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A multicomponent reaction involves the combination of more than two reactants in a single “one-pot” process, where a new com-
plex organic compound is synthesized. Multicomponent reactions provide an efficient and environmentally benign construction
for many types of compounds. For the purpose of this study, a Montmorillonite K10 (Mont-K10) clay-catalyzed multicomponent
reaction will be used to produce a methoxyaryl-substituted tetrahydropyran. The reaction of 4-methoxybenzaldehyde, toluene,
and 3-buten-1-ol will be carried out under mild reflux conditions, with Mont-K10 as a heterogeneous acid catalyst. Thin-layer
chromatography (TLC) will be used throughout the reaction to understand the rate at which the starting material is being
consumed and the product material is being formed. Once the reaction is complete, the crude product mixture will be purified
via column chromatography and concentrated using the rotary evaporator. Product formation will be verified through the use of
infrared spectroscopy (IR) and proton nuclear magnetic resonance spectroscopy (\H NMR). This product will be characterized
by TLC, IR, and '"H NMR analysis methods. The evidence for product formation includes the disappearance of the aldehyde
proton signal, the existence of the aromatic signals, and multiple signals for the cyclic ether structure. This study’s findings help
conclude that through Mont K10 clay-catalyzed multicomponent reactions, tetrahydropyran compounds can be synthesized. The
advantages of this process include fewer reaction steps, easier purification, and the use of a low-toxicity catalyst. Overall, this

study highlights the practicality and importance of multicomponent reactions in a high school laboratory environment.
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Introduction

One of the most researched ideas within the chemistry field is
the understanding of organic compound synthesis, mainly be-
cause it allows for the construction of complex molecules with
various forms and properties. Chemical engineering, materials
science, and pharmaceutical applications all benefit from the
use of this idea within chemistry !. Classic organic chemistry
research generally involves a series of step reactions which are
all associated with large quantities of both solvent usage and
energy usage 3. That being said, in chemical reactions, there
is often an abundance of waste materials combined with large
energy consumptions, which has prompted the search for al-
ternative solutions to provide environmental benefits*. Princi-
ples of this idea, known as green chemistry, also strive for the
reduction of energy consumption and waste management .
The first approach to address this challenge is the use of
multicomponent reactions (MCRs). MCRs combine multiple
molecules into a larger, more complex one in one reaction con-
tainer, most commonly referred to as a “one-pot” process®’.
Since a larger number of reactants are combined, it is possible
to avoid tedious purification, which in turn uses significantly
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less solvent in this reaction method®. MCRs have also found
interesting uses in research labs due to environmental reasons
and practical uses as well. However, the role of a catalyst in
enhancing an MCR is also important to consider. For exam-
ple, Mont-K10 clay is regarded as a sustainable heterogeneous
acid catalyst, which shows many opportunities for substitution
within MCRs in comparison to other catalysts 10,

It is reported that Mont-K10 is non-toxic and has similar
chemical reaction efficiencies when compared to traditional
catalysts, which minimizes chemical hazards®!'. Mont-K10
is also a solid catalyst, so an easy filtration step allows for ease
in carrying out product extraction for organic reaction mix-
tures, which therefore decreases chemical waste 0. This cata-
lyst has been successfully used in the synthesis of heterocyclic
compounds as well, which showcase its wide applicability for
reaction processes %12,

In this work, the use of Mont-K10 clay as a catalyst in
an MCR for the synthesis of tetrahydro-2-(4-methoxyphenyl)-
4-tolyl-2H-pyran, a methoxyaryl-substituted tetrahydropy-
ran, has been investigated'?. This reaction combines 4-
methoxybenzaldehyde, 3-buten-1-ol, and toluene under mild
conditions in a single reaction process. The goal of this re-
search is to evaluate the target tetrahydropyran to identify
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whether it can be synthesized in a high school laboratory set-
ting. By characterizing the product through thin-layer chro-
matography, column chromatography, infrared spectroscopy,
and proton nuclear magnetic resonance, this study focuses on
showcasing the feasibility of synthesis using Mont-K10-clay-
catalyzed multicomponent reactions.

Research Question and Hypothesis

In this study, it will be determined whether a one-pot multi-
component reaction can be used to synthesize a methoxyaryl-
substituted tetrahydropyran with the use of Mont-K10 clay as
a catalyst. The reaction of 4-methoxybenzaldehyde, toluene,
and 3-buten-1-ol under reflux conditions will be performed to
obtain the target methoxyaryl-substituted tetrahydropyran. It
will also be investigated whether the product can be success-
fully purified and characterized using chromatographic and
spectroscopic analysis techniques. It is hypothesized that the
reaction between the specified reactants will form the desired
tetrahydropyran product under the conditions mentioned with
effective catalysis from Mont K10 clay, due to its acidic na-
ture and larger surface area. The reaction is anticipated to take
place under mild conditions and will synthesize a compound
to be purified by means of column chromatography. The suc-
cess of the synthesis will be measured by the disappearance
of the starting aldehyde and by the appearance of a compound
possessing the expected spectral features of a methoxyaryl-
substituted tetrahydropyran. These are expected to appear
as signals in proton nuclear magnetic resonance spectroscopy
and functional group absorptions in infrared spectroscopy.

Methodology

Materials

Mont K10 clay (surface area 220 m? /g, from Sigma-Aldrich)
was used as a heterogeneous acid catalyst as prepared, with
no subsequent pre-activation, pretreatment, or prior modifi-
cation. Drying and calcination of the clay before its usage
were also not conducted. 4-Methoxybenzaldehyde (97%) and
3-Buten-1-ol (98%) have been commercially supplied from
Sigma-Aldrich. Toluene (ACS reagent grade) served as both
a reactant and the solvent in the reaction. Methanol (HPLC
grade) served as a cosolvent to help dissolve the reactants
in the multicomponent reaction. The toluene-to-methanol ra-
tio was maintained to ensure mild reflux without significantly
lowering the boiling point or preventing reactant dissolution.
A 10:1 hexane:ethyl-acetate solution was used as an eluent
with silica gel (60 A, 230-400 mesh) as the stationary phase
for the column chromatography filtration process. Deuterated
chloroform (CDCl3, 99.8 atom % D) was used as the solvent
for nuclear magnetic resonance (NMR) analysis. All reactants
and solvents were used as received, without prior purification.

Experimental Setup and Reaction Procedure

With Mont-K10 clay as the catalyst, the multicomponent reac-
tion was carried out. First, 40 mL of toluene (376 mmol) and
2020 uL of methanol (49.9 mmol) were mixed in a round-
bottom flask. Then, 1.36 g of 4-methoxybenzaldehyde (9.99
mmol) and 940 uL of 3-buten-1-ol (10.9 mmol) were added.
Finally, 2.0 g of Mont K10 clay (5.55 mmol) was added to
the flask. The reaction mixture was then heated with constant
stirring at level 4 using a magnetic stirring bar on a Corning
hot plate stirrer to allow for even dispersion of the catalyst.
The reaction occurred at ambient atmospheric pressure under
a laboratory fume hood with no use of an inert gas atmosphere.

The reaction was heated for 18 hours to approximately
150°C at mild reflux conditions with continuous stirring to
provide maximal contact of the catalyst with the dissolved
compounds. Progression was tracked through thin-layer chro-
matography (TLC) in 6-hour interval time-periods. Capillary
samples of the reaction mixture were collected periodically
and applied as dots onto silica gel TLC plates. The plates
were then developed using a 3:2 hexane-ethyl acetate solvent
and visualized under ultraviolet light at 254 nm. No stain-
ing reagents were applied during visualization. The reaction
was considered complete when no further starting material or
aldehyde spots were detected and when new product spots ap-
peared on the plate.

Crude Product Isolation

Following the 18-hour reaction time, the reaction mixture was
cooled to room temperature and then filtered under a vacuum
to isolate the clay catalyst. This was left on the filter and
later collected and disposed of, while the filtrate, consisting
of the crude product, was collected. Volatile solvents, includ-
ing methanol and toluene, were evaporated using rotary evap-
oration, with a water bath of approximately 50°C. This was
conducted under a pressure range between 100 mbar and 150
mbar, until no further loss of solvent was observed and a con-
centrated crude product had been collected.

Purification by Column Chromatography

The crude product was then purified using silica gel column
chromatography ', A glass chromatography column approxi-
mately 30 cm in height and 2.5 cm in diameter was prepared
with a cotton plug at the base to prevent loss of the stationary
phase, followed by a thin layer of sand to level the surface.
Approximately 25 g of silica gel (230-400 mesh) was added
using a wet-packing method with hexane as the packing sol-
vent and a thin layer of sand above.

The crude product was loaded onto the column and eluted
with a 10:1 hexane:ethyl-acetate solvent mixture. Approxi-
mately 100 mL of eluent was passed through the column, and
fractions were collected sequentially into test tubes. TLC was
used to analyze each fraction. Fractions were combined based
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on TLC analysis using a 3:2 hexane:ethyl acetate solvent sys-
tem, selecting those displaying a single spot at Rf = 0.777 un-
der UV light at 254 nm. Fractions containing additional spots
or no UV-active material were discarded. The combined prod-
uct fractions were concentrated by rotary evaporation, and the
residual material was allowed to dry at room temperature un-
der a laboratory fume hood for 6.5 hours. After reaching a
constant weight, it was measured that 140 mg of purified prod-
uct was retained, mainly as a light yellow/white solid. Based
on this value, a theoretical yield was calculated from a diaryl-
substituted tetrahydropyran product with the molecular for-
mula C19H2,0> (M.W. 282.36 g/mol). The resulting product
accounted for 4.96% of the theoretical yield.

Spectroscopic Characterization

The purified material was analyzed by infrared (IR) spec-
troscopy and proton nuclear magnetic resonance ('H NMR)
spectroscopy 1. IR spectroscopy, a method used for iden-
tifying functional groups, was conducted using an ATR at-
tachment on a Fourier transform infrared spectrometer. The
sample was analyzed without further treatment through di-
rect contact with the ATR crystal. Each spectrum was ob-
tained over the range 4000-600 cm-1 at a resolution of 4 cm-
1, with 32 signal-averaged scans being performed for each
sample. The ATR crystal was also rinsed with methanol and
wiped with lint-free wipes between analyses to reduce cross-
contamination between samples. As expected, it was noticed
that there were absorption bands typical of aromatic rings and
ether functionalities, and the aldehyde band was also consid-
erably less intensive that it was for the starting material.

'"H NMR spectroscopy was performed on a Nanaylsis 60
MHz benchtop NMR spectrometer, using CDCl3 as the sol-
vent. In order to obtain the NMR for the final product, 10-15
mg of material was dissolved in CDCl3 and then pipetted into
a standard 5 mm NMR tube. The chemical shifts were cali-
brated using the residual CDCl3 solvent peak as the reference.
The signal-to-noise ratio and the resolution were improved by
averaging 16 scans per spectrum. The '"H NMR spectrum was
examined to investigate the presence of remaining aldehyde
peaks, the identities of any functional groups, and the relative
integrations of the different proton environments ', The lack
of the aldehyde proton signal at 10 ppm was also indicative of
the successful synthesis of the desired product.

Data Collection and Reproducibility

Reaction progress was monitored qualitatively through TLC
at multiple 6-hour time intervals throughout the reaction pe-
riod using a 3:2 hexane:ethyl-acetate solvent system. From
the TLC results, representative Rf values for starting materi-
als and product-associated spots were recorded. TLC anal-
ysis was also used during silica gel column chromatography
to identify fractions exhibiting similar migration behavior for

combination and purification!”. Spectroscopic characteriza-

tion of the isolated product fraction was performed using in-
frared (IR) spectroscopy with an ATR accessory and proton
nuclear magnetic resonance ('H NMR) spectroscopy.

Results

Figure 1 represents the Mont K10 clay-catalyzed multicompo-
nent reaction (MCR) carried out to construct the methoxyaryl-
substituted tetrahydropyran. In the Mont K10 clay-catalyzed
MCR, 4-methoxybenzaldehyde and 3-buten-1-ol reacted with
toluene to afford the methoxyaryl-substituted tetrahydropyran
compound after 18 hours of reflux, as monitored using thin-
layer chromatography (TLC).

Following completion of the 18-hour reflux period, the re-
action mixture was cooled to room temperature and filtered
to remove the Mont K10 clay catalyst. Concentration of the
filtrate in vacuum gave a light-yellow crude product. TLC
analysis was performed qualitatively to monitor reaction sta-
tus during the entire period of reflux at several time points.
The analysis used a 3:2 hexane:ethyl-acetate solvent system
(Figure 2A). Early reaction plates showed prominent starting-
material spots with representative Rf values of 0.300 and
0.667, while later-stage plates demonstrated the appearance
of a new product-associated spot with an Rf value of approx-
imately 0.867. A final reaction-monitoring TLC comparison
between the aldehyde starting material and the post-reaction
mixture indicated a partial consumption of the starting mate-
rial, with residual overlap observed at an Rf of approximately
0.667.

Purification was performed by silica gel column chromatog-
raphy using 10:1 hexane:ethyl acetate as the eluent. TLC anal-
ysis of collected fractions (Figure 2B) was used to identify
fractions exhibiting similar migration behavior, and fractions
7-17 were combined based on the presence of a dominant spot
within an Rf value of approximately 0.777. Post-purification
TLC analysis (Figure 2C) comparing the starting material and
purified product fraction in a 3:1 hexane:ethyl-acetate solvent
system showed a major product-associated spot with an Rf
value of 0.788, although a secondary spot with an Rf of 0.5
remained detectable, indicating the presence of residual impu-
rities.

A total of 140 mg of the tetrahydropyran product was iso-
lated after purification. The theoretical yield was calculated
from a diaryl-substituted tetrahydropyran product with the
molecular formula Cj9H>>, Oy (M. W. 282.36 g/mol), which is
about 4.96% of the theoretical yield. The analytical data pre-
sented should be seen as suggestive of the reported product,
not proof of reproducibility or quality due to the absence of
replicated reactions, independent purity, and further analysis.

The proton nuclear magnetic resonance ('H NMR) spec-
troscopy of the purified product is depicted in Figure 3 and re-
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Figure 1. Line-angle structure of the Mont-K10 clay-catalyzed multicomponent reaction developed using OpenOChem Line-Angle Develop-

ment software !8.
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Figure 2A. Time-course monitoring by TLC analysis (3:2 hex-
ane:ethyl acetate solvent system) using UV at 254 nm. Each TLC
corresponds to a reaction at 0, 6, 12, and 18 hours, respectively.
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Figure 2B. Silica gel column chromatography fractions of 10:1 hex-
ane:ethyl acetate run on TLC with visualization at UV 254 nm.

veals an array of signals that is indicative of the methoxyaryl-
substituted tetrahydropyran. The spectral figure below is la-
beled to illustrate the characteristic chemical shift values, mul-
tiplicities, integration of protons, and the respective coupling
constants of signals to allow for easier spectral interpreta-
tion!”. Peaks between 6.88 and 7.82 ppm reflect numerous
resonances associated with a substituted aromatic ring, such
as a doublet at 7.76 ppm (J = 7.53 Hz), a quartet at 7.12
ppm (J = 9.74 Hz), and further complex multiplet peaks in
the area around 7.36 to 6.88 ppm. Likewise, the singlet sig-

Rf

«— 0.788

«— 0.333

«— 025

Figure 2C. Post-purification TLC of starting material vs. pu-
rified product fraction eluting in 3:1 hexane:ethyl acetate, using UV
light at 254 nm.

nal at 3.77 ppm can be identified as a methoxy substituent of
an anisole-based aromatic ring?%2!. This signal appears to be
similar to that of a methoxy-substituted aromatic compound,
observed in another similar literature structure of 2-methoxy-
4-methylbenzene-1,3-diol (Figure 4), which contains a similar
methoxy singlet at 3.86 ppm. The 1.25 and 2.42 ppm res-
onances likely belong to the aliphatic region and these cor-
respond to the protons within a cyclic ether framework. A
small singlet around 9.95 ppm resembles a residual aldehyde.
As listed above, the full chemical shifts, multiplicities, cou-
pling constants, integrations, and assignments for the indi-
vidual protons of the proposed tetrahydropyran are listed in
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Table 1. These assignments were based on the annotated
experimental spectrum and comparison with the literature-
based methoxy-substituted aromatic spectrum. Although the
observed spectral pattern was qualitatively consistent with
methoxy-substituted tetrahydropyran-related systems reported
in the literature, only preliminary '"H NMR data were ob-
tained. Therefore, the spectroscopic evidence should be in-
terpreted as supportive of the proposed structure rather than as
definite structural confirmation.

g00d7.17 8 1 /opt/topspind.5.0

H

5.7578
37713

— 24239
— 213085
— 21512
— 15965
12511

Figure 3. 'H NMR spectrum of the purified product fraction (60
MHz, CDCl3), recorded using TopSpin 4.5.0, indicating promi-
nent signals such as OCHj3 singlet at § 3.78, aromatic region (&
6.88-7.82), residual aldehyde signal at § 9.95, and the aliphatic re-
gion (8 1.25-2.42).

T T T T - T T . .
55 5.0 45 4.0 35 3.0 25 20 15 1.0 0.5 0.0 ppm

El g g
Figure 4. 'H NMR spectrum (600 MHz, CDCl3) of 2-
methoxy-4-methylbenzene-1,3-diol as reported in the litera-

ture of Khanh et al. (2006), used to compare with the spectral
data of the purified product.

Infrared (IR) spectroscopy (Figure 5) further supported the
structural assignment of the product'>. The spectra were ob-
tained with an Attenuated Total Reflectance (ATR) accessory.

Notable absorption bands include 3060-3000 cm~! (aromatic
C-H stretching), 1600-1450 cm ™! (aromatic C=C stretching),
and 1100-1050 cm™! (C-O stretching of the tetrahydropyran
ring). In addition, the sample did exhibit a weak carbonyl
absorption around 1725 cm-1. However, its low intensity rel-
ative to the product-associated bands suggests the presence of
only trace amounts of the carbonyl-containing starting materi-
als. Since IR Spectroscopy is not a quantitative technique, no
definitive conversion or residual concentration was assigned
based solely on this feature . Final confirmation of product
formation and purity was obtained through NMR and previous
analytical data.

Overall TLC monitoring revealed a new product-associated
spot at Rf 0.867 in conjunction with the starting material’s par-
tial depletion; however, the spots associated with the starting
material were never fully consumed during the course of the
reaction and subsequent purification steps. Through purifica-
tion via column chromatography, a product-enriched fraction
was obtained and further characterized by both 'H NMR and
IR spectroscopy, yielding spectral data that corresponded to
that which is expected for a methoxyaryl-substituted tetrahy-
dropyran as depicted.

Discussion

Overall, in this study, the Mont K10 clay-catalyzed multi-
component reaction (MCR) successfully yielded the desired
methoxyaryl-substituted tetrahydropyran product. Further-
more, two spectroscopic methods for analysis of the prod-
uct confirm the predicted structure. The product’s IR spec-
trum displays absorption bands that can be attributed to C—H
stretches of the aromatic region (3060-3000 cm~!) and C-O
stretch of the ether (1100—1050 cm™!). The signal of the alde-
hyde’s carbonyl group at 1725 cm~! becomes weaker as well.
As previously described, IR spectroscopy is not a quantitative
analysis, so no conversion and residual concentration can be
claimed from that one signal. However, the spectrum of 'H
NMR of combined purified fractions provided additional con-
firmation of the presence of the tetrahydropyran structure with
signals of protons in the aromatic region (6.88-7.82 ppm), a
methoxy singlet (3.77 ppm), and in the aliphatic region (1.25-
2.42 ppm). The minor peak at 9.95 ppm indicates the presence
of trace unreacted aldehyde, but does not significantly affect
the overall success of the synthesis >2.

It is important to note that the reaction conditions reported
represent an initial, unoptimized experiment designed to un-
derstand the Mont K10 clay-catalyzed multicomponent reac-
tion rather than to achieve maximum synthesis. The small
amount of yield obtained under these conditions reflects the
preliminary nature of the reaction, where structural validation
is prioritized over optimization. In this context, the successful
formation of the target tetrahydropyran framework, confirmed
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Table 1 'H NMR spectroscopic data (60 MHz, CDCl3) for the purified product fraction, including chemical shift, multiplicities, coupling

constants, relative integrals, and proposed proton assignments. Symbols: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; —, not
available.
Peak 6 (ppm) Multiplicity J (Hz) Relative Integration Tentative Assignment

1 9.95 s — 'H Residual aldehyde proton
2 7.82 d 7.53 'H Aromatic proton
3 7.69 m — 'H Aromatic proton
4 7.36 m — 'H Aromatic proton
5 7.23 m — 'H Aromatic proton
6 7.12 q 9.74 'H Aromatic proton
7 6.88 m — 'H Aromatic proton
8 5.76 ] — 'H Proton associated with proposed cyclic ether framework
9 3.77 S — “3H Methoxy (OCH3) substituent
10 2.42 m — 'H Aliphatic proton
11 231 t 8.17 'H Aliphatic proton
12 2.15 m — 'H Aliphatic proton
13 1.60 m — 'H Aliphatic proton
14 1.25 S — 'H Aliphatic proton
2 1600 1400 201 80( G-OD

1600

1000 800 600

Figure 5. Infrared Spectrum collected using Attenuated Total Reflectance (ATR) accessory and graphically edited for clarity.

through spectroscopic methods, is the primary indicator of re-
action success rather than the amount of yield.

Mont-K10 clay functioned effectively as a heterogeneous
acid catalyst due to its solid, porous structure, which pro-
vides a large surface area to facilitate proton transferring 2. Its
solid nature also allows for simple separation from the reaction
mixture by filtration, reducing the need for neutralization and
therefore simplifying post-reaction workup?*. Compared to
traditional homogeneous acid catalysts, Mont-K10 clay avoids
the handling of corrosive liquid acids, making it a more prac-
tical alternative for a small-scale laboratory synthesis, such as

this one 2.

The MCR approach was performed in a single reaction ves-
sel, which enabled the direct formation of the target tetrahy-
dropyran skeleton without isolation of intermediate steps or
reactants. This “one-pot” process reduces the number of syn-
thetic operations in comparison to other reactions reported
in various literature; however, no quantitative assessment of
waste reduction or efficiency was performed in this study. The
reaction required 18 hours of heating under mild reflux in a
mixed solvent system of toluene and methanol, where prod-
uct purification was achieved through column chromatogra-
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phy methods. Therefore, broader claims regarding minimized
waste or improved sustainability are not quantitatively sub-
stantiated here.

A trace amount of residual aldehyde was observed in the
final product by two methods of spectroscopic analysis, indi-
cating that the reaction conditions could be further optimized,
such as by increasing reaction time, catalyst loading, or sol-
vent choice, which may further improve conversion. How-
ever, no catalyst recycling experiments were performed in this
study. Thus, claims regarding Mont K10 reusability or long-
term recyclability are not supported by the current dataset and
should not be inferred.

Conclusion

This study concludes that Mont-K10 clay is a feasible hetero-
geneous catalyst for a one-pot multicomponent synthesis of a
methoxyaryl-substituted tetrahydropyran. All of the reaction
mixtures were monitored using TLC analysis, and the struc-
ture of the product compound was analyzed using IR and 'H
NMR. The results from these analysis methods are accurate in
comparison to the target product’s molecular skeleton. The re-
action was run without modification from the mentioned con-
ditions, and a small purified amount of the desired product
was collected, showcasing the importance of the current re-
sults as a proof-of-concept idea. Nonetheless, it is shown that
Mont-K10 can promote the reaction under small-scale exper-
imental conditions. However, further investigations regarding
the reaction conditions include investigating the recyclability
of Mont-K10 as well as recovery, which are required to en-
hance the green chemistry benefits of this process.
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