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ABSTRACT: A laboratory experiment was developed for the continuous flow Imobilization of the Packing of the catalyst on
preparation of an aminal derived from the condensation of furfural with gf]‘zghsé (Si‘;i(?r‘;(ssﬂfcoai —> packed bed reactor
morpholine. The experiment introduces the students to concepts of green

chemistry, heterogeneous catalysis, and continuous flow. A cheap and easy setup ﬂ

allows the heterogeneous catalyst reactor to be built in class. The use of furfural
. . . . Product analysis by Continuous flow aminal
reinforces the importance of green chemistry by using one of the key synthons | meiting point and NMR < formation

obtained from biomass.
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H INTRODUCTION reaction, and bromination),*® synthesis of 5-hydroxymethylfur-
fural (HMF),*® aryl-aldehyde oxidation,"® photocatalytic thiol-
ene reaction,*' biodiesel production,** photopinacol coupling of
benzophenone,** photooxygenation of citronellol,** reaction of
diphenyldiazomethane with benzoic acids,” and acetylation of
ethylene glycol.46

As such, we envisioned the immobilization of copper catalysts
on solid supports, which in turn would be packed in a glass
column working as a packed bed reactor, allowing for the
continuous flow preparation of aminals.

Heterogeneous catalysis is a concept in which the catalyst that
promotes the desired reactions is in a different phase than the
reactants, often being the catalyst in the solid phase and the
reaction mixture in the liquid phase. The catalyst can be a solid
by itself or more often than not is composed of an active species
immobilized in an “inert” matrix. Despite the typically lower
turnover frequency (TOF) compared to homogeneous catalysis,
heterogeneous catalysis offers several advantages. Namely, the
lower the toxicity of the heterogeneous catalysts, the easier are
the purification by separation of the catalyst and reaction media,
their robustness, reusability, and recyclability, and the overall
increased sustainability.

Due to the importance of heterogeneous catalysis”
continuous flow methodologies, a laboratory experiment that

Aminals are a class of compounds easily accessible from the
condensation of aldehydes with secondary amines, which are
two fundamental functional groups in the Organic Chemistry
curriculum.' ™" Despite aminals being known for decades,
organic chemists have focused solely on their use as protection
of aryl aldehydes prior to lithiation."®™'® Recent innovative
reports on the use of aminals have emerged,'””’ and we
described a method to prepare those compounds under mild
conditions by using copper catalysts, thus paving the way for
new methodologies employing aminals as key synthons.”'

On the other hand, the development of continuous flow
methodologies””** allows for a more sustainable production of
valuable substrates that are advantageous to some processes in
comparison to batch mode due to (i) enhanced heat and mass
transfer ability; (ii) controlled accuracy; (iii) decreased reaction
time; (iv) improved safety of the reaction using extremely
dangerous reactive products/intermediates at extreme con-
ditions such as high temperature and pressure and photo-
chemical and electrochemical transformations; (v) high
reproducibility; (vi) easy process implementation via a scale-
out approach, among others.”* Considering the emerging
importance of flow chemical processes in academia and
pharmaceutical and fine chemical industries, it is essential to
include this topic at the early stages of chemical education and is
also advanta§eous for more sustainable chemistry (Green Received:  April 10, 2023
Chemistry).” In fact, continuous flow reactions have been Revised:  September 7, 2023
described in the context of undergraduate student’s laboratory Published: November 17, 2023
experiments, namely, in methylation of 2-naphthol by dimethyl
carbonate,” representative synthetic transformations (amida-
tion, esterification, ester hydrolysis, condensation, Grignard
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integrates both the immobilization of a catalyst on a solid
support and the subsequent flow reaction® would be valuable,
bridging concepts such as scaleout and sustainability.”’ Herein,
we report an experiment performed by second year under-
graduate students, where the students immobilized copper
sulfate on silica, packed the catalyst on a glass column, and
performed the continuous flow preparation of aminals from

furfural and morpholine (Scheme 1).

Scheme 1. Preparation of Furfural Aminal with Morpholine
under Continuous Flow Conditions
»
N

(0]
[ j (2 equiv)
N
(0) 7 H (o)
@AH -lheterogeneous catalystl-—> WN/H
(6]
Aminal 1

ethyl acetate / petroleum

Furfural ether (9:1)

B PEDAGOGIC GOALS

One main focus of this experiment is the more sustainable
preparation of aminal synthons. The importance of heteroge-
neous catalysis leads the way to discuss greener methodologies,
recycling of the catalyst, reactivity of aldehyde and amine
functionalities, and so forth. This is followed by the advantages
of continuous flow, on one hand allowing the students to inquire
about the challenges of scaling up certain reactions and the ease
of scaling out by means of continuous flow methodologies and,
on the other hand, by learning about the increased safety and
selectivity that these methodologies provide.

Meanwhile, students learn practical information on continu-
ous flow methodologies (e.g., how to determine the reaction
volume; how to adjust the flow to the residence time of the
reaction).

Furfural was selected as the aldehyde to allow the instructors
to discuss another topic of green chemistry, namely, the use of
biorenewable building blocks.” Furfural is a mass produced
bulk chemical obtained from lignocellulosic material, with a
market size reaching 370 K t/y.”> One can then inquire the

advantages and challenges to implement biomass derivatives as
alternatives for oil based bulk chemicals.”*

The undergraduate organic chemistry students will also learn
about the reactivity of the carbonyl and amine functional groups,
particularly aldehydes, which is a topic of basic organic
chemistry courses. The students investigate the importance of
using a secondary amine in this experiment and the potential
outcome of using primary amines, with the formation of imines
being another important topic.

B EXPERIMENTAL OVERVIEW

The experiment was carried out by 60 students during the
Organic Chemistry II course of the Integrated Master Course of
Pharmaceutical Sciences at the Faculty of Pharmacy, University
of Lisbon. The students were divided into 30 teams, and the
work was aligned with the topic “reactivity of the carbonyl
group”. The experiment was performed over 3 h, starting with
the preparation of the catalyst and the flow packed bed reactor,
followed by the reaction and characterization of the products. In
a round-bottomed flask, the students combined copper sulfate
pentahydrate and silica in methanol. The mixture was stirred at
room temperature for 10 min, followed by evaporation of the
solvent at reduced pressure. The solid was dried in an oven at
150 °C for 30 min before preparing the packed bed reactor (see
Figure 1 for the schematic of the reactor). The students
determined the reactor volume (eq 1) using the solvent used for
the reaction (ethyl acetate/petroleum ether (9:1)) and then
calculated the flow rate required to achieve a residence time of 2
min (eq 2).

(mass(reactor filled) — mass (reactor))

V(reactor) =
density of the solvent
(1)
174 t
Flow rate = Lcor)
residence time (2)

In a beaker, the students prepared the initial reaction mixture
consisting of furfural and morpholine in ethyl acetate/petroleum
ether (9:1). The mixture is added to the reactor and collected in
a beaker. The first two V(reactor) portions are wasted, and then,
the reaction is collected for 10 min. The solvent is evaporated

A B

B

i

1. Add cotton,

then sand (optional)
2. Add the catalyst
3. Add cotton

>

12

1. weight the packed-
bed-reactor
2. Add solvent

glass column filled
with catalyst
(packed-bed-reactor)

glass column

1. Weight the wet
packed-bed-reactor

2. Calculate the volume
3. Add reaction mixture

A

packed-bed-reactor
filled with solvent

I—» reaction mixture
—— cotton or sand

——» immobilized catalyst

— sand (optional)
> fritz or cotton

—>» stop valve
(flow control)

packed-bed-reactor
filled with reaction mixture

Figure 1. Schematic for the preparation of the packed bed reactor (A). Real life example (B).
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yielding the pure product, which is confirmed by melting point
and '"H NMR.

B HAZARDS

The use of protective clothing, gloves, and goggles is mandatory,
such as common good laboratory practices (GLPs). Handling
waste and chemicals is done according to the safety data sheets
(SDS). There are no halogenated waste concerns; however, the
heterogeneous catalysts should be disposed of properly with a
protective mask to protect students from inhaling silica. Furfural
is toxic if swallowed or if inhaled, is harmful in the case of skin
contact (irritant) or eye contact (irritant), and may cause
respiratory irritation. CuSO4-SH,O is harmful if swallowed and
can cause serious eye damage. Morpholine is a flammable liquid,
is toxic if inhaled or in the case of skin contact, is harmful if
swallowed, and can cause serious skin burns and eye damage.
May cause damage to organs through prolonged or repeated
exposure. Ethyl acetate is a highly flammable liquid and vapor,
may cause drowsiness or dizziness, and causes serious eye
irritation. Petroleum ether is a highly flammable liquid and
vapor, may be fatal if swallowed, enters airways, causes skin
irritation, and may cause drowsiness or dizziness. It is suspected
of damaging fertility and may cause damage to organs through
prolonged or repeated exposure. Silica should be handled with
care due to the risk of chronic silicosis with prolonged
inhalation.

B RESULTS AND DISCUSSION

The experiment begins with the preparation of a silica-supported
copper heterogeneous catalyst. To this end, copper sulfate is
immobilized in silica by stirring in methanol. To evaluate the
importance of the silica particle size, the teams were assigned 3
different samples. Seventeen teams used 40—63 um particle size
silica, eleven used 63—200 ym, and the remaining two teams
used 35—70 pum.

After evaporation of the solvent under reduced pressure and
drying in an oven (150 °C for 30 min), a blue solid is obtained
(Figure 2A). At this stage, we found it was important to
thoroughly dry the solid, since traces of methanol will lead to
copper leaching during the reaction. A second resuspension of
the catalyst in ethyl acetate and evaporation under reduced
pressure is suggested before oven drying.

A

Figure 2. Catalyst appearance after drying (A). Glass column loaded
with the catalyst (B).
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Following the preparation of the catalyst, the teams packed a
common gravimetry glass column for chromatography with the
catalyst and weighed the system (Figure 2B).

The packed bed reactor was filled with solvent (ethyl acetate/
petroleum ether (9:1)), and the mass of the system was
determined to calculate the reactor volume.

After the preparation of the bed reactor, the teams prepared a
reaction mixture of furfural and morpholine in a mixture of ethyl
acetate/petroleum ether (9:1).

Furfural was selected as a model aldehyde for this reaction in
order to introduce the concept of biomass-derived synthons and
sustainability to the students. By doing so, we comply with
several of the “12 principles of green chemistry”, such as the use
of biomass raw materials and heterogeneous catalysts. Addi-
tionally, furfural is a very cheap reagent (0.06 €/g from Sigma-
Aldrich).

The reaction was added to the column, and the flow was
adjusted to around 1 drop per second, which roughly
corresponds to a 2 min residence time. The students started
to collect the reaction mixture after the initial volume in a beaker
and stopped after 10 min. The solvent was evaporated, yielding
the pure product, which was confirmed by melting point and 'H
NMR spectroscopy. Additional experiments may be performed,
such as ICP-MS to evaluate the copper leaching. Under similar
conditions, a slight copper leaching was observed, which may
promote discussion on what impact this may have on the long-
term reuse of the system.ss’56

The student teams were able to achieve moderate to good
yields (Table 1). An overall average yield of 73% was obtained,

Table 1. Yield Range of the Aminal Preparation in
Accordance with the Solid Support Used
)
N

o)
[ ] (2 equiv)
o N
o) H : o)
WH —4 cuso, - sio, f~ 9 N/w

ethyl acetate

Furfural / petroleum Aminal 1 ©
ether (9:1)
Silica Particle Size (ym) Teams Average Yield (%)
40-63 17 83 + 10.3
63200 12 61+153
35-70 2 67 + 134

with the best yields being obtained using the silica with 40—63
pum particle size. A detailed list of the yields and melting points
obtained from the different teams can be accessed in Table SI.

Upon analysis of the "H NMR spectra, the students are asked
to identify the aminal C—H, significantly shielded in comparison
with the starting aldehyde C—H (Figure 3). Additional 2D
experiments were performed for a further discussion of the
spectroscopic data. Importantly, *C NMR exhibits overlapping
signals. HSQC experiments are particularly useful to reveal this
information.

It is worth mentioning that in some cases, depending on the
CDCl; used for the preparation of the sample, hydrolysis of the
aminal on the NMR tube is observed leading to trace amounts of
furfural, allowing us to introduce the topic of reverse hydrolysis
of the aminals and the involved reaction mechanism. In such

https://doi.org/10.1021/acs.jchemed.3c00306
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Figure 3. '"H NMR of furfural (Top) and aminal 1 (Bottom).

cases, the addition of triethylamine to CDCl; inhibits the
hydrolysis.

B ASSESSMENT

Assessment of the learning outcomes was performed during the
laboratory experiment and from a final quiz. The students were
already proficient in common laboratory practices such as
weighing, preparing solutions, evaporating solvents under
reduced pressure, and calculating reaction yields. In fact, all
students were able to calculate the yield, most of them above
70%. Additionally, upon evaporation, 3 student teams obtained a
brown oil instead of orange crystals. In these cases, the students
did not control the flow rate of the reaction properly and the
residence time was higher (around 10 min), which led to the
formation of side products, namely, trans-4,5-diamino-cyclo-
pentenones.

The students were asked to solve a quiz concerning the topics
of green chemistry, flow chemistry, and the aminal functional
group. 90% of the students were able to correctly determine a
flow rate given the specific reaction parameters and know that it
is a key parameter to optimize flow conditions. The students
were able to suggest the reduction of flow rate in order to
increase the residence time if an incomplete reaction is
encountered. 100% of the students were able to identify the
aminal product upon condensation of benzaldehyde and
morpholine, despite most not proposing an iminium interme-
diary (60% performed the direct addition of a second amine to
an hemiaminal intermediary). This hints toward the need of
better highlighting the mechanism of the reaction during the
introduction to the experiment. 62% of the students were able to
identify the imine product from the condensation of a primary
amine and an aldehyde, with the remaining students suggesting
the corresponding aminal. Most students (75%) identified the
hydrolysis product of the aminal in the presence of an aqueous
acidic solution. Finally, 90% of the students identified 3
principles of green chemistry, most notably the use of renewable
feedstocks and the use of catalysis, among others. This
assessment revealed that the students learned key concepts of
green chemistry, continuous flow conditions, and aldehyde
chemistry, although more effort by the instructors concerning
the reaction mechanisms of aminal formation is suggested.

B CONCLUSIONS

The preparation of aminal from furfural and morpholine under
continuous flow conditions is an experiment that was performed

4731

successfully by the undergraduate students of the Integrated
Master Pharmaceutical Sciences course. The experiment
allowed the introduction of specific concepts such as green
chemistry, heterogeneous catalysis, and continuous flow
reactions and also consolidated the reactivity of aldehyde and
amine functionalities. The purity of the crystalline products can
be easily determined with a melting point apparatus, and no
specific glassware is required for this experiment, other than
common organic classroom glassware available in a teaching
laboratory of Organic Chemistry. Overall, the feedback from the
students was positive, and for most of them, the experiment was
the first contact with the aforementioned concepts.
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