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Abstract

Using in situl3C MAS NMR, it has been demonstrated that propane is carbonylated with carbon monoxide to produce isobutyraldehyde
and isobutyric acid at 100-15C on sulfated zirconia. Isobutyraldehyde represents the intermediate reaction product, which is almost
completely converted into the acid at 18D. The selective formation of isobutyraldehyde at low temperatures on SZ indicates that principally
the secondary C—H bond of propane is activated, rather than its C—C bond. This pathway of the alkane activation can be realized either o
Lewis acid sites of SZ or by direct formylation by the formyl cation formed as equilibrated species from the formate. Infrared spectroscopy
provides evidence that the sulfate groups of SZ are responsible for the aldehyde oxidation. The formation of surface dithionate species &
a result of sulfur reduction is suggested. These dithionate species are readily reconverted into sulfate groups by an oxidizing treatment in a
O, atmosphere.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction tions presuming the generation of intermediate carbenium
ions and their trapping by CO. It has been established re-

Among the solid catalytic systems that can activate sat- cently that SZ catalyzes propane conversion at 2002850
urated hydrocarbons, sulfated zirconia (SZ) catalysts haveby a dimerization—isomerization-cracking process, i.e., via
received much attention recently [1,2]. This is due to the a classical carbenium-ion mechanism [12,13]. Thus, carbe-
high activity of these catalysts, revealing the capability of nium ions formed in the course of propane activation on
catalyzing the isomerization of46Cs alkanes at low tem-  SZ are likely trapped with CO to form a carbonyl group-
peratures [3,4]. containing compound.

Another promising application of SZ is the reaction of Besides the observation of the carbonylation products
alkane carbonylation with CO. It has been shown recently themselves, the next point that should be addressed concerns
that alkanes{(-pentane, isobutane) can be easily carbony- the mechanism of acid formation. Indeed, it is expected that
lated on pure sulfated zirconia to produce valuable productsthe interaction of an alkane with CO should result in the for-
such as aldehydes, ketones, and carboxylic acids [5-7]. Inmation of an aldehyde (or ketone). However, the formation
this respect, it is of interest to perform a direct carbonyla- of the acid was also observed when only alkane and carbon
tion with CO of propane, which is more inert than-Cs monoxide were reacted on SZ [6,7]. Thus, an additional ox-
alkanes, using sulfated zirconia as the solid acid catalyst.  jdation of aldehyde to produce the acid seems to occur on

Propane carbonylation with CO has been reported to 0c- 57 [6,7]. In this respect, the sulfate groups of SZ could have
curin liquid superacids [8,9], in the presence of strong Lewis ap oxidative role and should be reduced in the course of the
acids (AICE) [10] or acidic zeolite H-ZSM-5[11], the reac-  rgaction. The reduction of sulfate groups results in a deac-

tivation of the SZ catalyst [14,15]. To restore the catalytic
~* Corresponding author. activity of SZ it would be necessary to provide reoxidation
E-mail address: a.g.stepanov@catalysis.nsk.su (A.G. Stepanov). of the reduced sulfate group.
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In this paper we report the direct spectroscopic measure-
ments of the carbonylation of propane with CO, using a pure
sulfated zirconia as the solid acid catalyst. We also show
that the sulfate groups of SZ are indeed responsible for the
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of the samples during acquisition of NMR spectra was con-
trolled with a BVT-1000 variable-temperature unit.

2.3. FTIR experiments

aldehyde oxidation and can be regenerated by a molecular

oxygen treatment.

2. Experimental
2.1. Materials

A sample of sulfated zirconia was synthesized accord-
ing to the procedure described earlier [16] by treatment of
Zr(OH)4 on filter paper with 0.5 M HSO, aqueous solution
and subsequent drying and calcination in air at 800The
zirconia crystallized in the tetragonal phase, the §@ntent
of the sample after calcination was 9.9% (wt), with a surface
area of 130 rAig~L. Either propane, labeled wiiC isotope
in the CH group, [233C]propane (82%3C isotope enrich-
ment), or13CO (90% '3C isotope enrichment) was used
in NMR experiments. [23C]Propane was prepared from
[1-13C]ethanol (82943C isotope enrichment) via a four-step
synthesis. Isobutyraldehyde (purity 99%) and isobutyric acid
(purity 99.5%) were purchased from Fluka and used without
further purification.

2.2. NMR experiments
For solid-state NMR analysis a sample of SZ was heated

in a glass tube at 40 under vacuum (16 Pa) for 2 h.
Then equal amounts of propane and CO (ca. 300 umob§

each coadsorbate) were adsorbed on the sample under vac-

uum at the temperature of liquid nitrogen. After the glass
tube was sealed off at low temperature from the vacuum sys-

tem, the sample was warmed to room temperature and heated

at 100-150C for 1 h for the reaction to proceed.

13C NMR spectra with high-power proton decoupling
and magic-angle spinning (MAS), with or without cross-
polarization (CP), denoted below ¥ CP/MAS NMR and
13C MAS NMR, were recorded at 100.613 MHz (magnetic
field of 9 T) on a Bruker MSL-400 spectrometer at room
temperature. The following conditions were used for record-
ing spectra with CP: proton high-power decoupling field was
11.7 G (5.0 ps length of S0'H pulse), contact time was
5 ms at a Hartmann—Hahn matching condition of 50 kHz, de-
lay time between scans was 3 s. Single-pulse excitdfén
MAS spectra were recorded with 28ip angle,'3C pulses
of 2.5-us duration, and 10-s recycle delay, which satisfied a
107, condition. High-power proton decoupling in these ex-
periments was used only during the acquisition time. This
eliminates nuclear Overhauser enhancement of the signal ar-
eas and allows quantitative assessment of the signals [17].
13C chemical shifts for carbon nuclei of adsorbed organic

For IR analysis, 15-20 mg of the SZ sample was pressed
into a 2 cn? self-supported wafer. The wafer was then placed
into an infrared cell, allowing heating of the sample and in-
troduction of the reagents. The sample was activated under
vacuum (102 Pa) at 400C for 1 h. The vapor of isobu-
tyraldehyde (or isobutyric acid) was then introduced into the
cell at room temperature. The sample was then heated at
100-150C for 1-4 h. Afterward it was evacuated at 4@
for 1 h. Infrared spectra were recorded at room temperature
with a Nicolet Magna 550 spectrometer with a DTGS detec-
tor, 128 scans, and a resolution of 4¢hn

3. Resultsand discussion

3.1. Carbonylation of propane as studied by **C solid-state
MR

Fig. 1 shows thé3C CP/MAS NMR spectra recorded af-
ter heating of the SZ sample with coadsorbed propane and
CO for 1 h at 100C. The spectra obtained clearly indi-
cate that carbonylation of propane with carbon monoxide
occurs at this temperature. Indeed, usi#@-labeled carbon
monoxide and unlabeled propane, two intense signals appear
(Fig. 1a) in the range of the spectrum typical for the carbonyl
groups [18]. The signal at 232 ppm belongs to the carbonyl
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Fig. 1.13C CP/MAS NMR spectra of the products formed from propane
and CO on sulfated zirconia at 10Q: (a) coadsorption of the unla-
beled propane an#3CO (90%13C enrichment); (b) coadsorption of the

species were measured with respect to TMS as the externaj2-13c]CsHg (82% 13C enrichment) and unlabeled CO. Asterisks denote

reference with accuracjké = +0.5 ppm. The temperature

spinning side bands.
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Scheme 1. Propane carbonylation on sulfated zirconia at 100-€L50

moiety of aldehyde [7], while the signal at 195 ppm points
to the formation of a carboxylic acid [5,7,11].

The use of propane, selectively enriched Wit iso-
tope in the CH group, [243C]C3Hsg, allowed us to ascertain

bond. Two mechanisms can provide the activation of the
C—H bond. First, Lewis acid sites of SZ can be involved
in the alkane activation, via hydride abstraction to form the
isopropyl cation, which is further trapped by CO. The re-

the carbonylation products accurately. Note that if propane verse hydride transfer to the formed oxocarbenium ion leads
with a13C-labeled methylene group is used for the reaction, to 1B (Scheme 1, pathway 1). This situation can be sim-
the signals from the labeled GHyroup of the initial GHs, ilar to the propane carbonylation on Lewis acid catalysts
as well as from the carbons in the products where the labellike AICI3, where isobutyraldehyde and the products of its
migrates in the course of the reaction, should be observedfurther transformation were formed [10]. The second pos-

in the spectra. Two signals at 45.5 and 38.2 ppm becomesible mechanism fotB formation is a direct formylation

clearly visible in the'3C CP/MAS NMR spectrum, besides
the signal from the Chigroup of unreacted [23C]C3Hg at
18.0 ppm [11], when the sample with coadsorbedy2}
C3Hsg and unlabeled CO was heated at 2Q0(Fig. 1b).

by formyl cation via pathway 2. Indeed, formate species
were shown to be formed upon CO adsorption on SZ [5].
The signal at 174 ppm from formate species can also be de-
tected directly among the products of propane carbonylation

The appearance of these signals can be readily interpreted ifyith 13CO (Fig. 1a). Thus, formyl cation formed from the

terms of the formation of isobutyraldehyddj and isobu-

formate as equilibrated species can be involved in propane

tyric acid (BA) from propane and CO on SZ. Indeed, the formylation (Scheme 1, pathway 2), with the formation of
most intense signal appearing at 45.5 ppm can be attributed; three-center two-electron-bonded pentacoordinate carbo-

to the labeled CH group dfB, its position being close to
that for liquid isobutyraldehyde at 41.2 ppm [19]. The po-
sition of the second signal at 38.2 ppm is close to that for
liquid IBA at 34.8 ppm [20], and, therefore, it is attributed
to the labeled CH group of isobutyric acid adsorbed on SZ. It

nium ion as the transition state, similar to the reaction in
superacidic solutions [21].

At 100°C, the aldehyde is the main reaction product (vide
supra),| B being formed with 76% selectivity. With increas-
ing the temperature up to 158G, I BA becomes the principal

should be emphasized that isobutyraldehyde and isobutyricrgaction product (93%). These experimental data indicate

acid were the only products formed from propane and CO on
SZ at 100-150C; no other products were identified in the
13C and'H MAS NMR spectra. The conversion of propane
at 100°C, determined from th&C MAS NMR spectrum of
the sample of Fig. 1b, was 8%B andI|BA being formed
with 76 and 24% selectivity, respectively. At 190, 16% of
propane was converted, the selectivitieslidrandI BA be-

ing 7 and 93%, respectively. It should be noted that the order
of addition of CO and propane does not influence noticeably
the product distribution observed.

Activation of propane in the presence of CO on H-ZSM-5
zeolite [11] proceeds in full analogy with the process in su-
peracid media [8,9] via C—C bond cleavage to form methane
and an ethyl cation. The ethyl cation abstracts a hydride ion

that isobutyraldehyde is formed as an intermediate product
of propane carbonylatiohB appears to be oxidized by sul-
fated zirconia into the acid similar to benzaldehyde [22].

Thus, using solid-stat8C NMR spectroscopy we have
demonstrated that propane can be carbonylated with CO on
a sulfated zirconia catalyst producing isobutyraldehyde and
isobutyric acid. The transformation 6B into IBA clearly
supports that the oxidation step takes place on SZ. To explore
the nature of oxidation activity of sulfated zirconia in the
reaction studied, we have further examined the conversion
of isobutyraldehyde on SZ by IR spectroscopy.

3.2. Oxidation of isobutyraldehyde on sulfated zirconia: IR

from propane to form an isopropyl carbenium ion. The latter SPeCtroscopic study

interacts finally with CO and water giving rise to isobutyric

acid, with methane and ethane being evolved as the other The oxidation activity of sulfated zirconia has already
reaction products. In contrast to superacid media and ze-been reported. Farcasiu et al. [14] argued that the oxidizing
olites, propane carbonylation on SZ is consistent with the properties of SZ catalysts are responsible for the light alkane
activation of the secondary C—H bond, rather than the C—C activation via reversible one-electron abstraction. Vera et al.
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wavenumber, cm Fig. 3. FTIR spectra recorded after: (a) vacuum activation of SZ sample at

400°C; (b) room temperature adsorption of isobutyraldehyde (2 Torr) on
activated SZ, heating the SZ sample with adsort#dor 1 h at 150°C,

and decomposition of the acid at 490; (c) adsorption of B (10 Torr) on
sample (b), heating the SZ sample with adsorti#dor 4 h at 150°C, and
decomposition of the acid at 40C; (d) room temperature adsorption of
isobutyric acid (2 Torr) and acid decomposition at 400

Fig. 2. FTIR spectra recorded after: (a) vacuum activation of SZ sample
at 400°C; (b) room temperature adsorption of isobutyraldehyde (2 Torr of
equilibrium pressure in the IR cell) on activated SZ; (c) heating the SZ
sample with adsorbetB for 1 h at 150°C; (d) adsorption of isobutyric
acid (2 Torr) on activated SZ.

[23] also considered the Zt /Zr>* oxidation/reduction pair  from the spectrum. Another pattern of the bands arises in the
as the key intermediate in alkane isomerization on SZ. lower frequency region. Four resonances centered at 1653,
As to the oxidation of the aldehyde into the acid, the situ- 1530, 1478, and 1438 crh (Fig. 2c) proved to be very close
ation seems to be different. The reaction implies irreversible tg the bands observed for isobutyric acid adsorbed on Sz
oxygen transfer from the catalyst, so the SZ should be re- sample in a separate experiment (Fig. 2d) [26,27]. Thus, our

duced in the course of the reaction. It is worth noting that |R data further confirm that® can be oxidized by sulfated
sulfuric acid possesses well-pronounced oxidative proper- zirconia to producéBA; i.e., the aldehyde is indeed the in-
ties. So, the sulfate groups of SZ are the probable source oftermediate product of propane carbonylation into the acid.
oxygen for the oxidative step. Indeed, the reduction of sur-  Note, that during the conversion & into | BA the band
face sulfates of SZ has been already detected in the coursgg_q of Sz remains shifted in comparison with that of the
of adamantane oxidation [14]. It was also suggested thatjnitial activated sample (cf. Figs. 2c and 2a), probably due to
reduction of the surface sulfates is responsible for the SZ the interaction with the adsorbed acid. No visible modifica-
deactivation during-butane isomerization [23,24]. tion of thevs_o band in SZ occurs in the course of aldehyde
To determine whether the sulfates are the species accomoxidation, which indicates that the formed acid remains ad-
plishing the oxidation of isobutyraldehyde into isobutyric sorbed on SZ.
acid, we have used IR spectroscopy, which allows moni-  To further clarify the fate of the sulfate groups of SZ
toring of the transformation of sulfates in the course of the during the aldehyde oxidation into the acid, we tried to de-
aldehyde conversion. compose the acid by heating at 4@ Fig. 3b shows the
Fig. 2 shows the IR spectra of the SZ sample before and|R spectrum recorded after heating the sample of Fig. 2c
after the aldehyde adsorption and reaction at°X50The  (j.e., containing the acid formed by the aldehyde oxidation)
spectrum of SZ, activated in vacuum at 4@ reveals a  in comparison with the initial spectrum of SZ after evacu-
band at 1405 cm! (Fig. 2a) characteristic of the asym- ation (Fig. 3a). A new band at 1356 cthappears in the
metric vs—o stretching mode [25]. This resonance shifts region typical forvs_o vibrations. This new band is ob-
to a lower frequency at 1337 crh upon room tempera-  served as a low-frequency shoulder to the initial signal at
ture adsorption of isobutyraldehyde (Fig. 2b). In addition, 1405 cnmt! (Fig. 3b). Introduction of additional amounts
the bands from the adsorbed aldehyde become clearly vis-of 1B, followed by its oxidation intd BA and decomposi-
ible in this spectrum. Besides the aliphatie_y vibrations tion of the acid at 400C, results in a further growth of the
(2800-3000 cm?), a characteristic aldehyde vibration can resonance at 1356 crh with simultaneous diminishing in-
be detected at 2720 cmh (vc—p of the CHO group), the band  tensity of the band at 1405 crh (Fig. 3c). In addition to
at 1470 cnil s related to the Chideformation, whereas the  the appearance of the band at 1356 ¢ma new signal be-
strong band at 1682 cm is attributed to the €0 stretch- comes visible in the spectra (Figs. 3b and 3c). According
ing mode [26]. Heating of the sample with the adsorbed to its position, this broad complex signal centered at about
aldehyde at 156C for 1 h, i.e., under conditions providing 1500 cnt?! is attributed to hydrocarbon deposits of an aro-
almost complete conversion of thB into | BA, (vide supra, matic (polyenic) nature formed from the acid upon heating at
NMR data), results in essential changes in the vibration pat- 400°C, namely, to their &C stretching vibrations [28-32].
tern (Fig. 2c). The characteristic signals at 2720, 1682, and The other band at 1430 cth from C—H vibrations in aro-
1470 cnt! from the isobutyraldehyde completely disappear matics [29,31,32] appearing in the spectrum of Fig. 3¢ is
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1405 1400 and 1600 cmt where hydrocarbon deposits are ob-
1356 served (Fig. 4b). This fact further disclaims that the coke
species causes the change gfo. Further treatment of the
sample in the @ atmosphere at higher temperatures (250—
400°C) results in the gradual growth of the 1405 ¢
band, while the intensity of the resonance at 1356 tm
decreases further (Figs. 4c and 4d). The sulfatey band
completely recovers to its initial intensity after oxidation at
. . 400°C (cf. Figs. 4d and 4e).
1600 1400 1200 Thus, on the basis of our IR data we conclude that the
wavenumber, cm” oxidation of isobutyraldehyde to isobutyric acid on sulfated
zirconia is accompanied by an appreciable alteration in the
Fig. 4. FTIR spectra obtained after: (a) oxidatipn of isobutyr_aldehyde on region of sulfate vibration. The sulfate group with the band
Sz sample at 150C and subsequent decomposition of the acid at™0 9 405 o1 js converted into the species, exhibiting a res-
(b—d) subsequent oxidative treatmenp (@00 Torr, 1 h) of the sample (a) in .
0, atmosphere: (b) at 200, (c) at 350°C, (d) at 400°C; (e) the spectrum  Onance at 1356 cnt. These species must be some reduced
of initial SZ, activated in vacuum at 40. form of sulfur, which can be completely recovered to sul-
fates under oxidative treatment inO

S : : . It should be noted that an analogous effect has already
indicative of the conversion of polyaromatic (polyenic) de- . ) .
oy (poly ) been observed for sulfated zirconia reduced in analt

osits (with a very small content of C—H groups) into simple . .
b ( y groups) P mosphere [34]. The reduction causes a diminishing of the

aromatics, similar to the process observed for polyaromatic, ) o e
deposits on zeolites [33]. intensity of thevs_o resonance; this signal shifting to low

The following alternative reasons for the appearance of frequencies as well [34]. However, subsequent treatment in

the new signal from the-SO stretching mode at 1356 cth an oxidizing atmosphere of£lid not reproduce the original

are considered. This resonance may belong to either the surSPECtral features of sulfates, presuming evolution of sulfur

face sulfates interacting with the hydrocarbon deposit (coke) I the form of SQ during the reduction in bi[34]. In com-
or some sulfur species formed in the course of the acid de-Parison with molecular hydrogen, isobutyraldehyde seems

composition. This band may also belong to reduced sulfur 1© Produce a milder reducing atmosphere, by which the re-
species formed during tH&® oxidation into the acid. duced sulfur species remain on the surface of the catalyst.

To discriminate between these possibilities, the sample So, it becomes possible to recover the initial amount of sur-
containing isobutyric acid adsorbed on SZ (rather than the face sulfates. .
IBA formed from the aldehyde); i.e., the sample of Fig. 2d, The q.uestlon arises as to the nature.of the reduced sul-
was heated at 40@. The spectrum obtained (Fig. 3d) re- fur species formed during the conversion I& to I1BA,
veals the broad resonance at about 1500 kitom the ~ appearing at 1356 cnt. Morterra et al. [34] argued that
hydrocarbon deposits and the band at 1405 tfiom the sulfite species were formed under reducing treatment of SZ
initial activated SZ. No noticeable modification of the_o in Ha. The surface sulfites, if formed, creates a resonance
resonance under the decomposition of adsorbed acid ocin the lower frequency region of the spectrum at 1000—
curred (cf. Figs. 3a and 3d). So, the reaction®h decom- 900 cn1* [35], but not in the vicinity of the observed band
position’ as well as the coke Species formed' cannot be re_at 1356 le. Therefore, we believe that the observed Signal
sponsible for the new signal from the=® stretching mode (1356 cnT?), which undoubtedly belongs to some reduced
at 1356 cn1l. These data allow us to conclude that the res- sulfur species, may be attributed to S€pecies, in which
onance at 1356 cnt is in fact due to some reduced form of the sulfur atom possesses an intermediate oxidation state be-
sulfur formed during isobutyraldehyde oxidation on SZ. tween 6+ and 4+, e.g., to dithionate species. Indeed, the

To clarify whether these changes in the region ef®vi- formation of dithionate species cannot be excluded since
brations observed during thB oxidation are reversible, the  the surface area and $@ontent of the SZ sample used in
sample prepared similar to that of Fig. 3b, i.e., after the de- the present study allow two sulfates to find each other in
composition of the acid formed by the oxidation of 2 Torr a proximity sufficient for S-S bond formation. In fact, ac-
of IB, has been treated with molecular oxygen at differ- cording to the literature data [35,36], the_o moiety in
ent temperatures (Figs. 4b—4e). The oxidative treatment ofdithionate is characterized by the resonance in the range of
SZ at 500°C in O, flow is known to recover completely ~ 1400-1250 cm?, i.e., in the region close to the one typical
the catalytic activity of SZ reduced duringbutane iso- for sulfates [35]. However, one cannot exclude completely
merization [24]. Fig. 4b shows the IR spectrum obtained the possibility of the formation of sulfites in addition to
after oxidation at 200C. As follows from the analysis of  dithionates during the reduction of sulfate groups, since the
this spectrum, the band at 1356 cthdecreases, and the nontransparency of the catalyst did not allow analysis of the
signal at 1405 cm! rises in intensity. At the same time, lower frequency range of the spectra at 1000-900%typ-
there is no noticeable change in the spectral region betweerical for sulfites [35].

Absorbance

oo |0 Q0
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Thus, we have demonstrated that the sulfate groups are in- [3] M. Hino, S. Kobayashi, K. Arata, J. Am. Chem. Soc. 101 (1979) 6439.

deed responsible for the oxidation of the intermediate prod-
uct of propane carbonylation on sulfated zirconia, isobu-
tyraldehyde. Surface dithionate is likely to be the product of
sulfate reduction; an oxidizing treatment i @mosphere
completely restores the sulfate moiety.

4. Conclusions

From in situl3C MAS NMR and IR spectroscopy stud-
ies of the hydrocarbon products formed on sulfated zirconia,
the following conclusions are drawn on the conversion of
propane in the presence of carbon monoxide.

Propane is carbonylated with CO on sulfated zirconia
catalysts at 100-15@ to produce isobutyraldehyde and

isobutyric acid. Isobutyraldehyde represents the intermedi-

[4] M. Hino, K. Arata, React. Kinet. Catal. Lett. 19 (1982) 101.
[5] A.G. Stepanov, M.V. Luzgin, A.V. Krasnoslobodtsev, V.P. Shmach-
kova, N.S. Kotsarenko, Angew. Chem., Int. Ed. 39 (2000) 3658.
[6] M.V. Luzgin, A.G. Stepanov, V.P. Shmachkova, N.S. Kotsarenko,
Mendeleev Commun. (2001) 23.
[7] M.V. Luzgin, A.G. Stepanov, V.P. Shmachkova, S.N. Kotsarenko,
J. Catal. 203 (2001) 273.
[8] S. Delavarenne, M. Simon, M. Fauconet, J. Sommer, J. Am. Chem.
Soc. 111 (1989) 383.
[9] S. Delavarenne, M. Simon, M. Fauconet, J. Sommer, J. Chem. Soc.,
Chem. Commun. (1989) 1049.
[10] H. Pines, V.N. Ipatieff, J. Am. Chem. Soc. 69 (1947) 1337.
[11] M.V. Luzgin, A.G. Stepanov, A. Sassi, J. Sommer, Chem. Eur. J. 6
(2000) 2368.
[12] T.-K. Cheung, F.C. Lange, B.C. Gates, J. Catal. 159 (1996) 99.
[13] M.-T. Tran, N.S. Gnep, G. Szabo, M. Guisnet, Appl. Catal. A 171
(1998) 207.
[14] D. Farcasiu, A. Ghenciu, J.Q. Li, J. Catal. 158 (1996) 116.
[15] A. Ghenciu, D. Farcasiu, Catal. Lett. 44 (1997) 29.

ate product and is almost completely converted into the acid [16] V.M. Mastikhin, A.V. Nosov, S.V. Filimonova, V.V. Terskikh, N.S.

at 150°C. Thus, the first evidence has been obtained for the
propane carbonylation on sulfated zirconia into the valuable
chemical products.

The distribution of the observed reaction products, dif-
ferent from that formed from propane in the presence of
solid Brgnsted acid catalysts [11] and superacidic media [8,
9,37], indicates that the activation of propane by SZ is per-
formed primarily toward the secondary C—H bond of the

alkane rather than its C—C bond. This can be realized by ei-

ther the Lewis acid sites of SZ or by direct formylation by
the formyl cation formed as equilibrated species from the
formate.

The intermediate productisobutyraldehyde is oxidized by
sulfated zirconia into the isobutyric acid. The sulfate groups
of SZ are responsible for the aldehyde oxidation, surface

dithionate species being suggested to form as a result of suld?7]

fur reduction. The latter are readily transformed to sulfates
via an oxidizing treatment in atmosphere, and thus the
activity of SZ can be restored.
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