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Abstract

A vanadyl pyrophosphate catalyst, (VO),P,07, was investigated for its ability to selectively oxidize 16 C4 probe molecules,
including hydrocarbons, alcohols, diols, and five-membered heterocycles, to maleic anhydride in a fixed bed microreactor.
It was observed that besides linear-chain hydrocarbons and five-membered heterocycles previously studied, the butanols and
butanediols can also be selectively oxidized into maleic anhydride. This demonstrates the existence of new selective oxidation
pathways of organic molecules over the VPO catalysts. A novel cis-(su)peroxo-oxovanadium(V) dimeric active surface site is
proposed for the (1 0 0) plane of (VO),P,07. New selective oxidation pathways of organic molecules over the (VO),P,05 cata-
lystinvolving the proposed active surface site are described. The proposed pathways are consistent with both the redox behavior
of VIV and VV and the known organic chemistry of the C4 probe molecules. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Vanadyl pyrophosphate has been identified as the
main crystalline phase present in the most selective
and active VPO catalysts for n-butane oxidation to
maleic anhydride [1]. However, various crystalline
and disordered VIV/VV phosphate phases are also ob-
served depending on the redox properties of reactants,
the time on stream, and the reaction temperature as
the results of facile interconversion the VY and VIV
oxidation states [1-6]. The limited known physical
characterization coupled with the complex solid-state
chemistry of vanadium phosphates has led to much
controversy in the literature concerning the nature
of the active phase in n-butane oxidation and the
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identity of the active surface sites involved in differ-
ent steps of the catalytic reaction [1-6]. For example,
the active surface sites for the selective oxidation of
n-butane were associated in the past with (i) coher-
ent interfaces between slabs of the (1 00) planes of
various VOPOy4 phases and (VO),P>07 [7], (ii) a mix-
ture of well-crystallized (VO),P,07 and amorphous
VOPOQO,4 phases involving corner-sharing VOg octa-
hedra [8], (iii) the domains of y-VOPO, supported
on a (VO),P,07 matrix [9], (iv) the VO(PO3), phase
[10,11], (v) the VOPO4 “X1” phase [12], (vi) the
surface line defect VIII species present in the (100)
surface of (VO),P,07 [13,14], and (vii) limited and
controlled amount of VV species present in the (10 0)
surface of (VO),P,07 [4,5,15-20].

The most selective and active equilibrated VPO
catalysts preferentially expose the (100) planes of
(VO),P,07 [1-5]. The models of n-butane oxidation
on the VPO catalysts proposed to date are based on
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the hypothetical active trans-oxo vanadium(IV) dimer
sites present in the (1 0 0) surface plane. The following
types of hypothetical active sites have been proposed
to exist on this surface plane [21]: (i) Brgnsted acid
sites, probably —POH groups, (ii) Lewis acid sites,
probably VIV and VYV, (iii) one electron redox cou-
ple, VV/VIV, VIV/VIIL (iv) two electron redox cou-
ple, vV (v) bridging oxygen, V-O-V, V-O-P,
or VO(P)V, (vi) terminal oxygen, VV=0, VIV=0,
and (vii) activated molecular oxygen, m!-peroxo and
m2-superoxo species. In an isotopic exchange study,
Pepera et al. [22] found that fast oxygen exchange
on VPO catalysts can only occur in the near surface
region. Every two surface vanadium atoms are capa-
ble of activating one molecule of dioxygen, while the
bulk of the catalyst does not participate in n-butane
oxidation. Wang et al. [20] have recently confirmed
these observations and further demonstrated that se-
lective oxidation of n-butane over VPO catalysts
takes place via a Mars—van Krevelen mechanism in
which the VPO catalyst surface cations cycle un-
der steady state reaction conditions between VIV
and VV.

The contemporaneous removal of two methylene
hydrogen atoms from the carbon atoms in the sec-
ond and third positions in n-butane is the first and
rate-limiting step in selective oxidation to maleic
anhydride [1,20-22]. Guliants [23] employed the
model supported vanadia catalysts and obtained ev-
idence that this reaction is more efficient over mul-
tiple vanadium sites, which provides some support
to the models of the active surface sites based on
the vanadyl(IV) dimers [1-5,21]. Butenes, butadiene,
and furan, which were observed under high vacuum
conditions in a temporal analysis of products (TAP)
reactor [18,19,24] were suggested as the hypotheti-
cal reaction intermediates. However, these transient
species are not observed under typical reaction condi-
tions. Because very limited insights have been gained
from the studies of the reaction intermediates during
n-butane oxidation, the proposed models of n-butane
oxidation to maleic anhydride suffer from a lack of
mechanistic detail.

In the present study, we study the oxidation of
16 C4 probe molecules, including n-butane, over the
equilibrated (VO),P,07 catalyst and provide addi-
tional insights into the polyfunctional nature of the
VPO catalysts. Furthermore, we propose a new V(IV)

dimeric site present in the surface (100) planes of
(VO),P,07 and detailed reaction pathways for the
oxidation of the C4 molecules over these surface ac-
tive sites, which are consistent with the redox chem-
istry of the VIV-V oxidation states and the known
organic chemistry of the C4 probe molecules.

2. Experimental

2.1. Synthesis

The organic precursor of the VPO catalysts was
prepared by reacting vanadium pentoxide (Aldrich)
with 100% ortho-phosphoric acid (Aldrich) (synthe-
sis P/V = 1.16) in 10:1 mixture of i-butanol and
benzyl alcohol at reflux for 16h according to the
reported procedure [25]. The blue solid was isolated
by filtration, washed with i-butanol and acetone, and
dried in air at 383 K overnight. The XRD and Ra-
man confirmed the composition of the precursor to
be VOHPO4-0.5H,0 [4]. The TGA weight loss in
nitrogen at 873K (10.9%) agreed well with the the-
oretical value for stoichiometric transformation of
VOHPO4-0.5H,0 into (VO)2P207 (10.6%).

2.2. Kinetic studies

Approximately 1 g of the 212-355 pm fraction of
the precursor was placed in the catalytic microreac-
tor, and activated in situ at 708 K in 1.2% n-butane
in air. The kinetic measurements and the analysis
of products by gas chromatography are described in
detail elsewhere [4]. The feed flowrate was fixed at
40 ml/min and the effluent samples were analyzed
periodically until n-butane conversion and selec-
tivity to maleic anhydride stabilized. It typically
took between 2 and 4 weeks for a catalyst to reach
steady state under such conditions, after which the
selectivity—conversion curves were collected in 1.2%
n-butane in air at 708 and 673 K. The curves ob-
tained agreed well with those previously reported
[25]. The temperature was then lowered to 633K
and liquid samples of various probe molecules were
injected into flowing air at the microreactor inlet
by high precision Harvard syringe pump to give the
vapor concentration in air in the 1-4vol.% range.
The gaseous species, i.e. i-butane, i-butene, 1-butene,



V.V. Guliants, S.A. Holmes/Journal of Molecular Catalysis A: Chemical 175 (2001) 227-239 229

cis- and trans-2-butene, were introduced similar to

n-butane. The partial oxidation of n-butane at 673 K

on this catalyst was checked periodically to confirm
the stability of the active surface. The characterization
of the used catalyst after kinetic experiments by XRD
and Raman showed that it contained only vanadyl

pyrophosphate [4].

Table 1

3. Results

The total of 16 different species was employed in
the present study shown in Tables 1-3. All the linear
C4 molecules and the five-membered heterocycles
were oxidized to maleic anhydride (MA), although

the yields obtained varied dramatically. Apart from

Transformation of C4 hydrocarbons over (VO),P,07 catalyst at 633 K

Substrate (conversion, %)

Concentration (mol%)

Products (selectivity, mol%)

n-Butane (30)

i-Butane (21)

1-Butene (95)

Cis-2-butene (95)

Trans-2-butene (95)

i-Butene (89)

1.2

1.2

1.3

1.3

1.3

Maleic anhydride (73)
Acetic acid (3)
Acrylic acid (1)

Acetic acid (12), maleic anhydride (11)
Acrylic acid (3), methacrolein (3)
Methacrylic acid (2), acetone (1)

Maleic anhydride (23), 1,3-butadiene (10)
Trans-2-butene (8), acetic acid (7)
Cis-2-butene (6), furan (3)

Acrylic acid (1), methylethylketone (1)

Maleic anhydride (21), trans-2-butene (21)
1,3-Butadiene (17), 1-butene (12)

Acetic acid (5), furan (3)

Acrylic acid (1), methylethylketone (1)

Maleic anhydride (36), 1,3-butadiene (8)
Cis-2-butene (6), 1-butene (5)
Acrylic acid (2)

Methacrolein (30), acetic acid (4)
Acetone (2), methacrylic acid (2)
Acrylic acid (1)

Table 2

Transformation of five-membered heterocycles over (VO),P,07 catalyst at 633 K

Substrate (conversion, %)

Concentration (mol%)

Products (selectivity, mol%)

Tetrahydrofuran (100)

2,5-Dihydrofuran (100)

2,3-Dihydrofuran (100)

vy-Butyrolactone (95)

3.4

4.0

3.1

2.7

Maleic anhydride (74), acetic acid (8)
Acrylic acid (2), furan (1)

Ethylene (1)

Maleic anhydride (62), furan (17)
Acetic acid (3), acrylic acid (1)
Maleic anhydride (37), acetic acid (5)
Acrylic acid (4), ethylene (3)

Furan (2)

Maleic anhydride (38), acrylic acid (21)
Acetic acid (7), ethylene (1)
Propylene (1)
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Table 3
Transformation of alcohols and diols over (VO),P,07 catalyst at 633 K

Substrate (conversion, %) Concentration (mol%)

Products (selectivity, mol%)

1-Butanol (100) 2.6

2-Butanol (100) 2.7

1,4-Butanediol (100) 32

1,3-Butanediol (100) 2.3

1,2-Butanediol (100) 33

i-Butanol (100) 2.5

Maleic anhydride (48), acetic acid (14)
Acrylic acid (6), 1,3-butadiene (5)
Trans-2-butene (4), cis-2-butene (3)
1-Butene (2), acetone (1)

Ethylene (1), propylene (1)

Maleic anhydride (25), trans-2-butene (16)
Cis-2-butene (12), 1,3-butadiene (13)
1-Butene (9), acetic acid (7)

Furan (4), acetone (1)

Acrylic acid (1)

Maleic anhydride (93)
Furan (2)

Maleic anhydride (50), propylene (9)
Acetic acid (9), 1,3-butadiene (8)
Acrylic acid (4), ethylene (1)

Maleic anhydride (40), acetic acid (25)
Acrylic acid (13), furan (1)
Ethylene (1), propylene (1)

Acetic acid (18), i-butene (14)

Maleic anhydride (10), 1,3-butadiene (4)
Trans-2-butene (3), cis-2-butene (2)
Methacrolein (2), propylene (1)

MA, only traces of other partial oxidation products
(acetic and acrylic acids) resulted from oxidation of
n-butane (Table 1) in agreement with previous obser-
vations [1-3,21]. In the oxidation of 1- and 2-butenes,
the yield of MA was lower than in the case of n-butane,
and other partial oxidation products, such as furan,
products of C=C and C—C bond scission and acetic
and acrylic acids were observed. The VPO catalyst
also catalyzed the isomerization and dehydrogenation
of butenes also in accordance with previous results
[1-3,21].

High selectivity to MA was observed in the oxi-
dation of the two heterocyclic compounds, tetrahy-
drofuran and 2,5-dihydrofuran shown in Table 2.
Traces of furan and ethylene, in addition to low levels
of acetic and acrylic acids, were also observed for
tetrahydrofuran oxidation. The yield of MA in the
case of 2,5-dihydrofuran was somewhat lower due to
formation of furan with 17 mol% yield. Oxidation of
2,3-dihydrofuran was less selective (37 mol% yield
of MA), giving larger quantities of the total oxidation
products. y-Butyrolactone was also oxidized to MA

with comparably low selectivity, in this case acrylic
acid was formed with 21 mol% yield.

Oxidation of the linear chain C4 alcohols (1- and
2-butanol) led to the products and yields similar to
those in oxidation of 1- and 2-butenes (Table 3). How-
ever, in the case of 1-butanol, a higher yield of maleic
anhydride was observed.

Different oxidation products and yields to MA
were obtained in the case of the four linear chain Cy4
diols. The VPO catalyst displayed remarkably high
yield of MA in oxidation of 1,4-diol (93 mol%), and
only small amounts of furan and complete oxidation
products were detected. Considerably lower yield of
MA was observed in the case of 1,2- and 1,3-diols.
1,2-Butanediol gave high yields of acetic and acrylic
acids, while the oxidation of 1,3-diol led to apprecia-
ble amounts of butadiene and propylene.

The oxidation of the three skeletal isomeric
molecules, i-butane (2-methylpropane), i-butene
(2-methylpropene), and i-butanol (2-methyl-1-pro-
panol), produced very different results compared to the
oxidation of linear chain species. The rate of i-butane
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oxidation was similar to that of n-butane and consider-
ably lower than in the case of all other, more reactive
species shown in Table 1. No alkenes, i.e. ethylene,
propylene, and i-butene, were detected. i-Butane gave
mostly the products of complete oxidation, as well
as the expected partial oxidation products: acetic,
acrylic, and methacrylic acids, methacrolein and ace-
tone. Surprisingly, the VPO catalyst showed some
selectivity to MA even in this case (11 mol%). The
oxidation of i-butene led to the expected partial oxida-
tion products: acetic, acrylic, and methacrylic acids,
methacrolein and acetone. In the case of i-butanol,
apart from the expected methacrolein and acetic acid,
the formation of i-butene, 2-butenes, butadiene as
well as maleic anhydride was observed.

4. Discussion

The results of oxidation of linear chain and isomeric
C4 molecules on the (VO),P>07 catalyst presented
in Tables 1-3 demonstrate the polyfunctional nature
of the VPO catalysts and their ability to selectively
oxidize various functions to maleic anhydride. For-
mation of products shown in Tables 1-3 is explained
on the basis of the structural features of the (100)
plane of (VO),P,07 and the redox chemistry of viv
and VV species.

4.1. Proposed active surface sites

The proposed models of n-butane oxidation on the
VPO catalysts are based on the dimers of edge-sharing
trans-oxovanadium(I'V) octahedra present in the bulk
(100) plane of (VO),P,07 [1-4,26,27]. According to
the models of Schigtt et al. [26] and Agaskar et al. [27],
the electrophilic vanadyl(IV) oxygen participates in
the initial methylene C—H bond activation in n-butane
and it is subsequently lost during the proposed [4 + 2]
cycloaddition of the butadiene intermediate leading to
the formation of 2,5-dihydrofuran. However, the re-
view of the redox chemistry of vanadium in its higher
oxidation states [28-32] reveals only a few exam-
ples of such processes involving the vanadyl oxygen.
Moreover, the generation of highly reactive vana-
dium(IV) and (V) nl—peroxo or nz—superoxo species
in the presence of molecular oxygen is well known
[33-38] and widely used in both stoichiometric and

catalytic oxidations of organic molecules [39—41]. In
n-butane oxidation on the VPO catalysts the catalytic
activity is lost when nitrous oxide, a well-known
oxotransfer agent [31] is used instead of molecular
oxygen [27]. This suggests that the m!-peroxo or
m2-superoxo species may be involved in the oxidation.
In the case of the trans-oxovanadium(IV) dimer site
proposed as active, the activation of dioxygen would
lead to only single peroxo species. Meanwhile, the
kinetic studies of n-butane oxidation suggest a dif-
ferent site capable of contemporaneous abstraction of
two methylene hydrogen atoms in n-butane [1,22]. In
fact, the (100) plane of (VO),P,07 displays chains
of trans-oxovanadium(IV) dimers running parallel.
The trans-oxovanadium(IV) dimers are arranged in
such a way that the vanadium(IV) atoms with the va-
cant apical coordination site are always next to each
other in a chain. Given the average O—O bond length
in vanadium(V) peroxo complexes of 1.5 A [34], the
distance between the oxygen atoms in adjacent per-
0x0 species in a trans-oxovanadium(IV) dimer chain
(ca. 3.5 A [42,43]) would compare favorably with the
methylene H-H distance in positions 2 and 3 in the
eclipsed conformation of n-butane (2.3 A [44)). This
suggests that this dimeric site shown in Fig. 1 may
be involved in the C-H cleavage in n-butane. The
present work attempts to offer new pathways of se-
lective oxidation of n-butane and other C4 molecules
to maleic anhydride based on such dimeric peroxo
site and VIV-VV redox couple.

4.2. Oxidation of unsaturated hydrocarbons

Unsaturated hydrocarbons were much more reac-
tive than n-butane. Both 1- and 2-butene underwent
isomerization probably catalyzed by surface HPO4>~
or H2P2072_ groups [3,21,27] and all three isomeric
species, i.e. cis-, trans-2-butene and 1-butene were
observed (Fig. 2). The formation of 1,3-butadiene
(3) is best accounted for by radical abstraction of
two allylic H atoms in 2-butene (1) by surface
(su)peroxo-oxovanadium(V) species belonging to a
distant dimeric site (Fig. 1) followed by intramolecu-
lar electron transfer and formation of a stable system
of conjugated double bonds. Butadiene could either
desorb or undergo the [4 + 2] cycloaddition with the
surface oxovanadium(V) oxyradical vV-0* to yield
2,5-dihydrofuran (4) and the original reduced VIV



232 V.V. Guliants, S.A. Holmes/Journal of Molecular Catalysis A: Chemical 175 (2001) 227-239
l-------------'----------------------------------l
1 O !
rl '/ ‘P' //O ~ / '/O 1’
;e by (0] O/ - B\ ()y_: 74 P
/ 0 ” v 0 % 0. O'P\ !
’ \ 4+ K N 4+ || 4! ’
/! /V \ V V\ !
' Ny O Q I Yo\ ol 1 /
// //=P \P N~ P( o) O\\ O\P/ 1
fdE 7Y '~ 77
' (200) plane : o=
ST o 7
I/ P// //
// O( //,\O /I
/ 4¥ K + )
1
NN ol
1 1
1 P o 1
+ (200) plane { /
or
0 O
o~ o~

Ly 2+0—0e | |
I I I |
O o

(¢}

Reduced V V-V Site

Oxidized V V-V V Site

Fig. 1. Proposed cis-peroxo-oxovanadium(V) dimeric active site for partial oxidation of hydrocarbons to maleic anhydride over (VO),P,07

catalyst.

site. The VIV site is then reactivated by dioxygen and
maleic anhydride (5) is obtained as the result of allylic
oxidation in positions 2 and 5 of 2,5-dihydrofuran
(Fig. 2).

Another selective path shown in Fig. 2 involves
dihydroxylation of the 1,4-alkenyl diradical (2) sim-
ilar to the V,Os-catalyzed oxidation of olefins by
peroxide [39] or the mechanism proposed by Mi-
moun et al. for oxidations of aromatics [33]. Such
diradical may be stabilized by delocalization of
the unpaired electrons through the r-conjugation
[45,46]. The unsaturated but-2-ene-1,4-diol (6)
formed by the abstraction—recombination mechanism
[33] then undergoes oxidation by another VV-O°
site to yield 4-hydroxy-but-2-enal (7) and V!V,
4-Hydroxy-but-2-enal similar to other y-hydroxy-a.,3-
unsaturated carbonyl compounds can be dehydrated

using Lewis or Bronsted acids (e.g. the surface
HPO,%~ or H,P,07%~ groups) to form furan (8)
[47,48], shown in Fig. 2. Furans are well known
to undergo cycloaddition with singlet oxygen [49],
which is made the basis for the synthesis of
5-hydroxy-2(5H)-furanones (9) (Fig. 2). The last step
involves two consecutive abstractions of hydrogen
atom in position 5 and hydroxyl hydrogen by the
VV_0°* species to yield maleic anhydride and VIV
site [39—41]. In the case of i-butene, no products of
skeletal rearrangement were observed, and oxidation
of this species gave only the products expected for
allylic oxidation and C=C bond scission.

Other partially oxidized species may result from (i)
hydration of an olefin followed by oxidation of the al-
cohol into methylethylketone, and (ii) addition of the
peroxo group to the C=C double bonds in a diene and
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Fig. 2. Proposed oxidation of 1- and 2-butenes over (VO),P,07 catalyst.

alkene to yield acrylic (11) and acetic (12) acids, re-
spectively, via decomposition of the peroxymetallocy-
cle (Fig. 2) and further oxidation [39-41].

4.3. Oxidation of five-membered heterocycles

In the case of tetrahydrofuran (13), the first
step is likely to be H atom abstraction by the
peroxo-oxovanadium(V) species in positions 3 and
4 leading to 2,5-dihydrofuran (4). Allylic oxidation
in positions 2 and 5 of 2,5-dihydrofuran would yield

maleic anhydride shown in Fig. 3. This step is likely to
occur by the same abstraction-recombination mech-
anism [33] with the formation of 2,5-diradical, since
furan is one of the products of this reaction. In the case
of 2,3-dihydrofuran (14), the molecule would undergo
abstraction of two H atoms in positions 4 and 5 to give
furan (8), which is then oxidized to MA as shown in
more detail in Fig. 2. A competitive allylic oxidation
in position 4 and then 5 of 2,3-dihydrofuran would
lead to 2,3-dihydrofuran-4,5-dione, a likely precursor
to the products of complete oxidation (Fig. 3). This
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Fig. 3. Proposed oxidation of five-membered heterocycles, tetrahydrofuran, 2,3- and 2,5-dihydrofurans, and y-butyrolactone over (VO),P,07

catalyst.

may explain lower selectivity to MA than in the case
of 2,5-dihydrofuran. y-Butyrolactone (16) is likely
oxidized to MA via 2(5H)-furanone (17) (Fig. 3).

4.4. Oxidation of alcohols and diols

We have tested the ability of the VPO catalyst to ox-
idize simple C4 alcohols to maleic anhydride. The al-
cohols are first dehydrated to alkenes via formation of
carbocations, which is indicated by skeletal rearrange-
ment of the 7-butyl carbocation in the case of i-butanol
and formation of linear chain species. The oxidation of
the alkenes is then straightforward as shown in Fig. 2.

Oxidation of 1-butanol resulted in the higher yield
of maleic anhydride as compared to 2-butanol. This
observation may be explained by an access to a
“shorter” oxidation path similar to intramolecular cy-
clization of B- and d-unbranched primary aliphatic
alcohols to 2-alkyl-tetrahydrofurans in nonpolar

solvents catalyzed by lead(IV) tetraacetate [39—41,50].
In the case of 1-butanol (18) oxidation on the VPO
catalysts the 1-butoxy radical (19) is generated after
the hydroxyl H atom is abstracted by the surface
(su)peroxo species (Fig. 4). The intramolecular H
atom migration then occurs from the d-carbon via a
quasi-six-membered ring (20) [39-41] followed by the
H atom loss to the surface peroxide and ring closure
to tetrahydrofuran (13). Oxidation of tetrahydrofuran
to MA proceeds as shown in Fig. 3.

We have observed highly selective oxidation of
butanediols, particularly 1,4-diol (Table 3), to maleic
anhydride on the VPO catalyst. In the case of 1,4-diol,
the yield of MA (ca. 93mol%) was considerably
higher than that of any other C4 species studied. Sev-
eral possibilities exist for 1,4-diol cyclization to the
five-membered heterocycle (Fig. 5). One the one hand,
1,4-diol (21) may be oxidized into +y-butyrolactone
(16) via 4-hydroxyaldehyde (22) and +y-butyrolactol
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approach to furans. 1,4-Dialdehyde (24) formed by
oxidation of two hydroxyl groups in 1,4-butanediol
provides all of the carbon atoms and the oxygen nec-
essary for the furan nucleus. The process involves ad-
dition of the enol oxygen of one carbonyl group to the
other carbonyl group, then elimination of water. Fi-
nally, a primary A3-alkenol, 3-but-n-1-ol (25) formed
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may undergo cyclization to tetrahydrofuran (13)
by means of intramolecular addition of the oxygen
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Fig. 4. Proposed oxidation of 1-butanol and 1,4-butanediol over (VO),P,07 catalyst.

VVOOH
-vVoo

radical to a sterically accessible ethylenic linkage
via a w-complex (26) [39-41,52] shown in Fig. 5.
v-Butyrolactone, furan and tetrahydrofuran formed
in the above reactions are then oxidized to maleic
anhydride as shown in Figs. 2 and 3. Dehydration of
diols on the VPO catalyst is confirmed by formation
of 1,3-butadiene as well as the carbon—carbon bond
scission products, ethylene and propylene. Since 1,2-
and 1,3-diols cannot undergo cyclization as readily
as 1,4-diols [39—41], oxidation of 1,2-butanediol (27)
and 1,3-butanediol (28) to maleic anhydride probably
occurs via cyclization of 4-hydroxy-but-2-enal (7) to
furan (8) as shown in Fig. 2. This involves a longer
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Fig. 5. Proposed oxidation of 1,2- and 1,3-butanediols over (VO),P,07 catalyst.
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Fig. 6. Proposed oxidation of i-butane over (VO),P,07 catalyst.
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reaction pathway and parallel side-reactions (Fig. 5),
which may explain lower yield of MA than in the
case of 1,4-butanediol.

4.5. Oxidation of i-butane

Oxidation of a branched C,4 alkane, i-butane, was
carried out to probe the mechanism of the C—H bond
activation of alkanes on the VPO catalysts. In the
case of i-butane (29) the surface-bound peroxo radi-
cal would show discrimination in activating first the
weaker tertiary C-H bond (Fig. 6). The hydroxyla-
tion of the #-butyl radical would lead to #-butanol
[33]. Formation of methacrolein and methacrylic acid
(Table 1) may be explained by allylic oxidation of

+2vVoo
-2VVOOH

i-butene obtained by dehydration of t-butanol. The
formation of MA is most likely accounted for by the
skeletal rearrangement of a carbocation or radical
intermediate [53]. The #-butyl carbocation would be
generated in dehydration of #-butanol. However, the
three methyl groups inductively delocalize the posi-
tive charge on the tertiary carbon atom leading to a
stable r-butyl carbocation. Therefore, we could not
account for formation of MA by the rearrangement of
t-butyl carbocation to linear 2-butyl carbocation. On
the other hand, the activation of both the tertiary and
the stronger methyl C—-H bonds [39—41] in i-butane
by the surface-bound peroxo radical would lead via a
1,2-diradical to i-butene (30) and its oxidation prod-
ucts. No products of skeletal rearrangement would be

34 1

+VYOOH, VVOH

[\

A%
HOCH) cHon -V
6

(0]
9
Vare| -VVO
+V OOL “H,0
0= — O
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+VVOOHl
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-H'
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Fig. 7. Proposed oxidation of n-butane to maleic anhydride over the cis-peroxo-oxovanadium(V) dimer sites present in the (100) planes

of (VO)2P2 07 .
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expected in this case either. The formation of maleic
anhydride in the i-butane oxidation may be explained
by a reaction pathway involving the abstraction of the
two hydrogen atoms in positions 1 and 3. Activation
of the two methyl C—H bonds would occur to some
extent resulting in the formation of a 1,3-diradical
(31). Simple radicals undergo skeletal rearrangement
only when migrating group is aromatic capable of
delocalizing an extra electron in the w-system [53].
However, in the case of t-butyl 1,3-diradical skeletal
rearrangement via methyl group migration and a cyclic
intermediate (Fig. 6) is well-documented [45,53]
leading to linear 1,2-diradical (32) and 1-butene (33).
Formation of maleic anhydride during i-butane ox-
idation on the VPO catalyst (Table 1) suggests that
such skeletal rearrangement does occur. On the other
hand, it also indicates that the activation of alkanes
on the VPO catalysts may proceed via contempora-
neous homolytic C-H bond cleavage and formation
of a diradical intermediate.

4.6. Oxidation of n-butane

We propose here a mechanism of n-butane ox-
idation on the VPO catalysts (Fig. 7) based on
the formation of the 2,3-diradical (34) and further
steps of its oxidation to maleic anhydride consistent
with the results of oxidation of various C4 species
(Tables 1-3 and Figs. 2—-6). 2-Butene undergoes dihy-
droxylation by abstraction—recombination mechanism
via 1,4-alkenyl diradical (2) (Figs. 2 and 7). Olefinic
and m-allyl intermediates have been previously de-
tected in the in situ IR studies of oxidation of C4
hydrocarbons, including n-butane, over the VPO cat-
alysts [54-56]. The unsaturated but-2-ene-1,4-diol
(6) thus formed then undergoes oxidation by another
VV-0° site to yield 4-hydroxy-but-2-enal (7) and
VIV, 4-Hydroxy-but-2-enal is dehydrated by the sur-
face HPO42~ or HyP,072 groups to form furan (8).
Furan undergoes cycloaddition with singlet oxygen
to yield 5-hydroxy-2(5H)-furanones (9) which is ox-
idized to maleic anhydride by the VY—O® species as
shown in Figs. 2 and 7.

5. Conclusions

We have studied partial oxidation of 16 C4 probe
molecules to maleic anhydride over the (VO);P,07

catalyst. The results reveal that in addition to species
that have been previously studied [1-3,21], the bu-
tanols and butanediols can also be selectively oxidized
into maleic anhydride. This demonstrates the exis-
tence of new selective oxidation pathways of organic
molecules over the VPO catalysts. The oxidation of
1,4-butanediol is remarkably selective. The observa-
tion of unusually high yield of maleic anhydride in
this case (93 mol%) may be of interest from a com-
mercial viewpoint, although the reduction of maleic
anhydride is currently one of the industrial methods
for manufacturing 1,4-butanediol [57].

On the other hand, the oxidation of these probe
molecules provided insights into the mechanism of
n-butane oxidation. We have proposed a mechanism
for partial oxidation of n-butane to maleic anhydride
by the cis-(su)peroxo-oxovanadium(V) dimeric site
present in the oxidized (1 00) surface of (VO),P,07.
The proposed model is consistent with both the redox
behavior of vanadium in the oxidation states IV and V
and the results of partial oxidation of probe molecules
obtained in the present and previous studies.
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