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Abstract 

Natural halloysite nanotubes (HNT) pretreated with hydrochloric acid were applied for the 

first time for selective synthesis of octahydro-2H-chromenols (as 4R- and 4S-diastereomers) using 

terpenoid (-)-isopulegol and ketones as reactants. The main attention was paid to the reaction with 

acetone, because the resulting 4R-isomer displays antiviral activity. While the drawback of the 

isopulegol Prins reaction with ketones is a low yield of chromenols, considerably higher values could 

be achieved using a halloysite catalyst under solvent-free conditions and low temperature (30°C) 

giving up to 77% overall selectivity towards chromenols. Such selectivity is associated with a low 

concentration of acid sites (45 mol/g) and presence of water in halloysite. The isolated yield of the 

acetone-derived 4R-isomer was 66%, significantly exceeding previous results. In contrast, a 

relatively low selectivity to octahydro-2H-chromenols over strong Lewis (Sc(OTf)3) and Brønsted 

(Amberlyst-15) acids was related to dehydration products formation. It was shown for the first time 

that the ether with a chromene structure is a by-product of chromenols formation, which is opposite 

to the Prins reaction of aliphatic alcohols with carbonyl compounds, where non-cyclic acetals are 

typically formed. The mechanism for the products formation on halloysite nanotubes was discussed 

and the reaction scheme was proposed. A possibility of the catalyst reuse has been also shown. 

Halloysite nanotubes can be considered as highly selective, eco-friendly, low-cost and reusable 

catalysts for solvent-free synthesis of heterocycles based on terpenoids and ketones. 

 

  



4 
 

1. Introduction 

Compounds with a 2H-chromene (benzopyran) structure have a broad spectrum of biological 

activity, including anticancer, antiviral, analgesic, fungicidal [1–3]. The benzopyran fragment is 

present in many medicines and natural compounds with a pharmacological action [2, 4, 5]. 

Therefore, synthesis and evaluation of physiological activity of chromenes is a very relevant area of 

research. 

To obtain benzopyran compounds, cyclization, condensation, addition, and other reactions are 

used different types of catalysts comprising chiral ligands, metals, acids [1–3] or catalyst free 

conditions [6, 7]. A sustainability strategy involves development of highly selective methods for 

synthesis of desired molecules using renewable raw materials, heterogeneous catalysts and mild 

reaction conditions without solvents [8, 9]. In the recent years, research on physiologically active 

chromene compounds based on natural terpenoids has been intensively developed [10–16]. It has 

been established that many substances with the chromene structure, obtained in the Prins reaction of 

terpenoid alcohols with aldehydes, possess high analgesic, antiviral, anticancer and other activity [3, 

12–16]. 

At the same time, reactions of terpenoids with ketones remain significantly less studied [11, 

17, 18]. In [17], a series of substituted octahydro-2H-chromen-4-ols III (as 4R- and 4S-

diastereomers) was obtained by the Prins reaction of natural compounds (-)-isopulegol I with 

aliphatic or cyclic ketones on H-K-10 clay (Fig. 1). It was established that 4R-isomer, synthesized 

using acetone as a reactant (yield of 43%), had a high activity against the H1N1 and H2N2 influenza 

viruses, while 4S-III did not show an antiviral effect [17]. 
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Fig. 1. A scheme of (-)-isopulegol reaction with ketones. 

 

The reaction of isopulegol with carbonyl compounds proceeds in the presence of catalysts 

(Lewis and Brønsted acids, I2, modified clays, etc.) using toluene, benzene, methylene chloride and 

cyclohexane as solvents [12–20]. A method for the synthesis of octahydro-2H-chromen-4-ols on clay 

H-K-10 without any solvent under microwave conditions was also described [11]. In a number of 

studies, methylene chloride was used followed by solvent distillation [13–17].  

It is important to note that reactions of I with ketones proceed with relatively low yields of 4R 

isomers of chromenols [11, 17, 18]. In particular, the product of (-)-isopulegol condensation with 

acetone was obtained with a yield of 43–49% over H-K-10 and I2 as catalysts [17, 18]. Chromenol 

yields decreased significantly when cyclic ketones were used as reactants [17]. Considering that 

isopulegol-derived compounds have high a pharmaceutical potential, an important task is to develop 

methods for their selective synthesis in accordance with the green chemistry principles. 

A clay mineral halloysite consists of tetrahedral Si – O and octahedral Al – O sheets that form 

multilayer nanotubes (Fig. S1) [21]. This low-cost natural nanomaterial can be used, for example, as 

a vehicle for drug delivery, an adsorbent for industrial pollution and in polymer composites [21–23]. 

However, application of HNT in heterogeneous catalysis is significantly less studied [24, 25]. 
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Recently, we have initiated investigation of halloysite nanotubes as catalysts for (-)-

isopulegol condensation with a number of aliphatic and aromatic aldehydes. Very high selectivity to 

chromenols (up to 94%) with an unprecedented 4R/4S isomers ratio (up to 14.5) was achieved at 

20°С in cyclohexane [26]. As a result of further experimental work and kinetic modelling, a dual 

mechanism of halloysite action was proposed, including the formation of an intermediate on a weak 

acid sites (a.s.), followed by transfer of water from the catalyst surface to this intermediate, which 

leads to selective formation of 4R-diastereomer [27]. 

Thie current work is devoted to investigation of isopulegol condensation with ketones in the 

presence of halloysite nanocatalyts without any solvents. The main attention is paid to such ketone as 

acetone, because the resulting 4R-isomer has a high antiviral activity. 

 

2. Experimental 

2.1. Preparation and characterization of the catalyst. 

Commercially available halloysite (Dragon Mine, USA), purchased from Sigma-Aldrich, was 

used as a starting material. 

To increase the catalytic activity of HNT, it was treated with 5% HCl according to the 

procedure described in [26]. A portion of HNT (7–10 g) was placed in a 50 ml three-necked flask, 5 

ml of an acid solution per 1 g of clay (5 ml/g) was added, heated to 90°C and stirred at this 

temperature for 3 h. Then, the solid phase was separated from the solution and washed with 

distillated water to complete absence of Cl- in the wash water (test with AgNO3), dried at 105°C for 

2 h and then kept for 72 h in air at room temperature to obtain an air-dry form of HNT. Note that the 

chlorine content in the catalyst according to XRF was below the minimum detectable concentration 

(0.1%). 

Halloysite modified by 5% HCl was previously characterized by XRD, XRF, MAS NMR, 

SEM, FTIR with pyridine and N2 adsorption methods [27]. In this work, a transmission electron 

microscope JEOL JEM-2100 was used to additional study HNT. The samples were prepared by 
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dropping and melting in the air. Commercial montmorillonite clays K-10, K-30, aluminosilicate AS-

36, as well as catalysts with strong Brønsted (Amberlyst-15 resin) and Lewis (scandium triflate) 

acidity were used for comparison. The chemical composition, parameters of the porous structure and 

acidity of the used aluminosilicates are presented in Supplementary Information (SI). 

It is important to note, that in this study HNT treatment was carried out with a rather low HCl 

solution to solid ratio (5 ml per g), whereas in [28–30] 100 ml solutions of different acids per 1 g 

halloysite were used. 

 

2.2. Reaction and analysis of products 

All reagents used were purchased from Sigma-Aldrich and had a purity of at least 98%. The 

following procedure for the reaction without any solvent was developed. To a round bottom flask, 

0.9 g (0.0057 mol) of (-)-isopulegol, the equivalent amount of ketone (2.0 eq. in the case of acetone) 

and 0.1 g of n-decane (internal standard) were added. The resulting mixture was heated to 30°C, after 

which 0.9 g of the catalyst was added followed by stirring at this temperature using a magnetic 

stirrer. Samples of the reaction mixture were periodically taken and after washing with ethyl acetate 

and catalyst separation were analyzed by GC. A Khromos GKh-1000 gas chromatograph with a 

flame ionization detector and a Zebron ZB-5 capillary column (30 mx 0.25 mm x 0.25 m) was used 

to determine the reaction mixture composition. The injector and detector temperature was 200 and 

280°C respectively. Heating of the column from 70°C to 280°C was done with the ramp of 

20°C/min, followed by the isothermal mode at 280°C. The total analysis time was from 20 to 30 min, 

depending on the ketone used. Isolation of the reaction products of isopulegol condensation with 

acetone was carried out by the column chromatography according to the procedures described in 

detail in SI. 

 

3. Results and Discussion 

3.1. Catalyst morphology and properties 
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TEM images of acid-modified halloysite showed characteristic nanoscale tubes with a layered 

structure (Fig. 2a,b). Predominantly at the nanotubes ends, nanoparticles of amorphous silica were 

observed, which were formed as a result of breaking the Si–O–Al bonds between the tetra- and 

octahedral layers followed by crosslinking the Si–OH fragments during HNT acid treatment [26, 28]. 

According to 29Si MAS NMR spectrum (Fig. 2c), after halloysite treatment with 5% HCl, 74.8% of 

Si4+ are found in the Q3 environment, typical for the layered structure of HNT, where one silicon-

oxygen tetrahedron is associated with three similar ones [26]. In this case, 15.2% of silicon atoms in 

the modified solid are contained in amorphous SiO2 (Q4). According to the SAED pattern of 

modified by 5% HCl clay (Fig. S2), the interplanar distances for the characteristic (001) and (110) 

planes are 7.2 and 4.44Å, which corresponds to the 7Å form of halloysite. 

 

 

Fig. 2. TEM image (a,b) and 29Si MAS NMR spectrum (c, modified from [26]) treated with  

5% HCl halloysite nanotubes 
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Acid treatment of halloysite led to an increase in the acid sites (a.s.) concentration on its 

surface from 34 to 45 µmol/g (Table S1). Note that Lewis a.s. prevailed in the parent and processed 

HNT. All aluminosilicate catalysts used in the present work are mesoporous (Table S2). 

 

3.2. Catalytic activity of halloysite and mechanistic discussion 

The initial halloysite showed practically no catalytic activity. Condensation of isopulegol 

with acetone in the presence of acid-treated HNT led to formation of octahydro-2H-chromenol III 

and dehydration products IV. In addition, on the GC chromatogram a peak of the unknown 

compound was observed (Fig. S3). This substance was isolated by the preparative column 

chromatography. Using 1H and 13C NMR spectroscopy, as well as X-ray diffraction analysis of the 

grown crystals of the substance, it was established that this compound is an ether (V) of 4R-isomer of 

octahydro-2H-chromenol and isopulegol (Fig. 3). Detailed procedures for isolating and establishing 

the structure of V are described in SI. 

 

 

Рис. 3. Single crystal X-ray structure of compound V (CCDC 1937996) 

 

Selectivity towards 4R- and 4S-diastereomers of chromenol III on modified halloysite 

increased with increasing isopulegol conversion (Fig. 4a), while the 4R/4S isomers ratio decreased 

(Fig. 4c). At the same time, a decrease in selectivity towards ether V was observed (Fig. 4b). Such 

dependence may indicate that this compound may be an intermediate in the octahydro-2H-
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chromenols formation. Indeed, deposition of compound V on clay H-K-10 for 3 h resulted in 

formation of isopulegol I, diastereomers of chromenol III, and the dehydration product IV (Fig. S4). 

It is important to note that non-cyclic acetals [31–33] are intermediate products in the 

classical Prins reaction of aliphatic alcohols with carbonyl compounds to tetrahydropyrans, even if 

the products can be generated in another route directly from the reagents (Fig. S5). In the present 

work, it was shown for the first time that in the case of cyclic alcohol isopulegol, the intermediate 

product was ester V, rather than an acetal. 

 

 

Fig. 4. Selectivity to products of isopulegol condensation with acetone (a, b) and 4R/4S isomers ratio 

(c) as a function of substrate conversion over dried at 150°C halloysite 

 

According to [27, 34], formation of by-products IV occurs both directly from the reagents and 

by dehydration of 4R-isomer of thiophenyl-substituted chromenol III. In the present case, when the 

acetone-derived 4R-isomer was deposited on halloysite, its selective (96.0%) dehydration was 

observed (Fig. S6). At the same time, in the reaction of isopulegol with acetone, there was a slight 
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decrease in selectivity to chromenes IV with an increase in the isopulegol conversion (Fig. 4b), 

which suggests that hydration of IV leading to III also takes place. 

Based on the dependence of products selectivity on isopulegol conversion (Fig. 4), as well as 

catalytic transformations of the individual compounds V (Fig. S4) and 4R-III conversion (Fig. S6), a 

scheme for the chromenols III formation is proposed, suggesting participation of ether V in the 

reaction f as an intermediate (Fig. 5a). 

 

 

Fig. 5. A scheme of the reaction mechanism for the Prins addition of isopulegol to acetone. 

  

Selectivity to 4R- and 4S-diastereomers decreased with an increase in the temperature of 

halloysite drying, whereas the highest 4R/4S ratio (10.3) observed over air-dry HNT (Table 1). A 

sharp decrease in the 4R-III yield with a concomitant increase of the mass loss, i.e. through 

dehydration of HNT (Table 1) may indicate a key role of water in its formation. 
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Table 1. The products of (-)-isopulegola reaction with acetone on halloysite treated with 5% HCl  

Temperature of 

HNT dryingb,°C 

Weight loss 

of HNT,% 

Reaction 

time, min 

Selectivity, mol. % 
4R/4S 

III 4R-III 4S-III IV V 

20 (air-dry) - 2280 78.8 71.8 7.0 10.3 10.9 10.3 

50 2.0 30 77.1 68.7 8.4 12.9 10.0 8.2 

105 4.2 15 70.3 62.5 7.8 15.7 14.0 8.0 

150 5.1 10 65.0 57.9 7.1 18.9 16.1 8.2 

200 9.0 10 64.0 57.0 7.0 18.6 17.4 8.1 

350 9.4 15 57.9 51.9 6.0 18.9 23.2 8.7 
aAt 50% conversion; bDrying was done immediately before the reaction 

 

As shown in [27], the mechanism of halloysite action in the reaction of isopulegol with 

aldehydes involves formation of an intermediate with the chromene structure, and a subsequent 

transfer to it of water from the catalyst surface, leading to the 4R-isomer. Similarly, condensation of 

isopulegol with acetone on air-dry halloysite can occur through the intermediate cation III-A, which 

interactions with H2O lead to selective production of 4R-III (Fig. 5b). 

An increase in the drying temperature of HNT leads to an increase in selectivity for V (Table 

1), which can be explained by an increase in the rate of addition of reagent I to III-A on a partially 

dehydrated surface (Fig. 5c). Formation of exclusively 4R-isomer of V may indicate the reaction of 

isopulegol and ion III-A adsorbed on HNT in a specific coordination as shown in Fig. 5c. 

It is important to note that formation of ester V, uncharacteristic for the classical Prins 

reaction with aliphatic alcohols (Fig. S5), is an evidence that cyclic carbocation III-A is involved in 

the reaction of isopulegol with carbonyl compounds (Fig. S7).  

An increase in the HNT drying temperature leads to an increase in selectivity to V (Table 1), 

which can be explained by a higher addition rate of the substrate I to III-A on a partially dehydrated 

surface (Fig. 5c).  

It is known [35] that interactions of water on the surface of clay minerals with Lewis a.s. (L, 

mainly Al3+) lead to appearance of Brønsted acidity ([L(H2O)x]
z+=[L(ОН)(H2O)x-1]

z+-1+H+). At the 

same time, the strength of these sites decreases with an increase of cations hydration [35]. 

Considering that the highest yield of 4R-III is observed in the presence of air-dry halloysite, selective 
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formation of this isomer occurs in the presence of weak Brønsted acid sites. These results are 

completely consistent with those reported for isopulegol reaction with aldehydes [26, 27]. 

It was established that the rate constant of isopulegol reaction with thiophene-2-carbaldehyde 

in cyclohexane increased linearly with increasing catalyst acidity [27]. On the contrary, in the case of 

isopulegol condensation with ketones, the initial reaction rate of substrate consumption on HNT was 

significantly higher than on montmorillonite clays K-10 and K-30 with a larger a.s. concentration 

(Table 2), which may be a reason of partial deactivation of these catalysts. 

 

Table 2. Selectivity in isopulegola reaction with acetone over different catalysts  

Catalystb 
Acidityc, 

mol/g,  

r0, 

mmol/(g·

min) 

Reaction 

time, 

min 

Selectivity, mol. % 

4R/4S 
III 4R-III 4S-III IV V 

HNT 45 0.11 30 77.1 68.7 8.4 12.9 9.8 8.2 

K-10 104 0.03 180 75.3 66.9 8.4 15.3 9.4 8.0 

K-30 100 0.015 360 76.9 68.8 8.1 12.9 10.2 8.5 

AS-36 153 0.009 360 68.7 59.1 9.6 18.6 12.7 6.2 

Amberlyst-15d - 2.3 3 67.0 62.4 4.6 31.7 0.5 13.6 

Sc(OTf)3
e - - - 16.2 15.5 0.7 79.1 1.2 22.1 

aAt ca. 50% conversion; bDried at 50°C for 2 h immediately before the reaction; cData from [27]; 

dTotal capacity ≥ 1.7 mol/l; eConversion was 70% for 2 h in CH2Cl2. 

 

The selectivity of isopulegol reaction with acetone towards chromenol III and the 4R/4S ratio 

practically did not depend on the catalysts acidity for HNT, K-10 and K-30 (Table 2). A decrease in 

the chromenols yield, as well as 4R/4S, and an increase in the dehydration products IV selectivity 

was observed only on AS-36 with a larger acid sites concentration (Table 2). Over strong Brønsted 

(Amberlyst-15) and Lewis (Sc(OTf)3) acids, the yield of both 4R- and 4S- isomers was lower than on 

clays, and significant amount of compounds IV were present in the reaction mixture, although the 

4R/4S ratio was much higher (Table 2). In [27], it was found that a high yield of dehydration 

products on Amberlyst-15 was associated with their direct formation from the reactants. 

After 6 h of the reaction, conversion of isopulegol on HNT was significantly higher (88.2%) 

than on K-10, K-30 and AS-36 catalysts (Table 3). Since selectivity to chromenols increases with 
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isopulegol conversion, a somewhat higher selectivity to the target product was observed on 

halloysite. Thus, selectivity towards the 4R-stereoisomer was 70.3% with its isolated yield of 66% 

(Table 3). It was significantly higher than over H-K-10 without a solvent (43%) and with I2 in 

methylene chloride (49%) [17, 18]. 

 

Table 3. Selectivity in isopulegol reaction with acetone after 6 h 

Catalysta 
Isopulegol 

conversion, mol. % 

Selectivity, mol. % 
4R/4S 

III 4R-III 4S-III IV V 

HNT 88.2 78.7 70.3b 8.4 12.6 8.5 8.4 

K-10 70.4 76.0 67.7 8.3 14.5 9.3 8.2 

K-30 49.2 76.9 68.8 8.1 12.9 10.2 8.5 

AS-36 48.6 68.7 59.1 9.6 18.6 12.7 6.2 
aDried at 50°C for 2 h immediately before reaction; bIsolated yield was 66% 

 

 

A kinetic model, which is an extension of the previously reported one for the Prins reaction of 

isopulegol with thiophene-2-carbaldehyde [27], was also applied in the current work for the 

condensation reaction with acetone. In the reaction network given in Fig. 5 two routes were proposed 

for formation of 4R-III and 4S-III compounds (i.e. direct from III-A and through compound V 

respectively). Dehydration of 4R-III and 4S-III was supposed to occur along with a direct 

transformation of III). The following equations for the reactions rates (per catalyst mass) were used 

for kinetic modelling work: 

2

1 1 /iso acetoner k c c D ; 2

2 2 /III isor k c c D ; 
3 3 /R R IIIr k c D ;

3 3 /S S IIIr k c D ; 
4 4 /IIIr k c D ; 

5 5 /R R Vr k c D ;
5 5 /S S Vr k c D ; 

6 6 /Vr k c D ; 
7 7 4 /R R R IIIr k c D ;

7 7 4 /S S S IIIr k c D ; 
8 8 /R R IVr k c D ;

8 8 /S S IVr k c D ;        (1) 

where isoc , acetonec , 4Rc , etc. are the concentration of isopulegol, acetone, 4R-diastereomer, 

respectively.  
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The denominator D contains concentration of adsorbed species and their respective adsorption 

constants. Preliminary calculations demonstrated that the denominator is close to unity that such 

adsorption terms could be neglected.  

The mass balances for the components are 

1 2 5 5( )iso
L R S

dn
V r r r r

dt
     ; 1 2 3 3 4( )III

L R S

dn
V r r r r r

dt
     ; 4

3 5 7 8( )R
L R R R R

dn
V r r r r

dt
    ;

4
3 5 7 8( )S

L S S S S

dn
V r r r r

dt
    ; 4 6 7 7 8 8( )IV

L R S R S

dn
V r r r r r r

dt
      ;

2 5 5 6( )V
L R S

dn
V r r r r

dt
     (2) 

where ni are the molar amounts, and VL is the liquid volume in the reactor. 

A system of ordinary differential equations was solved with the backward difference method as a 

subtask to the parameter estimation with the Levenberg-Marquardt and/or Simplex method with the 

software ModEst [36]. Preliminary estimation indicated that the system is over-parameterized and at 

least from the mathematical viewpoint contain additional parameters, which can be excluded from 

numerical data fitting. In particular the reaction network in Fig. 5 contains three routes for formation 

of component IV, i.e. directly from IIIA, dehydration of 4R-III and 4S-III or by splitting compound 

V. Description of experimental data was almost the same for several options, for example by setting 

r6=0 and estimating other constants or in addition to r6=0 assuming that r8R=r8S=0. Finally, by 

assuming that r6=r7S= r7R= r8R=r8S=0 an adequate description of experimental data was obtained 

(Figure 6) with the degree of explanation equal to 97.86%. The estimated parameters are listed in 

Table 4. 

 

Table 4. Estimated values of kinetic parameters  

Parameter Units Value 

k1 min-1 mmol-1  30 

k2 min-1 mmol-1 1.43 104 
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k3R min-1 285 

k3S min-1  37 

k4 min-1 75 

k5R min-1  2.45 10-2 

k5S min-1 0.1 10-6 

 

 

Fig.6. Concentration dependencies in Prins condensation of isopulegol with acetone over over dried 

at 150°C halloysite halloysite 

 

Given that the physiological activity of octahydro-2H-chromenols may depend on the 

carbonyl reactant [3], to explore the reaction scope isopulegol condensation with some aliphatic and 

cyclic ketones was studied using halloysite treated by 5% HCl as the catalyst. 

Selectivity towards chromenol III in isopulegol reaction with 3-pentanone (Table 5, entry 2) 

was lower than with acetone (Table 5, entry 1). However, the yield of product III in the presence of 

HNT (47.8%) was significantly higher than over H-K-10 clay (28%) [17]. 
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Table 5. Selectivity in isopulegol reaction with different ketones in the presence of halloysite treated 

with 5% HCl at 50% conversion 

Entry Ketone 
r0, 

mmol/(g·min) 

Time,  

min 

Selectivity, mol. % 
4R/4S 

III IV 

1 
 

0.11 30 77.1 12.9 8.4 

2 
 

0.05 360 47.8 34.3 7.9 

3 
 

0.10 30 69.3 17.5 15.9 

4 

 

0.71 5 68.3 19.6 9.8 

5 

 

0.03 420 45.0 45.5 -a 

a4S-isomer was not identified [17] 

 

According to [17], condensation of isopulegol with cyclic ketones over H-K-10 gave low 

yields of octahydro-2H-chromenols (17–30%). Under microwave irradiation conditions on the same 

catalyst, selectivity of the Prins condensation of isopulegol with cyclohexanone was significantly 

larger (68%) [11]. In the presence of halloysite high selectivity towards chromenol (about 70%) was 

observed in the case of cyclopentanone and cyclohexanone as reagents (Table 5, entries 3 and 4 ). 

For cycloheptanone selectivity to the product III decreased to 45% (Table 5, entry 5), being 

significantly higher than on H-K-10 (17%) [17]. Note that a decrease in the octahydro-2H-chromenol 

yield with an increase in the number of carbon atoms ketones may be due to steric difficulties 

hindering interactions of intermediate III-A with water on the halloysite surface, which led to 

formation of products IV. 

 

3.3. Filtration test and catalyst recycling  

To confirm that condensation of isopulegol with ketones in the presence of HNT is a 

heterogeneous catalytic reaction, a filtration test was carried out. After 15 min of the reaction when 

the substrate conversion was 33%, a part of the reaction mixture was removed, the catalyst was 

separated in a centrifuge, followed by pouring the filtrate into an Eppendorf tube where it was kept at 

30°C. According to GC conversion of isopulegol was 84.2% on halloysite after 5 h, whereas after 
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filtration of the catalyst no further reaction was observed (Fig. 7). This clearly indicates that the 

reaction takes place only on the catalyst surface. 

 

 

Fig. 7. Filtration test for the reaction of isopulegol with acetone on halloysite. 

 

After 5 h of the reaction in the presence of HNT, the reaction mixture was washed 3 times 

with ethyl acetate (5 ml x 10 min) and filtered. After drying, the catalyst was reused in the reaction of 

isopulegol with acetone. Conversion of the substrate I after the second cycle was 81.4%, i.e. there 

was practically no decrease in catalyst activity. These results are similar to those for the condensation 

of isopulegol with aldehydes, where after 3 cycles a decrease in conversion was insignificant, and the 

concentration of acid sites, specific surface area and morphology remained almost unchanged [27]. 

 

Conclusions 

In the present work, natural halloysite nanotubes (HNT) treated with HCl were applied for the 

first time for selective synthesis of octahydro-2H-chromenols through the Prins reaction of terpenoid 

isopulegol with ketones. Montmorillonite clays K-10, K-30, aluminosilicate AS-36, strong Brønsted 

(Amberlyst-15 resin) and Lewis (Sc(OTf)3) acids were used for comparison. In addition to the 

previously described characterization of halloysite by MAS NMR, FTIR with pyridine, XRF and N2-

adsorption methods, TEM and SAED technique were performed. 
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Solvent-free reactions under mild (30°C) conditions on halloysite nanocatalyst provided the 

overall chromenol selectivity up to 77%, which is significantly higher than on H-K-10 and I2 using 

methylene chloride. It is shown that a very high selectivity (70.3%) to the acetone-derived 4R-isomer 

with an antiviral activity can be explained by low catalyst acidity (45 µmol/g) and the presence of 

water in HNT. A mechanism for the octahydro-2H-chromenols formation similar to the one for 

aldehydes was discussed, involving the transfer of H2O from the HNT surface to the cyclic 

intermediate. A relatively low selectivity to chromenols on strong Lewis and Brønsted acids was 

related to formation of dehydration products. 

It was shown for the first time that formation of octahydro-2H-chromenol can occur both 

directly from the reactants and through the ether with a chromene structure, which differs from the 

Prins cyclization of aliphatic alcohols with carbonyl compounds, where the non-cyclic acetals are 

formed. Selectivity to ether increased with increasing the halloysite surface dehydration. A reaction 

scheme for the condensation of isopulegol with ketones has been proposed. A possibility of catalyst 

reuse has been shown. 

Halloysite nanotubes can be thus considered as a novel type of highly selective, eco-friendly 

low-cost and reusable catalysts for production of chromenols with a high pharmaceutical potential. 

Considering that a significant amount of physiologically active compounds was synthesized from 

renewable terpenes, halloysite nanotubes have a significant potential as catalysts for a highly 

selective green synthesis of such molecules. 
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