface sites available for the adsorptionO—-C-O asymmetric and symmetric stretching modes (
and transformation of 2-octanol decreases. This process isble 1) [48], respectively, of carboxylate species adsorbed
reflected by the rapidly decreasing 2-octanone yiEld.(3, on Al>Os. Since 2-octanone is highly stable against further
inset). The low reactivity of the oxidized metal surface and oxidation accompanied by C—C bond breaking under the

Wavenumber (cm™)
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mild conditions applied29], the appearance of carboxylate
species is probably due to impurities in 2-octanol. Accord-
ing to GC analysis, 2-octanol contained trace amounts of
1-octanal & 0.1%), but its poor separation from 2-octanone,
another impurity of 2-octanol, did not allow quantification.
As will be shown later, 1-octanal affords octanoic acid on
Pd/AlO3, even in the absence of oxygen, in agreement with
the development of the carboxylate bandg=ig. 3. In ad-
dition, Fig. 3a possibly reveals traces of adsorbed CO. The
weak broad signal extending from 1800 to 1700 ¢devel-
oped after admission of the Ar-saturated 2-octanol solution
to the in situ reduced Pd/AD3. We assign the formation of
CO to decarbonylation of 1-octanal (vide infra).

3.3. Cyclohexanol

The results for the dehydrogenation of cyclohexanol
strongly resembled those discussed previously for 2-octanol.
A switch from Ar-saturated to air-saturated alcohol solution
resulted in a rate acceleration followed by rapid deactivation,
as confirmed by ATR-IR and GC analysis. The maximum
yield in Arwas 0.1%, and after Ar was replaced with air, the
yield increased to 1.1% and then decreased to 0.2% within
6 min. Cyclohexanone was the only product that could be
identified by GC. In the ATR-IR spectra a clear signal at
1724 cnt! and a weak signal 1698 cth were assigned

to dissolved and adsorbed cyclohexanone, respectively. The

gradually growing band of water coproduct was detected at
1625 cnT. No CO formation was observed in this case.

3.4. 1-Phenylethanol

The ATR spectra obtained after introduction of an Ar-
saturated solution of 1-phenylethanol to the reactor cell are
depicted inFig. 4a. The relatively strong signals at 1494
and 1371 cm? are attributed to 1-phenylethanol, partly dis-
solved and partly adsorbed on28l3. The sharp signal at
1696 cnm! reveals the formation of the dehydrogenation

product acetophenone. No adsorbed CO is seen in the re-

gion above 1700 cmt; the signals above 1800 crh be-
long to dissolved 1-phenylethanol (overtone and combina-
tion bands). According to GC analysis, less than 1% ace-
tophenone yield at about 80% selectivity was achieved in
the absence of oxygefrig. 5). Ethyl benzene produced via
C—-0 bond hydrogenolysis was the by-produstifeme 1
reaction3). The reaction rate was almost constant during the
whole period.

A remarkable rate acceleration occurred when the at-
mosphere was changed from Ar to air, as indicated by the
yield measured with GCHig. 5 and the intensity of the
signal at 1696 cm! (Fig. 4). At this higher acetophenone
concentration, adsorption of acetophenone ofOjlis eas-
ily detectable at 1672 crit. The frequency shift with respect
to liquid acetophenoneNy = 24 cntt, Table 1 is slightly
higher than that observed on SIQ19] and TiG [50] but
consistent with the value reported for S#Al,03 [51] and
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Fig. 4. In situ ATR-IR spectra recorded during dehydrogenation of
1-phenylethanol over Pd/AD3 in (a) Ar- and (b) air-saturated cyclo-
hexane. Spectra (a) were collected at 0, 10.5 and 46.5 (bold) min on stream.
Spectra (b) were collected at 48, 50, 51, 52.5, 55.5, 64.5 and 75.5 (bold)
min on stream. Spectrum (c) was recorded after the catalyst layer was rinsed
with Ar-saturated solvent for 35.5 min.
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Fig. 5. Acetophenone yield®) and selectivity ©) measured during the
reaction shown iifrig. 4. The other product was ethyl benzene.

mordenite[52]. We favor the assignment tgt adsorption

on Al>Os, though adsorption on Pd is also feasible, since
similar values were reported for adsorption on metals with
Pd/SiQ [53] and Pt/SiQ [54].
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After 55 min on stream, the rate of oxidative dehydro-
genation decreased, the intensity of the signals at 1696 and
1672 cnr! was attenuated, and the yield decreased to 2.1%.
The explanation is again the increasing oxygen concentra-
tion at the Pd surface, leading to “overoxidation.” The high
oxygen concentration is indicated by the 100% selectivity in
this region Fig. 5 due to complete oxidation of hydrogen
and the cease of C—O bond hydrogenolysis.

Accumulation of water is indicated by the growing base-
line between 1700 and 1500 cth Furthermore, carboxy-
late species adsorbed ono@3 are shown by signals at
1549 and 1422 cm'. Though very weak, these signals are
already visible under Ar and strongly enhanced in the pres-
ence of oxygen. The signal at 1549 thdisplays a notice-
able, short time delay with respect to the growing baseline
with its center at ca. 1622 cm (water). After the base-
line is almost stabilized, the signal at 1549 tingrows
faster, indicating that water formation and carboxylate for-
mation are consecutive processes. Similarly to the oxida-
tion of 2-octanol, the presence of carboxylate species is at-
tributed to the presence of impurities in the reactant. The
commercially available 1-phenylethanol contained traces of
phenyl acetaldehyde (beside acetophenone and ethyl ben-
zene). Since the boiling points of the carbonyl compounds
are very similar, further purification was not considered.
Note also the high sensitivity of the ATR-IR method; the
carboxylic acid by-product could not be detected by GC j T J T
analysis. 2000 1800 1600 1400

No CO was detected during dehydrogenation and ox- Wavenumber (cm'1)
idation of 1-phenylethanol. In a control experiment, ace-
tophenone instead of 1-phenylethanol saturated with hydro-Fig. 6. In situ ATR-IR spectra recorded during dehydrogenation of 1-oc-
gen and then with air was passed over the catalyst layer.tanol over Pd/AJO3 in (a) Ar- and (b) air-saturated solvent. Spectra (a)
No CO could be detected independently of the presenCehave been collected at 0, 1, 2, 4.5, 9, 16, 23.5, 33.5 and 40 (bold) min on
or absence of oxygen, confirming that decarbonylation of stream. Spectra (b) have been collected at 46, 47, 49.5, 51, 55 and 77 (bold)

. . . it . min on stream. Spectrum (c) was recorded after the catalyst layer was rinsed
ketones is not feasible under the mild conditions applied ith Ar-saturated solvent for 23.5 min.
here.

Absorbance

T T T

T
1200

3.5. 1-Octanol lation and further oxidation on Pd and by disproportionation
on the basic sites of AD3 [10,56] (seeScheme 1reac-

When the Ar-saturated solution of 1-octanol was brought tion5).
into contact with Pd/AlO3, a weak broad band developed After replacement of Ar by airKig. 6b), a weak sig-
immediately at 1808 cmt, which shifted with time to  nal of 1-octanal appeared at 1735 ththe band of ad-
1820 cnt! (Fig. 6a). This band partly overlaps with a sim- sorbed CO disappeared, and the amount of octanoate on
ilarly developing broad band at 1738 cf The shape and  Al203 increased. GC analysis at 8.5 min after the switch
position of the bands suggest that they can be assigned tdo air showed only 1-octanal in the effluent at 1.3% yield.
CO multi-bonded to polycrystalline metallic P85]. In ad- Subsequently, the amount of 1-octanal diminished, as indi-
dition, signals of 1-octanol (dissolved and partly adsorbed cated by the attenuated intensity of the signal at 1735'%cm
on Al,Os3) are found at 1468 and 1380 ¢ Very weak and the lower yield in the effluent (0.75% after 27 min on
bands of O-C-O groups are also found at 1546, 1422, stream under air). Similarly to the oxidative dehydrogena-
and 1303 cm?. Interestingly, no characteristic signal of 1- tion of 2-octanol and 1-phenylethanol, a broad band due to
octanal could be detected at around 1730 triThe absence ~ water accumulation on the catalyst surface developed con-
of 1-octanal in the liquid phase was confirmed by GC analy- tinuously between ca. 1700 crhand 1500 cmt that did
sis. The probable explanation for the absence of 1-octanalnot desorb during rinsing with neat solveiid. 6c). This
and the presence of small amounts of CO and octanoic acidobservation is not surprising if we consider the strikingly
is that 1-octanol dehydrogenation occurred at a very low different empirical solvent parameters of the solvent cyclo-
rate, and the aldehyde was consumed rapidly by decarbony-hexane ETN =0.006) and waterE-'F' =1.0)[57].
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Fig. 7. In situ ATR-IR spectra recorded during dehydrogenation of benzyl :' 19.27 1690 1423
alcohol over Pd/AlO3 in (a) Ar- and (b) air-saturated solvent. Spectra (a) ! 11877 \ 15.50 )
have been collected at 0, 1, 2, 3, 7, 16.5 and 40 (bold) min on stream. Spec- ! ; \ :1497 '
tra (b) have been collected at 51, 57.5, 63.5, 74.5 and 96.5 (bold) min on i . !
stream. v
3.6. Benzyl alcohol
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The spectra obtained during dehydrogenation and oxida-

tion of the simplest aromatic primary alcohol, benzyl alco- Wavenumber (cm™)
hol, are collected irFig. 7. Assignment of the bands has Fi 8 C _ £ CO formation durina decarbonviation of 1-octanal
: ; ; ig. 8. Comparison o rmation durin arbonylation of 1-octana
been pUb“S.hed elsewhef#0]. Briefly, under an inert at? (P%nel A)oar?d bzcr)lzaldehydg (Pan%l B)uovgr Ifg(i:ﬂgl gp);itrg have k())gen
mOSphere Rig. 7a) benzyl aICOhO|_dehydrOgenated r_ead'ly' collected when H-(a) then air-(b) saturated aldehyde solutions were passed
affording benzaldehyde, as confirmed by the IR signal at over the catalyst layer. (A) Spectra (a) were recorded at 0, 1, 2, 7.5 and 27.5
1714 cm! (v(C=0)) and GC analysis. The considerable (bold) min on stream. Spectra (b) were recorded at 31, 36, 37, 38, 39, 42
amount of CO is indicated by the bands centered at 1924 ancggnd 57 (bold) min on stream. (B) Spectra (a) were recorded at 0, 6, 9.5, 14,
1879 cntl. After the introduction of airl{ig. 7b), the Sig- 23.5 and 36.5 (bold) min o.n stream. Spectra (b) were recorded at 40, 43.5,
1: : 45.5, 52 and 62.5 (bold) min on stream.

nal at 1714 cm™ increased and then decreased only slightly
after about 30 min. A similar behavior was found by GC
analysis. A comparison of the GC and ATR-IR data reveals tion of prereduced Pd/ADs with Hy-saturated solutions
an interesting situation: despite the high oxygen concentra-of 1-octanal and benzaldehyde. Since there was no alco-
tion in the feed, the surface CO coverage is considerable anchol present as a reducing agent in the feed, Ar was re-
the catalyst deactivation is moderate. placed by hydrogen to maintain reducing conditions. The

Furthermore, benzoate species characterized by bands afTR spectra irFigs. 8\ and B show bands at 1734 and 1707,
1600, 1547, and 1425 cm developed already under Ar,and  and 1713 and 1693 cm, which are attributed to dissolved
their intensity increased under air. Benzoic acid could not and adsorbed 1-octanal and benzaldehyde, resped®aily
be detected by GC, and the fate of the hydrocarbon frag- CO bands developed at 1847 chwith a clear shoulder
ment, a coproduct of the decarbonylation reaction, remainedclose to 1900 cm! for 1-octanal and at 1927, 1877, and
unknown Scheme l1reaction2). The presence of small 1837 cnt? for benzaldehyde. Compared with the case of an
amounts of toluene in the effluent confirmed hydrogenoly- Ar-saturated solution of benzaldehyde], Fig. % reveals
sis of benzyl alcohol on the reduced Pd surface. This sidea different reactivity of benzaldehyde under continuously

reaction dropped to a low level in the presence of air. reducing conditions, which is reflected in a higher CO cov-
erage and a different band shape.
3.7. Decarbonylation of 1-octanal and benzaldehyde The presence of octanoate and benzoate species adsorbed

on Al>Os is also clear from the set of signals appearing
To better understand the structural effects on the de- below 1650 cm?, as discussed for 1-octanol and benzyl al-
carbonylation of aldehydes, we investigated the interac- cohol (see alsd@able 1. Signals at 1468 cmt (Fig. 8A)
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1-octanol, and its dehydrogenated products are more easily
oxidized. We can also conclude that the small amount of CO
that evolved during dehydrogenation of 1-octariég( 6) is

due to the low rate of dehydrogenation to 1-octanol and not
to the slow decarbonylation of 1-octanal.

3.8. Cinnamyl alcohol

Oxidation of cinnamyl alcohol is a commonly used test
reaction for the dehydrogenation of allylic alcohols. When
the Ar-saturated solution of cinnamyl alcohéld. %) was
admitted to the reactor cell, strong bands developed at 1801,
1876, and 1931 cmt, which are assigned to multicoordi-
nated CO, as already observed in a previous s{ady.

A small fraction of linearly bond CO can also be seen at
2029 cntl. The signals appearing below 1700 chare as-
signed to cinnamaldehyde (1693 cth), cinnamyl alcohol
(1598, 1579, 1495, and 1374 cfY), and carboxylate species
on Al,O3 (1552 and 1417 cmt). These signals confirm de-
hydrogenation of cinnamyl alcohol to cinnamaldehyde, fol-
lowed by the fast decarbonylation of the latter.

GC analysis after 8 min on stream indicated 4.2% con-
version and the formation of two major products: cin-

. . . . . —i namaldehyde with 47% selectivity and 3-phenyl-1-propanol
2000 1800 1600 1400 with 39% selectivity. In addition, dihydrocinnamaldehyde
(2.2%), 1-propenylbenzene (7.8%), ethyl benzene (0.8%),
and styrene (3.0%) were also detected. After a short initial
Fig. 9. In situ ATR-IR spectra recorded during dehydrogenation of cinnamyl period, the activity of the catalyst decreased monotonously
alcohol over Pd/AJO3 in (a) Ar- and (b) air-saturated solvent. Spectra (a) IN Ar. Despite the high selectivity for 3-phenyl-1-propanol,
have been collected at 0, 2, 4.5, 10.5, 16.5 and 45 (bold) min on stream. no signal inFig. 9a can be unequivocally assigned to this al-
Spectra (b) have been collected at 51, 53, 54.5, 58.5 and 93.5 (bold) min oncohol, because of its close resemblance to cinnamyl alcohol.
stream. After Ar was replaced with air, the aldehyde signal at

1693 cn! (v(C=0)) and 1628 cm?® (v(C=C)) increased

and at 1497 cm! (Fig. 8B) are diagnostic for 1-octanol and  (Fig. %), in agreement with the 12-fold enhancement in cat-
benzyl alcohol, respectively. Formation of the correspond- alytic activity, determined by GC. A signal is also found at
ing alcohol is mainly due to €0 bond hydrogenation, but  ca. 1663 cm?, which is assigned to the hydrogen-bonded
also partly to disproportionation of the aldehyde catalyzed carbonyl group of adsorbed cinnamaldehyde. The CO sig-

Absorbance

Wavenumber (cm™)

by Al>O3 (Cannizzaro reactior)L0,56] GC analysis indi-  nals decreased gradually and completely disappeared with
cated the presence of trace amounts of octanoic acid in thetime, whereas the intensity of th§C=0) started to drop
effluent, but benzoic acid could not be detected. only after ca. 15 min on stream. After replacement of Ar

Evolution of the strong CO signals above 1800¢m by air, the amount of ethyl benzene and styrene increased in
confirms decarbonylation of both aldehydes on reduced Pd.the effluent, as a result of the higher rate of cinnamaldehyde
The different behaviors of benzaldehyde and 1-octanal in formation and decarbonylation. This observation is very im-
the presence of air (spectra b) is in agreement with the portant, since this is the only case where the hydrocarbons
results obtained during oxidation of the corresponding al- formed by decarbonylation of an aldehyde [via the strongly
cohols Figs. 6 and ). Carbon monoxide formed from 1- adsorbed By species; Egs(2) and (4) could be detected
octanal is rapidly and almost completely removed by air unambiguously.

(Fig. 8A). In the case of benzaldehyde the CO bands are  Careful analysis of the 1700-1500 cispectral region
shifted toward higher frequency by a switch from hydro- in the presence of ailF{g. %) reveals the formation of car-
gen to air, but the intensity of the bands is barely influenced, boxylate species. The signals belonging to adsorbed cinna-
and an almost constant, high CO coverage remained on themate appear with a delay of about 10 min with respect to
Pd surface. Obviously, decarbonylation of benzaldehyde onthe increasing baseline assigned to water (ca. 1630Em

the free metallic sites and oxidative removal of CO occur This is clear from the sharp band at 1643 ¢n{y(C=C),

in parallel. Since the concentrations of the two aldehydes in aliphatic chain,Table 7 and the rapid increase in intensity
solution are identical and the decarbonylation rates are com-of the bands at 1550 and 1391 th Probably as a result
parable, it seems that CO adsorbed on Pd in the presence obf the appearance of these bands, the broad band of water at
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ca. 1630 cm! is attenuated and is followed by a decrease the secondary alcohols (2-octanol, 1-phenylethanol, cyclo-
in the signals at 1693 and 1663 Tt indicating smaller hexanol) decarbonylated on Pd#@l;. These results are in
amounts of adsorbed cinnamaldehyde. These changes maggreement with those of former IR studies in aqueous acidic
be interpreted as the formation of cinnamic acid via alde- medium[34] but contradict UHV studies on single crys-
hyde hydration and subsequent dehydrogenation over the Pdal Pd surfaceg33]. In the latter case even the simplest

surface. secondary aliphatic alcohol, 2-propanol, decarbonylated on
Pd(111). Previous ATR-IR studies in apolar organic solvents
3.9. ATR-IRreactor vs. batch reactor had documented the decarbonylation of cinnamyl and ben-

zyl alcohols[10,37] The present work clearly shows that
Dehydrogenation of all six alcohols was repeated in a CO is generally formed when the oxidation product is an

batch reactor under conditions similar to those applied in the aldehyde. The ATR spectra do not give evidence for the
ATR-IR cell serving as continuous-flow reactor. The results presence of the hydrocarbon fragments originating from de-
collected inTable 2confirm that the reactivity of aromatic  carbonylation, either because their signals may overlap with
alcohols is up to two orders of magnitude higher than that others in the already crowded 1700-1300¢émegion or
of the aliphatic alcohols, in agreement with earlier observa- because they are removed from the surface, as indicated by
tions[59,60] The average rate of the dehydrogenation of the the formation of ethyl benzene and styrene during cinnamyl
secondary aromatic alcohol (1-phenylethanol) was higher alcohol oxidation.
than that of the primary aromatic (benzyl alcohol) and allylic Both CO and the hydrocarbon residue adsorb strongly on
(cinnamyl alcohol) alcohols. The product distributions were Pd and can cause deactivation by site blocking. Removal
similar to those obtained in the ATR-IR cel6¢heme ) of the hydrocarbon residue from the surface requires hy-
Interestingly, in the continuous-flow reactor the primary aro- drogen, that is, reducing conditions. In contrast, the com-
matic alcohols reacted faster initially under Ar, but their re- plete and fast removal of CO necessitates adsorbed oxygen.
activity dropped after about 10 min. Dehydrogenation of 1- A remarkable feature of the aerobic oxidation of alcohols
phenylethanol proceeded more slowly, but deactivation wason Pd (and other Pt-group metals) is that under appropriate
barely detectableH(g. 5). This difference in the reactivities conditions the two processes may run parallel, allowing a
of aromatic alcohols is attributed to the different conversions reasonably high rate of alcohol oxidation. A representative
and to the remarkably different mass transports in the two re- example of this situation is the oxidation of benzyl alcohol
actor types. (Fig. 7). Despite the continuous and rapid decarbonylation of

benzaldehyde, dehydrogenation of the alcohol is barely hin-

dered by this side reaction. Obviously, the explanation for

4. Discussion this is the dehydrogenation mechanism of alcohol oxidation;
that is, there is adsorbed oxygen and hydrogen present on
4.1. Decarbonylation of aldehydes the reduced metal surface. In this respect, the simultaneous

reductive and oxidative removal of hydrocarbon fragments

Gas chromatographic analysis of the effluent of the and CO, respectively, is similar to the competing oxidation
continuous-flow reactor identified by-products originating of hydrogen by adsorbed oxygen and the hydrogenation of
from hydrogenation and hydrogenolysis-type side reactions the reactant by the rest of adsorbed hydroggshéme L
(Scheme }in the dehydrogenation of 1-phenylethanol, ben- It is possible that the aerobic oxidation of benzyl alcohol
zyl alcohol, and cinnamyl alcohol, even in the presence of represents an “ideal” case, and in many other reactions the
molecular oxygen. An example is showrFiy. 5 formation simultaneous removal of the hydrocarbon fragment and CO
of acetophenone from 1-phenylethanol was always accom-is sluggish or requires conditions that are difficult to find in
panied by hydrogenolysis of the reactant to ethyl benzene.practical catalysis. This situation could provide a feasible ex-
These observations strongly support the mostly acceptedplanation for the frequently observed strong deactivation of
dehydrogenation mechanism of the aerobic oxidation of al- supported Pt-group metals during aerobic oxidation of alco-
cohols, that is, the reactions proceed on metallic surfacehols and for the sometimes excellent reaction rates achieved
sites, and the major role of oxygen is the oxidation of the in the same reactions after a careful optimization of the re-
coproduct hydrogen (and possibly some other surface impu-action condition$16].
rities), thus accelerating alcohol dehydrogenafibf-18] The shape and position of the CO bands developed during
The presence of Bdsurface sites is supported also by an oxidation of benzyl alcoholRig. 7), 1-octanol Fig. 6), and,
important side reaction, the facile decarbonylation of alde- to a lesser extent, cinnamyl alcoh&ig. 9) are significantly
hydes. different from those of (diluted) CO dissolved in the solvent

The relevant difference between the alcohols lies in the (Fig. 2). Note, for example, the almost complete absence of
stability of the product carbonyl compounds. Aldehydes de- the signal due to linear CO during the oxidation reactions. It
carbonylate easily on metallic Pd sites to form CO, hy- has been shown that the presence of other species can affect
drogen, and a hydrocarbon fragmdftl,12] Under the the appearance of the signals on well-defined Pd nanopar-
conditions applied here, none of the ketones formed from ticles [61]. When CO is formed by decomposition of the
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aldehyde product, the metal surface is partially covered by face accelerates the further oxidation of aldehydes to car-
hydrogen, oxygen, alcohol, aldehyde, carboxylic acid, water, boxylic acids as hydration of the carbonyl group and the
hydrocarbon fragments, and solvent. Clearly, many of thesesubsequent dehydrogenation of the geminal diol is faster
species can influence the adsorption mode and strength othan the direct oxidation rouf@7,29] Water may also form

CO on Pd/AbO3 and thus the position and shape of the IR by hydrogenolysis of the C—O bond of the alcohol substrate

band. (Scheme lreaction3). In a non-aqueous medium that is a
reasonable choice for water-insoluble alcohols and is gener-
4.2. Therole of water coproduct ally favored for the synthesis of aldehydes, rapid removal of

water from the catalyst surface may be critical. The ATR-IR
An interesting observation is that the rate of dehydro- spectra clearly indicated the accumulation of water on the
genation increases sharply with a switch from Ar-saturated catalyst surface. The alcohol substrate has to compete with
to air-saturated alcohol solutions, but the conversion dropswater for the surface sites, and even its diffusion through the
rapidly after the maximum, in line with a recent rep[@6]. aqueous “layer” at the catalyst surface may reduce the over-
The conversion of all six alcohols in the continuous-flow all reaction rate. Among the six alcohols investigated here,
reactor is plotted irFig. 10to help comparison. The ex-  benzyl alcohol is the most poIaE@‘ = 0.608[57]) and may
planation for the sharp maxima within 10-15 min after the enhance the solubility of water in the reaction medium at
switch from Ar to air is the continuous increase in the actual the low conversions achieved in the continuous-reactor cell.
oxygen concentration on the Pd surface, as discussed previThis effect is indicated by the relatively moderate accumu-
ously in connection with the oxidation of 2-octanéig. 3). lation of water on the catalyst surface during benzyl alcohol
The only exception to this is the oxidation of benzyl alco- oxidation, as shown in the spectrafig. 7b. Note that on
hol, which is characterized by a high rate on a broader time 5 |aboratory scale, removal of water is simply achieved by
scale. The exceptional behavior of benzyl alcohol may be orking close to the reflux temperature. This solution has

connected with another phenomenon, the accumulation oftye further advantage that the risk of explosion of the organic
water coproduct on the catalyst surface and the role of po- ggvent-air mixture is minimized.

larity (or hydrophilic/hydrophobic character) of the alcohol
substrate.

Water plays a key role in the reaction network. It forms
from the oxidation of hydrogen in amounts equimolar to
the carbonyl compound. Water available at the catalyst sur-

A major conclusion of the present work is that decarbony-
lation of the product aldehyde is a general feature of the oxi-

5. Conclusions

©  2-octanol dation of primary aliphatic, allylic, and aromatic alcohols on
—e— 1-phenylethanol L

] o benzyl alcohol Pd. The complete oxidative removal of CO and the hydrocar-
15 L —m— cinnamy alcohol bon coproduct is not a necessary requirement for achieving
\. X 1-octanol good reaction rates in the oxidative dehydrogenation of al-
- cyclohexanol cohols. An important consequence of this observation is that

a feasible kinetic model of the reaction should involve the
partial coverage of the surface sites by CO and the hydrocar-

10 4 u bon fragment [Egs(1) and (2), in addition to the reactant
alcohol, the product aldehyde, and hydrogen and oxygen.

In addition to the sensitive detection of CO, the in situ
ATR-IR spectroscopic analysis allowed the unambiguous
recognition of carboxylate species, even at very low al-
cohol conversion. At low conversion the small amount of
carboxylic acid adsorbed strongly on the catalyst surface
(mainly on ALO3), and it was not detectable in the liquid
phase by GC analysis.

Conversion (%)
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