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A number of SO3H-functionalized solids (biochar, montmorillonites, carbon and halloysite nanotubes) has been
studied as catalysts in the cascade Prins-Ritter reaction of (-)-isopulegol with benzaldehyde and acetonitrile for
synthesis of octahydro-2H-chromene amides (as 4R- and 4S-isomers). A high selectivity to these products at 30 °C
in the presence of H,O was observed on catalysts modified with chlorosulfonic acid (CSA) reaching 84% (4R/4S
of 5.7) in the case of biochar, while a relatively large amount of octahydro-2H-chromenols (up to 31%), products
of Prins condensation, was formed on the materials functionalized by 2-(4-chlorosulfonylphenyl)ethyl-
trimethoxysilane (CSP). Although Prins condensation proceeds efficiently on weak acid sites, the Prins-Ritter
reaction requires sulfated materials with strong (0.33 — 5.8 mmol/g) Brgnsted acidity. Catalysts functionalized
by CSP were stable, while for the materials modified with chlorosulfonic acid, leaching of -SOsH groups was
observed. Nonetheless, on resistant Biochar-CSP, selectivity to the amides at 30 °C (67%) was higher than that
with the commercial Amberlyst-15 (47%), and triflic acid at — 25 °C (62%). Similar selectivity to the desired
products on Biochar-CSA (-SO3H groups) and H2SO4 (81-84%) as well as on Biochar-CSP (-PhSO3H) and with p-
toluenesulfonic acid (67-70%) was observed. DFT calculations and experimental results showed that at 30 °C
formation of 4S-amide thermodynamically is more beneficial than of alcohols and dehydration products.
However, addition of water results in a sharp increase in the reaction rate and 4R-amide selectivity due to a
change to the kinetic control, leading eventually to both high yields and stereoselectivity. The proposed reaction
pathways also were confirmed by kinetic modelling.

1. Introduction

The amide moiety is present in various functional molecules, for
example bioactivecompounds, clinically approved drugs, DNA damage
probes, precursors of liquid crystal polymers, etc. [1-3]. An effective
method of amide synthesis is the Ritter reaction, which involves in-
teractions of alcohols or alkenes with nitriles in the presence of acid
catalysts [2,4]. Utilization of this reaction in the tandem (cascade)
fashion is under intensive development making it possible to realize
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formation of several chemical bonds in one reactor space without
separating intermediates [2,4-6].

When unsaturated alcohols, aldehydes and nitriles in the presence of
catalysts undergo a tandem three-component Prins-Ritter reaction,
products with a 4-amidotetrahydropyran fragment are formed as illus-
trated in Fig. 1 [2,7,8]. It is well-known from the literature that such
compounds can exhibit a wide spectrum of biological activity [2,9-11].

To carry out the Prins-Ritter reaction, homogeneous catalysts are
usually used, in particular, BF3-Et20 [7,11-13], HBF4-Et20 [14], TfOH
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[8,15], TMSOTf [16], Bi(OTf)3 [17], o-benzenedisulfonimide [18], B
(CeFs5)3 [19], Ce(SO4)2 [20] or some binary systems such as
CeCls-7 HoO/AcCl [21], Ir/AcCl [22] and TMSOT{/TfOH [23]. Synthe-
sis is most often performed at temperatures ranging from — 50-0 °C [8,
14,15,19,23] in an excess of the corresponding nitrile (both as a solvent
and a reagent) [8,13,14,17,22] or in methylene chloride [8,14,23]. It
should be noted that the results of these studies are presented mainly in
the context of synthetic organic or medicinal chemistry without
considering the effect of the catalyst either homogeneous or
heterogeneous.

One of the topical areas of green chemistry is the use of renewable
raw materials in cascade transformations for the efficient synthesis of
chemical products [24]. In this context, the natural terpenoid (-)-iso-
pulegol is a suitable chiral platform for the synthesis of a wide range of
biologically active compounds [25], which, in particular, exhibit high
analgesic [26] and antiviral [27] activity. It has recently been shown,
that (-)-isopulegol derivatives with an octahydro-2H-chromene struc-
ture containing the amide fragments are potent inhibitors of the TDP1
enzyme being promising in the complex anticancer therapy [28].
Moreover, several amides derived from terpenoids exhibit high anti-
tumor [29,30], antiviral [31,32], antioxidant [33] and other bio-
activities [31].

According to a literature report [8], synthesis of isopulegol-derived
4-amidotetrahydropyran compounds can be carried out in the pres-
ence of 2-3 equivalents of triflic acid (TfOH) in the temperature range
from — 50 to — 25 °C, because under ambient conditions a multicom-
ponent mixture is formed. Considering that octahydro-2H-chromene
amides can have a significant pharmaceutical potential, development of
active and selective heterogeneous catalysts exhibiting high yields and
able to operate at ambient conditions is highly desirable.

Aluminosilicates (in particular, montmorillonite and halloysite) [34,
35], as well as carbon [36] materials, are a promising basis for such
novel catalytic systems due to their availability, possibility of func-
tionalization, and, what is important in the context of medicinal
chemistry, low toxicity [34-36].

Until recently, heterogeneous catalysts for the tandem Prins-Ritter
reaction have not been reported [37], although it is known that modi-
fied clays [15,38,39], halloysite nanotubes [40,41], hierarchical zeolites
[42,43], Csa.5Ho.sPW12040 [44] are efficient catalytic systems for the
Prins [15,38,40,41,44] and Prins-Friedel-Crafts [39,42-44] reactions.

One of the methods for acid functionalization of solid materials is
grafting of -SOsH groups on their surfaces, allowing preparation of
efficient catalysts for various reactions [45,46], in particular, ether-
ification [47], isomerization [48], condensation [38], etc. Therefore, the
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materials containing such groups may be promising for acid-catalyzed
cascade reactions.

In the previous work [37], the authors have studied for the first time
SOsH-functionalized materials, including carbon nanotubes and K10
clay, as catalysts for the Prins-Ritter reaction involving (-)-isopulegol
(Fig. 1b) under mild (30 °C) conditions. A strong effect of water on
selectivity was reported, namely addition of water not only sharply in-
creases the overall selectivity to 4-amido-octahydro-2H-chromene, but
also the yield of the 4R-stereoisomer, while the 4S-isomer formation is
dominated at the minimum amount of added water (Fig. S1, Supple-
mentary Information). Experimental data and DFT calculations clearly
indicated the kinetic control for 4R-amide formation, whereas 4S-amide
is formed as a result of the thermodynamic control.

In the preliminary communication, [37] there was no detailed in-
formation on the effect of the type and properties of the material used or
the impact of functionalization and reaction conditions on selectivity
and activity as well as on the leaching of functional groups.

To fill these clear voids, this work is, therefore, devoted to a detailed
study of a number of aluminosilicates and carbon materials functional-
ized with -SOsH groups in the Prins-Ritter reaction involving (-)-iso-
pulegol (Fig. 1b), covering variations of reaction conditions, DFT
calculations, kinetic modelling, and leaching testing. The main attention
was paid to the biochar as the support, because it is an affordable
biomass waste processing product, in this particular case it was obtained
from Portuguese vineyard pruning waste [47]. For better understanding
of the reaction, a number of homogeneous Brgnsted acids were used and
the reaction scope was also examined.

Thus, the main goals of the current work were (i) to develop efficient
catalytic procedures for the Prins-Ritter reaction under ambient condi-
tions, (ii) to establish the effect of various catalysts, methods of their
modification, and reaction conditions on the yields of the target prod-
ucts, and finally (iii) to elucidate the reaction mechanism and various
reaction pathways.

2. Experimental
2.1. Materials and reagents

All reagents and materials were purchased from commercial sup-
pliers and used without any additional chemical treatment unless
otherwise stated. For preparation of the biochar, the waste from the
pruning of vineyards of the Vitis vinifera Tinta Roriz variety (from the
Quinta Dos Carvalhais farm, Dao region, Portugal) was used. Before
utilization, these wastes were dried for 24 h at 50 °C and crushed to the
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Fig. 1. Examples of the Prins-Ritter tandem reaction involving aliphatic (a) and terpene (b) unsaturated alcohols.



A.Yu. Sidorenko et al.

size between 100 and 200 um.

2.2. Preparation, functionalization and characterization of catalysts

Biochar was produced by hydrothermal carbonization of biomass
using a high-pressure batch reactor of Parr Instrument Co. For this
purpose, 40 g of the vineyard pruning waste and 400 mL of deionized
water were placed in a 500 mL vessel, heated with continuous stirring to
250 °C (autogenous pressure of 45-50 bar), and treated for 50 min
under these conditions. The solid phase was removed from the reactor,
dried at 100 °C overnight and then activated CO5 at 800 °C for 30 min in
flow which is a typical procedure for pore enlargement [47].

The prepared biochar (BioC) was functionalized with chlorosulfonic
acid (i), 2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane (ii), and
H2S04 (iii) according to the procedures described in [47]:

(i). In a 50 mL round-bottom flask 30 mL of CHClg, 1.0 g of BioC
were added, then 1.0 mL of CISOsH (CSA) (>98%, Fluka) was poured
dropwise with vigorous stirring and the treatment was carried out at
65 °C for 2 h. The functionalized material (designated as BioC-CSA) was
separated from the liquid phase on a filter, washed with CHCl3, meth-
anol and dried at 100 °C for 24 h.

(ii). A portion of biochar (2.0 g) was dispersed in 100 mL of anhy-
drous toluene, then 1.84 mL (7.8 mmol, 50% solution in CH5Cl5) of 2-(4-
chlorosulfonylphenyl)ethyltrimethoxysilane (CSP) (from ABCR GmbH)
was added to the resulting suspension with stirring and functionaliza-
tion was carried out for 24 h at 110 °C in an inert atmosphere. Then, the
resulting material (BioC-CSP) was separated by centrifugation, washed
with 100 mL of toluene, filtered and dried (100 °C, 24 h).

(iii). In a 50 mL round-bottom flask 1.0 g of biochar and 20 mL of
95.0% sulfuric acid (95%, VWR Chemicals) were placed with constant
stirring at 80 °C for 6.0 h. The final product (BioC-H2SO4) was separated
from the liquid phase, washed with distilled water until pH > 6, and
dried at 100 °C for 24 h.

Commercial montmorillonites K10 (Acros Organics), Na-CLOI
(Southern Clay) and halloysite nanotubes (HNT, Sigma-Aldrich) were
functionalized with chlorosulfonic acid and 2-(4-chlorosulfonylphenyl)
ethyltrimethoxysilane according to procedures similar to those
described above, however, in the case of CSA, the treatment was carried
out at room temperature [38]. Carbon nanotubes (CNT, Nanocyl S.A.,
>95% purity) were oxidized with 7.0 M HNOg3 at 80°C for 3 h (ox-CNT)
and then treated with a solution of CSP (CNT-CSP) in dry toluene ac-
cording to the procedure described in [37].

Functionalization of carbon and aluminosilicate materials is sche-
matically illustrated in Fig. 2. The resulting catalysts were characterized
in detail by several physico-chemical methods including XRD, EA, XPS,
TG, N2 adsorption-desorption, SEM and FTIR as described in [37,38,45].
Acidity of the samples was determined by the potentiometric back
titration [38,47] and FTIR spectroscopy using pyridine as a probe
molecule in the case of clays [38]. The latter method was applied in the
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present study to evaluate the concentration of acid sites (a.s.) in the
catalysts before and after the reaction. Detailed descriptions of the
catalyst characterization procedures are given in SI.

2.3. Reaction and products analysis

A typical experiment was performed as follows according to the
previous work [37]. To a three-necked flask 50 mL 0.1 g (0.65 mmol) of
(-)-isopulegol (>98%, Sigma-Aldrich), 0.32 g (3.0 mmol) of benzalde-
hyde, 0.31 g (17.3 mmol) of distilled water and 0.1 g of undecane (the
internal standard, 99%, Merck) were added. Acetonitrile (99.9%, extra
dry, Acros Organics) was used both as a solvent and a reagent; the total
volume of the mixture was 20 mL. After heating to 30 °C, 0.1 g of the
catalyst (dried for 2 h at 110 °C, particle size <100 pm) was added to the
reactor and stirring was started using a magnetic stirrer (300 rpm) to
avoid both internal and external mass transfer limitations [37,39,41].
Samples of the reaction mixture (150 pL) were periodically taken for
analysis. Altogether six samples were withdrawn from the mixture. The
reaction has also been studied at temperatures from 15° to 35°C and an
initial concentration of isopulegol from 0.013 to 0.13 mol/L. The
equations for calculating the initial consumption rate of (-)-isopulegol,
its conversion and selectivity are given in the SI.

In the case of using homogeneous catalysts (1.0 eq), the reaction was
carried out in a round bottom flask (50 mL) at 25 °C for 3 h, thereafter
the mixture was evaporated on a rotary evaporator and neutralized with
the saturated sodium bicarbonate solution (10 mL), which was followed
by extraction of the reaction products with ethyl acetate (10 mL).

The reaction mixture was analyzed by gas chromatography using a
Khromos GC-1000 chromatograph with a Zebron ZB-5 capillary column
(30 m x 0.25 mmx0.25 um) and a flame ionization detector. The tem-
perature of the evaporator and detector were 250 and 280 °C, respec-
tively. The column heating from 110° to 280°C was realized at a
ramping rate of 20 °C/min, followed by the isothermal mode. The total
analysis time was 25 min. A typical chromatogram of the reaction
products is shown in Fig. S2.

2.4. DFT calculations

The optimization of the structures was performed at the DFT level
using the hybrid functional of the electronic density B3LYP (considering
computational costs, accuracy and coverage of the result, as it was re-
ported previously) with the 6-311 + +g(d,p) basis set [49]. All
computational runs were carried out in the Gaussian09 program.
Typical DFT methods fails to describe the Van der Waals interactions
which are of non-local forces. To improve this deficiency, the empirical
dispersion correction of Grimme (D3) was considered during both
optimization and frequencies calculations [50].

The minimal structures were verified with the frequency values (only
one positive value) and confirmed by calculating the second derivatives
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Fig. 2. Schematic illustration of the studied materials functionalization with chlorosulfonic acid (CSA), 2-(4-chlorosulfonylphenyl)ethyltrimethoxysilane (CSP), and

H,SO4 (Biochar only).
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of the energy, which confirm of the nature of the stationary point. Sol-
vation effects (acetonitrile) were included and computed at the same
level of theory on the optimized structures by using the conductor-like
polarizable continuum model (CPCM) implemented in the Gaus-
sianG09 package [51]. 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. The initial reference
(AG=0.0) was taken as the sum of isopulegol, benzaldehyde, acetonitrile
and the homogeneous catalyst (H2SO4 or p-TSA).

3. Results and discussion
3.1. Physico-chemical properties of SOsH-functionalized materials

The investigated solids were thoroughly characterized in the recent
works [37,38,40,47], and their main physico-chemical properties are
summarized in Table 1. Functionalization of aluminosilicate and carbon
materials with chlorosulfonic acid (CSA) and 2-(4-chlor-
osulfonylphenyl)ethyltrimethoxysilane (CSP) led to a significant
decrease in their specific surface area (Sprr) and the pore volume (Vpore),
while acidity of these materials increased as expected, being the largest
for K10-CSA. At the same time, an increase in the concentration of
Brgnsted acid sites was predominantly observed. Note that relatively
high Sggr values were observed for the initial and modified biochar
samples (Table 1).

The presence of sulfur in the functionalized materials was clearly
confirmed by EA and XPS analyses (Table 1). Images of scanning elec-
tron microscopy (SEM) of the parent and functionalized biochars are
shown in Fig. 3, while those for aluminosilicates were given in [38].
When the parent biochar is compared with those modified by both acids,
some rugosity with irregular shapes could be observed in addition to
open sheets with non-uniform cavities. The acid treatment seems to
destroy the geometrical open sheets giving new cavities. In the same
way, some crystals are visible when BioC is modified with CSA. It ap-
pears that CPS treatment has a larger impact compared with CSA.

3.2. Catalytic activity

3.2.1. Influence of the type and properties of SOsH-functionalized material
The Prins-Ritter reaction was studied in the presence of 17.3 mmol of
added water, since this amount provided both the largest selectivity to
the target amides and the highest 4R/4S isomers ratio [37].
In the presence of the initial aluminosilicate and carbon materials
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(K10, CLOIL, HNT, BioC), the reaction of (-)-isopulegol 1 with benzal-
dehyde 2 and acetonitrile did not proceed. After their functionalization
with SOgH-groups, the formation of amides of octahydro-2H-chromene
3 (4R- and 4S-diastereomers), as well as octahydro-2H-chromen-4-ols 4
and dehydration compounds 5 was observed (Fig. 4, Table 2). However,
after 4 h of the reaction on CLOI-CSP, HNT-CSA, and BioC-H5SOj4,
conversion of (-)-isopulegol 1 did not exceed ca. 18% (Table 2).

When using CSA-functionalized materials, formation of amides 3
(the Prins-Ritter reaction products) was more pronounced than in the
case of solids, modified by CSP, reaching 83.8% with the 4R/4S isomers
ratio of 5.7 on BioC-CSA (Table 2, entry 7). Note that selectivity over this
catalyst was almost identical to the values obtained for carbon nano-
tubes modified with chlorosulfonic acid [37] (Table 2, entry 11). Thus,
the type and morphology of the starting carbons do not affect their
catalytic behavior.

On the other hand, although the total yield of amides 3 on clay (K10,
CLOI) and carbon (BioC and CNT) materials, modified with chlor-
osulfonic acid was comparable (76.2-83.8%, Table 2), the stereo-
selectivity (i.e. 4R/4S ratio) obtained in the case of aluminosilicates did
not exceed 2.4 while on BioC it reached 5.7 (Table 2). For example, the
selectivity to 4R-amide on BioC-CSA (71.3%) was significantly higher
than in the case of K10-CSA (51.2%).

This can originate from the acid nature of the materials, as on the
surfaces of aluminosilicates K10, CLOI, and HNT both Brgnsted and
Lewis a.s. are present, whereas the carbon materials are practically not
acidic (Table 1). As noted above, these parent solids do not exhibit
catalytic activity per se. However, it is known that coordination of Lewis
a.s. with acids, in particular sulfonic ones, increases their strength [53],
which may lead to changes in stereoselectivity for amides 3.

In the presence of CSP-modified catalyst (i.e. containing -PhSOsH
groups), selectivity to amides 3 did not exceed 73.5% with a rather low
(not more than 2.5) value of 4R/4S ratio, while a relatively large amount
of alcohols (up to ca. 31% on HNT-CSP) was formed (Table 2). More-
over, the Prins reaction of (-)-isopulegol with benzaldehyde on K10 and
CLOI functionalized with the same reagent, exhibited a very high
selectivity (up to 95%) to chromenols 4 [38].

It is important to note that although halloysite nanotubes and com-
mercial montmorillonite K10 per se with weak to moderate acidity were
active in the Prins condensation [40], the efficient catalysis of the
Prins-Ritter reaction requires much stronger -SOsH groups on clay and
carbon materials surface (0.33-5.84 mmol H' /g, Table 1).

Although acidity of K10-CSA is significantly higher (5.84 mmol H'/
g) than for other investigated materials (Table 1), the initial rates of

Table 1
Physico-chemical properties of the materials.
Material SBET, Vyores dpores Elemental analysis, XPS, Acidity
m?/ g cm®/ g nm mmol/g (Wt%) mmol/g
C S S Hf Brgnsted,® Lewis,®
mmol/g pmol/g pmol/g
K10* 247° 0.36" 5.1° 0.07 0 0 0.22 48° 56"
K10-CSA? 38 0.162 8.9 0.15 1.42 1.81 5.84 294 0
K10-CSP? 155 0.245 3.7 9.73 1.21 0.50 0.8 102 78
CLOI* 720° - - 0.15 0 0 0.03 - -
CLOI-CSA? 13 0.03 3.6 0.15 1.05 0.90 1.78 140 66
CLOI-CSP? 5 0.05 3.6 10.06 1.31 0.59 0.88 161 45
HNT® 60° 0.22° 15.7° 0.04 0 0 0.05 13° 21°
HNT-CSA? 7 0.06 3.6 0.15 0.84 1.15 2.23 71 15
HNT-CSP? 10 0.08 12.0 6.48 0.83 1.25 0.82 27 5
ox-CNT¢ 249 0.62 - (80.4) ) 0 0.05 - -
CNT-CSP¢ 181 0.47 - (70.3) (0.45) 0.15 0.4 - -
BioC® 562 0.305 - (80.4) 0) - 0 - -
BioC-CSA® 129 0.09 - (69.4) (1.78) - 0.332 - -
BioC-CSP® 113 0.06 - (59.0) (4.95) - 0.983 - -
BioC-H»S04 559 0.29 - (77.1) (0.86) - 0.178 - -

The data from: #[38]; °[40]; ¢[52]; ¢[37] and ¢[47]

Measured by ‘potentiometric titration, and by SFTIR with pyridine as a probe molecule
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Fig. 3. SEM images of the BioC parent (a) and modified by CSA (b) and CSP (c).
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Fig. 4. Products of (-)-isopulegol reaction with benzaldehyde and acetonitrile over investigated catalysts.

(-)-isopulegol consumption (rp) for this sample and some other catalysts Prins-Ritter initial reaction rate on acidity could be seen. The kinetic
(BioC-CSA/CSP, CNT-CSP) were comparable (Table 2). Moreover, a curves for (-)-isopulegol conversion are shown in Fig. 5.

similar value of the initial reaction rate ry was observed for a highly On the other hand, the largest rate for (-)-isopulegol condensation
acidic commercial resin Amberlyst-15 bearing total capacity exceeding with benzaldehyde was observed over K10-CSA exhibiting the highest
1.7 mol/L (Table 2, entry 12). Thus, no apparent dependence for the acidity [38]. Complete conversion of this monoterpenoid also occurred
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Table 2
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Initial rates for (-)-isopulegol consumption and selectivity at 50% (-)-isopulegol conversion over studied heterogeneous catalysts.

Entry Catalyst To Time Selectivity, %
mmol/g-min Amides 3 Chromenols 4 Dehydration products 5
Total 4R-3 4S8-3 4R/4S Total 4R/4S

1 K10-CSA 0.12 60 76.2 ¢ 51.2 25.0 2.0 18.8 3.9 4.6
2 K10-CsP 0.05 120 73.5 47.5 26.0 1.8 22.6 3.9 3.7
3 CLOI-CSA 0.04 240 81.8 57.7 24.1 2.4 15.8 3.6 2.1
4> CLOI-CSP - 240 68.3 40.7 27.5 1.5 25.6 3.9 5.1
5¢ HNT-CSA 240 74.2 41.5 32.7 1.3 22.7 4.0 2.4
6 HNT-CSP 0.03 120 56.8 40.7 16.1 2.5 30.8 35 12.2
7 BioC-CSA 0.12 60 83.8 71.3 12.5 5.7 13.3 2.5 2.7
8 BioC-CSP 0.10 60 67.4 47.6 19.8 2.4 24.3 3.8 8.0
od BioC-H5S04 - 240 78.4 60.7 17.7 3.4 15.3 4.3 31
10 CNT-CSP 0.11 60 68.7 53.4 15.3 3.5 21.5 3.4 9.5
11°¢ CNT-CSA 0.09 60 82.7 69.1 13.6 5.1 15.2 3.4 2.1
12¢ Amberlyst-15 0.11 60 47.4 34.8 12.6 2.8 35.0 41 16.7

Reaction conditions: 0.65 mmol of (-)-isopulegol, 3.0 mmol of benzaldehyde, 0.1 g of dry catalyst, 17.3 mmol of added H20, anhydrous acetonitrile was used both as a
reactant and solvent, total volume of the reaction mixture 20 mL, temperature 30 °C.
%The initial reaction rates are calculated as changes in the initial concentration of isopulegol at time zero and after 15 min (mmol/L), divided by the reaction time

(15 min) and catalyst mass (g).
Achieved conversion for 240 min:
18.3%; ©15.4%; and 99%

®Data from [37]

fValues of selectivity reported with the decimal precision are average values of at least 2-3 experiments
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Fig. 5. Conversion of (-)-isopulegol as a function of the reaction time on SO3H-
functionalized catalysts.

on CLOI-CSP and HNT-CSA that were practically inactive in the current
study (Table 2, entry 4, 5). Interestingly, for the Prins cyclization of
isoprenol with isovaleraldehyde, a clear correlation between r, and
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acidity of aluminosilicates was found [54].

In summary, the parent clays (montmorillonite, halloysite, cloisite)
with a relatively low concentration of Brgnsted and Lewis a.s. (up to
100 pmol/g, Table 1) are not active in the Prins-Ritter reaction. Subse-
quently materials containing more acidic SOsH-groups are required.
High selectivity to the target amides (ca. 76-84%) was demonstrated by
CSA-treated catalysts (-SOsH fragments), while on modified by CSP
solids (-PhSO3H moieties), a relatively large amount of the Prins reac-
tion byproducts (up to 43.0%) was formed. The largest selectivity to 4-
amido-octahydro-2H-chromenes 3 (ca. 84%) was observed when using a
non-acidic starting material, biochar, modified with chlorosulfonic acid
which provided acidity of 0.33 mmol H'/g.

Over studied catalysts, selectivity to amides 3 somewhat increased
with an increase of (-)-isopulegol 1 conversion (Fig. 6a). At the same
time, a certain decrease in selectivity towards chromenols 4 was
observed (Fig. 6b). This indicates that, under reaction conditions, by-
products 4 are partially converted to compounds 3 via first dehydra-
tion and a subsequent reaction with acetonitrile (Fig. 7).

It should be noted that the 4R/4S value for the amides also increased
with the (-)-isopulegol conversion (Fig. 6a), which may be due to (i) the
predominant formation of 4R-3 during dehydration followed by the
interaction with acetonitrile, as well as (ii) dynamic behavior of cata-
lytically active sites. The latter argument is supported by a slight

70 1 p —6—K10-CSA
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60 —%—HNT-CSP
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Fig. 6. Selectivity to amides 3 (a), chromenols 4 (b), and 4R-3/4S-3 ratio (c) as a function of (-)-isopulegol conversion on SOzH-functionalized catalysts.
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Fig. 7. Scheme for chromenols 4 conversion to amides 3 on SOsH-functionalized catalysts.

increase in 4R/4S ratio on BioC-CSA (Fig. 6a), whereas selectivity to 3
and 4 was independent on substrate conversion of (Fig. 6).

Selectivity after 240 min is shown in Table S1. A relatively high
conversion of (-)-isopulegol (up to ca. 88%) by that time was observed
over BioC-CSA/CSP and K10-CSA (Table S2, Fig. 5).

Thus, from the kinetic viewpoint the Prins-Ritter reactions proceeds
in a parallel way with a slight contribution of the consecutive path
apparent from a minor selectivity increase to amides 3 with (-)-iso-
pulegol conversion due to a partial conversion of compounds 4 to 3.

3.2.2. Influence of the reaction conditions

The effect of temperature and reagent concentration was studied in
the presence of BioC-CSA, since it displayed high activity and the largest
selectivity in the Prins-Ritter reaction.

With an increase in the reaction temperature, there was some
decrease in selectivity to the amides 3 and an increase in selectivity to
the Prins condensation products 4 and 5 at the same conversion level
(Table 3). In the case of chromenols, no significant changes in the 4R/4S
ratio were observed when changed temperature. At the same time, a
significant increase in the diastereomers ratio for compounds 3 also
occurred when decreased temperature from 40 °C to 20 °C. This change
in stereoselectivity indicates the kinetic control for the formation of the
4R-isomer of amide 3 and is consistent with the results obtained previ-
ously in [37].

Thus, the total yield of products 3 and the 4R/4S stereoisomers ratio
can be slightly increased by lowering the reaction temperature at the
expense of lower reaction rates. Nevertheless, even at 30 °C, selectivity
to amides 3 over BioC-CSA (ca. 84%, Table 3) was significantly higher
than their yield at — 25 °C in the presence of a homogeneous catalyst —
triflic acid (62%) [8].

A set of experiments were performed at different initial concentra-
tions of the reagents, which varied by the total volume of the reaction
mixture. The amounts of (-)-isopulegol, benzaldehyde and water were
the same, while the amount of acetonitrile was changing.

With a decrease in the initial concentration of (-)-isopulegol (and,
respectively, water) in the reaction mixture, there was a significant in-
crease in selectivity to amides 3 and its decrease to products 4 and 5
(Table 4). Because even at the highest initial concentration of (-)-iso-
pulegol there is a significant excess of acetonitrile (ca. 150:1), these
results should be related to the influence of water as discussed in more
detail below.

In addition to changes in selectivity depending on the dilution with
acetonitrile, a decrease in the 4R/4S ratio for compounds 3 was also
observed. The highest yield of 4R-3 (ca. 71%, Table 4) was achieved at
the initial (-)-isopulegol concentration of 0.032 mol/L, and no further
increase in the total amides yield was observed in more dilute solutions
(Table 4).

A decrease in the overall selectivity to amides 3 with increasing
water concentration may be due to an increase in the hydration rate,
and, accordingly, selectivity to chromenols 4, as well as 4R-4/4S-4 ratio
value (Table 4, Fig. S3). Indeed, according to [40] in the condensation of
monoterpenoid 1 with thiophene-2-carbaldehyde, an increase of HyO
amount on the catalyst surface led to a sharp increase in both yield and
stereoselectivity with respect to chromenols.

On the other hand, an increase in the water concentration in the
reaction mixture also led to an increase in the stereoselectivity towards
amides 3, i.e. predominance of a kinetically controlled compound 4R-3,
which is consistent with the results obtained in [37]. A detailed dis-
cussion of the reaction mechanism is given below.

3.2.3. Analysis of sulfonic groups leaching (filtration tests)

It is well-known that in some cases for the reactions over catalysts
bearing SOsH-groups, the sulfonic group can be leached away from the
catalyst surfaces [45,46]. Therefeore, with the aim to evaluate leaching
of such groups in the current case, the catalyst was removed after 30 min
from the reaction mixture and the remaining solution was left under
constant stirring at the same reaction conditions.

The results indicate that in the case of BioC-CSP and CNT-CSP, no
further reaction was observed after their separation from the mixture,
while K10-CSP exhibited some increase in the conversion of (-)-iso-
pulegol (Fig. 8). In the case of K10-CSA and BioC-CSA, the reaction
continued after the catalyst removal pointing out on leaching of sul-
phonic groups. Moreover, in the experiment with BioC-CSA, the con-
version after 180 min was 83% being practically the same as without
filtration (Fig. 8). Note that selectivity after 180 min for the samples that
were leached (K10-CSA, BioC-CSA, K10-CSP) was comparable to the
results when there was no filtration (Table S2).

It should be noted that carbon materials subjected to carbonization
at a temperature > 700 °C before sulfonation (as in the case of BioC) can
be deactivated due to leaching, since C(sp3)-SOsH bonds in the absence
of electron-withdrawing groups are weakly stable [45]. Thus, under the
Prins-Ritter reaction conditions, when water is present, SOsH-groups are

Table 3
Selectivity at 50% (-)-isopulegol conversion and different reaction temperatures on BioC-CSA catalyst.

Entry Temperature, Time, Selectivity?, %

°c ;
min Amides 3 Chromenols 4 Dehydration products 5
Total 4R-3 48-3 4R/4S Total 4R/4S

1 20 120 84.1 74.0 10.1 7.3 12.5 2.8 3.0

2 30 60 83.8 71.3 12.5 5.7 13.3 2.5 2.7

3 40 15 79.3 64.6 14.7 4.4 16.7 2.2 3.7

Reaction conditions: 0.65 mmol of (-)-isopulegol, 3.0 mmol of benzaldehyde, 0.1 g of dry catalyst, 17.3 mmol of added H,0, anhydrous acetonitrile was used both as a
reactant and a solvent, total volume of the reaction mixture 20 mL, temperature 30 °C.
“Values of selectivity reported with the decimal precision are average values of at least 2-3 experiments
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Table 4
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Selectivity at 50% (-)-isopulegol conversion and different initial concentrations of the reagents over BioC-CSA catalyst.

Entry Initial concentration®, mol/L Time, Selectivity, %
(-)-Isopulegol Water min Amides 3 Chromenols 4 Dehydration products 5
Total 4R-3 48-3 4R/4S Total 4R/4S

1 0.13 3.46 30 62.3° 54.2 8.1 6.7 30.3 3.5 6.2
2 0.065 1.73 60 72.9 63.3 9.6 6.6 22.7 3.2 4,0
3 0.032 0.87 60 83.8 71.3 12.5 5.7 13.3 2.5 2.7
4 0.022 0.58 60 83.4 69.4 14.0 5.0 12.0 2.0 3.6
5 0.013 0.35 120 83.6 67.3 16.3 4.1 10.6 1.3 4.6

Reaction conditions: 0.65 mmol (-)-isopulegol, 3.0 mmol benzaldehyde, 0.1 g of dry catalyst, anhydrous acetonitrile both as a reactant and a solvent, 17.3 mmol

(0.311 g) of added water, temperature 30 °C.

“Initial concentration of the reagents was reduced by increasing of the total volume of the reaction mixture
bValues of selectivity reported with the decimal precision are average values of at least 2-3 experiments
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Fig. 8. Conversion of (-)-isopulegol as function of reaction time in the tests
with catalyst filtration.

washed away when using CSA-functionalized catalysts. This is clearly
confirmed by (i) a significant decrease in the catalyst acidity after
filtration (Table S2, entry 2) and (ii) value of filtrate pH < 2 (test with
indicator paper).

On the other hand, sulfonic groups in BioC-CSP and CNT-CSP were
not leached (Fig. 8), which indicates stability of C-O-Si bonds during the
reaction. In addition, for K10-CSP, which exhibited less leaching, a
relatively minor decrease of acidity was observed (Table S2, entry 4). On
the other hand, in the Prins reaction of isopulegol with benzaldehyde on
K10-CSP in the absence of water, leaching was not observed [38]. This

Table 5

clearly indicates that washing away of the active groups from this
catalyst in the Prins-Ritter reaction occurs due to the presence of water.

Thus, although the leaching-resistant catalyst BioC-CSP exhibited
moderate selectivity to amides 3 (ca. 67%, Table 2) at 30 °C, it was
higher than over commercial Amberlyst-15 (ca. 47%) under the same
conditions, as well as in the presence of TfOH at — 25 °C (62% [8]).
Apparently, the future work should concentrate on synthesis of most
robust heterogeneous catalysts affording excellent selectivity to the
Prins-Ritter reaction products.

3.2.4. Homogeneous catalysis

In the case of homogeneous catalysis investigated in this work, the
main products of (-)-isopulegol condensation with benzaldehyde in
acetonitrile were amides 3 (Table 5). When the reaction was performed
without water, a high overall selectivity to these products (ca. 80%) was
achieved with sulfuric acid and oleum (Table 5, entry 1 and 4), while
with chlorosulfonic and p-toluenesulfonic (p-TSA) acids significant
amounts of dehydration products were observed (up to ca. 37, Table 5,
entry 6 and 9).

Addition of water before the reaction not only increases the overall
yield of amides 3, but also leads to the stereoselectivity inversion.
Namely without water, the reaction mixture was dominated by 4S-3,
while after addition of 17.3 mmol of H,O, 4R-isomer of 3 was the main
product in all cases (Table 5). At the same time, an increase in selectivity
to chromenols 4 and a decrease in selectivity to the dehydration prod-
ucts 5 were also observed. The highest yield of amides 3 after adding
water was for sulfuric acid (ca. 82%) with the 4R/4S value of 6.3
(Table 5, entry 3).

An interesting fact is that with H,SO4 and oleum without any water

(-)-Isopulegol conversion and selectivity after 180 min for investigated homogeneous and heterogeneous catalytic reactions.

Entry Catalyst Added H;0, Conversion, % Selectivity, %
mmol Amides 3 Chromenols 4 Dehydration products 5
Total 4R-3 4S-3 4R/4S Total 4R/4S

1 HySO04 0 84 80.6° 32.1 48.5 1:1.5 7.6 1:1.7 11.3
2 2.2 100 81.9 58.0 23.9 2.4:1 11.1 1:1.3 6.8
3 17.3 100 81.4 70.3 11.1 6.3:1 15.2 1.7:1 3.1
4 Oleum, 20% SO3 0 94 76.0 25.2 50.8 1:2.0 7.7 1:1.7 14.6
5 17.3 100 81.8 69.2 12.6 5.5:1 15.8 1.9:1 2.2
6 HSO5Cl 0 90 61.4 14.4 47.0 1:3.3 4.8 3.8:1 33.5
7 17.3 100 80.9 65.6 15.3 4.3:1 12.3 2.6:1 3.5
8 BioC-CSA 17.3 81 83.8 71.5 12.3 5.8:1 13.6 2.3:1 2.6
9 p-TSA 0 100 44.8 7.5 37.3 1:5.0 17.7 2.8:1 37.3
10? 2.2 100 64.1 14.9 49.2 1:3.3 17.9 4.1:1 18.0
112 17.3 100 70.3 50.6 19.7 2.6:1 20.6 3.9:11 9.1
12 BioC-CSP 17.3 75 67.7 48.6 19.1 2.5:1 23.6 3.6:1 8.3

Reaction conditions: 0.65 mmol of (-)-isopulegol, 1.95 mmol of benzaldehyde, 0.65 mmol of a liquid catalyst or 0.1 g of a solid one, anhydrous acetonitrile was used
both as a reactant and a solvent, the total volume of the reaction mixture 20 mL, temperature 30 °C

2The data from [37]

bValues of selectivity reported with the decimal precision are average values of at least 2-3 experiments
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addition, the 4S-isomer of chromenol 4 was predominantly formed
(Table 5, entry 1 and 4), while in all other cases 4R-4 was observed.
Moreover, 4R-chromenol was also the main product in the conventional
Prins reaction [38,40].

It is important to note that with either sulfuric and chlorosulfonic
acids or BioC-CSA, selectivity to the Prins-Ritter reaction products 3 and
the 4R/4S ratio were similar (Table 5). This can be explained by the fact
that HySOy4, which is an efficient catalyst for the amides 3 formation, is
formed under the reaction conditions from HSO3Cl by hydrolysis or from
leaching of unstable BioC-CSA.

On the other hand, selectivity to 3 with p-TSA and over leaching-
resistant BioC-CSP was also similar (ca. 70%, Table 5), wherein these
catalysts have identical -PhSOsH moieties (Fig. 2). Therefore, such
active sites work with the same selectivity in the case of both homoge-
neous and heterogeneous catalysis. Based on this, it can be assumed that
stable to deactivation carbon catalysts with directly fixed functional
groups (C-SO3H) should also provide high overall and stereo selectivity
to amides.

3.2.5. Mechanistic considerations

The mechanism of the Prins-Ritter reaction is discussed here on the
basis of both experimental work and detailed DFT calculations for all
products and intermediates expanding substantially the previous work
[37] where only relative energies for amides were considered. The
simulations were performed using sulfuric and p-toluenesulfonic acids as
models of catalysts containing -SOsH (CSA) and -PhSOsH (CSP) groups,
respectively.

The proposed mechanism for the reaction is shown in Fig. 9. Initially,
(-)-isopulegol 1 reacts with the protonated form of benzaldehyde 2
which leads to a non-cyclic adduct. Because of the exo C—=C bond of

a
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(-)-isopulegol and the electrophilic character of the carbon, further
cyclization occurs with the formation of intermediate 3-A, which then
undergoes multiple transformations. Thus, the addition of acetonitrile to
3-A gives intermediates 3-B and 3-C, which are precursors of 4R- and 4S-
amide, respectively. Alternatively, the cation 3-A can undergo either
direct hydration to form chromenols 4, or deprotonation leading to
products 5.

According to the DFT calculations, in the case of HoSO4 as a catalyst,
the relative energy of the intermediate 3-A is 49.8 kJ/mol (Fig. 10).
After acetonitrile addition to this intermediate, the energy for the
resulting 3-C cation increases to 55.2 kJ/mol, which is 13.8 kJ/mol
higher than for 3-B. The further formation of 4S-amide from 3-C is
thermodynamically the most favorable (—31.4 kJ/mol) among all re-
action products, being 32.3 kJ/mol lower than for 4R-3 (Fig. 10).
Optimized structures of intermediates and products are shown in
Table S3.

Indeed, with homogeneous catalysts HoSO4, oleum and HSO3Cl at
30 °C without adding water, the main product was 4S-amide (ca.
47-51%, Table 5), which, according to the DFT predictions, should be
formed as a result of thermodynamic control of the reaction. Under the
same conditions 4S-isomer of 3 also was predominant (up to ca. 34%)
among amides over K10-CSA and CNT-CSA [37]. On the other hand,
conducting the experiments at 0 °C on K10-CSA [37], or — 25 °C in the
presence of TfOH [8] led mainly to 4R-amides, which clearly indicates
the kinetic control of the reaction. In the same way, the selectivity to
4R-isomer on BioC-CSA increased with a decrease in the reaction tem-
perature (Table 3). It should be noted that the energy difference for
amides 3 calculated in this work (32.3 kJ/mol) is in a better agreement
with the experimental results than that previously obtained
(1.1 kJ/mol) in [37].

+H,0 . +H,0
— 4 O
H* H (o) H H
@N ® HN:
// // >;O
3B 3-C 4S-3
+ CH3CN | Ritter reaction
®
—

HO HO
4R-4
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Fig. 9. Mechanism of the Prins-Ritter reaction (a), and the initial rate of (-)-isopulegol consumption depending on water added on K10-CSA (b, data from [37]).
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Fig. 10. DFT calculated energy diagram for the Prins-Ritter reaction on sulfuric acid as a catalyst.

Formation of the dehydration products 5 due to deprotonation of the
intermediate 3-A is also thermodynamically favorable (—12.9 kJ/mol).
Thus, in the case of using sulfuric acid and oleum without water,
selectivity to compounds 5 was up to ca. 15% (Table 5) exceeding that
for chromenols 4. An even higher yield of products 5 was observed in the
presence of HSO3Cl (33.5%), as well as with K10-CSA and CNT-CSA (up
to 43.9% [37]).

Quantum chemical calculations showed that under the Prins-Ritter
conditions for the reaction with sulfuric acid, the formation of chro-
menols 4 is the least beneficial, and 4S5-4 is 1.7 kJ/mol more stable than
4R-4 (Fig. 10). Indeed, without water for all homogeneous catalysts
studied, alcohols 4 were minor products (Table 5), however, the ther-
modynamically more stable isomer 4S-4 prevailed only in the case of
H2SO4 and oleum (Table 5, entry 1 and 4).

On the contrary, in the case of the Prins reaction [38,40,55] as well
as the Prins-Ritter reaction (Table 2) on the modified solid catalysts, the
4R-isomer of chromenol 4 predominated. However, it was shown that
under the acid catalysis conditions, dehydration of 4R-4 to compounds
5, as well as minor isomerization to 45-4 can occur [55]. Although both
processes are energetically favorable (Fig. 10) apparently their rates are
low.

Thus, although simulation show that formation of chromenroles 4 is
thermodynamically unfavorable (AG>0), the general appearance of the
diagram (Fig. 10) agrees well with the experimental results, predicting
that the 4S-isomer 3 is the most beneficial product, and chromenols can
spontaneously convert to dehydration products 5.

DFT computations for the Prins-Ritter reaction in the presence of p-
toluenesulfonic acid (Fig. S4) show that the relative energies for in-
termediates 3-A (80.8 kJ/mol) as well as 3-B (86.6 kJ/mol) and 3-C
(72.6 kJ/mol) become higher than in the case of sulfuric acid, however,
the general form of the diagram and the difference between the amide
precursors 3-B and 3-C (14.0 kJ/mol) practically does not change. The
main products with p-TSA are also amides 3 with a predominance of the

10

4S-isomer as a result of the thermodynamic control. In this case, the
overall selectivity to compounds 3 (ca. 45%) was significantly lower
than for sulfuric acid (81%), while formation of ca. 37% of the dehy-
dration products was observed (Table 5, entry 9). Thus, under the re-
action conditions (30 °C), the course of the Prins reaction through
deprotonation or hydration of 3-A ion becomes more pronounced. Note
that on catalysts containing -PhSO3H groups (CSP-modified ones), the
Prins-Ritter reaction proceeds with lower selectivity to amides (Table 2).

The role of water in the Prins-Ritter reaction requires a detailed
discussion. According to the reaction pathway, the step that determines
stereoselectivity is the addition of acetonitrile to 3-A ion, followed by
hydration of intermediates 3-B and 3-C, resulting in the formation of 4R-
and 4S-amides, respectively (Fig. 10). Thus, in the case when water was
not added, the main product at 30 °C in the presence of homogeneous
(Table 5) and heterogeneous (K10-CSA, CNT-CSA [37]) catalysts is the
thermodynamically favorable 4S-3. Subsequently, the concentration of
3-C species should be significantly higher than 3-B.

However, addition of H,O to the system resulted in both a dramatic
increase in 4R-amide selectivity (Table 5, Fig. S1) and the initial rate of
(-)-isopulegol consumption ry (Fig. 10b), indicating a change to kinetic
control of the reaction. It can be assumed that under excess of water, the
rate of hydration of 4R-amide precursor 3-B is much higher than that for
3-C. Accordingly, the 3-C<3-A«<3-B equilibrium shifts towards 3-B
formation, and this stereoselectivity responsible step (3-A—3-B) should
definite the reaction rate. Moreover, the addition of water also led to a
sharp decrease in the selectivity for products 5, accordingly, addition of
acetonitrile to 3-A becomes more preferable than alternative
deprotonation.

The highest initial rate of (-)-isopulegol consumption on K10-CSA
was observed after the addition of 17.3 mmol H,O, while an increase
in its amount to 43.3 mmol led to a decrease in the ry value (Fig. 10b)
and some increase in selectivity towards chromenols 4. This may be due
to solvation of (i) catalytically active sites and (ii) adsorbed species [56],
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such as 3-A. Similarly, the yield of products 4 on BioC-CSA increased
from ca. 11-30% with increasing initial water concentration from
0.35 mol/L to 3.46 mol/L, respectively (Table 4).

Thus, based on the above, DFT calculations and experimental results
show that under mild conditions (30 °C) formation of 4S-amide is more
beneficial than of alcohols and dehydration products. Nonetheless the
yields of amides on heterogeneous catalysts did not exceed 44%. How-
ever, the addition of water causes a dramatic increase in the reaction
rate and selectivity to 4R-amide due to a change to a kinetic control,
resulting in both high amides yields and stereoselectivity (up to 84%,
4R/4S of 5.7).

3.2.6. Kinetic modelling

Kinetic modelling was done based on the mechanistic ideas discussed
above (Fig. 6) considering essentially parallel formation of products
through the common intermediate.

The simplified reaction network corresponding to this assumption is
presented in Fig. 11.

For the reaction network it was assumed that there are trans-
formations between 4S-3 and 4R-3 in line with dependences of 4R/4S
ratio with conversion. Because the aldehyde was used in excess, and
even so acetonitrile, the reaction order in these compounds was assumed
to be equal to zero giving the following kinetic equations:

@

r1 = KiCiso; 12 = koCisoy T3 = K3Ciso3 T4 = kaCiso¥s = KsCiso, o = KoCass

Where the constants also include catalyst concentration, and c;s, C4s3are
the concentration of (-)-isopulegol and 4S-3 compounds respectively.
The mass balances for the components are

dci, - ’ , ’ e dcaps — _dC434 _ _dC4s3

=TI o3Iy — — = =13

dr ! T Y adr dr @
dcags des

=I5 e :V4+r6§*dt =

The backward difference method was used to solve a system of or-
dinary differential Eq. (2) a subtask to the parameter estimation with the
Levenberg-Marquardt and/or Simplex method using software ModEst
[57].

In the preliminary calculations it became apparently clear that the
model represented by Eqs. (1) and (2) requires some modifications, as
concentration profiles exhibited deviations from the first order de-
pendences. Previously [37] the authors addressed the influence of water
in the Prins condensation for synthesis of octahydro-2H-chromen-4-ols,
concluding that water stored in halloysite nanotubes is involved in these
reactions. A detailed mechanism of the water influence from a kinetic
point of view apparently requires a dedicated study, thus as the first
approach a conversion (x) dependent activity function a was introduced
for transformations of (-)-isopulegol:

dciso

dt 3

=a(—r —

rn—ry—r—rs) = (1—kx)(—rn—rn—rs—ry—rs)

where the constant k, reflects in general the influence of water on the
catalyst. Other approaches often applied in catalytic reaction engi-
neering to account for activity changes during catalysis have been also
tested including an exponential decay as a function of either conversion

\
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4S-4
4S-3
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Fig. 11. Simplified reaction network.
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or time [58]. Rather similar results from the mathematical viewpoint
have been obtained, thus the treatment here is limited only to Eq. (3).

The estimated parameters are listed in Table 6 and the comparison
between experimental data (points) and calculated concentration curves
is shown in Fig. S6 confirming that the model can describe the experi-
mental data. The degree of explanation was typically above 99%.

The kinetic constants for the primary reactions (1-5 in Fig. S5) are in
general well identified with rather low values of errors. Large errors for
ke are related to the structure of the kinetic model, as this constant
represents consecutive transformations of the primary product which
are not profound. Subsequently the constant of such transformations of
the primary product is statistically less reliable. The values of k,
reflecting the influence of water indicate that the influence of water is
more prominent for HNT-CSP catalyst.

3.2.7. Reaction scope

The Prins-Ritter reaction of (-)-isopulegol with various aldehydes in
acetonitrile has been studied with sulfuric acid as a homogeneous
catalyst, since it showed high both total and stereoselectivity to amides
3, comparable to BioC-CSA, which is not resistant to leaching.

In the presence of 1 eq of HySO4 and 17.3 mmol of water at 30 °C
after 180 min complete conversion of (-)-isopulegol 1 was observed in
all cases (Table 7). For studied aldehydes, a high (up to ca. 85%)
selectivity to octahydro-2H-chromene amides 3 with a 4R/4S ratio of up
to 7.5 was observed (Table 7). At the same time, selectivity to 4R-3 was
relatively high both in the case of electron-donating and electron-
accepting substituents in the aromatic ring, although predominant for-
mation of 4S-chromenol 4 was observed for 4-nitrobenzaldehyde
(Table 7, entry 4).

It is worth noting that with TfOH at — 25 °C, both the yields and the
ratio of stereoisomers for the resulting amides were lower than in the
present work. For example, in the case of thiophene-2-carbaldehyde, it
was 64% (4R/4S of 3.5) [8], while with HyaSO4 selectivity was ca. 85%
with the stereoisomers ratio of 5.2 (Table 7, entry 5). Thus, the use of a
simple homogeneous catalyst such as HoSO4 in combination with water
addition makes it possible to achieve high selectivity values for the
desired amides under mild conditions.

4. Conclusion

The Prins-Ritter cascade reaction was studied to prepare (-)-iso-
pulegol-derived 4-amidotetrahydropyran compounds (as 4R- and 4S-
isomers) under ambient conditions with a number of SO3H-containing
heterogeneous (biochar, carbon and halloysite nanotubes, montmoril-
lonites) and homogenous (HySO4, HSO3Cl, p-TSA) catalysts. The solids
were functionalized with chlorosulfonic acid (CSA), 2-(4-chlor-
osulfonylphenyl)ethyltrimethoxysilane (CSP) and H3SOj4, giving mate-
rials previously thoroughly characterized by a range advanced physico-
chemical methods.

The Prins condensation proceeds efficiently on weak acid sites,
whereas the Prins-Ritter cascade requires sulfated materials with strong
(0.33 — 5.8 mmol/g) Brgnsted acidity. The largest yield of 4-amido-
octahydro-2H-chromene (84%) and the 4R/4S isomers ratio (5.7) was
observed on biochar, modified with chlorosulfonic acid (BioC-CSA),
while on modified by CSP solids a relatively large amount of the Prins
reaction byproducts (up to 43%) was formed. Selectivity to the target
products and its 4R/4S ratio on BioC-CSA also increased with decreasing
temperature or the initial reagent concentration. The carbon materials
functionalized by CSP were stable, while catalysts modified with
chlorosulfonic acid deactivated by leaching -SOsH groups. Although the
leaching-resistant Biochar-CSP exhibited moderate selectivity to amides
(67%) at 30 °C, it was higher than that on the commercial catalyst
Amberlyst-15 (ca. 47%). Similar selectivity to the target products on
Biochar-CSA (-SO3H moieties) and HySO4 (81-84%) as well as on
Biochar-CSP (-PhSO3H) and with p-toluenesulfonic acid (67-70%) was
observed.



A.Yu. Sidorenko et al.

Applied Catalysis A, General 649 (2023) 118967

Table 6

Estimated kinetic parameters and their errors, units of constants in min~!, errors in %.
Param. BioC-CSA BioC-CSP CNT-CSP HNT-CSP K10-CSA K10-CSP

Value Error Value Error Value Error Value Error Value Error Value Error

ky 8.9107* 15.2 121072 5.1 0.811073 13.0 121072 5.6 1.310°3 8.9 111072 10.7
ko 4.8107* 27.8 3.8107* 16.3 2.8107* 41.4 3.8107* 16.6 3.6107* 30.3 2.7107* 38.7
ks 28107 48.2 6.010°* 10.4 517107 20.2 6.610°* 9.8 46104 23.4 2.210°* 46.9
I 6.310°2 5.9 371072 4.7 3.210°° 10.6 2.010°2 8.6 511073 5.9 271072 9.3
ks 111073 32.4 141073 12.0 0.851073 39.1 0.8107° 21.7 201073 14.9 151073 19.9
ke 221077 > 200 0.510°° > 200 0.31077 > 200 0.510°° > 200 391077 > 200 0.410°° > 200
' 0.087 102 0.054 101 0.410°° > 200 0.17 56.1 > 200 > 200 0.8107° > 200
DE* 99.44 99.74 99.19 99.67 99.44 99.12

" Degree of explanation

Table 7

Selectivity in the Prins-Ritter reaction of (-)-isopulegol with a number of aldehydes in acetonitrile for 180 min with H>SO4 as a catalyst®.

a

Entry Aldehyde Conversion after 3 h, % Selectivity®, %
Amides 3 Chromenols 4 Dehydration products 5
Total 4R-3 4S-3 4R/4S Total 4R/4S
1 CHO 100 81.4 70.3 11.1 6.3 15.2 1.7:1 3.1
2 CHO 75.9 65.4 10.5 6.2 16.7 3.1:1 1.5
3 CHO 83.3 72.6 10.7 6.8 13.7 5.1:1 2.1
OCH,
4 CHO 73.2 64.6 8.6 7.5 21.2 1:2.2 4.9
NO,
5 85.2 71.9 13.3 5.2 12.8 2.1 1.6

CHO

—
wn
=

Reaction conditions: 0.65 mmol of (-)-isopulegol, 1.95 mmol of aldehyde, 0.65 mmol of catalyst, anhydrous acetonitrile was used both as a reactant and solvent, the

total volume of the reaction mixture 20 mL, temperature 30 °C.
AWith 17.3 mmol of added water

PValues of selectivity reported with the decimal precision are average values of at least 2-3 experiments

DFT calculations and the experimental results show that at 30 °C
without adding water formation of 4S-amide is more beneficial than
alcohols and dehydration products. However, H,O addition causes a
dramatic increase in the reaction rate and selectivity to 4R-amide due to
a change to the kinetic control, resulting in both high amides yields and
stereoselectivity. The proposed reaction pathways have been also
confirmed by kinetic modeling taking into account the effect of water on
the catalyst. Further work should include development of stable het-
erogeneous catalysts with excellent selectivity towards the Prins-Ritter
reaction products.
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