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Abstract: Biocatalysis is one of the most important indastmethods which has been increasingly attracting
attention of scientists as a new and environmegntaiteptable method. It is used in the preparatfonhiral
alcohols - important building blocks for the syrgtiseof fine chemicals, pharmaceuticals, agrochdmiaad
analogues of natural substances. In biocatalysisi$ie of traditional chiral agents based on heastalshas been
replaced by the use of enzymes. In many casesutheer of reaction steps has been limited, thesely of the
desired products has been increased while the imeganpact on the environment has been reduced.
The principles of biocatalysis have been appliedubyto design a simple chemical experiment forstuelents

of higher secondary education. The modified assemimof a lab task consisted of bioreduction of
4-nitroacetophenone using the enzymes presentaint issues of carrot, parsley and white radishthWiour
pedagogical research, the adequacy of the cheexpariment for secondary school students was exatramd
the extent of understanding of the green chemestperiment was analysed by the method of a senmtstied
interview.
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Introduction

Green chemistry is an area of chemistry that inlthe application of chemical
processes in such a way that the safety of chemigatheses is increased, the use and
production of hazardous substances is reduceddier @o eliminate the negative impact on
the environment and humans [1]. It is an innovagiki@osophy in industrial production, but
also in chemical education, which includes all atpef safety and sustainability that are
designed to prevent further environmental pollu{@n3].

Biocatalysis is an ideal tool gfeen chemistry, which uses enzymes as biocatalysts to
synthesise a wide range of chemical products. Hewévmust be emphasised that the use
of enzymes is no novelty. In ancient times, anci€umers and Babylonians used
biochemical enzyme processes based on the actifityild microorganisms that were
applied for hundreds of years in the productiobmfad, wine, vinegar, beer, dough rising,
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cabbage fermentation, production of cheese and atiey products [4, 5]. Enzymes as
such were described much later and caught atteiianany researchers and scientific
teams.

Enzymes are biocompatible and biodegradable. Taetioms catalysed by enzymes
are carried out in an aqueous medium, at neutralgploom temperature, under normal
pressure and have a high catalytic activity. Oné¢hef greatest advantages of the use of
biocatalysts in enzymatic transformations is higitural selectivity (chemoselectivity,
regioselectivity, stereoselectivity), which helpsduce the number of reaction steps
compared to reactions catalysed by classical clematalysts [6].

Biocatalytic reduction of prochiral ketones is amosignificant industrial methods
used in the preparation of non-racemic chiral adt@hOptically pure chiral alcohols form
important intermediates for the synthesis of findericals, pharmaceuticals,
agrochemicals, and analogues of natural substafihese are numerous industrial methods
known to prepare these chiral alcohols, includimgduction with expensive chiral reagents
based on heavy metals. Several scientific teamsuwarently seeking inspiration in natural
reactions in order to replace chemical processdsdiggical methods, thereby eliminating
negative environmental impacts and reducing overaliuction costs.

Enzymes produced by plant cells are capable ofysatg the reduction of prochiral
ketones with high enantioselectivity. These reastimay be catalysed by isolated enzymes
or whole cells. Dehydrogenases play the most inaporle in bioreduction syntheses [7].
This subclass of enzymes is used in reductiondhefcarbonyl groups of aldehydes and
ketones into corresponding alcohols. Their sigaifie lies in the obtaining a chiral product
from the prochiral substrate (Fig. 1).

J(J)\ dehydrogenase . OH o OH
R1 R2 \ R1 /'\ R2 R1 AN R2
NAD(P)H NAD(P)*

Fig. 1. Use of dehydrogenases in various typesasétuction reactions with cofactor regeneration

For this reason, dehydrogenases have been sudbessifplied as reducing agents in
the production of chiral hydroxy acids, amino acids and B-hydroxy esters and in
particular chiral alcohols, which form key buildinglocks of specialty chemicals,
agrochemicals and pharmaceuticals [8-10].

The biocatalytic activity of dehydrogenases is delgmt on the presence of a low
molecular weight non-protein component - a cofactdre cofactor acts as a reagent and is
consumed in stoichiometric proportions to the sabst The most common cofactors used
in the reduction reactions are nicotinamide ademiirucleotide [NAD(H)] and its
phosphate [NADP(H)], which usually enter chemieaations in low concentrations. If the
reaction is to be carried out continuously, it é&e@ssary to work with a system that allows
its regeneration (Fig. 2).
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Fig. 2. General scheme of cofactor regeneration

There are several well-known chemical strategiesl tisr cofactor recycling. In recent
years, attention has been increasingly drawn to application of whole cells of
microorganisms or plant tissues. They contain tleeemssary enzymes and cofactors
regenerated in the process of metabolism of theitself. In this way it is possible to
replace the use of isolated dehydrogenases indiiotien syntheses, thus eliminating the
problem of expensive cofactor recycling [11, 12].

There are several reaction systems found in theatiire describing the synthesis of
chiral secondary alcohols using different partglaint tissues [13, 14]. Since 2000, the
plant tissues of carrots have been repeatedly asduocatalysts for stereoselective ketone
reduction. Acetophenone and its derivatives arbaioty among the most studied substrates
for enatioselective bioreduction into correspondifgphols.

Topicality, interdisciplinary character and in pemtar, connection with ordinary life,
make green chemistry an ideal theme that should ifin place in the science lessons.
Certain teaching methods, e.g. group or cooperagigehing, create room for discussion,
problem solving, presenting student’s opinions betlefs. These approaches support the
linkage of chemistry with everyday life, increabe tnotivation of students and shape their
attitude to the responsibility for their own actiprwhich can have an impact on the
environment as well as future generations.

In a school lab, especially in organic chemistrpariments, we often encounter some
limitations due to the lack of time, laboratory @i@nd chemicals. As a result, students are
not allowed to work independently in terms of safahd currently valid legislation. For
these reasons, an attempt to eliminate the usenué hoods, toxic solvents and reactants is
the main motivation in doing experiments usingphiaciples of green chemistry.

Methodology

The aim of our research was to design a simplesafel school experiment for the
students of higher secondary education based orrgbearch conducted in scientific
laboratories. We tested multiple substrates anidwsikinds of plant tissues in a school lab.
Based on the results obtained, we created a chemipariment assignment that met our
predefined requirements. The requirements concearsafety and time aspect and also the
availability of the used chemicals. We adjustedekperiment procedure to such an extent
that its realisation is feasible in secondary stlonditions. Moreover, the students were
also provided a set of preliminary tasks not td tiesir knowledge, but to recall and revise
the curriculum on carbonyl compounds and basicritiooy methods they were expected to
encounter during the experiment.
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Optimization

As mentioned above, our research was based on xperiments conducted in
scientific laboratories. Firstly, we used acetommen (0.2 g) as a substrate for
biotransformation in a reaction with plant cell9(8) of potato, sweet potato, carrot,
parsley, cucumber, apple, and white radish. Treudis were grated into larger pieces and
incubated for seven days at room temperature. Alffterreaction was complete, the plant
tissue was filtered off and the filtrate was extealcwith ethyl acetate.

When checking the product purity by Thin Layer Ghetography (TLC), we found
out that complete conversion of the ketone to atalid not take place. Moreover, there
was no reduced product observed for plant tissdegotato, sweet potato, apple and
cucumber. In the next optimization we only usedatamparsley and white radish tissues.
The amount of plant tissue was doubled and mixdter/A week of incubation we found
out that the conversion was incomplete and thdistamaterial was also present in the
product.

Subsequently, a more reactive 4-nitroacetophenoa® ethosen as the substrate. It
(0.2 g) was dissolved in ethanol (2 ¥nand added to a suspension of freshly mixed
carrot/parsley/white radish plant tissue (160 ghe Treaction mixture was stirred with
a magnetic stirrer at room temperature for severs.d&hen checking the product purity by
TLC method, it was evident that the conversion e@®plete and the starting material was
not present in the obtained product (Fig. 3).

The obtained produdt(4-nitrophenyl)ethanol was subjected ttH NMR spectroscopy
[CeHgOsN, Mr = 168;*H NMR (CDCk, 600 MHz): 8.20 (dJ = 9.0 Hz, 2 H); 7.55
(d,J=9.0 Hz, 2 H)); 5.03 (g, = 6.0 Hz, 1 H); 1.53 (d] = 6.0 Hz, 3 H)] and the optical
rotation [ja]p?° = —4.75 (c = 1, CHG)] was also measured. The measured values were
consistent with the values reported in the liteia{5].

Based on the results obtained by optimization, e&ghed the experiment assignment
and modified the procedure to such an extent thas ifeasible in secondary school
conditions.
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° 1= ketone
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© Q
2 ®
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S-standard; P-product; Rs-retardation factor
Fig. 3. TLC plate
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Research

The pedagogical research was held in February aam@iv2?017 with a target group of
8 students - "8 graders from a Bratislava secondary school. Dutfegresearch, we used
a method of structured observation to monitor theerg of students' abilities to work
independently on the assigned tasks. We wantethdoolut whether this experiment was
designed sufficiently to be understood by secondsfyool students and whether its
realisation, in terms of time, is feasible in amigry lesson. We measured the time spent
by the students in each step of the procedure atedndown any problems that arose
during the experiment. This helped us modify thecpdure to make it as simple as
possible. During the first lab practical the studeset a reaction system following the
procedure instructions and let it stir using a nedignstirrer for seven days. After a week,
they returned to the school lab and proceeded ditpto the instructions and evaluated
the results of the chemical experiment.

In the last part of pedagogical research, we tiaefthd out the extent of understanding
the experiment principle in the form of a semi-sttmed interview. Students' interviews
were conducted individually in the school lab eamiment for about 20 minutes and were
recorded. Afterwards, verbatim transcripts from theordings were made and their content
was qualitatively evaluated. During the interviews, tried to create a pleasant atmosphere
to make the students answer the questions in alvegyreally perceive and understand the
individual phenomena. We also took a great cangréwent the students from influencing
each other and thus not distorting the researalitses

Results

The experiment assignment included six prelimin@sks with a free answer. The
summary of students' answers is presented in Tabldhe set of tasks served as
a pre-preparation for the lab practical. The taskse designed to revise the curriculum on
carbonyl compounds and the basic laboratory methioelg were expected to encounter
during the experiment.

Table 1
Evaluation of students' answers to preliminary sask
Evaluation of students’ answers
Task Correct Partially correct Incorrect No answer
Number [%] Number [%] Number [%] Number [%]

of studentg evaluation | of students| evaluation | of students| evaluation |of students| evaluation
1 1 12.5 7 87.5 0 0.0 0 0.0
2 3 37.5 0 0.0 4 50.0 1 12.5
3 8 100.0 0 0.0 0 0.0 0 0.0
4 7 87.5 0 0.0 1 12.5 0 0.0
5 0 0.0 2 25.0 0 0.0 6 75.0
6 8 100.0 0 0.0 0 0.0 0 0.0

In Task 1, the students were asked to write ratiforenulae of five arbitrary aliphatic
carbonyl compounds and name them. Only one stuateswered this task correctly, while
the other seven students gave partially correatv@rss The latter ones included also cyclic
chains of carbonyl compounds, named those compoimedsrectly or gave no chemical
name (Fig. 4).
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acetone ethane trichloroethanal formaldehyde benzaldehyde

Fig. 4. Example of answer to Task 1

Task 2 was answered correctly by three pupils, evinitorrect reactivity order of the
given carbonyl compounds was determined by foudesits. They either considered
ketones more reactive than aldehydes or arrangetiyitirocarbons downwards according
to the length of the hydrocarbon chain regardldshe functional group. One student did
not answer the task at all.

In Task 3, the students were asked to determinépeharges on carbon and oxygen
atoms of the carbonyl group. All the students amedehis task correctly. Moreover, the
two of them even gave an explanation of why thegexyhas a negative and the carbon has
a positive charge (Fig. 5).

4
fc=0

WA W0 i L LATE L ud . LT e

Oxygen has higher electronegativity, so it forms a negative charge because it attracts electrons.

Fig. 5. Example of answer to Task 3

Task 4 was responded correctly by seven studemis.s@udent mistakenly introduced
a nucleophilic substitution as a characteristictiea of carbonyl compounds.

Task 5 was not answered by six pupils. Two studpatsally indicated a mechanism
of the reaction of 4-nitroacetophenone with a noghelic particle. Since these mechanisms
were not complete, they both incorrectly wrote ddatve formula of the starting substance
and did not state that the secondary alcohol wa®duct, we considered their answers as
partially correct (Fig. 6).
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Fig. 6. Example of answer to Task 5

In Task 6, the students were asked to draw atfdtmaapparatus and briefly describe
this laboratory method. All the students gave atiramswers.

After the experiment, we were interested in stusleditedback regarding the
experiment realisation. As a research tool we wsednterview. The interview with the
students allowed us to explore their understandingnzymes and their catalytic function
more deeply and thoroughly. It is important to ndbat the interview was not pre-
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structured. The set of questions prepared was amlgrientation line. Each interview was
held individually and developed based on the sttisiemswers. Our observation was that
some students were responsible in answering questiod expressed their ideas in a clear
and concise way. The others answered in a chaaty; they did not think too much about
the question asked, and thus we had to ask them amaf give them additional questions.

According to the answers collected, none of theestts had encountered the term of
biocatalyst before our research. However, baseith®istudents’ answers, we can conclude
that the students associate this term with catlgsdaccelerating the course of chemical
reactions. The answers also included the characteristic otdialysis as a process that
accelerates reactions in living organisms by means of catalysts. The vast majority of
students briefly replied thanhzymes in plant cells and bodies of all organisms or proteins
are among these substances. According to one s$tastggen is a substance without which
many reactions would not occur in nature.

Asked how the catalyst affects the chemical reactibhe students answered very
briefly and correctly that the presence of the lgatavould accelerate, regulate or reduce
the value of the activation energy. They were also right when stating that the catadygsts
not affect the balance of the chemical reactioly®@ne student was wrong when assuming
that if the catalyst is a substance that is addetthé reaction system, sblogically must
also affect the balance.

The students were also asked about the differemcthé principle of a chemical
reaction regulated by a biocatalyst and an anilficiproduced catalyst. All students agreed
that the nature of the reaction is, in principlee tsame regardless of the origin of the
catalyst. In their answers, most of the respondsaits thatall catalysts affect the rate of
chemical reaction and remain unchanged after it finishes. Among the most frequently
stated benefits of biocatalysts the students imdudthat they areecological,
environmentally friendly and can be obtained fromatural sources. There was also one
interesting answer of a student who, unlike hissitaates, compared the pros and cons of
both catalysts and summarised his thoughts aswsildhe advantage of biocatalysts is
environmental friendliness and the disadvantage is volatility of living material. The
advantage of traditional chemical catalystsis that the tested reaction always runs the same
way, and the disadvantage is that it is harmful to the environment.

The question regarding the mechanism of the enzyatedysed reaction was not clear
to every student. One student was not able to andwequestion and two other students
did not understand the question. The responsesthar students weren't significantly
different, they characterised the course of theymezreaction in a very simple way as
a phenomenon wheamzyme with the substrate form a complex, which turnsinto a product.

Enzymes are highly specific organic macromolecuteswe asked students whether
they can catalyse any type of a chemical reacfitwe. students were either convinced that
they can or were clearly against. The students, thboght one enzyme was capable of
regulating any reaction, could not explain the@tesient. Those, who thought the opposite,
were right and were also able to defend their @piniAs a demonstration, one of the
students responded@nzymes are specific substances of a protein nature that catalyse the
conversion of a particular substrate to a particular product. Thus, one enzyme can catalyse
only the given reaction and no other.

A series of other questions were directly relatedhie chemical experiment that the
students performed independently in the school \&fle. started asking the students to
explain the chemical nature of the experiment. Mlagiswers were rather concise and
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simple, as followsusing carrots, we reduced the ketone to alcohol or we put the ketone
with the carrot into a flask and after a week of mixing we evaluated whether the reaction
was carried out. Several students formulated their answers in areteway when saying
that the enzymes in plant tissue play a role of a catalyst that initiates the chemical
transformation of ketone into alcohol.

When questioned whether the reaction could haveroed without the presence of
plant tissue, the students clearly answered tleatutd not. When asked why it is important
to stir the reaction mixture for a period of sewdays, two pupils respondeth prevent
deposits, lumps and precipitates andto mix everything together nicely. Such formulations
cannot be considered correct or relevant in oue.céke rest of the students were thinking
about the question more carefully and their reaseae as followsgo make the ketone
react with the greatest possible amount of the tissue. These students responded correctly
because they realised that the plant tissue catsmall pieces did not contain a large
amount of the enzyme. For this reason, it is imgrdrto ensure a contact of the ketone with
as many small chopped pieces of the tissue aship@ssid to ensure that the reaction takes
place for a sufficiently long time until the suladtr is completely consumed. Based on the
interviews we can also assume that the pupils fauddficult to correctly determine the
chemical name of the product according to the valikts of chemical nomenclature.
Students’ answers included names sucH-agrophenyl ethanol, 4-nitrobenzene ethanol,
nitro phenyl ethanol.

There is the evidence that the rate of an enzyrtadyzad reaction can be affected by
various factors. Therefore, we asked the studemtsthe course of our experiment could
have been accelerated. The most commonly citedrfachstemperature. We were also
interested in how the students perceived the imphtémperature on the rate of enzyme
reaction. Most students were familiar with the fi@traising the temperature increases
the rate of a chemical reaction. However, there is a difference in case of reastimatalysed
by enzymes.

Enzymes are protein substances that are damageed 8B6C and lose their catalytic
function. Most students realised that during theriview stating thathe plant tissue is due
to high temperature cooked and enzymes lose their activity, others used the term
denaturation. Apart from the impact of temperature on the rdtetemical reaction, the
following factors, such asH of the environment, plant size, concentration were also found
among students’ answers.

The last question was related to laboratory methd@tsidents were asked to
characterise individual methods used in the lalboyabractical. In case of extraction, they
said most frequently that it is a method usingp@arating funnel, in which two immiscible
layers are formed. Most pupils also knew how to correctly interprstéhemical essenci:
is a separation method in which it is possible to get one component from a liquid mixture
by adding an extracting agent. Another one simply stated thae leached our product from
water in an organic solvent.

We used TLC method to prove the presence of thecestlalcohol. Most students only
recalledlittle balls in different distance from the start that were observed under UV light.
The two students were able to characterise chragregby as a method in whiehmixture
of substances is separated due to different polarity. A plate represents a stationary phase
which allows a gradual travelling of the mobile phase.
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Discussion

Based on the observation results, we can conchatethe students are able to work
independently according to a prepared chemicalréxeat assignment, to do the chemical
experiment and complete it within the given tinmaiti Students did not have any questions
concerning the misunderstanding of the experimeatemure in the course of the lab
practical - they followed our instructions when %iog with chemicals and laboratory
instruments.

According to the interview analysis, the understagdf the essence of the chemical
experiment was, with respect to the school educgtimgramme, of a very high level in
secondary school™3graders. In general, most pupils correctly charszd the term
biocatalysis, understood the function of enzymesatalysts of chemical reactions and
explained the principle of biocatalysed reductidnketones to the respective secondary
alcohols. In the overall assessment, we took icmmant that each student perceives the
observed phenomena differently and that prior tetaheoretical knowledge of the given
topic is inevitable for correct interpretation dfet essence of the observed phenomena.
Thus, we assume that the tested experiment isbtaiifar a category of students who had
already had a common chemistry lesson on enzymeaddition, the experiment can also
be performed in a chemistry club or may be an gmpate part of preparation courses for
graduates planning to continue their chemistryiegudt universities.

If the experiment was to be carried out again m filiture, we would recommend the
teachers to divide the students into more groupkiaciude also plant tissues that are not
able to convert ketone to alcohol (e.g. apple dafed. We are proposing this modification
because some students were wrong when asked abetiter enzymes can catalyse any
type of a chemical reaction. We can assume thdt plant tissue contains a different kind
of enzyme, and not every enzyme is capable of obiimy and regulating the given
reduction of ketone to alcohol. The involvement tbése tissues in the experiment
procedure could support the demonstration of tlegifip effects of enzymes.

Conclusion

When preparing the chemical experiment, we werpiiied by the available literature
describing the preparation of chiral alcohols frpmchiral ketones catalysed by cells of
various plant tissues. When selecting a suitahibstsate and other chemicals, we carefully
focused on the choice of appropriate ketones agdnic solvents, which are financially
available and, in terms of safety, suitable fodstus working in common lab conditions.
Finally, we selected 4-nitroacetophenone as a mibstwhich was reduced to the
respective chiral 1-(4-nitrophenyl)ethanol with tkezymatic system of plant cells of
carrot, parsley and white radish.

We adjusted the experiment procedure to such ametliat it is feasible in secondary
school lab conditions. From the experiment procedor students we omitted a step of
product purification and a quantitative analysigtia form of measurindH NMR spectra
and optical rotation of the product. The resultshaflse measurements had originally served
to verify and specify the structure of the redupeaduct. However, it had been verified by
us that stains on the TLC plate are sufficientlsiblie under UV light, even if we apply the
organic phase, obtained immediately after extractio the plate in multiple layers. With
regard to a number of chemistry lessons at secgnsiEiools, the mixing time of the
reaction mixture was set at seven days.
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Preparation of the reaction mixture by the studentschemistry lesson one week and
the subsequent evaluation of the experiment rethdtmext week seemed to us as the most
practical solution of how to achieve the best szdion of the student experiment.

The designed experiment was verified in school t@mws during our research
involving 3rd grade secondary school students ioré@y and March 2017. By using an
appropriate means of pedagogical research - a seuatured interview, we tried to
evaluate the degree of understanding of the expeatims well as the ability of students to
explain the observed phenomena. Based on the ienemnesults, we assume that the level
of experiment difficulty corresponds to the abilitf students, who are able to work
independently according to the prepared procechuleadgthin the set time limit.

Students trained their skills in the chemistry Iatory, acquired knowledge on new
separation methods and, last but not least, gaingight into new trends in organic
chemistry trying to minimise adverse impact of istfial production on the environment
and hence on human health.
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BIOKATALITYCZNA REDUKCJA KETONOW
W LABORATORIUM SZKOLY SREDNIEJ

Abstrakt: Biokataliza jest jedsn z najwaniejszych metod przemystowych, ktéra w corazkszym stopniu
przyciaga uwag naukowcow jako metoda nowa i akceptowalna sotalowiska. Stosuje sija do wytwarzania
chiralnych alkoholi - wanych cegietek do syntezy wysokowdtmwych chemikaliow, farmaceutykéw,
agrochemikaliow i analogéw substancji naturalnydN. biokatalizie stosowanie tradycyjnych zwkow
chiralnych na bazie metali egkich zostalo zagpione przez wykorzystanie enzyméw. W wielu przypeaudtk
liczba etapdw reakcji zostala ograniczona, selelbptvpazadanych produktéw zostata zskiszona, a negatywny
wplyw na $rodowisko zostat zmniejszony. Zasady biokatalizystaty przez nas zastosowane w celu
zaprojektowania prostego eksperymentu chemicznégauczniow szkotsrednich 1l stopnia. Zmodyfikowane
¢wiczenie laboratoryjne polegato na bioredukcji #aacetofenonu za pompenzymoéw obecnych w tkankach
roslinnych marchwi, pietruszki i biatej rzodkwi. W rach naszych badapedagogicznych przeanalizowano
adekwatné¢ eksperymentu chemicznego dla uczniéw szkébnich, a zrozumienie @eiadczenia z zakresu
zielong chemii zostato zbadane za pomomywiadu pétustrukturyzowanego

Stowa kluczowe:biokataliza, zielona chemia, enzymy, eksperymekolsy, wywiad pétustrukturyzowany
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