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Different TAPO-5 materials, prepared from Ti(III) chloride, have been tested as catalysts in the oxidation
of cyclohexene with hydrogen peroxide under anhydrous conditions. Solid TiCl3 was shown to render
better synthesis reproducibility and higher catalytic activity of the resultant materials compared to TiCls;
aqueous solution. The synthesis of these materials was carried out under N, atmosphere to preserve the
initial oxidation state of Ti during the crystallization process. As a consequence, the so-called Ti(Il)APO-5
materials have Ti environments different to those found in conventional TAPO-5 (Ti(IV)APO-5). Indeed,
their catalytic activity in the oxidation of cyclohexene markedly overcomes that of the Ti(IV)APO-5 at
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TZ};,V(;(_)E s any Ti content and after any reaction time. Turnover number (TON) of Ti(III)APO-5 samples exponentially
Ti(Il1)APO-5 increases as Ti content decreases, the Ti-poorer sample (Ti/(Ti+Al+P) molar ratio of 0.003) reaching

TON values higher than 200 after 6 h of reaction at 343K and higher than 550 after 24 h. The interest
of Ti(II)APO-5 catalysts lies on their high selectivity to products formed through allylic oxidation of
cyclohexene. The main product of this reaction, 2-cyclohexenyl hydroperoxide, was obtained with more
than 80% selectivity over Ti(II)APO-5 catalysts. This behavior is in contrast with the well-known strong
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tendency of the more active Ti-zeolites to epoxidize the double bond.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery in the early eighties of the ability of TS-1
to catalyze the selective oxidation of organic compounds [1], the
application of Ti-zeolites as heterogeneous catalysts for the oxi-
dation of organic substrates under mild conditions has been the
subject of a large number of studies [2-5]. The interest in this kind
of zeolitic materials led to explore other potential Ti-containing
materials, such as silica-based mesoporous ones, which would
allow processing larger molecules [6-8]. However, in contrast to
the continuous development of highly active Ti-zeolites and Ti-
mesoporous materials, the attempts carried out with the related
group of titanium-doped AIPO4-based microporous zeotypes have
failed to render interesting catalysts. In spite of the large number
of the so-called TAPO materials with different structures that have
been prepared [9-11], up to date, their catalytic performance in
those oxidation processes [ 12-15] has been shown poor compared
to that of Ti-zeolites.

Several aspects that make TAPOs different to Ti-zeolites have
to be considered in order to develop strategies to enhance their
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catalytic performance. First, both networks are inherently differ-
ent in hydrophobic/hydrophilic terms, in such a way that the
more hydrophilic AIPO4 framework favors the selective adsorption
of the most polar molecules. The influence of hydrophobic-
ity/hydrophilicity on the catalytic activity has been already made
clear in Ti-zeolites by modifying the polarity of their frameworks
or the reaction conditions [4,15-18]. A second difference between
TAPOs and Ti-zeolites is the Ti environment obtained by the isomor-
phous substitution of tetrahedral atoms in both materials. When
Ti(IV) ions are introduced in zeolitic frameworks, they can only
substitute isoelectronic Si(IV) atoms, necessarily leading to Ti(0Si),
environments. However, Ti(IV) replaces more likely P(V) atoms in
an AlPO4 framework, generating Ti(OAl)4 environments. Such envi-
ronments are thought to inhibit the activity of Ti centers as deduced
from the lower catalytic activity of Ti-zeolites containing aluminum
compared with their Al-free analogues [4,19]. Recently, Chiesa and
co-workers [20-22] have reported some spectroscopic studies indi-
cating that Ti(IV) in an AIPO4 material can also be incorporated by
pairs, so that two Ti atoms replace a P(V) atom and its contiguous
AI(III) generating Ti—O—Ti units, just like Si(IV) can do in the case of
SAPO materials [23,24]. Moreover, though isolated titanium centers
in P(V) positions and/or Ti—O—Ti pairs are found in the material,
titanium atoms in aluminum sites have been proven to play the
most important role for redox catalytic activity [22].
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Recently, we have presented some innovative strategies in
TAPO-5 synthesis [25,26], which take advantage of the higher
versatility of AIPO4 frameworks compared to zeolite ones to incor-
porate heteroatom ions with different charges. Such versatility
would, in principle, allow to change the Ti environment within
the aluminophosphate framework by means of its incorporation
as Ti(II). This cation would occupy preferably Al(III) sites in order
to maintain the charge balance of the framework, and would give
rise to Ti(OP)4 environments. In addition, the presence of Ti—O—Ti
pairs would be prevented since replacing contiguous P(V) and Al(III)
by two Ti(Ill) ions would entail an excessive negative charge in
the framework, hardly compensated by a mono-protonable amine,
which is the most common structure directing agent in AlPOs.

We have reported elsewhere that this approach indeed gener-
ates TAPO-5 catalysts that are more active than the conventional
ones, being able to oxidize cyclohexene at a rate of the same
order as large-pore Ti-beta [27] under suitable conditions. This
work extends the study of TAPO-5 materials prepared from gels
containing Ti(Ill) ions, here called Ti(Il[)APO-5, as catalysts in the
cyclohexene oxidation with H, 0, under anhydrous conditions. The
influence that Ti content in Ti(III)APO-5 materials has on the intrin-
sic activity of Ti centers has been also investigated, discussed, and
critically compared with the conventional TAPO-5 catalysts pre-
pared using Ti(IV) sources.

2. Experimental
2.1. Catalysts preparation

Ti(IIN)APO-5 samples were prepared with different titanium
content by hydrothermal treatment using titanium trichloride
as Ti(Ill) source [25,26], in one of these two formulations:
(i) as TiCl3 (~10wt%) in HCl (20-30wt%) aqueous solu-
tion (supplied by Aldrich with the exact composition), and
(ii) TiCl3 powder (Aldrich). The general gel composition was
(1 —x)AL:1.0P:xTi(Ill):mMCHA:25H,0:nHCl for the former TiCl3
source, where x denotes the Ti/P molar ratio, n is the HCI/P molar
ratio resultant after its inevitable addition with TiCl3 in hydrochlo-
ric acid solution, MCHA refers to N-methyldicyclohexylamine and
m designates the MCHA/P molar ratio, which was varied to com-
pensate the changes of pH introduced by the HCl added, so that the
pH value of the gel was forced to be in the range 6.5-7.0. When
the TiCl3 powder was used, the gel composition was simplified

0 (1 —x)Al:1.0P:xTi(Il1):0.8MCHA:25H,0 having pH values in the
same range. Both the preparation of the gel and the following auto-
claves sealing were carried out under inert atmosphere, in a glove
bag filled with nitrogen. The TiCl3 source was added over an aque-
ous solution of phosphoric acid (85 wt%, Sigma) in deionized water,
which turns into purple color. Next, AI(OH)3-xH, O (Sigma-Aldrich)
was added over the solution and the resultant suspension was vig-
orously stirred for ca. 10 min, followed by the dropwise addition of
N-methyldicyclohexylamine (MCHA). This amine was selected as
structure directing agent (SDA) because of its high specificity to AFI-
structured AIPO4-based materials [28]. In particular, this specificity
has already been proven for AIPO4 materials doped with the same
heteroatom, Sn, in two different oxidation states [29]. The resul-
tant gel was stirred for 1h before transferring it into Teflon-lined
stainless steel autoclaves for the hydrothermal treatment at 448 K
under autogeneous pressure. The obtained purple solids, whose
color indicated that at least part of the Ti present in the solid main-
tains its oxidation state 3+ after the crystallization process, were
recovered by filtration and washed with deionized water. After dry-
ing under ambient atmosphere, the solids became yellowish white,
suggesting that Ti(Ill) was oxidized to the most stable titanium
oxidation state, Ti(IV).

Conventional Ti(IV)APO-5 catalysts were prepared strictly fol-
lowing the procedure described elsewhere [30], with the molar gel
composition 1.0Al:1.0P:xTi(IV):0.5TPAOH:20H,0, using titanium
isopropoxide (Aldrich) as Ti(IV) source.

The samples prepared with Ti(Ill) sources will be named as
Ti(Il)APO-5, while Ti(IV)APO-5 will denote the conventional sam-
ples prepared with the Ti(IV). The general term TAPO-5 will be
used to refer to both Ti(III)APO-5 and Ti(IV)APO-5 materials. The
nomenclature used for every particular solid will be as follows: the
oxidation state of titanium source, followed by a letter only in the
case of Ti(IlI)APO-5 samples to indicate the type of TiCl3 source
used (‘p’ for powder and ‘s’ for solution), next a number that will
indicate the titanium/phosphorous percent molar ratio in the gel
(x100 times) and finally the crystallization time will be indicated
by the number of hours (h) or days (d). As an example, Ti(Ill)p-1-4h
will then denote the sample prepared with TiCl; powder, with a
titanium content in the gel x=0.01 and after 4 h of crystallization.

Prior to catalytic tests, all TAPO-5 samples were calcined, in
order to eliminate the SDA molecules. The solid samples were
heated under a N, flow of 100 mLmin~! from room temperature
to 823K (at a heating rate of 3Kmin~!) and kept at this tem-
perature for 1h. Then they were maintained under an airflow of
100 mLmin~! at 823K for 5h. Complete removal of the organic
molecules was certified by thermogravimetric analysis.

2.2. Characterization techniques

Nature and purity of crystalline phases were studied by powder
X-ray diffraction (PXRD) using a PANalytical X'Pert Pro diffrac-
tometer (Cu Ka radiation). Diffuse reflectance UV-visible (DRUV)
spectra were recorded with a Cary 5000 Varian spectrophotometer
equipped with an integrating sphere using the synthetic poly-
mer Spectralon as reference. The spectra were corrected applying
the Kubelka—-Munk function. The chemical composition of the
solids was determined by inductively coupled plasma (ICP-OES)
spectrometry with an ICP Winlab Optima 3300 DV Perkin-Elmer
spectrometer. Scanning electron microscopy (SEM) micrographs
were taken in a FEI Nova NANOSEM microscope with a vCD detec-
tor. Nitrogen adsorption/desorption isotherms were measured at
77K in a Micromeritics ASAP 2010 equipment. Calcined samples
were previously degassed at 623 K for 16 h. Surface areas were esti-
mated by applying the BET method, and micropore volume was
obtained by application of the t-plot method to the N, adsorption
data.

2.3. Catalytic experiments

Catalysts were tested in the oxidation of cyclohexene with H, 0,
under anhydrous conditions as described elsewhere [27]. These
conditions were reached after removing almost all the water that
accompanies the commercial 30 wt% H, O, aqueous solution. Water
was removed by Soxhlet extraction of solutions prepared dissolving
the 30 wt% H,0, solution in acetonitrile. The reactions were car-
ried out in batch mode using a round bottom flask equipped with
a magnetic stirrer, a thermometer and a covered reflux condenser
provided with a drying tube on top. The later was used in order to
avoid the condensation of ambient humidity inside the condenser
caused by the low temperature of water circulating through it. The
coolant water temperature was controlled at 278 K to prevent any
evaporation of the chemicals during the reaction. Calcined catalysts
were activated overnight inside the reaction system at 433 K under
a flow of N, to remove any water adsorbed into the catalyst chan-
nels. Under the reaction conditions used, mass balance was ca. 98%
after 30 h of reaction.

In a typical experiment, 3.0g of cyclohexene, the correspond-
ing amount of H,0, in CH3CN solution (previously submitted to
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Table 1
Ti, Al and P content of the synthesis gels and corresponding values determined by
ICP-OES for as-prepared Ti(IlI)APO-5 and Ti(IV)APO-5 samples.

Sample Gel composition® Solid composition®
Ti Al P Ti Al P

Ti(Ill)p-0.5-4h 0.005 0.995 1.00 0.006 1.012 0.982
Ti(lll)p-1-4h 0.01 0.99 1.00 0.009 1.011 0.980
Ti(Ill)p-2-4h 0.02 0.98 1.00 0.034 1.025 0.941
Ti(Ill)p-4-4h 0.04 0.96 1.00 0.069 1.026 0.905
Ti(Ill)p-4-18h 0.04 0.96 1.00 0.065 0.928 1.007
Ti(Ill)s-4-18h 0.04 0.96 1.00 0.062 0.988 0.950
Ti(IV)-1-8d 0.01 1.00 1.00 0.005 1.018 0.977
Ti(IV)-2-8d 0.02 1.00 1.00 0.014 1.042 0.944

2 Ti, Al and P contents, either in gel or in solid, are expressed considering that
the sum of all three 2, in such a way that, with the values given in the table, the
composition corresponds to the general formula TixAl,P,04.

Soxhlet extraction of water) and additional acetonitrile, if neces-
sary, were mixed to reach a molar ratio CH3CN:H;0,:cyclohexene
of 20:0.55:1. Toluene was added as internal standard. This solu-
tion was poured into the flask containing the activated catalyst
(cyclohexene/catalyst weight ratio of 10). The reaction mixture was
heated up to 343 K under continuous stirring. The reaction progress
was followed by taking different aliquots under stirring. The time
zero aliquot was taken when the setpoint temperature was reached
in the mixture.

Products were separated and analyzed by gas chromatography
in a Varian CP-3380 gas chromatograph equipped with a capillary
column (dimethylpolysiloxane) with length of 15 m, i.d. of 0.25 mm
and thickness of 1 wm, and a flame ionization detector (FID). Prod-
ucts were identified by mass spectrometry, 'H and !3C NMR and
infrared spectroscopies, as described elsewhere [27]. Conversions
were calculated from the yields of the resultant products. In order to
study the possible leaching of Ti from the heterogeneous catalysts
during the reaction, all the final reaction mixtures were filtered and
analyzed by total X-ray fluorescence. No traces of titanium were
found in these solutions for any of the catalysts tested (detection
limit of the technique was below 0.1 ppm). A blank experiment was
performed under the same reaction conditions resulting in a total
conversion lower than 5% after 30 h.

3. Results and discussion
3.1. Catalysts characterization

Table 1 summarizes the composition of the gels and the as-
prepared catalysts. Titanium incorporation was less effective when
Ti(IV) source was used, the titanium content in the solid being lower
than in the starting gel. In contrast, the titanium content of cata-
lysts obtained with Ti(Ill) sources was in all cases equal to or higher
than that of the corresponding gel. For this reason, later discussions
about characterization and catalytic activity results will be done
comparing Ti(Il[)APO-5 and Ti(IV)APO-5 samples with similar tita-
nium content in the solid recovered, instead of those prepared with
the same Ti content in the synthesis gel. Hence Ti(Ill)p-0.5-4h will
be compared with Ti(IV)-1-8d and Ti(Ill)p-1-4h with Ti(IV)-2-8d.

Powder X-ray diffraction patterns of as-prepared samples are
shown in Fig. 1. All the materials show the typical pattern of pure
AFI phase and no signals of impurities appear in the diffractograms.
After calcination, all samples kept the pure AFI phase. It is notice-
able that at high content of titanium longer crystallization times
were necessary to achieve crystallinities similar to those obtained
at lower content of this heteroatom.

Fig. 2 shows the UV region of the diffuse reflectance UV-visible
spectra of the calcined samples. It is worth recalling that titanium
is in its 4+ oxidation state in all these samples, for Ti(Il[)APO-5
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Fig. 1. PXRD patterns of the as-prepared TAPO-5 samples synthesized with different
Ti(Ill) and Ti(IV) content.

materials, which were purple-colored after the crystallization pro-
cess [25,26], became white due to the oxidation of Ti(Ill) to
Ti(IV) during the drying process under ambient atmosphere or
with the subsequent calcination process. The most intense band
in the spectra (found at 205-232nm) corresponds to charge-
transfer transition between oxygen and tetrahedrally coordinated
isolated titanium. Its maximum is red shifted when titanium load-
ing increases. In the spectra of samples with lower content of the
heteroatom, the maxima are found at a particularly low wavelength
(205 nm). That position is unlike in conventional TAPO-5, partic-
ularly if they are calcined, and it is typical of Al-free Ti-zeolites
[18]. For a similar titanium content, the maxima of this band is
red-shifted in the spectra of the Ti(IV)APO-5 samples with respect
to these of the Ti(Il[)APO-5 samples: from 205 nm in Ti(Ill)p-0.5-
4h to 215nm in Ti(IV)-1-8d and from 215 nm in Ti(Ill)p-1-4h to

3
©
3
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Ti(lll)p-1-4h |
Ti(lll)p-0.5-4h
Ti(IV)-2-8d |
Ti(IV)-1-8d
T T T
200 250 300 350 400

Wavelength / nm

Fig. 2. UV region of the DRUV-visible spectra of the calcined samples Ti(Il[)APO-5
and Ti(IV)APO-5 with different titanium content.
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Fig. 3. Scanning electron micrographs of Ti(IlI)APO-5 and Ti(IV)APO-5 samples with different Ti content.

233 nm in Ti(IV)-2-8d. This systematic shift infers that titanium
atoms have a different local coordination environment when the
TAPO-5 is synthesized using a Ti(Ill) source [25,26] instead of the
Ti(IV) one. Additionally, the UV-visible spectra of all the samples
present a contribution centered at ca. 280 nm, which is more pro-
nounced in the spectra of samples with higher titanium content,
these prepared at longer crystallization times and the Ti(IV)APO-5
ones. It can be noticed that the crystallization time seems to have a
specific effect on the UV spectra. The two samples synthesized with
the largest amount of Ti(Ill) in the gel have practically the same Ti
content in the solids but the contribution at ca. 280 nm is much
more pronounced in the sample synthesized at 18 h. The nature
of this contribution, traditionally attributed to extra framework

TiO,-containing species, has been recently assigned to Ti—O—Ti
bond within the framework [20,21]. These species are anyway
undesired in Ti-zeolites from the point of view of catalytic activity,
the isolated titanium centers being preferred [31].

SEM micrographs (Fig. 3) show that the materials having the
three lowest titanium contents, Ti(Ill)p-0.5-4h, Ti(Ill)p-1-4h and
Ti(Ill)p-2-4h, are obtained as polycrystalline spherical-shape aggre-
gates of elongated rod-like crystals. This morphology has been
already observed in other MeAPO-5 materials prepared with the
same SDA [32]. The particles of the samples with the highest tita-
nium content synthesized with both TiCl3 sources (powder and in
an aqueous solution of hydrochloric acid) are of hexagonal prism-
like shape and formed by non-isolable fused crystals. The range of

Please cite this article in press as: A. Alfayate, et al., Ti(III)APO-5 materials as selective catalysts for the allylic oxidation of cyclohexene: Effect of
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Table 2
Specific surface areas and micropore volumes of Ti(Il[)APO-5 samples estimated
from N, adsorption/desorption isotherms.

Sample Sper (m2 g~ 1) Micropore volume
(em’g™")
Ti(Il)p-0.5-4h 336 0.115
Ti(lll)p-1-4h 317 0.111
Ti(ll)p-2-4h 245 0.083
Ti(Ill)p-4-4h 207 0.065
Ti(lll)p-4-18h 302 0.112
Ti(Ill)s-4-18h 285 0.091
Ti(IV)APO-5 305 0.116

the aggregates sizes is from 10 to 30 wm for these samples and are
comparable to those of conventional catalysts synthesized with the
Ti(IV) source, which also consist of aggregates of ca. 20 pm.
Textural properties of the calcined samples were studied by N,
adsorption/desorption at 77 K. BET surface areas and micropore
volumes estimated by the t-plot method are collected in Table 2.
The sample Ti(Ill)p-4-4h has specific surface area and micropore
volume lower than the values reported for conventional Ti(IV)APO-
5 materials [10]. The comparison with its homologue crystallized
during 18 h suggests that this is likely due to an uncompleted crys-
tallization as it was also reflected in the XRD patterns (Fig. 1).

3.2. Effect of the Ti(lll) source on the catalytic activity

TAPO-5 catalysts were tested in the oxidation of cyclohexene
with H,0, under anhydrous conditions as described in the exper-
imental section. The catalytic tests were designed to adequate the
reaction conditions to the hydrophilic nature of the TAPO catalysts
[27]. In our previous work, both conversion and selectivity of the
sample here denoted as Ti(Ill)s-4-18h were compared to those of
the conventional Ti(IV)APO-5 and a large-pore Ti-beta zeolite. This
current work explores the catalytic activity of different Ti(IlI)APO-
5 catalysts prepared with different Ti content and different Ti(III)
sources. Ti(III)APO-5 catalysts synthesized under identical crys-
tallization conditions but with different Ti(Ill) sources, that is
Ti(Ill)s-4-18h and Ti(Ill)p-4-18h, showed very different activity
(Fig. 4), the latter being more active. According to either traditional
[33,34] or recent [20-22] interpretation given to the contribution
at 280 nm in the DRUV spectra (Fig. 2), and assuming that Ti centers
forming part of Ti—O—Ti bonds possess lower catalytic activity [31],
the relative catalytic activity of those two samples was unexpected.

25

20

15

Ti(ll)p-4-4h
10

Conversion / %

0 5 10 15 20 25 30
t/'h

Fig.4. Cyclohexene conversion over TAPO-5 catalysts prepared with different Ti(III)
sources: Ti(Ill)s-4-18h (squares), prepared with aqueous hydrochloric acid solution
of TiCl3, and Ti(Ill)p-4-4h (diamonds) and Ti(Ill)p-4-18h (stars) prepared with TiCl3
powder.

The explanation to this apparent anomaly between catalytic behav-
ior and spectroscopic features should be based on the singularities
introduced by Ti(Ill) incorporation into the AIPO4 framework with
respect to Ti(IV) [26].

Moreover, it must be noted that the only difference between
both samples is the nature of the used TiCl; source. The TiCl3 aque-
ous solution has a high and variable concentration of HCl which
differs in the range of 20-30 wt% from one commercial batch to
another, making difficult to control certain synthesis conditions
such as CI~ concentration or pH, which can affect the subsequent
crystallization process. Despite the relatively long crystallization
time used to obtain the sample Ti(Ill)s-4-18h, the lack of control
over the synthesis conditions could affect its crystallinity and its
textural properties. As shown in Table 2, its micropore volume is
below the typical value of conventional Ti(IV)APO-5 [10]. In other
words, the use of solid TiCl3 is recommended instead of TiCl3 sta-
bilized in HCl aqueous solution, as the former does not introduce
any extra species in the gel, does not need to alter the general gel
composition to compensate/control the starting pH and, maybe as
a consequence of the two previous reasons, generates materials in
a much more reproducible way.

On the other hand, the crystallization time also has an effect on
the subsequent catalytic behavior. There is a significant difference
in the conversion given by samples prepared with the same Ti(III)
source but crystallized for 4 h (Ti(Ill)p-4-4h) and 18 h (Ti(Ill)p-4-
18h). Since this cannot be attributed to different titanium content
or to an important effect of crystal size, the lower catalytic activity
of the sample Ti(Ill)p-4-4h should be due to its lower crystallinity
(Table 2 and Fig. 1). Considering UV-visible spectra (Fig. 2), again
one would expect just the opposite result according to the intensity
of the band at ca. 280 nm, which is higher for the sample crys-
tallized for 18 h. Therefore, the low crystallinity and accordingly
low surface area and micropore volume of sample Ti(Ill)p-4-4h
(Table 2) seem to have a more important effect on the overall
activity than the higher content of the more active isolated Ti
species suggested by the UV-visible spectra. In any case, the fact
that samples of high crystallinity are more active than similar ones
with lower crystallinity indicates that, whatever is the role of the
Ti(III)APO-5 catalysts in the general mechanism of the reaction, the
catalytically-active part of the sample is the crystalline one.

3.3. Effect of the Ti(Ill) content on the catalytic activity

The catalytic activity of the Ti(Il)APO-5 samples with differ-
ent titanium content has been also studied in the oxidation of
cyclohexene with H,O, under anhydrous conditions. Fig. 5 shows
the cyclohexene conversion with the reaction time over differ-
ent TAPO-5 catalysts prepared from TiCl3 powder. The samples
with the two lowest titanium contents, Ti(Ill)p-0.5-4h and Ti(Ill)p-
1-4h, together with the sample Ti(Ill)p-4-18h, gave the highest
conversions of the olefin. However, their titanium content is quite
different, so the intrinsic activity per Ti center, that is, the turnover
number (TON), is markedly different (Fig. 6A and B). After 6 h of
reaction, an inverse correlation, with almost exponential decay,
between the turnover numbers and the titanium content in the
Ti(III)APO-5 samples (full squares in Fig. 6A) is observed. This result
is in good agreement with the UV spectra of this series of samples
as regards the shift to higher wavelength of the maximum of the
charge transfer band and the increase of the contribution of the
signal at ca. 280 nm, probably due to the presence of Ti—O—Ti pairs
[20-22]. Taking these aspects into account, it can be inferred that
lower titanium content produces higher proportion of isolated tita-
nium centers in the material, with a singular environment within
the framework that makes them very active in the cyclohexene
oxidation reaction.
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Fig.5. Cyclohexene conversion over Ti(I[I)APO-5 catalysts prepared with TiCl3 pow-
der and different titanium content: Ti(Ill)p-05-4h (circles), Ti(Ill)p-1-4h (squares),
Ti(Ill)p-2-4h (triangles), Ti(Ill)p-4-4h (diamonds) and Ti(IlI)p-4-18h (stars).

After 24 h of reaction, the pattern of TON evolution with the
titanium content (Fig. 6B) is similar to that found after 6 h of reac-
tion (Fig. 6A), although, obviously, absolute values of TON increased
from 6 h to 24 h. The comparison of catalytic activity per Ti center of
the Ti-richest Ti(II[)APO-5 samples shows that TON values are sub-
stantially affected by the crystallization time, resulting the sample
prepared at shorter time (and not fully crystallized) with lower TON
values, as expected from the discussion of the previous section.

Cyclohexene oxidation can take place through two different
mechanisms [27,35-38]: (i) a homolytic one involving radical
species, and (ii) an heterolytic mechanism implying the oxidation
of the double bond to give the epoxide as either final product or
intermediate of different products formed by epoxide ring aper-
ture. It is well-known [19,31] that the latter mechanism is directed
by Ti-zeolite catalysts while, on the contrary, the studied TAPO-5
materials mainly induced the reaction through the radical mecha-
nism under anhydrous conditions [27]. All tested catalysts certify
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the preference of TAPO-5 to favor the reaction through the radical
pathway, mostly leading to the allylic oxidation products, instead
of those formed through the epoxidation of the double bond.
Table 3 summarizes the total conversion results, the yields corre-
sponding to both reaction mechanisms and the product selectivity
obtained for the Ti(II[)APO-5 materials at the end of the reaction,
after 30h. Selectivity to the reaction products are quite similar
for all catalysts, the most abundant product being 2-cyclohexenyl
hydroperoxide [27] in all cases. Other side-products such as 2-
cyclohexen-1-ol and 2-cyclohexen-1-one are also detected, surely
coming from the hydroperoxide [39,40]. Cyclohexanol and some-
times 1,2-cyclohexanediol, formed from the epoxide, are also
detected at limited or negligible extension. These results could
make Ti(III)APO-5 materials to become potential catalysts for cer-
tain applications that require the activation of the allylic position
without affecting the double bond.

3.4. Influence of oxidation state of Ti source on the catalytic
activity of TAPO-5

This section focuses on a more extended comparison of the
catalytic behavior of Ti(III)APO-5 and Ti(IV)APO-5 materials with
different titanium content. The cyclohexene conversion levels
reached by samples Ti(Ill)p-0.5-4h and Ti(Ill)p-1-4h are compared
with those of Ti(IV)-1-8d and Ti(IV)-2-8d in Fig. 7. Regardless the
titanium content, Ti(Il[)APO-5 catalysts (full symbols) are always
more active than the conventional Ti(IV)APO-5 (open symbols), at
any tested reaction time.

On the other hand, the catalytic activity per titanium center is
systematically much higher for the materials Ti(II[)APO-5 at any
time of reaction (Fig. 6). On the contrary, no significant differ-
ences in the selectivities to the different reaction products were
observed (Table 3). Thus, the most abundant product obtained with
Ti(III)APO-5 materials, 2-cyclohexenyl hydroperoxide, is also the
one with the highest selectivity for Ti(IV)APO-5 catalysts.

Although Table 3 breaks down the conversion into the selectiv-
ity to different products for different TAPO-5 catalysts after 30 h of
reaction, a valid comparison of selectivity between different sam-
ples strictly requires referring it to the same conversion rather than
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Fig. 6. Cyclohexene conversion per Ti center (TON) in Ti(III)APO-5 (full squares) and Ti(IV)APO-5 (open circles) samples with different titanium content after 6 h (A) and 24 h

(B) of reaction.
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Fig. 7. Cyclohexene conversion catalyzed by Ti(IlI)APO-5 samples: Ti(Ill)p-0.5-4h
(full circles) and Ti(Ill)p-1-4h (full squares), and Ti(IV)APO-5 materials: Ti(IV)-1-8d
(open triangles) and Ti(IV)-2-8d (open hexagons).

the same reaction time. However, the here addressed reaction is
very unusual in this sense, as two different reaction mechanisms
coexist and they are taking place almost in consecutive sequence
rather than in parallel. It means that imposing the condition of
equal conversion level for selectivity comparison purposes could
not be the best solution in this particular case, if it implies to com-
pare very different reaction times. Consequently, we compare in
Fig. 8 the conversion and selectivity (to the sum of products formed
by one or the other mechanism) along the reaction time, for the
Ti(III)APO-5 and Ti(IV)APO-5 materials with the lowest and similar
Ti content, instead of comparing the selectivities at a given similar
conversion. The samples with the lowest Ti content were selected
due to the exceptionally high TON values given by Ti(Ill)p-0.5-4h
(Fig. 6), which is likely due to the higher proportion of Ti occupy-
ing Al sites in the AIPO4 framework in this sample. Apart from the
already commented higher conversion of the Ti(Il[)APO-5 sample,
both catalysts have similar behavior in terms of selectivity. Thus, at
long reaction times, in both cases the radical mechanism ends up
dominating over the epoxidation one, which is however compet-
ing with the former at short times. It means that the selectivity to
products formed via the radical mechanism (mainly 2-cyclohexenyl
hydroperoxide, Table 3) simply increases by prolonging the reac-
tion time. That strategy is based on the different kinetic trend of
both mechanisms, since the epoxidation products yield curve is a
kind of downward horizontal asymptote whereas that of the rad-
ical mechanism follows a linear tendency with time. Moreover, a
detailed analysis of the difference in selectivity between both sam-
ples shows that, for this low Ti content, Ti(II)APO-5 is not only more
active than Ti(IV)APO-5 but it is also more selective to the radical

Table 3

25

20

15

10 4

Conversion - Yield / %

Fig. 8. Conversion (thick lines) and sum of the yield of products (thin lines) formed
through radical (diamonds) and epoxidation (squares) mechanisms of the Ti-poorest
Ti(III)APO-5 (full symbols) and Ti(IV)APO-5 (empty symbols) samples.

path products (83 and 74%, respectively, after 30 h, Table 3), what
makes Ti(Il[)APO-5 materials much more promising candidates as
TAPO-based heterogeneous catalysts alternative to Ti-zeolites in
the oxidation of cyclohexene with H,0, [27].

Given that the different catalytic activity shown by Ti(IlI)APO-5
and Ti(IV)APO-5 cannot be assigned to a drastic difference in crystal
size (Fig. 3), it could be attributed to the distinct mechanism of Ti
incorporation imposed by the use of Ti sources with different tita-
nium oxidation state. Some consequences of the different oxidation
state of the titanium incorporated in the AIPO,4 framework were
already noticed in the UV spectra (Fig. 2). The spectra of calcined
samples Ti(Ill)p-0.5-4h and Ti(Ill)p-1-4h presented narrower bands
atlower wavelength and with a less intense contribution at 280 nm.
All these catalytic and spectroscopic features of both Ti(III)APO-5
and Ti(IV)APO-5 materials strongly evidence some differences in
Ti environment, suggesting the presence of titanium centers with
higher intrinsic activity in the material Ti(IIl)APO-5. Admitting that
titanium occupying aluminum sites are the centers with the most
relevant redox potential [20-22], the higher conversion of the sam-
ples Ti(II)APO-5 should imply a higher amount of titanium in that
environment within the AIPO4 framework. In principle, that goal
can be only achieved by the incorporation of the metal in a lower
oxidation state, as Ti(Ill), in the synthesis gel.

In summary, the approach of incorporating Ti(Ill) instead of
Ti(IV) ions into the AIPO4-5 framework was successfully achieved,
producing TAPO-5 catalysts of promising catalytic behavior. How-
ever, the exact nature of the Ti sites, as well as the relationship
between the Ti environment and the catalytic activity, are far from

Conversion and product selectivity in the oxidation of cyclohexene with H,0, under anhydrous conditions over Ti(Ill)APO-5 catalysts after 30 h of reaction.

Sample Total conversion?® (%) Yield® (%) Product selectivity© (%)
Epoxidation Radical Epox Chol Diol Enol Enone Chhp

Ti(Ill)p-0.5-4h 24 4 20 14 2 1 3 5 75
Ti(Ill)p-1-4h 27 4 23 12 2 - 3 8 75
Ti(Ill)p-2-4h 22 3 19 12 2 - 5 11 70
Ti(lll)p-4-4h 15 4 11 14 7 3 7 12 57
Ti(Ill)p-4-18h 24 2 22 8 2 - 3 6 81
Ti(IV)-1-8d 16 4 12 21 5 - 3 2 69
Ti(IV)-2-8d 12 2 10 18 1 - 1 4 76

2 Conversion calculated by the total addition of the yields of the resultant products.

b Sum of the yields of the products obtained through every mechanism.

¢ Epox, cyclohexene oxide; Chol, cyclohexanol; Diol, 1,2-cyclohexanediol; Enol, 2-cyclohexen-1-ol; Enone, 2-cyclohexen-1-one; Chhp, 2-cyclohexenyl hydroperoxide.
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being known. Nevertheless, some insights based on different char-
acterization techniques are given elsewhere [26].

4. Conclusions

Ti(Il[)APO-5 materials have been successfully prepared using
different Ti(Ill) sources, in a wide range of Ti content and after
different crystallization times, using the AFI-specific structure
directing agent N-methyldicyclohexylamine (MCHA) and prepar-
ing the starting gel under inert atmosphere. At least part of Ti
seems to be incorporated as Ti(Ill) into the AIPO4 framework.
Although this Ti(Ill) is oxidized to Ti(IV) as soon as the sample is
dried under ambient atmosphere, the aim of rerouting the conven-
tional Ti incorporation in P sites of an AIPO4 framework towards
its incorporation in Al sites has been somehow successful, produc-
ing TAPO-5 materials with unprecedented catalytic activity under
the tested conditions. Thus, Ti(III)APO-5 materials resulted signif-
icantly more active in the oxidation of cyclohexene with H,0,
under anhydrous conditions than conventional Ti(IV)APO-5 ones.
Moreover, very high activity per Ti center was achieved when
Ti(III)APO-5 catalysts with low Ti content were used. Furthermore,
these catalysts favor the oxidation of cyclohexene through the
allylic position of the double bond, unlike Ti-containing silica-based
nanoporous materials that favor the oxidation of cyclohexene
through double bond epoxidation. Thinking in possible industrial
applications, interestingly Ti(Il[)APO-5 catalysts are quite selec-
tive (even above 80%) to 2-cyclohexenyl hydroperoxide, which
can easily further react to give some oxidized cyclohexene deriva-
tives having intact the double bond. Practically the same selectivity
is also given by the less-active Ti(IV)APO-5 catalyst, which sug-
gests that only Ti atoms surrounded by P (presumably abundant in
Ti(III)APO-5 and scarce in Ti(IV)APO-5) are the catalytically-active
centers.
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