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Highlights

- acidic catalyzed Prins cyclization of homoallylic@hol with simple aldehydes

- isopulegol and 3-methyl-6-(prop-1-en-2-yl)cycloh&ene-1,2-diol as alcohols

- comparative investigation of zeolites, metal miediforms and mesoporous
materials

- correlation of performance with physico-chemicaipmrties

- high selectivity to tetrohydropyran structure wite-MCM-41 in reaction of
isopulegol and benzaldehyde



Abstract

Tetrahydropyrans, compounds with 6-membered oxygertaining heterocycles, are widely
used for the synthesis of biologically active compas with analgesic, anti-inflammatory or
cytotoxic activity. Synthesis of compounds with tesired structure can be realized by
several methods, including the acidic catalyzed$ciyclization of homoallylic alcohol with
simple aldehydes. In the current study, synthediscompounds with the desired
tetrahydropyran framework by Prins cyclization ehbaldehyde and alcohols with different
structure, namely isopulegol and 3-methyl-6-(prepni2-yl)cyclohex-3-ene-1,2-diol, was
investigated. Different parent zeolites as weltresr metal modified forms and mesoporous
materials were employed in the comparative invatitg. Activity and selectivity of the
tested catalysts were correlated with their physiemical properties. The highest
conversion and selectivity toward the product wihié tetrohydropyran structure was achieved
using Ce-MCM-41 in the interactions of isopulegotidenzaldehyde.

Keywords. Prins cyclization; Isopulegol, 3-Methyl-6-(propeh-2-yl)cyclohex-3-ene-1,2-diol (diol) ;

Benzaldehyde; Zeolites; Metal supported catalysts



1. Introduction

New biologically active substances are often syitesl from a variety of compounds
isolated from natural sources. It has been diseavehat compounds with 6-membered
oxygen-containing heterocycles with tetrahydropywaoiety are widely used for the synthesis
of biologically active compounds with a potential use in medicine [1]. These compounds
can exhibit analgesic, anti-inflammatory or cytatoactivity [1-4]. Synthesis of compounds
with the desired tetrohydropyran structure can éaized by several important methods,
including Prins cyclization onto oxocarbenium iongy-Michael reactions, transition metal
catalyzed cyclizations, reduction of cyclic hemidte and hetero-Diels-Alder cycloaddition
[1]. Recently an in-depth review on the synthesietsahydropyrans and related heterocycles

via Prins cyclization has been reported by Oliealef5].

Preparation of compounds with the desired tetrabyyyghan structure can be performed by the
acidic catalyzed ene-Prins cyclization of homodatlglcohol with simple aldehydes [1,2,6]. It
is known that Brgnsted as well as Lewis acids catalgze Prins cyclization reactians
Reaction mechanism of Prins cyclization over vasibaterogeneous solid acid catalysts such
as sulfated zirconia and cellulosesblChas been proposed [7, 8]. The influence of typas
strength of acid sites on the formation of tetrabpgrans was described by Breugst et al. [9].
Synergic effects between weak Brgnsted and Lewidsawere analyzed by Density
Functional Theory in Prins cyclization of but-3-g&rel and 2-methoxybenzaldehyde [8].
Yadav et al. reported synthesis of octahydro-2Hbeten-4-ol from R)-citronellal and
aldehydes using scandium triflate at ambient teatpes in dichloromethane [6]. Synthesis of
the same product, octahydrélzhromen-4-ol, from isopulegol and vanillin overidac
modified montmorillonite clays at 35 °C was desedlby Timofeeva et al. [2]. Synthesis of
4-OH-tetrahydropyrans over Ni(ll)-N,N"-dioxide cotap and FeGl as catalysts was

described by Zheng et. al. [10]. A broad rangeulifstrates was tested in the reaction under
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mild reaction conditions [10]. Synthesis of 8-ox@tmlo [3.2.1] oct-2-enes and 9-oxabicyclo
[3.3.1] nona-2, 6-dienes from enynol via oxoniumir®-type cyclization using Au(1) catalyst

has been reported by Vandavasi et al. [11].

In the current study, synthesis of compounds Withdesired tetrahydropyran framework was
investigated (Fig. 1a, b). Two alcohols with a eliéint structure, namely isopulegol (Fig. 1a)
and 3-methyl-6-(prop-1-en-2-yl)cyclohex-3-ene-1i@tdFig. 1b), were tested in the Prins

cyclization reaction with benzaldehyde.

Isopulegol (Fig. la), a monoterpene alcohol, bedotm natural compounds and can be
isolated from a variety of essential oils (e.g.nfrd&cucalyptus citriodora) [12]. It can be
synthetically prepared by the catalytic cyclizatiohcitronellal [13]. Isopulegol is widely

used in flavor and perfume industry for the produrctof fragrances and is an important
intermediate for the synthesis of menthol, a fihemical widely used in pharmaceuticals,

agrochemicals and various cosmetics.

Diol (3-methyl-6-(prop-1-en-2-yl)cyclohex-3-ene-igivl) (Fig. 1b) is product of verbenol
oxide isomerization. It has been discovered thet ol possesses potent activity against
Parkinson disease [14] which is one of the mostmom neurological diseases. Decisive
influence of absolute configuration dfol on its biological activity was shown in ref. [14].
(1R,2R,69)-Diol can be synthesized from carvone [15], but the rafisttive way leading to
this compound with high stereoselectivity startsrir(-)-verbenone and includes three stages:
epoxidation of verbenone to verbenone oxide witklrbgen peroxide in alkali/methanol
solution, reduction of verbenone oxide using LiAlldnd subsequent isomerisation of
obtained verbenol oxide [16,17]. Verbenone is aumatorganic compound which can be

found in a variety of plants or synthesized bylallgxidation ofa-pinene [18].



The aim was to prepare compounds with the desateahtydropyran moiety (produdtin Fig.

la and produd in Fig. 1b) using solid acid and metal (Fe, Ce) Aodified heterogeneous
catalysts. The criteria for the selection of catdywere based on the assumptions of an
important role of the type of acid sites (Brgnséed Lewis), their amount and strength and
the structure of catalytic materials in Prins cz@tion reaction. A further aim was to study the
function of metals such as Au, Ce and Fe in thel®gis of compounds with tetrahydropyran
moiety via Prins cyclization, as their catalytichbgior was described in the literature for
similar substrates. Detail catalyst characterirati@s carried out using various techniques in
order to study the physico-chemical propertiesatélysts and explain the catalytic results. It
should also be pointed out that despite of the taa&t (-)-isopulegol was used as one of the
reagents, the emphasis was not put into stereds@e@nd only racemic products were

analyzed.

2. Experimental methods

Metal-modified zeolites (Beta-25 and Beta-150) amelsoporous MCM-41 were prepared,
characterized and tested in the present study. &srgarison proton forms of zeolites were
tested in Prins cyclization reactions. Furthermoree commercial gold catalyst was tested in
the same reaction. Zeolites and other support mewere modified by iron, gold and
cerium and tested in Prins cyclization reactionivad different monoterpenoid alcohols with

benzaldehyde.
2.1. Materials

NH4-Beta-25 (25 = SigdAl,O3 molar ratio), NH-Beta-150 and NkiBeta-300 zeolites were
purchased from Zeolyst International. Aluminum axigsed as another support was obtained

from UOP Inc.



Ferric nitrate and cerium nitrate used as the nptdursors were purchased from Fluka. The
gold precursor, in the form of hydrogen tetrachkanmate(lll) hydrate,

99.9% (metals basis), was supplied by Alfa Aesar.

(-)-Isopulegol (SAFC, 98.9%), benzaldehyde (FluR8,0 %) and toluene (99.8 %) were
supplied by Sigma-Aldrich (Germany) and used asived. Diol (3-methyl-6-(prop-1-en-2-
yl)cyclohex-3-ene-1,2-diol) was synthesized at Werozhtsov Novosibirsk Institute of

Organic Chemistry, with a purity of 98.5 %.

2.2. Catalysts preparation

NH," form of zeolites were transformed to proton forat$00 °C in a muffle oven using a

step calcination procedure.

MCM-41 was synthesized in the sodium form (Na-MCHW}-dsing a Parr autoclave (300 mL)
as mentioned in ref. [19] with few modificationsO]J2 After synthesis of MCM-41, it was

filtered, washed with distilled water, dried oveyini at 100 °C and calcined at 450 °C.

Iron and cerium modified catalysts were preparedngusconventional evaporation
impregnation (IMP) method. Ferric nitrate (Fe(®®H,O) and cerium nitrate
(Ce(NG)3.6H,0) were used as iron and cerium precursors, ragpbgtin all cases. In the
evaporation impregnation method aqueous solutidnsnetal nitrates were applied. The
mixtures were stirred for 24 hours at 60 °C. THesosteps of the synthesis were evaporation,

drying at 100 °C overnight and calcination at 460f6r 4 hours.

Au-Beta-25 was prepared by the deposition-predipitamethod. The proton form of zeolite
Beta-25 was dispersed in an aqueous solution ofaleeprecursor. In the next step, aqueous

ammonium hydroxide was added into the suspensiaorder to increase pH to 10.5. The



suspension was stirred for 3 h at 50 °C. The foaadlyst was filtered, washed by deionized

water, dried overnight at 100 °C and calcined & 30 for 3 h.

2.3. Catalysts characterization

The characterization of catalysts was carried osihgt nitrogen adsorption and FTIR
spectroscopy with pyridine as a probe molecule. $&lected catalysts also transmission

electron microscopy was applied.

The specific surface area of supports and metaifradadcatalysts was determined by nitrogen
adsorption using Sorptometer 1900 (Carlo Erbaunsénts). The samples were outgassed at
150 °C for 3 h before each measurement. The BEatequwas used for calculation of the
specific surface area of mesoporous materialgasdind alumina and the Dubinin equation

was used for calculation of the specific surfaaaasf microporous zeolites.

The acidity of the proton and metal modified castlyas measured by infrared spectroscopy
(ATI Mattson FTIR) using pyridine>( 99.5%) as a probe molecule for qualitative and
guantitative determination of both Brgnsted and ikeacid sites. The samples were pressed
into thin pellets (10—-25 mg), which were pretreated450 °C before the measurements.
Pyridine was first adsorbed for 30 min at 100 °@ #ren desorbed by evacuation at different
temperatures. Three different temperatures werd taedesorption of pyridine, namely at
250 °C — 350 °C, which corresponds to all (weakdioma and strong) sites, 350 °C — 450 °C,
reflecting medium and strong sites and 450 °C, winscrelated only to strong sites [21]. The
amount of Brgnsted and Lewis acid sites was cdledldrom the intensities of the
corresponding spectral bands, 1545'cmnd 1450 cil respectively, using the molar

extinction parameters reported by Emeis [22].



The textural properties and metal particle siz¢hef catalysts were also characterized using
transmission electron microscope, JEM 1400 plu$ atceleration voltage of 120 kV and

resolution of 0.98 nm using Quemsa | MPx bottom nted digital camera.

XPS analysis was performed with Perkin-Elmer PHI0®4 spectrometer using
monochromatized Al Ka X-ray source at 14 kV and 800The analyzer pass energy was 18
eV with energy step of 0.1 eV. The measurementpeaformed in a vacuum chamber under

pressure of 16 mbar.
2.4. Catalytic tests

Prins cyclization reactions of isopulegol and béaedayde over H-Beta with varying Si@
Al,O; ratio, Fe-Beta-150, Au-Beta-25, Ce-Beta-150 aneMTiM-41 catalysts were carried
out in the liquid phase using a batch-wise glas&toe. In a typical experiment the initial
concentration of isopulegol and the catalyst mam®wW.04 mol/l and 0.3 g, respectively. The
catalyst was treated in the reactor at 250 °C innant atmosphere for 30 min before the
reaction. This pretreatment was selected, sine@a# decided to keep the same procedure as
reported in the previous publication [23], in whicddition of verbenol oxide with
benzaldehyde was studied. For the latter reachierptesence of water can be detrimental in
terms of selectivity to the desired product. Thepdd protocol thus allows a fair comparison
between these two reactions. Benzaldehyde wasinseaess (V=50 ml) without any other
solvents. The reaction temperature was 70 °C. abedyst particle size below 90n and the
stirring rate of 390 rpm were used in order to sapp the internal and external mass transfer
limitations. The samples were taken at differentetiintervals and analyzed by GC with a
capillary column HP-5 (30 m x 330m x 0.5um) using the following temperature program:
initial temperature 100 °C (held for 5 min), incsed at 20 °C /min to 280 °C and held at the

final temperature for 3 min. The products were caomdéd by GC-MS by comparing retention
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times of components and their complete mass speatinathe corresponding data for pure
compounds. Agilent 7890A gas chromatograph equippgth a quadrupole mass
spectrometer Agilent 5975C as a detector with quadilumn HP-5MS (copolymer 5%—
diphenyl-95%—dimethylsiloxane) of length 30 m, intd diameter 0.25 mm and stationary

phase film thickness 0.25 um was used for the arsaly

Prins cyclization reactions of 3-methyl-6-(prop+i-2yl)cyclohex-3-ene-1,2-diol with
benzaldehyde were performed under similar condstidine initial concentration of diol and
the catalyst mass were 0.04 mol/l and 0.3 g, reseée Benzaldehyde was used in excess
(V=40 ml) and toluene (V=10 ml) was used as a duoestt. Because of different solubility of
isopulegol and diol in benzaldehyde for the lagebstrate addition of toluene was needed,

while isopulegol was readily dissolved in benzajdih

3. Results and discussion

Synthesis of tetrahydropyran type compounds has pesviously investigated using different
homoallylic alcohols and various aldehydes ovearsge of acid catalysts [1,2,6,10]. In the
current work different parent zeolites as well lasirt metal modified forms and mesoporous
materials were employed in the comparative invatitg focused on Prins cyclization of

isopulegol and 3-methyl-6-(prop-1-en-2-yl)cycloh&ene-1,2-diol (diol) with benzaldehyde.

3.1. Catalysts characterization results

Two methods of catalyst synthesis were used, namelywentional impregnation and
deposition-precipitation. The in-depth characteran of some of the tested catalysts (H-
Beta-25, H-Beta-150, H-Beta-300, Fe-Beta-150, CeMv{l) was carried out using various
methods (scanning electron microscopy, X-ray alsmrspectroscopy, nitrogen adsorption,

FTIR with pyridine as a probe molecule) and waslighbd previously [24, 25]. Also the
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parent material Na-MCM-41 used for Ce-MCM-41 wadlyficharacterized in ref. [26],

including XRD pattern of Na-MCM-41.

Specific surface areas and pore specific volumesupports and metal modified catalysts are
given in Table 1. The parent zeolites are charaetérby very high surface areas being up to
800 nf/g. Their specific surface areas decreased inaaks after the metal introduction due
to some pore blocking. Significantly lower speciBarface area was measured for iron
modified alumina and cerium modified MCM-41. A lardecrease in specific surface area in
the case of ceria modification of MCM-41 is probabthused by high loading of ceria (32 wt.

%) and probably by partial distortion of the mesgus hexagonal phase [20].

Loaded amounts of metals on the supports are givéable 1 as well. In most cases, zeolites
and other supports were modified by small amouhtwetals in the range 1 — 3 wt. %. An

exception was Ce-MCM-41 prepared in order to achiEX wt. % loading of ceria.

The highest concentration of Brgnsted acid sites aetermined (Table 2) for Beta zeolites
with a higher content of alumina in their structy&0O,/Al,O3; = 25 and 150) as well as for
their iron, gold and cerium modified forms (Fe-B&t&0, Au-Beta-25 and Ce-Beta-150).
Modification of zeolite H-Beta-25 with gold causadalight decrease of total concentration of
Brgnsted acid sites with a simultaneous increasstrong Brgnsted acid sites. Analogous
results on the effect of metal on the support &cidave been previously published in [27].
The opposite trend was observed in the case ofnrodification of H-Beta-150 where the
total concentration of Brgnsted acid sites incréadeng with a decrease of strong acid sites.
An increase of strong Brgnsted acidity as welltttal concentration of Brgnsted acid centers

was observed after cerium modification of H-Bet&-15

The highest concentration of Lewis acid sites wawell determined for Beta zeolites with a

higher content of alumina in their structure (8,03 = 25 and 150) and for their iron, gold
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and cerium modified forms (Fe-Beta-150, Au-Beta-28d Ce-Beta-150) and for iron
modified alumina. Modification of H-Beta-25 zeolitdth gold caused a decrease in the total
concentration of Lewis acid sites, mainly strongggnOn the other hand, as expected the
concentration of Lewis acid sites significantly reased after iron and ceria modification of

H-Beta-150.

The characterization of the porosity, periodicibdastructural uniformity of the pores of pure
H-Beta-25 zeolite prior to the modification with Awnanoparticles was done using
transmission electron microscope. It was observet the H-Beta-25 zeolite catalytic

material exhibited presence of regular uniform paggthout any interruption or distortion of

pores periodicity (Fig. 2a). The Au nanoparticlesdified H-Beta-25 zeolite catalyst also

showed structural integrity of the pores and intagstal morphology of Beta zeolite in Au-

Beta-25 zeolite catalyst. It was inferred from tfesmission electron micrographs of Au-H-
Beta-25 zeolite catalyst that the majority of Aunaparticles were homogeneously distributed
and were circular in shape. However, few agglomesraif Au nanoparticles, large in size
were also observed (Fig. 2b). The Au nanopartide distribution was also determined from
the transmission electron micrographs of Au-H-I#8azeolite catalyst and the average Au
particle size was 7 nm. The gold was most probabljne metallic state according to XPS
measurements showing that Si2p peak, being parthtirged, was at 2.345 eV. Taking this
value into account the Augf peak was at 83.6 eV corresponding to metallic gbliese

results are in accordance with Casaletto et a]. [28
3.2. Catalytic results

3.2.1. Initial rates, rate constants and conversion levels

The initial reaction rate was calculated accordmg, = ((cO —qﬁ’l(%t)’l), wherecy,c; are

initial and actual concentration of isopulegol (mfhp t is reaction time (1 min) angh; IS
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the mass of catalyst (g). In addition, first ordate constant was calculated from the kinetic
data. The preliminary experiments were performedsdénying catalyst mass, stirring speed
and catalyst particle size in order to check whrethe experiments are under the kinetic
regime. The initial rate obtained using 0.3 g oBela-300 was 23.8 mmol/(l min) (Table 3),
whereas with 0.15 g it is nearly the same, 20 mnahin) showing that productivity
correlated with the catalyst amount. The effedtofing speed was studied with 360 rpm and
390 rpm, respectively, using H-Beta-300 with p#etisize below 90um. Both of these
experiments gave the same rates and conversidhelthird test the effect of the catalyst
particle size was elucidated for the one of thetnagtive catalyst, namely H-Beta-300, by
using the catalyst fractions below g or 90um. In the latter case the initial rate was 60%
of the former one indicating that some internafugiional limitations might be present using
particle size below 9@um for very active catalysts and the kinetic constan those cases

have an apparent nature.

The highest initial rate in Prins cyclization objmilegol was achieved using Ce-MCM-41
containing 32 wt. % of ceria (Table 3), which extad a mild acidity and large pore size.
High initial rates were also obtained with the parie-Beta zeolites and acidity had only a
minor effect on initial reaction rate. On the othHeand, slightly lower initial rates were
obtained for metal modified zeolites, except CeaBE30, which also exhibited very high
acidity. Especially low initial rates were found flee-Beta-150. The first order rate constant
was the highest for the most acidic catalyst, HaB# and slightly lower k values were
achieved for H-Beta-150 and H-Beta-300. Noteworityalso that the mildly acidic Ce-
MCM-41 exhibited a very high rate. Generally this fivere very good, except for Ce-MCM-

41, for which the relative error was the larges.on
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Total conversion of isopulegol was achieved ovethake parent beta zeolites and Ce-MCM-
41 within 60 min from the beginning of the reacti@ver Ce-Beta-150 within 120 min and
over Au-Beta-25 within 240 min. High conversion wastained over Fe-Beta-150 being 93
% after 240 min. Ceria modified materials exhibitbé highest activity among the metal
modified materials expressed per catalyst weiglaugtle explanations for such activity is
besides loading of ceria (in Ce-MCM-41) its var@btate (C&", Ce*") attributed to mobile
nature of oxygen species present in Ce-MCM-41 aadB€ta-25. Furthermore, in addition to
mild acidity and large pore size (4.5 nm), Ce-MCM-4dlso exhibited presence of 2.53
mmol/g of basic sites. A detail description regagdithe state of Ce in Ce-MCM-41
determined by XPS and basic sites measured by TRID can be found in [20]. It was
recently reported in the literature [29], that heitonly weak Lewis nor weak Brgnsted acidic
homogeneous catalysts were able to catalyze Pyoigation of homoallylic alcohol with 2-
methoxybenzaldehyde. However, a combination ofeluadalysts showed a synergetic effect
[28]. When comparing these results [29] with therent case, it can be stated that mildly
acidic, bifunctional H-Beta-300 and Ce-MCM-41 cgssd exhibit an analogous type of

synergetic effect of Brgnsted and Lewis acid sites.

Conversion of isopulegol as a function of reactione over zeolites and metal modified
materials is depicted in Fig. 3 a,b. It is obvidhat the proton forms of the parent beta
zeolites were very active giving total conversioithim 60 min (Fig. 3a). On the other hand,
metal modification of zeolites caused decreasectiVity in most cases (Fig. 3b). This was
visible for Fe-Beta material. As mentioned abovee most active catalysts among metal

modified materials were ceria based materials (B-

In the second model reaction, Prins cyclizationctiea of 3-methyl-6-(prop-1-en-2-

yhcyclohex-3-ene-1,2-diol (diol) with benzaldehydéhe following catalysts were

15



investigated: proton forms of beta zeolites, FeaBEi0 and Ce-MCM-41 under similar

reaction conditions as with isopulegol (Figure 4).

The highest initial reaction rate for diol reactianth benzaldehyde was obtained with a
mesoporous, mildly acidic, mesoporous Ce-MCM-41b(@a4) analogously to the case of
isopulegol. The initial rates with different zeebtwere more than two fold less than that for
Ce-MCM-41. The rate constant was also the highesCe-MCM-41 being 1.8 fold larger

than that for H-Beta-25. Analogously to the casasopulegol reaction, the error in the

value was the highest for Ce-MCM-41. When compatinggrate constants for isopulegol and
diol reactions, it can be noted that the rate @mistwere higher for isopulegol reaction

compared to diol in all other cases except for E&B.50.

Total conversion of diol was achieved over H-Befaadd H-Beta-150 catalysts within 240
min of the reaction and very high conversions afl dvere obtained using all other tested
catalysts, being over 90 % (Fig. 4). On the othard) low conversion of diol was observed
after 60 min of the reaction over ceria catalyiséréfore just 93 % conversion was achieved
within 240 min. It can be in general concluded tlhansformation of diol proceeds slower
than transformation of isopulegol under the sansetien conditions. This fact might be
related to the presence of an additional hydroxglg in the structure afiol decreasing the
electron density of the neighboring hydroxyl groupich acts as a reaction center in Prins
cyclization. Moreover thaliol has another stereochemical arrangement of isopyb@ad
hydroxyl groups in comparison with isopulegoist for diol andtrans- for isopulegol) which

also may influence the reaction rate.

3.2.2. Product distribution and selectivity

In the Prins cyclization of isopulegol the seleityivas a function of conversion are shown in

Fig. 5 a, b. The highest selectivity toward theduat with the tetrahydropyran structure (93

16



%) at 90 % conversion was achieved using a mildlgie, mesoporous hybrid material Ce-
MCM-41, which contains 32 wt. % Ce@t total conversion of isopulegol (Fig. 5b, TaB)e
Subsequently a very low formation of side prodwess observed in comparison with other
catalysts. Ce-MCM-41 catalyst showed the highesghteébased activity and selectivity also
in our previous study focused on acidic catalyzsaimerizations ofi-pinene and verbenol

oxide [25, 30].

Selectivity to minor often encountered productar{poundsl-3 andunidentified products)

in isopulegol reaction is also given in Table 3refatively high selectivity to tetrahydropyran
type of product (around 74 %) was achieved over H-Beta-25 and t&B60. On the other
hand, the lowest selectivity to the product witk tetrahydropyran moiety was seen for Fe-
Beta-150 which was caused by significant formatdrbyproducts, namely a dehydrated

productl and a dioxinol type produ8t

It was observed that the selectivity to the despeatiuct with the tetrahydropyran structure
slightly increased with conversion and significgntlecreased over some catalysts after
reaching the total conversion. Such significantrelase of selectivity towards the desired
compound with tetrahydropyran structure was obskrnaainly with H-Beta-25 and H-Beta-
150 (Fig. 5a) as well as using cerium modified lgata (Fig. 5b). The two former catalysts
exhibited strong Bregnsted acid sites promoting dedtyon reaction, whereas the latter
catalyst was a mildly acidic mesoporous structugadp able to form dioxinol, produ@
(Table 3). It was observed that pyran produttansformed to the dehydration prodaicind

the ring rearrangement 4fto 3 occurred also during the reaction.

Very similar selectivities to the desired prod8ctvere achieved over all tested catalysts in

Prins cyclization of dio(Table 4, Fig. 6). Slightly higher selectivity 8owas achieved again
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using H-Beta-25 and Ce-MCM-41, being 67 %. Thedecseities are, however, lower than

selectivity in the case of Prins cyclization ofpstegol with benzaldehyde.

Selectivities to minor often encountered product®m(pounds5-7 and unidentified
products) are also given in Table 4. In comparison withpidegol as a substrate, high
amounts ofunidentified products as well produc® were detected. Produ®t formed by
reaction of diol with two molecules of benzaldehyd®as generated mainly over H-Beta-300

and Fe-Beta-150 but not with Ce-MCM-41.

The obtained conversions of both alcohols as veeiedectivities towards the desired products
are slightly higher in comparison with already psited data for similar systems. The
maximum achieved yield of the product with thedbydropyran moiety was around 76 % in

isopulegol reaction with vanillin over acid-moddielays [2].

3.2.3. Sdereactions

Two types of side reactions can occur in Prinsizgtbn of isopulegol and diol, namely
dehydration of tetrahydropyran type compouddsd8 to 1 and5, respectively (Fig. 7) and
ring arrangement of tetrahydropyran compodraehd8 to dioxinol type compound3 and?,

respectively (Fig. 8).

In Prins cyclization of isopulegol concentration thke product with the tetrahydropyran
structure 4) as a function of the dehydration produt} ¢oncentration over catalysts with
highly Brgnsted acidic catalysts showed that thien&tion of tetrahydropyran type produkt
is preferred mainly at the beginning of the reactigig. 9a) while the formation of
dehydration product is taking over at higher conversion levels. Highnfation of the
dehydrated byprodudt (over 20 %) was observed over Fe-Beta-150 and éia-B5 (Table
3). Especially the latter catalyst exhibited refaly high amount of strong acidic sites being

responsible for dehydration. In addition, gold wagmetallic state in Au-Beta-150, which
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could partially decrease its selectivity towardsaleydropyran, since Au(l) has been active in
Prins cyclisation [11]. The most significant de@@an the selectivity td can be seen over H-
Beta-25, H-Beta-150 and Ce-Beta-150 (Fig. 9a). 3dlectivity to productgl and1 at the
moment of achieving total conversion of isopulegals 73 and 13 %, respectively, over H-
Beta-25 changing to 61 and 22 % after another 180 Tine selectivity to producsandl at
complete conversion of isopulegol over H-Beta-168 €e-Beta-150 was similar, 65 and 18
%, respectively. Dehydration was faster over ceragntaining Ce-Beta-150 catalyst giving
selectivity 47 and 28 % towardsandl respectively after 240 min, while 53 and 27 % were

obtained for H-Beta-150.

Concentration of the product with the tetrahydr@pyrstructure § as a function of
concentration of dehydration produb) (s depicted in Fig. 9b for the second studiedtiea.

In the case ofdiol reaction, the most active catalyst for tetrahygirap formation was
initially H-Beta-300, which exhibited mild aciditfFig. 9b). Formation of the dehydration
product was the lowest with this catalyst, whensdb highly acidic H-Beta-25 and H-Beta-
150 the amount of tetrahydropyran type prodidecreased significantly with increasing the
amount of dehydration produé& The highest amount of the dehydration prodhicas
formed over a mildly acidic Ce-MCM-41 (Fig. 9b, Takl), but its amount was only 25% of
the amount of the yield of dehydration prodidh the case of isopulegol. However, in the
case ofdiol reaction also formation of other side products wlaserved because a significant
decrease of selectivity ®is not equal to an increase of selectivitystdOn the other hand,
the decrease in selectivity to the dehydrated prodblwas observed in the reaction catalyzed
by Ce-MCM-41 (Fig. 9) being 5 % at 50 % conversiand just 2 % after 240 min.

Unfortunately, tetrahydropyran type prod8atas transformed to unidentified products.

The effect of Brgnsted acid sites concentratiorih@n@)/(1) molar ratio is illustrated in Fig.

10a showing that the molar ratio of produetg(() was decreasing with increasing Brgnsted
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acidity of different studied catalysts. Analogougljhas been published previously, that an
increasing amount of Brgnsted acid sites led toddnerease in the ratio tetrahydropyran to
dehydrated product molar ratio in Prins cyclizatadnsopulegol with vanillin [2]. A similar

trend, a decrease iB)((5) molar ratio with Brgnsted acid sites concentratitcrease can be

seen also in the cyclization of diol over all telsteatalysts (Fig. 10b). Thus it can be
concluded that dehydration of tetrahydropyran typlesompounds was catalyzed by highly
Brgnsted acidic catalysts, whereas the transfoomatif tetrahydropyran compounds to

dioxinol was quite independent on the catalystigcid

The ring rearrangement of tetrahydropyran compouhdad8 to dioxinol type compound3
and7, respectively, is depicted in Fig. 11 and 12. Tihg rearrangement can be seen mainly
in the reaction catalyzed by Ce-MCM-41 in isopuleggaction (Fig. 11a). Selectivity to
products4 and3 after 60 min over Ce-MCM-41 was 93 and 3 %, reSpely, changing to 83
and 13 % after 240 min. The formation to tetrahpgran type of product also significantly
decreased over H-Beta-25, H-Beta-150 and Ce-BdlgHi§. 11a) and high formation of the
byproduct3 (over 10 %) was noticed. Parallel formation ofdarcts4 and3 is observed for

H-Beta-300 and all metal modified Beta zeoliteg(Rilb).

In the case of diol, zeolites gave analogous trémd®rmation of8 and7 (Fig. 12). Opposite

to isopulegol reaction, dioxinol type of produtivas only formed to a minor extent in the
case of diol reaction over Ce-MCM-41. Prins cydi@a of diol was thus much less selective
than isopulegol reaction to the main identifiedducts (Table 3 and 4). On the other hand,
much more dioxinol was formed over different pareevlites and Fe-modified zeolites (Fig.
12). The ratio between the yields of tetrahydropyaad dioxinol was nearly unaffected by

the acidity of different zeolites as can also bseen in Fig. 13.
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One way of investigating dehydration and ring raagement of tetrahydropyran type of
compound to dioxinol is to plot the yields 4fto 1 and8 to 5 and4 to 3 as well a8 to 7,
respectively, as a function of conversion (Fig.,bRaThese plots revealed clearly that the
formation tetrahydropyran type compounds was manered over the formation of the
dehydration product, when using mildly acidic cgdtd, such as H-Beta-300 and Ce-MCM-
41 (Fig. 13). Dehydration was strongly enhanced vaighly Brgnsted acidic catalysts, as
expected, such as H-Beta-150 (Fig. 12), H-BetaA2bBeta-25 and Fe-H-Beta-150 (Table
3). From the viewpoint of the catalyst structurecan also be stated, that mildly acidic,
mesoporous catalyst exhibited very high selectivity pyran and less formation of
dehydration product than mildly acidic, microporotisBeta-300 catalyst in case of
isopulegol transformation (Fig. 13a). Analogousitie were observed for Prins cyclization of
diol (Fig. 13b). It was also interesting to obsertt&t in the ring rearrangement of
tetrahydropyran to dioxinol type compound both thadity and structure of catalysts

exhibited only a minor role especially in case ol @Fig. 13b).

Finally it should be mentioned, that conventiongdlanation of Prins cyclization is related to
formation of oxocarbenium ions which can be gemerdty the dehydrative condensation of
alcohols with aldehydes in the presence of Brgneteewis acids. Subsequent Prins-type
cyclization by reacting this nucleophile with akexie forms a carbocation reacting further
with an additional nucleophile derived from thedacatalyst [31]. Such complex mechanism
makes it difficult to access precisely the roleddferent acid sites and the role of metals in

the studied main and side reactions.

Introduction of metals leads to the activity deel{conversion and rate constant) for H-Beta-
25, H-Beta-150, H-Beta-300 catalysts which can tiebated not only to suppression of
strong Brgnsted sites, but also to the variationthé amount and strength of Brgnsted and

Lewis acid sites (Table 2).
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Recently, in the work of ejka and co-workers different types of MOFs mateneere used
in Prins condensation @gkpinene and paraformaldehyde [32, 33]. The resukssomewhat
in line with the current work, since strong Brgustecid sites of zeolites BEA and FAU
showed significantly lower selectivity to the targdopol than MOFs with Lewis sites
resulting in the former case in an unwanted reactibpinene isomerization [33]. Activity

was also seen to be influenced by the Lewis acidity

Apparently further work is needed to quantitativafycess the role of different types of sites

in the Prins cyclization reaction as well as in $ige reactions.
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4. Conclusions

In the current study, a wide range of heterogeneateysts was tested in selective synthesis
of compounds with tetrahydropyran moiety by Prigslization reaction of isopulegol or 3-
methyl-6-(prop-1-en-2-yl)cyclohex-3-ene-1,2-di@iol) with benzaldehyde. Activity and

selectivity of the tested catalysts were correlatéd their physico-chemical properties.

Very high conversions of both substrates (up to #®ithin 60 min) were achieved using

various tested catalysts. Higher activity was oleseémainly in the case of proton forms of
beta zeolites and ceria modified catalysts. It wascluded, that transformations of diol
proceed slower than transformations of isopulegumlen the same reaction conditions. This
fact might be related to the presence of an additibydroxyl group in the structure of diol

decreasing the electron density of the neighbohiydroxyl group which acts as a reaction
center in Prins cyclization or to different stereemical arrangement of isopropenyl and

hydroxyl groups in the compounds.

Lower selectivities toward the products with th&dkRydropyran moiety were achieved as
well in the case of using diol because of highemfation of unidentified products as well as

generation of heavier condensation products.

The highest weight-based activity and selectivitydrd the product with the tetrohydropyran

structure along with a very low formation of sidegucts was achieved using Ce-MCM-41.

The selectivity to the desired products was deectdsy subsequent transformations of
tetrahydropyrans, dehydrations and ring rearrangé&nén particular, it was found that the
products with tetrahydropyran structure are tramséml via dehydration over catalysts

characterized by high concentration of Brgnsted aites.
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Figure Captions

(b)

Fig. 1. Reaction scheme for Prins cyclization of a) iseguol with benzaldehyde and b) diol

(3-methyl-6-(prop-1-en-2-yl)cyclohex-3-ene-1,2-dindith benzaldehyde.
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Fig. 2. Transmission electron micrograph of a) H-Beta-28 b) Au-Beta-25 zeolite catalysts.
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Fig. 3. Conversion of isopulegol as a function of the tieactime over(a) zeolites H-Beta-25
(m), H-Beta-150 (x) and H-Beta-30@() and ovel(b) metal modified catalyst: Fe-Beta-150

(m), Au-Beta-25 ¢), Ce-Beta-1504) and Ce-MCM-41 A).

30



100

g 80
S 60
o

® 40
c

3 20

0 1 1 1
0 60 120 180 240
Time (min)

Fig. 4. Conversion of diol as a function of the reactionet over zeolites H-Beta-2a), H-

Beta-150 ¢), H-Beta-300 &), Fe-Beta-150q) and Ce-MCM-41 (x).

31



0]
o

~
o
T

o O
T T

Selectivity to 4 (%)
N W b O O
o O

=
o O
T T

0 20 40 60 80 100
Conversion (%)

o

(@

100

80 |
60 |

./I/././.—.—H 2 1
40 +

20 |

Selectivity to 4 (%)

0 20 40 60 80 100
Conversion (%)

(b)

Fig. 5. Selectivity to the product 4 as a function of iglggol conversion ovea) zeolites H-
Beta-25 @), H-Beta-150 (x) and H-Beta-30@() and ovel(b) metal modified catalyst: Fe-

Beta-150 ), Au-Beta-25 ¢), Ce-Beta-1504) and Ce-MCM-41 A).

32



80

60

20

O 1 1 1 1
0 20 40 60 80 100
Conversion (%)

Selectivity to product 8 (%)

Fig. 6. Selectivity to producB as a function of diol conversion over H-Beta-&} (-Beta-

150 (@), H-Beta-300 4 ), Fe-Beta-150q) and Ce-MCM-41 (x).

strong BAS 0
—HZO
1
OH O
strong BAS ‘ 0
- H20
5

Fig. 7. Dehydration of tetrahydropyran type prodyed:4 to 1 and(b) 8 to 5.

(@)

(b)

33



o Ne
m
3

OH
(a) 4
OH OH
e} O
@ — o
OH
(b) 8 !
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isopuleogol reaction and of (b) terahydropyran tppeduct8 to dioxinol type produc? in

diol reaction.
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Tables

Table 1 Main textural characteristics of the studied o,

Catalyst/support Metal content Specific Surface Area Pore Specific Volume
(wt. %) (m?/g) (cm/g)
H-Beta-25[23] - 807 -
H-Beta-15(023] - 664 -
H-Beta-30023] - 805 -
Fe-Beta-15023] 3 467 0.59
Au-Beta-25 21 652 0.23
Ce-Beta-150 pJ n.d.
Ce-MCM-41[24] 32 384 -

2 determined by EDXA nominal loading.
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Table 2 Brgnsted and Lewis acidities of the tested catalgstrmined by FTIR.

Brgnsted acidity (umol/g) Lewis acidity (umol/g)

Catalysts
250 °C 350 °C 450 °C 250 °C 350 °C 450 °C

H-Beta-25 269 207 120 162 128 113
H-Beta-150 176 161 72 43 23 10
H-Beta-300 82 67 10 30 4 4
Fe-Beta-150 193 137 45 119 41 6
Au-Beta-25 233 202 141 143 82 33
Ce-Beta-150 225 198 125 99 57 43
Ce-MCM-41 80 49 10 67 12 9
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Table 3 Conversion of isopulegol, initial reaction ratesfiorder rate constant and selectivities to prtslat90 and 100 % conversion of

isopulegol.
Conversion
Initial Selectivity at 90 % conversion
k (min™) (%) 120 min
reaction rate (100 % conversion)
Catalyst (240 min)
(mmol/(l-min
Unident.
'gCat)) 1 2 3 4
products
H-Beta-25 24.3 0.143+0.006 100 12 (13) 2(2) 9(9) 3(2) 74 (73)
H-Beta-150 11.3 0.091+0.002 100 17 (19) 33 m (1 4 (6) 66 (62)
H-Beta-300 23.8 0.100+0.010 100 6 (6) 1(1) 16 (16) 2(2) 75 (75)
Fe-Beta-150 5.4 0.012+0.001 76 (93) 21 4 13 6 56
Au-Beta-25 5.2 0.021+0.001 90 (100) 22 (23) 33 6 (6) 2 84) 67 (64)
Ce-Beta-150 15.1 0.050+0.001 100 16 (17) 213) 1) ( 5 (6) 67 (65)
Ce-MCM-41 33.5 0.137+0.018 100 5(3) 0 (0) 1(13) (ap 93 (83)
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Table 4 Initial reaction rate, first order rate constamineersion and selectivities to products at 90 %vecsion of dial

Conversion (%)
Initial reaction

k (min™) 120 min Selectivity at 90 % conversion (%)
rate
Catalyst (240 min)
(mmol/(l- min- ga)
Unidentified
) 5 7 8
products
H-Beta-25 6.9 0.052+0.003 99 (100) 4 7 67 17
H-Beta-150 10.0 0.048+0.003 98 (100) 4 8 64 20
H-Beta-300 8.5 0.024+0.005 81 (90) 2 6 64 19
Fe-Beta-150 8.7 0.016+0.002 78 (90) 7 7 64 15
Ce-MCM-41 22.3 0.093+0.014 92 (93) 9 3 67 21
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