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Abstract

The Prins/Friedel-Crafts cascade reactions of the terpenoid trans-4-hydroxymethyl-2-carene
(synthesized from 3-carene) with aromatic aldehydes were systematically studied for the first time on
acidic mesoporous clays (halloysite, illite, montmorillonites). Both the reaction rate and selectivity to
the desired polycyclic product with tetrahydrofuran moiety increased with an increase in the catalyst
acidity and their drying temperature, indicating that relatively strong Brensted and Lewis acid sites
favored their formation. The best activity and selectivity (up to 97%) was demonstrated over
commercial montmorillonite K-10 with acidity of ca. 100 umol/g. In contrast, on strongest acids
(resin Amberlyst-15), dehydration/aromatization of the substrate was observed. It was shown, that
mesoporosity of the catalyst is one of the key factors governing catalytic behavior. The presence of at
least one an electron-donor substituent at the meta-position of benzaldehyde is critical for the Prins-
Friedel-Crafts reaction. Overall, available montmorillonites are an effective replacement for

homogeneous catalysts for the Prins/Friedel-Crafts cascade reactions.
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1. Introduction

It is known that compounds with a tetrahydrofuran moiety have a variety of biological
activities [1-3]. For example, polycyclic tetrahydrofurans and their derivatives have high cytotoxic
[3-5], anti-inflammatory [3, 6] and fungicidal effects [7], and can also be used as fragrant substances
[6].

Cascade (tandem) reactions are an effective method for the synthesis of polycyclic
compounds, the main advantage being sequential formation of several chemical bonds in one
reaction space, which eliminates a need for isolation and purification of intermediate products [8—
11].

Although the Prins reaction per se is well known, the Prins-initiated cascade transformations
are much less studied [8, 9]. For example, unsaturated alcohols frans-4-phenyl-but-3-en-1-0l and
trans-4-hydroxymethyl-2-carene can undergo the tandem Prins condensation with salicylic aldehyde
to form furanochromene compounds (Fig. 1a) in yields up to 88% [7, 12, 13]. The reaction of
benzaldehyde with the above alcohols leads to formation of multicomponent mixtures of products
[13, 14], while the presence of electron-donor substituents at the 3, 4, and 5 positions of the benzene
ring makes it possible for a cascade Prins-Friedel-Crafts reaction (Fig. 1b) with the formation of
polycyclic compounds with the tetrahydrofuran moiety[13—15]. Their yields were up to 92% [13—
15], sharply decreasing to 16% in the absence of a substituent in the m-position of the aromatic

aldehyde (R! = H) [13].
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Fig. 1. Examples of Prins (a) and Prins-Friedel-Crafts (b) cascade reactions for the synthesis of

polycyclic compounds with a tetrahydrofuran moiety
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One of the topical concepts of green chemistry is the development of highly efficient methods
for the synthesis of valuable chemicals by involving renewable raw materials in cascade reactions
[16]. Therefore, the use of terpene compounds in such reactions is very important. The main source
of terpene hydrocarbons is turpentine with the annual production of ca. 360,000 tons [17]. The
terpenoid trans-4-hydroxymethyl-2-carene 1 can be synthesized by condensation of (+)-3-carene
(one of the main components of gum turpentine) with paraformaldehyde in acetic acid followed by

alkali treatment of the resulting acetate [18] (Fig. 2).

_ (CH0), NaOH
CH3;COOH -NaAc

3-Carene trans-4-hydroxymethyl-2-carene 1

Fig. 2. Synthesis of trans-4-hydroxymethyl-2-carene 1 from 3-carene

Several compounds obtained from terpenoids exhibit high biological activity [11, 19]. In
particular, isobenzofurans synthesized based on 3-carene have neuroprotective properties [20] and
are also potent inhibitors of the TDP1 enzyme, being promising for the therapy of oncological
diseases [3]. A study of the biological activity of polycyclic tetrahydrofurans obtained from trans-4-
hydroxymethyl-2-carene 1 showed that the product of its reaction with isovanillin (R! = OH, R? =
OMe, R*=H, 49% yield) has a high cytotoxic effect on lymphoblastoid cells MT-4 [13].
Nevertheless, the utilization of the available natural terpene (+)-3-carene conversion into useful
heterocyclic compounds remains poorly studied and is limited to just a few examples [3, 13, 20].

Therefore, the development the selective synthesis of polycyclic compounds based on
terpenoids is an actual task.

For the tandem Prins and Prins-Friedel-Crafts reactions, as a rule, homogeneous catalysts are
used, such as BF3-Et;O [8, 9, 14, 15, 21-24], SnCl4 [7], AICIz [25], AgSbFe [26], camphorsulfonic
acid [27], Sc(OTf);-TsOH binary system [28]. Their disadvantages are high toxicity, difficulty in
separating from the reaction mixture, and, often, high costs. Only a few studies reported the use of
heterogeneous catalysts for tandem Prins [12, 13], Prins-Ritter [29], and Prins-Friedel-Crafts
reactions [13, 30, 31], in particular montmorillonite clays [12, 13, 30], SOs;H-functionalized carbon
nanotubes [29], and mesoporous hierarchical Beta zeolites [31]. It should be noted that although
montmorillonite clays have been reported as catalysts for the Prins/Friedel-Crafts cascade reactions

[12, 13, 30], these materials were described in the context of organic chemistry without considering
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their physicochemical and textural properties as well as the influence of the activation conditions on
the reaction pathways.

However, the concentration and strength of acid sites play a significant role in the Prins-type
reactions. For example, the selective isopulegol condensation with thiophene-2-carbaldehyde to the
octahydro-2H-chromene-4-ols requires weak Bronsted a.s. [32]. On the contrary, the tandem reaction
of this terpenoid with benzaldehyde and acetonitrile proceeds over much stronger SO3H-groups [29].
The formation of 2,5-dimethyl-hexadiene by isobutanal-isobytene Prins condensation occurs
selectively on relatively weak acids [33]. The three-component reaction butyraldehyde, 3-butene-1-ol
and anisole to 4-aryltetrahydropyrans requires medium-strength Brensted a.s. [31]. Therefore, it is
necessary to develop effective catalysts for each specific reaction.

At the same time, no systematic studies of cascade transformations in the presence of
materials with different structures, nature and strength of acid sites, as well as the conditions for
activating catalysts and carrying out the 4-hydroxymethyl-2-carene cascade reactions with aldehydes
have been performed.

Clays, which mainly consist of layered aluminosilicates, are readily available and
environmentally friendly heterogeneous catalysts for a number of organic reactions [34, 35]. One of
the effective methods for activating clays is acid treatment, which leads to an increase in their acidity
because of cation exchange, as well as porosity and specific surface area due to leaching of the metal
cations from the structure of these minerals [36]. Most often, montmorillonite clays are subjected to
acid modification, because the resulting products have a relatively high specific surface area and
porosity [36]. For example, there is a commercially available acid-activated montmorillonite K-10,
which can be used in organic synthesis [35]. A promising material for creating novel catalytic
systems 1s also the clay mineral halloysite, which morphologically represents multilayer
aluminosilicate nanotubes [37]. Thus, it has recently been shown that halloysite nanotubes (HNT)
modified with HCI are highly selective catalysts for the Prins reaction used to synthesize compounds
with chromene and isobenzofuran structures based on terpene compounds (-)-isopulegol and 2-
carene [32, 38].

This work is devoted to the study of the catalytic properties of a number of acid-treated clays
(montmorillonite, illite, halloysite) in the Prins and Prins-Friedel-Crafts cascade reactions using as an
example of the of frans-4-hydroxymethyl-2-carene 1 condensation with salicylic aldehyde, as well as
3.,4,5-trimethoxybenzaldehyde under various conditions for the synthesis of polycyclic compounds

with the tetrahydrofuran moiety. The reaction scope and catalyst reusability have also been studied.

2. Experimental



All commercial materials and reagents used were purchased from Sigma-Aldrich. 4-
Hydroxymethyl-2-carene 1 was synthesized from (+)-3-carene according to a published procedure
[18] with some modification and had a purity of 87% (including 5% of the cis-isomer). A detailed
procedure for the synthesis of compound 1 is presented in Supplementary Information (SI).

2.1. Preparation and characterization of catalysts

The materials studied in this work were halloysite (Dragon Mine, USA), illite (Russia), and
commercial acid-modified montmorillonites K-10 and K-30 (Germany). For comparison, the strong
Lewis (BF3-Et20) and Bronsted (Amberlyst-15) acids, as well as zeolite H-Beta-300 were used.

Clays K-10 and K-30 were used without any additional chemical treatment. Acid
modification of halloysite and illite was carried out according to the following procedure [36]. A
portion of the clay (ca. 7 g) was introduced into a three-necked flask, to which a 10% solution of HCI1
(5.0 mL of acid per 1.0 g of the solid phase) was then added, heated to 90°C, and treated under these
conditions for 3.0 h with continuous stirring (300 rpm). Then the precipitate was thoroughly washed
with distilled water until there were no CI” ions in the washings, dried at 105°C to a constant weight,
and ground to a particle size of <100 pm.

The specific surface area (Sger) and porosity of the solids were investigated on ASAP 2020
MP (Micromeritics) equipment for which the samples were evacuated for 1 h at 200°C (residual
pressure 0.013 Pa). The volume (Vpore) and the average diameter (Dpore) 0f the pores were determined
by the standard BJH method using the desorption branch of the isotherm [39]. Energy dispersive X-
ray spectroscopy (electron microscope JEOL JCM-6000Plus with chemical analysis system) was
applied to determine the chemical composition of clays.

The type and concentration of acid sites (a.s.) of the clays were determined by FTIR
spectroscopy with pyridine as a probe molecule [40]. The samples were pretreated at 350°C (1 h),
then cooled to 100°C and saturated with pyridine at this temperature for 30 min. To determine the
concentration of weak, medium, and strong a.s., FTIR spectra were recorded at 150°C, medium and
strong a.s. at 250°C, while strong ones at 350°C [41]. The Lewis and Brensted acidity were
identified by the characteristic absorption bands at 1450 cm™ and 1545 cm’!, respectively; their
amounts were calculated using the Emeis molar extinction coefficients [42].

The morphology of the clays was studied by scanning electron microscopy (SEM) on a Zeiss
Leo 1530 microscope. It is necessary to note that hydrochloric acid-modified halloysite nanotubes
(HNT) were characterized by a wide range of methods including MAS NMR, SEM, TEM, FTIR
with pyridine in the early study of the authors [32].

2.2. Reaction and analysis of products
Typically, the reaction of trans-4-hydroxymethyl-2-carene 1 with aldehydes was carried out

as follows. Substrate 1 (0.35 g, 1.85 mmol), an equivalent amount of aldehyde, and a solvent
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(methylene chloride) were introduced into a three-necked flask wit magnetic stirrer. The total volume
of the mixture was 5.0 mL, unless otherwise indicated. After setting the required temperature (25°C),
the catalyst (1.0 g) was added and stirring (400 rpm) was started.

To determine the composition of the reaction mixture, the samples were periodically taken;
ethyl acetate was added to them to extract products from the catalyst surface, and analyzed using a
gas chromatograph Khromos GKh-1000 with a flame ionization detector and a Zebron ZB-5
capillary column (30 mx 0.25 mm x 0.25 um). The evaporator and detector temperature were 250
and 280°C respectively. The column heating was implemented according to the following program:
holding for 1 min at 110°C, temperature rise from 110 to 280°C at with the ramp of 20°C/min, then
isothermal mode for 25 min. An internal standard (dodecanol, 99.0%) and product samples were
used for quantitation. Typical chromatograms of the reaction products are shown in Fig. S2.

Separation of the reaction mixtures was carried out by preparative column chromatography.
The structures of the obtained compounds were established by 'H and '3C NMR spectroscopy and
high-resolution mass spectrometry. Detailed techniques for isolating and analyzing product structure

are given in the Supplementary Information.

2.3. DFT study

The optimizations of the structures were performed at the DFT level using the hybrid
functional of the electronic density Perdew-Burke-Ernzerhoff, PBE (considering computational
costs, accuracy and coverage of the results, as it was previously reported) with the 6-311++G(d,p)
basis set [43]. All computational runs were carried out with the Gaussian09 program [44, 45]. It is
well known that standard DFT methods fail to describe the non-local nature of the substances
towards the van der Waals interactions [46]. For this, the empirical dispersion correction of Grimme
(D3) was considered during the frequencies calculations [47]. After optimization of the structures,
additional runs were performed at m062x level (Minnesota functionals) with a change of the basis set
(6-31g(d,p)) for improving values of energies and for obtaining thermodynamic values of each
reaction [48]. Minimal structures were verified with the frequencies values obtained after
optimization. Furthermore, such frequencies were also calculated and verified using analytic second
derivatives of the energy, which confirm the nature of the stationary point. The solvation effects
(CH2Clz) were included and computed at the same level of theory on the optimized structured
towards the conductor-like polarizable continuum model (CPCM) implemented in the Gaussian09
package. The model involves the solute cavity via a set of overlapping spheres, using a continuous
surface charge formalism that ensures continuity and robustness of the reaction [49]. As the proton

source H3O" was chosen because these species largely determine the Brensted acidity of clays [50].



3. Results and Discussion

3.1. Physicochemical characteristics of clays

The acid-treated halloysite contains mainly alumina (32.1%) and silica (66.9%). In modified
illite, the Al2O3 content is significantly lower (19.8%); the presence of significant amounts of iron
and potassium oxides was also observed. The chemical composition of commercial montmorillonites
K-10 and K-30 is practically the same, namely these clays contained the smallest amount of Al20O3
(14.4 —15.7%) while the SiO2 content reaches 80.5% (Table 1).

The specific surface area values for halloysite and illite after treatment with 10% HCI
increased significantly (up to 167 m*/g), but were lower than those for commercial acid-modified
montmorillonites K-10 and K-30 (up to 247 m?/g). The nitrogen adsorption-desorption isotherms for
the studied clays had a hysteresis loops characteristic for the mesoporous materials (Fig. SI,
Supplementary Information), while the mean pore diameters of the solids ranged from 5.1 to 10.1 nm

(Table 1).

Table 1. Chemical composition and porous structure of the investigated clays

Chemical composition, wt. % Porous structure
Clay ) ) Sger, Vyore, Dyore,
Al O, SiO, | FeO | Na,O | MgO | K,O | CaO | TiO,
m?/g cm’/g nm
Halloysite
initial 44.1 54.4 0.5 0.2 0.1 - 0.4 0.3 60 0.22 15.7
acid-modified* | 32.1 66.9 0.3 0.1 0.1 - 0.1 0.4 167 0.40 10.1
lite

initial** 19.5 54.7 10.6 0.7 2.9 4.7 5.8 1.2 46 0.10 8.1

acid-modified* | 19.8 64.4 6.4 0.1 1.7 5.6 0.1 1.9 146 0.28 8.1

K-10 15.7 77.9 2.8 0.2 1.9 0.9 0.4 0.2 247 0.36 5.1
K-30 14.4 80.5 2.1 0.1 1.5 0.8 0.3 0.3 240 0.40 6.9

*The data from *[32] and **[41]

The images of scanning electron microscopy of halloysite (Fig. 3a) show typical nanosized
tubes which are characteristic for this kind of minerals [32, 37]. Illite is represented by irregularly
shaped lamellar particles (Fig. 3b), while montmorillonites are morphologically characterized by
cloud-like aggregates (Fig. 3c,d).

[1lite and montmorillonite are representatives of the 2:1 clay minerals (Fig. S3a), the layer of
which consists of two silica-oxygen tetrahedral sheets with one alumina-oxygen octahedral sheets

between them [36, 50]. These minerals are characterized by partial isomorphous substitution of AI**
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for Si*" in tetrahedra and Mg?", Fe?"** for AI** in octahedra [50]. The resulting negative charge is
compensated by the interlayer cations. Halloysite belongs to the 1:1 structural type, the layer of
which is a combination of tetrahedral Si— O and octahedral Al — O sheets (Fig. S3b), isomorphism in
which is practically absent [32, 37].

Fig. 3. SEM images of modified clays: halloysite (a), illite (b), montmorillonites K-10 (c)
and K-30 (d)

Detailed description of the differences in the structure of acid-modified halloysite, illite, and
montmorillonite by 2°Si and 2’A1 NMR spectroscopy were presented previously [32, 41]. Thus, the
2%Si NMR spectra of the studied clays exhibit characteristic peaks at about -92 ppm, which refer to
the initial fragments of their structure Si(OSi)3, where one silicon-oxygen tetrahedron is linked to
three analogous ones [32, 41, 51]. The signals with maxima in the range from -86 to -90 ppm in the
illite and montmorillonite K-10 spectra (Fig. 4b,c) characterize the isomorphic substitution of one
AI** for Si** in their tetrahedral sheets [41, 51], i.e. correspond to Si(OSi)2(OAl) units.

Peaks at about -101 ppm are associated with the presence of Si(OS1)3(OH) fragments in clays,
which are formed during their acid modification by Si—O—Al bonds breaking between tetrahedral and
octahedral sheets [32, 41, 51]. The signals of ca. -111 ppm indicate the presence of Si(OSi)4 units,
1.e. amorphous SiO> formed upon crosslinking of Si(OSi)3;(OH) fragments in an acidic medium [32,
41, 51]. Maxima at -107 ppm in the °Si MAS NMR spectra of illite and montmorillonite K-10
indicate the presence of quartz as an impurity [41, 51].

The 2’Al1 NMR spectra of the studied clays (Fig. 4) show characteristic intense peaks with

maxima in the range from 4.0 to 5.2 ppm, which reflect the presence of six-coordinated aluminum
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(AIYY) in their octahedral layers [32, 41, 51]. The spectra of illite and montmorillonite also show
weak signals in the range from 50 to 80 ppm, which are related to four-coordinated aluminum (AI')
present in the tetrahedral layers of these clays because of isomorphic substitution of ma AI** for Si*"

[41, 51].

27Al 99.2% 29Si
61

AlVI)

x20

75,9%
48 i(OSi 32,0% 4
‘ Si(0Si),(OA) 320%
Al(IV) N\ 5 b

80 60 40 20 0 -20 -40 -60 -60 -80 -100 -120 -140
Chemical shift, ppm Chemical shift, ppm

Fig. 4. 2Si and 2’Al MAS NMR spectra treated with 10% HCI (a) halloysite, and (b) illite, and (c)

commercial montmorillonite K-10 (modified from [32, 41])

The destruction of illite after treatment with 10% HCI was more pronounced than for
halloysite nanotubes, as indicated by a higher (55%) content of the initial Si(OSi)3 units in the latter
(Fig. 4a,b). Commercial montmorillonite K-10 was characterized by an even lower content of the
pristine fragments; it was dominated (72%) by the Si(OSi);(OH) and Si(OSi)s units, which were
formed as a result of acidic destruction of the clay. It is known that the acid action on
montmorillonite leads to disordering of its laminar structure, with the formation of interlayers of
amorphous SiO» [36, 50]; therefore, its specific surface after treatment is higher than that for illite
and halloysite (Table 1).

According to FTIR with pyridine, the concentration of acid sites (a.s.) in acid-modified
samples of HNT and illite (up to 63 pumol/g) was significantly lower than that for commercial
montmorillonites K-10 and K-30 (up to 104 pmol/g, Table 2). Halloysite and illite were

characterized by a predominance of weak (W) a.s. while montmorillonites contained a significant
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amount of medium (M) and strong (S) acid sites. Also note that Lewis acidity prevailed in halloysite

and montmorillonites (Table 2).

Table 2. Acidic properties of the investigated solids

Concentration of acid sites, pumol/g
Acid- Bronsted (B) Lewis (L) L/B W/(M+S)
modified clay | Weak | Medium | Strong Weak | Medium Strong Total
W) M) (S) W) M) (S)

Halloysite* 13.0 6.0 0 21.0 12.0 0 52.0 1.8 1.9
Mlite 15.0 19.0 3.0 19.0 7.0 0 63.0 0.7 1.2
K-10** 15.0 26.0 7.0 35.0 14.0 7.0 1040 | 1.2 0.9
K-30** 17.0 17.0 8.0 28.0 24.0 6.0 100.0 | 1.4 0.8

The data from *[32] and **[41]

Structural features and the isomorphism phenomenon in the studied clays are the reason for
differences in their acidity. Thus, according to 27A1 MAS NMR data (Fig. 4b.c), 24.1% of AI**
atoms in illite and 18.4% of these species in K-10 are located in tetrahedral (Si—O) sheets. For this
reason, a negative charge appears on the layers surface, which is compensated by cations, including
H3O0" [50]. In illites, exchangeable cations are found mainly on the surfaces of particles, while in
montmorillonites also in the interlayer space [50], which is the reason for a higher acidity of K-10
and K-30 clays (Table 2). In halloysite, aluminum atoms are almost completely in the six coordinated
state (Fig. 4a), i.e. in octahedral sheets, which means a balance of charges between octa- and
tetrahedral sheets. Therefore, acid sites in this mineral should be localized mainly at the ends and
defects of nanotubes, and their concentration and strength are lower than in montmorillonites (Table

2).

3.2. Cascade Prins reaction

3.2.1 Influence of the catalyst type

Condensation of trans-4-hydroxymethyl-2-carene 1 with salicylic aldehyde 2 led to the
formation of a compound with xanthene 3, as well as isobenzofuran 4 and 5 structures, however, the

main product over the studied clays was polycyclic compound 3 (Table 3).
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Fig. 5. Reaction of trans-4-hydroxymethyl-2-carene with salicylic aldehyde

At 50% of terpenoid 1 conversion the selectivity to compound 3 on montmorillonites K-10
and K-30 (up to 67.1%) was slightly higher than on halloysite and illite catalysts (up to 64.9%, Table
3). At the same time, a larger yield of isobenzofurans 4 (11.4%) was observed on halloysite. In all
cases, the conversion of 1 (Xi) was higher than that for aldehyde 2 (conversion X3), indicating that

compound 1 also undergoes side reactions.

Table 3. Acidity and catalytic properties of studied catalysts in trans-4-hydroxymethyl-2-carene reaction™

with salicylic aldehyde at 25°C

L To . Selectivity, mol. %
Acidity, ’ , Time, -
Catalyst 1y mmol/ TOF, min’! me 3 4 5 Xo/Xi
umol/g . min
g'min
Halloysite 52.0 0.15 2.8 120 64.9 11.4 3.9 0.75
Ilite 63.0 0.05 0.8 180 58.9 11.0 4.6 0.73
K-10 104.0 0.40 3.8 10 65.8 7.5 33 0.79
K-30 100.0 0.52 5.2 7 67.1 7.2 34 0.78
BF; Et,O** - - - 180 47.4 9.4 7.7 0.78
Amberlyst-15 - 0.1 - 30 7.2 1.1 12.3 0.38
H-Beta-300 112.0 No condensation

Reaction conditions: 1.85 mmol of each reagent, 1.0 g of the catalyst dried 2.0 h at 105°C, temperature 25°C,
initial concentration of reagents was 0.37 mol/l. *At 50% conversion; **1.0 eq, at 0°C and 23% conversion for

3.0h.

The initial consumption rates of terpenoid 1 (ro) on K-10 and K-30 were significantly higher
than those for illite and halloysite, which may be related to a higher concentration of a.s. in
montmorillonites (Table 3). The TOF values for the latter catalysts were also the highest.

In the presence of Lewis acid BF3-Et;0, traditionally used for the Prins reaction [8, 9], the
selectivity towards xanthene 3 was significantly lower (47.4%) than on clays (up to 67.1%, Table 3).
When using a strong Brensted acid (resin Amberlyst-15), a multicomponent mixture of products was

formed, and the yield of compound 3 was insignificant (7.2%). On zeolite H-Beta-300 (acidity 112
13




umol/g [52]), the condensation of compound 1 with salicylic aldehyde did not occur, which may be
due to its small pore size (0.76 nm [40]), which is much smaller than in the studied clays (6.9 —15.7
nm, Table 1). On the other hand, the Prins-Friedel-Crafts cascade reaction between butyraldehyde, 3-
buten-1-ol and anisole proceeded efficiently in the presence of hierarchical Beta zeolites (silica to
alumina ratio of 25), which was due to the presence in them a developed system of mesopores and
moderately strong Bronsted a.s. [31].

Note that almost complete conversion of terpenoid 1 (up to 96%) for 5.0 h of reaction was
observed on montmorillonites, whereas in the presence of modified halloysite and illite, it did not
exceed 58% (Table S1).

Thus, mesoporous clays with medium acidity (ca. 100 pmol/g), namely commercial
montmorillonites K-10 and K-30, are effective catalysts for the Prins cascade reaction of trans-4-

hydroxymethyl-2-carene with salicylic aldehyde.

3.2.1 Influence of reaction conditions

An increase in the drying temperature of montmorillonite led to an increase in the initial rate
of consumption of terpenoid 1, its conversion for 5 h of the reaction, as well as in selectivity to
xanthene 3 (Table 4). Thus, the highest yield of 3 (79.7%) was observed after thermal treatment of
clay at 350°C, while the initial reaction rate was maximum in the case of its drying at 150°C. Also
note an increase in the X»/X; conversion ratio with an increase in the catalyst thermal activation,
which indicates that the reagent 1 undergoes secondary transformations on K-10 clay treated at low
temperatures.

Similarly, an increase in the drying temperature of halloysite nanotubes led to an increase in
the initial consumption rate of 1 and selectivity to polycyclic product 3 reaching 69.4% after
treatment at 200°C (Table S2). However, under the same drying conditions, the yield of product 3
over HNT was lower than for K-10 (Table 4 and S2 ).

Table 4. Selectivity in 4-trans-hydroxymethyl-2-carene reaction with salicylic aldehyde on K-10 after 5 h

K-10 drying 1o, Conversion of 1, Selectivity, mol. % X,
temperature, °C mmol/g-min mol. % 3 4 5

50 0.015 38.7 53.0 16.1 4.7 0.70

105 0.40 93.8 66.5 7.6 6.5 0.79

150 0.50 93.9 71.1 7.8 6.2 0.82

200 0.25 89.9 72.9 8.6 52 0.83

350 0.30 91.3 79.7 8.4 6.1 0.86

Reaction conditions: 1.85 mmol of each reagent, 1.0 g of the catalyst, temperature 25°C, initial concentration

14




of reagents was 0.37 mol/l

An increase in selectivity to xanthene 3 as a result of an increase in the catalysts drying
temperature can be explained by a change in the nature and strength of their acid sites during such
thermal treatment. Thus, the acidity of clays is determined by exchangeable and coordination-
unsaturated cations (Lewis a.s.), acidic hydroxyl groups, and water molecules bound with exchange

cations (for example AI**

) on the surface and in the interlayer space (Brensted a.s.) [50, 53].

The studied halloysite and montmorillonites are characterized by both types of acidity with a
prevalence of Lewis a.s. (Table 2). As a result of clays heat treatment, a partial dehydration of their
surface occurs, leading to an increase in the concentration and strength of a.s. [50, 53]. According to
[54], the largest Bronsted acidity of clays was observed after drying at 150°C, while Lewis acidity
dominant as a result of thermal activation at 250-300°C. Consequently, the formation of the Prins
cascade reaction product, xanthenes 3, is favored by a relatively strong Bronsted or Lewis acidity of
clays.

With an increase in the reaction temperature from 15 to 35°C the selectivity towards xanthene
3 on montmorillonite K-10 at 50% conversion of the reagent 1 decreased from ca. 72 to 61%,
respectively (Table 5). At the same time, selectivity to isobenzofurans 4 and 5 was practically
independent of the reaction temperature. Based on this, it can be concluded that the product 3
undergoes secondary transformations, probably resinification. Indeed, selectivity to 3 slightly
decreased with an increase in conversion of terpenoid 1 and dropped sharply after more than 90% of
1 underwent a reaction at 35°C (Fig. 6).

The apparent activation energy, calculated from the initial consumption rates of compound 1
(Table 7) in Arrhenius coordinates (Fig. S4), was 30.4 kJ/mol, which was lower than that (55.0
kJ/mol) in the case of (-)-isopulegol Prins cyclization with thiophene-2-carbaldehyde to chromene

alcohols [32].

Table 5. Selectivity in 4-frans-hydroxymethyl-2-carene* reaction with salicylic aldehyde on K-10 depending

on reaction temperature

Reaction To, Time, Selectivity, mol. % Xo/Xq
temperature, °C | mmol/(g-min) min 3 4 5

15 0.25 30 71.7 7.8 3.9 0.80

25 0.40 10 65.8 7.5 34 0.79

35 0.57 5 60.8 8.6 4.5 0.82

Reaction conditions: 1.85 mmol of each reagent, 1.0 g of the catalyst dried 2.0 h at 105°C, initial

concentration of reagents was 0.37 mol/l. *At 50% conversion
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A decrease in the initial concentration of trans-4-hydroxymethyl-2-carene 1 from 0.74 to 0.06
mol/L led to a decrease in the selectivity towards product 3 from 66.2 to 54.2%, respectively (Table
6). In all cases, almost complete conversion of 1 was observed after 5 h of the reaction (Table 8), the

kinetic curves are shown in Fig. S6.

Table 6. Selectivity in trans-4-hydroxymethyl-2-carene reaction with salicylic aldehyde after 5 h of de

reaction on K-10* with different initial concentration of reagents

Initial concentration Conversion of 1, Selectivity, mol. % X,
of 1, mol/L mol. % 3 4 5

0.74 97.5 66.2 9.4 6.4 0.81

0.37 93.8 66.5 7.6 6.5 0.79

0.18 97.1 64.1 5.0 6.7 0.76

0.09 96.9 54.8 3.5 7.5 0.67

0.06 99.6 54.2 1.6 9.2 0.65

Reaction conditions: 1.85 mmol of each reagent, 1.0 g of the catalyst dried 2.0 h at 105°C, temperature 25°C,

initial concentration of reagents was reduced by increasing of total volume of reaction mixture

A decrease in the X»/X; ratio with dilution of the reagents (Table 6) may indicate that
terpenoid 1 undergoes side transformations if the reaction order different from the main reaction.
Indeed, when the initial concentrations of 1 were 0.09 and 0.06 mol/L, according to GC-MS data,
3,4-dimethylcumene was formed, apparently as a result of dehydration and aromatization (Fig. S5a).

With an increase of the reaction mixture volume, a decrease in the selectivity to isobenzofurans 4 and
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an increase in selectivity to products S were also observed, which indicates the dehydration of
compounds 4 into 5 (Fig. S4b).

Thus, with a decrease in the initial concentration of 1, the contribution of monomolecular
reactions (dehydration) became more pronounced, which led to a decrease in the yield of the
bimolecular condensation product 3. Dependences of the selectivity for xanthene 3 on the conversion

of terpenoid 1 and on its initial concentrations are shown in Fig. 7.
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Fig. 7. Selectivity to xanthene 3 as a function of terpenoid 1 conversion (a) and its initial

concentration for 5 h (b, see insert), mol/l: 0.74 (1); 0.37 (2); 0.18 (3); 0.09 (4) and 0.06 (5))

A very simplistic kinetic view of the reaction mechanism implies parallel formation of
xanthene 3 and compounds 4 and 5 in bimolecular reactions, while dehydration of 1 to 3,4-
dimethylcumene is a monomolecular reaction leading to the following expression of differential

selectivity S,

S — kl—>3C1 CZ
’ k1—>3C] Cz +k1—>4C1 CZ + kl—>5Cl CZ +k1
k

G ()

1—>cumene

G

—>cumene

k1—>3 + k1—>4 + kl

=3C, +1

1—>cumene

where C, and C, are concentrations of components 1 and 2 respectively, while £; are rate constants.

At a very low concentration of the terpinoid 1 and thus the corresponding aldehyde 2 the term in the
denominator in eq. (1) containing concentration of the aldehyde is lower than unity implying an

increase of selectivity with the concentration increase. A more rigorous numerical analysis based on
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the mechanism described in the subsequent section is planned in the future to verify the kinetic

hypothesis in a more quantitative fashion.

3.2.2 Mechanistic discussion

According to the proposed mechanism of the trans-4-hydroxymethyl-2-carene 1 reaction with
salicylic aldehyde 2 (Fig. 8), the protonated form of 2 interacts with 1 at the first stage (Prins
reaction), leading to formation of the intermediate 3-A, subsequent opening of the cyclopropane ring
in which gives the cation 3-B. Cyclization of this ion with the intramolecular water transfer leads to
formation of isobenzofuran alcohols 4. However, the main pathway of the 3-B transformation
involves formation of cation 3-C, which reacting further with the nucleophile (-OH) by an
intramolecular cascade reaction gives the xanthene product 3. An alternative pathway for the 3-C
transformation is cyclization and deprotonation giving isobenzofuran products 5 as a result (Fig. 8).

A decrease in selectivity to xanthene 3 with a decrease in the initial concentration of
terpenoid 1 (Fig. 7) is due to dehydration and aromatization reaction in these conditions (Fig. 8b). In
addition, at low initial concentrations of 1, dehydration of 4 into 5 was also observed (Table 6, Fig.
S5).

The yield of xanthene 3 increased with an increase in the clays acidity (Table 3), as well as
the drying temperature (Tables 4 and S2). On strong Breonsted and Lewis acid (Amberlyst-15,
BF;3-Et2O) low selectivity to 3 was observed (Table 3). Moreover, over Amberlyst-15 3,4-
dimethylcumene was also formed (Fig. 8b). Consequently, the Prins cascade reaction is effectively
catalyzed by materials with medium acidity (ca. 100 pmol/g), in particular commercial

montmorillonites K-10 and K-30 (Table 3).
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In contrast to the cascade reaction studied in this work, during the Prins condensation of
terpenoid (-)-isopulegol with thiophene-2-carbaldehyde (Fig. S7a), selectivity to octahydro-2H-
chromen-4-ol increased with a decrease in the catalyst acidity and its drying temperature [32]. This
was explained by formation of a cyclic intermediate on weak a.s. of halloysite nanotubes with H,O
transfer from their surface to the intermediate, leading to the formation of diastereomeric alcohols
[36].

According to [33], the Prins condensation on aluminosilicate catalysts proceeds through
transition states with a partial proton transfer, which become full ion pairs only in the presence of the
strongest acids. It can be assumed that the key stage of the cascade reaction, namely the
intramolecular addition of the hydroxyl group (3-C to 3, Fig. 8), requires a larger positive charge on
the cation center than in the case of water transfer (Fig. S7a), which efficiently proceeds at weak acid
sites. Similarly, in the (-)-isopulegol reaction with acetone, the formation of an ester was observed as
a product of the addition of the second molecule of this terpenoid to the carbocation (Fig. S7b), and
the selectivity to ester increased with increasing acidity and the catalyst drying temperature [55].
Also note that the tandem Prins-Ritter reaction proceeded efficiently on stronger Breonsted acids

(SOsH-modified solids, p-toluenesulfonic acid) [29].

3.3. Cascade Prins-Friedel-Crafts reaction
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3.3.1. Influence of catalyst type and reaction conditions

Condensation of trans-4-hydroxymethyl-2-carene 1 with 3,4,5-trimethoxybenzaldehyde 6 in
the presence of the studied clays led to formation of a polycyclic compound with a fluorenofuran
structure 7 (a product of the Prins-Friedel-Crafts reaction) as well as isobenzofurans 8 as two
stereoisomers (Fig. 9). In addition, formation of a number of compounds with unidentified structure
was observed (Fig. S2b), having, according to GC-MS, the value m/z = 344 (i.e. isomers of product
7).

CHO Meo  OMe Meo ~ ©OMe
MeO O Meo’@
MeQ OMe o “ 0
OMe
AN
OH 6 Ho . ‘ Ho . H
Catalyst OH OH
8b
1 \ Ba Y,
e
8

Fig. 9. Products of the trans-4-hydroxymethyl-2-carene reaction with 3,4,5-trimethoxybenzaldehyde

At 50% conversion of terpenoid 1, selectivity towards polycyclic compound 7 in the presence
of montmorillonite K-10 (78.3%) was higher than that over illite and halloysite (Table 7). The largest
selectivity to isobenzofuran compounds 8 (10.8%) was observed for illite clay, with the compound
8b predominating in all cases (Table 7). Note that the conversion of terpenoid 1 (Xi) was higher than

that for aldehyde 6 (Xs), which indicates that 1 was involved in side transformations.

Table 7. Acidity and catalytic properties of the studied catalysts in trans-4-hydroxymethyl-2-carene reaction*

with 3,4,5-trimethoxybenzaldehyde

Acidity, To, TOF, Time, Selectivity, mol. %
Catalyst 8b/8a | Xo/X,
pmol/g mmol/(g-min) min’! min 7 8
Halloysite 52 0.22 4.2 30 73.8 7.2 14.1 0.84
Illite 63 0.08 1.2 300 57.2 10.8 2.5 0.57
K-10 104 0.40 3.9 15 78.3 59 9.3 0.91
K-30 100 0.33 33 15 78.1 6.2 9.3 0.90
BF;-Et,O** - - - 180 51,4 11.3 4.3 0.90
Amberlyst-15 - 0.30 - 10 6.7 - - 0.43
H-Beta-300 112.0 No condensation

Reaction conditions: 1.85 mmol of each reagent, 1.0 g of the catalyst dried 2.0 h at 105°C, temperature 25°C,

initial concentration of reagents was 0.37 mol/l. *At ca. 50% conversion, **1.0 eq, at 0°C and 23.4%
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conversion for 3.0 h

Both the initial consumption rate of terpenoid 1 and selectivity to the desired product 7 were
the highest on montmorillonites K-10 and K-30, which are characterized by the largest acidity among
clays (ca.100 umol/g, Table 7). The highest TOF values were observed for HNT and K-10. On the
other hand, in the presence of Amberlyst-15 and Lewis BF3-Et>O, the yield of polycyclic compound
7 did not exceed 51.4%. The reaction mixture obtained on Amberlyst-15 also contained 3,4-
dimethylcumene, which was formed as a result of dehydration and aromatization reactions of the
starting compound 1 (Fig. S5a). Over zeolite H-Beta-300, no reaction was observed (Table 7), which
may be due to its small pore size (0.76 nm according to [40]).

Note that after 5 h of the reaction, the highest conversion of terpenoid 1 (90.4%, Table S3)
was also observed in the presence of montmorillonite catalysts. At the same time, selectivity to the
products 7 and 8 practically did not depend on conversion (Fig. S8).

Proceeding from this, as in the case of the Prins cascade condensation (Fig. 5), the Prins-
Friedel-Crafts reaction is more efficiently catalyzed by mesoporous montmorillonite clays with
medium total concentrations of Bronsted and Lewis a.s. (ca.100 pmol/g). The conclusions obtained
in this work are consistent with the results of [31], which reported that mesoporous hierarchical Beta
zeolites with acidity in the range between 90 and 200 pumol/g are suitable catalysts for the one-pot
synthesis of 4-aryltetrahydropyran compounds from butyraldehyde, 3-butene-1-ol and anisole.

With an increase in the drying temperature of K-10, the initial consumption rate of trans-4-
hydroxymethyl-2-carene 1 sharply increased, being the highest after heat treatment at 150°C (Table
8). Selectivity to product 7 also increased, reaching 83.6% when the catalyst was dried at 200°C,
while the yield of isobenzofuran compounds 8 decreased to 4.3%. Under these conditions, almost
complete transformation of reagent 1 was observed (Table 8).

Based on the fact that montmorillonite possesses the highest Bronsted acidity after heat
treatment at 150°C, while the highest Lewis acidity occurs at 250 and 300°C [54], the occurrence of
Prins-Friedel-Crafts reaction is favored by relatively strong a.s. of both types arising in these

conditions of clay drying.

Table 8. Selectivity in trans-4-hydroxymethyl-2-carene reaction with 3,4,5-trimethoxybenzaldehyde on K-10
at 25°C after 5 h

K-10 drying To, Conversion of 1, Selectivity, mol. % Xe/ X1
temperature, °C | mmol/(g-min) mol. % 7 8

50 0.005 353 62.1 10.0 0.75

105 0.40 90.3 78.6 6.3 0.87
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150 0.73 97.6 82.9 4.4 0.92

200 0.71 97.8 83.6 43 0.92

350 0.61 95.6 81.1 52 0.88

Reaction conditions: 1.85 mmol of each reagent, 1.0 g of the catalyst, temperature was 25°C, initial

concentration of reagents was 0.37 mol/l

A decrease in the initial concentration of frans-4-hydroxymethyl-2-carene 1 from 0.74 to 0.06
mol/L led to an increase in the selectivity to polycyclic product 7 from 76.9 to 91.3%, respectively
(Table 9, Fig. 10). In this case, a decrease in the isobenzofurans 8 yield from 6.6 to 1.2% was also
observed. It should be noted that at low concentrations of 1 (0.06 and 0.09 mol/L), almost complete

conversion of this terpenoid was observed already after 1 h of the reaction (Fig. 11).

Table 9. Selectivity in trans-4-hydroxymethyl-2-carene reaction with 3.4,5-trimethoxybenzaldehyde after 3 h

on K-10 with the different reagents initial concentration

Initial concentration Conversion of 1, Selectivity, mol. % Xo/ Xi
of 1, mol/L mol. % 7 8
0.74 89.9 76.9 6.6 0.84
0.37 85.2 78.2 6.3 0.88
0.18 93.1 83.5 4.6 0.89
0.09 98.7 88.1 2.7 0.91
0.06 99.3 91.3 1.2 0.93
Reaction conditions: 1.85 mmol of each reagent, 1.0 g of the catalyst dried 2.0 h at 105°C, temperature
25°C, initial concentration of reagents was reduced by increasing of total volume of reaction mixture

An increase in selectivity to product 7 with a decrease in the initial concentration of 1 (Table
12, Fig. 10) may be because of monomolecular transformations of isobenzofurans 8, as well as other
formed products (Fig. S2) into this polycyclic compound, as indicated by a decrease in the yield of 8
with increasing the reaction mixture volume (Table 9). Indeed, in the presence of clay K-10,
isobenzofurans 8, as well as a mixture of unidentified products with m/z = 344, which were isolated
by column chromatography, were converted to compound 7 (Fig. S9). Based on this, an increase in

the yield of 7 upon dilution occurs by isomerization/dehydration of by-products to this substance.
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at its initial concentration, mol/l: 0.74
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It is important to note that the dependences of selectivity to polycyclic products of the Prins

(Fig.7b) and Prins-Friedel-Crafts cascade reaction (Fig. 10) on the frans-4-hydroxymethyl-2-carene 1

initial concentration had an opposite character. Thus, during condensation of 1 with salicylic

aldehyde 2 in dilute solutions (0.06 and 0.09 mol/L), a side reaction of the starting compound

dehydration/aromatization to 3,4-dimethylcumene occurred (Fig. 8b), which was not observed in the

case of its condensation with 3,4,5-trimethoxybenzaldehyde 6. This can be explained by much faster

reaction of 1 with aldehyde 6 than with reagent 2, which is clearly seen from the kinetic curves (Fig.

S6 and 11).
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3.3.2 Mechanistic discussion and DFT study

The proposed mechanism for terpenoid 1 reaction with 3,4,5-trimethoxybenzaldehyde 6 is
shown in Fig. 12. Initially, the protonated form of aldehyde reacts with the electrophilic carbon atom
in 1 (the Prins reaction) leading to formation of the intermediate 7-A, which, through the opening of
the cyclopropane ring gives the carbocation 7-B. Subsequently, this intermediate is transformed into
7-C, which interacts intramolecularly with an aromatic ring (the Friedel-Crafts reaction) to give the
desired polycyclic compound 7 (Fig. 12). In an alternative direction, 7-B undergoes cyclization with
the transfer of water to the isopropyl fragment, which leads to the formation of the isobenzofuran

compounds 8.

-H*,-H,0
CHO

MeO oMe RGHOH MeO
‘ OMe L X
“SOH 6 ““OH Prins reaction MeO
Catalyst
H*
1 R = C4H,(OMe);

Fig. 12. The mechanism of the cascade Prins-Friedel-Crafts reaction of trans-4-hydroxymethyl-2-

carene with 3,4,5-trimethoxybenzaldehyde

A more detailed evaluation of the reaction mechanism was performed using DFT
calculations. Thus, the secondary carbocation 7-A is formed from the reagents with a relatively
higher energy 59.2 kJ/mol, Fig. 13). With its further transformation through opening of the
cyclopropane ring formation of the tertiary carbocation 7-B occurs, which is stabilized because of
hyperconjugation effects. Particularly, a difference of ca. 64 kJ/mol with the carbocation 7-A led to
significant differences in terms of reactivity and stability. Similar trend was also observed when the
GAPHomo-Lumo was calculated at MP2 level of theory (Table S4). In the case of carbocation 1’-A, a
GAPHomo-Lumo of 9.51 eV was obtained while for 8-A was of 9.21 eV. It is well known that
GAPHomo-LUMO 1s intimately related with the reactivity of an organic species meaning that a smaller
value corresponds to a faster reaction [56]. Thus, the intermediate 7-A should readily convert to the

more stable cation 7-B.
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Following the pathway of 7-B, further cyclization and OH-transfer is carried out to give the
isobenzofurans 8a and 8b with a difference of 43.5 kJ/mol (Fig. 13). Conversion of carbocation 7-B
into 8a and 8b is favored because of the axial and equatorial positions of the OH groups (Fig. S10).
This leads to an increased cyclization rate that limits another reaction (e.g.: C=C formation in the
exo-tertiary carbocation) as stated previously [57]. Experimentally 8b was obtained in excess
compared to 8a (Table 7), reflecting better reactivity the equatorial position compared to the axial

approach to the possible transition state.
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Fig. 13. The DFT profile for terpenoid 1 reaction with 3,4,5-trimethoxybenzaldehyde

According to the main reaction direction (the intramolecular Friedel-Crafts reaction),
carbocation 7-C is formed from 7-B with a subsequent transformation into the polycyclic product 7
(Fig. 12). The energy for 7 is 86.4 kJ/mol lower than for 7-B (Fig. 13). Then, with a difference of
almost 63.5 and 107 kJ/mol, respectively, polycyclic compound 7 is thermodynamically favored over
both 8b and 8a isobenzofurans. These data are in complete agreement with the experimentally
observed isomerization of compounds 8 to polycyclic product 7 (Fig. S9). Note that the calculated
thermodynamic parameters for products 7 and 8a, b are in complete agreement with the values of the

initial rates of formation of these compounds (Table S5).

25



The sizes of the intermediates and the reaction products are between 1.07 and 1.35 nm (Table
S6), which is significantly lower than the pore diameter in the studied clays (5.1-10.1 nm, Table 1).
At the same time, zeolite H-Beta-300 did not exhibit catalytic activity in the reaction of 1 with the
aldehyde 6, apparently due to the small pore size (0.76 [40]). Therefore, mesoporosity of the catalyst
is one of the key factors determining its efficiency in the Prins-Friedel-Crafts reaction.

Considering that selectivity to heterocycles 7 and 8 does not practically depend on the
terpenoid 1 conversion (Fig. S8), these compounds are formed in a parallel fashion. However, with a
decrease in the initial concentrations of 1, an increase in selectivity to the polycyclic compound 7
was observed (Fig. 10) due to isomerization of by-products to this compound (Fig. S9).

Reflecting an increase of the initial consumption rate of 1 and selectivity for polycyclic
product 7 with an increase in the catalyst acidity (Table 7), as well as the drying temperature (Table
8), mesoporous montmorillonites with a total acidity of ca. 100 pumol/g after thermal treatment at
150-200°C effectively catalyzed the cascade Prins-Friedel-Crafts reaction, affording selectivity
towards the desired product 7 up to 91.3% (Table 9). Similarly, hierarchical Beta zeolites with acid
site concentrations ranging from 90 to 200 umol/g are selective catalysts for synthesis of 4-
aryltetrahydropyran compounds [31]. On the other hand, in the presence of the strong acid
Amberlyst-15, the reagent 1 was dehydrated with the formation of 3,4-dimethylcumene (Fig. S5a).

It is also important to note that when studying the classical Friedel-Crafts reaction of benzene
alkylation with benzyl chloride, it was shown that conversion of the latter and selectivity to
diphenylmethane increased with increasing acidity of metakaolin used as a catalytic system [58]. In
the present work, it was found for the first time that the yield of the product of the Prins-Friedel-
Crafts reaction significantly increases with an increase in the acidity and drying temperature of

aluminosilicate catalysts, as well as with a decrease in the initial concentration of reagents.

3.3.3 Reaction scope and catalyst reusability

The terpenoid 1 reaction with a number of substituted aldehydes was studied on clay K-10
dried at 200°C and the initial concentration of reagents equal to 0.06 mol/L.

It is known [13] that the condensation of 1 with benzaldehyde leads to formation of a
complex mixture of products, from which isobenzofurans were isolated (34%, Fig. S11). According
to the results of this work, when 3-methoxybenzaldehyde 9 was used, polycyclic products of the
Prins-Friedel-Crafts reaction 10 and 11 were formed with a total selectivity of 92.7% and 10/11
isomer ratio of 5.0 (Table 10, entry 1). Note that similar products, differing in the position of the
methoxy group, were observed upon condensation of aldehyde 9 with frans-4-phenyl-but-3-en-1-ol
[15]. Thus, the presence of an electron-donor substituent in the meta-position of benzaldehyde is a

key factor for the occurrence of this type of cascade reactions.
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An increase in the number of substituents (hydroxy and methoxy groups) in the 3,4 and 5
positions of benzaldehyde leads to formation of only one condensation product and an increase in its
yield, which in the case of syringaldehyde 16 reaches 97.0% (Table 10, entry 4). It should be noted
that selectivity of the compound 1 reaction with isovanillin to product 15 (80.9%, table 10, entry 3),
which has a high cytotoxic activity, is significantly higher than the yield (49.0%) obtained previously
[13].

Table 10. Selectivity in trans-4-hydroxymethyl-2-carene* reaction with a number of aldehydes on
montmorillonite K-10

Time, Selectivity,
Entry Aldehyde min Products mol. %
CHO o
1 Me0/© 60 H 92.7 (5:1)
3-methoxybenzaldehyde 9
CHO
2 MeO” i 60 87.7
OH
Vanillin 12
CHO
3 H 0/© 60 80.9
OMe
Isovanillin 14
CHO
OH
Syringaldehyde 16
CHO
5 Meo/<>\0|v|e 60 94.0
OMe
3,4,5-trimethoxy-
benzaldehyde 6 7
Reaction conditions: 1.85 mmol of each reagent, 1.0 g of catalyst dried 2.0 h at 200°C, temperature was
25°C, initial concentration of reagents was 0.06 mol/l. *At 99% conversion
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Thus, carrying out the cascade Prins-Friedel-Crafts reaction in the presence of
montmorillonite K-10 heat-treated at 200°C and low concentrations of reagents makes it possible to
obtain the desired polycyclic products with very high selectivity(up to 97.0%).

Although clays are cheap and non-toxic materials, a possibility of reusing montmorillonite K-
10 in trans-4-hydroxymethyl-2-carene 1 condensation with 3,4,5-trimethoxybenzaldehyde 6 has been
evaluated. For this purpose, the catalyst was separated from the reaction mixture, washed with ethyl
acetate (3 times x 7 mL x 10 min), distilled water and dried for 2 h at 105°C. Immediately before the
reaction, K-10 also was treated at 200°C for 2 h. The catalyst activity and selectivity for the
polycyclic product 7 in the second cycle of its use remained practically unchanged (Table 11). The
kinetic curves for the compound 1 conversion in the first and second reaction cycles are shown in
Fig. S12. After using the K-10 in the reaction cycle, its porous structure did not change (Table 12,

Fig. S13). At the same time, a slight decrease in the concentration of acid sites was observed.

Table 11. Selectivity in trans-4-hydroxymethyl-2-carene reaction with 3,4,5-trimethoxybenzaldehyde on

montmorillonite K-10 for 1 h

Cycle of Conversion of Selectivity, mol%
Xo/ X
utilization K-10 terpenoid 1, mol. % 7 g
1 (fresh) 99.0 94.0 1.0 0.95
2 96.0 93.0 1.1 0.95

Reaction conditions: 1.85 mmol of each reagent, 1.0 g of catalyst dried 2.0 h at 200°C, temperature 25°C,

initial concentration of reagents was 0.06 mol/l. ¥ At 99% conversion

Table 12. Physico-chemical properties of montmorillonite K-10 after use in the reaction

Porous structure Acidity,
K-10 Seet, m?/g Vpore, cm*/g Dpore, mn umol/g
Fresh 247 0.36 5.1 104.0
After reaction cycle 245 0.33 5.6 95.0

An additional study the catalyst stability showed that after 4 reaction cycles there was a slight
decrease in the conversion of compound 1 and selectivity to 7, but these values were still at a high
level (Fig. 14). Thus, commercial montmorillonite exhibits good stability in the Prins-Friedel-Crafts

cascade reaction.
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Fig. 14. Conversion of substrate 1 and selectivity to product 7 depending on reaction cycles

Conclusions

The Prins and the Prins-Friedel-Crafts cascade reactions were studied for the first time in
terpenoid trans-4-hydroxymethyl-2-carene condensation with aromatic aldehydes on mesoporous
acidic halloysite, illite, and montmorillonite clays. The investigated terpenoid was synthesized from
(+)-3-carene, one of the main components of gum turpentine. The catalysts were well characterized
by EDX, SEM, FTIR with pyridine, N2 adsorption-desorption methods.

Over the studied clays, the main products of the terpenoid reaction with salicylic aldehyde
(the Prins cascade) were the xanthene derivative, while in the case of 3,4,5-trimethoxybenzaldehyde
(the Prins-Friedel-Crafts reaction), the polycyclic compound with a tetrahydrofuran moiety was
formed. Compounds with a benzofuran core were also observed in smaller amounts.

In both reaction types, the initial rate of the starting reagent consumption and selectivity to
the desired polycyclic products increased with an increase in the clays acidity. Commercial
montmorillonites K-10 and K-30, which are characterized by a moderate concentration of acid sites
(ca. 100 umol/g), showed the highest selectivity to polycyclic compound (78%). The target products
yield also increased with an increase in the K-10 drying temperature, reaching 84% after treatment at
200°C, which indicates that the relatively strong Brensted and Lewis acid sites of clays effectively
catalyze the reactions. On the other hand, on traditional catalysts (BF3-Et2O, Amberlyst-15) the
polycycles yields did not exceed 51% due to side reactions. Acidic zeolite Beta-300 did not show any
activity due to the small pore size (0.76 nm) compared to that for molecules (1.07-1.35 nm), which
means that the mesoporosity of the catalyst is a key factor for the studied reactions.

In the Prins reaction of trans-4-hydroxymethyl-2-carene with salicylic aldehyde, the yield of

the xanthene decreased with a decrease in the initial terpenoid concentration by its partial conversion

29



to 3,4-dimethylcumene under these conditions. On the contrary, when the 3.4,5-
trimethoxybenzaldehyde was involved (the Prins-Friedel-Crafts cascade), dilution led to a significant
increase in selectivity to the polycyclic product (up to 91%) and its decrease in isobenzofurans due to
conversion into the target product.

The mechanisms of the studied reactions were discussed. It was shown by DFT calculations
that the reaction of the terpenoid along the Friedel-Crafts pathway is energetically much more
favorable than the alternative formation of isobenzofurans. The -calculated thermodynamic
parameters for products are in complete agreement with the values of the initial rates of formation of
these compounds

It was found that the presence of at least an electron-donor substituent at the m-position of
benzaldehyde is also a key factor in Prins-Friedel-Crafts reaction. The frans-4-hydroxymethyl-2-
carene reaction with a number of substituted aromatic aldehydes in dilute solutions on K-10 dried at
200°C proceeded with selectivity to the polycyclic products up to 97%. The reusability of K-10 has
also been shown. Overall, mesoporous montmorillonites with moderate Brensted and Lewis acidity

can effectively replace homogeneous catalysts for the cascade Prins/Friedel-Crafts reactions.
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