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Abstract
Condensation of (−)-isopulegol with acetone was investigated at 25–40 °C over clay 
based materials (K10, cloisite  Na+ and halloysite nanotubes) modified with sulfonic 
acid groups by one-pot sulfonation with chlorosulfonic acid or via organosilylation 
with 2-(4-chlrosulfonylphenyl)-ethyltrimethoxysilane. The target product was the 
R diastereomer of dimethyl-substituted octahydro-2H-chromen-4-ol with exhibits 
antiviral activity. The catalysts were characterized by a range of physico-chemical 
methods. The effect of the initial isopulegol concentrations on the yield of ketone-
derived chromenols and the R/S isomers ratio was studied for the first time. The best 
catalyst was a highly acidic, large pore K10-clay modified by sulfonic acid. Varying 
the initial concentration of the reagents allows to find a balance between dehydra-
tion by-products and a side etherification reaction. A high yield (73%) of the desired 
chromenols was reached using 0.52 mol/l initial (−)-isopulegol concentration after 
240  min at 87% substrate conversion and reaction temperature 25  °C. The yield 
exceeded that of other previously reported in the open literature catalysts.
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Introduction

Currently, the synthesis of pharmaceuticals starting from abundant naturally occur-
ring compounds (i.e. terpenes) using heterogeneous catalysts is very interesting 
being an environmentally friendly and potentially a cheaper process than alterna-
tives with an easy catalyst reuse and recycling. One important reaction in this con-
text is the Prins cyclization of aldehydes or ketones with alkenes [1–15]. Typically, 
Prins cyclization is performed by reacting a homoallylic alcohol and carbonyl com-
pounds over acidic catalysts to produce tetrahydropyrans.

The Prins reaction of (−)-isopulegol with aldehydes has been already inves-
tigated in several publications [1–6, 8–10, 12–15] in the presence of acid cata-
lysts giving octahydro-2H-chromen-4-ol (as 4R and 4S diastereoisomers) and 
its dehydration products. The yield of chromenols and the 4R/4S isomer ratio 
depends on the structure of the aldehyde and the catalyst used. The 4R diastereoi-
somer of chromenol obtained by condensation of (−)-isopulegol with thiophene-
2-carbaldehyde has a pronounced prolonged (14  h) analgesic effect superior to 
diclofenac used for comparison [9]. Another interesting reaction is (−)-isopulegol 
condensation with acetone (Fig.  1), because the 4R isomer of chromenol 212 

Fig. 1  Reaction scheme for Prins cyclization of (−)-isopulegol with acetone over sulfonated clays
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exhibits antiviral properties against H1N1 and H2N2 influenza [7]. At the same 
time, the 4S diastereomer practically did not show any anti-virus effect [7].

Although the condensation of isopulegol with aldehydes has been well studied, 
much less attention has been paid to ketones utilization for the synthesis of chrome-
nols [7, 11]. In [11], iodine was used as a homogeneous catalyst in this reaction 
in dichloromethane as a solvent. When applying a heterogeneous K10 clay per 
se as a catalyst, the total yield of chromenols was 21% with the R/S ratio of 9:1 
after 1 h at room temperature [7]. In addition an acid modified K10 clay gave 57% 
yield of chromenol with R/S ratio of only 3:1 in 2.5 h at room temperature. Very 
recently, halloysite nanotubes (HNT) pretreated with HCl were applied for synthe-
sis of ketones-derived chromenols [16], which in the case of acetone made it pos-
sible to increase of the chromenols yield to 78% with the R/S ratio equal to 8.4. The 
result was explained by presence of weak acid sites in HNT. Formation of the target 
chromenols occurs through addition of water to the cyclic intermediate. In paral-
lel to this, interactions of the intermediate with isopulegol lead to stereoselective 
formation of an ester of chromene, which after hydrolysis gives chromenols [16]. 
However, such parameters as the reaction temperature, the concentration of reagents 
that may affect the yield of the target product have not been studied.

Considering that the sulfonated clay based solids with different acidity demon-
strated high selectivity in the condensation of isopulegol with benzaldehyde [15], 
their study for synthesis of acetone-derived chromenol with approved antiviral 
activity is an actual task. Herein, sulfonic acid-functionalized K-10 and cloisite 
 Na+ (CLOI) clay and halloysite nanotubes (HNT) from natural montmorillonites 
were used as solid acid catalysts for condensation of (−)-isopulegol with acetone.

Experimental

Catalyst synthesis and characterization

Sulfonic acid functionalized clays were prepared either by direct sulfona-
tion with chlorosulfonic acid (CSA) or by one-pot organosilylation with 
2-(4-chlorosulfonylphenyl)-ethyltrimethoxysilane (CSP), as efficient and econom-
ically sustainable methodologies to prepare sulfonic acid solid catalysts (Fig. S1) 
according to previous publications [15, 17, 18] and also presented in supporting 
information (SI).

The catalysts were also extensively characterized as reported in the previous 
publications [15, 17, 18]. The following methods were used: determination of 
acidity via potentiometric titration and pyridine adsorption–desorption by FTIR, 
specific surface area and pore sizes by nitrogen adsorption, sulfur content on the 
catalyst surface by XPS and total sulfur content via elemental analysis. In addi-
tion, the crystallographic structure was studied by XRD while morphology and 
texture were evaluated by TEM and SEM/EDS. In addition, the surface groups 
were analyzed with FTIR (see more details in SI, Fig. S2).
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Experimental setup

The Prins cyclization of (−)-isopulegol (Sigma Aldrich, 98.9%) was performed 
in a batch reactor equipped with a reflux cooler. Prior to experiments the catalyst 
(50 mg) was dried overnight at 110 °C. The catalyst was added into a three-necked 
glass reactor and the reactor was flushed with argon (AGA, 99.999%) during 10 min 
under intensive stirring (390  rpm) to remove moisture. Thereafter (−)-isopulegol 
in 25 ml of acetone (VWR Chemicals, 100%, as reactant and solvent) was added 
into the reactor. When the desired temperature was reached, the reaction was started 
by turning on the motor stirrer. The stirring speed of 375  rpm was used together 
with small catalyst particles in order to suppress external and internal mass transfer 
limitations. Samples were taken periodically and analyzed by a gas chromatograph 
(HP 6890) equipped with HP-5 column (length 30 m, diameter 0.32 mm, film thick-
ness 0.5 µm) using the following temperature programme: 100 °C (5 min)–10 °C/
min–280 °C (thereafter 10 min holding time). Such a program made it possible to 
completely separate all products. (Fig. S3). The reactant and chromenols as well as 
dehydration products were calibrated using the standards prepared of Novosibirsk 
Institute of Organic Chemistry. Standards were synthesized according to the proce-
dure described in [7] using of K10 clay. The products were confirmed by GC–MS 
(Agilent Technologies 6890 N).

Stability of R- and S-chromenols was investigated using the Forcite, Conformers 
and DMol3 modules in Materials Studio 2019 software [19, 20]. The most stable 
conformers were optimized by density functional theory with B3LYP hybrid func-
tional [21–24]. The Grimme method in DMol3 SEDC module was implemented for 
DFT-D (dispersion) correction [25]. Dielectric coefficient of acetone, 20.7 was used 
with Conductorlike Screening Model (COSMO) [26].

Results and discussion

Catalyst characterization results

Catalyst characterization results have been recently reported in [15], in which Prins 
cyclization was performed with (−)-isopulegol and benzaldehyde. The most impor-
tant catalyst properties, such as specific surface area, pore sizes, elementary analysis 
and XPS results for sulfur as well as acidities are shown in Tables 1 and 2. These 
results revealed that the highest specific surface area for sulfur modified catalyst was 
observed for K10 clay organosilylated with 2-(4-chlorosulfonylphenyl)-ethyltrimeth-
oxysilane and noted as K10-CSP, followed by K10 clay sulfonated with chlorosul-
fonic acid and denoted as K10-CSA. Noteworthy is also the pore sizes for K10-CSA 
and HNT-CSP which were much higher than for other catalysts.

The sulfur content on the catalyst surface determined by XPS (Table  1) 
was the highest for K10-CSA, followed by sulfur modified HNT cata-
lysts. The lowest sulfur content on the catalyst surface was observed for 
K10-CSP. The concentration of Brønsted acid sites, which is an impor-
tant parameter for the studied reaction [15, 16], decreased as follows: 
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K10-CSA > CLOI-CSP > K10-CSP > HNT-CSA > HNT-CSP (Table  2) and 
the ratio Brønsted acid/Lewis acid as follows: K10-CSA (only Brønsted acid 
sites) > HNT-CSP > HNT-CSA > CLOI-CSP > CLOI-CSA > K10-CSP. The acid 
sites concentration determined by potentiometric titration was also the highest 
for K10-CSA.

Table 1  Textural properties, chemical composition by elemental analysis and sulfur surface content by 
XPS [15]

a Vpore = Vtotal (p/p0 = 0.99),  Vmicro ~ 0
b Pore size
c Values from [27]

Material SBET  (m2/g) Vpore
a  (cm3/g) dporeb (nm) Elemental Analy-

sis (mmol/g)
XPS (mmol/g)

C S S

K10 239c – – 0.07 – –
K10-CSA 38 0.162 8.9 0.15 1.42 1.81
K10-CSP 155 0.245 3.7 9.73 1.21 0.50
CLOI 720c – 0.15 – –
CLOI-CSA 13 0.03 3.6 0.15 1.05 0.90
CLOI-CSP 5 0.049 3.6 10.06 1.31 0.59
HNT 65c – – 0.04 – –
HNT-CSA 7 0.057 3.6 0.15 0.84 1.15
HNT-CSP 10 0.075 12.0 6.48 0.83 1.25

Table 2  Acidity of different 
catalysts determined by 
potentiometric titration and 
pyridine adsorption [15]

BAS brønsted acid sites, LAS lewis acid sites
a By potentiometric titration
b Pyridine adsorption by FTIR

Material Acidity
(mmol  H+/gcat)a

BASb 
(µmol/
gcat)

LASb 
(µmol/
gcat)

BAS/LAS

K10 0.22 n.d n.d –
K10-CSA 5.84 294 0 –
K10-CSP 0.80 102 78 1.3
CLOI 0.03 n.d n.d –
CLOI-CSA 1.78 140 66 2.1
CLOI-CSP 0.88 161 45 3.6
HNT 0.05 n.d n.d –
HNT-CSA 2.23 71 15 4.7
HNT-CSP 0.82 27 5 5.4
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Catalytic results

Effect of structure and surface acidity of clay catalyst: comparison of K10‑CSA 
and CLOI‑CSA catalysts

Preliminary experiments were performed using the most acidic K10-CSA in the 
Prins cyclization of (−)-isopulegol with acetone at 30 °C using initial (−)-isopulegol 
concentration of 0.013  mol/l and 50  mg catalyst (Table  3, entry 1). The reaction 
exhibited a very high rate under these conditions giving after 30 min complete con-
version of (−)-isopulegol. This highly acidic K10-CSA resulted in relatively low 
R/S ratio, which also decreased with increasing conversion from 4.3 to 3.3. When 
comparing this result with the data for the Prins cyclization of (−)-isopulegol with 
benzaldehyde [15], performed with the same catalyst under the same conditions, 
it can be stated that in the latter case (−)-isopulegol converted already after 1 min 
during heating the reactor subsequently (−)-isopulegol reaction with benzaldehyde 
was faster than with acetone, as expected, since a keto group in acetone is less reac-
tive than a primary carbonyl group in benzaldehyde. The corresponding R/S ratio 
decreased in (−)-isopulegol with benzaldehyde reaction analogously with increas-
ing conversion from 3.6 to 3.2 indicating that while this catalyst was active, it was, 
however, not very selective, when using a low initial reactant concentration. The 
chromenol yield with K10-CSA using 0.013 mol/l initial (−)-isopulegol concentra-
tion at 30 °C was in the current case 83%, being higher than the one reported in [7]. 
Since the above mentioned conditions resulted in too high conversion, it was appro-
priate to study the Prins cyclization of (−)-isopulegol with acetone over different 
catalysts using higher substrate concentrations.

A comparative study of K10-CSA, K10-CSP, CLOI-CSP and CLOI-CSA cata-
lysts was performed at 25  °C using the initial concentration of (−)-isopulegol of 
0.52 mol/l (Table 3, entries 4, 8 and 10). CLOI-CSP with an intermediate concentra-
tion of Brønsted acid sites was also not active, most probably due to its low content 
surface sulfonic groups (Table 1) [15]. The initial rate and conversion for K10-CSA 
were much higher than those for CLOI-CSA (Table 3, Fig. 2a), which can be related 
to higher acidity. CLOI-CSA exhibited a low initial reaction rate because of its low 
acid site concentration (Table  2). In addition, CLOI-CSA catalyst has also rather 
small pores, 3.6  nm, which are much smaller than those of K10-CSA (Table  1). 
When taking into account formation of products with a relatively large size, espe-
cially at a high initial (−)-isopulegol concentration (Table 3), catalyst deactivation 
by pore blocking is not surprising. On the other hand, CLOI-CSA exhibited high 
activity and a high R/S ratio in benzaldehyde cyclization with (−)-isopulegol [15].

The selectivity to the desired chromenols was higher for K10-CSA catalysts 
than for CLOI-CSA (Fig. 2b). For CLOI-CSA with a very low acid site concentra-
tion giving a low reaction rate, the chromenol selectivity was maximally about ca. 
50% and approximately the same selectivity was obtained for dehydration products 
(Table 3).

The R/S ratio of the reaction products is a very important parameter, because bio-
logical activity of R is much higher than of the S diastereomer [7]. This ratio was 
the highest among the studied catalysts for K10-CSA when using 0.65 mol/l initial 
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(−)-isopulegol concentration (Fig. S5a). CLOI-CSA gave the lowest R/S ratio due to 
its low amount of Brønsted acid site concentration. In Prins cyclization of (−)-isop-
ulegol with benzaldehyde [15], the highest R/S ratio was obtained with mild Brøn-
sted and Lewis acidic catalysts, while the opposite is valid in the current case.

When plotting concentration of dehydration products as a function of the con-
centration of chromenols (Fig. S5b) in the Prins cyclisation of (−)-isopulegol with 
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Fig. 2  a Conversion of (−)-isopulegol, b selectivity to chromenols, as a function of conversion in Prins 
cyclization of (−)-isopulegol with acetone at 25  °C. Symbols: 0.52  mol/l (−)-isopulegol, K10-CSA 
(filled circle) and 0.52 mol/l (−)-isopulegol, CLOI-CSA (filled triangle). Catalyst amount was 50 mg
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acetone over different catalysts, it can be clearly seen that K10-CSA is a better cata-
lyst for producing chromenols in comparison to CLOI-CSA and the ratio between 
the rates for formation of dehydration products to chromenols decreased for these 
catalysts in the following order: 2.1 (CLOI-CSA) > 0.12 (K10-CSA).

Other products formed over K10-CSA at 25 °C with 0.52 mol/l initial (−)-isop-
ulegol concentration were dehydration products (3–5 in Fig.  1) and ether (6 in 
Fig.  1), which were confirmed by GC–MS (Fig. S4). The kinetic analysis of the 
results is presented below.

It can be concluded that K10 clay is a better support for the Prins cyclization of 
(−)-isopulegol with acetone due to better accessibility of organic molecules to its 
pores. Furthermore, strongly acidic K10-CSA exhibited much higher rate and con-
version in comparison to CLOI-CSA.

Comparison of K10‑X and HNT‑X systems: effect of structure and surface acidity

A comparative study of K10-CSA, K10-CSP, HNT-CSA and HNT-CSP for Prins 
cyclization was performed at 25 °C using 0.52 mol/l initial (−)-isopulegol concen-
tration. The initial reaction rate calculated as moles of converted (−)-isopulegol 
between 1 and 30 min per mass of catalysts increased for K10-CSA being 3.6 fold 
of that obtained with K10-CSP when increasing the initial (−)-isopulegol concentra-
tion (Table 3, entry 4 and 8). The high activity of K10-CSA is due to its high acidity. 
On the other hand, no conversion was obtained with halloysite nanotubes modified 
with CSA and CSP, i.e. HNT-CSP, HNT-CSA, which exhibit a low concentration 
of Brønsted acid sites and thus were not active in the Prins cyclization of (−)-isop-
ulegol with a ketone, acetone, which has a steric hindrance and a lower reactivity in 
comparison to benzaldehyde [15].

One reason for a lower catalyst activity of K10-CSP was formation of isopulegol 
ether of chromenol at a high initial (−)-isopulegol concentration in cyclization of 
(−)-isopulegol with benzaldehyde [15]. This product exhibiting a size of 1.1  nm, 
being close to the interlamellar space between the fibre bundles in K10-CSP of only 
1–2 nm, probably blocks an access of reactants to the active sites [15]. A similar 
explanation of the decreased rate after prolonged reaction times in the current study 
with K10-CSP can be also suggested.

The yield of the target product on K10-CSA (73%) was much higher than that 
obtained with K10-CSP (23%). In addition, the yield of chromenols over K10-
CSA was higher than that obtained earlier [16] on the strongly acidic (1.7 mmol/l) 
Amberlyst-15 resin (62%). It can be concluded that K10-CSA has an adequate 
amount of Brønsted acid centers, which is sufficient for high selectivity to acetone-
derived chromenol. Note that according to work [16], in the case of isopulegol con-
densation with acetone at 30 °C without any solvent, weakly acid halloysite nano-
tubes (45 µmol/g) allowed 77% selectivity for the sum of R and S isomers. K10-CSP 
produced also more dehydration products in comparison to K10-CSA (Table  3, 
entries 4 and 8), most probably due to the slow rate of reaction. Thus, it can be 
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stated that clay structure has a major role determining the product distribution in 
Prins cyclization.

Catalytic properties of K10‑materials

Effect of initial (−)‑isopulegol concentration for K10‑CSA catalyst

The effect of the initial (−)-isopulegol concentration was investigated for K10-CSA 
catalyst at three different concentrations (Fig. 3a, Table 3). The results show that the 
initial rate increased by a factor 2.3 when the initial (−)-isopulegol concentration 
was increased fivefold. The overall conversion after 4 h decreased.

Chromenol selectivity over K10-CSA catalyst decreased only slightly with 
increasing initial (−)-isopulegol concentration at 25  °C (Fig.  3b, Table  3, entries 
3–5). On the other hand, the R/S ratio was the lowest when using the lowest initial 
(−)-isopulegol concentration (Fig. S6a). When comparing selectivity to dehydration 
products and the ether at the same conversion level (70%) it can be seen (Table 3, 
entries 3–5) that selectivity to dehydration products was not much affected by differ-
ent initial (−)-isopulegol concentrations. It is also interesting to investigate kinetics 
for formation of chromenols and dehydration products via plotting the concentration 
of dehydration products as a function of chromenol concentration (Fig. S6b). The 
results revealed that these products are formed in the parallel fashion for the initial 
(−)-isopulegol concentrations between 0.013 and 0.52 mol/l with the rate ratio for 
dehydration to chromenols of 0.17, while at a higher initial (−)-isopulegol concen-
tration formation of the dehydration product is more prominent.

Etherification reaction was, as expected, more prominent at a high initial 
(−)-isopulegol concentration (Table 3, entry 4 and 5). An even larger value of selec-
tivity to the ether (14%) was observed in the previous work [16] over acid-treated 
halloysite without any solvent i.e. using a more concentrated substrate. According 
to the reaction network, proposed in [16], the ether is an intermediate product and is 
formed as a result of acetone reaction two isopulegol molecules. The reaction order 
in this reaction pathway exceeds that for the direct formation of chromenols from the 
reactants. The current data on the increase in ether selectivity with increasing initial 
isopulegol concentration are in line with the reaction scheme described in [16].

Concentration profiles for all products in the Prins cyclization of (−)-isopulegol 
over the best catalyst, K10-CSA at 0.52 mol/l initial (−)-isopulegol concentration at 
25 °C are shown in Fig. 4 illustrating formation of chromenols, dehydration prod-
ucts and (−)-isopulegol ether of chromenol. Overall the performance of this catalyst 
was very good and the effect of initial (−)-isopulegol concentration is summarized 
in Fig.  5. The reaction mechanism involves protonation of acetone similar to the 
reaction mechanism reported for aldehydes [14] followed by addition of the proto-
nated ketone to (−)-isopulegol forming chromenol. In the consecutive step chrome-
nol can be dehydrated to chromenes (as shown in Figs. 1 and 5) over strong Brøn-
sted acid sites. In addition, isopulegol ether of chromenol (as a single R isomer) was 
formed in the current work over Brønsted acidic sites. Thus, varying the initial con-
centration of the reagents allows to find a balance between formation of dehydration 
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by-products while decreasing the R/S ratio (lower concentration of the substrate) and 
the formation of ether.
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Fig. 3  Comparison of the effect of the initial isopulegol (IP) concentration on the performance of K10-
CSA. a Conversion as a function of time and b selectivity to chromenols as a function of conversion in 
Prins cyclization with acetone using 50 mg K10-CSA catalyst. Symbols: (filled rectangle) 0.013 mol/l, 
(filled circle) 0.52 mol/l and (filled triangle) 0.65 mol/l (−)-isopulegol at 25 °C
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The best result over K10-CSA was obtained using 0.52 mol/l initial (−)-isop-
ulegol concentration, the substrate conversion was 87% after 240 min over K10-
CSA with the main products were chromenols with the yield of 73% and the yield 
of R-chromenol was 53%. The second largest compounds are dehydration prod-
ucts while formation of the ether was not that high (Table 3). Note that selectivity 
to the desired R-chromenol was slightly higher than that using a weakly acidic 
halloysite nanotubes (69%) [16].

In order to elucidate the reason for a high R/S ratio for K10-CSA catalyst, sta-
bility of different products was analyzed by quantum chemical calculations. The 
results revealed (Fig. S7, Table S1) that the S diastereomer of chromenol exhibited 
only a slightly higher Gibbs free energy in comparison to the R diastereomer. This 
small difference alone cannot explain a high ratio of R/S. This result indicates that 
the adsorption mode of molecules on the catalyst surface (as described in [14]) and 
kinetics leading to different stereomers have thus a major impact on R/S ratio, and 
not thermodynamics. An insignificant difference in Gibbs energies between the R 
ether formed as compared with the hypothetical S ether (Table  S1) can indicate 
steric difficulties in the formation of the latter on the catalyst surface.

Effect of reaction temperature and initial (−)‑isopulegol concentration for K10‑CSP 
catalyst

The effect of the reaction temperature was investigated with K10-CSP catalyst 
using two different initial (−)-isopulegol concentrations (Table 3, entries 6–9). The 
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Fig. 4  Concentration of (filled rectangle) (−)-isopulegol, (filled circle) R-chromenol, (open circle) 
S-crhomenol, (filled triangle) dehydration products and (asterisk) isopulegol chromenol ether formed in 
Prins cyclization of (−)-isopulegol with acetone over K10-CSA at 25 °C using 0.52 mol/l (−)-isopulegol 
in acetone
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results show that although the initial reaction rate was very high at 25 °C, at 40 °C 
an induction period was observed and the reaction rate started to increase only after 
a prolonged reaction time (ca. 30 min) (Fig. 6a). In order to further investigate the 
reason for this phenomenon, in particular strong adsorption of the reactant, only 
(−)-isopulegol was added into the reactor with the same catalyst using an inert sol-
vent, hexane. The results showed that (−)-isopulegol concentration remained con-
stant showing that it was not strongly adsorbed on this catalyst. An explanation of 
the induction period can be adsorption of the products at 40 °C when using a low 
initial (−)-isopulegol concentration. Interestingly, such induction period was absent 
at 40 °C with a higher (0.52 mol/l) initial (−)-isopulegol concentration.

Selectivity to chromenols decreased from 63 to 40% over K10-CSP catalyst at 
0.013  mol/l initial (−)-isopulegol concentration (Fig.  S6b), when increasing the 
temperature from 25 °C to 40 °C. At the same time the R/S ratio was only slightly 
decreased (Fig. S8a) indicating the R-diastereomer reacted further.

Fig. 5  Pathways of isopulegol condensation with acetone
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The concentration of the dehydration products plotted as a function of the con-
centration of chromenols for K10-CSP (Fig. S8b, Table  3, entries 6–9) shows 
much higher concentrations of dehydration products are formed at 40 °C. The ratio 
between the initial rates for formation of these products is 1.33 and 0.4 at 40  °C 
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Fig. 6  Effect of temperature and initial (−)-isopulegol concentration on a conversion and selectivity to 
chromenols as a function of chromenols in Prins cyclization over K10-CSP catalyst at 25 °C (triangle) 
and 40 °C (circle) using 0.013 mol/l (solid symbol) and 0.52 mol/l (open symbol) initial (−)-isopulegol 
concentration
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and at 25 °C, respectively. It is important to note that when significantly lower ini-
tial concentrations of isopulegol (0.013 mol/l) were used, selectivity to dehydration 
products was higher over K10-CSP (Table 3, entry 7), and the R/S ratio was lower 
than in concentrated solutions. This may indicate an increase of the ratio between 
the rate of monomolecular dehydration of chromenols and chromenols formation, 
which obviously has a large molecularity [12]. In addition, dehydration products can 
also be formed directly from substrates [16]. Note that in the case of low initial con-
centrations, ether was not observed (Table 3, entry 6, 7).

Stability of K10‑CSA catalyst

For the best catalyst, K10-CSA, a filtrate test was performed as follows: the reaction 
was started in the presence of catalyst, which was filtrated away at 9 min and the 
reaction in the absence of catalyst was continued after 30 min in the reactor under 
stirring. The results showed that sulfur was not leached into the liquid phase elimi-
nating a possible homogeneous reaction (Fig.  7), because (−)-isopulegol was not 
reacting further in the absence of a catalyst.

Reaction mechanism

A plausible mechanism for the Prins cyclization of (−)-isopulegol with acetone 
has been proposed in Fig. 1. The carbonyl group of acetone is first protonated and 
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Fig. 7  Filtration test using K10-CSA in Prins cyclization of (−)-isopulegol with acetone at 25 °C using 
0.65  mol/l initial (−)-isopulegol concentration. Symbols: (filled rectangle) reaction in the presence of 
catalyst, (filled triangle) filtration of the catalyst and (open rectangle) reaction in the absence of a catalyst
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attacked by the hydroxyl group of (−)-isopulegol. The subsequent proton transfer 
and removal of water leads to the oxocarbenium ion 1. This is followed by an attack 
of the carbon–carbon double bond to the oxacarbenium ion 1 forming the tetrahy-
dropyranyl tertiary carbocation 2. The nucleophiles (water or (−)-isopulegol) pre-
sented in the reaction medium can attack the tertiary carbocation 2 to give products 
with a molecular mass of 212 g/mol (denoted as 4). Elimination of a proton from the 
carbocation 2 leads to formation of olefins (3–5). Moreover, dehydration of chrome-
nols 212 may take place to produce the same olefins 3–5.

Conclusions

Prins condensation of (−)-isopulegol with acetone as a reactant and a solvent was 
investigated over sulfonated K10, cloisite  Na+ and halloysite nanotubes based on 
montmorillonite natural clays. The reaction was performed in the temperature range 
of 25–40 °C giving R-diastereomer of chromenol as the main and desired product. 
The initial (−)-isopulegol concentration was varied in the range of 0.013–0.65 mol/l. 
Halloysite nanotubes were inactive in this reaction due to their mild acidity. The 
reaction rate after prolonged times decreased especially for organosilylated cloisite 
clay which has a rather narrow interlamellar space between fibre bundles and exhib-
ited also a rather mild acidity. One potential explanation is formation of a large isop-
ulegol ether of chromenol at a high initial (−)-isopulegol concentration blocking an 
access of the reactants.

The best results were obtained with a highly acidic sulfonic acid modified K10 
clay giving high activity and high selectivity (78–88%) to chromenol at a 78–100% 
conversion of (−)-isopulegol. High activity of this catalyst can be ascribed to high 
acidity and a large pore size.

It was established that the R/S ratio of isomers increased, and the selectivity to 
the dehydration products decreased with increasing initial concentration of isop-
ulegol. The highest yield of chromenols was 73% obtained over K10 clay sulfonated 
with chlorosulfonic acid using 0.52 mol/l initial (−)-isopulegol concentration at 87% 
substrate conversion after 240 min. Sulfonic acid modified K10 clay did not show 
any leaching of sulfonic groups. Thus, this material is promising for use as a catalyst 
for the selective synthesis of ketone-based chromenols.
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