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Abstract

Mutagenic impurities (MIs) are of serious concern for pharmaceutical industry, regulatory agencies and public health.
The first guideline addressing the control of genotoxic impurities (GTIs) dates back to 2006. Since then there have been
several updates and refinements, which eventually resulted in the guideline, published by the International Conference on
Harmonisation (ICH) in June 2014. The ICH M7 guideline, compared to previous ones, offers greater flexibility in terms
of control strategies for GTIs in drug substances. More specifically, it describes a control strategy that relies on process
controls in lieu of analytical testing which is based on understanding the process chemistry and process parameters that
impact the levels of GTIs. This principle is adopted in the theoretical purge factor determination tool proposed by Teas-
dale et al. Several case studies applying the proposed theoretical purge factor determination tool were published in recent
years. The results confirm the tool’s good predictability of the extent to which the impurity is removed by the process.
Hopefully, this approach will soon be released as an in-silico tool, generally accepted by the regulatory agencies.

Keywords: Drug substance, mutagenic impurity, purge factors

1. Introduction

The need to investigate the potential genotoxicity of
drugs resulted from several incidents in the past and is no-
wadays a serious matter of concern for pharmaceutical in-
dustry. According to the definition given in the Internatio-
nal Conference on Harmonisation (ICH) M7 guideline,’
genotoxicity refers to any deleterious change in the gene-
tic material regardless of the mechanism by which the
change is induced, whereas the term mutagen refers to a
substance that induces mutation which is a heritable chan-
ge in cells or organisms.” It should be stressed that not all
DNA damage results in mutation. However, many muta-
gens have the ability to induce cancer since there is a
strong correlation between mutagenicity and carcinogeni-
city. Without a doubt, mutagenicity and consequently po-
tential carcinogenicity are strongly undesirable in relation
to the use of medicines. However, in some cases, e.g., for

treating life-threatening conditions, the use of drugs with
higher risk may be acceptable. While a safe medicinal
product is one with acceptable risk/benefit ratio, the same
is not true for impurities found in drug substances and
drug products; as impurities convey only risk with no as-
sociated benefit. Genotoxic impurities (GTIs) in drug sub-
stances are mainly the consequence of using electrophilic
reagents for building up the molecular structure. If they
don’t react completely, they can persist in the reaction
mixture and may be carried onward in the synthesis. Due
to their high reactivity they can also react with the DNA
and potentially induce genetic mutations. For this reason
regulatory agencies established standards which assure
that unavoidable impurities are limited to have no or ac-
ceptable levels of risk.? Identification and control of po-
tential mutagenic/genotoxic impurities in drug substances
or drug products is still a challenging task for pharmaceu-
tical companies. Hence, an overview of regulatory guide-

Lapanja et al.: Theoretical Purge Factor Determination

commons



Acta Chim. Slov. 2017, 64, 1-14

lines will be presented in this review article, together with
identification and control strategies, especially the theore-
tical purge factor determination approach and its practical
application.

2. Historical Background

As already mentioned in the introduction, the risk
related to the potential presence of GTIs emerged from
various events in the past. In 2000 a first article regarding
GTIs’ related concern was published, i.e. an enquiry by
the European Directorate for the Quality of Medicines and
Healthcare (EDQM) on alkyl mesylate impurities in
mesylate salts.* This publication was the first that revealed
the potential risk of formation of sulfonate esters during a
salt formation process with sulfonic acids in alcoholic so-
lutions and it is now considered as a milestone indicating
a beginning of genotoxicity risk awareness.*> Two years
later, in December 2002, the Committee for Proprietary
Medicinal Products (CPMP) which was later renamed to
Committee for Human Medicinal Products (CHMP), pub-
lished a position paper on the limits of GTIs.® The posi-
tion paper was, after being significantly revised, released
as a draft guideline in June 2004.” The awareness of geno-
toxic risk was significantly increased by the prominent in-
cident of Viracept® in 2007. In June of that year excess le-
vels of ethyl methane sulfonate (EMS) were detected in
the nelfinavir mesylate active substance, manufactured by
Roche Registration Ltd. EMS is a process-related impu-
rity that was formed during manufacture of Viracept due
to an inadvertent reaction between methane sulfonic acid
used in the active pharmaceutical ingredient (API) salt
formation and the solvent ethanol which was used to clean
the acid storage tank. Since EMS is a potential human car-
cinogen, Roche had to recall the product from the Euro-
pean Union markets immediately.®

3. Regulatory Guidelines

3. 1. EMA Guideline on the Limits
of Genotoxic Impurities

The first guideline that addressed the control of
GTTIs in marketing applications for pharmaceuticals was
the European Medicines Agency (EMA, formerly EMEA)
guideline,’ finalized in 2006 (draft published in June
2004). Before its implementation, the issue of impurities
with genotoxic potential was not specifically covered by
the existing guidelines for qualification of impurities
(ICH Q3A (R2)'%/Q3B(R2)'/Q3C (R5)'>/Q3D"). In the
context of the EMA guideline,’ the term genotoxic impu-
rity refers to positive findings in established in vitro or in
vivo genotoxicity tests with the main focus on DNA reac-
tive substances. GTIs may be classified as those with suf-

ficient or those without sufficient (experimental) evidence
for a threshold-related mechanism of genotoxicity. For
compounds with clear evidence for threshold genotoxi-
city, exposure levels that are without considerable risk of
genotoxicity can be established based on calculation of a
permitted daily exposure (PDE), which is derived from
the no-observed-effect level (NOEL), or the lowest-obser-
ved-effect level (LOEL) in the most relevant animal study
using uncertainty factors. For compounds without suffi-
cient evidence for threshold-related mechanism the as low
as reasonably practicable’ (ALARP) principle should be
followed, where avoiding is not possible. However, it is
often impossible to define a safe exposure level for geno-
toxic carcinogens without a threshold or completely eli-
minate GTIs from the drug substance. This has led to the
need of a pragmatic approach that would recognize an ac-
ceptable risk exposure level. For this purpose a threshold
of toxicological concern (TTC) has been developed. A
TTC value of 1.5 pg/person/day, corresponding to a 107
lifetime risk of cancer, defines a common exposure level
for any unstudied chemical that will not pose a risk of sig-
nificant carcinogenicity or other toxic effects.!*!*> The li-
mit was set based on the analysis of 343 carcinogens,'®
expanded to more than 700 carcinogens from a carcinoge-
nic potency database.'”' A simple linear extrapolation
from 50 % tumor incidence (TD50) data for the most sen-
sitive species and most sensitive site to a 1 in 10° inciden-
ce was used, which makes the principle very conservati-
ve.'* Some high potency genotoxic carcinogens like afla-
toxin-like-, N- nitroso-, and azoxy- compounds have to be
excluded from the TTC approach."”” Compound-specific
toxicity data is needed for the risk assessment of such
compounds. A TTC value higher than 1.5 pg/day may be
acceptable for short term-exposure drugs, for treatment of
life-threatening conditions, when life expectancy is less
than 5 years, or where the impurity is a known substance
and human exposure will be much greater from other
sources, e.g. food. For the calculation of concentration li-
mits in ppm of genotoxic impurity in drug substance the
following equation is used, where dose applies to expec-
ted daily dose to the patient:

TTC [ug/day]

concentration limit (ppm) = ———
dose[g/day]

)

The guideline on the limits of GTIs ° left certain
concerns unaddressed. Besides that, industry struggled to
fully understand how to interpret and apply it in its enti-
rety.’ For this reason significant clarifications of several
key topics have been issued in the Question and Answers
(Q&A) on the ‘Guideline on the limits of genotoxic impu-
rities’,?* published by the Safety Working Party (SWP) in
September 2010. The Q&A document clarified that no ge-
notoxicity testing or the ALARP principle application is
needed when a potential GTI is controlled at the TTC le-
vel unless the impurity belongs to a class of very potent
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genotoxic carcinogens, e.g., N-nitroso-, aflatoxin-like-
and azoxy- compounds. It was also clarified that a negati-
ve bacterial mutagenicity test (Ames test) overrules a
structural alert which means that no further studies are re-
quired providing the level remains below ICH
Q3A'%/Q3B'! limits. If the quantitative structure-activity
relationship (QSAR) assessment gives no structural alerts
it can be concluded that the impurity has no genotoxicity
concern and no further qualification studies or justifica-
tion will be required. It has also been clarified and confir-
med that durational adjustments to the TTC limit are ac-
ceptable for investigational studies. The proposal of a sta-
ged TTC was first described by the Pharmaceutical Re-
search and Manufacturers of America (PhRMA) cross-in-
dustry workgroup led by Mueller et al.>! However, the
SWP incorporated a dose rate correction factor of 2 to ac-
count for deviations from the linear extrapolation model
which gives slightly different values than those from the
original PhRMA proposal. The acceptable limits for daily
intake of GTI according to the SWP are 5, 10, 20 and 60
pg/day for duration of exposure of 6—12 months, 3—6
months, 1-3 months, and less than 1 month, respectively.
For a single dose an intake of up to 120 pg is acceptable.
With regards to the control of multiple GTIs, SWP stated
that the TTC value of 1.5 pg/day can be applied to each in-
dividual impurity present in the drug substance only if the
impurities are structurally unrelated. This is based on the
assumption that the impurities act by the same genotoxic
mode of action and have the same molecular target and
thus might exert its effect in an additive manner. A limita-
tion of the sum of the GTIs at 1.5 pg/day is recommended
in such cases. The SWP document states that if a GTI is
formed or introduced in a step before the final synthetic
step, it is acceptable to not include the impurity in the
drug substance specification if it is controlled to a suitable
limit in a process intermediate. However, it has to be de-
monstrated by analysis results that the presence of this im-
purity does not exceed 30 % of the acceptable limit in the
drug substance, otherwise it has to be included in the drug
substance specification and the test has to be carried out
on a routine basis. When a GTI is formed or introduced in
the final synthesis step, it should be included in the speci-
fications. However, skip testing can be applied if the level
of the impurity does not exceed 30% of the acceptable li-
mit in the drug substance. Data for at least 6 consecutive
pilot scale or 3 consecutive production scale batches
should be presented to support this approach.

3. 2. FDA Draft Guidance: Genotoxic
and Carcinogenic Impurities in Drug
Substances and Products:
Recommended Approaches

In December 2008, the Food and drug administra-
tion (FDA) published their draft guidance addressing the

issue of GTIs.”> The guidance contained nonbinding re-
commendations to the pharmaceutical industry and never
reached its finalization. FDA considers the approach taken
in the EMA guideline’ for setting an exposure limit for ge-
notoxic or carcinogenic impurities reasonable. However,
the EMA guideline addresses the exposure limits only to
products for marketing applications. Therefore, the FDA
draft guidance provides recommendations on evaluation
and acceptable exposure thresholds of genotoxic and car-
cinogenic impurities during clinical development as well
as for marketing applications. According to the guidance,
the potential lifetime cancer risk associated with genoto-
xic and carcinogenic impurities can be reduced by chan-
ging the synthetic and/or purification route to minimize
the formation and/or maximize the removal of the impu-
rity of concern. Following the EMA guideline,” a maxi-
mum daily exposure of 1.5 pg/day was proposed, allowing
higher levels for products during clinical development.”

3. 3. ICH M7 Guideline: Assessment and
Control of DNA Reactive (Mutagenic)
Impurities in Pharmaceuticals to Limit
Potential Carcinogenic Risk

In June 2014 the ICH M7 guideline: Assessment and
control of DNA reactive (mutagenic) impurities in phar-
maceuticals to limit potential carcinogenic risk' reached
Step 4 of the ICH process, meaning that the final draft be-
came recommended for adoption to the three regulatory
bodies of the ICH: European Union, Japan and USA. Im-
plementation of ICH M7 was encouraged after publi-
cation; however, its application was not expected prior to
18 months after the publication. The purpose of the ICH
M7 guideline is to provide a practical framework that is
applicable to the identification, categorization, qualifica-
tion, and control of mutagenic impurities (MIs) to limit
potential carcinogenic risk. It applies to new drug substan-
ces and new drug products during their clinical develop-
ment and subsequent applications for marketing. It also
applies to post-approval submissions of marketed pro-
ducts, and to new marketing applications for products
with a drug substance that is present in an already appro-
ved product. This is only valid when (1) changes that re-
sult in new impurities are made or (2) increased limits for
existing impurities are implemented or (3) when changes
in indication or dosing regimen are made which signifi-
cantly affect the acceptable cancer risk level. As pre-
viously already proposed by the EMA® and FDA guideli-
ne,” the ICH M7 also finds it justified to use the TTC ap-
proach in the assessment of acceptable limits for any un-
studied chemical. Higher acceptable intakes of impurities
for less-than-lifetime (LTL) exposures are also allowed.
Moreover, it is stressed that the TTC concept is a highly
hypothetical concept that should not be regarded as a rea-
listic indication of the actual risk and that exceeding the
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TTC is not necessarily associated with an increased can-
cer risk. The impurity assessment according to the ICH
M7 should include all actual and potential impurities that
are likely to arise during the synthesis and storage of a
drug substance, and during manufacturing and storage of
a drug product. All these should then be evaluated for mu-
tagenic potential by conducting database and literature
searches for carcinogenicity and bacterial mutagenicity
data. Based on the obtained data the impurities are classi-
fied as one of the following classes:

Class 1: Impurities that are known mutagenic carci-
nogens.

Class 2: Impurities that are known mutagens with
unknown carcinogenic potential.

Class 3: Impurities with alerting structure, unrelated
to the structure of the drug substance; no mutagenicity data.

Class 4: Impurities with alerting structure, same
alert in drug substance or compounds related to the drug
substance which have been tested and are non-mutagenic.

Class 5: Impurities with no structural alerts, or aler-
ting structure with sufficient data to demonstrate lack of
mutagenicity or carcinogenicity.

If data for carcinogenicity and bacterial mutagenicity
are not available, a (Q)SAR assessment that focuses on
bacterial mutagenicity predictions should be performed.
Two (Q)SAR computational methodologies that comple-
ment each other are required according to the ICH M7.
One methodology should be expert rule-based and the se-
cond one should be statistical-based. If none of the met-
hods give structural alerts, it is sufficient to conclude that
the impurity is non-mutagenic (Class 5). In case of an
identified structural alert, a bacterial mutagenicity assay,
e.g., Ames test, can be conducted. Negative result will
overrule any structural alert, meaning that no further geno-
toxicity assessment is needed (Class 5). In case of positive
bacterial mutagenicity assay, a further assessment and/or
control strategy is needed (Class 2). In vivo genotoxicity
assays could also be performed, for example when levels
of the impurity cannot be controlled at an acceptable limit
and the relevance of the bacterial mutagenicity under in vi-
vo conditions needs to be understood. If an impurity has
the same structural alert as the drug substance or related
compounds, this impurity can be considered as non-muta-
genic if the bacterial mutagenicity assays of the drug sub-
stance or related compounds were negative. For class 1 im-
purities with positive carcinogenicity data a compound-
specific acceptable intake calculated based on carcinoge-
nic potency and linear extrapolation can be used. Other es-
tablished risk assessment practices or already existing va-
lues used by regulatory bodies may also be applied. For
impurities which are chemically similar to a known carci-
nogen compound class, class specific acceptable intakes
can be applied when justified. For MIs with non-linear do-
se response or practical threshold a PDE can be calculated
based on NOEL and uncertainty factors. When treatment
duration is less than lifetime, the acceptable cumulative li-

fetime dose is uniformly distributed over the total number
of exposure days during treatment. Acceptable intakes for
LTL to lifetime exposures for clinical development and
marketing are presented in Table 1. The TTC-based accep-
table intakes should be applied to each individual impurity.
However, when there are three or more Class 2 or Class 3
impurities present in the drug substance, total mutagenic
impurities should be limited as presented in the Table 1.
Class 1 impurities with compound-specific or class-related
acceptable intakes limits should be excluded from this total
limits. Degradation impurities originating from drug pro-
ducts also need to be controlled individually.

Table 1. Acceptable intakes for less-than-lifetime (LTL) to lifetime
exposures for a) an individual impurity and b) for multiple impuri-
ties (based on ICH M7")

Treatment duration Maximum daily dose [ug/day]

a) b)
< 1 month 120 120
> 1-12 months 20 60
> 1-10 years 10 30
> 10 years to lifetime 1.5 (TTC limit) 5

Besides the described acceptable intakes ICH M7
also lists some exceptions and flexibilities in approaches,
e.g., higher acceptable intakes for impurities which are
more abundant in other sources e.g., food, or products of
endogenous metabolism (e.g., formaldehyde), than in
pharmaceuticals. Exceptions can also be made in cases of
severe disease, reduced life expectancy, late onset but
chronic disease, or when there are limited therapeutic al-
ternatives. Impurities with high carcinogenic potency (af-
latoxin-like, N-nitroso, and alkyl-azoxy structures) need
to be controlled with tighter limits, based on carcinogeni-
city data. For classes 2 and 3 the TTC approach would
usually be used. When an impurity has been identified as
Class 1, 2 or 3, a control strategy needs to be developed;
assuring that the level of this impurity in the drug substan-
ce and drug product is below the acceptable limit. ICH
M7 lists 4 potential approaches for development of a con-
trol strategy for drug substance:

Option 1: Test for the MI is included in the drug sub-
stance specification. Acceptance criterion is set at or below
the acceptable limit using a suitable analytical method. When
it can be shown that levels of the impurity in at least 6 conse-
cutive pilot scale or 3 consecutive production scale batches of
drug substance are less than 30 % of the acceptable limit, it is
justified to apply periodic verification testing.

Option 2: Test for the MI is included in the specifica-
tion for raw material, starting material or intermediate, or as
an in-process control. Acceptance criterion is set at or be-
low the acceptable limit using a suitable analytical method.

Option 3: Test for the MI is included in the specifi-
cation for raw material, starting material or intermediate,
or as an in-process control. Acceptance criterion is set
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above the acceptable limit of the impurity in drug substan-
ce, using a suitable analytical method coupled with de-
monstrated understanding of fate and purge and associa-
ted process controls that assure the level in the drug sub-
stance is below the acceptable limit without the need for
any additional testing later in the process. Option 3 can be
justified when the level of the impurity will be less than
30 % of the acceptable limit by review of laboratory scale
experiments data (e.g., spiking studies).

Option 4: The MI does not need to be included on
any specification when it can be demonstrated that the le-
vel of the impurity in the drug substance will be below the
acceptable limit such that no analytical testing is required.
Option 4 control strategy relies on understanding process
chemistry and process parameters and their impact on re-
sidual impurity levels, including fate and purge knowled-
ge. According to the ICH M7, justification of this control
approach based on scientific principles alone is sufficient

Table 2: A brief history of development of GTIs guidelines (based on Teasdale® and Szekely et al.

24).

Year Issue Key points

March 1995 ICH Q3A: Impurities in New Drug substances The term ‘unusually toxic’ is used to address GTIs.

2000 PharmEuropa Enquiry: Alkyl mesylate (met- The first article regarding the GTIs related concern publis-
hane sulfonate) impurities in mesylate salts hed (potential risk of formation of sulfonate esters during a

salt formation process).

December 2002 CPMP: Position paper on the limits of genoto- Wherever possible, alternative routes that avoid GTIs
xic impurities should be used. Otherwise they should be reduced to ‘as

low as technically feasible’ level.
Safety tests, including in vivo studies are required to deter-
mine a NOEL or to carry out a quantitative risk assessment.

June 2004 CHMP: Guidelines on the limits of genotoxic ‘As low as technically feasible’ terminology is replaced
impurities — Draft with the ALARP (As low as reasonably practical) principle.

Requirement to introduce an alternative route is omitted.
The need to provide justification of selected route remains.
TTC concept is introduced.

January 2006 PhRMA (Mueller) White paper A ‘staged TTC’ approach is introduced.

A classification system, defining five separate classess of
impurities, is defined.

June 2006 CHMP: Guidelines on the limits of genotoxic The note that the guideline doesn’t need to be applied re-
impurities — Finalized trospectively to authorised products unless there is specific

cause for concern is added.
Excipients are excluded from the finalized guideline.

December 2008 FDA draft guidance: Genotoxic and carcino- It is suggested to introduce lower limits for different patient
genic impurities in drug substances and pro- populations (e.g. pediatric).
ducts: recommended approaches Genotoxicity testing should be performed for any impurity

above the ICH qualification threshold.
Different staged TTC values for short term studies are pro-
posed.

September 2010 SWP: Questions and Answers on the CHMP  Durational adjustments to the TTC limit are acceptable for
Guideline on the limits of genotoxic impurities investigational studies.

A ‘cause of concern’ terminology is explained.
If a substance is controlled to an appropriate safety based li-
mit, then no further actions are required.

June 2014 ICH M7: Assessment and control of DNA Two (Q)SAR computational methodologies that comple-
reactive (mutagenic) impurities in pharmaceu- ment each other are required (one expert rule-based and the
ticals to limit potential carcinogenic risk second one statistical-based).

Four potential approaches to development of a control stra-
tegy for drug substance are proposed, including a control
strategy that relies on understanding process chemistry and
process parameters and their impact on residual impurity
levels, including fate and purge knowledge.

June 2015 ICH M7 Addendum: Application of the princi- Acceptable intakes have been derived for substances that

ples of the ICH M7 guideline to calculation of
compound-specific acceptable intake

are considered to be mutagens and carcinogens and are
commonly used in the manufacture of drug substances.
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in many cases. The scientific risk assessment used to ju-
stify this approach can be based on physicochemical pro-
perties and process factors that influence the fate and pur-
ge of an impurity. This includes chemical reactivity, solu-
bility, volatility, ionizability and any physical process
steps designed to remove impurities. The result of this risk
assessment can be shown as an estimated purge factor for
clearance of the impurity by the process. When justifica-
tion based on scientific principles alone is not considered
sufficient, analytical data to support the control approach
is expected. If option 4 approach (and also option 3 ap-
proach) cannot be justified, a test for the impurity should
be included on the specification of a drug substance, raw
material, starting material, intermediate, or as an in-pro-
cess control.

ICH M7 guideline also clarifies that the application
of ALARP principle is not necessary if the level of the MI
is below acceptable limits. It is also not necessary to de-
monstrate that alternative routes of synthesis have been
explored which was required by EMA guideline’ before
the implementation of ICH M7.

ICH M7 guideline addresses many issues that were
left unclear in the previous guidelines. The guideline is
still very complex and its application in the pharmaceuti-
cal industry and regulatory agencies is quite challenging.
To complement the harmonized guideline finalized in Ju-
ne 2014, an Addendum to ICH M7 was proposed in June
2015 (Step 2): Application of the principles of the ICH
M7 guideline to calculation of compound-specific accep-
table intakes.?® The purpose of this document is to provide
useful information regarding the acceptable limits of
known mutagenic/carcinogenic impurities commonly
found or used in drug synthesis and supporting mono-
graphs. The development of the guidelines toward the
ICH M7 publication is presented in Table 2.

Pharmaceutical industry can apply different ap-
proaches to mitigate the risk of GTIs in the synthesis of

APIs. While the preferred approach (especially augmen-
ted by the regulatory agencies in early guidelines) is to
avoid the use of genotoxic synthetic pathways by modif-
ying the existing synthetic routes, this is not always pos-
sible since the use of highly reactive reagents is often re-
quired for the production of APIs.?® Therefore, a strategy
based on elimination or reduction of GTI can be applied.
This can be achieved by adjusting the process conditions
(i.e., reaction time, pH, temperature, solvent matrix etc.).
Furthermore, a Quality by Design (QbD) approach can al-
so be applied to control GTI formation.?®

Many purification steps (i.e. crystallization, solvent
liquid-liquid extraction, precipitation, distillation, column
chromatography, etc.) have the ability to remove GTIs
along with other process impurities. Purging of impurities
was previously addressed by Pierson et al.”” The risk of
GTI carry over was defined considering the number of
synthetic steps between the point of GTI appearance and
final production step. If the GTI appears more than four
steps before the final step, chemical rationale could be
used to assess the need of GTI removal. The purging ap-
proach was later upgraded as it will be presented in the
following section.

4. Theoretical Purge Factor
Determination Approach

Since publishing the guidelines covering the con-
trol of GTIs, regulatory authorities have requested evi-
dence that any GTI is controlled in line with the accep-
table limits. For this reason pharmaceutical companies
had to present extensive analytical data. To avoid unne-
cessary analytical testing, Teasdale et al.” took the chal-
lenge to develop an approach that would allow the likeli-
hood of potential carryover of a GTI to be assessed
ahead of performing analyses. In line with the ICH M7

Table 3. Physicochemical parameters and associated purge factors (adapted from Teasdale et al.®)

Physicochemical Purge factors

parameter 100 10 3 1

reactivity highly reactive moderately reactive - low reactivity/unreactive

solubility - freely soluble moderately soluble sparingly soluble

volatility - boiling point > 20 °C boiling point + 10 °C boiling point > 20 °C

below that of the that of the reaction/process above that of the

reaction/process solvent solvent reaction/ process solvent

ionizability ionization potential of GTI significantly different from that of the desired product

(a specific purge factor is assigned where such an approach is specifically applied)

physical processes —
chromatography

GTI elutes prior

to desired product product

GTI elutes after desired

physical processes — freely soluble

recrystallization™

sparingly soluble

* In the original approach the recrystallization process was described within the solubility term; however, based on the under-prediction of the pur-
ge factor tool in case of crystallization steps, it was proposed to describe it as an individual physical process with a scale from 1 to 100.%
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option 4 control strategy, the scientific approach propo-
sed by Teasdale®® is based on physicochemical proper-
ties and process factors that influence the fate and purge
of an impurity. In order to assess the carryover of poten-
tial GTIs into API, AstraZeneca developed a tool based
on the assessment of key physicochemical properties of
the agent of concern, relating them to the downstream
processing conditions. A score is assigned for each of
them to establish a ‘purge factor’. The approach has
been applied to various processes with available data. In
order to assess the potential carry-over of a GTI, the fol-
lowing parameters are defined: reactivity, solubility, vo-
latility, ionizability, and any physical process designed

/O
N | H
3-aminopropan-1-ol N
o Cl
1 L
N._~_OH
H HCl in IPA
—b
o Cli
\ _
N ~_C “
by-product
H 5
N
o i
by-product
4

Scheme 1: Synthesis of AZD9056 (adapted from Teasdale et al.?®).

to remove impurities (e.g., chromatography). For each of
the parameter a score is assigned as presented in Table 3.
The scores are then multiplied together to give a purge
factor for each stage of the process. Multiplying the pur-
ge factors for individual stages yields an overall purge
factor. Teasdale et al.”® provided a case study, presenting
both the outcome of the predictive purge factor and the
real measured values. Theoretical purge factors were cal-
culated for three potentially genotoxic impurities in the
synthesis of AZD9056 (Scheme 1). Experimental purge
factors were also determined for each of them by trac-
king the residual levels of impurities at successive sta-
ges. Results are summarized in Table 4.

N~ OH

H,/Pt
Cl

N~ OH

ZT

MeOH/water
— 3 pure

O Cl HCI
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Authors also noted that in the case of the impurity 1,
the predicted purge factor in the isolated crude stage diffe-
red significantly from the experimental purge factor (10
versus 560, respectively). Based on this it could be argued
that the scale for the solubility factor could be extended to
1-100 instead of 1-10. However, authors decided to retain

toluene
DMSO

H OzN

the more conservative scale of 1-10 in order to compensa-
te for any variance in processes such as uncontrolled cry-
stallization, poor washing and/or inefficient deliquoring
of the isolated product. Moreover, underprediction of the

purge capacity of the process is preferable to an overpre-
diction.

Pd-C, H,
PrOH

K-carbonate

IMS dimethyl formamide
= Na-bicarbonate /j\ dimethyl carbonate
N— ————— N —_—
H,N =N reflux )\ N

| )\/1

MeOH

4M HCl in 1,4-dioxane
4,.

Nfl = Ni— reflux
Sanaiibel
HaNO2S NH,

T Pd-C, H,

MeOH

HaNO,S : NO

2

reflux

-
=~ o~
H,NO,S H N h|.l N

HCI

micronized form
seeds from conversion

acetonitrile acetonitrile

W » water

water /]\/j\ N

crystallization H2N02 g . ’
H,O

HCI
5

’1 e
H,NO,S )\

HCI
6

Scheme 2: Synthesis of pazopanib hydrochloride (adapted from Elder et al.*!).
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Table 4. Summarized results of the case study for the synthesis of AZD9056 (based on Teasdale et al.?®).

Impurity of concern Theoretical Experimental Interpretation of the results
purge factor purge factor
Impurity 1 10 000 112 000 The calculated purge factor underpredicts the purge
20 capacity of the process by a factor of 10. Even a con-
servatively calculated purge factors predicts that the
H risk of carryover of significant levels of this impurity
H into the API is low.
o <c
Impurity 4 3 10 The calculated purge factor of 3 accurately predicts
N._~_Cl that the process has limited capacity of effectively
removing this impurity.
H
N
o C
Impurity 5 10 000 38 500 The calculated purge factor accurately predicts the
cl efficient removal of the impurity by the process.

Table 5. Summarized results of the case study for the synthesis of pazopanib hydrochloride (based on Elder et al.>!).

Impurity of concern Theoretical Experimental Interpretation of the results
purge factor purge factor
DMS 30 000 29411 The tool very accurately predicts the purging capacity
. 0O for DMS.
A
~o S\: ~
0

Impurity II 8 100 30 044 The calculated purge factor underpredicts the purge

capacity of the process by a factor of 3.
_N—

0N N

Impurity 1 2700 7700 The calculated purge factor and experimental purge
factor agree reasonably well.

S~ 1N_

H,N N

Impurity 3 9 52-174 Theoretical and experimental purge factor are in
reasonable agreement, however a control strategy

N/;\/”\ gﬁ‘_ needs to be implemented due to a low factor.
cn*‘ NN SN
Impurity IIT 900 17 647 The calculated purge factor underpredicts the purge
CHy capacity of the process by a factor of 20.
SO,NH,
NO,

In 2013 Teasdale et al.*° published further and more
detailed information about the determination of theoreti-
cal purge factors, alongside various case studies. Instruc-

tions are given on how to assign values for different
physicochemical parameters, how to calculate the factors
and how to evaluate the results.

Lapanja et al.: Theoretical Purge Factor Determination



10 Acta Chim. Slov. 2017, 64, 1-14
1. HOBY, 1. Mel, K,CO3,
Q OH MeNH,-HCI, NEts, NHMe 2. water precipitation NHMe
B 2. HCI B
T -
EDC coupling
MsHN o MsHN o Ms—y o
1 2 (direct crystallization gy,
3 : T 3
(direct crystallization from aq. DMF)
from aq. DMF)
H
HO_ JOH Carbazole
58! R
HO OH ‘
0
NHZ (IJH NHMe
Pd
cy ©  Ho N K3PO,
Wa
Hunig's base Ms—~n o MeCN, H,0, 75 °C
Cy3P, MeOH, Me
reflux 65 °C 6
25h /O, MK-8876 1- THF/carbon ¢ gg7¢
N 7 \ (crude) 2. water (pure)
Y/
N= Pure Step
F 5 cl Recrystallization
1. ICH,CI
DMAc, 110 °C
2. Water precipitation
3. CH,Cly/hept.rex.
ﬂ HO
7\
Vi _
N
F % Cl

Scheme 3: Synthesis of MK-8876 (adapted from McLaughlin et al.*®).

Another case study was described by Elder et al.*'
in 2013, using the same approach to assess the ability to
purge impurities in the synthesis of pazopanib hydroch-
loride (Scheme 2). The theoretical purge factor asses-
sment tool was applied to five mutagenic impurities
(Table 5). The measured purge factor for each of the MI
has been previously determined,*? therefore the authors
were able to compare theoretical and experimental pur-
ge factors in order to assess the reliability of the propo-
sed tool. Compared to the original approach, Elder et
al.’! decided to include isolation steps within the physi-
cal process parameter, whereas a factor 3 was used if the
isolation step was present and 1 if not. According to
their results the tool very accurately predicted the pur-
ging capacity for the most reactive MIs. For less reacti-
ve MIs, measured and predicted values agreed reasonably
well.

In 2015 two additional practical applications of the
proposed tool were published, i.e. by McLaughlin et al.*®

and by Lapanja et al.?? McLaughlin et al.>* applied purge
factor assessment tool to six MIs in the synthesis of a de-
velopment compound MK-8876 (Scheme 3). Theoretical
purge factors were compared with the analytically deter-
mined purge factors. Results are summarized in Table 6. It
was emphasized that the proposed tool tends to underpre-
dict the likely purge capacity of a process, thus staying on
the safe / more conservative side.

Lapanja et al.?? also used the same approach for as-
sessing the presence of four potential MIs in the vortioxe-
tine synthetic process (Scheme 4). Additionally, one mi-
nor modification regarding the physical process parameter
was proposed, i.e. a recrystallization step was included
within the physical process parameter, while according to
Teasdale et al.”® recrystallization would be described wit-
hin the solubility parameter. The theoretical purge factors
were then compared with measured values and with the
results of depletion studies. Results are summarized in
Table 7. In conclusion it was noted that by assigning a va-
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Table 6. Summarized results of the case study for the synthesis of MK-8876 (based on McLaughlin et al.*®).

Impurity of concern Theoretical Experimental Interpretation of the results
purge factor purge factor
EDC 110 > 50 000 The tool very accurately predicted the purging capacity
| for EDC.
_N N
/\N"C N
methyl iodide 1 000 000 100 000 The calculated purge factor overrpredicts the purge
—1 capacity of the process by a factor of 10. However,
theoretical purge factor is in agreement with the actual
analytical value of < 10 ppm of methyl iodide at
intermediate stage.
Chloroiodomethane 10 000 (crude) 20 000 (crude) The calculated purge factor and experimental purge
e 100 000 (pure) > 200 000 (pure) factors agree reasonably well.
Arylboronic acid 10 000 (crude) 143 000 (crude) Measured purge factors at the crude API stage and
30 000 (pure) > 1000 000 (pure) at the pure API stage are much higher than the
theoretical purge factor.
Bis boronic acid (BBA) 100 (crude) > 3333 (crude) Measured purge factors at the crude API stage and
1 000 (pure) > 250 000 (pure) at the pure API stage are much higher than theoretical
purge factor.
Carbazole 100 > 375 The calculated and experimental purge factors agree
H reasonably well.
cl SH
K6 DMSO Reduction
2, K2CO4 iPrOH
CC
NO,
1 2
3
Cl ~ N /‘\/CI
HCI
5
xylenes S
—_—
s X
(X !
NH, (__NHHCI
4 6

Scheme 4: Synthesis of vortioxetine hydrochloride (adapted from Lapanja et al.?’).

lue of 3 for the recrystallization process the ability of the
process to eliminate impurities was clearly underpredic-
ted. However, Teasdale et al.”® suggested retaining a more

5. Conclusion

Several updates and refinements were done since the

conservative scale in order to compensate for any variance first guideline covering the issue of GTIs in pharmaceuti-
in processes. cals was finalized by EMA in 2006. The ICH M7 guideli-

Lapanja et al.: Theoretical Purge Factor Determination



12

Acta Chim. Slov. 2017, 64, 1-14

Table 7. Summarized results of the case study for the synthesis of vortioxetine (based on Lapanja et al.

29).

Theoretical

Impurity of concern purge factor

Experimental
purge factor

Interpretation of the results

cl 8.1 x 10°
NO,

M

4.9x% 10"

The calculated purge factor underpredicts the purge
capacity of the process by a factor of 6 000.
Underprediction is especially significant in the case
of recrystallization step (theoretical value of 9 versus
4 000).

Cl 8 100 -

NO,

Ames test for this compound was negative; however

a theoretical purge factor has been calculated to assess
the impact of reactivity parameter on the purge factor
determination. The theoretical purge factor is clearly
lower than the factor for compound I due to the diffe-
rent position of substituent and thus different reactivity.

300 297738

HCI

5

The experimental purge factor is approximately
1000-times higher than the theoretical purge factor.

3000 20

L
NH,

“

The calculated purge factor overpredicts the purge
capacity of the process.

ne which was released in June 2014 addressed many is-
sues that were left unclear in the previous guidelines. Mo-
reover, it offers greater flexibility in terms of mechanisms
to demonstrate absence of Mls in drug substances. The
use of theoretical purge factor determination tool which is
in line with ICH M7 Option 4 control approach is very
promising and allows avoiding analytical testing where
not necessary. Many pharmaceutical companies have ap-
plied this semi quantitative approach using purge factors
as described by Teasdale et al.?® and some of them publis-
hed their results. Authors noted that the calculated purge
factors agree very well or reasonably well with the experi-
mental purge factors. In several cases it was noted that the
purge factor tool tends to underpredict the purging capa-
city of the process. This underprediction was especially
significant in the case of isolation steps during synthesis.
While one could argue that the theoretically determined
purge factors differ too much from the measured values, it
must be emphasized that the underprediction is intentional
in order to gain acceptance of the approach. When relating
the theoretically determined purge factors to the required
purge, it is expected that the theoretical purge would be
preferably 100-times greater than the required purge. This
makes the approach even more conservative and assures
that we always stay on the safe side. Taking into account
the conservatism of the approach, this tool should provide
satisfactory evidence to the regulatory agencies for the ab-
sence of Mls above determined limits. It is to be hoped

that this approach will become a regular practice benefi-
ting the pharmaceutical industry, while not increasing any
risk for the patients whatsoever.
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Povzetek

Mutagene necistote predstavljajo velik problem za farmacevtsko industrijo, regulatorne oblasti in javno zdravje. Prva
regulatorna smernica, ki je obravnavala nadzor genotoksi¢nih necistot je bila izdana leta 2006, sledile pa so Stevilne do-
polnitve in izboljSave. Junija 2014 je bila s strani mednarodne konference o harmonizaciji zahtev izdana smernica ICH
M7, ki v primerjavi s prvotnimi smernicami ponuja bolj pragmati¢ne moZnosti za nadzor genotoksi¢nih necistot v zdra-
vilnih u¢inkovinah. Poleg analitskega spremljanja genotoksi¢nih necistot ima sedaj farmacevtska industrija preko smer-
nice ICH M7 moZnost kontrolne strategije, ki sloni na razumevanju procesa sinteze in na oceni vpliva procesnih para-
metrov na nivo pridobljenih in nastalih necistot. Ta pristop je predlagal in prvi opisal A. Teasdale s sodelavci. Predlaga-
ni pristop izracuna teoreti¢nih faktorjev ociSc¢enja je bil v zadnjih letih uporabljen na $tevilnih prakti¢nih primerih. Ob-
javljeni rezultati kaZejo na to, da lahko s tem pristopom precej dobro napovemo sposobnost o¢is¢enja necistot skozi pro-
ces. Upati velja, da bo omenjeni pristop kmalu na voljo v obliki racunalniskega orodja, ki bo splo$no sprejemljiv s stra-

ni regulatornih oblasti.

Lapanja et al.: Theoretical Purge Factor Determination
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Abstract

Modern drug discovery is mainly based on the de novo synthesis of a large number of compounds with a diversity of
chemical functionalities. Though the introduction of combinatorial chemistry enabled the preparation of large libraries
of compounds from so-called building blocks, the problem of successfully identifying leads remains. The introduction
of a dynamic combinatorial chemistry method served as a step forward due to the involvement of biological macromo-
lecular targets (receptors) in the synthesis of high affinity products. The major breakthrough was a synthetic method in
which building blocks are irreversibly combined due to the presence of a receptor. Here we present various receptor-ba-
sed combinatorial chemistry approaches. Huisgen’s cycloaddition (1,3-dipolar cycloaddition of azides and alkynes)
forms stabile 1,2,3-triazoles with very high receptor affinity that can reach femtomolar levels, as the case with acetylc-
holinesterase inhibitors shows. Huisgen’s cycloaddition can be applied to various receptors including acetylcholineste-
rase, acetylcholine binding protein, carbonic anhydrase-II, serine/threonine-protein kinase and minor groove of DNA.

Keywords: Drug design; Dynamic combinatorial chemistry; Huisgen’s cycloaddition; in sifu click-chemistry; Recep-

tor-accelerated synthesis; Receptor-assisted combinatorial chemistry

1. Introduction

The main focus of drug discovery is the identifica-
tion of compounds that can modify molecular targets as-
sociated with certain diseases inducing a positive respon-
se. While natural products have inspired the design of
most drugs in the past, the processes of lead discovery
and optimization today rely on the preparation of large
collections of new compounds, referred to as “libraries”.
Choosing large numbers of structurally diverse com-
pounds is primarily governed by the complexity of natu-
ral products, which increases the difficulty, time, and cost
of the preparation of such compounds. Also, as suggested
by a computational study by Bohacek er al., the total
number of “drug-like” compounds (< 30 non-hydrogen
atoms, < 500 Daltons; only H, C, N, O, P, S, F, Cl and Br;
stable in the presence of water and oxygen) is as large as
10% indicating that the vast majority of “drug-like” com-
pounds are yet to be discovered.! The introduction of
combinatorial chemistry seemed to resolve the problem
of preparing large libraries by focusing on building libra-
ries of more complex compounds from simple building
blocks. Building blocks are combined in a maximum

number of possible combinations through independent
synthesis. In the final step, each compound is indepen-
dently tested for activity.

Independent testing of a large number of newly
synthesized compounds significantly reduces the potential
of conventional combinatorial methods. However, by the
early 2000s, it became clear that conventional combinato-
rial chemistry turned out to be much less efficient than ex-
pected with only a few developed drugs reported and most
industrial combinatorial chemistry libraries were disban-
ded.?

In 1894, the German chemist Emil Fischer sugge-
sted a model of enzyme specificity by which an enzyme
and its substrate possess specific complementary geome-
tric shapes that fit exactly one into another like a lock and
key. Although this model is more than 100 years old, E.
Fischer’s idea is still valid. Dixon and Villar showed that a
protein can bind a set of structurally diverse molecules
with similar affinities in the nanomolar range, whereas
analogues closely related to one of the good binders show
only weak affinities (> 2.5 mM).? Chemists created an ap-
proach where novel potentially bioactive compounds are
not synthesized by pure statistical reorganization of joi-
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ning building blocks but forcing them in the right di-
rection by including a macromolecular target (receptor) it-
self in this process. This was done through the introduc-
tion of a receptor-assisted combinatorial chemistry
(RACC), sometimes also referred to as target-guided
synthesis (TGS).* In contrast to conventional combinato-
rial methods, in RACC the macromolecular target (protein
or DNA) is directly involved in the choice of joining buil-
ding blocks.

The concept of RACC can be divided into dynamic
combinatorial chemistry (DCC) and receptor-accelerated
synthesis (RAS), also called kinetically controlled TGS.
In DCC, the reaction that joins the building blocks is re-
versible, whereas RAS uses only reactive building blocks
joined irreversibly. The subset of RAS called in situ click
chemistry, which uses the Huisgen’s 1,3-dipolar cycload-
dition of azides and alkynes (Huisgen’s cycloaddition) to
irreversibly join the building blocks, will be covered with
special interest.>

2. Dynamic Combinatorial Chemistry
Method

Dynamic combinatorial chemistry is a subset of
RACC in which building blocks are joined through a re-
versible covalent reactions, generating a large equili-
brium-controlled library of compounds referred to as a
dynamic combinatorial library (DCL).”® The addition of
biological targets during the generation of DCL stabilizes
the library members with the highest affinity toward the
biological target, moving the equilibrium toward high-af-
finity members. A comparison of the composition of the
library with and without the biological target leads to the
identification of a hit compound. Therefore, the synthesis
and screening of library members are combined in one
step, which speeds-up the process of hit identification.

Moreover, hit identification is possible without any
specific receptor assays used. Instead, increased amounts
of the highest affinity library members are detected with
established analytical methods like HPLC, mass spectro-
metry (MS), NMR spectroscopy or even X-ray crystallo-
graphy.”!? It may be more advantageous for the library to
amplify many members with moderate affinities than just
a few with high affinities. This behaviour reflects the com-
plex nature of DCLs consisted of members interconnected
through a set of equilibrium reactions.!’ To address these
problems numerous theoretical studies of DCLs have
been done.'?'® The studies suggested that, unless excessi-
ve amounts of molecular target are used, good binders ha-
ve a high probability of being significantly amplified. Ho-
wever, a major limitation for application of DCC in drug
discovery is the limited number of reversible covalent
reactions appropriate to be used to synthesize DCLs. Drug
discovery applications of DCC require the following reac-
tion conditions: (i) reaction at a biologically relevant tem-

perature, (ii) compatibility with aqueous media, (iii) reac-
tion at (close to) physiological pH and (iv) compatibility
with the target functional groups.!”!® Compatibility with
aqueous media is the most challenging condition as there
are more reactions that have been developed in organic
solvents than under aqueous conditions, thus preventing
the use of a wider range of equilibration reactions. Addi-
tionally, the use of organic solvents in DCC is limited by
the strong tendency of solvents to denature the target
(enzyme, receptor, etc.). Examples of DCC applications
for the discovery of high affinity ligands for biological re-
ceptors have been reported, including formation of DCLs
of imines,'>? hydrazones,ﬂ’22 oxime ethers,” sulfides,?*
disulfides*® and alkenes.”

2. 1. Reversible Imine Formation

Huc and Lehn were the first to demonstrate the con-
cept of DCC application in drug discovery by identifying
inhibitors of carbonic anhydrase (CA) using a DCL of
imines formed from amines and aldehydes.'” In addition
to the fast and reversible nature of condensation between
amines and aldehydes to imines, reversible imine forma-
tion is very convenient for drug discovery because it
yields a Schiff base, a very common motive in metabolites
and biologically active compounds.®**! To detect products
by HPLC, they “locked-in” the equilibrium by irreversib-
le reduction of imines to corresponding amines using Na-
BH,CN to fix the composition of the library prior to de-
tection.

Hochgiirtel et al. created an imine library by con-
densing a diamine with more than fifty different ketones
in the presence of neuraminidase from an influenza virus
(Fig. 1).2° After reduction of imines, LC/MS analysis
identified several hits (1-4). The negative control experi-
ment included library synthesis in the presence of the bo-
vine serum albumin (BSA). The second control experi-
ment was carried out in the presence of the neuraminidase
and Zanamivir, a potent competitive inhibitor of the neu-
raminidase. On both occasions, initial hit 4 was identified.
The most abundant compound 3 lacked inhibitory po-
tency, whereas the strongest inhibitor 2 was amplified
three-fold less than 3. The authors suggested that this re-
sult could be explained by the lock-in reaction. Actual
molecular species undergoing equilibration are imines
and hemiaminals. The receptor amplifies the amount of
these intermediates that are then reduced to fix the library
composition. Reduced products have different structural
and electronic properties and their interaction with the
biological target may be worse, or better, than originating
intermediates. This represents a major drawback for the
application of reversible imine formation to the construc-
tion of DCLs in the presence of a biological target.

Recent progress in analytical methods used for
identification of binders from DCL had enabled access
to larger libraries. For example, Guo et al. introduced a
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Figure 1. Formation of a library of potential neuraminidase inhibitors by condensing a diamine with several ketones.”

protocol for analysis of imine-based DCL using a suitab-
le size-exclusion chromatography (SEC) column to re-
tain all non-binders from DCL followed by denaturation
of eluted protein-ligand complexes and MS analysis of
binders.*?

2. 2. Disulfide Interchange

To demonstrate utility of a disulfide interchange for
DCC approach, Ramstrom and Lehn designed a DCL of
disulfides capable of binding to concavalin A (Con A), a
member of lectins.”>** DCL of disulfide carbohydrate di-
mers (Table 1) was generated by incubating disulfide di-
mers with an initiating reagent dithiothreitol (DTT) ca-
pable of reducing some disulfides to thiols. DTT is oxidi-
zed to a stable 6-membered cyclic disulfide that should
not take part in the interconversion of the library disulfi-
des. Upon initiation, interconversion between disulfides

Table 1. Structures of the disulfide-linked carbohydrate dimers.?

occurred with the rate dependent on pH. At pH 7.4, a rea-
sonable rate of interconversion was obtained and receptor
binding was not affected. Disulfide interchange could be
stopped by lowering the pH (< 5) and final equilibrium di-
stribution of DCL analyzed by HPLC. In the absence of
any receptor, all expected ditopic combinations were ge-
nerated in approximately equal amounts. When a receptor
Con A was present during the interconversion, a signifi-
cant amount of the bis-mannoside (Man/Man) and the
mannose-containing heterodimers (Man/Gal, Man/Ara,
Man/Xyl) was found to be bound to the receptor.> Moreo-
ver, receptor-induced shifts in equilibrium resulted in the
amplification of mannose-containing dimers, which is in
accordance with concepts of the DCC approach.

One of the major drawbacks of using DCL of disul-
fides to identify potent inhibitors of protein targets is the
labile nature of disulfide bond. However, once identified
disulfide compounds can be replaced with their carbon

Compound® o/B R% R* R* R* RS n
RY, (Man/Man) o OH H H OH CH,OH 3
R' R o (Gal C,/Gal C)) B H OH OH H CH,OH 2
Ro (Gal C,/Gal C,) B H OH OH H CHOH 3
0 NH 3 3 2
R2 o (Glc/Glc) B H OH H OH CH,OH 2
(Ara/Ara) B H OH OH H H 2
(CH2), (Xyl/Xyl) B H OH H OH H 2
S
4
R* I
R® R (CH2),
[
s b
R H
# Man = D-mannose; Gal C, = D-galactose, n = 2; Gal C, = D-galactose, n = 3; Glc = D-glucose; Ara = L-arabinose; Xyl = D-xylose
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analogues, with bioisosteric thioether or amide linker in-
stead of the disulfide bond. Using modified MS analysis
that enables analysis of DCLs of thiols/disulfides under
non-denaturing conditions, Schofield et al. have identified
inhibitors to various protein targets by preparing carbon
analogues of identified disulfide compounds.*’*

2. 3. Reversible Acylhydrazone Formation

Ramstrom et al. developed DCLs of constituents
potentially capable of binding to plant Con A using re-
versible hydrazidecarbonyl/acylhydrazone inter-conver-
sion.?! Acylhydrazone libraries were generated from a
series of oligohydrazide core building blocks A-I and a
set of aldehyde counterparts 5-10 based on six common,
naturally occurring carbohydrates, potentially capable of
interacting with the binding site of Con A (Fig. 2). A set
of initial 15 building blocks could give rise to a library
containing at least 474 different species. Also, 15 sub-li-
braries were formed by mixing all building blocks except
one specific hydrazide or aldehyde building block under
the same conditions.?! Following equilibration libraries
were subsequently subjected to the lectin assay in which

CONHNH, CONHNH,
+ CONHNH, _ ( o (:\/
; CONHNH,

CONHNH,
H,NHNOC
H,NHNOCT N7 NCONHNH,
¢ I H
CONHNH;

the inhibitory potency of library constituents was moni-
tored.

The resulting inhibitory effects of the sub-libraries
have been matched to the activity of the complete li-
brary. The largest effect was noticed on the removal of
the mannose unit from complete DCL indicating that the
mannose unit is necessary for inhibition. Similarly, triva-
lent core building block G was the most active. The ef-
fect of the compound assembled from these two frag-
ments was estimated in a binding assay, resulting in an
IC,, value in the micromolar range (22 uM), indicating
that the DCC approach using reversible hydrazidecar-
bonyl/acylhydrazone interconversion enabled the identi-
fication of a novel tritopic mannoside showing potent
binding to Con A (Fig. 3).

However, the full potential of acylhydrazone-based
DCLs in drug discovery is somewhat limited because of
the requirement for acidic pH which is incompatible with
most protein targets. Greaney et al. have managed to cir-
cumvent this obstacle by introducing nucleophilic cataly-
sis of reversible acylhydrazone formation by using aniline
as a nucleophilic catalyst at less acidic pH and thus iden-
tify acylhydrazone inhibitors of GST isozymes.*>*

CONH,
CONHNH;, CONHNH;
O o
CONHNH; " H,NY T CONHNH,
CONH,
CONHNH: 1 NENOC” N CONHNH,
I
CONHNH;
CONHNH;,

Y

A-1 X 5-9

A

| OH OH _-OH
; 0
“9{6&&, OO CHO Hoév;,
OH OH
OH ;

N[—IAC ou ©

OC[]O WBQOCHO Ho

A

NHAL

O-B

(.)O CHO
10

Figure 2. A series of oligohydrazide A-I and aldehyde building blocks 5-10 generating an acylhydrazone dynamic combinatorial library of poten-

tial plant lectin Con A inhibitors.*!
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Figure 3. Compound 10,-G identified as the best binder to Con A (IC,, = 22 uM) from the acylhydrazone dynamic combinatorial library generated
from a series of oligohydrazide and aldehyde building blocks.*!
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Figure 4. Dynamic combinatorial library composed of glutathione (GSH) conjugates potentially capable of binding to glutathione S-transferase
(GST) generated from GSH, GSH analogues, and ethacrynic acid (EA).”’
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2. 4. Conjugate Addition of Thiols to Enones

Shi and Greaney extended the number of reversible
chemical reactions suitable for DCL generation by using
conjugated addition of thiols to enones.** Shi and Grea-
ney designed a biased DCL generated using glutathione
(GSH; 11), three GSH analogues 13-15, and the enone
ethacrynic acid (EA; 12) (Fig. 4)'37 Three analogues were
expected to be misfits for the G site of glutathione S-
transferase (GST) since the y-glutamyl residue is critical
for binding,*® thus biasing the DCL equilibrium composi-
tion in the presence of GST toward the GSH adduct 16.
EA is an inhibitor of GST and has provided a structural
scaffold for development of GST inhibitors. Blank DCL,

assembled in the absence of GST resulted in the distribu-
tion of four conjugates 16-19. Upon incubation with
GST from Schistosoma japonica (SjGST), DCL reduced
to the expected GS-EA adduct 16. Adduct 16 was increa-
sed from 35% of total conjugate concentration to 92% at
equilibrium, due to large differences in binding affinity
between 16 and peptides lacking the y-glutamyl residue.
Control experiments with BSA instead of SjGST produ-
ced no changes to the blank DCL composition, confir-
ming that the active site of SjGST is responsible in am-
plification of 16.

Shi et al. used the thiol addition methodology to cre-
ate new GST inhibitors from nonbiased DCLs. Since

cl GSH
Cl pH 8
(Tr:s 50 mM)
0 NR'R? NR R?
0/\[]/
20 o
NR'R%:
| | d) o |
a) b) D NN
N N7 CooMe SNTCE (N}
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Figure 5. A nonbiased DCL of potential GST inhibitors generated from glutathione (GSH) and 14 enone ethacrynic acid analogues.*’
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structural features of the H site change across different
GST isozymes, the authors explored the H site of SjGST
by constructing a DCL with reversed stoichiometry from
that in biased DCL, whereby 14 EA analogues reacted
with GSH to afford 14 GS-EA adducts (Fig. 5). MS analy-
sis and deconvolution studies revealed that adducts 21a,m
and n were amplified in the presence of SjGST, while ad-
duct 21f was suppressed. To examine the inhibition po-
tency of SjGST, 21a, 21n, non-amplified adduct 21b, and
the suppressed adduct 21f were synthesized and their IC,
values measured. Results indicated that the extent of DCL
amplification reflected the relative binding affinities of
DCL components for the SjGST. Piperidine and leucine
amides 21a (IC,; = 0.61 uM) and 21n (IC,, = 1.40 pM)
were amplified from the library at the expense of the wea-
ker binder lysine amide 21f (IC,, = 8.2 uM). Moreover,
contrary to the proposed model structure of the
SJGST/GS-EA Michaelis complex which identified a se-
ries of residues that could interact with the EA carboxylic
acid group,® amplified adducts 21a and 21n indicated
that the carboxylic acid group of EA is not essential for
binding in the H site and may be extended without change
of inhibitory activity.

3. Receptor-Accelerated Synthesis

Receptor-accelerated synthesis (RAS), also called
kinetically controlled TGS, is a subset of RACC, which us-
es kinetic control to increase the relative amounts of the
highest-affinity library members during library genera-
tion.*** While the library members in the DCC approach
are generated via reversible reactions, RAS uses building
blocks which irreversibly combine into larger molecules.

Process of hit identification and optimization takes advan-
tage of combining synthesis and screening into one step
(Fig. 6). Step 1 includes synthesis of reactive building
blocks, while in step 2 these building blocks irreversibly
combine due to the presence of a receptor. The hit identifi-
cation consists of determining whether a formation of a
product is significantly accelerated in the presence of a tar-
get molecule (receptor).

The selectivity for one or more products over others
arises from two factors, one related to the binding of buil-
ding blocks to the receptor, and the other to the ability of a
receptor to accelerate their irreversible joining. With re-
gard to the binding of the starting building blocks to the re-
ceptor, simultaneous binding of highest-affinity building
blocks in close proximity leads to rate acceleration. Howe-
ver, upon joining the starting building blocks to the pro-
duct, the binding interactions of building blocks to the re-
ceptor may strengthen or weaken in accordance with the
Fischer’s lock and key model. Thus, highest-affinity buil-
ding blocks might not form a product with the highest affi-
nity for the receptor. As far as the ability of a given recep-
tor to promote the coupling of reactive building blocks is
concerned, it is important to note that receptors do not nor-
mally act as coupling catalysts. The demands for a reaction
suitable for RAS are different from the DCC approach or
from a conventional organic reaction. Ideally, complemen-
tary reactive groups should combine very slowly in so-
lution generating a stable product with no or only minor si-
de products. Kolb et al. identified Huisgen’s cycloaddition
as the one having the ideal reactivity profile for RAS.*'*
This methodology has been successfully applied in nume-
rous examples known as in situ click chemistry.* So far,
RAC approaches have included C-N bond formation,**¢
C-S bond formation,** C-C bond formation,”® and ami-

Step 2

RECEPTOR

\

RECEPTOR

RECEPTOR

RECEPTOR

Figure 6. Receptor-accelerated synthesis for hit discovery and optimization. Products are created from blocks properly stabilized within the receptor.
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de formation from thio acids and sulfonyl azides, also re-
ferred to as “sulfo-click reaction”.’’”> Some of these
approaches are described in more detail below.

3. 1. Substitution Reaction Using a Thiol
as the Nucleophile

Huc and Nguyen were the first to demonstrate the
utility of a substitution reaction using a thiol as a nuc-
leophile for the identification of an inhibitor via RAS ap-
proach.*’ This reaction is widely used in organic chemi-
stry since thiols are more reactive than alcohols. In initial
study, they chose to target a zinc-containing metalloenzy-
me, bovine CA-II (EC 4.2.1.1).%* CA-II isozymes play a
role in many important biological processes, including
respiration, bone respiration, calcification, acid secre-
tion, and pH control. The CA-II active site is a conical
cleft with the Zn(II) ion located at its bottom with two se-
condary hydrophobic binding sites located in close proxi-
mity of this cleft. They tested the ability of CA-II to acce-
lerate the formation of para-substituted aromatic sulfo-
namide inhibitors 24a—e using competition assays opti-
mized to limit side reactions, such as disulfide formation,
alkyl chloride hydrolysis, and trialkyl sulfonium forma-
tion (Fig. 7).

Thiol 22 was treated with two competing alkyl chlo-
rides in buffered water at pH 6 for 48 h, first in the absen-
ce of CA-II, then in the presence of CA-II. HPLC analysis
of the final thioether products confirmed that CA-II
strongly favours formation of more potent inhibitors. For
example, when chloride 23a competes with 23d, the yield

of more potent inhibitor 24d changes from 50% in the ab-
sence of CA-II to 92% in its presence. On the contrary,
when products have similar affinities for CA-II, their final
yields are negligibly affected by the presence of CA-II. To
confirm that CA-II serves as the reaction vessel, Huc and
Nguyen conducted several control experiments, including
varying CA-II concentration, replacing CA-II by BSA, re-
placing thiol 22 by a thiol that has no affinity for CA-II,
and adding an inhibitor of CA-II, methazolamide.’* All of
these experiments confirmed that the active site of CA-II
templates product formation.

Besides alkyl halides, thiols can also react with epo-
xide rings in protein-templated irreversible formation of
biologically active ligands. Okhanda et al. have utilized
such epoxide ring opening to identify inhibitors of recom-
binant human 14-3-3 protein, involved in immunoglobulin
class switching, via RAS approach.*®

3. 2. Amide Formation Between Thio Acids
and Sulfonyl Azides

The choice of biological target for the RAS or the
RACC is not limited to enzymes only. It has been shown
that RAS can be utilized to discover small molecules that
modulate or disrupt protein-protein interactions (PPIs)
called protein-protein interaction modulators (PPIMs).
PPIs are crucial for a large number of vital biological pro-
cesses and interesting in the development of novel thera-
pies for a variety of diseases.”> Among PPI targets for can-
cer treatment are also proteins of the Bcl-2 family. Some
of the Bcl-2 proteins act as anti-apoptotic proteins (Bcl-2,

buff
HgNO;SO—\ + R—Cl ﬁﬁ- HgNOgSO—\
SH P SR
22 23a-e 24a-e
COH
CO,Et COxH
NH,
S S S s S
SO,NH> SO;NH> SO,;NH> SO,;NH; SO;NH;
24a 24b 24¢ 24d 24e
Ki=770nM  K;=180nM  K;=130nM K;=84nM K; =59 nM

Figure 7. The formation of para-substituted aromatic sulfonamide inhibitors 24a—e of CA-IL.¥

Marakovic¢ and Sinko: The Lock is the Key: Development of Novel Drugs ...



Acta Chim. Slov. 2017, 64, 15-39

=n=0

»
,Amm 7

0O

-,

—u::C‘J
Z
=
é

ABT-737 NO;
K; (Bel-X;) < 1.0 nM

(]
() A J

ABT-263 F3
K; (Bel-X) < 1.0 nM
Figure 8. N-Acylsulfonamide compounds targeting Bcl-X, ."~?

Bcl-X; , and Mcl-1) and others as pro-apoptotic proteins. teins (Bad, Bim, and Noxa).”® Bcl-2 proteins play an im-
Pro-apoptotic proteins can be further classified into multi- portant role in the apoptosis. Most likely, apoptosis is ini-
domain BH1-3 proteins (Bax and Bak) and BH3-only pro- tiated by binding the BH3 domain of BH3-only proteins

NO,
O (0]
Il / \
N i N],—ﬁ NH S
TA2 S74
37°C,6h BelX,,
LC/MS-SIM phosphate buffer
pH =74
(0}
N—(: :)-4 0]
HN—S
||

SZATA2

K; (Bel-Xp) =19 nM
Figure 9. PPIM identification via sulfo-click RAS approach.®’

Marakovic and Sinko: The Lock is the Key: Development of Novel Drugs

23



24 Acta Chim. Slov. 2017, 64, 15-39

0 0 o 0

oh \\sff \\sfz \V.f
\N ,\I \/@ \NJ I ) " O
@ g )L
SZ1 S22
0 0 0 0
0N \‘S’i N Y
5
P \/\N Ph.,‘s AN
874 SIS SZ6
0 0
%62 WP o ‘\{’
L L -
LY oo g
H
N
\0
SZ7 Ph SZ8
Phag
\\J’/ o\\fP
S«
\©\/ \/O/ "
L
S5Z, X TA,
A
(, 0 0
s
HS HS HS
|
N N
TAl TA2

37°C, 6 h, LC/MS-SIM

_S N \\ -"f \\;i |

SZTTA2

00 O
\"f W Ki (Bel-Xy) = 11.6 mM

SZ9TAl

Ki(Bel-Xp)= 11.6 mM \\sff "
'\.
. s .\/\ U
SZATA9
\\ff

K; (Bel-Xy) = 37.5 nM
SZITAS

K (Bel-Xg) = 14.6 mM

l Bel-XL, phosphate buffer, pH = 7.4

Ph\

Figure 10. Screening of anti-apoptotic Bcl-X| via sulfo-click RAS approach for PPIM discovery.’!

Marakovic and Sinko: The Lock is the Key: Development of Novel Drugs



Acta Chim. Slov. 2017, 64, 15-39

into a hydrophobic groove on the surface of anti-apoptotic
proteins. Therefore, designing a molecule capable of mi-
micking the BH3 domain is a promising strategy for novel
anticancer treatments. Thus, N-acylsulfonamides 25,
ABT-737, and ABT-263, capable of disrupting Bcl-X -
Bad interaction, were prepared (Fig. 8).7"~

Hu et al. applied the RAS approach for the disco-
very of N-acylsulfonamide PPIMs.® They designed buil-
ding blocks structurally similar to ABT-737 and ABT-
263, having a sulfonyl azide or a thio acid functional
groups, and incubated these as binary mixture together
with Bcl-XL for 6 h. LC/MS analysis revealed that, of all
the 18 possible products, only N-acylsulfonamide
SZA4TA2 was detected (Fig. 9).

Control experiments involving incubation of reactive
building blocks in the absence of Bcl-X; or in the presence
of Bcl-X; and various BH3-containing peptides, confirmed
that the surface of Bcl-X; protein acts as a template for the
sulfo-click reaction. To generate new hit compounds, Kul-
karni et al. designed two sublibraries, one with thio acids
and the other with sulfonyl azides, among which were tho-
se with a structural resemblance to ABT-737 or ABT-263
and those that were randomly chosen.’® Eighty-one binary
mixtures containing one thio acid (TA1-TA9) and one sul-
fonyl azide (SZ1-SZ9) were incubated with the protein
Bcl-X, for 6 h at 37 °C (Fig. 10).

LC/MS analysis of binary mixtures with or without
Bcl-X; present during reaction resulted in elevated amounts
of SZ4TA2, and three new products SZ7TA2, SZ9TA1,
and SZ9TAG in the presence of Bcl-X; . Control experi-
ments with native and mutated pro-apoptotic Bim BH3
peptides and Bcl-X, proteins indicated that protein-templa-
ted N-acylsulfonamide formation happened solely at the
binding sites of Bcl-X| . In order to evaluate the IC,,, all
four hit compounds were subjected to dose-response stu-
dies and binding studies.®® All of the hit compounds show
high to modest affinity for Bcl-X; protein and can modulate
the interaction between Bcl-X; and BH3 peptide ligand.

Nature of sulfo-click reaction and substrate scope
challenge its applicability in the RAS approach. As thioa-
cids are nucleophilic, readily dimerize, and present storage
and stability issues, their preparation and handling is there-
fore very demanding.®’ Namelikonda et al. optimized the
one-pot deprotection/amidation variant of sulfo-click reac-
tion in the presence and absence of Bcl-X| starting from
the 9-fluorenylmethyl (Fm)-protected thioesters and sul-

Ry

fonylazides.”> Optimal deprotection of Fm thioesters
TAT1’-TA3’ prepared from thioacid building blocks
TA1-TA3 was achieved in one minute at room temperatu-
re with 3.5% 1,8-diazabicycloundec-7-ene (DBU)/DMF.
Resulting thioacids TA1-TA3 were immediately diluted
with methanol and incubated with sulfonylazides
SZ1-SZ6 as binary mixtures in the presence and absence
of Bcl-X| . Product analysis failed to detect an increased
amount of the previously reported hit compound SZ4TA2
in the presence of Bcl-X; , presumably due to the change in
pH of the incubation sample probably due to the strong ba-
sicity of DBU. Experiments were repeated with a weaker
base (5% piperidine/DMF), and the amount of SZ4TA2
was increased to the same level as before containing puri-
fied thioacid TA2. However, a side reaction producing pi-
peridine amide was observed, but this unwanted byproduct
did not interfere with Bcl-X; templated reaction.

4. In situ Click Chemistry

So far, only a RAS approach using a combination of
strong nucleophilic (basic) and electrophilic (acidic) buil-
ding blocks has been discussed. However, a subset of re-
ceptor-accelerated synthesis, termed in sifu click chemi-
stry, has been developed utilizing the Huisgen’s cycload-
dition,> a reaction independent to the acid-base reactivity
paradigm, as shown in literature.®*’

4. 1. The Huisgen’s 1,3-Dipolar
Cycloaddition

The Huisgen’s 1,3-dipolar cycloaddition of azides
and alkynes to form 1,2,3-triazoles is a model example
among the reactions that meet the criteria of click che-
mistry (Fig. 11).*' Originally introduced by Barry Shar-
pless in 1999, click chemistry refers to a group of reac-
tions that generate carbon-heteroatom bonds.

Click chemistry has been successfully applied in
many areas, including organic synthesis,®* "> bioconjuga-
tion,”*” drug discovery,***’®7" and polymer and material
sciences.”*®' Huisgen’s cycloaddition is preferred since
azides and alkynes are easy to implement and are inert in
the acidic/basic environments and under physiological
conditions. However, spontaneous cycloaddition is very
slow, since reaction proceeds only if azide and alkyne in-

“N—N=N N
© ® Ri~\~ Ri~y7
N N” SN
+ — + L
— R \ /
Rz R;

1,4-disubstituted 1,2,3-triazole
(anti-triazole)

1,5-disubstituted 1,2,3-triazole
(syn-triazole)

Figure 11. Huisgen’s 1,3-dipolar cycloaddition of azides and alkynes.*!
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teract properly oriented. It was only after the discovery of
dramatic rate acceleration of the azide-alkyne cycloaddi-
tion under copper(I) catalysis that it gained its popula-
rity.8>83 This reaction exclusively forms 1,4-disubstituted
1,2,3-triazoles (anti-triazoles). The 1,5-disubstituted
1,2,3-triazoles (syn-triazoles) are prepared by using mag-
nesium acetylides or ruthenium catalysis.’*35 Recently,
efficient recyclable nanocatalysts have been developed for
regioselective synthesis of 1,2,3-triazoles in water.®® Ther-
mal reaction is extremely slow and gives a mixture of iso-
mers which are chromatographically separable. In addi-
tion, 1,2,3-triazole moieties have some favourable physi-
cochemical properties attractive for application to the
drug discovery and biomedicine. They are very stable to
both metabolic and chemical degradation, being inert to
hydrolytic, oxidizing, and reducing conditions, even at
higher temperatures.”> Due to resemblance with amide

Ny

moiety in size, dipolar moment, and H-bond acceptor ca-
pacity, the 1,2,3-triazole ring can serve as its non-classic
bioisostere.***3788 Since 1,2,3-triazoles are basic aroma-
tic heterocyclic compounds, they are bioisosteres of aro-
matic rings and double bonds.®*%® Additionally, the afore-
mentioned physicochemical properties of 1,2,3-triazole
moiety together with similarity to amide bond, make it a
useful linker to generate “twin drugs”,**¢”%3 bidentate in-
hibitors, 3% linkers to immobilized fluorescent tags or
small molecules,”" and anion receptors.”

4. 2. In situ Click Chemistry Using
Acetylcholinesterase as a Template
Inspired by a report by Mock et al. on dramatic rate

acceleration of azide and alkyne cycloaddition by seque-
stering azide and alkyne moieties inside the cavity of cu-

I —
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N \ 7\
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Figure 12. In situ click chemistry screening of binary mixtures of tacrine/phenylphenanthridinium-based building blocks for the discovery of biva-

lent inhibitors to AChE.*"%
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curbituril, a macrocycle made of glycouril, Lewis et al.
were the first to investigate the potential of Huisgen’s
cycloaddition for application to target-guided synthesis.”!
In their proof-of-concept study, they selected enzyme
acetylcholinesterase (AChE; EC 3.1.1.7) which plays a

vital role in neuro-transmission in central and peripheral
nervous system.”>*® The active site of AChE is a narrow
gorge with the catalytic binding site located at its bottom.
The second binding site, known as peripheral site, is at
the rim of the active site.”** Since reversible AChE inhi-

0 28 O A0
- = -
N, F N, F N, F
o Nchy, o NCHge o N(CHy),

IQN-A5:n=5 PIQ-A5:n=5 11Q-AS:n=5
IQN-A6:n=6 PIQ-A6:n=6 I1Q-A6:n=6

- U

N // /N

(CHa)s (CHy)y z
(0] (OIg C//
H
C-ASin=5 PO-A5:n=5 (CHz)
C-A6:n=6 PO-A6:n=6 PHN-AS:n=35
PHN-AG:n=6
@3‘\ C//
(CH2),
N, P ?
N (CH, -\ =z
I HIQ-AS:n=35 <N
~N HIQ-A6: n=6 @ CHn
DPA-A5:n=>5 DMB-A5:n=35
DPA-A6:n =6 DMB-A6: n =6
N // N_. _N_ =
(Citn, | NM
Na
PIP-AS5:n =5
PIP-A6:n=6
PQH-A4
N 2 0-N
= ~ N /"‘Iq,l/\/\ / I
| N N No Z
N NW\
% AS
O:N
BOH-A4
Cl
QH-A4

Figure 13. A library of acetylene building blocks for in situ click chemistry screening of AChE.'%
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bitors are used clinically to treat neurodegenerative disor-
ders, such as Alzheimer’s disease,”® various small-mole-
cule ligands specific for each binding site have been de-
veloped, together with such which simultaneously bind
to both sites and therefore possess higher affinity for
AChE.” Moreover, dimerization of an inactive frag-
ment of a selective and potent reversible AChE inhibitor
Huperzine A has shown that an inactive ligand can be
transformed into highly potent inhibitors.'® To address
the possibility of self-assembly of bivalent AChE inhi-
bitors via Huisgen’s cycloaddition, Lewis ef al. used a li-
brary of known site-specific inhibitors based on tacrine (a
catalytic site binder with K; of 18 nM) and phenylphe-
nanthridinium (a peripheral site binder with K of 1.1
uM) derivatized with alkyl chains bearing terminal azide
and alkyne moieties (Fig. 12).°!%

Each of the binary mixtures was incubated with
ACHhE at room temperature for 6 days. Upon examination
of binary mixtures, it was established that only TZ2 +
PA6 combination gave a detectable amount of the triazole
product.'® Blocking the active site with reversible (tacri-
ne) or irreversible (diisopropyl fluorophosphate) inhibitor
blocked formation of the triazole product, confirming that
the active site is a template for reaction. HPLC analysis
revealed that the enzyme-templated product is exclusively
a syn-izomer. A comparison of the dissociation constant
of syn-TZ2PA6 (K, is 77 fM) and anti-TZ2PA6 (K is
720 fM) showed that AChE templated the formation of a
more potent inhibitor. Comparison of kinetic parameters
and literature data for related non-covalent inhibitors of
ACHhE, revealed that in situ generated syn-TZ2PA6 was
the most potent non-covalent AChE inhibitor known at the
time,9%-102-104

Manetsch et al. revisited the AChE system to screen
for additional in situ hits.'® LC/MS analysis revealed
three new hit compounds — TZ2PAS, TA2PZ6, and
TA2PZS - in addition to the TZ2PA6. All of the products
were identified as syn-isomers with dissociation constants
in femtomolar and picomolar range. Krasifiski et al. sub-
stituted phenylphenanthridinium moeity with aromatic
heterocycles that were not previously known to interact
with AChE while tacrine building block TZ2 was chosen
as an “anchor molecule” (Fig. 13).106

Analysis of binary TZ2/acetylene mixtures with
AChE revealed that only phenyltetrahydro-isoquinolines
PIQ-AS and PIQ-A6 formed significant amounts of tria-
zole products identified as syn-isomers. Incubation of a
mixture of 10 acetylene building blocks with TZ2 and
ACHhE gave only expected triazole products TZ2PIQ-AS5
and TZ2PIQ-A6 demonstrating the feasibility of multi-
component screening. With the equilibrium dissociation
constant of only 33 M, TZ2PIQ-AS surpasses the inhibi-
tion potency of syn-TZ2PA6.

Beside the development of potent reversible AChE
inhibitors for treating Alzheimer’s disease, another kind of
medical treatment has preoccupied the attention of researc-

hers in the field. Organophosphorus (OP) nerve agents ac-
ting as irreversible AChE inhibitors represent a constant
threat to the general population because of their use as
warfare agents in armed conflicts and terrorist attacks or as
pest control agents.'””'% Thus, the current therapy in case
of OP nerve agent poisonings includes an AChE reactiva-
tor of the quaternary pyridinium oxime family.'*''’ Ho-
wever, due to their permanent positive charge, these com-
pounds do not readily cross the blood-brain barrier and
thus cannot reactivate AChE in the central nervous sys-
tem.""" Therefore, attempts have been made to develop
centrally acting reactivators using click-chemistry ap-
proach.!'>!"3 The AChE related enzyme butyrylcholineste-
rase (BChE) is present in the plasma in high concentra-
tions and differs in the amino acid composition.!'*!'> BCh-
E is capable of hydrolyzing a variety of esters and plays an
important role in the bioconversion of carbamates and ot-
her ester-based prodrugs.'!*"''® Both AChE and BChE dis-
play selectivity and stereoselectivity in interaction with re-
versible or irreversible inhibitors, various esters and carba-
mates.'"”"'?* The in situ click-chemistry approach may
help in the development of novel chiral reactivators tailo-
red by cholinesterase itself thus avoiding cumbersome
synthetic procedures and/or enantiomer separation.

4. 3. In situ Click Chemistry Experiments
with Acetylcholine Binding Protein

Recently, Grimster et al. reported the preparation
of ligands for nicotinic acetylcholine receptors (nACh-
Rs) via in situ click chemistry thus expanding the tem-
plation potential of this approach to more flexible inter-
subunit binding sites.'** As a member of a superfamily of
neurotransmitter ligand-gated ion channels, nAChRs ha-
ve been investigated as therapeutic targets for medical
treatment of central nervous system (CNS) disorders
such as schizophrenia, nicotine addiction, and Alzhei-
mer’s disease.'”™'?” However, the development of novel
and potent ligands for specific receptor subtypes using
classical drug discovery approaches has been difficult
because of the nAChR membrane disposition, receptor
subtypes diversity, and the dynamic nature of the bin-
ding site. Grimster ef al. turned their attention to the in
situ click chemistry approach with the acetylcholine bin-
ding protein (AChBP) as a structural surrogate for n-
AChRs.'”* AChBPs are homologous to the N-terminal
210 amino acids in the extracellular receptor domain
with flexible subunit interface, thus imitating recognition
properties of nAChRs. Initially, screening the triazole li-
brary synthesized under standard Cu-catalyzed azide
alkyne cycloaddition reaction conditions against AC-
hBPs from Lymnaea stagnalis (Ls), Aplysia californica
(Ac), and the YS55W Aplysia californica mutant
(AcY55W) revealed compound 26 as the strongest bin-
der to all three nAChR surrogates, with the dissociation
constant in the nanomolar range for Ls AChBP (Fig. 14).
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To confirm that flexible subunit interfaces in the
AChBPs are capable to template the formation of 26,
the constituent alkyne 27 and azide 28 were incubated
in the presence of Ls, As, and AcY55W AChBPs in so-
dium phosphate buffer at room temperature for 3 days.
Analysis of the reaction mixture by LC/MS—-SIM met-
hod confirmed that Ls AChBP successfully catalyzed
the formation of compound 26, while both Ac and
AcY55W AChBPs gave the product but in much lower
amount. Control reaction with Ls AChBP inhibited with
a known competing ligand methyllycaconitine (MLA)
gave a relatively low amount of product, thus confir-
ming that the ACh binding site at flexible subunit inter-
face indeed served as the template for the cycloaddition
reaction. The search for new compounds with improved
affinity and selectivity for closely related AChBPs con-
tinued using triazole 26 as a lead. Azide libraries 28a
and 28b comprising building blocks with quaternary ni-
trogen centers, were incubated with alkyne 27 in the
presence of Ls, As, and AcY5S5W AChBPs at room tem-
perature for 3 days (Fig. 15).

LC/MS-SIM analysis revealed that Ls AChBP ca-
talyzed the formation of triazole products 26, 38, 39, 40,
and 41 more efficiently than Ac or AcY55W AChBPs. It
was also shown that the amount of in sifu generated pro-
duct is related to its affinity to the specific AChBP. For in-
stance, the most amplified triazole 40 was shown to pos-
sess the highest affinity (K, = 0.96 nM) to Ls AChBP.
Next, the alkyne library with the previously tested quino-
lone derivative 27 and diversely substituted aryl pro-
pargyl ethers was incubated with azide 33 in the presence
of Ls, Ac, and AcYS5W AChBPs. LC/MS-SIM analysis
revealed that all of the tested alkynes underwent AChBP-
templated cycloaddition reactions with azide 33. Howe-
ver, the previously described triazole 40 was again for-
med in the highest amount with the highest affinity for all
AChBPs. Finally, azides 28-37 were mixed with alkynes
in the presence of Ls AChBP for 10 days. Analysis revea-
led that 40 was formed in the greatest amount, thus de-
monstrating that Ls AChBP can catalyze the formation of
the highest affinity product from a bulk of various azides
and alkynes present in the reaction mixture, analogously
to the AChE system. All in situ click chemistry experi-
ments with AChBPs included BSA control reaction
which exhibited no product formation. Crystal structure
of triazole 40 in complex with Ac AChBP confirmed a
bound conformation, and a pose predicted from previ-
ously seen conformations of quaternary amines that bind
to nAChRs through cation-quadrupole interactions invol-
ving m-electron-rich aromatic side chains (e.g., tryptop-
han).!?® Triazole moiety forms a hydrogen bond with a
neighbouring water molecule which again suggests that
precursors in in situ click chemistry drive a conformation
preferred by the triazole product rather than accommoda-
ting a conformation of the free protein, a fact previously
reported for the AChE system.

4. 4. DNA Minor Groove Templation Role

The templation potential of in situ click chemistry
can be expanded to the minor groove of double-helical
DNA, as shown by Poulien-Kerstien and Dervan'?’ and
more recently by Imoto et al.'* In their pioneer work,
Poulien-Kerstien and Dervan explored the Huisgen’s
cycloaddition to link two aromatic-substituted hairpin
polyamides capable of sequence-specific binding to DNA
in the DNA-templated reaction. Polyamides composed of
three aromatic amino acids, N-metylpyrrole (Py), N-
methylimidazole (Im), and N-methyl-3-hydroxypyrrole,
distinguish four Watson—Crick base pairs by a set of pai-
ring rules and represent a potential way to modulate trans-
cription.”® Longer binding-site size is considered to be
crucial for application in gene regulation since longer se-
quences should occur less frequently in genome leading to
the development of various polyamide motifs for selective
targeting.'**'** The most promising strategy came from
chemical ligation of two hairpin polyamides to form di-
mers."**!% However, though having an excellent affinity
and specificity to 10 base pair (bp) DNA sequences, hair-
pin dimers lack the cell and nuclear uptake properties of
smaller hairpins, apparently due to size and shape.'*® Six-
ring hairpin polyamides with alkyne 42a and 42b or azide
43a and 43b moieties with different linker lengths were
designed so that their matching sites are adjacent on the
DNA, which allows the formation of hairpin dimers in si-
tu (Fig. 16).137-140

Experiments were carried out at 37 °C at pH 7.0
with equimolar concentrations of one azide, one alkyne
and DNA duplex A (1 uM). When any pair of hairpin pol-
yamides (42a + 43a, 42a + 43b, 42b + 43a, 42b + 43b)
was combined in solution, HPLC analysis of the reaction
mixtures (verified using matrix-assisted laser desorp-
tion/ionization-time of flight mass spectrometry) revealed
significant acceleration of formation of hairpin dimers in
the presence of DNA template with respect to the nontem-
plated reaction between 42a and 43a. The rate of dimer
formation from 42a and 43b was slower than the rate of
formation from 42a and 43a, presumably due to the addi-
tional flexibility in the linker of 43b, which allows the
reactants to more freely adopt nonproductive conforma-
tion. Also, the rate of product formation from pairings of
42b with 43a and 43b is decreased due to the differences
in the reactivity between 42a, activated with an electron
withdrawing group (EWG), and EWG-free alkyne 42b.
Moreover, when the alkynyl reactant is substituted with an
EWG, stereoelectronics of the reaction pathway favoured
formation of 1,4-regioisomer.'*! Thermal reaction bet-
ween 42a and 43a or 43b afforded predominantly the 1,4-
regioisomeric products, while DNA-templated reactions
afforded them exclusively. When the EWG-free alkyne
42b was paired with either 43a or 43b, each thermal reac-
tion produced two corresponding regioisomers in a ratio
of 1:1, while DNA-templated reaction produced only a
single isomer (42b + 43a) or a ratio of 3:1 (42b + 43b).
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Figure 16. DNA-templated dimerization of hairpin polyamides on DNA duplexes with hairpin binding sites separated with zero (A), one (B), or

two (C) base pairs.'*

DNA-templated cycloadditions were found to be
sensitive upon separation of the hairpin-binding sites with
additional bp. Thus, upon insertion of one bp between two
adjacent five bp hairpin-binding sites for the hairpin pol-
yamides 42a,b and 43a,b (DNA duplex B), the only pro-
duct formed from 42b and 43b was detected with about
50% yield. When two intervening bp were inserted (DNA
duplex C), no product was detected using various pairs of
hairpin polyamides. DNA-templated cycloadditions were
also found to be sensitive upon DNA sequence of the two
hairpin-binding sites, as illustrated by the mismatch tole-
rance study of optimal pair 42a and 43a. When a single bp
mismatch is present under azide hairpin polyamide-bin-
ding or under each of the two harpin-binding sites, the ra-
te of the hairpin dimer-forming cycloaddition is nearly
halved or lowered over 2.5 fold, respectively. However,
when the concentration of reacting hairpins 42a and 43a
was varied from 1 pM to 0.5 uM, a threshold concentra-
tion that defined the ability of hairpins to distinguish bet-
ween match site and double bp mismatch site was detec-
ted somewhere between 1 uM and 0.75 uM. The authors
suggested that, at some lower concentration, an additional
threshold exists that allows hairpins to distinguish the
match site from a single bp mismatch site, rendering the
possibility to increase the ratio of hairpin dimer formation

on match over mismatch DNA and the overall hairpin di-
mer yield.

Recently, Di Antonio et al. have demonstrated the
ability of the in situ click chemistry multicomponent ap-
proach to identify potent and selective small molecules
binding a region of chromosomes formed by guanine-rich
sequences of DNA called G-quadruplex (G4).'** In their
study, they selected G4 formed by the human telomeric
DNA (H-Telo).'*® No adduct was formed when the reac-
tion mixture was incubated in the absence of DNA, in the
presence of double-stranded DNA, or in the presence of
telomeric oligonucleotides pre-annealed to prevent G4
formation, thus confirming that H-Telo serves as a reac-
tion pot. Moreover, adducts obtained from a reaction con-
ducted in the presence of RNA G4-structure demonstrated
selective RNA versus DNA G4 structure binding. More
recently, Glassford er al. have expanded the templation
potential of the in situ click chemistry to E. coli 70S ribo-
somes or their 50S subunits and thus synthesized potent
macrolide antibiotics that target bacterial ribosome.'** Al-
so, the in situ click chemistry approach has been applied
to explore the conformational space of the ligand binding
site of a M. tuberculoisis transcriptional repressor EthR
which regulates the transcription of monooxygenase EthA
and thus controls the sensitivity of M. tuberculoisis to an-
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tibiotic ethionamide. The in situ formed inhibitor, dis-
played 10-fold higher activity than the starting azide, and
induced a significant conformational change of the li-
gand-binding domain of EthR.'*
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5. Iterative in situ Click Chemistry

In addition to the development of coupled bivalent
enzyme inhibitors targeting the active site, in situ click
chemistry can produce multivalent ligands active on pro-
tein surface, such as allosteric, interfacial, or non-func-
tional surface sites. Once a bivalent ligand has been for-
med via in situ approach from the corresponding azide
and alkyne building blocks, that biligand can serve as an
anchor ligand for the identification of a triligand, and so
forth, in a so-called iterative in situ click chemistry ap-
proach. This approach has been successfully introduced
by Agnew et al. to identify a triligand antibody-like cap-
ture agent against human or bovine CA-II (h(b)CA-II)
(Fig. 17).14
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Figure 17. Iterative in situ click chemistry approach for developing triligand capture agent for human or bovine carbonic anhydrase II (b(h)CA-II).'4
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The first anchor ligand was identified by screening a
comprehensive one-bead-one-compound (OBOC) peptide
library consisting of short chain peptides, against fluores-
cently labelled bCA-I1.'47148 Analysis of the position-de-
pendent frequency of amino acids identified the anchor li-
gand, a short heptapeptide comprised of non-natural D-
amino acids and a terminal, acetylene-containing amino
acid D-propargylglycine (D-Pra), showing an approxima-
tely 500 uM affinity for bCA-II. This anchor ligand was
used in the second screen against the OBOC peptide li-
brary, in which peptides were modified with an azide lin-
ker, in the presence of bCA-II to identify the triazole pro-
duct showing a 3 uM binding affinity for bCA-II. The
screen was repeated with this terminal D-Pra-containing
biligand as the new anchor unit to identify a triligand,
which exhibited strong binding affinities against bCA-II
(64 nM) and hCA-II (45 nM). However, no regioselecti-
vity was observed for the two triazoles in the triazole cap-
ture agent. On-bead, protein-templated triligand forma-
tion was confirmed by an enzyme-linked colorimetric as-
say containing a biotin conjugate of the biligand anc-
hor.'* The triligand was only formed in the presence of
b(h)CA-II, and not when b(h)CA-II was absent or other
proteins (transferrin, BSA) used instead. Similarly, on-
bead, protein-templated formation was not observed when
the incorrect biligand anchor was used. The triligand did
not interfere with bCA-II intrinsic esterase activity, which
indicated that it binds away from the active site.

The strategy described was also applied to identify a
high-specificity, triligand capture agent/inhibitor for Aktl
kinase.'”® Akt1 kinase is responsible for signal transduc-
tion from the plasma membrane to downstream effector
molecules that control cell growth, apoptosis, and transla-
tion.!>! To ensure the development of an allosteric site in-
hibitor, Millward et al. carried out an initial screen against
a large OBOC peptide library on a kinase preinhibited
with an ATP-competitive inhibitor, Ac7.° One of the N-
terminal azido-amino acid-containing peptides generated
in the initial screen showed almost 95% inhibition of the
Aktl kinase in the absence and presence of the conjugated
small molecule inhibitor and was therefore employed as
an anchor for biligand development (Fig. 18).

The most promising candidate from biligand screens
was modified with 5-hexynoic acid at the N-terminus and
used as an anchor ligand for triligand development which
finally resulted in the tertiary peptide containing two tria-
zole moieties. An analytical assay based on immune-
PCR'? revealed that the click reaction between the on-
bead secondary peptide and the soluble anchor peptide
was approximately 10-fold more efficient in the presence
of Aktl than in its absence, confirming the requirement
for the target protein to template the click reaction. The
biligand showed 100-fold improvement in its affinity for
Akt relative to the anchor peptide, while the triligand sho-
wed 2-3 fold affinity gain for Aktl (K; = 200 nM). The
specificity characterization of the anchor, biligand, and

triligand for a panel of His-tagged protein kinases revea-
led that the anchor was very specific for the Aktl protein,
with only modest cross-reactivity to GSK3 protein kina-
se. The biligand showed reduced specificity, with signifi-
cant binding to GSK3p. For the triligand, binding to
GSK3p was reduced to the level observed for the anchor
peptide. These observations indicate that large improve-
ments in affinity may come at the expense of reduced spe-
cificity, whereas increased specificity is not necessarily
accompanied by increased affinity. This inverse correla-
tion between affinity and selectivity is in accordance with
previous studies on small molecule protein kinase inhibi-
tors, '3 antibody—small molecule interactions,'>*
DNA-protein interactions,'> and protein—protein interac-
tions.'>® Measuring Aktl kinase activity under varying
substrate and triligand concentrations eliminated the pos-
sibility of a competitive mode of Aktl inhibition by the
triligand with respect to ATP and peptide substrates.'*
This confirmed that the triligand binds to a location away
from the active site of the kinase and that inhibition occurs
via an allosteric mechanism. Finally, the anchor, biligand,
and triligand were tested for the ability to recognize Akt
from the ovarian cancer cell line OVCAR3 in immunopre-
cipitation (IP) experiments. IP experiments confirmed the
increased affinity of the biligand relative to the anchor
peptide in OVCAR3 cell lysates from both cells stimula-
ted with a combination of epidermal growth factor (EGF)
and insulin and from untreated control cells. The triligand
showed somewhat increased IP of Akt relative to the bili-
gand only in lysates from induced cells. However, an
analysis of the total IP protein by SDS-PAGE electropho-
resis showed low non-selective binding for all ligands.
The authors observed IP of the protein that likely corres-
ponds to the GSK3[ kinase by the triligand, and to a les-
ser degree, by the anchor and the biligand."*® The underl-
ying rationale for GSK3 binding to ligands is yet to be ex-
plained. However, IP experiments confirm the increase in
capture efficiency of ligands, particularly in stimulated
cells, as they are being translated from anchor to triligand
with their affinity and selectivity criteria increased.

6. Conclusion

Receptor-based combinatorial chemistry is a promi-
sing strategy developed for identifying possible leads in
drug discovery whereby the biomolecular target of interest
is used to “fish out” building blocks that couple into high
affinity compounds. Theoretical studies have shown that,
unless excessive amounts of a molecular target are used,
high affinity compounds have a high probability of being
significantly amplified over other possible combinations of
building blocks. Also, any significantly amplified com-
pound is guaranteed to be a high affinity compound.

The examples listed in this review have illustrated
the potential of various receptor-based combinatorial che-
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mistry approaches to identify high affinity compounds
and, in some occasions, their potential to elucidate the
binding modes of substrates to their biomolecular target.

The in situ click chemistry approach combines buil-
ding blocks through 1,3-dipolar cycloaddition of azides
and alkynes (Huisgen’s cycloaddition). This approach is
predominantly used for the discovery of enzyme inhibi-
tors targeting enzyme active sites as illustrated with exam-
ples from the AChE system, although the templation po-
tential of this approach can be extended to more flexible
intersubunit binding sites and even minor groove of doub-
le-helical DNA. Examples from AChE and AChBP sys-
tems have shown that in situ click chemistry allows one to
freeze in-frame conformations that associate with high-af-
finity inhibitors and are normally not detected by conven-
tional structural methods. These findings set out a stage
for developing unusual strategies of drug design where the
most selective compounds would induce distinctive con-
formations of the target.

More efficient and synergistic approaches that com-
bine receptor based combinatorial chemistry with in silico
methods such as de novo structure based design (SBD) or
molecular docking studies limit the selection of the cou-
pling partners that have to be incubated with protein target
to the ones based on retrosynthesis of in silico designed
hits thus indicating that the full potential of receptor based
combinatorial chemistry in drug discovery is yet to be dis-
covered.'¥1%8
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Sodobno odkrivanje zdravil v glavnem temelji na de novo sintezah velikega $tevila spojin z razli¢nimi kemijskimi funk-
cionalnimi skupinami. Ceprav je kombinatorialna kemija omogogila pripravo velikih knjiznic spojin iz razli¢nih gradni-
kov, Se vedno ostaja teZava identifikacije spojin vodnic. Odkritje dinami¢nih metod kombinatorialne kemije predstavlja
korak naprej, saj pri sami sintezi visoko afinitetnih produktov vkljucuje bioloske makromolekularne tar¢e (receptorje).
Glavni preboj predstavlja sintezna metoda pri kateri se gradniki ireverzibilno poveZejo le ob prisotnosti receptorja.
Predstavljamo razli¢ne pristope v kombinatorialni kemiji, ki temeljijo na prisotnosti receptorjev. Pri Huisgenovi cikloa-
diciji (1,3-dipolarna cikloadicija azidov z alkini) nastanejo stabilni 1,2,3-triazoli; pogosto z zelo visokimi afinitetami do
receptorja, ki lahko doseZejo celo femtomolarno obmocje, kot prikazuje primer z inhibitorji acetilholinesteraze.
Huisgenovo cikloadicijo lahko uporabimo tudi pri razli¢nih drugih receptorjih: acetilholinesterazi; proteinih, ki veZejo
acetilholin; karboanhidrazi-1I, serin/treonin-proteinski kinazi in pri vezavi na mali Zleb DNA.
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Abstract

The possibility of dichloroacetylene-sensing on carbon nanocone sheet and carbon germanium nanocone sheet surfaces
has been investigated. The effects of nitrogen functionalization and dimethyl sulfoxide on the adsorption of dichloroa-
cetylene gas on carbon nanocone sheet and carbon germanium nanocone sheet surfaces were investigated. Results re-
veal that adsorption of dichloroacetylene on studied nanocone sheets were exothermic. Results show that, adsorption
energy value of dichloroacetylene on carbon germanium nanocone sheet surface were more negative than correspon-
ding values of carbon nanocone sheet. Results reveal that, N functionalization and dimethyl sulfoxide, increase and de-
crease the absolute adsorption energy value of dichloroacetylene on studied nanocone sheets, respectively. These results
show that, there were good linearity dependencies between adsorption energy and orbital energy values of studied nano-

cone sheets.

Keywords: COSMO, DMSO, nanocone sheet, C,Cl,, sensor

1. Introduction

Dichloroacetylene is an oily pyrophoric chemical
compound with the chemical formula C,Cl,. The com-
pound is volatile at standard temperature and pressure and
explodes on contact with air. It is a toxic compound.'= It
displays nephrotoxic effects to rats, but not to humans. It
can be made from the compound trichloroethylene.'= The
most common effect that the compound has on humans is
the development of disorders.'

These disorders can persist for any amount of time
between a number of days and a number of years.
Exposure to the chemical can also cause a large range of
other symptoms, including a headache, vomiting and nau-
sea, jaw pain, cranial nerve palsy, appetite loss and acute
lung edema. C,Cl, level of carcinogenetic in humans is not
classifiable, although there are small amounts of evidence
that suggest that the chemical is carcinogenic in animals.*’

Studies on male rats and rabbits have shown that in-
halation of C,Cl, can cause tubular necrosis, focal necro-

sis, and other nephrotoxic effects.®’ Additionally, the rab-
bits that were given C,Cl, experienced hepatotoxic and
neuropath logical effects. Inhalation of C,Cl, also causes
benign tumors of the livers and kidneys of rats. The che-
mical increase the incidences of lymphomas.’~'°

In recent years, Carbon nanocone sheet (C-NCS)
and their functionalized derivatives as gas toxic sensors
have been used, widely. In addition to C-NCS, there
are other nanocone sheets which are found experimen-
tally such as carbon germanium nanocone sheets
(CGe-NCS).""" In the current study, the interactions of
C,Cl, gas with C-NCS and CGe-NCS with disclination
angles of 240° exploring its potential application as C,Cl,
gas sensor will be theoretically investigated. The N func-
tionalization of nanostructures is very important and it can
effectively change the electronic structures of nanostruc-
tures.'??

Ibrahim and et al.?! in previous study, polymeriza-
tion of aniline by Cu (II) montmorillonite studied using
attenuated total reflection Fourier-transform infrared
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(ATR-FTIR) spectroscopy. Also experimental spectra we-
re compared with that calculated by AM1, PM3, PMS5,
MINDO, Hartree-Fock, HF/6-31G(d), as well as Density
Functional Theory, BLYP/DZVP and B3LYP/6-31g(d,p).
Ibrahim and et al.** used Density functional theory (DFT)
to investigate both the structure and vibrational frequen-
cies of acetate group. A model of B3LYP with four basis
set was used to optimize and locate the energy minimum
of the acetic acid molecule. Ibrahim and et al.* studied
molecular structure of gelatin by using Fourier transform
infrared spectroscopy FTIR. The spectrum was subjected
to deconvolution in order to elucidate the constituents of
the molecular structure. Ibrahim and et al.** promised na-
nomaterials in the field of optical sensors due to their uni-
que properties. Emeraldine base of polyaniline (Nano
EB-PANI) was prepared, characterized and applied as an
optical formaldehyde sensor.

Figure 1. Complexes of C,Cl, with C-NCS, CGe-NCS, N-C-NCS
and N-CGe-NCS.

In previous study, Warshel and et al.? utilized com-
puter simulations to elucidate the true molecular basis
for the experimentally observed effect. They start by re-
producing the trend in the measured change in catalysis
upon mutations. They discuss the role of flexibility and
conformational dynamics in catalysis, once again de-
monstrating that their role is negligible and that the lar-
gest contribution to catalysis arises from electrostatic
preorganization.

In previous studies, Warshel and et al.?6?7 described
a general approach for exploring the energetics of diffe-
rent feasible models of the action of CcO, using the obser-
ved protein structure, established simulation methods and
a modified Marcus’ formulation. They start by reviewing
our methods for evaluation of the energy diagrams for dif-
ferent proton translocation paths and then present a syste-
matic analysis of various constraints that should be impo-
sed on any energy diagram for the pumping process.

In previous study, Warshel and et al.?® considered the

current state of simulations of electrostatic energies in
macromolecules as well as the early developments of this
field. They focused on the relationship between microsco-
pic and macroscopic models, considering the convergence
problems of the microscopic models and the fact that the
dielectric ‘constants’ in semimacroscopic models depend
on the definition and the specific treatment.

In previous study, Warshel and et al.?? described ap-
plication of the calculated geometry and vibrations to the
analysis of vibronic structure. A preliminary account of
the use of observed vibronic structure for determination of
the geometry of excited electronic states was given.

In previous study,* it be observed that the predomi-
nant initiation reaction for oxidation of methane, prope-
ne, and o-xylene under fuel lean conditions involved
hydrogen abstraction of the methyl hydrogen by molecu-
lar oxygen forming hydroperoxyl and hydrocarbon radi-
cal species.

The study of adsorption of toxic gas on the solid sur-
face of nanostructures in order to identify the suitable sen-
sor to remove or reduce the toxic gas are important in en-
vironmental issue. C,Cl, has a toxic effect on humans
who are exposed to it.

Therefore adsorption C,Cl, by nano structures is im-
portant and fundamental objects of present paper are: (1)
to investigate the C,Cl, adsorption on C-NCS and CGe-
NCS surfaces; (2) to compare the C,Cl, adsorption ability
of C-NCS and CGe-NCS; (3) to identify the effect of N
functionalization of studied C-NCSs and CGe-NCSs on
adsorption of C,Cl,; (4) to explore how the solvent alter
the C,Cl, adsorption on studied C-NCS and CGe-NCS
surfaces; (5) To find the C-NCS and CGe-NCS with high-
ly effective detection of C,Cl,.

2. Computational Details

In this paper, structure of C-NCS (constructed of
108 C atoms) and CGe-NCS (constructed of 54 C and 54
Ge atoms) with disclination angles of 240° and their N
functionalized derivatives were geometry optimized in the
gas phase and solvent. Also the structure of complexes of
studied C-NCSs and CGe-NCSs with C,Cl, molecule we-
re geometry optimized in gas phase and solvent (structu-
res were shown in figure 1). In order to avoid boundary ef-
fects, atoms at the open ends of the studied C-NCSs and
CGe-NCSs were saturated with hydrogen atoms.' All the
calculations were performed using the DFT/B3LYP met-
hod and 6-31G(d,p) basis set within the GAMESS packa-
ge. 193132

Also, harmonic vibrational frequencies have been
calculated, enabling us to confirm the real minima. Solva-
tion effects were included through the use of the polarized
continuum model (PCM).'*33 The B3LYP is a reliable and
common used level of theory in the study of different na-
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nostructures.'*¥*3¢ A dielectric constant of 46.7 was used
corresponding to that for dimethyl sulfoxide (DMSO) as
the solvent.

The adsorption energy (E,,) of C,Cl, molecule on
the C-NCS and CGe-NCS is obtained using the following
equation:

E,, = E (nanocone sheet/C,Cl,) — E

1
(nanocone sheet) — E (C,Cl)) + E M

BSSE

where E(nanocone sheet/C,Cl,) is the energy of C-NCS
or CGe-NCS-C,Cl, complex, and E(nanocone sheet)
and E(C,Cl,) are referred to the energies of C-NCS or
CGe-NCS and C,Cl, molecule, respectively. The negative
value of E_, indicates the exothermic specificity of the ad-
sorption. The basis set superposition error (BSSE) has
been corrected for all of the interactions.”’

3. Results and Discussion

3. 1. The Ead values of C,Cl, Gas on Studied
Nanocone Sheet Surfaces in Gas Phase
and DMSO

The calculated E ; values of C,Cl, gas on C-NCS
and CGe-NCS and their N functionalized derivatives
(N-C-NCS and N-CGe-NCS) in gas phase and DMSO
were reported in the table 1. Results in table 1 show that,
the E ; values of C,Cl, on C-NCS and CGe-NCS in gas
phase were —3.13 and —3.48 €V, respectively. Also the E
values of C,Cl, on C-NCS and CGe-NCS in DMSO are
—2.94 and -3.25 eV, respectively.

Results in table 1 show that, the E,, values of C,Cl,
on N-C-NCS in gas phase and DMSO were —3.66 and
—-3.48 eV, respectively. Also the E ; values of C,Cl, on
N-CGe-NCS in gas phase and DMSO were —4.06 and
—-3.87 eV, respectively.

Results reveal that, N functionalization of C-NCS
increase the absolute E,; values of C,Cl, in comparison to
C-NCS ca 0.53 and 0.54 eV in gas phase and DMSO, res-
pectively. Results indicated that, DMSO decrease the ab-
solute E ; values of C,Cl, on N-C-NCS and N-CGe-NCS
in comparison to gas phase ca 0.18 and 0.19 eV, respecti-
vely.

Results indicate that the absolute E , values of the
C,Cl, on studied nanocone sheets decreased in the follo-

Table 1. Calculated E ; (in eV) of C,Cl, on C-NCS, CGe-NCS, N-
C-NCS and N-CGe-NCS surfaces in gas phase and DMSO.

DMSO Gas phase Nanostructure
-2.94 -3.13 C-NCS
-3.25 -3.48 CGe-NCS
-3.48 -3.66 N-C-NCS
-3.87 —4.06 N-CGe-NCS

wing order in gas phase and DMSO: C-NCS < N-C-NCS
< CGe-NCS < N-CGe-NCS. In according to obtained E
values of C,Cl, on studied nanocone sheet surfaces in gas
phase and DMSQO, it can be concluded that N-CGe-NCS
and C-NCS have higher and lower ability to adsorption of
C,Cl,, respectively.

These results in this section can be interpreted with
a known fact that Ge atoms in studied CGe-NCS stabilize
the CGe-NCS and their C,Cl,-CGe-NCS complexes; hen-
ce, these results in increased absolute E,_; in comparison to
studied C-NCS in gas phase, DMSO."

Also results show that in compare to gas phase, DMSO
attenuate the absolute E_; values of C,Cl, on studied nano-
cone sheet surfaces ca 0.197 eV. Fundamental reason for
decrease in absolute E ; values in DMSO, could be an
unequal stabilization/destabilization of the studied nano-
cone sheets and their complexes with C,Cl, in DMSO."

Therefore results in this study show that, the N-CGe-
NCS and C-NCS have the most and less absolute E,, va-
lues of C,Cl, on studied nanocone sheet surfaces.

3. 2. The E;; 0 and E, \,, of Studied
Nanocone Sheets

In this work the E 0, E; jmo and Ey,  values of
C-NCS and CGe-NCS and their N functionalized derivati-
ves were calculated and reported in table 2. In this section
the dependencies of between E_, corresponding E;o,/0
E,; ymo and Ey;  values of studied nanocone sheets were
investigated.

Results show that, calculated E,,,,,, values of stu-
died nanocone sheets range from —5.58 to —6.12 eV. The-
refore obtained absolute E,;,,, values of studied nanoco-
ne sheets show that the N-CGe-NCS and C-NCS have
higher and lower tendency to lose electron, respectively.'

Results reveal that, calculated E, ,,,,, values of stu-
died nanocone sheets range from —3.57 to —3.94 eV. The-
refore obtained E, ;,,, values of studied nanocone sheets
show that the N-CGe-NCS and C-NCS have higher and
lower capacity to accept electrons, respectively. °

Results indicated that, calculated Ey;  values of stu-
died nanocone sheets range from 1.64 to 2.55 eV. There-
fore B, ; values of studied nanocone sheets show that the
N-CGe-NCS have lower stability and higher reactivity
and C-NCS have lower reactivity.'

In according to obtained results in table 2, it can be
concluded that N functionalization of C-NCS and CGe-
NCS increase the absolute E, ,,,,, values and decrease the
absolute E,;,,,and E,;  values in comparison to C-NCS
and CGe-NCS. The computed E,, values of C,Cl, on stu-
died nanocone sheet surfaces are corrected against corres-
ponding calculated Ey 0, E; ;00 and Ey;  values of stu-
died nanocone sheets. Equations obtained from the linear
regression are as follows:

E,=-171x(E 13.54 )

HOMO) -
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E, =249 x (Eyyp0) + 5.72 3)
E, = 1.03x (Ey o) - 5.74 @)

The correlation coefficients of equations 2, 3 and 4
reached ca 0.985, 0.992 and 0.990, respectively. These re-
sults show that, there are good linearity dependencies bet-
ween E,; and orbital energy (E;ovor B ymo @and Ey; ) va-
lues of studied nanocone sheets. This can be useful in the
selection of suitable nanocone sheets with enhanced C,Cl,
adsorption potential.'’

As mentioned in tables 1 and 2, this can be conclu-
ded the calculated E , and orbital energy scales have same
trends for averment C,Cl, adsorption potential of studied
nanocone sheets. Therefore results in this study, reveal
that N-CGe-NCS has highest and C-NCS has lowest
C,Cl, adsorption potential among studied nanocone
sheets."?

Table 2. Calculated Eyy i (in €V) E, ;) (in eV) and By  (in eV)
of C-NCS, CGe-NCS, N-C-NCS and N-CGe-NCS.

Euc E oMo Enomo Nanostructure
2.55 -3.57 -6.12 C-NCS
2.16 -3.69 -5.85 CGe-NCS
2.03 -3.74 -5.77 N-C-NCS
1.64 -3.94 -5.58 N-CGe-NCS

Finally higher absolute E , and E| ., values and lo-
wer Ey o0 and Ey,  values for studied nanocone sheets
are appropriate benchmarks to approval the C,Cl, adsorp-
tion potential. Therefore it can be concluded the E_;,
Egomor ErLumo and Ey;  values of studied nanocone sheets
can consider as important parameters to predicate and
propose suitable nanocone sheets with enhanced C,Cl,
adsorption potential. '

4. Conclusion

In this study the E ; values of C,Cl, gas on C-NCS
and CGe-NCS surfaces in gas phase were investigated us-
ing density functional theory calculations. The effects of N
functionalization and DMSO on the adsorption of C,Cl,
gas on C-NCS and CGe-NCS surfaces were investigated.
Results reveal that adsorptions of C,Cl, on studied nanoco-
ne sheets were exothermic and experimentally possible
from the energetic viewpoint. Results show that, E_, value
of C,Cl, on CGe-NCS surface are more negative than cor-
responding values of C-NCS. Results reveal that, N func-
tionalization and DMSO causing an increase and decrease
the absolute E_; values of C,Cl, on studied nanocone sheets,
respectively. Results show that, there are good linearity de-
pendencies between E , and orbital energy values of stu-
died nanocone sheets. Therefore it can be concluded the E

and orbital energy values of studied nanocone sheets can
consider as important parameters to propose suitable nano-
cone sheets with enhanced C,Cl, adsorption potential.
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Povzetek

S pomocjo funkcionalno gostotne teorije v plinski fazi smo proucevali moZnost zaznavanja C,Cl, na C-NCS in CGe-
NCS povrSinah. Proucevali smo tudi u¢inke N funkcionalizacije in DMSO na adsorpcijo C,Cl, na teh povrSinah. Rezul-
tati kaZejo, da je adsorpcija C,Cl, na povrSini nanstoZcev eksotermna in z energetskega vidika moZna. Energija adsorp-

cije, E,,

C,Cl, na CGe-NCS povrSini je bolj negativna od E ;na C-NCS. Izkazalo se je, da N funkcionalizacija povzroci

zvianje in DMSO zniZanje absolutne vrednosti E ; C,Cl, na prouCevane nanostoZce. Dokazali smo tudi linearno zvezo

med E ; in orbitalnimi energijami nanostoZcev.
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Abstract

Assessment of interactions of ibuprofen and magnesium trisilicate after co-processing has been carried out by infrared
spectroscopy. Dry-state ball-milling and, aqueous state kneading and freeze-drying were performed. FTIR spectroscopy
of co-processed materials described acid—base reaction between the carboxylic acid containing ibuprofen to a signifi-
cant extent. Increased absorbance of carboxylate peak accompanied by a consistently reduced absorbance of the car-
bonyl acid peak was evident. Absorbance of carboxylate peak was more in freeze-dried sample compared to milled pro-
duct. Intermolecular hydrogen bonding between ibuprofen and magnesium trisilicate in the co-processed material has
been suggested. Inhibition of crystal morphology has been noticed in the photomicrographs of both the products. DSC
report has shown absence or significantly decreased melting endotherm representing almost complete amorphization of
ibuprofen. Release of drug increased greatly after co-processing in comparison to crystalline ibuprofen. Freeze-dried
samples have improved drug release more significantly compared to ball-milled samples.

Keywords: Infrared spectroscopy; co-milling; co-freeze drying; scanning electron microscopy; differential scanning

calorimetry.

1. Introduction

Infrared spectroscopy is a workhorse technique for
pharmaceutical analysis in recent years. Infrared spec-
trum represents the molecular absorption and transmis-
sion, creating a molecular fingerprint of the sample. It
corresponds to the frequencies of vibrations between the
bonds of the atoms. Material is a unique combination of
atoms and no two compounds produce the exactly same
infrared spectrum. Changes in the frequency and shape
of the bands of a drug could be utilized for the analysis
of possible redistribution of electronic density in the
structure of the molecule for the assessment of interac-
tions.

Ibuprofen, the most commonly prescribed NSAIDs'
[chemical formula: (CH,),CHCH,C.H,CH(CH,)COOH] is
known to induce injury of the gastrointestinal tract and cau-

se changes in the permeability and structural properties of
the membrane.* Magnesium trisilicate is used therapeuti-
cally as an antacid in the treatment of peptic ulcers. Via a
neutralization reaction it increases the pH of gastric juice.
After precipitation colloidal silica can coat gastrointesti-
nal mucosa which can confer further protection. Indige-
stion, heartburn, or gastroesophageal reflux can someti-
mes be symptoms of more serious conditions such as sto-
mach ulcers or stomach cancer. Doctor consultation is ne-
cessary before taking magnesium trisilicate when an indi-
vidual is taking a non-steroidal anti- inflammatory drug.
Magnesium trisilicate interacts with a number of drugs
and alter their absorption, thereby reducing their effecti-
veness.*® Enteric coatings designed to prevent the disso-
lution in the stomach may also be damaged by magnesium
trisilicate.” Magnesium trisilicate is a compound of mag-
nesium oxide and silicon dioxide with varying propor-
tions of water (2Mg0,3Si02,xH20) (USP 28). Magne-
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sium trisilicate is a solid adsorbent and could also be utili-
zed to improve the dissolution of poorly soluble drugs.'®!!
Solid-dispersion granules of a poorly water-soluble drug
containing microporous magnesium aluminosilicate
(Neusilin) prepared by hot-melt granulation technique has
shown improved dissolution of drug.'*'"* The solid disper-
sion granules of BAY 12-9566 containing Neusilin were
successfully compressed into tablets and increased disso-
lution. The hydrogen-bonding potential of silanol groups
on the surface of Neusilin brought about the increase in
the drug release rate.

In the present study assessment of interactions of
ibuprofen and magnesium trisilicate has been underta-
ken by infrared spectroscopy after milling together in the
dry-state and freeze-drying after aqueous state kneading.
Ball milling is a powerful tool for particle size reduction
and processing in the pharmaceutical industries.'* It is
also a device for effecting chemical reactions by mecha-
nical energy in dry-state and at ambient temperatu-
res.'>!® Ball milling presents a greener route for many
processes compared to the use of microwave and ultra-
sound as energy sources. Impact and attrition during ball
milling can bring about changes in the crystal structure
of the drug and can induce amorphization'’** and im-
prove bioavailability.”* Freeze drying is a standard pro-
cess used to stabilize and store the drug products in the
pharmaceutical industries.?* FTIR spectroscopy was mo-
nitored to identify the mechanism of interaction®’ of
the carboxylic acid-containing drug ibuprofen with mag-
nesium trisilicate. The interaction study has also been
monitored by scanning electron microscopy and diffe-
rential scanning calorimetry (DSC). Afterward, in-vitro
drug release from the formulated co-processed powder
was carried out to assure about the biological availability
of the drug.?® The detailed infrared spectroscopy of this
type of interaction after co-processing by dry-state mil-
ling, and aqueous state equilibration and freeze drying
has rarely been reported earlier. Nokhodchi et al.,” cry-
stallized ibuprofen in presence of starch derivatives for
improved pharmaceutical performance and found no sig-
nificant change in FTIR spectroscopy and concluded that
there is no change in molecular level of ibuprofen. Ibu-
profen solid dispersions prepared using polyethylene
glycol 4000 have shown no significant change in FT-IR
spectra.”’

2. Experimental
2. 1. Materials

Ibuprofen was obtained from Tejani Life care, Cut-
tack, India and magnesium trisilicate (USP 28) was purc-
hased from Burgoyne & Co, India (not less than 20% of
magnesium oxide and not less than 45% of silicon dioxi-
de; loss on ignition 17.0-34.0%). All other chemicals
used were of analytical reagent grade.

2. 2. Co-processing of Ibuprofen

and Magnesium Trisilicate

Crystalline powder of ibuprofen and magnesium tri-
silicate powder were mixed for approximately 5 minutes
by simple blending process using mortar and spatula at la-
boratory ambient condition in the dry-state (~30 °C;
~60% RH) without trituration. Ibuprofen and magnesium
trisilicate (physical mixtures) weight ratios (3: 1,2: 1, 1: 1
and 1: 2) were maintained as per formulation and left for
immediate use in the co-process of dry-state ball-milling
and, aqueous state kneading and freeze-drying.

2. 3. Dry-state Ball-milling

The powder mixture of ibuprofen and magnesium
trisilicate in the weight ratios was placed into a cylindri-
cal vessel of ball mill (Swastik Electric and Scientific
Work, India) and 1 h period of constant milling was per-
formed in the dry-state at lab ambient condition of ~30
°C, ~60% RH. Significant increase in temperature of the
milled material has not been detected at the end of the
co-process. Ball charged in the vessel allowed smooth
cascading motion, and significant attrition and impact
during dry-state milling while operating the mill at 100
rpm for 1 h.

2. 4. Aqueous State Kneading
and Freeze-drying

Aqueous state kneading was performed by adding
small amount of water in the physical powder mixtures
of ibuprofen and magnesium trisilicate and left for a pe-
riod of about 12 h at ambient conditions for equilibra-
tion. The kneaded samples were freeze-dried using a la-
boratory vacuum freeze dryer (4kg, 220 V) with attached
vacuum (220V, 2.7A, 370W, 1400r/min, 50Hz) (Lark,
Penguin Classic Plus, India) for 10-12 hours for effecti-
ve drying. The pressure during freeze-drying was adju-
sted to 15-20 Pa while temperature maintained appro-
ximately at —40 °C. The freeze-dried samples were pre-
served in the desiccator till further analysis.

The ball-milled and freeze-dried samples were left
at ambient condition (~60% RH, ~30 °C) for few hours
and dried in an incubator (Labotech, India) at 50 °C. The
powder materials were passed through mesh 44 (opening
~350 pm) and assayed for drug content determination
from the absorbance measured at 222 nm (A, ) in the UV
visible Spectrophotometer (Jasco-V630 UV Spectropho-
tometer Spectrometer, Software: Spectra Manager) using
standard calibration curve of ibuprofen.

2. 5. Ibuprofen—magnesium Trisilicate
Interaction Study

FTIR spectra of pure crystalline ibuprofen and co-
processed powder samples were performed for a compa-
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rative study between co-milling and co-freeze drying in-
teraction. All the samples were mixed thoroughly with
potassium bromide in the ratio of 1:100. KBr discs were
prepared by compressing the powders at a pressure of 6
tonnes for 10 min in a Hydraulic pellet press (Techno-
search Instruments, Maharashtra, India). FTIR spectro-
meter (FTIR-4100 type A, Jasco, Tokyo, Japan) was
used for collecting all scans from 4000—400 cm™" of 80
accumulations at a resolution of 4 cm™ and scanning
speed of 2 mm/s. Spectral Manager for Windows softwa-
re (Jasco, Tokyo, Japan) was used for data acquisition
and holding.

2. 6. Surface Morphology and Thermal
Analysis of the Particle

Surface morphology and crystalline nature of the
particulate samples were investigated using Scanning
electron microscope (Instrument JSM-6390, Jeol, Tok-
yo, Japan). The powder samples were dried and sputte-
red with gold and scanned at room temperature using an
accelerated voltage of 10 kV (Wd 19 and Spot_Size 48).
Thermal behavior of the powder samples was characteri-
zed using a Differential scanning calorimeter (DSC,
Universal V4.2E TA Instruments). Samples approxima-
tely 5-6 mg were weighed accurately and put into
crimped aluminum pans with a pin hole in the lid. All
samples were heated at a heating rate of 10 °C/min in an
atmosphere of nitrogen gas purge at 50 ml/min from 30
and 300 °C.

2. 7. Drug release Studies

Powdered samples containing 10 mg equivalent of
ibuprofen were dispersed in 900 ml of distilled water and
drug release was carried out using USP XXIV type II dis-
solution apparatus (Electrolab, dissolution tester USP
TDT 06L, India) at a temperature of 37 + 0.2 °C and
paddle rotation set at 100 rpm. Ibuprofen concentration
was determined by UV absorption at 222 nm. Aliquots
were withdrawn at appropriate time intervals of 5, 10, 15,
30, 60, 90 and 120 min, and replaced with a fresh dissolu-

tion medium. After proper rinsing of the cuvette and fil-
tration of the aliquot through a 0.45 um membrane filter,
absorbance was recorded using the UV-Visible Spectro
photometer. Standard calibration curve was used for cal-
culating the respective concentration and the data were
utilized to estimate cumulative percent drug release. Cu-
mulative percent drug release was reported as the mean
of not less than three determinations.

3. Results and Discussion

The dry-state co-milling and aqueous state co-pro-
cessing could be analogous to the commonly followed
processes in the tablet granulation department of phar-
maceutical industries. These processes are effective,
simple and scalable for interaction study. Due to presen-
ce of varying amount of bound moisture in native mag-
nesium trisilicate the co-milled materials became moisty
in nature and needed drying. Instant character of the
freeze-dried samples is to absorb moisture like a sponge
when left at ambient condition of ~60% RH and 30 °C
for few hours and drying in an incubator at 50 °C beco-
mes necessary. The co-processed dried and equilibrated
powder materials were passed through mesh of opening
~350 pum and assayed for actual drug content determina-
tion. Ibuprofen—magnesium trisilicate interaction study
has been characterized by FTIR, and the usefulness of
this powerful technique has been supported by scanning
electron microscopy and differential scanning calorime-
try as described below. Drug release from the formulated
dosage form is important and ultimately related to the bi-
oavailability of the drug. Dissolution of ibuprofen from
the co-processed material has also been described below.
Formulation detail and code of ibuprofen samples co-
processed with magnesium trisilicate has been mentio-
ned in Table 1.

3. 1. FTIR Analysis

Spectral data of FTIR band assignments of ibupro-
fen and co-processed samples are tabulated in Table 2.

Table 1. Formulation code of ibuprofen samples co-processed with magnesium trisilicate (Ibuprofen = IB, Magnesium trisilicate = MTS).

Formulation code Drug: MTS ratio Co-processing Ibuprofen assay (%)
1B - - -
IBIMI1pm 1:1 Physical mixture without trituration -
IB3M1B 3:1 Dry-state Ball-milling for one hour 71.61 5.1
IB2M1B 2:1 Dry-state Ball-milling for one hour 68.65 £ 4.6
IBIM1B 1:1 Dry-state Ball-milling for one hour 46.09 +3.5
IBIM2B 1:2 Dry-state Ball-milling for one hour 37.54+2.8
IB3M1F 3:1 Aqueous state equilibration and freeze-drying 741132
IB2M1F 2:1 Aqueous state equilibration and freeze-drying 68.55 +£3.8
IBIMIF 1:1 Aqueous state equilibration and freeze-drying 48.65+24
IBIM2F 1:2 Aqueous state equilibration and freeze-drying 30.54 2.1
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The very strong band at 2958 cm™ in the FTIR spectrum
of ibuprofen is assigned to CH, asymmetric stretching.*
Ibuprofen has also shown the presence of free acid car-
bonyl peak at 1722 cm™ with high intensity,””*! but beca-
me very weak when co-milled in the dry-state as well as
co-freeze-dried after aqueous state kneading and equili-
bration with magnesium trisilicate (Fig. la,b). As the
magnesium trisilicate (2Mg0,3S10,,xH,0) contains mag-
nesium oxide (not less than 20% of magnesium oxide as
per USP 28) and the acidic nature of the carboxylic acid
group of ibuprofen, the possibility of an acid—base inte-
raction between the drug and MgO of magnesium trisili-
cate was explored. Also, very high intensity peak of ibu-
profen at 1230 cm™ was due to C-C stretching®” became
gradually medium, weak, very weak and absent as the
magnesium trisilicate amount increased in both the co-
processed materials IB;M,F to IB,M,F and IB;M B to
IB,M,B. A strong band noticed at 779 cm™ in ibuprofen
was due to CH, rocking vibration and the intensity obser-
ved to be weaker and weaker after co-processing.”** CH,
asymmetric stretching vibration (3094 cm™ and 2868 cm’
! and CH, inplane rocking vibration (522 cm™) were also
detected in pure ibuprofen and found weaker and absent
when co-milled and freeze dried after co-kneading. CH,
asymmetric stretching vibration (3094 cm™ and 2868
cm™), CH, asymmetric deformation (1462 cm™), CH,
rocking of strong intensity (935 cm™), and CH, inplane
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Figure 1. (contd.)Figure 1. FTIR spectroscopy of co-processed
ibuprofen and magnesium trisilicate after dry-state ball-milling (a)
MTS, IB, IB3MIF, IB2M1F, IBIMIF, and IB1M2F; and aqueous
state equilibration and freeze-drying (b) IB, IB3M1B, IB2M1B,
IBIM1B, and IBIM2B (abbreviations are explained in Table 1).
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Figure 1. (contd.)
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rocking vibration (522 cm™) were also detected in pure
ibuprofen. Poor band performance was perceived in the
co-processed formulations. C-O stretching (1183 cm™),
CH, scissoring vibration (1462 cm™) and CH-CO defor-
mation (1420 cm™) contributed their presence strongly in
ibuprofen alone and weakly in the co-processed powder.
An acid-base reaction between the carboxylic acid contai-
ning ibuprofen and MgO containing MTS in presence of
moisture can describe the changes in the FTIR spectra of
co-processed formulations. The reaction has been facilita-

10kV X500

0000 19 48 SEI

10kV  X5,000 Suym 0000 1948 SEI

10kV

X5,000

10kV  XS5,000

50um

Sum

S5pm

ted in presence of water when co-freeze-dried after aque-
ous state kneading and equilibration with magnesium trisi-
licate and also co-milled in the dry-state containing var-
ying proportions of water in the MTS compound. Car-
boxylate ion shows peak in the range of 1600-1650 cm™
in the FTIR spectrum and this change was detected as a
function of IB/MTS ratio. A reduction in absorbance of the
carbonyl acid peak accompanied by a corresponding in-
crease in the absorbance of carboxylate peak was promi-
nent and the absorbance of carboxylate peak was relatively
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Figure 2. (a) Ibuprofen pure, (b) IB,M,pm, (c) IB,M,B (X500), (d) IB,M,B (X5000), (e) IB,M,B (X500), () IB,M,B (X5000), (g) IB,M,F
(X500), (b) IB,M,F (X5000), (i) IB,M,F (1:2)F(X500), and (j) IB,M,F (X5000) (abbreviations are explained in Table 1).
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more in freeze-dried product compared to milled product.
A large broad band between 3550 to 3200 cm™" ascribed to
the presence of the O-H stretching frequency of silanol
group bonded to the inorganic structure of MTS (contai-
ning Si0,), and also hydrogen bonds between adsorbed
water and silanol.>* This large broad band is absent in
ibuprofen pure drug but consistently maintained in all
the co-processed materials could be due to intermolecular
hydrogen bonding. The band related to the silanol
(Si-O-Si) asymmetric stretching was found at 1027 cm™
with high intensity in MTS and also in the co-processed
formulations. Silanol asymmetric stretching intensity in-
creased with the amount of MTS in the formulation. Anot-
her peak at 471 cm™ in MTS due to O-Si-O bending® pro-
minently observed in the formulations. The small changes
in the band intensity, band orientation and overlapping in-
dicated only van der Waals or dipole-dipole interactions
between ibuprofen and magnesium trisilicate molecules.

3. 2. Characterization by Scanning Electron
Microscopy and Differential Scanning
Calorimetry

Scanning electron microscopy is a powerful tool to
study the inhibition of crystal growth morphology. Fig. 2
shows distinctive plate like layers due to the crystalline
nature in the initial samples of pure ibuprofen. Physical
mixture of drug and magnesium trisilicate in 1:1 ratio
(IB,M,pm) shows the presence of ibuprofen crystal geo-
metry very clearly with slightly damaged morphology.
Markedly reduced particle size has been noticed not only

in the co-milled materials but also in the freeze-dried for-
mulations after aqueous state kneading and co-processing.
Crystal geometry of ibuprofen has been significantly di-
sappeared in both the co-processed materials.

Sub-micron and nano-crystalline agglomeration we-
re observed particularly in the milled material whereas,
freeze-dried materials have shown porous bed of irregular
nanoparticles developing grain boundaries in the crystal
structure indicating loss of crystal geometry. These grain
boundaries supposed to disrupt the motion of dislocations
and reduce the crystallite size of ibuprofen in the co-pro-
cessed powder.”’

Differential scanning calorimetry is frequently used
in pharmaceutical research as an analytical tool for the
identification and interaction study of active drug after co-
processing with other pharmaceutical compounds.** Tt
can explain the miscibility/incompatibility with its effects
on thermal stability, yielding results promptly and effi-
ciently.** Thermograms after differential scanning calori-
metry of pure ibuprofen and co-processed powder sam-
ples are presented in Fig 3. Ibuprofen has shown the mel-
ting endotherm at 76.7 °C which is approximately similar
to the literature value.”® With the increase of MTS amount
in the co-processed material melting temperature and ent-
halpy (data not mentioned) have been decreased markedly
signifying the material is made up of a number of smaller
crystals or crystallites, and paracrystalline phases. Mel-
ting endotherm of IB,M,B and IB,M,F has been disap-
peared indicating an almost amorphous structure where
the atomic position is limited to short range order only.
Amorphous phase of ibuprofen could be possible to pro-
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_\/’_/_/————IBIMZB

IB3MI1B
_————IBIMIpm
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Figure 3. Differential scanning calorimetry of co-processed ibuprofen and magnesium trisilicate after dry-state ball-milling, and aqueous state

equilibration and freeze-drying (abbreviations are explained in Table 1).
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duce by solid state co-milling with kaolin.*! The inte-
raction between ibuprofen and the porous silica adsor-
bents indicated a significant loss of crystallinity of ibupro-
fen by the DSC studies."

3. 3. In-vitro Release of Ibuprofen

In-vitro drug release profiles of the co-processed
material up to 120 min have been depicted in the Fig.
4a,b. The powder materials have shown significantly im-
proved dissolution of drug after co-processing. Crystalline
ibuprofen exhibited only 52.89% dissolution whereas,
dry-state co-milling of ibuprofen and magnesium trisilica-
te has improved dissolution to a great extent (77.98 to
85.84%). Formulated powder samples of aqueous state
co-processing and freeze-drying of ibuprofen and magne-
sium trisilicate have presented relatively more improved
drug release (84.87 to 100.29%). Percentage release of
ibuprofen increased gradually with the gradual increase in
magnesium trisilicate proportion in the freeze-dried sam-
ples. Mixtures of ibuprofen and magnesium trisilicate ha-
ve presented substantially higher dissolution compared to
the pure drug. Magnesium oxide (MgO) in magnesium
trisilicate and carboxylic acid containing ibuprofen
brought about the acid—base reaction and the hydrogen-
bonding potential of silanol groups of SiO, in the surface
of magnesium trisilicate facilitated collectively the increa-
se in the drug dissolution rate. Dissolution of nimesulide
from pharmaceutical formulations exhibited better disso-
lution when the formulations contain micronized nimesu-
lide crystals and medium become alkaline rather than aci-
dic.”® Increased proportion of magnesium trisilicate in the
mixture might have consumed the carboxylic acid contai-
ning ibuprofen and more of hydrogen-bonding potential
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of silanol groups can describe the increased release of ibu-
profen of the co-processed formulations. Otsuka et al. ha-
ve been able to transform the crystalline polymorphs of
indomethacin to amorphous states during milling which
had 60% higher dissolution than the crystalline state.”
The increased dissolution of drug from solid dispersions
possibly be related to the decreased drug crystallinity or
effective wetting of the reduced drug particles.*** Co-
processing of ibuprofen with magnesium trisilicate for
enhanced dissolution possibly be a promising approach
for improvement of ibuprofen bioavailability.*’

4. Conclusions

Detailed infrared spectroscopy has been utilized for
the assessment of interactions of ibuprofen and magne-
sium trisilicate after dry-state ball-milling and, aqueous
state kneading and freeze-drying. Changes in the fre-
quency and shape of ibuprofen bands after co-processing
have been detected for the analysis of redistribution of
electronic density in the structure of ibuprofen molecule.
Changes in the FTIR spectroscopy of co-processed for-
mulations can describe acid-base reaction between the
carboxylic acid containing ibuprofen and MgO of magne-
sium trisilicate (2Mg0,3Si02,xH20). Varying propor-
tions of water in the magnesium trisilicate facilitated the
reaction in the dry-state milling rather gently while, aque-
ous state equilibration and freeze-drying brought about
the reaction considerably. Reduced absorbance of the car-
bonyl acid peak accompanied by a consistently increase in
the absorbance of carboxylate peak was prominently vi-
sible and the absorbance of carboxylate peak was rather
more in freeze-dried product compared to milled sample.
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Figure 4. Dissolution profiles of co-processed ibuprofen and magnesium trisilicate: (a) dry-state ball-milling samples; (b) freeze-dried samples af-
ter aqueous state equilibration (abbreviations are explained in Table 1).

Acharya et al.: Infrared Spectroscopy for Analysis of Co-processed ...



Acta Chim. Slov. 2017, 64, 45-54

O-H stretching frequency of silanol group due to the pre-
sence of Si0, in the structure of MTS and the hydrogen
bonds between adsorbed water and silanol attributed a lar-
ge broad band between 3550 to 3200 cm™ in all the co-
processed materials and not in ibuprofen pure drug spec-
trum. That is the indication of intermolecular hydrogen
bonding between ibuprofen and magnesium trisilicate in
the co-processed material. Scanning electron microscopy
revealed the inhibition of crystal growth morphology in
both the co-processed materials. Milled material has
shown sub-micron and nano-crystalline accumulation but,
porous bed of irregular nanoparticles with developing
grain boundaries was observed in the crystal structure of
the freeze-dried samples. Missing of melting endotherm
in the DSC report of IB,M,B and IB,M,F signified almost
complete amorphization of ibuprofen. Significantly de-
creased melting temperature and enthalpy of ibuprofen in
the other co-processed materials indicated inhibition of
crystal growth to a great extent. Significantly increased
dissolution of drug has been noticed after co-processing
compared to crystalline ibuprofen alone. Freeze-dried
process presented relatively more enhanced drug release
compared to ball-milled samples.
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Zmes ibuprofena in magnezijevega trisilikata smo pripravili na dva na¢ina: s suhim mletjem in z liofilizacijo vodne raz-
topine. Nastali zmesi smo preucevali s FTIR spektroskopijo. Opazili smo povecano absorpcijo kaboksilatne skupine po-
vezane z zmanjSanjem absorbance karbonilne kisline, kar kaze na dolo¢eno reakcijo karboksilne kisline v ibuprofenu.
Absorbanca karboksilne skupine je bila bolj izrazita v liofiliziranem vzorcu, kar kaZze na moZne intermolekularne vezi
med ibuprofenom in magenezijevim trisilikatom v tem primeru priprave zmesi. Razliko smo opazili tudi na fotomikro-
grafskih posnetkih in pri DSC meritvah tali§¢a. Spro$¢anje ibuprofena iz liofiliziranega vzorca je hitrejse kot pa iz vzor-

ca, pripravljenega s suhim mletjem.
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Abstract

Eggshell membrane (ESM) is selected as biotemplate to prepare MnO, submicroparticles (SMPs) using Chinese Brush
with sodium hydroxide solution. The size with average 710 nm of the obtained materials is in good consistency with the
microsructured biotemplate. An efficient and convenient absorbent for methylene blue (MB) is developed. The removal
efficiency could reach up to 93% in 35 min under room temperature without pH adjusting owing to the excellent adsorp-
tion from ESM itself and hydroxyl group formed on the surface of MnO, crystal in the aqueous solution. Materials on
the membrane can be separated from the wastewater simply to avoid the secondary pollution caused by the leak of ma-
terial. This interesting approach to MnO, SMPs and facile operation for MB adsorption could open a new path to the

submicro-materials based wastewater treatment.

Keywords: MnO, particles, biotemplate, eggshell membrane, methylene blue

1. Introduction

Synthesis of inorganic materials by biotemplating as
a burgeoning technique has emerged for years in a wide
variety of research fields.! The use of biotemplate makes
the synthetic procedure simple and product controllable
taking advantage of the nature of their own. Biotemplates
like organisms (butterfly wing,” hair,> wood fiber*> and
pollen®), microorganisms (bacteria,”® fungus,”!* and viru-
ses'") and biological macromolecules (DNA,'*'* RNA,"
proteins,'®'? and polysaccharides*’) were reported to pre-
pare inorganic materials. Among these templates, proteins
have gained more popularity by researchers,”' ranging
from ferritin,?> % bovine serum albumin (BSA)**! to col-
lagen*?*, However, proteins from natural extracted or
artificial synthetic are difficult to obtain and thus cost a
lot. This could be a pivotal limitation for the large-scale
synthesis and practical application of the biotemplated
materials.

Eggshell membrane (ESM) is a kind of biomaterial
with great imperative though it is generally considered as
a domestic waste.*® This microscopic biopolymeric fi-
brous net is composed mainly of proteins (80-85%), 10%
of which are collagens and 70-75% are other proteins and
glycoproteins.*® Due to the unique structure and property,
ESM has been utilized as a biotemplate for synthesis of
inorganic materials. Novel metal materials such as gold
nanoparticles, silver nanoparticles, macroporous silver
network, Pt-Ag/polymers, have been constructed through
ESM templating.”‘40 On the other hand, sulfide,*' seleni-
de,* oxidide*** have been synthesized using ESM as a
template. Besides, other kinds of material based on ESM
have been studied.**’

As a kind of inorganic nanomaterials, MnO, have
drawn much attention because of their flexible structures
and unique properties and have been applied to catalysis,
ion exchange, supercapacitors, molecule adsorption, bio-
sensors and so on.*® One of the recent applications has fo-
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cused on the MnO, based micromotors.*~** And micro-
motors containing manganese oxide and noble metal or
graphene have also been studied.”>°

In this work, by consideration of its special micro-
structure, abundant component of protein, we choose
ESM as the biotemplate to help synthesize MnO,. Most
important of all, ESM could be obtained expediently and
free of charge. Furthermore, on the basis of the interaction
between protein and metal ions, a novel and interesting
procedure with Chinese Brush to grow MnO, submicro-
particles (MnO, SMPs) on ESM is developed. As reported
by Furuichi et al, hydroxyl groups could be formed on the
surface of MnO, in aqueous solutions.”® Cao et al confir-
med that the hydroxyl groups were involved in the adsorp-
tion.*® Therefore, combining the adsorption capacities of
both ESM itself’” and hydroxyl groups formed on the sur-
face of MnQ, in the aqueous media, these accessible Mn-
O, SMPs are applied successfully to the treatment of
methylene blue (MB) wastewater.

2. Experimental

2. 1. Reagents and Apparatus

Deionized water with conductivity of 18.2 mQ cm™
was used in this experiment from a water purification sys-
tem (ULUPURE, Chengdu, China). Manganese acetate
(MnAc,, M, =245.09, AR) and methylene blue (MB) we-
re purchased from Kemiou Chemical Co. Ltd. (Tianjin,
China). Sodium hydroxide (NaOH, AR) and all the other
reagents were at least of analytical grade. Eggshell was
obtained from Hongye student mess hall of Taiyuan Insti-
tute of Technology, and eggshell membrane was peeled
off from the shell carefully. Diluents with different pH va-
lues were prepared by titrating with 0.1 mol L™ sodium
hydroxide or hydrochloric acid solution to the required p-
H values.

Scanning electron microscopy (SEM) of ESM and
MnO, SMPs were carried out on a Quanta 200 FEG scan-
ning electron microscope. The size distribution of as-pre-
pared nanomaterial was performed at a laser particle sizer
(Malvern Nano-ZS90). The X-ray photoelectron spectros-
copy (XPS) was measured with an AXIS ULTRA DLD
electron spectrometer (Kratos) using monochromatic Al
Ko radiation for analysis of the surface composition and
chemical states of the product. Thermogravimetry (TG)
measurement was carried out in air at a heating rate of 10
°C min~' on a Rigaku TG thermal analyzer (Rigaku Co.,
Japan). The UV-vis absorption spectra were recorded on a
TU-1901 UV-vis spectrophotometer (Puxi, China).

2. 2. Synthesis of MnO, SMPs

MnO, SMPs in this experiment were synthesized
through a simple and interesting method. In a typical pro-
cess, eggshell membrane (ESM) was firstly peeled off ca-

refully from a fresh eggshell and cleaned 10 times with
deionized water to remove residual egg white and then
dried at room temperature. The clean ESM was cut into
small pieces and soaked into 0.1 mol L™' manganese ace-
tate solution with a certain proportion (0.5 g to 100 mL).
After 12 hours, the adsorbed ESM pieces were taken out
and washed 5 times with deionized water and placed onto
a watch glass to dry. At last, a Chinese Brush was dipped
in 0.1 mol L' NaOH solution for 20 seconds. NaOH solu-
tion as ink was brushed evenly on the adsorbed ESM. Five
minutes later, the color change of the membrane from
white to light brown indicated that the MnO, SMPs were
synthesized successfully. The MnO,/ESM piece was was-
hed and dried to preserve for characterization and practi-
cal use.

2. 3. Treatment of Methylene Blue Wastewater

15 mg MnO,/ESM materials and equal amounts of
ESM, as a control experiment, were placed in the 4 mL
MB solution with the concentration of 8 mg L™ under
stirring. After 35 min, materials and ESM were taken out
to stop the adsorption. The UV-vis spectra of MB solu-
tions after adsorption were recorded immediately at room
temperature. All of the absorption intensity of MB measu-
rement was set at wavelength 664 nm. The removal effi-
ciency (R, %) and adsorption capacity (g,, mg g were
calculated using the equations below:

€ =€

R= £ % 100% (D

0

(C,~C)xV
q,= —w 2

where C, and C, (mg L") stand for the initial and final
concentrations of MB in the treatment solutions, respecti-
vely, V is the volume of the mixture solution (L), and Wis
the mass of adsorbent used (g).

3. Results and Discussion

3. 1. Synthesis Mechanism

Scheme 1 displays the schematic diagram of the
synthesis process of submicro-structured MnO, on ESM
using Chinese Brush. As reported, eggshell membrane is
composed of fibrous proteins with different kinds of aci-
dic/basic amino acid residues like -OH, -COOH, -NH,,
—SH, etc on the surface. When ESM pieces were soaked
into the manganese acetate solution, Mn** showed a trend
(from lone electron pair of heteroatom and unoccupied or-
bital in Mn atom) to adsorb onto the “active site” on the
ESM, which resulted in a uniformly dispersive distribution
of Mn** on the fibrous proteins. After washing and drying
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at the room temperature, Chinese Brush with NaOH solu-
tion was brushed on the adsorbed ESM. This step caused a
reaction in situ between Mn** and OH™ around these “acti-
ve site” and as a result MnO, were obtained after 5 min.”’
Owing to the uniformly dispersion of Mn** on the mem-
brane, MnO, particles were generated and grew along with
the fibrous proteins to form a biomimetic material.

= g =

Wash
—
|

Clean Adsorbed
ESM Mn?* ESM
Chinese Brush
with NaOH “ink”
MnO,/ESM

Scheme 1. The schematic diagram of the synthesis process of Mn-
O, SMPs on ESM using Chinese Brush.

3. 2. Characterization of MnO, SMPs

3. 2. 1. Scanning Electron Microscopy

Morphologies of ESM before and after MnO, pre-
paration were investigated for comparison. Figure la
displays the scanning electron microscopy (SEM) ima-
ges of ESM, in which multilayer and overlapping fibrous
proteins are observed. After the reaction with MnO,, by
contrast, plenty of spherical particles array densely on
the adsorbed membrane (Figure 1b and Figure Sla).
Interestingly, particles arraying along with the original
fiber-like protein is observed, and it is more obvious and
straightforward in SEM image with smaller amplifica-
tion factor (Figure S1a). To measure the particle size of
synthesized material, a Nano Particle Analyzer testing
was carried out. The results are shown in Figure S1b.
And an average diameter of ~710 nm is obtained, which
is a good consistency with the microstructured biotem-
plate.

Figure 1. SEM images of (a) ESM and (b) MnO, SMPs. Scale bar
were 50 pm and 20 pm, respectively.

3. 2. 2. UV-Vis Spectroscopy and X-ray
Photoelectron Spectroscopy

The UV-Vis spectrum of as-prepared MnO, SMPs is
shown in Figure S2. A single absorption peak at 360 nm is
found. To investigate the surface composition and elemen-
tal analysis for the resultant MnO, SMPs, the X-ray pho-
toelectron spectroscopy (XPS) was carried out. In the full
scan spectrum (Figure S3), it shows that the synthesized
material is composed of elements Mn 2p, O 1s, C 1s and
N 1s. The elements C 1s, N 1s and partial O 1s come from
proteins in ESM. To examine the details, XPS spectra of
Mn 2p and O 1s were measured. As shown in Mn 2p spec-
trum (Figure 2a), two peaks are observed at 654.2 and
642.4 eV, which can be assigned to Mn 2p, , and Mn 2p, ,,
respectively. Meanwhile, the O 1s spectrum (Figure 2b)
can be resolved into three peaks. The strongest peak at
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531.4 eV corresponds to the Mn—O-H, the other two
small peaks (532.2 eV and 530.0 eV) adjacent reveal the
existence of H-O—H and Mn—-O-Mn, respectively. As a
consequence, the aforementioned findings confirm that
the as-prepared submicroparticles are MnQO,.

a)
Mn 2p3/2
. 642.4eV N\
Mn 2p1/2

31 8542ev
o,
>
B
c
2
=

665 660 655 650 645 640 635

Binding Energy [eV]

b)

s Mn-O-H

531.4eV
= H-O-H
= 532.2eV
B
c
(7]
= Mn-O-Mn
530.0eV

536 534 532 530 528 526

Binding Energy [eV]
Figure 2. (a) Mn2p and (b) Ols XPS spectra of as-prepared MnO,
SMPs.
———ESM only
100 MnO2/ESM

40 - >
20 R .
L s
A\ i
2y oo
200 400 600 800

Temperature [°C]

Figure 3. The TG curves of ESM and as-prepared MnO, SMPs.

3. 2. 3. Thermogravimetry Analysis

Furthermore, a thermogravimetry (TG) analysis was
carried out to illustrate the content of the composite (Figu-
re 3). Blue and red curves indicate the mass changes of
ESM only and synthesized MnO,/ESM material, respecti-
vely. It can be seen that ESM, as a kind of protein, is burnt
out at about 600 °C and the quality is almost zero (blue
curve in Figure 3). To study the relative amount of MnO,
SMPs coated on ESM, dotted portion in Figure 3 is zoo-
med in. It is vividly shown that the curves remain unchan-
ged with the temperature rising afterwards. However, the
horizontal part of MnO,/ESM is obviously higher than
that of ESM only, which is attributed to the inorganic ma-
terial existence. The difference of two horizontal curves
stands for the relative amount of MnO, SMPs in ESM,
which is calculated to be 2.77%.

3. 3. Methylene Blue Wastewater
Treatment

The detailed characterization and measurement de-
monstrate that the synthesized material is ESM coated

a)

3

b) 3.0
——— QOriginal
—— ESM Only
MnQO2z/ESM

400 450 500 550 600 650 700 750 800
Wavelength [nm]

Figure 4. (a) Photographs of ESM and MnO,/ESM before and after
adsorption of MB [(1) ESM only; (2) ESM only after adsorption of
MB: (3) MnO,/ESM SMPs; (4) MnO,/ESM after adsorption of
MB.]. (b) The UV-vis absorption spectra of MB before and after
adsorption by ESM only and MnO,/ESM.
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MnO, SMPs (MnO,/ESM). Owing to the handy opera-
tion of “put in” and “take out”, these materials were furt-
her applied to removal of MB. Figure 4a displays the
photographs of ESM and MnO,/ESM before and after
adsorption of MB. Two sets of contrastive pictures show
that ESM itself is capable of adsorbing for MB. Light
pink ESM (1) turns into blue (2) after adsorption of a
certain amount of MB. However the color change degree
of MnO,/ESM before and after adsorption is bigger:
brown MnO,/ESM (3) becomes dark green (4). The UV-
Vis absorption spectra of MB before and after adsorption
by ESM only and MnO,/ESM are recorded in Figure 4b.
It is evidently indicated that the absorption intensity of
MB at 664 nm after MnO,/ESM adsorption is signifi-
cantly smaller than the one treated with ESM only. Figu-
re S4a exhibits the equation of linear regression of MB
solutions, by which the removal efficiencies of ESM and
MnO,/ESM adsorption are calculated in Figure S4b. In-
set photographs shows the color change of MB solution
before and after adsorption: (5) is original MB solution;
(6) and (7) are MB solution after ESM and MnO,/ESM
adsorption, respectively. The color gap between (5) and
(7) keeps pace with the removal efficiency of 93% by
MnO,/ESM adsorption.

3. 4. Investigation of Time and pH
for Adsorption

Adsorption time for MB by MnO,/ESM adsorption
was investigated by UV-Vis spectroscopy as shown in Fi-
gures 5a and S5a. Under different adsorption time the ab-
sorption intensity decreases gradually as a function of ti-
me and remains the same after 35 min, which represents
the whole adsorption process. Figure S5a shows the time
dependent removal efficiency curve for MB, it can be seen
that the removal efficiency increases rapidly at first 10
min and flats out gradually afterwards. A maximal remo-
val efficiency of 93% is obtained at 35 min. Moreover, Fi-
gure S5b demonstrates the effect of pH condition on the
adsorption by MnO,/ESM. It turns out that the removal
efficiency is kept in the range of 50%—62% under diffe-
rent pH values. The pH is not a factor to influence within
the experimental error. It is worth noting that the removal
efficiency under a certain pH condition is not as high as
that in the distilled water solution. The additional adsorp-
tion for ions, which was used to adjust the acidity of the
solution, took charge of this phenomenon. The desorption
of MB was performed by placing the adsorbed Mn-
O,/ESM into deionized water. Figure 5b shows the ab-
sorption spectra of MB by adsorption for 35 min and de-
sorption for 24 h. It is seen obviously that the shape and
position of absorption peak are the same before and after
adsorption, which indicates that the molecule structure of
MB keeps unchanged during the removal procedure. The-
refore, the removal procedure is an adsorption-desorption
equilibrium process.
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Figure 5. (a) The UV-vis absorption spectra of MB under different
time by MnO,/ESM adsorption. (b) The UV-vis absorption spectra
of MB by adsorption for 35 min and desorption for 24 h.

3. 5. Study of Kinetics and Adsorption
Isotherm

In order to better understand the adsorption behavior
of MB on MnO,/ESM, the adsorption capacities at diffe-
rent time (g,) were recorded. As shown in Figure 6a, the
adsorption of MB increases gradually with the time pro-
longed and becomes balanced after 35 min. Based on this,
experimental data are calculated and organized in Figure
6b to investigate the adsorption kinetics. Two kinetic mo-
dels are generally used to evaluate the adsorption,” and it
can be concluded that the adsorption process of MB on
MnO,/ESM is in accordance with the pseudo-second-or-
der model (correlation coefficient of 0.99508 for pseudo-
first-order model and 0.99915 for pseudo-second-order
model).

Moreover, the effect of initial MB concentration
on equilibrium adsorption capacity (g,) is shown in Fi-
gure 7a, where the adsorption capacity steadily enhan-
ces with increasing the initial concentration of MB ad-
ded. The adsorption behavior of MB on MnO,/ESM
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Figure 6. (a) Effect of adsorption time on adsorption capacity of
MnO,/ESM in MB solutions. (b) Pseudo-first-order (red line) and
pseudo-second-order (blue line) models for MB adsorption.

was further studied through Langmuir and Freundlich
isotherms models (Figure 7b), which were common ad-
sorption isotherms models for evaluating the adsorp-
tion process.> According to the data calculation and li-
near fitting, it is concluded that Langmuir model is ab-
le to interpret the MB adsorption process better (corre-
lation coefficients are 0.9967 and 0.9787 for Langmuir
isotherms and Freundlich isotherms models, respecti-
vely).

3. 6. Effect of Hydrogen Peroxide
on Removal of MB

The effect of H,0, on the dye MB as a function of
time monitored by UV-visible spectra was investigated in
Figure S6a. We observed that the presence of H,O, affec-
ted the absorbance of dye itself about 5% in 35 min and
the shape of the peaks underwent no change. Then the ef-
fect of H,O, with various concentrations on the removal
efficiency of dye MB decontamination by MnO, was exa-
mined. The results are showed in Figure S6b. It is
straightforward that H,O, decreases the removal effi-
ciency of dye MB by MnO,,.

Figure 7. (a) Effect of initial concentrations of MB on equilibrium ad-
sorption capacity of MnO,/ESM in MB solutions. (b) Langmuir (red
line) and Freundlich (blue line) isotherms models for MB adsorption.

4. Conclusions

The MnO, submicroparticles were prepared through
an eggshell membrane based biotemplating method. The
size of MnO, SMPs kept correspondence with the diame-
ter of the fibrous proteins, which indicated the bio-inspi-
red growth of MnO, SMPs. Taking advantages of macro-
operability and adsorption performance stemmed from
both protein membrane and hydroxyl on the surface of
MnO, in the aqueous solution, the ESM coated MnO,
SMPs was applied to the MB wastewater treatment. The
adsorption process followed the pseudo-second-order ki-
netic model and Langmuir isotherms model, and the re-
moval efficiency could reach up to 93% under room tem-
perature without pH adjustment. This simple, green and
interesting approach gives a facile concept of metal oxide
materials synthesis, which is considered of great potential
applications in wastewater treatment area.
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Povzetek

https://doi.org/10.1016/j.jcis.2011.12.023

Kot bio-predlogo (biotemplate) za pripravo submikronskih delcev MnO, smo izbrali membrano jaj¢ne lupine in upora-
bili kitajske copi¢e pomocene v raztopino natrijevega hidroksida. Povprecna velikost tako pridobljenih delcev je bila
710 nm in je skladna z mikrostrukturo bio-predloge. Tako smo pripravili u¢inkovit in priro¢en absorbent za barvilo me-
tilen modro. Uc¢inkovitost odstranjevanja barvila lahko doseZe do 93% v 35 minutah pri sobni temperaturi brez uravna-
vanje pH, tudi zaradi odli¢nega adsorpcije iz membrane jaj¢nih lupin in hidroksilnih skupin na povrSini kristalov MnO,
v vodni raztopini. Materiale na membrani lahko lo¢imo od odpadne vode, izogniti pa se moramo sekundarnemu one-
snazenju. S tem zanimivim pristopom k sintezi submikronskih delcev MnO, in ucinkovitostjo odstranjevanja barvila
metilen modro bi se lahko odprla nova pot priprave submikronskih materialov, pomembnih za ¢iS¢enje odpadnih voda.
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Abstract

The research presented in this article deals with the self-evaluation of 4™ year pre-service chemistry teachers’ progress
during their second year practical pedagogical training in chemistry teaching at primary schools (students’ age 13—15
years) in comparison to the perception of their progress by their school mentors. The sample consisted of 21 pre-servi-
ce teachers and 21 school mentors, in-service chemistry teachers, at primary schools. For the purpose of following to
pre-service chemistry teachers’ development, the pre-service teachers as well as their mentors completed the “Question-
naire for monitoring students’ progress”, focusing on eight characteristics of professional development during practical
pedagogical training. The results reveal that student-teachers were stricter in their self-evaluation in comparison to their
school mentors after their first chemistry lecture at school during the practical pedagogical training; however, after their
last lecture, the evaluations were similar for most of the characteristics. The development of five randomly selected stu-
dent-teachers is presented in detail from their own perspectives, as well as from their school mentors’ perspectives.

Keywords: Chemistry teacher education, practical pedagogical training, pre-service chemistry teachers, in-service che-

mistry teachers, school mentors

1. Introduction

Within the framework of the education of pre-servi-
ce teachers, practical pedagogical training is viewed as a
crucial component in their professional development as
teachers.” Hascher and Hagenauer® reviewed different
terms referring to the various forms of practical training in
teacher education, e.g. teaching practicum, student teac-
hing, field experiences, teaching practice, clinical trai-
ning, clinical teacher education, (guided) teaching expe-
riences, internship, school practicum, school-based teac-
her education, and school placement. In this article, we
use the term practical pedagogical training (PPT), which
we define as a mandatory module in a pre-service teacher-
education programme that takes place at school under the
supervision of a school mentor, who is an in-service teac-
her of a specific school subject. PPT is aimed at providing
pre-service teachers with an opportunity to gain experien-
ce in the classroom through their own teaching and/or co-
teaching facilitated by continuous feedback about their
teaching from their school mentor.

PPT and their contribution to the learning of pre-ser-
vice teachers have been an area of interest to researchers,
teacher educators and teachers. Some studies have focu-
sed on pre-service teachers development, their beliefs, ex-
periences, and expectations, as well as the challenges and
their concerns relating to the PPT.*®* Another group of
studies focused on mentors and the mentoring provided
by experienced teachers in schools.”!*> A third group of
studies focused on the work of teacher educators in fin-
ding ways to support pre-service teachers in developing
their teaching of specifics subject in school environ-
ments. ¢

According to the literature review of Lawson et al.,”
a broad range of factors play roles in the PPT process for
pre-service teachers. Among the outcomes in their review,
the collaboration between student-teachers and mentors
emerged as significant for the professional and individual
development of pre-service teachers. It was pointed out
that mentors’ feedback is also a crucial aspect of the men-
tor-pre-service teacher relationship, from the viewpoint of
prospective teachers.
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Another viewpoint highlights pre-service teachers’
individual differences and the effects of the characteristics
of individual student-teachers on the processes during
PPT and their outcomes. '

Hascher and Kittinger®' proposed students-teachers’
learning and performance model to explain learning in
PPT. Their model assumes that the quality of learning pro-
cesses and learning outcomes during PPT is influenced by
structural aspects (e.g. single or tandem placement, short-
or long-term practicum), organizational aspects (e.g. uni-
versity-school cooperation, school mentor professionali-
zation), and social aspects (e.g. school social climate,
teacher candidate’s integration into the teaching staff).
Their model also recognizes the role of individual factors
of pre-service teachers such as cognition (e.g. pre-know-
ledge, attitudes, beliefs), motivation (e.g. interest, goal
orientation), and emotions (e.g. enjoyment, anger) to con-
tribute to the learning process. The model as well recogni-
zes that factors at different levels (e.g. the culture of teac-
her education at the macro-level versus the teacher candi-
date-mentor interaction at the micro-level) co-determine
the outcomes of teacher education.?*?!

This article focuses on the self-evaluation of pre-
service chemistry teachers’ progress during their PPT in
primary schools in comparison to the perception of their
progress by their school mentors, who observed their
teaching during PPT and provided feedback after each of
the lessons.

2. The Context and the Purpose
of the Study

At the Faculty of Education of the University of
Ljubljana, Slovenia, the PPT of pre-service chemistry
teachers commences in the 3™ year of tertiary education
and continues in the 4™ year. PPT is organized in collabo-
ration between teacher educators at the university and se-
lected primary school mentors. It is conducted in primary
schools in Slovenia. Within the framework of PPT, stu-

dent-teachers prepare lesson plans and teach chemistry in
the 8™ and 9™ years of Slovenian primary schools (the stu-
dents are 14 to 15 years old). At selected primary schools,
pre-service teachers have a school mentor (experienced
in-service chemistry teacher). The role of the school men-
tor is to give directions prior to the commencement of
PPT for successful inclusion in the current teaching plan,
within the framework of which the student-teachers con-
duct and attend lessons during the time of PPT. The
school mentor is also present during all of the lessons that
the student-teacher conducts and, directly after each les-
son, provides the student-teacher with feedback on the po-
sitive aspects of the individual performance, as well as on
necessary improvements.

In order to improve pre-service teachers’ learning
possibilities during PPT, we attempted to adjust PPT to
pre-service teachers’ suggestions based on previous re-
search.” Specifically, we have considered the following
main proposals given by the pre-service chemistry teac-
hers:” (1) longer PPT, (2) independent choice of location
and school for PPT, and (3) the possibility of doing PPT in
several schools in cooperation with a number of different
school mentors. The changes that have been introduced in
PPT with regard to student-teachers’ suggestions’ are pre-
sented in Table 1.

This article deals with pre-service chemistry teac-
hers’, 4"-year student-teachers, development during their
second-year experience with teaching during their PPT.
The article focuses on the monitoring of pre-service che-
mistry teachers’ first and the last lecture during their PPT
based on their own and their school mentors’ perceptions
of eight characteristics of student-teachers’ development
measured by the “Questionnaire for monitoring students’
progress”.’

The study addresses the following research question:

How do pre-service chemistry teachers evaluate
their development in comparison with their school men-
tors on their second-year experience with teaching during
their PPT?

Table 1. Changes that have been introduced in PPT with regard to student-teachers’ suggestions

Student-teachers’ suggestions for optimization
of PPT based on the evaluation of PPT’

State of PPT in the 2008/09
academic year’ — before optimization

State of PPT in the 2014/15
academic year — after optimization

(1) Student-teachers’ suggestion for a longer PPT;

¢ Five school days per academic year;

e Ten school days per academic year;

(2) Student-teachers’ suggestion
for an independent choice
of location and school for PPT;

e Seven primary schools

e Within the Ljubljana Urban
Municipality, Slovenia;

e Schools chosen by the University;

¢ 2-3 student-teachers conducted
PPT simultaneously at the same
school at the time;

e Twenty-one primary schools
(for 4™ year student-teachers);
e All Slovenian regions;
e Schools chosen independently
by each of the student-teachers;
® One student conducted PPT
at each of the schools;

(3) Student-teachers’ suggestion for the
possibility of doing PPT in several schools
in cooperation with a number of different
school mentors;

e Each of the student-teachers had the
possibility to collaborate with one
school mentor in the same academic
year in the framework of PPT;

e Each of the student-teachers had the
possibility to collaborate with several
school mentors in the same academic
year in the framework of PPT;
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3. Method

3. 1. Instruments

For the purpose of the investigation, the “Question-
naire for monitoring students’ progress”’ was applied. The
questionnaire showed appropriate internal consistency
(Cronbach o. = 0.89).”

The questionnaire enables reflection on pre-service
teachers’ development during PPT, in particular with re-
gards to the following eight student-teacher characteri-
stics:

(1) the pre-service teacher’s self—esteem while conducting
the lessons
—referred to as Self-esteem in this article,

(2) the pre-service teacher’s ability to establish discipline
in class
—referred to as Discipline in this article,

(3) the suitability of the pre-service teacher’s explanation
of the chemistry topic taught
—referred to as Explanation in this article,

(4) the ability of the pre-service teacher to anticipate the ap-
propriate amount of material to present during the lesson
—referred to as The amount of contents in this article,

(5) the pre-service teacher’s experimental skills
—referred to as Experimental skills in this article,

(6) the pre-service teacher’s expertise in providing an ap-
propriate response to the students
—referred to as Response in this article,

(7) the pre-service teacher’s ability to involve students ac-
tively
—referred to as Active student’s involvement in this ar-
ticle, and

(8) the pre-service teacher’s self-dependence in preparing
for the lesson
—referred to as Self-dependence in this article.

Pre-service teachers and their school mentors eva-
luated pre-service teachers’ development regarding each
of the above-listed specific characteristics with a mark in
the range 1-5, in which “1” represents the lowest student-
teachers’ competence and “5” the highest student-teac-
hers’ competence.

3. 2. Sample

The sample consisted of student-teachers (N = 21)
enrolled in the 2014/15 academic year in the 4™ year of
the undergraduate programmes “Chemistry and Biology”
or “Chemistry and Physics” or “Chemistry and Home
Economics” at the Faculty of Education, University of
Ljubljana. The student-teachers involved were pre-
dominantly female (N = 20), and only one was male (N =
1); their average age was 23.91 years. Due to their future
profession, they are referred to as pre-service teachers or
student-teachers in this article.

In addition to the pre-service teachers their school men-
tors, experienced in-service chemistry teachers (N = 21),

from the twenty-one primary schools where PPT took place,
were also involved in this study. All participating school
mentors were female, and their average age was 46.20 years.
In average, they had 20.81 years of experience in the teac-
hing of the subject of chemistry in primary schools.

In this study, the development of five 4™ year pre-ser-
vice chemistry teachers, who were chosen from the sample
via random selection, is presented in detail from their own
perspectives as well as from their school mentors’ perspec-
tives. Each student-teacher in PPT only had one mentor
and visited only one school. In order to assure anonymity
of student-teachers, their names — presented in the results
of the article — are pseudonyms, i.e. Ina (female), Sara (fe-
male), Jan (male), Mara (female) and Ula (female).

3. 3. Data Collection

The PPT for 4™ year student-teachers was conducted
in April 2015 at twenty-one primary schools throughout
Slovenia. Every student spent two weeks (10 days) at an
independently selected primary school, which was their
second year experience of teaching chemistry. Each stu-
dent-teacher monitored their own progress every day du-
ring PPT with the aid of the “Questionnaire for monito-
ring students’ progress”’. The school mentors evaluated
student-teachers’ development by the use of “Question-
naire for monitoring students’ progress”™’ twice — after
their first and last chemistry lecture during PPT.

3. 4. Data Analysis

3. 4. 1. Analysis of the “Questionnaire
for Monitoring Students’ Progress ¢

The results collected from pre-service chemistry
teachers and their school mentors in the “Questionnaire for
monitoring students’ progress”’ were entered into MS Ex-
cel, and appropriate calculations and figures were prepa-
red. Further analysis was conducted using the Statistical
Package for the Social Sciences (SPSS), version 21. The
nonparametric test Wilcoxon Ranks Test (Z) was used to
evaluate significant differences in perceptions of student-
teachers’ characteristics by pre-service teachers in compa-
rison to their school mentors. Pre-service teachers’ com-
ments accompanying the numerical data were transcribed.

4. Results and Discussion

At the pre-service teachers’ first teaching of chemi-
stry at school during their second year PPT, their school
mentors evaluated the student-teachers’ characteristics
with higher values in comparison to pre-service teachers
self-evaluation as can be seen from the mean values in
Table 2. At the pre-service teachers’ final teaching of che-
mistry at school during their second-year PPT, student-
teachers’ competences were again investigated. From the
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Table 2. The mean values for eight characteristics measured by “Questionnaire for monitoring students’ progress

7 from student-teachers’ and

school mentors’ perspectives after their first and final presentation during PPT

First presentation in PPT

Final presentation in PPT

Characteristic Pre-service-teachers School mentors Pre-service-teachers School mentors
Mean SD Mean SD Mean SD Mean SD
Self-esteem 3.39 0.70 4.39 0.61 4.92 0.26 4.72 0.46
Discipline 3.33 1.19 4.17 0.92 4.94 0.24 4.94 0.24
Explanation 3.78 0.73 3.94 0.64 4.83 0.38 4.72 0.46
The amount of contents 3.39 1.24 4.44 0.70 4.72 0.46 5.00 0.00
Experimental skills 3.72 1.13 4.00 0.69 4.72 0.46 4.56 0.51
Response 4.11 0.68 4.22 0.65 4.69 0.46 4.78 0.43
Active student’s involvement 3.44 1.10 4.39 0.78 4.72 0.46 4.44 0.70
Self-dependence 3.89 1.23 4.33 0.69 4.83 0.38 4.50 0.62

mean values in Table 2, it can be determined that their per-
ception of their own competence was closer to that of their
school mentor’s at that time.

For the pre-service teachers’ first teaching of chemi-
stry, Wilcoxon Ranks Test showed significant differences
in perception between pre-service teachers and their
school mentors about the future teachers competence in

four characteristics: Self-esteem (Z = -2.924, p = 0.003),
Discipline (Z=-2.223, p = 0.026), The amount of contents
(Z=-2.799, p = 0.005), Active student’s involvement (Z =
—2.315, p = 0.021). In contrast, no significant differences
were found in the other four characteristics Explanation (Z
=-0.566, p = 0.572), Experimental skills (Z =-0.366, p =
0.714), Response (Z = —-0.540, p = 0.589), Self-dependen-

Table 3: Ina’s self-evaluation of her skills and knowledge in specific fields at her first and final presentation during their PPT in comparison with

the evaluation of her school mentor

Ina’s self-evaluation of her skills and knowledge
[Scale 1 to 5]

Teacher’s evaluation of Ina’s skills and knowledge
[Scale 1 to 5]
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To the question “How did you perceive the course

of the lesson in the role of chemistry teacher?”

Ina explained:

After her first presentation:
“After a year outside the school climate, I did not feel very self-
confident, since I had not met students yet.”

After her final presentation:

“During the practical pedagogical training, I had gained self-
confidence, had a better feeling regarding explaining teaching
topic and was better when came to establishing discipline in the
class.”
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--@--- First presentaton  —3¢— Final presentation
To the question “How did you perceive the course of

the lesson with Ina in the role of chemistry teacher?”

Ina’s school mentor explained:

After her first presentation:

“She presented the new chemistry topic thoroughly through the
experimental work. Ina’s explanation was clear and she was able
to adapt to the students’ rhythm of knowledge comprehension.”

After her final presentation:

“During the lessons, she succeeded in applying all the teaching
goals designed in advanced. Students were able to be actively in-
volved in the process of presenting the new chemistry topic. Expe-
rimental work was carried out in a correct and appropriate manner.
The content of the chemistry topic was properly introduced.*
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ce (Z=-1.310, p = 0.190). Based on these results, it can be
summarized that pre-service teachers are more realistic in
estimating their competence for explanations of the chemi-
stry topic taught, their experimental skills, their ability for
providing an appropriate response to the students in the
classrooms and their self-dependence in preparing for the
lesson. However, pre-service teachers seem to be stricter in
evaluation of their appearance of self-esteem while con-
ducting the lessons and ability to establish discipline in
class during lessons, also their ability to anticipate the ap-
propriate amount of contents to present during the lesson
and to actively involve students seem to be underestimated
with regard to the perception of their school mentors.

For the pre-service teachers’ final teaching of chemi-
stry, the Wilcoxon Ranks Test showed significant differen-
ces in perception between pre-service teachers and their
school mentors about the future teachers’ competence in
only one of eight characteristics, in the amount of contents
(Z = -2.236, p = 0.025). No significant differences were
found in other seven characteristics: Self-esteem (Z =

—-1.536, p = 0.125), Discipline (Z = 0.000, p = 1.000), Ex-
planation (Z =-0.707, p = 0.480), Experimental skills (Z =
—0.832, p = 0.405), Response (Z=-1.342, p = 0.180), Acti-
ve student’s involvement (Z = —1.387, p = 0.166), Self-de-
pendence (Z=-1.897, p = 0.058). Based on these results, it
can be summarized that pre-service teachers gained more
realistic estimation of their competences during the time of
PPT in comparison to their school mentors’ perceptions.

To obtain insight into the situation of individual pre-
service teachers’, examples of the individual evaluations
of eight characteristics are presented for five student-teac-
hers in comparison with their development as seen by
their school mentors.

4. 1. Example 1: 4"-year student-teacher Ina

After her first lesson, it is clear from Table 3 that the stu-
dent Ina had perceived herself as having very little self-confi-
dence, which was in contradiction with her teacher mentor’s
comprehension of her behavior. In general, the teacher mentor

Table 4. Sara’s self-evaluation of her skills and knowledge in specific fields at her first and final presentation during their PPT in comparison with

the evaluation of her school mentor

Sara’s self-evaluation of her skills and knowledge
[Scale 1 to 5]

Teacher’s evaluation of Sara’s skills and knowledge
[Scale 1 to 5]
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To the question “How did you perceive the course
of the lesson in the role of chemistry teacher?”
Sara explained:

After her first presentation:

“I was satisfied with the way I was able to carry out the teaching
lesson, since I was able to ask students enough different que-
stions. The students were also very active, since they were invol-
ved in the teaching and learning process properly.”

After her final presentation:

“I feel that my ability to establish discipline in the class has im-
proved; students are listening to me and are willing to cooperate.
I also feel that I am doing better when performing experiments in
the class, I am no longer frightened when demonstrating the che-
mical experiment in front of the students in the class.”
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To the question “How did you perceive the course of
the lesson with Ina in the role of chemistry teacher?”
Sara’s school mentor explained:

After her first presentation:

“Sara was able to perform the lesson very well, involving stu-
dents in the teaching and learning process. Her explanations we-
re clear, and the lecture was designed appropriately due to the lo-
gical structure from the beginning to the end. She only could
check the students intensively by reviewing their notes during
the lesson.”

After her final presentation:

“Sara is more confident and convincing when introducing new
chemistry topics. She skillfully reacted when waiting for the expe-
riment to occur, since the safety rules in the lab had been revised.”
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had seen Ina’s presence in the class as being very appropriate
regarding all the significant characteristics observed.

At Ina’s final presentation (Table 3) in the class du-
ring PPT, her self-evaluation opinion had improved; she
saw herself in a much better light also with regard to ex-
planation of the topics taught and establishing discipline
in the class. Ina’s teacher mentor’s opinion was consistent
with Ina’s self-evaluation, however the mentor described
her improvement to the highest level in all areas described
by influential characteristics.

4. 2. Example 2: 4™-year student-teacher Sara

At her first presentation (Table 4) the student-teac-
her Sara had seen all of her influential characteristics

through self-assessment as being quite low, except regar-
ding the chemical experiment demonstration and the abi-
lity to anticipate the appropriate amount of matter to be
presented during the lesson which is not coherent with her
comment, where she stated that she is quite satisfied with
the lesson. Also Sara’s school mentor’s opinion is very po-
sitive; except regarding Sara’s self-esteem, she evaluated
Sara with quite high marks regarding all other influential
characteristics observed.

From Table 4, it can be determined that the situation
had changed significantly by Sara’s last presentation du-
ring PPT. While conducting the final chemistry lesson,
Sara had perceived herself to be very appropriate while
grading all the influential characteristics; she only marked
herself a bit lower regarding the successful involvement of

Table 5: Jan’s self-evaluation of her skills and knowledge in specific fields at his first and final presentation during their PPT in comparison with the eva-

luation of her school mentor

Jan’s self-evaluation of her skills and knowledge
[Scale 1 to 5]

Teacher’s evaluation of Jan’s skills and knowledge
[Scale 1 to 5]
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To the question “How did you perceive the course
of the lesson in the role of chemistry teacher?”
Jan explained:

After his first presentation:
“A bit frightened... it has been a year since I have been in front of
the class performing the teaching lecture.”

After his final presentation:
“My school mentor complimented me.”
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To the question “How did you perceive the course of
the lesson with Ina in the role of chemistry teacher?”
Jan’s school mentor explained:

After his first presentation:

“Jan’s teacher plan was correctly prepared in advance regarding
the content and timetable. He was able to give brief and effective
instructions to the students. Worksheets were appropriately pre-
pared in advance; consequently, students were able to complete
them independently, and then they were all checked at the end of
the lesson. Therefore, students were active throughout the teac-
hing process.”

After his final presentation:

“Jan carried out the lesson independently. Prior to his lesson, he
attended the observation of my class, and then he repeated the
same topic. He carried out experimental group work success-
fully; the instructions were clearly and briefly delivered in ad-
vance. The results of the experiments were analysed with the
students and therefore they successfully concluded the teaching
lesson together.”
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students in the lesson, thereby she described her improve-
ment in various areas also in her comment. The opinion of
Sara’s teacher mentor was very similar; she gave her very
good marks regarding almost all important characteristics
observed and pointed out her improvement regarding con-
fidence as well as the quality of teaching.

4. 3. Example 3: 4"-year student-teacher Jan

It is clear from Table 5, that at his first presentation,
the student-teacher Jan had evaluated all of his influential
characteristics much more strictly than his school mentor
did. Jan was not satisfied especially with his ability to
clearly explain the topics thought; he commented to per-

ceive himself as being frightened in the classroom after
one-year pause since last practical pedagogical training in
his third year of the study.

It can be seen from Table 5, that the situation had
changed during the time of practical pedagogical training,
as at Jan’s final presentation, he was very satisfied with
his lesson. Jan and his mentor’s opinions were quite con-
sistent, except regarding Jan’s experimental skills and the
suitability of Jan’s explanation of the topic taught.

4. 4. Example 4: 4™-year student-teacher Mara

It is clear from Table 6 that Mara had seen her suita-
bility of explanation of the topic taught to be extremely

Table 6. Mara’s self-evaluation of her skills and knowledge in specific fields at her first and final presentation during their PPT in comparison with the

evaluation of her school mentor

Mara self-evaluation of her skills and knowledge
[Scale 1 to 5]

Teacher’s evaluation of Mara’s skills and knowledge
[Scale 1 to 5]
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To the question “How did you perceive the course
of the lesson in the role of chemistry teacher?”
Mara explained:

After her first presentation:

“My first lesson presentation after one year outside the school
practice. I feel I am able to carry out the teaching lesson appro-
priately, but I do need my teacher mentor to supervise me and gi-
ve me a proper advice where needed.”

After her final presentation:

“My last day of practical pedagogical training. I am full of new
impressions and experiences. I feel I am no longer so nervous,
and I have gained self-confidence.”
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To the question “How did you perceive the course of
the lesson with Ina in the role of chemistry teacher?”
Mara’s school mentor explained:

After her first presentation:

“In the future, Mara should work on step-by-step explanations of
new chemical concepts introduced to the students during her les-
son. For the whole image of the teaching lesson, it would be be-
neficial to add visual elements for better introducing and launc-
hing the new chemistry topics. There were some troubles with the
time component of the teaching plan, which consequently was
not appropriately carried out. She had quite a few problems with
correct use of Slovenian language, as she spoke in a dialect.”

After her final presentation:

“Mara should try to show a little bit more enthusiasm while teac-
hing in the classroom. Consequently, the atmosphere in the clas-
sroom would be improved. The lesson should be more compact.
In these terms, she should try to connect the parts of the lesson
more tightly. However, she improved her teaching image in com-
parison to the last year of her PPT in our school. I recommend
that she works on developing her natural body language when
performing the teaching process.”
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low at her first presentation, and she consequently also
marked her self-esteem extremely low. Her school mentor
did not evaluate her very well either, since she detected
troubles with introducing and launching the new topics, as
well as with the time component of the teaching plan and
the discipline in the classroom.

At her last presentation, both Mara and her teacher
mentor changed their opinions as can be seen in Table 6.
All the important characteristics were marked excellent
by her teacher mentor, except in the case of Mara’s expe-
rimental skills, where she can still improve. In the opinion
of her school mentor, it is also important that in the future,

she Mara shows more enthusiasm while teaching in the
classroom.

4. 5.Example 5: 4M-year student-teacher Ula

At her first presentation, it is clear from Table 7, that
Ula was not satisfied with her teaching and that she had
perceived all of her influential characteristics more strict-
ly than her teacher mentor had. From her comment it is
obvious, that she felt a relieve after her first lesson as she
describes, that feels less nervous and to gain more control
over the situation in the classroom.

Table 7. Ula’s self-evaluation of her skills and knowledge in specific fields at her first and final presentation during their PPT in comparison with

the evaluation of her school mentor

Ula’s self-evaluation of her skills and knowledge
[Scale 1 to 5]

Teacher’s evaluation of Ula’s skills and knowledge
[Scale 1 to 5]
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To the question “How did you perceive the course

of the lesson in the role of chemistry teacher?”

Ula explained:

After her first presentation:

“The first teaching lessons have been successfully applied. I felt
less nervous and have had more control over the situation in the
classroom.”

After her final presentation:

“The last day of my practical pedagogical training. I am full of
new impressions; I am feeling much less nervous, and I have gai-
ned much self-confidence.”
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To the question “How did you perceive the course of
the lesson with Ina in the role of chemistry teacher?”
Ula’s school mentor explained:

After her first presentation:

“Ula was able to prepare a compact teaching lesson plan, firstly,
suitable for checking student’s pre-knowledge and secondly for
the introduction of new chemistry concepts, which has to be pre-
sented in the teaching lesson. Before this point, she had needed
quite a lot of help, but after my careful review, she finally suc-
ceeded to prepare a good, complex and systematic teaching les-
son plan.

During carrying out the teaching lesson in the class, she had to
face some problems, regarding the discipline, but it was an ex-
pected and understandable situation, since the class is, in gene-
ral, a bit problematic.”

After her final presentation:

“Ula was able to prepare an interesting lesson presenting the che-
mistry concepts in a way interesting for teaching and learning.
Her appropriate teaching plan comprises several teaching met-
hods; the students were actively engaged by discussion and que-
stion making; she was able to include context-based teaching
goals were students enjoy real self-reflection regarding ecologi-
cal problems presented during the teaching and learning process.”
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Ula’s teaching improved during the practical peda-
gogical training, as the situation had changed at Ula’s fi-
nal presentation (Table 7). Ula described, that she gained
new ideas and valuable experience during practical peda-
gogical training. In the case of four evaluated characteri-
stics the teacher mentor saw Ula’s ability even better than
Ula did. These four characteristics were the following: the
pre-service teacher’s ability to establish discipline in
class, the suitability of the pre-service teacher’s explana-
tion of the topic taught, the ability of the pre-service teac-
her to anticipate the appropriate amount of contents to
present during the lesson and the pre-service teacher’s
ability to involve students actively. The mentor especially
pointed out that Ula’s teaching plan involved different
teaching methods and that the students were actively en-
gaged by discussion and question making.

Regarding the 4"-year student-teachers’ PPT, it can
be summarized from the overall results (Table 2), as well
as from the analysis of individual teacher-students’ reflec-
tions (Tables 3—7), that the school mentors were far less
strict in evaluation of the student-teachers’ performances
in the class. All the teacher mentor’s observations, espe-
cially regarding the students’ first presentations, were far
less demanding and much more indulgent regarding the
student’s behaviour in the class than the student-teachers’
views of their selves were. However, regarding school
mentor’s and student-teachers’ views of the last lesson in
the class during their practical pedagogical training, there
were far more matching reviews seen in comparison with
their evaluations obtained at the first lessons in the class.
The mentors’ comment in the tables are in most cases also
much longer than the comments of the student-teachers.
The focus of student-teachers’ comments, especially after
their first lesson, is mostly about their self-esteem. Stu-
dent-teachers report about their low confidence after one-
year brake after the practical pedagogical training in the
third year of their studies, they claim to be nervous, to be
frighten during teaching, while in the case of the mentors,
they are more specific and report about different skills by
student-teachers, e.g. structure of chemistry lesson, stu-
dents’ active involvement, discipline in the classroom, stu-
dent-teachers’ enthusiasm during teaching, etc..

5. Conclusion

This investigation presents 4M-year pre-service che-
mistry teachers’ development during their second-year ex-
perience with teaching during their PPT from their own
perspective as well as from that of their school mentors. In
particular, it focused on the monitoring of pre-service che-
mistry teachers’ first and last chemistry lesson during their
PPT based on their own and their school mentors’ percep-
tions of eight characteristics of pre-service teachers’ deve-
lopment measured by the “Questionnaire for monitoring

students’ progress”.’

The results revealed that after their first chemistry
lecture pre-service teachers and their school mentors esti-
mated similar values of four of eight student-teacher cha-
racteristics, e.g. no statistically significant differences
found for the explanation of the chemistry topic taught,
their experimental skills, their ability for providing an
appropriate response to the students in the classrooms
and their self-dependence in preparing for the lesson. Ho-
wever, pre-service teachers seem to be stricter than their
school mentors are; statistically significant differences
found in the evaluation of their appearance of self-esteem
while conducting the lessons and ability to establish dis-
cipline in class during lesson, as well as their ability to
anticipate the appropriate amount of contents to present
during the lesson and to involve students actively. Accor-
ding to the results following the last chemistry lecture du-
ring PPT, it can be concluded that pre-service teachers
gained more realistic estimations of their knowledge and
skills with regard to the eight observed characteristics,
when compared to their school mentors’ perception, as
the statistically significant difference was observed only
in their evaluation of their ability to anticipate the appro-
priate amount of contents to present during the lesson.
From the content point of comments, it can be concluded,
that mentors’ comments in the tables are in most cases
longer than the comments of the student-teachers. Stu-
dent-teachers’ comments, especially after their first les-
son, are mostly about their self-esteem, while in the case
of the mentors, they are more specific and report about
different skills by student-teachers, e.g. structure of che-
mistry lesson, teaching methods, students’ active involve-
ment, discipline in the classroom, student-teachers’
enthusiasm during teaching, etc. When focusing on spe-
cific characteristics, the results are in line with previous
research findings,” in which the lowest value by pre-ser-
vice teacher was also ascribed to their ability to establish
discipline in the classroom and higher grades were ascri-
bed to their ability to involve students actively in the les-
son, followed by their self-dependence in preparing for
the lesson.

Similarly, to previous studies,'” it can be concluded
that school mentors’ feedback to student-teachers is a very
important part of PPT, especially because they observe
student-teachers’ progress from a broader, more holistic
perspective of their future profession — chemistry teacher.
Therefore, sustained efforts should be focused on produc-
tive school-university collaboration, but also to raising of
the awareness for the need of in-service chemistry teac-
hers’ sustainable education in their subject area in relation
to recent findings from chemical education research, e.g.
studying the impact of different experimental methods in
chemistry teaching on school practice,’** studying the
impact of the online knowledge assessment system on stu-
dents’ knowledge,” the development of concept maps as
learning materials to foster students’ meaningful learning
of organic reactions.”’
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V Clanku predstavljena raziskava se ukvarja s samo-evalvacijo napredka med prakti¢nim pedagoskih usposabljanjem
bodocih uciteljev kemije, Studentov Cetrtega letnika, v primerjavi z mnenjem njihovih mentorjev na Soli. Vzorec sestav-
Ilja 21 bodocih uciteljev kemije in 21 njihovih mentorjev, izkuSenih uciteljev kemije na osnovnih $olah. Za namen
spremljanja razvoja bodocih uciteljev kemije med prakti¢nim pedagoskih usposabljanjem so bodo¢i ucitelji in njihovi
mentorji izpolnjevali »Vprasalnik za spremljanje razvoja bodocih uciteljev kemije«, ki temelji na evalvaciji osmih ka-
rakteristik strokovnega razvoja uciteljev kemije. Rezultati kaZejo, da so bili bodo¢i uditelji kemije v samo-evalvaciji bolj
strogi od svojih mentorjev, Se posebno po prvi izvedeni uri pouka kemije, medtem ko so bile ocene po zadnji izvedeni
uri podobne z ocenami mentorjev glede vecine ocenjevanih karakteristik. Podrobneje je predstavljen razvoj petih na-
klju¢no izbranih bodocih uditeljev kemije iz njihovega osebnega vidika, kakor tudi iz perspektive njihovih mentorjev.
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Abstract

In this research an efficient synthesis of a novel nanocomposite including SiO, @ (3-aminopropyl)triethoxysilane-coated
cobalt oxide (Co,0,) nanocomposite has been reported by three step method. The structure and magnetic characteriza-
tion of Co,0,@SiO, @NH, have been done by using various spectroscopic analyses which include FT-IR, X-ray pow-
der diffraction, scanning electron microscopy, transmission electron microscopy, energy dispersive X-ray spectroscopy
and vibrating sample magnetometry. Amino-functionalized SiO, coated Co,0, nanocomposite exhibited superparamag-
netic behavior and strong magnetization at room temperature. The average crystallite sizes of the Co,0, are 23.7 nm.
The obtained magnetic nanocomposite showed excellent catalytic activity as a new heterogeneous magnetic catalyst for
the synthesis of some indazole derivatives under mild reaction conditions along with high level of reusability.

Keywords: Co,0,@SiO, @NH,, heterogeneous catalyst, spectroscopic analysis, indazole derivatives, nanocomposite

1. Introduction

Over the last decade, organic—inorganic magnetic na-
nocomposites have become interesting as magnetic ca-
talysts in both academic and industrial fields.'= The spinel
cobalt oxide Co,0, is a magnetic semiconductor and wi-
dely used catalyst for a variety of reactions.* The use of
this magnetic nanoparticle catalyst can address the isola-
tion and recycling problem encountered in many heteroge-
neous and homogenous catalytic reactions. Most impor-
tantly, the magnetic-supported catalysts show not only
high catalytic activity but also high degree of chemical sta-
bility. The Co,0, surface has a strong affinity for silica,
and the cobalt-oxide NPs were easily coated with silica via
the sol—gel process.® It has been exhibited that the forma-
tion of silica coating on the surface of Co,0, NPs can hin-
der their aggregation and keep their chemical stability.” In
addition, the silanol (Si—~OH) groups, which have often lo-
cated in the terminal of silica coating surface, SiO, is stab-

le under acidic conditions and inert to redox reactions, as
compared with the organic coating materials, and hence
functions like an ideal shell composite to protect the inner
Co,0, partciles. Silica-coated Co,0, nanocomposite, i.e.,
Co,0,@Si0,, has recently been investigated for potential
biomedical applications.* '’ Additionally, the SiO, coating
shell has an abundance of surface hydroxyl groups which
can be easily coupled with organosilanes by formation of
Si—O-Si covalent bonds. The importance of this field is
highlighted by the use of bio molecules which control the
self-assembly of nanodevices.''™"* This led to the idea of
preparing an active catalyst, Co,0,@8SiO, @NH,, through
morphology-controlled synthesis which ensure that faces
which are active specifically are exposed predominantly at
the surface. As well as, to the best of our knowledge, no at-
tempt has been made to synthesis of Co,0,@8Si0,@NH,
nanostructures. In this study, a novel Co,0, magnetic na-
nocomposite was developed by grafting amino groups co-
valently onto the surfaces of Co,0,@ SiO, nanocomposite.
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The resulted nanocomposite was characterized by Fourier
transform infrared (FTIR), transmission electron micros-
copy (TEM), X-ray powder diffraction (XRD), scanning
electron microscopy (SEM) and vibrating sample magne-
tometer (VSM). This study on the synthesis of Co,0, @ Si-
0, @NH, nanocomposite may open up new routes in the
research for highly active catalysts.

In continuing our efforts towards the development of
efficient and environmentally benign heterogeneous ca-
talysts,'*"* herein, Co,0,@SiO,@NH, nanocomposite
was prepared as a highly efficient magnetic catalyst by a
simple method. The main goal of this catalytic synthesis
was to introduce a novel and effective magnetic nanocom-
posite to expand the use of these types of composites for
organic reactions. In order to investigate the catalytic acti-
vity of this magnetic catalyst, synthesis of some indazole
derivatives have been done via two-component reactions.

2. Experimental

2. 1. Chemicals and Apparatus

Chemicals were purchased from the Sigma-Aldrich
and Merck in high purity. All of the materials were of com-
mercial reagent grade and have been used without further
purification. The o,0.-bis (substituted-arylidene) cycloalka-
nones were synthesized via aldol condensation as described
previously.'”?° All melting points are uncorrected and were
determined in capillary tube on Boetius melting point mi-
croscope. The ultrasonic irradiation was used in reactions
by a multi-wave ultrasonic generator (Sonicator 3200; Ban-
delin, MS 73, Germany), equipped with a converter/trans-
ducer and titanium oscillator (horn), 12.5 mm in diameter,
operating at 20 kHz with a maximum power output of 200
W. The ultrasonic generator automatically adjusted the po-
wer level. 'H NMR and '*C NMR spectra were obtained on
Bruker 400 MHz spectrometer with CDCI, as solvent using
TMS as an internal standard. FT-IR spectrum was recorded
on Magna-IR, spectrometer 550. The elemental analyses
(C, H, N) were obtained from a Carlo ERBA Model EA
1108 analyzer. Powder X-ray diffraction (XRD) was car-
ried out on a Philips diffractometer of X’pert Company
with mono chromatized Cu Kot radiation (A = 1.5406 A).
Microscopic morphology of products was visualized by
SEM (LEO 1455VP). The mass spectra were recorded on a
Joel D-30 instrument at an ionization potential of 70 eV.
Transmission electron microscopy (TEM) was performed
with a Jeol JEM-2100UHR, operated at 200 kV. Magnetic
properties were obtained on a BHV-55 vibrating sample
magnetometer (VSM) made by MDK-LR.Iran. The com-
positional analysis was done by energy dispersive analysis
of X-ray (EDX, Kevex, Delta Class I).

2. 2. Preparation of Co,0, Nanoparticles

Co,0, MNPs were prepared according to previously

reported procedure by Vela et. al with some modifica-
tions.?! Firstly, cobalt nitrate hexahydrate (8.60 g) was
dissolved in 100 ml of ethanol and the resulting mixture
was stirred vigorously. Then, the mixture was heated up to
50 °C and kept for 30 min. Finally oxalic acid (2.14 g)
was added quickly to the solution and the reaction mixtu-
re was stirred for 2 h at 50 °C. The formed precipitate
which includes cobalt (II) oxalate was collected by centri-
fuges and then the prepared cobalt (II) oxalate powder
was calcined at 400 °C for 2 h to produce Co,0, nanopar-
ticles.

2. 3. Preparation of Co,0,@SiO,
Nanoparticles

Co,0,@Si0, MNPs were prepared according to the
slightly modified previously reported method by Vela et.
al.*! Briefly, CTAB (2.2 g) was added to a solution of 0.5 g
of Co,0, nanoparticles in EtOH (350 mL), and then con-
centrated ammonia aqueous solution (40 mL, 28 wt %)
was added dropwise to the reaction mixture under sonica-
tion. After the treatment for 20 min which followed by the
addition of tetraethylorthosilicate (TEOS) (0.4 mL in 10
mL of EtOH) to the mixture under ultrasound irradiation,
then solution was stirred for 20 h at room temperature.
Co,0, nanoparticles coated with porous SiO, shell were
collected by centrifugation and washed three times with
deionised water and then were calcined at 600 °C for 6 h.

2. 4. Preparation of Co,0,@SiO,@NH,
Nanocomposite

Co,0,@Si0, nanoparticles (0.5 g) were added to
the three-necked flask and ultrasonically dispersed for 15
min in dry toluene (25 mL). Afterwards, 1 mililiter (4.27
mmol) of 3-aminopropyltriethoxysilane (APTES) was ad-
ded into the flask, and the reaction mixture was refluxed
at 110 °C with continuous stirring for 10 h under nitrogen
atmosphere. After completion of the reaction, the resul-
ting amine-functionalized Co,0,@SiO, was gathered by
centrifugation and washedwith water and ethanol for se-
veral times. Finally, it was dried at 50 °C under vacuum
conditions for 10 h (Schemel).

Nitrogen content of the amine-grafted sample was
estimated by back titration using NaOH (0.1 mol/L).2**
First, the known amount of the catalyst was stirred in HCI
(0.5 mol/L) for 30 min. Then, the mixture was filtrated
and titrated with NaOH (0.1 mol/L). Nitrogen content of
the catalyst was 5.86 mmol/g using 8.54 mmol/g trimet-
hoxysilylpropylamine.

2. 5 .General Procedure for Synthesis
of Some Indazole Derivatives

In a typical procedure, a mixture of o,0-bis (substi-
tuted-arylidene) cycloalkanone (I mmol), phenyl hydra-
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Co(NO3),.6H,0 4+ H,C,0,

EtOH | 50°C,2.5 h

H

| CTAB, NH,OH

TEOS / EtOH
us.))

NH,(CH,);Si(OEt);
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110°C,10h

HO"’S\i/
OH

Scheme 1. Preparation steps for fabricating Co,0,@ SiO, @ NH, nanocomposite

zine (2 mmol), and Co,0,@SiO,@NH, (0.003 g) were
placed in a round-bottom flask. The suspension was stir-
red under solvent-free conditions at 80 °C. Completion of
the reaction was monitored by Thin Layer Chromato-
graphy (TLC). After termination of the reaction, the ca-
talyst was separated from the solid crude product by us-
ing an external magnet. The precipitated solid was then
collected and recrystallized from ethanol to afford the pu-
re product.

The products were identified with 'HNMR, *CNMR
and FT-IR spectroscopic techniques.

3. Results and Discussion

3. 1. Catalyst Characterization

The synthesis strategy of Co,0,/SiO,/NH, MNPs
involves three steps. Figure 1 shows the XRD patterns of
prepared Co,0,, Co,0,@8Si0, and Co,0,@SiO,@NH,.
All the XRD patterns show raising background which is

attributed to X-ray fluorescence since Cu-K_ has been
used as the X-ray source during the measurements.*

The reflections of XRD pattern of Co,0, in Fig. 1a
confirm the synthesis of cubic normal spinel Co,0,
(JCPDS file no. 42-1467). Fig. 1b shows the SiO, coating
of Co,0, by the presence of the new broad peak at 2& ap-
proximately 22-25°. As shown in Figure 1, the characteri-
stic peaks of Co,0, are also observed for Co,0,@SiO,
and Co,0,@SiO,@NH,, which represent the stability of
the crystalline phase of Co,0, nanoparticles during silica
coating and surface amino-functionalization. Although
these characteristic diffraction peaks are weakened in
Co,0,@5i0, and Co,0,@8Si0, @NH,, because of the si-
lica coating and surface amino-functionalization. The ave-
rage crystallite sizes of the Co,0,in Figure 1 (a, b and c)
which have been estimated by using the Scherrer equation
were 23.5, 24.2 and 26.0 nm respectively.

Further information about the chemical structure of
Co,0,, Co0,0,@Si0, and Co,0,@SiO,@NH, nanocom-
posites have been obtained from FT-IR spectroscopy
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Figure 1. X-ray diffraction of Co,0, (a), Co,0,@SiO, (b) and Co,0,@Si0,~NH, (c) MNPs.

shown in Figure 2. For all three nanoparticles, the analyses The peaks at 460 and 1070 cm™ are attributed to the
indicated two strong absorption bands at 565 and 662 cm™ Si-O-Si bond stretching of Co,0,@SiO, and Co,0,@
which correspond to the vibrations of Co—O in Co,0,. SiO,@NH,. The weak intensity band at 830 cm™' can be
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Figure 2. Comparative FT-IR spectra of Co,0, (a), Co,0,@Si0, (b) and Co,0,@SiO,-NH, (c) MNPs.
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Figure 3. EDX spectra of Co,0, (a), Co,0,@Si0, (b) and Co,0,@Si0,-NH, (c) MNPs.

ascribed to the stretching of non-bridging oxygen atom in
Si—OH bond. Therefore the silica coating on the surface of
Co,0, nanoparticles were confirmed by these absorption
bands (Figure 2b and 2c). As indicated in Figure 2c, the
peaks of Co,0,@SiO,@NH, are located at 1480 cm’
(C-H bending), 2880 cm™ (C—H stretching), 1645 cm’!
(N-H bending), and 3360 cm™ (N-H stretching). These
peaks indicated that APTES has been bonded with the sur-
face of Co,0,@Si0,. The characteristic peaks of C-H
stretching and N-H bending for the synthesized
Co0,0,@Si0,@NH, are too weak to be observed clearly.
Therefore, another analytical method, EDX, was emplo-
yed to prove that the amine group has been bonded on the
surface of Co,0,@Si0,.”*

Figure 3 shows the EDX data for Co,0,,
Co,0,@5i0,, Co,0,@Si0,@NH, MNPs. In Figure 3 c,
the weight ratio for C: N: O: Si: Co was calculated to be
12: 3.5: 36: 6.5: 42. These data demonstrate formation of
Co,0,@Si0,@NH, nanocomposite.

Figure 4 represents the room-temperature magneti-
zation curves of the Co,0,, Co,0,@SiO, and Co,0,@
Si0,-NH, MNPs which have been obtained using a VSM.
As it can be observed, there are no hysteresis, coercivity

and remanence in the three synthesized nanoparticles
which indicate their typical superparamagnetic property.
The plots which have been shown in Figure 4 exhibited a
change in saturation magnetization (Ms) of the particles
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Figure 4. VSM magnetization curves of the Co,0, (a), Co,0,@
SiO, (b) and Co,0,@SiO,-NH, (c) MNPs.
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after incorporation of a NH,/SiO, shell. The Ms values
were measured to be 47.1, 36.9 and 33.8 emu/g respecti-
vely. It is clear that saturation magnetization of silica-coa-
ted Co,0, nanoparticles is lower than that of pristine
Co,0, nanoparticles, and saturation magnetization of
Co0,0,@8Si0,-NH, is lower than Co,0,@SiO,. This re-
duction in saturation magnetization can be attributed to
the surface effects such as magnetically inactive layer
which contains spins that are not collinear with the mag-
netic field.”” Because the silica coating is a nonmagnetic
mass, and this decrease was ascribed to the contribution of
the nonmagnetic NH,/SiO, shell to the total mass of the
particles.

Figure 5 shows TEM image of amino-functionalized
SiO, coated Co,0, nanoparticles. Typical size of the

structure has been measured about 50 nm, and the aggre-
gation of the nanoparticles can be observed clearly. There-
fore, the TEM observation confirmed the formation of an
amino-functionalized SiO, around the Co,0, nanopartic-
les with typical nanostructure.

The scanning electron microscopy (FE-SEM) of
the Co,0,@SiO,@NH, MNPs shows the morphology
and structure of the as-prepared samples (Figure 6). The
Co,0, nanoparticles are irregular sheets (non-spherical)
in shape and hard aggregated powders with diameters
ranging from 35 to 80 nm as seen in Figure 6a. The irre-
gular Bullet-shaped Co,0, @ SiO, nanoparticles with dia-
meters ranging from 95 to 220 nm are shown in Figure
6b. This illustrated that SiO, has been successfully coated
on the Co,0, nanoparticles. The micrograph of

Figure 5. TEM images of Co,0,@SiO, @NH, MNPs

Note: Core-Shell
Structure
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Figure 6. SEM images of Co,0, (a), Co,0,@Si0, (b) and Co,0,@Si0,-NH, (c) MNPs.

Co0,0,@Si0,@NH, MNPs represents a cloudy network
of particles with spherical shape, as indicated in TEM
image. This network is the result of self-poly condensa-
tion of aminopropylsilane groups.

3. 2. Catalyst Testing for the Synthesis

of Some 7-benzylidene-2,3-diphenyl-

3,3a,4,5,6,7-hexahydro-2H-indazole

Derivatives

In order to optimize the reaction conditions and to
obtain the best catalytic activity, the synthesis of 7-benzy-
lidene-2,3-diphenyl-3,3a,4,5,6,7-hexahydro-2H-indazole
derivatives was chosen as a model reaction. The reactions
were conducted under solvent-free conditions at 80 °C
(Scheme 2).

The synthesis of 7-benzylidene-2,3-diphenyl-
3,3a,4,5,6,7-hexahydro-2H-indazoles with different
amounts of the Co,0,@SiO,@NH, MNPs has been con-
sidered. It was observed that while the amount of catalyst
increased from O to 0.003 g, the product yield raised from
0% to 98% significantly. No reaction yield without using
the catalyst corroborates that the Co,0,@SiO,@NH,
MNP catalyst plays a pivotal role in the synthesis of
7-benzylidene-2,3-diphenyl-3,3a,4,5,6,7-hexahydro-2H-
indazole derivatives.

NHNH,
ArT R = “Ar

Solvent-free 80°C

In the respect of industrial aims, reusability of the
catalyst was examined by repeating the model reaction
under the optimizedreaction conditions (Table 1). In order
to reuse the catalyst after each cycle, it was separated by a
magnet, washed several times with deionized water and
chloroform. Then, it was dried in oven at 60 °C and reused
in the next run. According to the results, the Co,0,@
SiO,@NH, MNPs can be reused six times without any
significant loss of activity in this organic reaction. Moreo-
ver, nitrogen content of the catalyst was estimated by back
titrationafter sixth cycle (5.72 mmol/g), which indicates
low NH, leaching during the reaction.

Table 1. Reusability of the Co,0,@Si0,-NH, nanocomposite

Yield (%)
First Second Third Fourth Fifth Sixth
98 96 95 92 91 87

In order to evaluate scope of this research, we tried
to prepare a range of 7-benzylidene-2, 3-diphenyl-
3,3a,4,5,6,7-hexahydro-2H-indazole derivatives under the
same reaction conditions. The results are presented in

(Table 2).%°

N—N
A Ar

C0304@SiO,@NH, MNPs

1(a-e) 2

3(a-e)

Scheme 2. The model reaction for the synthesis of 7-benzylidene-2,3-diphenyl-3,3a,4,5,6,7-hexahydro-2H-indazole
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Table 2. Co,0,@SiO,-NH, catalyzed synthesis of some indazoles *

Entry Product” Time (min) Yield (%) ¢ Lit. M.p.°C M.p.°C
17 94 136-138%° 136-136
! O
3a
20 91 141-143% 142144
!
2 |, = @
T
3b
15 93 156-158% 155-157
CI
«"@
3 |
Cl
3c
al 12 96 174-176% 174-176
4 | ",n—< )
[+]
10 98 202-204° 200-202

2 Reaction conditions: phenyl hydrazine (1 mmol), o,&t-bis (substituted-arylidene) cycloalkanone (1 mmol), catalyst (0.003 g, Co,0,@8Si0,-NH,),
under solvent-free conditions at 80 °C  ° Products were characterized by FT-IR, "H NMR and '*C NMR analysis ° Isolated yield.

4. Conclusions

In this research, Co,0, nanoparticles were coated
with amino-functionalized SiO, as organic shell via three
step method. The average crystallite size of the Co,0, was
calculated 23.7 nm, by using the Scherrer equation. The
synthesized nanocomposite exhibited super paramagnetic
behaviour at room temperature because of the magneti-

cally inactive layer of SiO, @NH,. The saturation magne-
tization of Co,0,@SiO,@NH, MNPs is less than that of
pure Co,0, nanoparticles. This new magnetic nanocom-
posite showed the following advantages: (a) simple prepa-
ration; (b) recoverability and easy separation by an exter-
nal magnet, c) highly effective for chemical transforma-
tions as a heterogeneous catalyst. These unique results
open new perspectives for application of these types of
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magnetic nanocomposites in many reactions. Moreover,
we have developed a facile, convenient and environmen-
tally benign synthesis of some 7-benzylidene-2,3-dip-
henyl-3,3a,4,5,6,7-hexahydro-2H-indazole derivatives by
utilizing novel nano-scale materials including Co,0,@
SiO, @ NH, nanocomposite.
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Povzetek

V tej raziskavi poro¢amo o ucinkoviti sintezni poti v treh stopnjah s katero smo pripravili nov nanokompozit kobaltove-
ga oksida (Co,0,) prevleCen s SiO, @ (3-aminopropil)-trietoksisilanom. Strukturne in magnetne lastnosti kompozita
Co,0, @ SiO, @ NH, smo dolo¢ili s pomogjo razliénih metod: infrardeco spektroskopijo (FT-IR), rentgensko praskov-
no difrakcijo, vrsticno elektronsko mikroskopijo (SEM), presevno elektronsko mikroskopijo (TEM), energijsko disper-
zijsko spektroskopijo (EDX) in magnetometrijo z vibrirajo¢im vzorcem (VSM). V nanokompozitu Co,O,, ki je pre-
vle€en z amino funkcionaliziranim SiO, je opaziti superparamagnetne lastnosti in mo¢no magnetizacijo pri sobni tem-
peraturi. Povprec¢ne velikosti kristalitov Co,0, so 23,7 nm. Dobljeni magnetni nanokompozit je pokazal odli¢no katalit-
sko aktivnost kot novi heterogeni magnetni katalizator za sintezo nekaterih derivatov indazola pri blagih reakcijskih po-
gojih in visoko stopnjo ponovne uporabe.
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Abstract

In recent years, membrane technology has been widely used in wastewater treatment and water purification. Membrane
technology is simple to operate and produces very high quality water for human consumption and industrial purposes.
One of the promising technologies for water and wastewater treatment is the application of forward osmosis. Essentially,
forward osmosis is a process in which water is driven through a semipermeable membrane from a feed solution to a draw
solution due to the osmotic pressure gradient across the membrane. The immediate advantage over existing pressure dri-
ven membrane technologies is that the forward osmosis process per se eliminates the need for operation with high
hydraulic pressure and forward osmosis has low fouling tendency. Hence, it provides an opportunity for saving energy
and membrane replacement cost. However, there are many limitations that still need to be addressed. Here we briefly re-
view some of the applications within water purification and new developments in forward osmosis membrane fabrication.

Keywords: Biomimetic membranes, Desalination, Draw solutions, Forward osmosis, Wastewater treatment

1. Introduction

The last decade has witnessed extensive research
and technological achievements in water production and
wastewater treatment processes. Also, it is being realized
that water, energy and food are inter-connected — often ex-
pressed as the water-energy-food nexus. This necessitates
further developments to establish more energy efficient
solutions. Therefore, a growing number of academic and
industrial research groups around the world are conduc-
ting work on water treatment and reuse — in particular,
within membrane-based water treatment.

Forward Osmosis (FO) is one example of a promi-
sing membrane process and potentially a sustainable alter-
native/supplement to reverse osmosis (RO) process for
wastewater reclamation and sea/brackish water desalina-
tion. FO has shown good performance in a variety of ap-
plications, such as desalination, concentration of waste-
water and resource recovery, wastewater treatment and it
is also attracting attention as a potential technology to

augment water supplies using seawater and wastewater. 1-3

However, Van der Bruggen et al (2015) stated that FO as
stand-alone process is usually not viable for water treat-
ment purposes.*

Nevertheless, membrane fouling limits its large-scale
applications. To reduce the membrane fouling in FO, many
improvements has been attempted, e.g. synthesis of different
membrane materials, fabrication of membrane modules,
membrane coatings etc. Further, there have been improve-
ments in the productivity and decrease in the cost of synthe-
tic membranes used for water and wastewater applications.

One of the novelties in membrane development re-
search field is application of biomimetic membranes in se-
paration processes including FO.’ Biomimetics is defined
as the study of the structure and function of biological sys-
tems and processes as models or inspiration for the sustai-
nable design and engineering of materials and machines.
In particular the use of aquaporins (AQPs) — biological wa-
ter channel proteins® which are highly selective and effec-
tive has prompted considerable interest in recent years.’
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In this paper, we review, (i) the membrane process
based on osmotic pressure, principles and transport of wa-
ter molecules, (ii) applications of FO in water purifica-
tion, and (iii) recent developments in FO membrane fabri-
cation.

2. Osmotically Driven Membrane
Processes

FO is a membrane process in which no hydrostatic
pressure is applied. The transport of water molecules
across a semi-permeable membrane occurs due to the os-
motic pressure difference of solutions on either side of the
membrane. The natural flow of water is from the low solu-

Pressure (AP > Am) Pressure (0 < AP < An)

te concentration side to the high solute concentration side
across a semi-permeable membrane to equilibrate the os-
motic pressure difference.

PRO is an osmosis process in which there is a
hydraulic pressure applied to the high concentration solu-
tion, but the osmotic pressure difference is higher, so the
water flux is still opposite to the flux in RO process. PRO
possesses characteristics intermediate between FO and
RO, where water from a low osmotic pressure feed solu-
tion (FS) diffuses through a membrane into a pressurized
high osmotic pressure draw solution (DS). In order for
water transport to occur, the osmotic pressure difference
between the FS and DS should exceed the hydrostatic
pressure on the DS side. The classical PRO application is
electrical power generation which can be achieved by de-

Pressure (AP < 0)

Figure 1. Osmotic processes in membrane filtration. AP is applied hydraulic pressure; A is osmotic pressure difference between the two solutions;

J, is water flux; J_ is salt reverse flux

J water
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Figure 2. Relationship between water flux and applied pressure in RO, PRO, FO, and AFO.
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pressurizing the diluted seawater through a hydro-turbine
or generator set.®

Pressure-assisted forward osmosis (AFO) has been
proposed that applies the pressure at the feed side to furt-
her enhance the performance of the FO process to increa-
se water flux. AFO adds a medium pressure pump to a
conventional FO system. The system takes advantage of
additional hydraulic pressure that results in water trans-
port in both mechanisms: flux driven by hydraulic pressu-
re (RO mechanism) and that by osmotic pressure (FO
mechanism).

Figure 1 describes the flux directions of the permea-
ting water in the RO, PRO, FO and AFO processes respec-
tively. The theoretical water flux across the membrane
(J,) is calculated using a variation of Darcy’s law:

(J,) = A, x (CAT— AP) (1

where, A is the pure water permeability coefficient of the
membrane, AP is the applied hydrostatic pressure, A7 is
the differential osmotic pressure, and G is the reflection
coefficient which represents the rejection capability of a
membrane. A perfect semipermeable membrane has o =
1. Fig. 2 presents the relation between water flux and ap-
plied pressure.

In RO, solutes diffuse from the feed into permeate.
However, in FO, solutes diffuse in two directions: from
the feed into the DS (i.e., forward diffusion) and simulta-
neously from the DS into the feed (i.e., reverse diffusion).
Reverse permeation of solutes from the DS into the FS de-
creases the osmotic driving force and consequently this
reduces the water transport. In a FO system, this could
dramatically increase the costs of the process.

The flux of a solute (J,) through semipermeable
membranes is governed by chemical potential gradients
and is commonly described by Fick’s law:

J,=B(C,-Cp,) 2)
where B is the solute permeability coefficient and C; and
C,,, represent the solute concentration at the membrane-so-
lution interface on the DS side and FS side, respectively.

3. The Forward Osmosis Process

In FO process, the water molecules are drawn from
the FS through a semi-permeable membrane to the DS si-
de (from a lower osmotic pressure to a higher osmotic
pressure side). The driving force of the process is an os-
motic pressure generated by the concentrated DS. The
process ends when the hydraulic difference between the
two solutions equals the osmotic pressure difference.

The semi-permeable membranes used in FO has
comparable rejection range in size of pollutants (1nm and
below) as RO membranes. Purified water is produced du-

ring the process and the DS is diluted. Thus, FO offers se-
veral advantages; (i) high rejection of a wide range of con-
taminants, (ii) reduction in energy consumption, (iii) lo-
wer brine discharge, and (iv) lower membrane fouling
propensity compared to pressure-driven membrane pro-
cesses.’
The main challenges in the FO process are re-
lated to:
— Development of high performance, such as higher water
flux and lower salt reverse flux of FO membranes.
— Reduction in concentration polarisation of membranes.
— Ensuring low DS reverse solute flux across the mem-
brane.
— Economical reuse and regeneration of the DS.

4. Types of DS

In the FO process, the concentrated solution is com-
monly known as the DS although different terms can be
found in the open literature. The DS plays an important
role in the efficiency and performance of the process, and
the selection of appropriate DS is crucial.

The driving force involved in FO is shown in Fig. 3;
where C, C,, a, a, and u, u, are the solute concentra-
tions, water activities and water chemical potentials in the
feed (s) and draw (d) solution, respectively.

Feed Solution

Draw Solution Driving Force

C,>C,
3, (H,0) < 3,(H,0)

p‘d>|'l'5

Semi-permeable
i
membrane

Figure 3. Schematic representation of the driving force involved in
FO in an ideal system where only water (H,0) is transported across
the membrane (i.e. 100% solute rejection by the membrane).!

In this process it is the ability of the draw solution to
generate the relevant osmotic pressure level that is para-
mount.'" The osmotic pressure of solution is affected by
adding a second solute that can influence the solute—sol-
vent interaction. Solutes disturb the solvent structure. In
the case of water as the solvent, the presence of solute af-
fects the structure of liquid water. In pure liquid water, the
molecules are heavily hydrogen bonded in an ordered
structure. The presence of ions disturb such structures by
creating strong electric fields, the water dipoles are then
arranged in an orderly manner and strongly bound, thus
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affecting the freedom of water molecules and influencing
their hydrogen bond system.'?

Osmotic pressure of a solution 7 can be expressed
by the Morse equation (applies to solutions with dilute
concentrations, i.e. <0.5M), as follows:

m = iMRT = i (F‘) RT = -Zin(a,,) 3)
w

where i is the van’t Hoff factor, M is the molarity of the so-
lute which is equal to the ratio of the number of solute mo-
les (n) to the volume of the solution (V), R is the gas con-
stant of 8.3145 J K™! mol™, and T is the absolute tempera-
ture. The right side of the equation includes the chemical
potential of water which allows for calculating the activity
of water a , where V, is the molar volume of water.

Hence, to achieve a high osmotic pressure, a good
solubility of the draw solute in water is required to get a
high n or M value. In addition, an ionic compound which
is able to fully dissociate to produce more ionic species is
preferred because it may result in a high 7 value. This indi-
cates that multivalent ionic solutes are the most favourab-
le. Therefore, compounds with high water solubility and a
high degree of dissociation are potential candidates as
draw solutes.

Different DS and their physio-chemical properties
are presented in Table 1.

Since FO is an osmotic-driven process, a higher os-
motic potential of DS than the feed solution is essential to
induce a water flux. In addition, it must exhibit minimum
reverse transport from the DS side to the feed side, be ea-
sily separated and re-used upon water extraction or be rea-
dily available if regeneration is not required.

Table 1. Overview of draw solutes used in FO processes.

Further to these characteristics, a desirable DS
should be non-toxic, highly soluble, of neutral pH, inert
and causing a minimum chemical or physical impact on
the membrane, low molecular weight and low viscosity to
reduce the concentration polarisation, be relatively low
cost, and stable.

Many studies have been performed to identify ap-
propriate draw solutes over the past few decades.” Based
on the available literature, NaCl appears to be the most
promising DS (approximately 40% of experiments), due
to its high solubility, low cost and relatively high osmotic
potential. It has been used as a DS in concentrations from
0.3 M to 6 M, but is often used at 0.5 M simulating the os-
motic pressure of seawater and prompting the use of real
seawater or RO brine as a DS.? Nevertheless, the type of
wastewater (feed solution) and the required product purity
have influence on the DS selection also. Some studies ha-
ve used magnetic and/or hydrophilic nanoparticles as a
DS.?? However, it seems that there are only few that can
be selected as a perfect draw solute, since the regeneration
step has to be included for draw solution. As such, the be-
nefits of the process have to be larger than the costs of DS
and the additional regeneration step. *

4. 1. Fouling in Osmotically Driven
Membrane Processes

Fouling is due to the deposition of retained matter
(particles, colloids, macromolecules, salts, etc.) on the
membrane surface or inside the membrane pores. The in-
teraction (chemical and hydrodynamic) between the fou-
lants and the membrane surface reduces the membrane
water flux either temporarily or permanently.”® There are

Draw Conc Osmotic Feed J, Jy Ref
solute(s) : pressure (bar) solution (g/m*h) (L/m*h) :
EDTA-2Na? 0,61 M 60 Raw wastewater 0.1 3.3 13
NaOAc 1,49 M 60 0.4 5.4
NaCl 1,27M 60 2.4 5.5
EDTA-2Na and NP7" 0.1M and 15 mM 7.31 DI water 0,067 2.65 14
EDTA-2Na and NP9¢ 0.1M and 15 mM 74 DI water 0.092

d
PUF /hydrogel 50 to 89 wt% DI water 3910 17.9 15
composites of hydrogel
PSSP¢ 20 wt% 20.85 DI water 0.14 14.50 16
PAspNa! 0.3 g/mL 51.5 atm DI water 4.9 31.8 17
Sucrose 1 26.7 DI water 12.9 18
PAA-Na?® 0.72 g/mL 44 DI water 0.18 22 19
HCOONa" 0.68 28 DI water 2.73 9.4 20
Sodium hexa-
carboxylatophenoxy 0.067 None DI water 7 2
phosphazene

* Ethylenediaminetetraacetic acid disodium salt ® Nonylphenol ethoxylate surfactants, Tergitol NP7 ¢ Nonylphenol ethoxylate surfactants, Tergitol NP9

4 Polyurethane foam
" Sodium formate

°Oligomeric poly(tetrabutylphosphonium styrenesulfonate)s

fPoly (aspartic acid sodium salt) ¢ Polyacrylic acid sodium salts
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four major types of fouling: (1) organic fouling, which is
caused by macromolecular organic compounds such as al-
ginate, protein, and natural organic matters; (2) inorganic
fouling, which is due to crystallization of sparingly solub-
le mineral salts when the salt concentration exceeds satu-
ration; (3) biofouling, which involves bacteria deposition,
attachment, and subsequent growth to form biofilm; and
(4) colloidal fouling, which results from the deposition of
colloidal particles.”® Depending on its severity, fouling
can have varied degree of adverse impact on membrane
performance, such as decreasing water flux, deteriorating
product water quality, and increasing maintenance bur-
den.?” Furthermore, the foulants might also chemically
degrade the membrane material.® Fouling is a conside-
rable problem that occurs in most liquid membrane pro-
cesses and consequently influences the economics of the
operation. Hence, a lot of research has been done to redu-
ce the impacts of fouling in pressure driven membrane
processes. The problem can be addressed by changing
operational conditions, cleaning, membrane surface modi-
fication, and membrane material choices.

However, fouling in osmotically driven membrane
processes is different from fouling in pressure driven
membrane processes (Figure 4). Depending on the mem-
brane orientation, the deposition of foulants occurs on dif-
ferent membrane surfaces. In FO process, foulant deposi-
tion occurs on the relatively smooth active layer. In PRO
and other pressure driven processes, the foulant deposi-
tion takes place on the rough support layer side, or even
within the support layer.*

Recent studies have demonstrated that membrane
fouling in FO process is relatively low compared to the
pressure driven processes. The reversible fouling can be
minimized by optimizing the hydrodynamics, and a va-
riety of contaminants can be effectively removed by
physical cleaning.>**=** In FO process, fouling due to or-
ganic materials is more severe than inorganic material.**
Alginate as a model foulant was studied in FO and RO.*

NaCl was used as draw solute in FO and feed solute in
RO, severe flux decline in FO was observed than in RO.
However, when dextrose was used as draw solute in FO,
the flux decline was almost identical to RO. This indicates
a cake formation from reverse salt flux. Humic acid filtra-
tion shows higher flux decline in FO than in RO. This also
occurs in colloidal fouling with silica particles.*® The flux
decline is attributed to intermolecular bridging of humic
acid molecules by the salt ions.

A strong correlation between intermolecular adhe-
sion and fouling in FO was observed. Strong foulant-fou-
lant interactions, such as adhesion, causes faster accumu-
lation of foulant on the membrane surface.*® It was further
concluded that Ca binding, permeation and hydrodynamic
shear force are some of the major factors that influences
the rate of membrane fouling. The combined effect of or-
ganic and inorganic fouling using alginate and gypsum
(CaSO,) as model foulants was found to have a synergi-
stic effect between the two foulants; the coexistence of the
two foulants displayed a severe flux decline than the indi-
vidual foulants.*’

Alginate fouling and gypsum scaling on the mem-
brane surface could be removed by physical cleaning. Ho-
wever, this observation is true when cellulose acetate
membrane is used in FO process. The water flux recovery
after physical cleaning of gypsum was less than with a
polyamide thin film composite membrane.*> These fin-
dings demonstrate that membrane surface modification
and material choices should be an effective strategy to mi-
tigate FO membrane fouling.

Motsa et al (2014) reported that membrane orienta-
tion had an impact on fouling behaviour since the mem-
brane fouled more easy when operated in PRO mode than
in FO mode. There was severe permeate flux decline in
PRO mode mainly due to the calcium—alginate complexes
blocking the pores in the support layer.*® Yong Ng and Pa-
rid, focused on the impact of lower organic loads (10, 30,
50 ppm) in secondary effluents with calcium inclusion on
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Figure 4. Illustration of the fouling mechanisms in membrane processes a) fouling in RO and osmotically driven membrane processes (b) fouling

in PRO mode; (c) fouling in FO mode.?
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the fouling characteristics of FO membranes both in the
FO and PRO modes.* In their work, they demonstrated
that the FO mode had lower fouling compared to the PRO
mode, which was also seen by other authors.*'** This was
attributed to the denser, smoother and tighter structure of
the membrane active layer which prevented the adhesion
and accumulation of foulants on the membrane surface,
while the porous support layer, being a looser structure, al-
lowed the accumulation and deposition of the foulants on
its surface and inside the membrane, by the mechanisms of
direct interception and subsequent pore plugging.

Thus it is clear that the nature of fouling in osmoti-
cally driven membrane process is different from fouling in
pressure driven membrane processes. Further investiga-
tions of the mechanism of FO fouling are required to fully
understand the differences. The mechanism of fouling is
complex and depends on many factors such as water qua-
lity, temperature, system design, membrane cleaning, wa-
ter flow, membrane surface etc. To mitigate fouling, these
factors need to be considered in the process design and
development.

5. Forward Osmosis Applications

FO has a potential benefit as it requires a low
hydraulic pressure compared to the pressure-driven pro-
cess (RO). FO has low energy consumption therefore it in-
volves lower costs, and with appropriate draw solutes and
its regeneration methods, the process could be developed
to be economically feasible and technically sound.

While FO has been investigated in a wide range of
applications, including power generation, seawater/brac-
kish water desalination, wastewater treatment and food
processing, this review focuses mainly on wastewater
treatment.

In general, there are two clusters of applications
concerning FO in the water production and water treat-

FORWARD
0SMOSIS

WATER
DESALINATION

) Osmotic
Direct ‘ membrane
Indirect Desalination Industrial 4 bioreactor
Desalination water
recycling Oil and gas
remediation
Municipal
wastewater 3 Concentration
management of brines
Sludge
dewatering é

Figure 5. Applications of FO in the water industry, desalination
(left) and water reuse (right).!!

ment industry (Figure 5), (i) desalination and (ii) water
reuse.!!

5. 1. Desalination

In early 1970s, the FO process was proposed as pre-
treatment step to the RO process.*! However, the advent of
commercial FO cellulose triacetate (CTA) membranes
prompted applications within seawater/brackish water de-
salination. With the FO desalination process, fresh water
can be obtained directly (Figure 6) obtained from saline wa-
ter (seawater or brackish water) at low (or no) pressure.
This can be obtained by using an osmotic reagent based on
volatile salts such as NH,HCO, as the DS**>. A DS reco-
very process is needed to separate the draw solute from the
solution.*” and in this case raising the DS temperature abo-

CONCENTRATED
DRAW

PRODUCT
WATER

DRAW
SOLUTION

BRINE

A

o —

Draw Solute Recovery Unit

Figure 6. FO process for desalination of seawater/brackish water.

DILUTED DRAW OR

BRACKISH
WATER

Forward Osmosis Unit
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ve 60 °C will produce CO, and NH, which can then be reu-
sed to produce NH,HCO, in the next cycle®. Also, polymer
hydrogels and modified magnetic particles have been sug-
gested as DS in FO desalination with no pressure required.

Indirect FO desalination uses a high salinity water
(e.g. seawater/brackish water) as the DS and a poor-qua-
lity water source such as wastewater effluent or urban
storm water runoff as FS.*** The diluted seawater/brac-
kish water DS can then be desalinated using low pressure
reverse osmosis (LPRO). The FO-LPRO hybrid process
reduces the cost of the total desalination process compa-
red to pure RO*. This is due to the fact that desalination
occurs with a lower salinity and can run at 50% recovery
46 Nicoll (2013) compared three different desalination
systems: i) conventional pre-treatment with a dual media
filter (DMF), cartridge filtration and SWRO; ii) UF based
pre-treatment with SWRO; and iii) conventional pre-treat-
ment feeding a FO/RO plant. The summary calculations
showed that the DMF/FO/RO configuration has the lowest
energy consumption.*®

Many studies were focused on DS and their reco-
very for FO desalination. Different draw solutes (i.e. Na-
Cl, KCl, CaCl,, MgCl,, MgSO,, Na,SO, and C,H,,0,)
were investigated for seawater desalination using a hybrid
FO-NF process.*” Nanoparticles (superparamagnetic) we-
re also tested as a DS in FO desalination, where the nano-
particles could be regenerated by UF.>*

5. 2. Wastewater Treatment

Most FO approaches for poor quality water treat-
ment and reuse are similar to the direct seawater desalina-
tion method, where poor-quality water is used as feed,
while a DS is used to reduce the volume of the feed. The
DS is further treated by other post-treatment process for
the recovery of the salt (e.g. RO, membrane distillation).

In general, wastewater has lower osmotic pressure
and higher fouling propensity. FO integrated with mem-
brane distillation (MD) process was studied for treatment
of municipal wastewater, where stable water flux was attai-
ned in a continuous operation at the recovery rate up to
80%.*® The FO showed a moderate to high rejection of
most organic contaminants while MD rejected the residual
contaminants to achieve a near complete rejection in the
hybrid process. To recover clean water from secondary wa-
stewater effluent, a photovoltaic powered FO — electro-
dialysis (FO-ED) process was tested. The process resulted
in high removal of total organic carbon (TOC) from the
feed wastewater and production of fresh water.*’ By using
FO and ED through solar energy, this process has been ab-
le to supply potable water in isolated and remote areas and
islands. In addition, FO process showed several benefits
for space missions, including high wastewater recovery,
low energy cost and minimized resupply. Further, natural
steroid hormones were removed from wastewater by FO
membrane contactors. FO has also been used for other wa-

stewater such as oily wastewater, industrial and municipal
wastewater, nuclear wastewater, landfill leachate, oil-water
separation.”® Additionally, application of FO for wastewa-
ter treatment was performed in membrane bioreactor (Fi-
gure 7), called osmotic membrane bioreactor (OsMBR).
Submerged membrane bioreactors (MBRs) involve
biodegradation and membrane filtration in a single reac-
tor. It has become one of the most commonly applied

FO membrane

Draw_
Solution
Loop

Air

Reconcentration
process

PURIFIED WATER

Pump SLUDGE oUT

Figure 7. Schematic representation of an OsMBR.?

technologies in the treatment of different types of waste-
water. FO process replaces the pressure driven membrane
process (microfiltration, ultrafiltration) used in MBR. In-
tegration of FO in MBR provides lower fouling propen-
sity, no applied hydraulic pressure, and equally good qua-
lity effluent. Unlike the conventional MBR, FO-MBR
does not involve high pressure diffused air for reducing
the cake layer formation on the membrane surface and
pump for collecting the effluent. In addition, FO provides
a more sustainable flux and reliable removal of contami-
nants. The study of novel FO-MBR or osmotic MBR (Os-
MBR) has been initiated in the last five years.**! A salt
accumulation model to investigate FO performance in Os-
MBR shows that the ratio of the membrane salt permeabi-
lity (B) to the water permeability (A) (i.e. B/A) and the ra-
tio of hydraulic retention time (HRT) to sludge retention
time (SRT) (i.e. HRT/SRT) are two important parameters
for the optimization of OsMBR operation.”> To minimize
the flux decline caused by salt accumulation, these two ra-
tios should be low.

6. Recent FO Membrane Developments

The ideal FO membrane exhibits high water per-
meability and solute rejection, minimal external and inter-
nal concentration polarization (ICP) as well as high che-
mical and mechanical stability. These features are somew-
hat contradictory. For example, a low ICP requires a low
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Table 2. An overview of various FO application in last five years

Feed

Process / FO membrane material / DS /
module: Objective

Remarks

Synthetic wastewater

Submerged OsMBR / CTA / NaCl (aq.) /

The bioinspired surface modification improved the

with sludge Flat-sheet: Water reclamation from wastewater antifouling ability of the CTA FO membrane.>
Polyvinyl chloride FO/CTA / NaCl (aq.) / Flat-sheet: Condensation  The apparent TOC rejection in the FO process is
(PVC) latex of PVC latex with FO as a pretreatment step slightly higher than that in RO.%*

Boiler feed water FO / PA-TFC / NaCl (aq.) / Flat-sheet: treatment ~ Reducing the temperature (during fabrication) of the
(BFW) of BFW of steam assisted gravity drainage organic solution down to —20 °C effectively reduced

(SAGD) process

the thickness of the PA selective layer.>

High-nutrient sludge

FO-MD / TFC / Na,PO, (aq.) / Flat-sheet:
concentrating high-nutrient sludge in an FO-MD
hybrid system

At pH 9, the Na,PO, was providing a high water
flux and mitigating salt leakage resulting from the
formation of the high charge of phosphate and
complexion.>

Wastewater with
sludge

OsMBR / —/ Fertilizer / — /: anaerobic fertilizer-
drawn forward osmosis membrane bioreactor
(AnFDFOMBR) for biogas production

Mono-ammonium phosphate (MAP) showed the
highest biogas production while other fertilizers
exhibited an inhibition effect on anaerobic activity
with solute accumulation.’’

Raw sewage

FO-MD / CTA / NaCl (aq.) / Flat-sheet: Direct
sewer mining

Trace organic contaminants (TrOC) transport
through the FO membrane is governed by
“solute-membrane” interaction, whereas that
through the MD membrane is strongly correlated
to TrOC volatility.*®

Secondary wastewater
effluent

FO-ED / CTA / NaCl (aq.) / Flat-sheet, parallel
plate-and-frame module: Potable water
production, utilization of natural energy for water
treatment and reuse

In the ED unit, the diluted draw solution was
desalted and high-quality water was produced; the
concentrate was recycled to the FO unit and reused
as the draw solution.*

Synthetic wastewater

FO /CTA / NaCl (aq.) / Flat-sheet: Tetracycline
recoverable separation from antibiotic
wastewater

An effective treatment of tetracycline antibiotic
wastewater as well as the recovery of antibiotics
from the wastewater.®

Synthetic surfactant

FO / CTA / NaCl (aq) / Flat-sheet: Dehydrate and

Complete decolorization of permeate, and more than

wastewater treat Olive Mill Wastewater (OMWW) 98% rejection to OMWW components, including
biophenols and ions.*

Synthetic dye FO-CF(coagulation/flocculation) / TFC / Remarkable reverse fouling behaviour has been

wastewater Poly(acrylic acid) NaCl (aq) / Flat-sheet: observed where the Jw of the fouled membrane was

treatment and reuse of textile wastewater

fully restored to the initial value by physical flushing
without using any chemicals.®

Wastewater containing
heavy metals

FO / cellulose acetate butyrate (CAB) / NaCl
(aq.) / Hollow fiber: Water reclamation from
emulsified oily wastewater through FO under
the PRO mode

Water flux declines slightly by 10% after a 12 h
oil/water test under the PRO mode and water flux
of the fouled membrane can be restored to 97%
by simple water rinse.®'

S-value (structural parameter) which in turn requires a
low thickness and high porosity. Thus, providing suffi-
cient mechanical stability to a thin highly porous membra-
ne is one of the key outstanding problems in FO membra-
ne development.

The membrane structural parameter S is defined as:

ts XT
S=KXD=

where D is the diffusion coefficient of the draw solute, ¢, is
the support layer thickness, 7 the tortuosity, and € the po-
rosity.®

Several materials have been investigated for FO mem-
brane fabrication. These include materials based on cellulo-
se, polyamide (and other polymers), and polyelectrolytes.
Also so-called mixed matrix membranes have been investi-
gated. These membranes typically consist of “fillers’ or inc-
lusions (e.g. zeolites) embedded in a polymeric matrix. A
special case is the concept of biomimetic FO membranes
where aquaporin proteins are incorporated in the membrane
enhancing water flux while preserving high solute rejection.

Cellulose acetate (CA) and cellulose triacetate
(CTA) have been used in RO membrane fabrication since
the 1960s so it is perhaps not surprising that FO membra-
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Table 3. List of commercial producers and developers of FO membranes

Company Membrane Type Configuration Status
Aquaporin A/S Biomimetic aquaporin Hollow fiber and flat sheet Commercial
Oasys Water Thin film composite Flat sheet Commercial
Fluid Technology Solutions, Inc. Cellulose tri-acetate Flat sheet Commercial
Nitto Denko Composite semipermeable membrane - Development
Woongjin Chemical Co., Ltd. Composite membrane - Development
Porifera Thin film composite Flat sheet Commercial

nes based on CTA were amongst the first to be commer-
cially available from Hydration Technologies Incorpora-
ted (HTI).*® In recent years there have been significant de-
velopments in CA and CTA based FO membrane both in
flat sheet and hollow fibre geometries. Generally, these
membranes are fabricated in a phase inversion process
where a polymer is transformed in a controlled way from
a solution state to a solid state. Thus, when a polymer so-
lution (polymer plus solvent) is cast on a suitable support
and immersed in a coagulation bath containing a non-sol-
vent precipitation occurs because of the exchange of sol-
vent and non-solvent. The procedure allows for making
membranes with very low S-values (of the order of 50
um) which makes them potentially good FO membranes.
The general trend is that CA membranes have acceptable
water fluxes but tend to have lower rejection (and thus
higher reverse solute fluxes) whereas the opposite trend is
the case for CTA based FO membranes.*

The cellulose hydroxyl can be reacted with reagents
to generate cellulose esters beyond CA and CTA. These
include materials such as cellulose propionate (CP), cellu-
lose acetate butyrate (CAB) or cellulose acetate propiona-
te (CAP). Dual layer FO hollow fibres made from CA and
CAP show superior performance compared to CA-based
flat sheet or hollow fibre membranes. However, the limi-
ted stability to temperature and pH generally restricts the
use of cellulose-based materials.**

Cellulose-based membranes were dominant throug-
hout the 1960s until the advent of thin film composite
(TFC) membranes in the 1970s. Most TFC membranes
are made with a porous, highly permeable support such as
polysulfone, which is coated with a cross-linked aromatic
polyamide thin film.% The coating — also sometimes re-
ferred to as the active layer — provides the solute rejection
properties while the support provides the mechanical sta-
bility. The typical coating is made by interfacial polymeri-
zation to create a 100-200 nm thick polyamide coating
exemplified by the reaction between m-phenyl diamine
and trimesoyl chloride monomers.

A good polyamide layer requires optimization of the
exact monomer composition, reaction time, temperature
and ambient humidity. In FO membranes, addition of the
detergent sodium dodecyl sulfate (SDS) can enhance solu-
te rejection without major impact on the water flux, and
post treatment using SDS/glycerol followed by thermal

annealing facilitates removal of unreacted monomers re-
sulting in increased free volume and reduced thickness
leading to improved flux without detrimental effects on
rejection.®®®” The presence of cetyltrimethylammonium
chloride (CTAC) which can react with the m-Phenylene
diamine (MPD) can decrease water flux while increasing
the solute rejection. Thus, there are a number of possibili-
ties for fine-tuning FO membrane active layers.

A good support for a TFC membrane shows a low
ICP and typically supports are based on polysulfone or
polyethersulfone.®* Also bucky papers made from Carbon
Nanotubes (CNTs) and nanofiber mats formed from elec-
trospun fibres have been suggested as good FO membrane
support due to high porosity and tensile strength.%%
Structurally it has been argued that an open ‘finger’ like
structure of the support is to be favoured over a more den-
se ‘sponge’ like structure.”’ However a more open structu-
re is also mechanically weaker and a more dense structure
also may have a higher ICP. An obvious compromise
would be to have an anisotropic support with a sponge
structure interfacing the active layer supported by a finger
like structure below.®*”! But the structural features are not
the only determinants for FO membrane performance. A
sponge like support structure may in fact give rise to a
higher water flux than a finger like structure provided that
hydrophilicity and thickness are well controlled.”>’* This
illustrates the complexity behind ICP where many specific
physico-chemical factors give rise to a phenomenological
effect.

Polyelectrolytes have attracted considerable atten-
tion over the last decade as an alternative to the TFC ap-
proach. The typical polyelectrolyte membrane consists of
a layer-by-layer (LbL) deposition of alternating cationic
and anionic electrolyte-films onto a suitable support whe-
re hydrolysed (and thus negatively charged) polyacryloni-
trile is an exemplary material. Large scale production of
LbL assembled membranes has proved to be difficult; ne-
vertheless, the approach offers the potential of fabricating
membranes with good rejection combined with good sol-
vent resistance and thermal stability.”>®

One of the latest design approaches for FO (and RO)
membranes is based on the concept of membrane biomime-
tics where technological developments take cues from natu-
re.””” The basic concept is based on the fact that biological
membranes have excellent water transport characteristics.
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They employ natural proteins known as aquaporins (AQPs)
to regulate the flow of water, providing increased permeabi-
lity and near-perfect solute rejection.” Thus by using re-
constituted AQPs as building blocks one can create mem-
branes with unique flux and rejection properties.*> AQP
membrane design approaches have been recently revie-
wed.” According to membrane structural design, AQPs in-
corporated biomimetic membranes can be classified into
two basic types, (1) AQPs containing vesicle encapsulated
membranes (VEMs), where AQPs containing vesicles (pro-
teoliposomes or proteo-polymersomes) are immobilized in
a dense polymer layer and (2) AQP containing supported
(lipid or polymer) membrane layers (SMLs).

AQP-based membranes are currently being produ-
ced and commercialised by the Danish company Aquapo-
rin A/S, its Singaporean affiliate, Aquaporin Asia Pte.
Ltd., and its Joint Ventures AquaPoten Limited in China
and Aquaporin Space Alliance in Denmark in flat sheet
and hollow fibre geometries. The membranes are cur-
rently tested in several processes including pesticide re-
moval, CO, capture, and water reuse in space and textile
wastewater treatment.®'

7. Conclusions

The FO process used in wastewater treatment and
water purification shows promising results, and has many
advantages in comparison to the conventional water/wa-
stewater treatment processes.

The studies are focused on improving the FO pro-
cess by developing new membranes, membrane surface
modifications, different DSs and their compatibility with
various wastewaters. However, there are other issues (e.g.
membrane fouling, raw water characteristics) in FO pro-
cess that needs to be studied. FO processes are highly
compatible with other treatment processes therefore, the
whole treatment process could become more cost effecti-
ve by incorporating FO process. As it is seen from the lite-
rature, many studies and improvements were done on the
membrane materials and their surface, and new technolo-
gies were implemented, such as membranes with biologi-
cal materials (aquaporins).

Higher quality water is in demand due to the imposi-
tion of new and ever-changing water quality standards.
Therefore, interest in FO technology is growing as a po-
tential, cost- competitive and reliable alternative.
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Povzetek

V zadnjih letih se membranska tehnologija vse pogosteje uporablja v procesih ¢is¢enja odpadne vode in vode za proi-
zvodnjo. Procesi membranske filtracije so enostavni za izvajanje in dajejo kakovostni produkt/filtrat za nadaljnjo upora-
bo tako v industrijske namene kot tudi za proizvodnjo pitne vode. Ena od obetavnih tehnologij za proizvodnjo vode in
obdelavo odpadnih voda je proces osmoze. Princip delovanja osmoze predstavlja metodo ¢is€enja vode, ki deluje brez
hidravli¢nega tlaka, kar zagotavlja trajnostno (nizkoenergetsko) tehnologijo obdelave vode. Gonilna sila je razlika v ke-
mijskem potencialu med vhodno in gonilno raztopino, ki sta lo¢eni z membrano, prepustno samo za vodo. Prednost os-
moze pred obstojecimi visokotlacnimi membranskimi procesi je ravno delovanje brez dodatnega visokega tlaka, kar vo-
di tudi k manj pogostemu masenju membran. Torej, omogoca delovanje z niZjo porabo energije ter podaljSa Zivljenjsko
dobo membran. Vendar pa $e vedno obstajajo nekatere pomembne tehnoloske pomanjkljivosti procesa. V prispevku je

predstavljena uporabnost tehnologije osmoze pri razli¢nih sistemih ¢i$¢enja ter razvoj proizvodnje osmoznih membran.
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Abstract

A novel high-performance gel polymer electrolyte (GPE) based on poly(vinylidene fluoride) (PVDF), thermoplastic
polyurethane (TPU) and polystyrene (PS) has been prepared. Its characteristics are investigated by scanning electron
microscopy (SEM), thermal analysis (DSC), universal testing machines (UTM), galvanostatic charge-discharge and
electrochemical impedance spectroscopy. The GPE based on TPU/PVDEF/PS (10 wt.%) show a high ionic conductivity
of 5.28 x 107 S cm™ with the electrochemical stability window of 5.0 V. In addition, its first charge-discharge capacity
reached to 169.5 mAh ¢!, high mechanical strength and stability to allow safe operation in rechargeable lithium ion

polymer batteries.

Keywords: Gel polymer electrolytes; Electrospinning; Poly (vinylidene fluoride); Polystyrene; Thermoplastic polyu-

rethane

1. Introduction

Polymer-based nanocomposites have attracted con-
siderable academic and industrial attention over the
years."? Various combinations of polymer matrices and
nanofillers have been investigated. It is known to us that
superior performance of lithium ion battery is determined
by active electrode materials and excellent electrolytes.
Among them, gel polymer electrolytes (GPEs) have been
reported with high ionic conductivity at room temperatu-
re, stable and well compatibility with lithium electro-
des,* and good mechanical stability. There are many
ways to produce GPEs such as phase inversion method,
Yray irradiation method, solvent casting technique, ther-
mally induced phase separation technique, and electros-
pinning technique.®® In these methods, electrospinning
technique which made the solution of polymer into lots of
uniform and slender nanofibers under high voltage is a
simple, controllable and efficient approach. Thermopla-
stic polyurethane (TPU) contains two-phase microstructu-
re which are soft segments and hard segments.””"' The
hard sections are incompatible with the soft section in
thermodynamics, while these two phases are interconnec-

ted throughout each other. The whole system benefits
from these two phases since that the hard parts afford spa-
tial stability and the soft phases are conducive to good io-
nic conductivity owing to the soft segments don’t form io-
nic cluster after being dissolved alkali metal salt. Many
investigations were devoted to copolymerizing TPU with
other polymers for processing GPEs. Some articles based
on coaggregant like thermoplastic polyurethane (TPU)/li-
near poly (ethylene oxide) (PEO) (TPU-PEO), thermopla-
stic polyurethane (TPU)/polyacrylonitrile (PAN) (TPU-
PAN) and polyurethane/poly (vinylidene fluoride) (PU-
PVDF) as GPEs for rechargeable lithium batteries have
been reported lately.'>™* Different concentrations of ther-
moplastic polyurethanes/poly(vinylidene fluoride-co- he-
xafluoro propylene) (TPU/PVDF-HFP) derived from so-
me researchers including our study group member Xiu-
xiang Peng having done related research.'> Poly (vinylide-
ne fluoride) (PVDF) is a semi-crystalline polymer.'® With
low water absorption, high mechanical properties and in-
terfacial stability with lithium metal,'’"'* PVDF has been
adopted as polymer electrolyte in lithium ion polymer bat-
teries.”’ Polystyrene (PS) polymers possess excellent
mechanical properties: high strength, fatigue resistance
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and dimension stability. Besides, it also has high glass
transition temperature and high dielectric breakdown
field. From the properties of the three kinds of materials,
each of these three kinds of materies is very appropriate as
a gel polymer matrix.

Our group have done some research, which was the
first trial of making TPU/PVDF/PS fiber membranes.*! In
comparison to PU/PVDF, TPU/PS and PVDF/PS films,
the TPU/PVDEF/PS films show more noticeable electroc-
hemical characteristic and mechanical performance. We
would like to continue our efforts to develop TPU/PVDF/
PS porous fibrous films by electrospinning using diffe-
rent concentration polymer solutions. In order to investi-
gate the influence of various polymer concentration stres-
ses on the TPU/PVDEF/PS fiber membranes, membrane
morphology, charge and discharge capacity, ionic con-
ductivity, and mechanical properties will be examined
systemically. In this study, we expect to provide a deep
investigation and insight on the preparation of
TPU/PVDEF/PS microporous fiber membranes with pro-
minent electrochemical and mechanical performance.
Primary results showed that it is very suitable for applica-
tion in lithium ion batteries.

2. Experimental
2. 1. Materials

Thermoplastic polyurethane (TPU, yantaiwanhua,
1190A), polystyrene (PS,yangzishihua) and poly( vinyli-
dene fluoride) (PVDEF, Alfa Aesar) were dried under va-
cuum at 80 °C for 24 h. LiCIO, - 3H,O (AR, Sinopharm
Chemical Reagent Co., Ltd.) was dehydrated in vacuum
oven at 120 °C for 72 h. 1.0 M Liquid electrolyte was ma-
de by dissolving a certain quality of LiClO, in ethylene
carbonate (EC, Shenzhen capchem technology Co.,
Ltd.)/propylene carbonate (PC, Shenzhen capchem Tech-
nology Co. Ltd.) (1/1, v/v). N, N-dimethylforamide
(DMF) and acetone were analytical purity and used as re-
ceived without further treatment.

2. 2. Preparation of TPU/PVDF/PS fibrous
Membrane

In the first place, a certain amount of dried PVDF,
TPU and PS (6:6:1, wt/wt/wt) were dissolved in the mix-
ture of acetone/N, N-dimethylacetamide (1:3, wt/wt) for-
ming a 9 wt.% solution, then they were stirred by mecha-
nical stirring for 12 h at room temperature. Then 10 wt.%,
11 wt. %, 12 wt.% TPU/PVDEF/PS solutions were made by
the same way. After being stayed for 10 minutes to remo-
ve air bubbles, the viscous blending polymer solution was
put into the needle injection pump. The tip of the needle
was connected to high voltage source (24.5kV) and elec-
trospined at ambient atmosphere. Porous fibrous films
were obtained on the collector plate. The electrospun po-

rous fibrous films were finally dried under vacuum at 80
°C for 12 h.

2. 3. Preparation of Gel Polymer Electrolytes

The thickness of the TPU/PVDEF/PS nonwoven films
used was about 100 um. At room temperature, the dried
TPU/PVDEF/PS nonwoven films were activated by 1 M
LiClO,-EC/PC liquid electrolyte solutions for 1 hin a glove
box filled with argon. Wipe the surface of swelled membra-
nes by filter paper and then get the gel polymer electrolytes.

2. 4. Membrane Characterization

Scanning electron microscope (SEM, Hitachi S-
3500 N, Japan) was used to examine the morphology of
the films. The thermal stability of the films was monitored
using thermogravimetric analysis (model TQAQ 50, TA
Company, USA). DSC measurements were carried out
under the temperature range from 20-200 ° at a scan rate
of 10 °/min. The mechanical strength of the gel polymer
electrolyte films was measured by universal testing mac-
hines (UTM, Instron Instruments). There are some diffi-
culties in surveying the “wet” films (with electrolyte), the-
refore the test was measured the mechanical properties of
the “dry” membrane (without electrolyte). The extension
rate was kept at 5 mm min~'. The dimensions of the sheet
used were 2 cm x 5 cm x 150-250 um (width x length x
thickness). The porosity was investigated by immersing
the membranes into n-butanol for 1 h and then calculated
by using the following relation:

w, - W

P = L x 100 % ey
pthfJ

W, and W, are the mass of the wet and dry membra-
ne, respectively, 71, is the density of n-butanol, and V is
the volume of the dry membrane.

The electrolyte uptake was determined by measu-
ring the weight increase and calculated according to Eq:

W-Ww
Uptake(%) = 7" x100% )

0

W, is the weight of dried films and W is the weight
of swelled films.

The ionic conductivity of the composite film was
measured with SS/PE/SS blocking cell by AC impedance
measurement using Zahner Zennium electrochemical
analyzer with a frequency range of 0.1-1 MHz. The thin
films were prepared about 100um in thickness and 1.96 cm?
in area for impedance measurement. Thus, the ionic con-
ductivity could be calculated from the following equation:

3)
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In Eq. (3), © is the ionic conductivity, R, is the bulk
resistance, & and S are the thickness and area of the films,
respectively.

2. 5. Cell Assembly and Performance
Characteristics

Electrochemical stability was measured by a linear
sweep voltammetry (LSV) of a Li/PE/SS cell using Zah-
ner Zennium electrochemical analyzer at a scan rate of
5 mV s!, with voltage from 2 V to 6 V. For charge-disc-
harge cycling tests, the Li/PE/LiFePO, cell was assemb-
led. The cell was subjected to electrochemical performan-
ce tests using an automatic charge-discharge unit, Neware
battery testing system (model BTS-51, ShenZhen, China),
between 2.5 and 4.2 V at 25 °C, at different current densi-
ties.

3. Results and Discussion

3. 1. Morphology and Structure

Fig. 1 shows the SEM images of the membranes
prepared by electrospinning of different concentrations of
9 to 12 wt.% TPU/PVDF/PS polymer solution. All of the-
se four membranes show a microporous structure, but we

WOmf  §540

x10,000 qum  —

can see that the fibers of TPU/PVDF/PS (Fig.1(b)10
wt.%) are relatively uniform and slender, with the diame-
ter distribution about 1um. While the fibers of
TPU/PVDEF/PS (Fig.1 (a)9 wt.%) are cross linked une-
venly in the middle part of it. Both of the fibers of
TPU/PVDEF/PS (Fig.1(c)11 wt.%) and (Fig.1(d)12 wt.%)
diameter distribution values are thicker than the fibers of
TPU/PVDEF/PS (Fig.1(b)10 wt.%), so do the fiber smooth-
ness.

From the principle of electrospinning we know there
are many factors that can affect fiber membranes’ morp-
hology. The parameters influencing the morphology of
electrospun fiber membranes contain the distance bet-
ween the nozzle of the syringe and the collector, the ap-
plied voltage, dielectric constant of the solution and the
concentration of the polymer solution. In this work, the
only difference is the concentration of the polymer solu-
tion. Finally, we found that TPU/PVDF/PS polymer solu-
tion of 10 wt.% is the best for electrospinning. After blen-
ding, there is interface between different materials. The
interfacial interation force which has a great influence on
the morphology of electrospinning film, the greater the
force, the poorer the performance of membrane. The in-
terface force is the minimum when the mass fraction is
10%, which is why the membranes of TPU/PVDEF/PS (10
wt.%) is smooth and slender.

WD1imm 5S40

%10.000 Tum " —

WD1imm 5535

Fig. 1. SEM images of TPU/PVDEF/PS electrospun membranes (a) 9 wt.% (b) 10 wt.% (c) 11 wt.% (d) 12 wt.%
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3. 2. DSC Analysis

Typical DSC curves of the nanofibrous membranes
varied with the relative weight of PVDF/TPU/ PS, which
are presented in Fig.2. From the Table 1, the crystallinity
of TPU/PVDF/PS (9 wt.%) is 20.43%; the crystallinity of
TPU/PVDEF/PS (10 wt.%) is 13.64%; the crystallinity of
TPU/PVDF/PS (11 wt.%) is 21.37%; the crystallinity of
TPU/PVDF/PS (12 wt.%) is 26.65%. We can find that the
crystallinity decreased when concentration increased
from 9 wt.% to 10 wt.%. However, with the concentration
continuing to increase, the crystallinity gets enlargement.
So we can get a conclusion that 10 wt.% concentration has
the lowest degree of crystallinity.

12 wt.9

11 wt.9

9 M"’/L__//\__
/M,L,/\——

L " I " L L I " 1
100 120 140 160 180

Heat flow up

Temperature('C)

Fig. 2. DSC thermograms of different concentration of TPU/
VDF/PS

Table 1. Thermodynamic properties of different concentration of
TPU/PVDF/PS

Sample AH,(J/g) Crystallinity ) (%)
TPU/PVDEF/PS (9 wt.%) 8.91 20.43
TPU/PVDEF/PS (10 wt.%) 6.61 13.64
TPU/PVDEF/PS (11 wt.%) 11.39 21.37
TPU/PVDEF/PS (12 wt.%) 15.5 26.65

3. 3. Electrolyte Uptake and Ionic
Conductivity

Fig.3 shows the uptake behaviors of the electrospun
fibrous membranes. The percentage of electrolyte uptake
can be calculated according to Eq(A). The TPU/PVDF/PS
(9 wt.%) fibrous film shows an electrolyte uptake of about
310% within 2 min, The TPU/PVDF/PS(10 wt.%) fibrous
film is 331%, The TPU/PVDE/PS (11 wt.%) fibrous film
is 296%, The TPU/PVDF/PS (12 wt.%) fibrous film is
274% after 15 min, it is found that the electrolyte uptake
of these four membranes become stabile. The uptake of

the electrolyte solution reaches up to 320% (9 wt.%),
341% (10 wt.%), 305% (11 wt.%), 298% (12 wt.%), res-
pectively. The absorption of large quantities of liquid elec-
trolyte by the composite membranes results from the high
porosity of the membranes and the high amorphous con-
tent of the polymer. The fully interconnected pore structu-
re makes fast penetration of the liquid into the membrane
possible, and hence the uptake process is stabile within
the initial 15 min. TPU/PVDF/PS (10 wt.%) membrane
owns the highest porosity, so it also has the highest elec-
trolyte uptake percentage. Furthermore, the TPU/
PVDF/PS (10 wt.%) membrane’s average fiber diameter
is minimal that leads to the increasing in the absorption
ratio of the electrolyte solution. Because the porosity and
the surface area of the pore wall of the film will increasing
with the average fiber diameter decreasing. The increasing
of surface area of the pore wall and more pores result in a
higher uptake of the liquid electrolyte, which means more
Li* in the same volume.*

400
0 g 9 g @ 9 9
— = 5 3 g = % @u =&
300 - A A A A s A A A A
—y—¥ v ¥ Vv v vV
9
T 200 |
3
=
—— 9 wt.%
100 | o— 10 wt.%
a— 11 wt.%
—w— 12 wt.%
0 " L i 1 M 1 L 1

0 5 10 15 20
Time(min)

Fig. 3. The uptake behavior of the TPU/PVDF/PS electrospun fi-
brous films

Fig.4 shows the impedance spectra of TPU/PVDF/
PS based fibrous polymer electrolyte. It is typical AC im-
pedance for gel polymer electrolyte. The self-resistance
(R) is the major contribution to the total resistance and io-
nic conductivity is calculated according to Eq.(3). The io-
nic conductivity of TPU/PVDF/PS (10 wt.%) membrane
was 5.28 x 10 mS cm™' at room temperature. From table
2, we know that the ionic conductivity of TPU/PVDF/PS
(10 wt.%) membrane is maximal , and the body resistance
of TPU/PVDF/PS (10 wt.%) membrane is the smallest.
The solution crystallinity, porosity and absorption rate ha-
ve relationships with the self-resistance, from the previous
experimental results we can know why the ionic conducti-
vity of TPU/PVDF/PS (10 wt.%) membrane is the big-
gest.
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Table 2. Different concentration of TPU/PVDF/PS membranes’ parameters and ionic conductivity

Materials Rb(Q) H(cm) S(em™) 6(107S cm™)
TPU/PVDEF/PS (9 wt.%) 2.92 0.0014 2.02 2.37
TPU/PVDF/PS (10 wt.%) 1.12 0.0012 2.03 5.28
TPU/PVDF/PS (11 wt.%) 4.67 0.0014 1.98 1.51
TPU/PVDF/PS (12 wt.%) 52 0.0012 2.05 1.13
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Fig. 4. Impedance spectra of gel polymer electrolytes

3. 4. Evaluation in Li/LiFePO, Cell

Fig.5 shows the first charge-discharge capacity cur-
ves of the cells with GPEs of TPU/PVDF/PS. The GPEs of
TPU/PVDEF/PS (10 wt.%) delivers a charge capacity of
169.81 mAh g™ and discharge capacity of 169.5 mAh g”!,
which is about 99% of the theoretical capacity. The GPEs
of TPU/PVDF/PS (9 wt.%; 11 wt.%; 12 wt.%) deliver a
charge capacity of 161.79 mAh g™'; 159.49 mAh g™';

4.00

12 wt.%, 11 wt.%, 9 wt.%, 10 wt.%
375 H

3.50 H

3.25 H

Voltage (V)

3.00 U 12 wt.%, 11 wt.%, 9wt.%, 10wt.%

2.75 H

PR+ ) | IR RPN S NI I RS | 1
0 20 40 60 80 100 120 140 160 180

Charge-discharge capacity (mAh g~ ] )

Fig. 5. first Charge-discharge capacity of different concentration of
GPEs based on electrospun TPU/PVDF/PS membrane

Cycle number

Fig. 6. The cycle performance (discharge capacitie) of different
concentrations of GPE based on electrospun TPU/PVDF/PS mem-
branes

151.82 mAh g 'and discharge capacity of 160.65 mAh g™';
156.32 mAh g'; 151.74 mAh g'. The Li cells with GPEs
have been evaluated for cycle ability property under the 0.1
C rate at 25 °C and the results are shown in Fig. 6. The cell
with GPE (10 wt.%) has a highest discharge capacities in
the whole 50 cycles. From the above data, we can know
that the GPEs of TPU/PVDF/PS (10 wt.%) owns the best
charge-discharge capacity and cycle ability property.

3. 5. Mechanical Property

The stress-strain curves of different concentrations
of electrospun PVDF/TPU/PS membranes are presented
in Fig. 7, and their mechanical properties are summarized
in Table 3. Because no phase separation of the nanofi-
brous membranes was observed from SEM, the nanofi-
brous membranes presented acceptable mechanical pro-
perties to be applied into practice.?® It can be found that
PVDF/TPU/PS (10 wt.%) membrane owns the longest
elongation of 98.2% and can bear the tensile strength be-
low 12.9 MPa. Both the tensile strength and elongation
are better than others. Because electrospun membranes
are constituted by three kinds of polymer, all of three
kinds of polymer are dissolved in the mixture of aceto-
ne/N,N-dimethylacetamide (1:3, wt/wt) solution, and the-
re is interfacial force between each others. As we know
that the PVDF/TPU/PS (10 wt.%) membrane’s interfacial
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Fig. 7. Stress strain curves of different concentration of electrospun
PVDE/TPU /PS membranes Fig. 8. Linear sweep voltammograms of the gel polymer electroly-
tes
Table 3. Mechanical properties of different concentration of elec- .
trospun PVDF/TPU /PS the gel polymer .electfol}{te .of TPU/PVDF/PS (10 wt.%) is
best for applications in lithium-ion.
Samples Stress (Mpa) Strain (%)
TPU/PVDEF/PS (9 wt.%) 9.9+0.2 854 +0.2 4 C lusi
TPU/PVDF/PS (10 wt.%) 11.9+0.2 94202 - Lonclusions
TPU/PVDEF/PS (11 wt.%) 9.14 £ 0.2 63.2+0.2
TPU/PVDEF/PS (12 wt.%) 6.16 0.2 62.8+0.2 GPEs based on fibrous TPU/PVDE/PS blend mem-

force is the smallest, so do the crystallinity of
PVDF/TPU/PS (10 wt.%) membrane. The greater the de-
gree of crystallinity, the worse of the toughness. So the
PVDE/TPU/PS (10 wt.%) membrane has the best mecha-
nical properties.

3. 6. Electrochemical Stability

The results of electrochemical stability tests of the
gel polymer electrolytes by LSV are shown in Fig.8. From
Fig.8, the electrochemical stability of the gel polymer
electrolyte with PVDF/TPU/PS (10 wt.%) membrane is
4.9 V. And their electrochemical stability follows the or-
der: TPU/PVDF/PS (10 wt.%) 4.9 V> TPU/PVDEF/PS (11
wt.%) 4.3 V> TPU/PVDF/PS (9 wt.%) 4.0 V> TPU/
PVDEF/PS (12 wt.%) 3.6 V. It is clearly that the gel poly-
mer electrolyte of TPU/PVDF/PS (10 wt.%) shows the
best electrochemical stability, which may due to better
compatibility with liquid electrolyte and nanofibrous
membranes with less leakage of liquid electrolytes. In ad-
dition, the electrochemical stability was also influenced
by the large and fully interconnected pores, high porosity,
higher specific surface area, uniform morphology of
membranes and the AFD. From the SEM images of
TPU/PVDEF/PS electrospun membranes you can know
that the gel polymer electrolyte of TPU/PVDF/PS (10
wt.%) possesses high porosity and surface area. Therefore

branes were prepared by electrospinning the polymer so-
lution in DMF/acetone (3:1, w/w) at room temperature. It
has been observed that the optimum proportion of a novel
high-performance gel polymer electrolyte is TPU/PVDF/
PS (10 wt.%). It has a high ionic conductivity of 5.28 x
102 mS cm™ with electrochemical stability up to 5.0 V
versus Li*/Li at room temperature. The first charge-disc-
harge capacity of gel polymer electrolyte lithium battery
based on PVDF/TPU/PS (10 wt.%) is about 169.5 mAh
g ! at 25 °. The PDVF/TPU/PS (10 wt.%) mixed film
owns the longest elongation of 98.2%, and it can bear the
tensile strength below 12.9 MPa. Both the tensile strength
and elongation are excellent. The PVDF/TPU/PS (10
wt.%) based gel polymer electrolyte is the optimum pro-
portion of a novel high-performance gel polymer elec-
trolyte for rechargeable lithium batteries.
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Pripravili smo visoko ucinkovit gel polimerni elektrolit (GPE), ki temelji na polivinilidenfluoridu (PVDF), termopla-
sti¢nem poliuretanu (TPU) in polistirenu (PS). Njegove lastnosti smo preucevali z naslednjimi tehnikami: vrsti¢no elek-
tronsko mikroskopijo (SEM), termi¢no analizo (DSC), meritvami mehanskih lastnosti (UTM) in elektrokemijsko impe-
danc¢no spektroskopijo. Gel polimerni elektroliti (GPE), ki temeljijo na TPU/PVDS/PS (10 wt.%) imajo visoko ionsko
prevodnost 5.28 x 1072 S cm™ in elektrokemijsko okno stabilnosti 5.0 V. Poleg tega pa prva kapaciteta polnjenja in praz-
njenja doseZe 169.5 mAh g™!. Zaradi dobrih mehanskih lastnosti in stabilnosti bi bili ti materiali lahko uporabni v litij

ionskih polimernih baterijah.
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Abstract

A new series of 4-benzyl-6,7,8,9-tetrahydro[ 1 ]benzothieno[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidines was synthesized
motivated by the widely reported anticancer activity of thieno[2,3-d]pyrimidines and triazolothienopyrimidines. The in
vitro cytotoxic activity of some selected compounds was evaluated against two human cell lines: prostate cancer (PC-3)
and colon cancer (HCT-116). A preliminary study of the structure—activity relationship of the target compounds was dis-
cussed. Most of the synthesized compounds showed remarkable activity on the tested cell lines, while compound 16¢
had the highest potency against the PC-3 cell line with an IC,, of 5.48 uM compared to Doxorubicin (ICy, = 7.7 uM),
the reference standard used in this study. On the other hand, 6¢ and 18c were the most active against HCT-116 (IC,, =
6.12 and 6.56 uM, respectively) relative to ICy, = 15.82 uM of the standard. Thus, some of the synthesized thienopyri-
midine derivatives, specially 6¢, 16¢ and 18c¢, have the potential to be developed into potent anticancer agents.

Keywords: Thienopyrimidines; 1,2,4-Triazoles; Anticancer activity; PC-3; HCT-116

1. Introduction

Despite decades of research that have resulted in an
enormous leap in cancer therapy, cancer remains a major
cause of death worldwide thus there is a continuous need
for the discovery and development of new anticancer
agents."? It is worth mentioning that 60% of world’s total
new annual cases occur in Africa, Asia and Central and
South America.’

Thiophenes have been reported to possess interesting
biological activities particularly as anticancer agents.*’
Many research groups reported the synthesis of biologi-
cally active thiophene derivatives through the well-known
Gewald reaction.®” As an example, Mohareb et al.® synthe-
sized some thiophene derivatives and investigated their an-
titumor activity. The prepared compounds exhibited Gl
ranging from 0.02 to 0.08 uM against MCF-7, NCI-H450
and SF-268 cell lines compared to Doxorubicin.

Meanwhile, thieno[2,3-d]pyrimidines represent an
important class of bioactive heterocycles attracting much
attention due to their wide range of biological and phar-
maceutical activities.”'

The presence of pyrimidine ring in the basic buil-
ding scaffolds of DNA and RNA modules (thymine, cyto-
sine and uracil) is probably the reason of their diverse
biological activities."" In addition, the tricyclic system,
cycloalkylthieno[2,3-d]pyrimidine, which is considered to
be a bioisostere of quinazoline, has been used as a core for
the mechanism-based design and synthesis of a variety of
compounds for anticancer therapy.'*™'¢

On the other hand, the 1,2,4-triazole heterocycle is
of great value as a building block in the structure of seve-
ral anticancer drug candidates.!"!!® Letrozole, Anastro-
zole and Ribavirin are representative examples of com-
mercially available anticancer drugs containing triazole
scaffolds (Fig. 1).""' Among these heterocycles, the mer-
capto substituted 1,2,4-triazole ring systems have been
well studied and so far a variety of biological activities ha-
ve reported for them.!”?>?3

Recently, 4-amino-1,2,4-triazol-3-thione was used
as an intermediate for the synthesis of several biologically
active fused heterocyclic compounds where the amino and
mercapto groups are appropriate nucleophile centers for
many chemical modifications.”* Further, many alkylated
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Figure 1. Chemical structures of anticancer drugs containing triazole moiety available on the market.
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Figure 2. Structures of some reported pyrimidines, thieno[2,3-d]pyrimidines and triazole derivatives with cytotoxic activity showing the possible
chemical optimization to obtain target compounds A and B
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mercapto 1,2,4-triazoles linked to various aromatic ring
systems either through amide or ester linkages have been
reported to exhibit significant antitumor activities.”>’

In the last few years, many research groups investi-
gated thienopyrimidine derivatives fused to 1,2,4-triazole
moiety as potential cytotoxic agents.”*** For example, the
fusion of a triazole ring to cycloalkylthieno[2,3-d]pyrimi-
dine (VII) showed significant in vitro cytotoxic activity
against human colorectal cancer cells (HCT-116) (IC, =
2.8 ug/mL) compared to the reference drug Doxorubicin
(Fig. 2).%!

In our search for new classes of potential anticancer
agents, the aforementioned findings prompted us to
synthesize a series of 4-benzyl[l]benzothieno[3,2-
e][1,2,4]triazolo[4,3-a] pyrimidines with varying the sub-
stitution at position 1 (Target compound A) in order to in-
vestigate the effect of combining these bioactive moieties
on the anticancer activity. Moreover, we aimed in this
work to prepare a series of 4-benzyl[1]benzothienol3,2-
e][1,2,4]triazolo[4,3-a] pyrimidines bearing various S-
(substituted amino alkyl) moieties at position 1 (Target
compound B) to act as cytotoxic agents. In this series, dif-
ferent alkyl linkers and different aliphatic and aromatic
amines were used to study the effect of these variations on
the cytotoxic activity. Some selected compounds were te-
sted for possible anti-cancer activity against two cell lines
(PC-3 and HCT-116).

2. Experimental
2. 1. Chemistry

All melting points were determined with Stuart
SMP10 apparatus and the values given are uncorrected. IR
spectra (KBr, cm™) were determined on Shimadzu IR
8400s spectrophotometer (Faculty of Pharmacy, Cairo
University, Egypt). '"H-NMR and "*C-NMR spectra were
recorded on Mercury 300-BB 300 MHz (Microanalytical
Center, Faculty of Science, Cairo University, Egypt) and
Bruker 400-BB 400 MHz spectrometers (Microanalytical
Unit, Faculty of Pharmacy, Cairo University, Egypt) using
TMS as the internal standard. Chemical shift values are
given in ppm on J scale. Mass spectra were recorded on
Hewlett Packard 5988 spectrophotometer (Microanalyti-
cal Center, Faculty of Science, Cairo University, Egypt).
Elemental analyses were carried out at the Regional cen-
ter for Mycology and Biotechnology, Faculty of Phar-
macy, Al Azhar University, Egypt; values found were wit-
hin +0.35% of the theoretical ones. Progress of the reac-
tions was monitored by TLC using aluminum sheets
precoated with UV fluorescent silica gel (Merck 60F 254)
and visualized using UV lamp. The solvent system used
was chloroform : benzene : methanol [9:5:2].

The starting compounds, ethyl 2-amino-4,5,6,7-te-
trahydro[ 1 ]benzothiophene-3-carboxylate (1),** 3-benzyl-
2-sulphanyl-5,6,7,8-tetrahydro[ 1 ]benzothieno[2,3-d]pyri-

midin-4(3H)-one (2)** and the o- and B-chloroamides
(13a-d, 14a—d, 15a—d)**** were prepared according to
reported procedures.

2. 1. 1. 3-Benzyl-2-hydrazino-5,6,7,8-tetrahydro
[1]benzothieno[2,3-d]pyrimidin-4(3H)-
one (3)

A mixture of 3-benzyl-2-sulphanyl-5,6,7,8-tetrahy-
dro[1]benzothieno[2,3-d]pyrimidin-4(3H)-one (2) (1.64
g, 50 mmol) and hydrazine hydrate 99—-100% (7 mL, 140
mmol) in dry pyridine (25 mL) was heated under reflux
for 25 h. The mixture was evaporated under reduced pres-
sure and the residue was treated with ethanol. The solid
product was collected by filtration, washed with ethanol,
dried and crystallized from ethyl acetate.

Yield: 50%; mp: 226-228 °C; IR (KBr, cm™):
3248-3211 (NH, NH,), 3061-3035 (CH aromatic), 2916,
2848 (CH aliphatic), 1666 (C=0), 1624, 1568, 1529 (C=C
aromatic); 'H-NMR (DMSO-dy) 6: 1.75-1.78 (m, 4H, 2 x
CH, at C-6, C-7), 2.62-2.74 (m, 2H, CH, at C-5),
2.79-2.81(m, 2H, CH, at C-8), 5.21 (s, 2H, NCH,CH,),
6.98 (s, 1H, NH, D,O exchangeable), 7.15-7.34 (m, 5H,
Ar-H); EI-MS m/z 326 (M*, 26.29%); Anal. Calcd for
C,,HN,OS (326.42): C, 62.55; H, 5.56; N, 17.16.
Found: C, 62.74; H, 5.64; N, 17.38.

2. 1. 2. 4-Benzyl-6,7,8,9-tetrahydro[1]benzothieno
[3,2-e][1,2,4]triazolo[4,3-a]lpyrimidin-5
(4H)-one (4a)

A mixture of 3-benzyl-2-hydrazino-5,6,7,8-tetrahy-
dro[1]benzothieno[2,3-d]pyrimidin-4(3H)-one (3) (0.32
g, 1 mmol) and formic acid (5 mL, 130 mmol) was heated
under reflux for 4 h. The white precipitate formed upon
cooling was collected by filtration, washed with water,
dried and crystallized from ethyl acetate.

Yield: 78%; mp: 198-200 °C; IR (KBr, cm™): 3115
(CH aromatic), 2922, 2850 (CH aliphatic), 1670 (C=0),
1595, 1552, 1517 (C=C aromatic); 'H-NMR (CDCl,-d,)
d: 1.81-1.92 (m, 4H, 2 x CH, at C-7, C-8), 2.76-2.79 (m,
2H, CH, at C-6), 3.02-3.06 (m, 2H, CH, at C-9), 5.48 (s,
2H, NCH,C H,), 7.26-7.67 (m, 5H, Ar-H), 8.37 (s, 1H,
aromatic CH); EI-MS m/z 336 (M", 35.04), 91 ([C,H,]",
100%); Anal. Calcd for C,;H, N,OS (336.4): C, 64.26; H,
4.79; N, 16.65. Found: C, 64.42; H, 4.86; N, 16.90.

2. 1. 3. 4-Benzyl-1-methyl-6,7,8,9-tetrahydro
[1]benzothieno[3,2-¢][1,2,4]triazolo[4,3-a]
pyrimidin-5(4H)-one (4b)

A mixture of 3 (0.32 g, 1 mmol) and acetic acid (10
mL, 70 mmol) was heated under reflux for 6 h. The reac-
tion mixture was poured onto ice cold water (25 mL). The
white precipitate formed was collected by filtration, was-
hed with water, dried and crystallized from acetonitrile.
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Yield: 85%; mp: 242-244 °C; IR (KBr, cm™): 3061,
3043 (CH aromatic), 2937, 2870 (CH aliphatic), 1664
(C=0), 1593, 1558, 1541 (C=C aromatic); 'H-NMR
(CDCl,-d) 6: 1.83-1.91 (m, 4H, 2 x CH, at C-7, C-8),
2.75 (s, 3H, CH,), 2.77-2.78 (m, 2H, CH, at C-6),
3.04-3.07 (m, 2H, CH, at C-9), 5.44 (s, 2H, NCH,C H,),
7.22-7.66 (m, SH, Ar-H); 3*C-NMR (CDCl,-dy) 5: 12.07,
22.06,22.97,24.92,25.63,45.94, 118.29, 128.15, 128.63,
129.73, 130.91, 134.06, 136.12, 138.67, 144.07, 149.09,
156.29; EI-MS m/z 350 (M, 64.90), 91 ([C,H.]*, 100%);
Anal. Calcd for C, H (N,OS (350.42): C, 65.12; H, 5.18;
N, 15.99. Found: C, 65.38; H, 5.29; N, 16.31.

2. 1. 4. 1-Chloromethyl-4-benzyl-6,7,8,9-tetrahy-
dro[1]benzothieno[3,2-¢][1,2,4]triazolo
[4,3-a] pyrimidin-5(4H)-one (5)

To a solution of 3 (1 g, 3 mmol) in dry DMF (10
mL), chloroacetyl chloride (1.5 mL, 20 mmol) was added
dropwise with cooling. The solution was then heated un-
der reflux in a boiling water bath for 9 h. After cooling,
the reaction mixture was poured onto ice-cold water and
the suspension formed was stirred at room temperature for
2 h. The separated solid was collected by filtration, was-
hed with cold water, dried and crystallized from methanol.

Yield: 88%; mp: 188-190 °C; IR (KBr, cm™): 3080,
3040 (CH aromatic), 2939, 2852 (CH aliphatic), 1681
(C=0), 1622, 1591, 1550 (C=C aromatic); 'H-NMR
(DMSO-dy) &: 1.74-1.80 (m, 4H, 2 x CH, at C-7, C-8),
2.76-2.80 (m, 2H, CH, at C-6), 2.82-2.87 (m, 2H, CH, at
C-9), 5.11 (s, 2H, CH,CD), 5.29 (s, 2H, NCH,C(H,),
7.15-7.34 (m, 5H, Ar-H); EI-MS m/z 386 (M+2, 3.9); 384
(M*, 16.95%); Anal. Calcd for C,;H ,CIN,OS (384.87):
C, 59.29; H, 4.45; N, 14.56. Found: C, 59.41; H, 4.52; N,
14.71.

2. 1. 5. General procedure for the preparation
of compounds 6a—d

A mixture of 5§ (0.25 g, 0.6 mmol) and the appro-
priate N-substituted piperazine (4 mmol) in absolute etha-
nol (30 mL) was heated under reflux for 6 h. The product
obtained was collected by filtration, washed with water
and crystallized from the suitable solvent.

4-Benzyl-1-[[4-methylpiperazin-1-yl]Jmethyl]-6,7,8,9-
tetrahydro[1]benzothieno[3,2-¢][1,2,4]triazolo[4,3-
a]pyrimidin-5(4H)-one (6a). Crystallized from aqueous
ethanol; yield: 36%; mp: 172-174 °C; IR (KBr, cm™):
3040, 3020 (CH aromatic), 2922, 2850 (CH aliphatic),
1677 (C=0), 1591 (C=C aromatic); 'H-NMR (CDCl;-dy)
d: 1.86-1.92 (m, 4H, 2 x CH, at C-7, C-8), 2.27 (s, 3H,
CH,), 2.43-2.50 (m, 4H, 2 x CH, piperazine), 2.63-2.70
(m, 2H, CH, at C-6), 2.78-2.81 (m, 2H, CH, at C-9),
3.06-3.10 (m, 4H, 2 x CH, piperazine), 3.88 (s, 2H, CH,),
5.46 (s, 2H, NCH,CH,), 7.28-7.69 (m, 5H, Ar-H); EI-

MS m/z 448 (M*, 0.57), 91 ([C,H,]*, 100%); Anal. Calcd
for C,,H,;N,OS (448.56): C, 64.26; H, 6.29; N, 18.73.
Found: C, 64.38; H, 6.37; N, 18.56.

4-Benzyl-1-[[4-phenylpiperazin-1-yl]methyl]-6,7,8,9-
tetrahydro[1]benzothieno[3,2-¢][1,2,4]triazolo[4,3-
a]pyrimidin-5(4H)-one (6b). Crystallized from ethyl
acetate; yield: 48%; mp: 228-230 °C; IR (KBr, cm™):
3057, 3032 (CH aromatic), 2941, 2918, 2848, 2821 (CH
aliphatic), 1672 (C=0), 1587, 1558, 1539 (C=C aroma-
tic); 'H-NMR (CDCl;-d,) 6: 1.85-1.87 (m, 4H, 2 x CH, at
C-7, C-8), 2.77-2.80 (m, 6H, CH, at C-6 and 2 x CH, pi-
perazine), 3.05-3.10 (m, 2H, CH, at C-9), 3.18-3.19 (m,
4H, 2 x CH, piperazine), 3.95 (s, 2H, CH,), 5.47 (s, 2H,
N-CH,-C(H.), 6.83-7.70 (m, 10H, Ar-H); EI-MS m/z 511
(M+1, 4.13), 510 (M*, 6.27%); Anal. Calcd for
C,,H,,N,OS (510.63): C, 68.21; H, 5.92; N, 16.46.
Found: C, 68.44; H, 5.98; N, 16.82.

4-Benzyl-1-[[4-(4-chlorophenyl)piperazin-1-ylJmethyl]
-6,7,8,9-tetrahydro[1]benzothieno[3,2-¢][1,2,4]triazo-
lo[4,3-a]pyrimidin-5(4H)-one (6¢). Crystallized from
ethyl acetate; yield: 51%; mp: 254-256 °C; IR (KBr,
cm™): 3100, 3040 (CH aromatic), 2929, 2819 (CH alipha-
tic), 1670 (C=0), 1581, 1550, 1510 (C=C aromatic); 'H-
NMR (CDCl,-d;) 6: 1.86-1.88 (m, 4H, 2 x CH, at C-7, C-
8),2.77-2.80 (m, 6H, CH, at C-6 and 2 x CH, piperazine),
3.05-3.10 (m, 2H, CH, at C-9), 3.12-3.13 (m, 4H, 2 x
CH, piperazine), 3.96 (s, 2H, CH,) 5.47 (s, 2H, N-CH,-
C(Hy), 6.87-7.70 (m, 9H, Ar-H); EI-MS m/z 546 M+2,
32.02), 544 (M*, 37.08%); Anal. Calcd for C,,H,,CIN,OS
(545.08): C, 63.90; H, 5.36; N, 15.42. Found: C, 64.07; H,
5.44; N, 15.67.

4-Benzyl-1-[[4-(4-methoxymphenyl)piperazin-1-yl]
methyl]-6,7,8,9-tetrahydro[1]benzothieno[3,2-¢][1,2,4]
triazolo[4,3-a]pyrimidin-5(4H)-one (6d). Crystallized
from acetonitrile; yield: 37%; mp: 238-240 °C; IR (KBr,
cm™): 3040, 3000 (CH aromatic), 2926, 2808 (CH alipha-
tic), 1681 (C=0), 1591, 1556, 1535 (C=C aromatic);
'"H-NMR (CDCl,-dy) &: 1.85-1.87 (m, 4H, 2 x CH, at
C-7, C-8),2.75-2.78 (m, 6H, CH, at C-6 and 2 x CH, pi-
perazine), 3.05-3.09 (m, 6H, CH, at C-9 and 2 x CH, pi-
perazine), 3.75 (s, 3H, OCH,), 3.94 (s, 2H, CH,) 5.47 (s,
2H, N-CH -C(H,), 6.83-7.70 (m, 9H, Ar-H); EI-MS m/z
541 (M+1, 5.84), 540 (M*, 15.74), 91 ([CH,1*, 100%);
Anal. Calcd for C,H,,N,O,S (540.68): C, 66.64; H, 5.97;
N, 15.54. Found: C, 66.88; H, 6.05; N, 15.66.

2. 1. 6. 4-Benzyl-6,7,8,9-tetrahydro[1]benzothie-
no[3,2-e][1,2,4]triazolo[4,3-a]pyrimidin-
1,5(2H,4H)-dione (7)

A mixture of 3 (0.64 g, 2 mmol) and N,N-car-
bonyldiimidazole (CDI) (0.7 g, 4.3 mmol) in dry benzene
(30 mL) was heated under reflux for 15 h. After cooling,
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the solvent was evaporated under reduced pressure and
the residue was triturated with cold water. The solid pro-
duct was collected by filtration, dried and crystallized
from acetonitrile.

Yield: 81%; mp: 306-308 °C; IR (KBr, cm™): 3170
(NH), 3055, 3034 (CH aromatic), 2933, 2852 (CH alipha-
tic), 1720, 1683 (2 x C=0), 1610, 1560, 1523 (C=C aro-
matic); 'H-NMR (DMSO-d,) &: 1.78-1.80 (m, 4H, 2 x
CH, at C-7, C-8), 2.73-2.80 (m, 2H, CH, at C-6),
2.81-2.84 (m, 2H, CH, at C-9), 5.05 (s, 2H, NCH,CH.),
7.28-7.35 (m, 5H, Ar-H), 12.0 (s, 1H, NH, D,O exchan-
geable); "C-NMR (DMSO-d,) &: 22.03, 22.86, 24.47,
25.22, 43.86, 115.40, 127.84, 128.14, 128.80, 130.05,
131.47, 136.45, 138.97, 141.21, 149.17, 156.63; EI-MS
m/z 352 (M*, 32.62), 91 ([C;H,]*, 100%); Anal. Calcd for
C,H,(N,0,S (352.41): C, 61.35; H, 4.58; N, 15.90.
Found: C, 61.54; H, 4.65; N, 15.88.

2. 1. 7. General procedure for the preparation
of compounds 8a—e

A mixture of 3 (0.32 g, 1 mmol) and the appropriate
isothiocyanate (2 mmol) in absolute ethanol (30 mL) was
heated under reflux for 8 h. The precipitated product was
collected by filtration, dried and crystallized from etha-
nol/CHCI, (2:1).

4-Benzyl-1-methylamino-6,7,8,9-tetrahydro[1]benzot-
hieno[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-one
(8a). Yield: 43%; mp: 206-208 °C; IR (KBr, cm™): 3370,
3196 (NH), 2944, 2880 (CH aliphatic), 1681 (C=0), 1575,
1537, 1506 (C=C aromatic); 'H-NMR (DMSO-d,) &:
1.74-1.80 (m, 4H, 2 x CH, at C-7, C-8), 2.62-2.65 (m, 2H,
CH, at C-6), 2.78-2.81 (m, 2H, CH, at C-9), 2.81 (s, 3H,
CH,), 5.22 (s, 2H, NCH,CH), 7.19-7.38 (m, 5H, Ar-H),
9.29 (s, 1H,NH, D,0 echangeable); BC-NMR (DMSO-d,)
0: 22.34, 23.10, 24.76, 25.67, 31.21, 43.31, 115.03, 127.09,
127.56, 127.66, 128.86, 130.82, 136.52, 138, 151.17,
158.15, 164.13; EI-MS m/z 365 (M, 68.95), 91 (IC_H,]*,
97.00%); Anal. Calcd for C (H,(N,OS (365.45): C, 62.44;
H, 5.24; N, 19.16. Found: C, 62.61; H, 5.30; N, 19.34.

4-Benzyl-1-ethylamino-6,7,8,9-tetrahydro[1]benzot-
hieno[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-one
(8b). Yield: 46%; mp: 200-202 °C; IR (KBr, cm™): 3358,
3257, 3169 (NH), 2972, 2848 (CH aliphatic), 1681
(C=0), 1571, 1535, 1506 (C=C aromatic); 'H-NMR
(DMSO-dy) 6: 0.96 (t, J = 7.2 Hz, 3H, CH,), 1.76-1.79
(m, 4H, 2 x CH, at C-7, C-8), 2.65-2.70 (m, 2H, CH, at
C-6), 2.80-2.85 (m, 2H, CH, at C-9), 3.39 (q, / = 7.2 Hz,
2H, CH,-CH,), 5.26 (s, 2H, NCH,CH,), 7.19-7.36 (m,
5H, Ar-H), 9.30 (s, 1H, NH, D,0 exchangeable);
BC-NMR (DMSO-d,) &: 14.28, 21.80, 22.57, 24.24,
25.14, 38.20, 42.64, 126.56, 127.03, 128.35, 130, 130.32,
133.61, 136, 150.52, 157.64, 163.8; EI-MS m/z 379 (M*,
100), 91 ([C.H,]", 97.00%).

4-Benzyl-1-butylamino-6,7,8,9-tetrahydro[1]benzot-
hieno[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-one
(8c¢). Yield: 30%; mp: 172—-174 °C; IR (KBr, cm™): 3360,
3178 (NH), 2924, 2850 (CH aliphatic), 1685 (C=0),
1535, 1454 (C=C aromatic); 'H-NMR (DMSO-dy) 6: 0.76
(t, J = 14.7 Hz, 3H, CH,), 1.18-1.23 (m, 2H, CH,-CH,),
1.31-1.36 (m, 2H, CH,-CH,-CH,), 1.75-1.80 (m, 4H, 2 x
CH, at C-7, C-8), 2.61-2.65 (m, 2H, CH, at C-6),
2.75-2.77 (m, 2H, CH, at C-9), 3.36 (t, J = 12.6 Hz, 2H,
NH-CH,), 5.19 (s, 2H, NCH,C/H,), 7.18-7.38 (m, 5H,
Ar-H), 9.20 (s, 1H, NH, D,O exchangeable); EI-MS m/z
407 (M*, 1.32), 91 ([C,H,]*, 100%); Anal. Calcd for
C,,H,,N,OS (407.53): C, 64.84; H, 6.18; N, 17.18.
Found: C, 65.01; H, 6.22; N, 17.39.

4-Benzyl-1-allylamino-6,7,8,9-tetrahydro[1]benzothie-
no[3,2-¢][1,2,4]triazolo[4,3-a]lpyrimidin-5(4H)-one
(8d). Yield: 38%; mp: 184—-186 °C; IR (KBr, cm™): 3360,
3167 (NH), 2924, 2850 (CH aliphatic), 1685 (C=0), 1651
(C=N), 1531, 1454 (C=C aromatic); 'H-NMR (DMSO-d,)
8: 1.75-1.80 (m, 4H, 2 x CH, at C-7, C-8), 2.64-2.70 (m,
2H, CH, at C-6), 2.79-2.82 (m, 2H, CH, at C-9),
4.00-4.08 (m, 2H, CH, allylic), 4.98-5.01 (m, IH,
CH,=CH), 5.11-5.14 (m, 1H, CH,=CH), 5.24 (s, 2H,
N@2C6H5), 5.69-5.74 (m,1H, CH;:@), 7.18-7.33 (m,
5H, Ar-H), 9.40 (s, 1H, NH, D,O exchangeable); Bc-
NMR (DMSO-d,) &: 21.82, 22.59, 24.23, 25.16, 42.73,
45.50, 115, 117, 126.59, 127, 128.31, 130.32, 131,
134.54, 136.4, 138.6, 151, 158.2, 164.1; EI-MS m/z 391
(M7, 2.27), 91 ([C,H,]*, 100%); Anal. Calcd for
C, H, N,OS (391.49): C, 64.43; H, 5.41; N, 17.89.
Found: C, 64.67; H, 5.48; N, 18.04.

4-Benzyl-1-[(4-methoxyphenyl)amino]-6,7,8,9-te-
trahydro[1]benzothieno[3,2-¢][1,2,4]triazolo[4,3-a]
pyrim idin-5(4H)-one (8e). Yield: 65%; mp: 244-246 °C;
IR (KBr, cm™): 3215 (NH), 3111, 3070 (CH aromatic),
2941, 2835 (CH aliphatic), 1683 (C=0), 1618 (C=N),
1543, 1512, 1487 (C= C aromatic); 'H-NMR (DMSO-d,)
8: 1.77-1.79 (m, 4H, 2 x CH, at C-7, C-8), 2.72-2.79 (m,
2H, CH, at C-6), 2.80-2.86 (m, 2H, CH, at C-9), 3.74 (s,
3H, OCH,), 5.14 (s, 2H, NCH,C.Hy), 6.87-7.37 (m, 9H,
Ar-H), 9.39 (s, 1H, NH, D,O exchangeable); EI-MS m/z
457 (M*, 0.75), 91 ([C;H,]*, 100%); Anal. Calcd for
C,H,.N.O,S (457.55): C, 65.63; H, 5.07; N, 15.31.
Found: C, 65.79; H, 5.12; N, 15.47.

2. 1. 8. Ethyl(4-benzyl-5-0x0-4,5-dihydro-6,7,8,9-
tetrahydro[1]benzothieno[3,2-¢][1,2,4]
triazolo[4,3-a] pyrimidin-1-yl) acetate (9)

A mixture of 3 (0.32 g, 1 mmol) and diethyl malona-
te (2 mL, 13 mmol) was refluxed for 9 h. The reaction was
allowed to cool, the formed residue was triturated with et-
hanol, collected by filtration, dried and crystallized from
isopropanol to yield the title compound 9.
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Yield: 41%; mp: 220-222 °C; IR (KBr, cm™): 3035,
3055 (CH aromatic), 2935, 2854 (CH aliphatic), 1732,
1678 (2 x C=0), 1635 (C=N), 1589, 1539, 1504 (C=C
aromatic); '"H-NMR (DMSO-d,) 8: 1.18 (t, J = 7.2 Hz,
3H, CH,), 1.78-1.82 (m, 4H, 2 x CH, at C-7, C-8), 2.63
(s, 2H, CH,-CO), 2.77-2.81 (m, 2H, CH, at C-6),
2.91-2.98 (m, 2H, CH, at C-9), 4.16 (q, J/ = 7.2 Hz, 2H,
CH,-CH,), 5.28 (s, 2H, NCH,C.H,), 7.28-7.37 (m, 5H,
Ar-H); "C-NMR (DMSO-d,) &: 14.45, 21.92, 22.77,
24.55, 25.52, 32.31, 45.51, 62.0, 117.61, 127.99, 128.39,
128.86, 131.32, 132.78, 136.59, 138.98, 142.06, 149.17,
155.17, 168.17; EI-MS m/z 422 (M*, 60.13), 91 ([C,H,]",
100%); Anal. Calcd for C,,H,,N,O,S (422.46): C, 62.54;
H, 5.25; N, 13.26. Found: C, 62.71; H, 5.34; N, 13.48.

2. 1. 9. 4-Benzoyl-1-(3-benzyl-5,6,7,8-tetrahydro-
4-0x0-3,4-dihydro[1]benzothieno[2,3-d]
pyrimidin-2-yl)thiosemicarbazide (10)

To an ice cold solution of ammonium thiocyanate
(0.17 g, 2 mmol) in dry acetone (5 mL), a solution of ben-
zoyl chloride (0.3 mL, 2 mmol) in acetone (5 mL) was ad-
ded dropwise. An ice-cold suspension of 3 (0.34 g, 1
mmol) in acetone (15 mL) was added to the previous mix-
ture. The reaction mixture was heated on a water-bath for
15 h. The reaction mixture was cooled and filtered. The
filtrate was evaporated and the obtained product was cry-
stallized from ethanol/CHCI, (2:1).

Yield: 33%; mp: 114-116 °C; IR (KBr, cm™): 3346,
3159 (NH), 3057, 3030 (CH aromatic), 2927, 2856 (CH
aliphatic), 1687, 1674 (2 x C=0), 1622 (C=N), 1598,
1581, 1539 (C=C aromatic); 'H-NMR (DMSO-d,) &:
1.76-1.80 (m, 4H, 2 x CH, at C-7, C-8), 2.65-2.73 (m,
2H, CH, at C-6), 2.81-2.84 (m, 2H, CH, at C-9), 5.31 (s,
2H, NCH,CH.), 7.27-7.91 (m, 10H, Ar-H), 9.79, 11.71,
12.49 (s, 3H, NH, D,O exchangeable); EI-MS m/z 489
(M7, 2.60), 91 ([C,H,]*, 100%); Anal. Calcd for
C,H,;N,O,S, (489.61): C, 61.33; H, 4.73; N, 14.30.
Found: C, 61.49; H, 4.79; N, 14.51.

2. 1. 10. 4-Benzyl-1-sulphanyl-6,7,8,9-tetrahydro
[1]benzothieno[3,2-¢][1,2,4]triazolo[4,3-a]
pyrimidin-5(4H)-one (11)

A mixture of 3 (1.4 g, 4.3 mmol), KOH (0.42 g, 7.5
mmol) and CS, (4.5 mL, 7.5 mmol) in absolute ethanol
(70 mL) was heated under reflux for 25 h. The solvent was
evaporated under reduced pressure. The obtained residue
was dissolved in H,O (20 mL) followed by acidification
with dilute HC1 (1 mL). The precipitated product was col-
lected by filtration, dried and crystallized from methanol.

Yield: 50%; mp: 274-276 °C; IR (KBr, cm™): 3446
(NH), 3182, 3134 (CH aromatic), 2947, 2852 (CH alipha-
tic), 1662 (C=0), 1618 (C=N), 1585, 1516, 1489 (C=C aro-
matic), 1159 (C=S); 'H-NMR (DMSO-d) 6:1.77-1.82 (m,
4H, 2 x CH, at C-7, C-8), 2.77-2.80 (m, 2H, CH, at C-6),

2.89-2.92 (m, 2H, CH, at C-9), 5.14 (s, 2H, NCH,CH,),
7.26-7.38 (m, 5H, Ar-H), 14.06 (s, 1H, SH, D,O exchan-
geable); EI-MS m/z 368 (M*, 30.43), 91 ([C,H,]*, 100%);
Anal. Calcd for C (H,(N,OS, (368.48): C, 58.67; H, 4.38;

187716

N, 15.21. Found: C, 58.92; H, 4.41; N, 15.42.

2. 1. 11.General procedure for the alkylation
of the thienotriazolopyrimidine 11
yielding 12a,b, 16a-d, 17a-d, 18a—d

A mixture of the triazolo derivative 11 (0.36 g, 1
mmol) and the appropriate alkyl iodide or o- and B-chlo-
roamides (13a-d, 14a—d, 15a—-d) (1.5 mmol) in the pre-
sence of anhydrous sodium acetate (5 mmol) in absolute
ethanol (70 mL) was heated under reflux till TLC indica-
ted completion of the reaction. The product precipitated
was collected by filtration, dried and crystallized from the
appropriate solvent.

4-Benzyl-1-methylsulphanyl-6,7,8,9-tetrahydro[1]ben-
zothieno[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-
one (12a). Reaction time: 12 h, crystallized from ethanol,
yield: 43%; mp: 246-248 °C; IR (KBr, cm™): 2916, 2846
(CH aliphatic), 1674 (C=0), 1585, 1546, 1508 (C=C aro-
matic); 'H-NMR (DMSO-d,) 6: 1.76-1.83 (m, 4H, 2 x
CH, at C-7, C-8), 2.62 (s, 3H, CH,), 2.79-2.80 (m, 2H,
CH, at C-6), 2.92-2.93 (m, 2H, CH, at C-9), 5.31 (s, 2H,
NCH,CH,), 7.24-7.42 (m, 5H, Ar-H); EI-MS m/z 382
(M*, 24.5), 91 ([C.H,]*, 81.15%); Anal. Calcd for
C,,H,(N,OS, (382.5): C, 59.66; H, 4.74; N, 14.65. Found:
C,59.89; H, 4.79; N, 14.91.

4-Benzyl-1-ethylsulphanyl-6,7,8,9-tetrahydro[1]ben-
zothieno[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-
one (12b). Reaction time: 15 h, crystallized from ethanol,
yield: 46%; mp: 210-212 °C; IR (KBr, cm™): 2935, 2854
(CH aliphatic), 1670 (C=0), 1585, 1550, 1508 (C=C aro-
matic); 'H-NMR (DMSO-d,) 6: 1.27 (t, 3H, CH,),
1.75-1.82 (m, 4H, 2 x CH, at C-7, C-8), 2.77-2.81 (m,
2H, CH, at C-6), 2.90-2.94 (m, 2H, CH, at C-9), 3.05 (q,
2H, CH,-CH,), 5.31 (s, 2H, NCH,CH,), 7.26-7.43 (m,
5H, Ar-H); EI-MS m/z 396 (M*, 39.74), 91 ([C,H, I,
100%); Anal. Calcd for C,;H,,N,0S, (396.53): C, 60.58;
H, 5.08; N, 14.13. Found: C, 60.85; H, 5.14; N, 14.28.

N-(4-chlorophenyl)-2-[(4-benzyl-6,7,8,9-tetrahydro-5-
0x0-4,5-dihydro[1]benzothieno[3,2-¢][1,2,4]triazolo
[4,3-a]lpyrimidin-1-yl)sulfanyl]acetamide (16a). Reac-
tion time: 9.30 h, crystallized from ethyl acetate/ethanol,
yield: 57%; mp: 238-240 °C; IR (KBr, cm™): 3259 (NH),
3190, 3064 (CH aromatic), 2941, 2858 (CH aliphatic),
1685 (br. 2 x C=0), 1591, 1548, 1506 (C=C aromatic);
'"H-NMR (DMSO-d,) &: 1.76-1.80 (m, 4H, 2 x CH, at C-
7, C-8), 2.65-2.70 (m, 2H, CH, at C-6), 2.88-2.90 (m,
2H, CH, at C-9), 3.84 (s, 2H, SCH,), 5.32 (s, 2H,
NCH,CH,), 7.28-7.42 (m, 9H, Ar-H), 10.15 (s, 1H, NH,
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D,O exchangeable); EI-MS m/z 537 (M+2, 11.44), 535
(M*,25.2),91 ([C,H,]*, 100%); Anal. Calcd for C, H,,Cl-
N,O,S, (536.07): C, 58.25; H, 4.14; N, 13.06. Found: C,
58.44;H,4.11; N, 13.21.

4-Benzyl-1-{[2-morpholino-2-oxoethyl]sulphanyl}-
6,7,8,9-tetrahydro[1]benzothieno[3,2-¢][1,2,4]triazolo
[4,3-a]lpyrimidin-5(4H)-one (16b). Reaction time: 5.30
h, crystallized from acetonitrile, yield: 73%; mp: 256-258
°C; IR (KBr, cm™): 3020, 3000 (CH aromatic), 2966,
2870 (CH aliphatic), 1670, 1633 (2 x C=0), 1585, 1550,
1508 (C=C aromatic); 'H-NMR (DMSO-d;) &: 1.78-1.80
(m, 4H, 2 x CH, at C-7, C-8), 2.79-2.81 (m, 2H, CH, at
C-6), 2.92-2.98 (m, 2H, CH, at C-9), 3.39 (t, / = 9.9 Hz,
4H, CH,-N), 3.53 (t, J = 9.9 Hz, 4H, CH,-0), 4.18 (s, 2H,
SCH,), 5.32 (s, 2H, NCH,CH,), 7.26-7.42 (m, 5H, Ar-
H); EI-MS m/z 495 (M*, 5.25), 91 ([C,H,1*, 100%); Anal.
Calcd for C,,H,,N,O,S, (495.62): C, 58.16; H, 5.08; N,
14.13. Found: C, 58.42; H, 5.17; N, 14.29.

4-Benzyl-1-{[2-(4-phenylpiperazin-1-yl)-2-oxoethyl]
sulphanyl}-6,7,8,9-tetrahydro[1]benzothieno[3,2-¢]
[1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-one (16¢). Reac-
tion time: 5.30 h, crystallized from acetonitrile, yield:
65%; mp: 224-226 °C; IR (KBr, cm™): 3040, 3000 (CH
aromatic), 2918, 2812 (CH aliphatic), 1672, 1635 (C=0),
1585, 1550, 1508 (C=C aromatic); 'H-NMR (DMSO-d,)
8: 1.78-1.81 (m, 4H, 2 x CH, at C-7, C-8), 2.76-2.80 (m,
2H, CH, at C-6), 2.91-2.98 (m, 2H, CH, at C-9),
3.09-3.14 (m, 4H, 2 x CH, piperazine), 3.55-3.60 (m, 4H,
2 x CH, piperazine), 4.23 (s, 2H, SCH,), 5.32 (s, 2H,
NCH,CH,), 6.80-7.42 (m, 10H, Ar-H); EI-MS m/z 570
(M*, 1.19), 91 ([C,H,]*, 100%); Anal. Calcd for
C,,H;)NO,S, (570.73): C, 63.13; H, 5.30; N, 14.73.

307730

Found: C, 63.40; H, 5.36; N, 14.89.

4-Benzyl-1-{[2-[4-(4-methoxyphenyl)piperazin-1-yl]-
2-oxoethyl]sulphanyl}-6,7,8,9-tetrahydro[1]benzothie-
no[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-one
(16d). Reaction time: 6.30 h, crystallized from ethyl ace-
tate, yield: 83%; mp: 230-232 °C; IR (KBr, cm™): 3040,
3000 (CH aromatic), 2941, 2818 (CH aliphatic), 1672,
1635 (2 x C=0), 1585, 1548, 1510 (C=C aromatic);
'H-NMR (DMSO-d,) 6: 1.77-1.79 (m, 4H, 2 x CH, at
C-7, C-8), 2.76-2.80 (m, 2H, CH, at C-6), 2.91-2.99 (m,
6H, CH, at C-9 and 2 x CH, piperazine), 3.53-3.59 (m,
4H, 2 x CH, piperazine), 3.68 (s, 3H, OCH,), 4.22 (s, 2H,
SCH,), 5.32 (s, 2H, NCH,CH,), 6.80-7.42 (m, 9H, Ar-
H); EI-MS m/z 600 (M*, 2.79), 232 (M-C(H,N,0S,,
100%); Anal. Calcd for C,H;,N.O,S, (600.76): C, 61.98;
H, 5.37; N, 13.99. Found: C, 62.17; H, 5.46; N, 14.12.

N-(4-chlorophenyl)-2-methyl-2-[(4-benzyl-6,7,8,9-te-
trahydro-5-0x0-4,5-dihydro[1]benzothieno[3,2-¢]
[1,2,4]triazolo[4,3-a]pyrimidin-1-yl)sulphanyl]aceta-
mide (17a). Reaction time: 9.30 h, crystallized from chlo-

roform, yield: 60%; mp: 264-266 °C; IR (KBr, cm™):
3305, 3261, 3194 (NH), 3066 (CH aromatic), 2945, 2858
(CH aliphatic), 1681 (br. 2 x C=0), 1610, 1589, 1548
(C=C aromatic); 'H-NMR (DMSO-d) 6: 1.48 (d, J = 6.6
Hz, 3H, CH,), 1.71-1.79 (m, 4H, 2 x CH, at C-7, C-8),
2.60-2.62 (m, 2H, CH, at C-6), 2.83-2.85 (m, 2H, CH, at
C-9), 4.16 (q, J = 6.6 Hz, 1H, CH), 5.34 (s, 2H,
NCH,CH,), 7.23-7.42 (m, 9H, Ar-H), 10.03 (s, 1H, NH,
D,O exchangeable); "C-NMR (DMSO-d,) &: 17.09,
21.43, 22.14, 23.8, 24.68, 44.89, 47.15, 117.43, 120.46,
126.83, 127.44, 127.84, 128.23, 128.31, 131.1, 131.97,
135.97, 137.67, 137.98, 138.53, 149.62, 155.47, 168.49;
EI-MS m/z 551(M+2, 14.86), 549 (M*, 19.21), 91
([C,H,]*, 100%); Anal. Calcd for C,H,,CIN.O,S,
(550.10): C, 58.95; H, 4.40; N, 12.73. Found: C, 59.17; H,
4.48; N, 12.85.

4-Benzyl-1-{[2-morpholino-1-methyl-2-oxoethyl]sulp-
hanyl}-6,7,8,9-tetrahydro[1]benzothieno[3,2-¢]
[1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-one (17b). Reac-
tion time: 5 h, crystallized from ethyl acetate, yield: 65%;
mp: 260-262 °C; IR (KBr, cm™): 2943, 2860 (CH alipha-
tic), 1670, 1635 (2 x C=0), 1587, 1550, 1508 (C=C aro-
matic); '"H-NMR (DMSO-d,) &: 1.45 (d, J = 6 Hz, 3H,
CH,), 1.80-1.85 (m, 4H, 2 x CH, at C-7, C-8), 2.78-2.79
(m, 2H, CH, at C-6), 2.91-2.95 (m, 2H, CH, at C-9), 3.46
(t, J = 11 Hz, 4H, CH,-N), 3.52 (t, J = 11 Hz, 4H,
CH,-0), 4.56 (q, J = 6 Hz, 1H, CH), 5.33 (s, 2H,
NCH,CH,), 7.26-7.43 (m, 5H, Ar-H); EI-MS m/z 509
(M*, 2.41), 91 ([C,H,I*, 100%); Anal. Calcd for
C,;H,,.N,O,S, (509.65): C, 58.92; H, 5.34; N, 13.74.
Found: C, 59.13; H, 5.41; N, 13.87.

4-Benzyl-1-{[2-(4-phenylpiperazin-1-yl)-1-methyl-2-
oxoethyl]sulphanyl}-6,7,8,9-tetrahydro[1]benzothieno
[3,2-e][1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-one (17c).
Reaction time: 7 h, crystallized from acetonitrile, yield:
63%; mp: 240-242 °C; IR (KBr, cm™): 3020, 3000 (CH
aromatic), 2931, 2820 (CH aliphatic), 1670, 1629 (2 x
C=0), 1598, 1583, 1548 (C=C aromatic); 'H-NMR
(DMSO-dy) 6: 1.48 (d, J = 6.6 Hz, 3H, CH,), 1.73-1.78
(m, 4H, 2 x CH, at C-7, C-8), 2.89-2.92 (m, 2H, CH, at
C-6), 3.02-3.08 (m, 2H, CH, at C-9), 3.14-3.20 (m, 4H, 2
x CH, piperazine), 3.59-3.70 (m, 4H, 2 x CH, piperazi-
ne), 4.61 (q, J = 6.6 Hz, 1H, CH), 5.33 (s, 2H,
NCH,C.H,), 6.78-7.43 (m, 10H, Ar-H); EI-MS m/z 584
(M*, 2.10), 216 (M-C H,N,0S,, 100), 91 ([C,H,]",
72.31%); Anal. Calcd for C;H,,N.O,S, (584.76): C,
63.67; H, 5.52; N, 14.37. Found: C, 63.81; H, 5.58; N,
14.59.

4-Benzyl-1-{[2-[4-(4-methoxyphenyl)piperazin-1-yl]-
1-methyl-2-oxoethyl]sulphanyl}6,7,8,9-tetrahydro
[1]benzothieno[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidin-
5(4H)-one (17d). Reaction time: 7 h, crystallized from
acetonitrile, yield: 83%; mp: 236-238 °C; IR (KBr, cm™):
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2933, 2816 (CH aliphatic), 1670, 1629 (2 x C=0), 1585,
1548, 1510 (C=C aromatic); 'H-NMR (DMSO-d) 6: 1.47
(d,J=7.2Hz, 3H, CH,), 1.74-1.79 (m, 4H, 2 x CH, at C-
7, C-8),2.65-2.67 (m, 4H, 2 x CH, piperazine), 2.89-2.91
(m, 2H, CH, at C-6), 2.97-3.01 (m, 2H, CH, at C-9),
3.49-3.58 (m, 4H, 2 x CH, piperazine), 3.68 (s, 3H,
OCH,), 4.60 (q, J = 7.2 Hz, 1H, CH), 5.33 (s, 2H,
NCH,C.H,), 6.80-7.43 (m, 9H, Ar-H); BC-NMR (DM-
SO-d;) 0: 19.35, 21.45,22.18, 23.96, 24.78, 38.66, 45.27,
49.60, 50.04, 55.14, 114.22, 117.0, 120.50, 127.45,
127.95, 128.31, 131.50, 131.88, 135.97, 138.0, 144.86,
149.0, 153.28, 155.56, 168.54; EI-MS m/z 614 (M*, 2.22),
246 (M—C ¢H,N,0S,, 100), 91 ([C,H,]*, 48.71%); Anal.
Calcd for C,,H,,N,O,S, (614.78): C, 62.52; H, 5.57; N,
13.67. Found: C, 62.74; H, 5.66; N, 13.89.

N-(4-chlorophenyl)-3-[(4-benzyl-6,7,8,9-tetrahydro-5-
0x0-4,5-dihydro[1]benzothieno[3,2-¢][1,2,4]triazolo
[4,3-a]pyrimidin-1-yl)sulphanyl]propanamide (18a).
Reaction time: 34 h, crystallized from chloroform, yield:
68%; mp: 228-230 °C; IR (KBr, cm™): 3309, 3275 (NH),
3100, 3000 (CH aromatic), 2931, 2840 (CH aliphatic),
1681 (br. 2 x C=0), 1589, 1546 (C=C aromatic);
'H-NMR (DMSO-dy) 6: 1.74-1.79 (m, 4H, 2 x CH, at C-
7, C-8),2.62-2.65 (m, 2H, CH, at C-6), 2.72 (t, /= 15 Hz,
2H, CH,-CH,S), 2.83-2.85 (m, 2H, CH, at C-9), 3.31(t, J
= 15 Hz, 2H, CH,-CH,S), 5.30 (s, 2H, NCH,CH.,),
7.22-7.45 (m, 9H, Ar-H), 9.99 (s, 1H, NH, D,O exchan-
geable); EI-MS m/z 551.8 (M+2, 0.65), 549.8 (M*, 1.27),
91 ([C,H,]*, 100%); Anal. Calcd for C,,H,,CIN,O,S,
(550.10): C, 58.95; H, 4.40; N, 12.73. Found: C, 59.12; H,
4.47;N, 12.91.

4-Benzyl-1-{[2-morpholino-3-oxopropyl]sulphanyl}-
6,7,8,9-tetrahydro[1]benzothieno[3,2-¢][1,2,4]triazolo
[4,3-a]pyrimidin-5(4H)-one (18b). Reaction time: 30 h,
crystallized from chloroform, yield: 51%; mp: 198-200
°C; IR (KBr, cm™): 2947, 2862 (CH aliphatic), 1674,
1639 (2 x C=0), 1589, 1554, 1508 (C=C aromatic); 'H-
NMR (DMSO-d,) &: 1.74-1.80 (m, 4H, 2 x CH, at C-7,
C-8),2.75-2.77 (m, 2H, CH, at C-6), 2.77 (t, J = 12.6 Hz,
2H, CH,-CH,S), 2.91-2.95 (m, 2H, CH, at C-9), 3.22 (t, J
= 12.6 Hz, 2H, CH,-CH,S), 3.43-3.44 (t, 4H, CH,-N),
3.49-3.51 (t, 4H, CH,-0), 5.30 (s, 2H, NCH,CH,),
7.25-7.41 (m, 5H, Ar-H); EI-MS m/z 509 (M*, 0.30), 91
([C,H,]*, 100%); Anal. Calced for C,;H,,N.O,S, (509.65):
C, 58.92; H, 5.34; N, 13.74. Found: C, 59.21; H, 5.36; N,
13.89.

4-Benzyl-1-{[3-(4-phenylpiperazin-1-yl)-3-oxo-
propyl]sulphanyl}-6,7,8,9-tetrahydro[1]benzothieno
[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-one (18c).
Reaction time: 26 h, crystallized from acetonitrile, yield:
40%; mp: 214-216 °C; IR (KBr, cm™): 2937, 2852 (CH
aliphatic), 1676, 1643 (2 x C=0), 1585, 1552, 1508 (C=C
aromatic); 'H-NMR (DMSO-dy) 6: 1.70-1.71 (m, 4H, 2 x

CH, at C-7, C-8), 2.70-2.81 (m, 4H, CH, piperazine),
2.84 (t,J = 6 Hz, 2H, CH,-CH,S), 2.97-2.99 (m, 2H, CH,
at C-6), 3.04-3.12 (m, 2H, CH, at C-9), 3.23 (t, J = 6 Hz,
2H, CH,-CH,S), 3.46-3.50 (m, 4H, CH, piperazine), 5.30
(s, 2H, NC_H;C(,HS), 6.79-7.42 (m, 10H, Ar-H); ’*C-NMR
(DMSO-dy) d: 21.39, 22.16, 23.98, 24.79, 31.18, 32.72,
44.83, 47.98, 48.35, 115.63, 119.17, 120.50, 127.37,
127.78, 128.26, 128.88, 131.60, 131.71, 136.02, 138.0,
140.66, 148.0, 150.60, 155.58, 168.22; EI-MS m/z 584
(M*, 4.13), 91 ([C,H,]*, 100%); Anal. Calcd for
C,,H;,N,O,S, (584.76): C, 63.67; H, 5.52; N, 14.37.
Found: C, 63.84; H, 5.63; N, 14.61.

4-Benzyl-1-{[3-[4-(4-methoxyphenyl)piperazin-1-yl]-
3-oxopropyl]sulphanyl}-6,7,8,9-tetrahydro[1]benzot-
hieno[3,2-¢][1,2,4]triazolo[4,3-a]pyrimidin-5(4H)-one
(18d). Reaction time: 29 h, crystallized from chloroform,
yield: 42%; mp: 222-224 °C; IR (KBr, cm™): 3055, 3001
(CH aromatic), 2949, 2833 (CH aliphatic), 1674, 1641 (2
x C=0), 1587, 1554, 1510 (C=C aromatic); 'H-NMR
(DMSO-dy) 6: 1.71-1.73 (m, 4H, 2 x CH, at C-7, C-8),
2.71-2.78 (m, 4H, 2 x CH, piperazine), 2.80 (t, J/ = 6.6
Hz, 2H, CH,-CH,S), 2.83-2.92 (m, 4H, 2 x CH, at C-6
and C-9), 3.25 (t, J = 6.6 Hz, 2H, CH,-CH,S), 3.45-3.55
(m, 4H, 2 x CH, piperazine), 3.68 (s, 3H, (5CH3), 5.31 (s,
2H, NCH,C.H,), 6.79-7.42 (m, 9H, Ar-H); EI-MS m/z
616 (M+2, 0.95), 614 (M™, 4.66), 91 ([C,H,]*, 100%);
Anal. Calcd for C,,H, N.O,S, (614.78): C, 62.52; H,
5.57; N, 13.67. Found: C, 62.70; H, 5.54; N, 13.84.

2. 2. In vitro Anticancer Screening
2. 2. 1. Materials and Methods

The prostate tumor cell line (PC-3) and the colon tu-
mor cell line (HCT-116) were obtained frozen in liquid ni-
trogen (—180 °C) from the American Type Culture Collec-
tion (ATCC) and were maintained in the National Cancer
Institute, Cairo, Egypt, by serial sub-culturing. All chemi-
cals used in this study were of high analytical grade. They
were obtained from either Sigma-Aldrich or Bio-Rad.

2. 2. 2. Measurement of Potential Cytotoxicity

The cytotoxic activity of some selected compounds
was measured in vitro against human prostate cancer cell
line (PC-3) and colon cancer cell line (HCT-116) at five
different doses (0, 5.0, 12.5, 25.0 and 50.0 pg/mL). The
screening was carried out at the Pharmacology Unit, Can-
cer Biology Department, National Cancer Institute, Cairo
University using Sulforhodamine-B (SRB) assay, appl-
ying the method of Skehan et al.*' as follows.

Cells were plated in 96 multi-well plate (104
cells/well) for 24 h before treatment with the tested com-
pound to allow attachment to the wall of the plate. Diffe-
rent concentrations of the compounds (0, 5.0, 12.5, 25.0
and 50.0 pg/mL) were added to the cell monolayer in tri-
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plicate and wells were prepared for each individual dose.
Monolayer cells were incubated with the compounds for
48 h at 37 °C in atmosphere of 5% CO,. After 48 h, cells
were fixed, washed and stained with Sulforhodamine-B
stain. Excess stain was washed with acetic acid and the at-
tached stain was recovered with Tris EDTA buffer. Color
intensity was measured in an ELISA reader. The relation
between surviving fraction and drug concentration was
plotted to get the survival curve of each tumor cell line.
IC,, values (the concentration required for 50% inhibition
of cell viability) were calculated using sigmodial dose res-
ponse curve-fitting models (GraphPad, Prizm software in-
corporated), each concentration was repeated three times.
The results are given in Table 1 and represented graphi-
cally in Fig. 3.

3. Results and Discussion

3. 1. Chemistry

The synthetic strategies adopted for the synthesis of
the intermediate and final compounds are illustrated in
Schemes 1 and 2. In Scheme 1, the starting compound
ethyl 2-amino-4,5,6,7-tetrahydro[1]benzothiophene-3-
carboxylate (1) was prepared according to the well-known
Gewald procedure.” Reacting 1 with benzyl isothiocya-
nate in acetonitrile afforded the corresponding 3-benzyl-
2-sulfanylthienopyrimidine derivative 2. The 2 formed
was treated with 99% hydrazine hydrate in dry pyridine to
give the 2-hydrazino derivative 3. Structural elucidation of
3 was based on IR and "H-NMR spectroscopy. Reacting
the key intermediate 3 with formic acid or acetic acid in-
duced cyclization to the corresponding triazolo derivati-
ves 4a and 4b. IR and '"H-NMR spectra confirmed the
cyclization through the disappearance of NH and NH, sig-
nals. The presence of a signal at & 12.07 ppm in *C-NMR
verified the presence of the CH, group in 4b. Compound 5
was obtained upon treatment of 3 with chloroacetyl chlo-
ride in dry DMF. The notable feature in the '"H-NMR
spectrum was the appearance of a singlet peak at & 5.18
ppm indicating CH,CI group. The successful formation of
the intermediate 5 prompted us to investigate the nucleop-
hilic replacement of the active chlorine atom with diffe-
rent amines. Compound 5 underwent nucleophilic substi-
tution with various substituted piperazines to afford 6a—d.
The '"H-NMR spectra of the products 6a—d showed the ap-
pearance of the protons of the piperazine moiety in the
range of § 2.43-3.19 ppm. Moreover, a singlet signal at &
3.94-3.96 ppm characteristic to the CH, linking the tria-
zole ring and the piperazine ring confirmed the successful
incorporation of piperazine moieties.

Compound 7 was obtained in good yield by heating
the key intermediate 3 with N,N-carbonyldiimidazole in
dry benzene. IR spectrum of 7 showed absorption bands at
v 1720 and 1632 cm™" indicating the presence of two C=0
groups of the triazole ring and the pyrimidinone ring, res-

pectively. Furthermore, the 'H-NMR spectrum displayed
an exchangeable singlet signal at 8 12.0 ppm correspon-
ding to the NH proton of the triazole ring. '*C-NMR spec-
trum of 7 showed two signals at & 149.17 and 156.63 ppm
confirming the presence of two carbonyl moieties. Furt-
hermore, the reaction of 3 with various isothiocyanates
yielded the corresponding 1-substituted aminotriazolo de-
rivatives 8a—e. "H-NMR spectra of 8a—e showed D,0 exc-
hangeable signals in the range of 4 9.29-9.39 ppm assig-
nable to the NH.

On the other hand, reacting 3 with diethyl malonate
in acetic acid afforded the unexpected product
1-methyltriazolo derivative 4b. The formation of 4b may
be explained by the hydrolysis and decarboxylation of the
ester group in the intermediate compound 9 in acidic me-
dium. However, the direct interaction of 3 with excess di-
ethyl malonate in the absence of solvent at the refluxing
temperature afforded the expected product 9. The IR spec-
trum showed the presence of two C=0 moieties at v 1740
and 1666 cm™' while the '"H-NMR spectrum confirmed the
presence of the ethyl ester group. Further evidence was
obtained from the *C-NMR spectrum of 9 which confir-
med the presence of ethyl ester group through signals at &
14.45 and 62.0 ppm in addition to a signal at § 32.31 ppm
corresponding to the -CH,— flanked between the thienop-
yrimidin-2-ylsulphanyl group and carbonyl function.
Furthermore, the reaction of 3 with benzoyl chloride and
ammonium thiocyanate in dry acetone afforded the ben-
zoyl thiourea derivative 10. "H-NMR spectrum of com-
pound 10 showed the presence of three D,O exchangeable
signals assignable to three NH moieties at § 9.79, 11.71
and 12.49 ppm.

In Scheme 2, the reaction of 3 with carbon disulfide
in ethanolic potassium hydroxide followed by acidifica-
tion with hydrochloric acid yielded the thiol (11) / thione
(11a) tautomers. One of the objectives of this work was to
prepare a series of S-alkylated triazolopyrimidine derivati-
ves with varying the linker skeleton as well as varying the
bioactive amine to test their cytotoxicity.

Herein, a series of alkylated mercapto 1,2,4-triazo-
les was synthesized via the reaction of the key intermedia-
te 11 with various alkyl halides or o~ and B-chloroamides
(13a—d, 14a-d, 15a—d) in absolute ethanol in the presen-
ce of anhydrous sodium acetate to afford the correspon-
ding S-alkyl derivatives (12a,b, 16a-d, 17a-d, 18a—d).
The success of alkylation was confirmed by the absence
of SH or NH signals in 'H-NMR spectra of 12a and 12b
together with the appearance of peaks characteristic to
methyl and ethyl moieties in each compound, respecti-
vely. Moreover, the mass spectrum of 12a,b showed their
corresponding molecular ion peaks at m/z 382 and 396,
respectively.

The structure of the mercapto alkylated derivatives
16a-d, 17a—d and 18a-d linked to different secondary
amines with different linkages was supported by ele-
mental analyses and spectral data. IR spectra of all target
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compounds indicated the appearance of new amide C=0
absorption band at v 1629-1643 cm™'. Moreover, 'H-NMR
spectra of compounds 16a-d, 17a—d and 18a—d showed

the disappearance of the SH signal at & 14.06 ppm. Besi-
des, the alkyl protons in the linker between the triazolop-
yrimidine ring and the amine appeared as follows;

o (0]
e O
|\ NH, jii N .
[ s\ NN  R=H, CH,
4ab R

Vi

/>—-NHNH2

7

- odb o

o]
e
\
=N
6a-d Z/
CI
R=CHjs, CgHs,
4-Cl-CgH,, 4-OCH3-CgH, K/N
Q
N
\ /N

o)
N

vi \ )=N  R=CHs, C;Hs, CHy(CHy),CH,,

e — | N__N  CH;=CH-CHp., 4-OCHy-CeH,
=
<y

8a-e HN_
R
(0]
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9
COOC,Hs
HN
N HN o)
ix )—NH
S 10

Scheme 1. Synthesis of triazolo derivatives 4a,b, 5, 6a-d, 7, 8a-d, 9 and 10: (i) PhCH,NCS / K,CO, / acetonitrile, followed by acidification; (ii)
NH,-NH,-H,0 / pyridine, reflux; (iii) RCOOH, reflux; (iv) CICH,COCI1/ DMF, 100 °C; (v) piperazines / EtOH, reflux; (vi) CDI/ benzene, reflux;
(vii) RNCS / EtOH, reflux; (viii) diethyl malonate, reflux; (ix) benzoyl chloride / NH,SCN / acetone, reflux.
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'H-NMR spectra of 16a—d showed a characteristic singlet
in the range of & 3.84-4.23 ppm assigned for SCH, pro-
tons, while the spectra of 17a—d revealed doublet signals
in the range of & 1.44—1.51 ppm assignable to CH, moiety
and quartet signals assignable to CH protons in the range
of 6 3.93-4.61 ppm. The presence of ethylene fragment

(CH,—CH,) in compounds 18a—d was revealed by two tri-
plet signals in the range of & 2.72-2.87 ppm and &
3.20-3.40 ppm in 'H-NMR spectra. Further proof for the-
se compounds was obtained using *C-NMR spectroscopy
where the spectrum of compound 18¢ showed signals at &
31.18 and 32.72 ppm assignable to the SCH, and

3 .

o)
N RI/ EtOH N)‘N
’ -
S )~ NHNH, NN _L R=CH; CH;
[ LTt T
s - Y
: 12ab j-S
Ii,ii
NR!
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o =
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N)\ R'N” ~0O
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Scheme 2. Synthesis of triazolo derivatives 11, 12a,b, 16a-d, 17a-d, 18a-d: (i) CS, / KOH / EtOH, reflux; (ii) diluted HCI; (iii) anhydrous sodi-
um acetate / EtOH, reflux.

Botros et al.: Synthesis, Characterization and Cytotoxicity ...



Acta Chim. Slov. 2017, 64, 102-116

CH,-CO moieties, respectively. In addition, 'H-NMR
spectra of all the target products 16a—d, 17a—d and 18a—d
displayed the expected signals of the morpholino, 4-chlo-
roanilino and substituted piperazine moieties.

3. 2. In vitro Cytotoxicity

The in vitro cytotoxic activity of 24 selected com-
pounds was evaluated against two human cancer cell lines
including cells derived from human prostate cancer (PC-
3) and human colon cancer (HCT-116) according to the
standard protocol for IC,, determination. Doxorubicin
(DOX), being one of the most effective anticancer agents,
was chosen as the reference standard anticancer drug.*?
The IC,, values in uM are listed in Table 1 and the results
are represented graphically in Fig. 3.

From the results in Table 1 it is evident that most of
the tested compounds displayed moderate to potent cancer
cell growth inhibition. Generally, all the tested compounds
tended to be more active against HCT-116 than against
PC-3. Examining the IC,, of the tested compounds against
PC-3 cell line revealed that compounds 10, 12b, 17b and
18c exhibited significant anticancer activities with lower
IC,, values compared to DOX, with compound 16¢ being
the most potent with an IC; of 5.48 uM. Meanwhile, com-
pound 12a showed equipotent activity to DOX, while com-
pounds 6a, 6¢, 8a, 17¢ and 18a exhibited IC, values (ran-
ging from 8.25-8.97 uM) very close to DOX (IC,, = 7.7
uM) against PC-3. As for the HCT-116 cell line, com-
pounds 6c¢ and 18c were the most active (IC,, = 6.56 and
6.12 uM, respectively) in contrast to 15.82 uM for the stan-
dard on the same cell line. In addition, compounds 4a, 5,
6a, 8a, 8b, 8d, 10, 12b, 17b, 17¢, and 18a displayed more
potent cytotoxic activity compared to the standard with
IC,, values ranging from 7.4 to 14.77 uM.

Table 1. Results of in vitro cytotoxic activity of some selected com-
pounds against human prostate cancer cell line (PC-3) and colon
cancer cell line (HCT-116). (Results in bold represent compounds
with better activity than DOX.)

IC,, in pM*
Compound no. PC-3 HCT-116
4a 13.58 10.64
4b 11.41 >100
5 10.13 12.47
6a 8.91 14.77
6¢c 8.25 6.56
7 11.35 29.51
8a 8.97 12
8b 15 11
8d 10.7 12
8e 10.05 17.15
10 6.53 8.86
11 >100 >100
12a 7.8 20.1
12b 7 7.57
16a >100 >100
16¢ 5.48 17.52
17a >100 60.53
17b 6.4 7.63
17¢ 8.5 74
17d >100 20.33
18a 8.5 8.18
18b 16.01 >100
18c 7.5 6.12
18d 36 27.32
Doxorubicin 7.7 15.82

* The values given are means of three experiments.

Referring to the IC,, values listed in Table 1, the fol-
lowing SAR can be deduced: among the triazolo derivati-
ves 4a and 4b, the unsubstituted derivative 4a showed
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Figure 3. Cytotoxicity of some selected compounds against human prostate cancer cell line (PC-3) and colon cancer cell line (HCT-116)
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good activity against HCT-116. Concerning the piperazi-
ne derivatives 6a—d, compounds 6a and 6c¢ displayed good
activity against both cell lines whereas the 4-chlorophenyl
piperazine derivative 6¢ showed 2.4 fold higher activity
than DOX against HCT-116 cell line in agreement with
the reported anticancer activity of derivatives incorpora-
ting piperazine scaffolds and halogen atoms.**** Upon
analyzing the results of the substituted amino triazoles
8a—e, compounds 8a, 8b and 8d exhibited higher activity
than DOX against HCT-116 but it was difficult to reach
conclusions regarding the effect of varying the substituent
since the cytotoxicity of 8a—e was almost the same. The

N-methyl derivative 8a was the only potent analogue

against PC-3 cell line. Interestingly, compound 10 dis-

played potent cytotoxic activity against both cell lines in
accordance with the reported antitumor activity of thiose-
micarbazide derivatives.*’

Among the 1,2,4-triazole derivatives, the mercapto
substituted 1,2,4-triazole ring systems have been studied
and so far a variety of antitumor properties have been re-
ported for a large number of these compounds.”>~*’ Based
on the above findings, we investigated herein in Scheme
2, the structure—activity relationship of S-alkylated series
of compounds 12a,b, 16a—d, 17a—d and 18a—d, focusing
in particular on the effect of the linker skeleton as well as
varying the bioactive amine on the cytotoxic activity, the
following was observed:

— The incorporation of ethyl substituent in 12b resulted in
a more potent derivative than 12a against both cell lines.

—Among compounds 16a-d with CH, linker, the
4-phenyl piperazine analogue 16¢ showed selective high
activity against PC-3.

— The cytotoxic activity of compounds 17a—d with branc-
hed alkyl linker (-CHCH,) showed that the incorpora-
tion of morpholine ring (17b) and phenyl piperazine
moiety (17¢) resulted in compounds with potent activity
against both cell lines.

— The phenyl piperazine derivatives (16¢ and 18c) affor-
ded better cytotoxic activity compared to other amines
against PC-3 and HCT-116, respectively.

—Extending the side chain caused pronounced change in
the activity of the 4-chloroaniline derivative 18a against

both cell lines compared to 16a with acetamide linkage
and 17a with branched linker which were devoid of acti-
vity.

4. Conclusion

A series of substituted 4-benzyl[1]benzothieno[3,2-
e][1,2,4]triazolo[4,3-a]pyrimidines was designed, synthe-
sized, and screened for their anticancer activity against
PC-3 and HCT-116 cell lines. Many of the newly synthe-
sized compounds showed remarkable activity on the te-
sted cell lines with higher sensitivity towards the
HCT-116 cell line. Compounds 10, 12b, 17b and 18c sho-

wed higher cytotoxic activity against both PC-3 and
HCT-116 cell lines compared to DOX. Incorporation of a
4-phenylpiperazine moiety resulted in higher activity
against both cell lines where compound 16c¢ was the most
active against PC-3 with 1.4 fold higher activity than
DOX, while 18c showed 2.5 fold higher anticancer acti-
vity against HCT-116. The obtained results suggest that
thienopyrimidines containing 1,2,4-triazole scaffold
might be suitable candidates for further chemical modifi-
cations in order to obtain more potent and selective anti-
cancer agents.
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Povzetek

Stevilna porogila o proti rakastem delovanju razli¢nih tieno[2,3-d]pirimidinov in triazolotienopirimidinov so nas spod-
budila k pripravi nove serije 4-benzil-6,7,8,9-tetrahidro[ 1]benzotieno[3,2-¢][1,2,4]triazolo[4,3-a]pirimidinov. Raziskali
smo in vitro citotoksi¢no aktivnost izbranih spojin proti dvema ¢loveskima celicnima linijama: raka prostate (PC-3) ter
raka debelega crevesa in danke (HCT-116). Izvedli smo tudi zacetno Studijo odvisnosti med aktivnostjo tar¢nih spojin in
njihovo strukturo. Vecina pripravljenih spojin je izkazala precej$njo aktivnost proti testiranima celi¢nima linijama, zla-
sti obetavna je bila aktivnost spojine 16¢ proti celi¢ni liniji PC-3 z IC,, vrednostjo 5.48 uM, kar je zelo ugodno v pri-
merjavi z vrednostjo za doksorubicin (IC,, = 7.7 uM), referen¢nim standardom uporabljenim v tej raziskavi. Po drugi
strani pa sta se spojini 6¢ in 18¢ izkazali kot najbolj aktivni proti celi¢ni liniji HCT-116 (IC,, = 6.12 in 6.56 uM), kar je
tudi ugodno v primerjavi z vrednostjo za standard (IC,, = 15.82 uM). Zato lahko zaklju¢imo, da bi nekateri izmed sin-
tetiziranih tienopirimidinskih derivatov, zlasti 6¢, 16¢ in 18¢, lahko predstavljali potencialno zanimive spojine za nadalj-
nji razvoj v ucinkovita zdravila proti raku.
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Abstract

Novel tetrahydrobenzo[b]thienopyrole derivatives are synthesized from 2-amino-3-cyano-4,5,6,7-tetrahydroben-
zo[b]thiophene (1) through its reaction with o-chloroacetone to give the corresponding N-alkyl derivative 3. Compound
3 undergoes ready cyclization in sodium ethoxide solution to give the tetrahydrobenzo[b]thienopyrrole 4. The latter com-
pound 4 is used as the key starting material for the synthesis of thiophene, thieno[2,3-b]pyridine and pyran derivatives.
The cytotoxicity of the synthesized products towards the human cancer cell lines namely gastric cancer (NUGC), colon
cancer (DLD-1), liver cancer (HA22T and HEPG-2), breast cancer (MCF-7), nasopharyngeal carcinoma (HONE-1) and
normal fibroblast (WI-38) cell lines are measured. Compounds 4, 7a, 7b, 8a, 8b, 10c, 10d, 10f, 12a, 12b, 14b and 15b
exhibit the optimal cytotoxic effect against cancer cell lines. Compounds 7b and 14b show the maximum inhibitory effect
and these are much higher than the reference CHS-828 (pyridyl cyanoguanidine). On the other hand, the anti-proliferati-
ve evaluations of these compounds with high potency against the cancer cell lines L1210, Molt4/C8, CEM, K562, K562/4
and HCT116 show that compounds 7b and 8b give IC,’s against Molt4/C8 and CEM cell lines higher than that of the re-
ference, doxorubicin.

Keywords: Tetrahydrobenzo[b]thiophene, pyran, thiophene, cytotoxicity, anti-proliferative activity

1. Introduction

Sulfur containing heterocycles paved way for the acti-
ve research in the pharmaceutical Chemistry. Nowadays
benzothiophene derivatives in combination with other ring
systems have been used extensively in pharmaceutical ap-
plications.' A large number of compounds containing
thiophene system have been investigated because of their
broad spectrum of biological activities which include anal-
gesic,® antibacterial,® antifungal,® antiparasitic,” antiviral,®
anti-inflammatory,” anticonvulsant,'® anti-nociceptive,'"
DNA Cleavage,12 herbicidal,"? antitubercular,'* protein kina-
se inhibition," respiratory syndrome protease inactiva-
tion,'® an active ester in the peptide synthesis and agonists

of peroxisome proliferator activated receptors.'” In addition
to these considerable biological applications, tetrahydro-
benzo[b]thiophenes are important intermediates, protecting
groups and final products in organic synthesis. Recently,
our research group was involved through comprehensive
program aiming for the synthesis of 4,5,6,7-tetrahydroben-
zo[b]thiophene derivatives followed by their antitumor eva-
luations.'®!” Moreover, we reported the multi-component
reactions with 3-(o-bromoacetyl)coumarin to give pyan
and pyrididine derivatives.” In continuation of this pro-
gram we are demonstrating the use of 2-amino-3-cyano-
4,5,6,7-tetrahydrobenzo[b]thiophene for the synthesis of te-
trahydrobenzo[b]thienopyrrole derivatives followed by
their cytotoxic and the anti-proliferative evaluations.?"**
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2. Results and Discussion

The reaction of the 2-amino-3-cyano-4,5,6,7-te-
trahydrobenzo[b]thiophene (1) with a-chloroacetone in
the presence potassium carbonate afforded the 2-((2-oxo-
propyl)amino)-4,5,6,7-tetrahydrobenzo[b]thiophene-3-
carbonitrile (3). Compound 3 was characterized by
"H-NMR and "*C-NMR. Thus, the '"H-NMR spectrum

display the presence of beside the expected tetrahydro-
benzene moiety, a singlet at 8 5.20 ppm indicating the
presence of the N-CH, group, a singlet at & 2.88 ppm as-
signed to the CH, group and a broad singlet at 6 8.30
ppm due to the NH group. Moreover, the *C-NMR spec-
trum showed 8: 19.6 (CH,), 20.3, 22.0, 25.7 and 34.6 (4
CH,), 55.6 (CH,), 116.8 (CN), 124.1, 124.9, 128.7 and
139.5 (thiophene C), 164.8 (C=0). Compound 3 under-

CN CN
| \ NH, + C|/\rcH3 1.4-dioxane | \ NHCH5COCHj5
_—
S o) S
Nazc()_g
3
1 2
NH;
COCH;
NaOEt | NN
3 _—
s
4
Shema 1. Synthesis of compounds 3 and 4.
NH,OAc
4 + H,C CN —_—
I 120 °C
X
5a, X=CN e
b, X = COOEt 6:')‘ i _ Egom
HoN X
N7 \
CHj
=
NaOEt
6a,b R —— ‘ \ NH
s
7a, X=CN
b, X = COOEt
1.4-dioxane/Et;N
4 4 Hzcl CN _— 73,[)
X
5a, X =CN
b, X = COOEt

Shema 2. Synthesis of compounds 6a,b and 7a,b.
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went ready cyclization when heated in sodium ethoxide
solution in a boiling water bath to yield the 1-(3-amino-
4,5,6,7-tetrahydro-1H-benzo[4,5]thieno[2,3-b]pyrrol-2-
yl)ethanone (4) (Scheme 1).

Compound 4 showed interesting reactivity towards
different reagents, thus, it reacted with either malononitri-
le (5a) or ethyl cyanoacetate (Sb) in the presence of am-
monium acetate in an oil bath at 120 °C afforded the
Knoevenagel condensated products 6a and 6b, respecti-
vely. The latter products underwent ready cyclization in
sodium ethoxide solution to give the annulated products
7a and 7b, respectively (Scheme 2). The structures of the
latter products were established on the basis of the analy-
tical and spectral data. Thus, the '"H-NMR spectrum of 7a
showed the presence of & 2.89 ppm assigned to the CH,
group, a singlet at 6 4.89 ppm indicating the NH, group
and a singlet at & 8.33 ppm confirming the presence of the
NH group. Moreover, the *C-NMR spectrum showed &

1.4-dioxane/Et;N

19.8 (CH,), 20.1, 22.7, 25.2 and 34.6 (4 CH,), 116.8
(CN), 120.1, 122.6, 123.8, 124.2, 125.3, 127.2, 135.6,
142.3 (thiophene, pyrrole, pyridine C) and 168.2 (C=N).
Compound 4 was studied to produce thiophene deri-
vatives through the Gewald’s reaction®*~® as many thiophe-
nes were used as anticancer drugs. Thus, the reaction of
compound 4 with either of malononitrile or ethyl cyanoace-
tate and elemental sulphur gave the thiophene derivatives
8a and 8b, respectively. On the other hand, the one pot reac-
tion of compound 4 with either malononitrile or ethyl cya-
noacetate and any of benzaldehyde, 4-chlorobenzaldehyde
or 4-methoxybenzaldehyde gave the pyran derivatives 10a-
f, respectively. The 'H-NMR and *C-NMR spectra 10a-f
were consistent with their respective structures. Further
confirmations for the structure of compounds 10a-f were
obtained through their synthesis via another synthetic root.
Thus, the reaction of compound 4 with the cinnamonitrile
derivatives 11a-f in the presence of a catalytic amount of

4 + Sg  + Sab o
8a, X =CN
b, X = COOEt
Ar
1.4-dioxane

4 + HE? CN + Ar-CHO —_—

X

9a, Ar = CHj;
5a, X=CN b, Ar=4-CI-C¢Hy
b, X = COOEt ¢, Ar=4-OCHj;4

CN
A=

11a, Ar=C4zHs, X =CN
b, Ar = Cg¢Hs, X = COOEt
¢, Ar=4-Cl-C4H,;, X =CN
d, Ar =4-CI-C¢Hy, X = COOEt
e, Ar=4-OCH;, X =CN
f, Ar=4-OCHj;, R = COOEt

Shema 3. Synthesis of compounds 8a,b and 10a-f.

10a, Ar = CgHs, R = NH,
b, Ar = CgHs, R = OH
¢, Ar = 4-CI-C¢H,,R = NH,
d, Ar = 4-CI-C¢H,, R = OH
e, Ar = 4-OCH;-C¢H,, R =NH,
f, Ar = 4-OCH;-C¢H,, R = OH

1.4-dioxane
EE—

10a-f
Et;N
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triethylamine gave the same products 10a-f, respectively
(m.p., mixed m.p. and fingerprint IR) (Scheme 3).
Moreover, the reaction of either of compound 8a or
8b with ethyl cyanoacetate in refluxing dimethylforma-
mide afforded the 2-amido derivatives 12a and 12b, res-
pectively. Formation of the latter products was explained
on the condensation of ethyl cyanoacetate with the 2-
aminothiophene moiety not to the 3-aminopyrrol moiety
on the basis of the 'H-NMR spectra of such products.
Thus, the '"H-NMR spectrum of either 12a or 12b displa-
yed the missing of the NH, group that attached to thiop-
hene ring which is expected to appear within the range &
5.10-5.24 ppm while that of the 3-aminopyrrole moiety
existing at & 4.81-4.83 ppm. Similar acylation of the 2-
aminothiophene was reported before in literature.?” The
high yield of compound 12a, encouraged us to make furt-

DMF
8a.b 4+ HC—CN —»
|

COOEt
5b
+

_ Ethanol/NaOAc
12a + Ar—N=NCI —_—
13a, Ar = C¢H;

b, Ar=4-Cl-C¢H,
¢, Ar = 4-OCH;-C¢H,
d. Ar= 4-CH3-C6H4

NaOEt

12a,b —_—

Shema 4. Synthesis of compounds 12a,b-15a,b.

her work. Thus, the reaction of 12a with either of the aryl
diazonium salts 13a-d gave the aryl hydrazo derivatives
14a-d, respectively. Moreover, compounds 12a,b under-
went ready cyclization in sodium ethoxide to produce the
thieno[2,3-b]pyridine derivatives 15a and 15b, respecti-
vely (Scheme 4).

2. 2. Anti-tumor Cell Activity

2. 2. 1. Chemicals and Cell cultures

Fetal bovine serum (FBS) and L-glutamine, were
purchased from Gibco Invitrogen Co. (Scotland, UK).
RPMI-1640 medium was purchased from Cambrex (New
Jersey, USA). Dimethyl sulfoxide (DMSO), doxorubicin,
CHS-828, penicillin, streptomycin and sulforhodamine B
(SRB) were purchased from Sigma Chemical Co. (Saint

NHCOCH,CN

12a, X =CN
b, X = COOEt

NHCOCCN

NNHAr

14a, Ar = C4H;
b, Ar=4-Cl-C¢H,
¢, Ar = 4-OCH;-C¢H,
d, Ar= 4-(1H3-C6H4

15a, R =NH,
b, R = OH
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Louis, USA). The cell cultures was obtained from the Eu-
ropean Collection of cell Cultures (ECACC, Salisbury,
UK) and human gastric cancer (NUGC), human colon
cancer (DLD-1), human liver cancer (HA22T and HEPG-
2), human breast cancer (MCF-7), nasopharyngeal carci-
noma (HONE-1) and normal fibroblast cells (WI-38) we-
re kindly provided by the National Cancer Institute (NCI,
Cairo, Egypt). They grow as monolayer and routinely
maintained in RPMI-1640 medium supplemented with
5% heat inactivated FBS, 2 mM glutamine and antibiotics
(penicillin 100 U/mL, streptomycin 100 1g/mL), at 37 °C
in a humidified atmosphere containing 5% CO,. Exponen-
tially growing cells were obtained by plating 1.5 x 10°
cells/mL for the six human cancer cell lines including
cells derived from 0.75 x 10* cells/mL followed by 24 h of
incubation. The effect of the vehicle solvent (DMSO) on
the growth of these cell lines was evaluated in all the ex-
periments by exposing untreated control cells to the maxi-
mum concentration (0.5%) of DMSO used in each assay.

2. 2. 2. In vitro Cytotoxicity Assay

The heterocyclic compounds, prepared in this study,
were evaluated according to standard protocols®®* for their
in vitro cytotoxicity against the six human cancer cell lines
including cells derived from human gastric cancer

(NUGC), human colon cancer (DLD-1), human liver can-
cer (HA22T and HEPG-2), human breast cancer (MCF-7),
nasopharyngeal carcinoma (HONE-1) and a normal fibrob-
last cells (WI-38). All of IC,, values were listed in Table 1.
Some heterocyclic compounds were observed with signifi-
cant cytotoxicity against most of the cancer cell lines tested
(IC,,=10-1000 nM). Normal fibroblasts cells (WI-38) were
affected to a much lesser extent (IC,,>10,000 nM). The re-
ference compound used was the CHS-828 which is the
pyridyl cyanoguanidine anti-tumor agent.* It is a new che-
motherapeutic drug in addition it has low toxicity and lacks
known patterns of multidrug resistance.’'

2. 2. 3. Structure-activity Relationship

From Table 1 it is clear that the thiophene moiety
was found to be crucial for the cytotoxic effect of the
cyclic compounds 3 -15a,b. Compounds 4, 7a, 7b, 8a, 8b,
10c, 10d, 10f, 12a, 12b, 14b and 15b exhibited optimal
cytotoxic effect against cancer cell lines, with IC,’s in the
nM range. Comparing the cytotoxicity of the tetrahy-
drobenzothiophene 3 and the cyclized product 4, it is ob-
vious that the cytotoxicity of compound 4 is higher than
that of compound 3. The presence of the pyrrol ring
through the tetrahydrobenzo[b]thiophene in compound 4
is responsible for its high potency. The condensation reac-

Table 1. Cytotoxicity of the newly synthesized products against a variety of cancer cell lines [IC," (nM)]

Compound Cytotoxicity (IC, in nM)
No. UGC® DLD-1" HA22T" HEPG-2® HONE-1° MCF-7" WI-38"
3 2142 1222 1340 1028 1828 2246 NA
4 86 45 313 128 212 310 NA
6a 2101 2380 3258 2266 2380 3330 NA
6b 1335 1140 1072 1154 1064 1258 NA
Ta 218 146 220 337 241 380 NA
7b 48 92 260 46 74 32 NA
8a 320 240 230 165 1281 265 NA
8b 48 35 53 170 49 78 NA
10a 1220 1033 2250 1275 2126 2372 NA
10b 1165 1322 2350 2221 2152 1322 NA
10c 330 532 822 442 1529 1224 NA
10d 30 62 74 39 1330 88 NA
10e 1135 2160 2160 814 780 296 NA
10f 149 2220 3210 550 2451 1286 120
12a 69 74 190 448 2871 2690 NA
12b 26 65 38 220 440 57 NA
14a 1350 1160 2290 2120 1126 2230 NA
14b 83 59 80 64 87 48 1330
14c 1480 1156 1346 1226 1275 1240 NA
14d 1245 2160 2180 2220 1869 1765 NA
15a 1845 1210 1218 1076 1270 436 NA
15b 1220 2063 377 740 253 2210 NA
CHS-828 25 2315 2067 1245 15 18 NA

* Drug concentration required to inhibit tumor cell proliferation by 50% after continuous exposure of 48 h.
"NUGC, gastric cancer; DLD-1, colon cancer; HA22T, liver cancer; HEPG-2, liver cancer; HONE-1, nasopharyngeal
carcinoma; MCEF-7, breast cancer; WI-38, normal fibroblast cells. NA: Not Active.
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tion of compound 4 with either malononitrile or ethyl cya-
noacetate to produce compounds Sa and Sb, respectively
showed a decrease of cytotoxicity. On the other hand, the
cyclization of compounds 6a and 6b to the ben-
zo[4’,5’ Jthieno[3’,2°:4,5]pyrrolo[3,2-b]pyridine derivati-
ves 7a and 7b showed remarkable increase of the cytoto-
xicity. Moreover, it is clear that compound 7b showed mo-
re cytotoxicity than 7a, this is attributed to the presence of
the oxygen rich COOE-t group. The introduction of the
second thiophene moiety to compound 4 that gives both of
compounds 8a and 8b showed high potency-especially-in
case of compounds 8b which was attributed due to the
presence of the COOEt. Considering the pyran derivatives
10a-f, the cytotoxicity of compounds 10c and 10d showed
the highest values among the six compounds. However,
compound 10c showed high cytotoxicity against the four
cancer cell lines HUGC, DLD-1, HA22T and HEPG-2,
but it is of great value to notice that compound 10d sho-
wed high cytotoxicity against five cancer cell lines and
such cytotoxicity is higher than that of compound 10c.
The high cytotoxicity of compound 10d is attributed to the
presence of the OH and the CI group as well.

The thiophene derivatives 12a and 12b showed high
cytotoxicity similarl to that of compounds 8a,b. Moreover,
compound 12b with the COOE-t showed high potency than
that of compound 12a. The coupling of the diazonium salts
13a-d with compound 12a afforded the arylhydrazone deri-
vatives 14a-d. Compound 14b with the CI group showed
the maximum cytotoxicity among the arylhydrazone deri-
vatives 14a-d. Finally, considering the thieno[2,3-b]pyridi-
ne derivatives 15a,b where the presence of the OH in com-
pound 15b conserved an interesting cytotoxicity against the
cancer cell lines HA22T, HEPG-2 and HONE-1 with the
IC,,’s 377, 740, 253 nM, respectively. It is of great value to
notice that compounds 7b, 8b and 12b showed the maxi-
mum cytotoxicity among the tested compounds.

2. 2. 4. Anti-proliferative Cell Activity Against
Cancer Cell Lines

We used a panel of tumor cell lines to test the cytoto-
xicity of the new compounds, especially those showed high
potency against the six cancer cell lines through Table 2.
Importantly, this panel included the cell lines and their iso-
genic sub-lines with the determinants of drug resistance:
murine leukemia L1210, T-lymphocyte cell lines Molt4/C8
and CEM, human leukemia R562 and its MDR subline
K562/4 that over expressed P-glycoprotein, and the colon
carcinoma HCT116. The above determinants alter the res-
ponse of cells to many anticancer drugs including doxoru-
bicin. Data on cytotoxic (anti-proliferative) activity are pre-
sented in Table 2 in which IC,, values represent the concen-
trations that inhibit cell proliferation by 50%. It is clear
from Table 2 that tested compounds 4, 7a, 7b, 8a, 8b, 10c,
10d, 10f, 12a, 12b, 14b and 15b showed high potency
against the cell lines. The benzo[4’,5” ]Jthieno[3’,2":4,5]pyr-
rolo[3,2-b]pyridine derivative 7b and the benzo[4,5]thieno-
[2,3-b]pyrrol-2-yl)-thiophene derivative 8b showed high
potency against Molt4/C8 and CEM cell lines and their
IC,,’s are higher than that of the reference doxorubicin. It is
clear from Table 2 that the twelve tested compounds sho-
wed high IC,, against K562/4 cell line than doxorubicin.

3. Experimental
3. 1. General

All melting points were determined on an electrot-
hermal apparatus (Biichi 535, Switzerland) in an open ca-
pillary tube and are uncorrected. >*C-NMR and "H-NMR
spectra were recorded on Bruker DPX200 instrument in
DMSO with TMS as internal standard for protons and sol-
vent signals as internal standard for carbon spectra. Che-
mical shift values are mentioned in & (ppm). Mass spectra

Table 2. Anti-proliferative activity (ICy,) of selected compounds against variety of cell lines

Compound Cytotoxicity (IC,, in nM)

No. L1210 Molt4/C8 CEM K562 K562/4 HCT116
4 1.5+0.5 1.1 £0.03 0.3+0.01 0.4 +0.08 0.9+0.02 0.8 £0.05
7a 04+0.1 0.8 +0.04 20+04 1.8 £0.03 0.9 £ 0.06 1.3+£0.02
7b 0.3 +0.08 0.4 +0.04 0.9 +0.05 1.30 £ 0.08 1.1 +£0.07 2.4 +0.09

8a 1.2 +0.09 0.8 +£0.02 0.6 +0.01 0.2 +0.01 0.9 +0.08 14+£02
8b 1.1 £0.06 0.02 £ 0.002 0.7 +£0.03 0.9 +0.06 1.6 £0.07 0.8 £0.02
10c 0.8 +0.05 0.4 +0.02 1.3 +0.05 0.6 +0.02 0.02 £0.01 1.2 +0.08
10d 0.6 +0.02 1.5+ 0.07 2.5+0.05 1.7 £0.02 2.5+0.02 2.8 +0.07
10f 1.4 +£0.05 0.8 £0.03 2.6 +0.09 0.02 £0.01 2.8 +0.06 0.4 +£0.08
12a 2.1 +0.05 0.6 +0.02 0.5+0.01 0.3 +0.01 0.4 +0.06 24 +0.07
12b 1.8 +£0.09 0.9 +0.04 1.8+0.6 0.7 £0.06 0.8 +£0.06 0.9 £0.08
14b 0.5+0.03 0.3 +£0.05 2.6 £ 0.06 0.5 +0.07 0.6 +0.02 0.1 £0.01
15b 0.9 +0.02 0.3+0.01 0.6 +0.05 2.1+0.07 2.7+ 1.03 0.3+0.04

Dox. 0.37 £0.07 0.20 £ 0.02 0.06 £ 0.02 0.14 £0.03 7.2+09 14 +0.1

Doxorubicin (Dox.) was used as the reference drug
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were recorded on EIMS (Shimadzu) and ESI-esquire
3000 Bruker Daltonics instrument. Elemental analyses
were carried out by the Microanalytical Data Unit Lud-
wig-Maximilians-Universitat-Munchen, Germany. The
progress of all reactions was monitored by TLC on 2 x 5
cm pre-coated silica gel 60 F254 plates of thickness of
0.25 mm (Merck).

3. 1. 1. Synthesis of 2-((2-Oxopropyl)amino)-
4,5,6,7-tetrahydrobenzo[b]thiophene-
3-carbonitrile (3)

To a solution of compound 1 (1.78 g, 0.01 mol) in
1,4-dioxane (40 mL) containing sodium carbonate (1.00 g)
a-chloroacetone (0.94 g, 0.01 mol) was added. The reac-
tion mixture was heated under reflux for 2 h then poured
onto ice/water and the formed solid product was collected
by filtration and crystallized from ethanol.

White crystals; yield: 2.01 g (86%); mp: 182-183
°C; IR (KBr, cm™): 3465-3328 (NH), 2220 (CN),
1705 (C=0), 1615 (C=C); 'H-NMR (dimethyl sulfoxide
(DMSO0)-d) 6:1.80-1.85 (m, 4H, 2CH,), 2.22-2.26 (m,
4H, 2CH,), 2.88 (s, 3H, CH,), 5.20 (s, 2H, CH,), 8.30 (s,
1H, NH, D,O exchangeable); BC-NMR (DMSO-d,) o:
19.6, 20.3, 22.0, 25.7, 34.6, 55.6, 116.8, 124.1, 124.9,
128.7, 139.5, 164.8; MS electron impact (EI): m/z (%)
234 (M"). Anal. Calcd for C,H, ,N,OS: C, 61.51; H,
6.02; N, 11.96; S, 13.68. Found: C, 61.82; H, 6.22; N,
11.77; S, 13.73.

Synthesis of 1-(3-Amino-4,5,6,7-tetrahydro-1H-ben-
zo[4,5]thieno[2,3-b]pyrrol-2-yl)ethanone (4)

A suspension of compound 3 (2.34 g, 0.01 mol) in
sodium ethoxide (0.02 mol) [prepared by dissolving me-
tallic sodium (0.46 g, 0.02 g) in absolute ethanol (20 mL]
was heated in a boiling water bath for 6 h then poured on-
to ice/water containing few drops of hydrochloric acid.
The formed solid product was collected by filtration and
crystallized from 1,4-dioxane.

White crystals; yield: 1.80 g (77%); mp: >300 °C;
IR (KBr, cm™): 3479-3348 (NH, NH,), 1715 (C=0),
1618 (C=C); '"H-NMR (DMSO-dy) 6: 1.78-1.83 (m, 4H,
2CH,), 2.20-2.27 (m, 4H, 2CH,), 2.91 (s, 3H, CH,), 4.83
(s, 2H, NH,, D,O exchangeable), 8.27 (s, 1H, NH, D,O
exchangeable); BC-NMR (DMSO-dy) S 19.8, 20.2, 22.0,
25.6, 34.8, 124.0, 124.9, 128.5, 139.6, 165.6; MS (EI):
m/z (%) 234 (M"). Anal. Calcd for C ,H ,N,0S: C, 61.51;
H, 6.02; N, 11.96; S, 13.68. Found: C, 61.68; H, 5.89; N,
12.20; S, 13.83.

3. 1. 2. General Procedure for the Synthesis of
Thieno[2,3-b]pyrrol Derivatives 6a and 6b

To the dry solid of compound 4 (2.34 g, 0.01 mol)
either malononitrile (0.66 g, 0.01mol) or ethyl cyanoace-
tate (1.13 g, 0.01 mol) was added followed by ammonium

acetate (0.50 g, 0.01 mol).The whole reaction mixture was
heated in an oil bath at 120 °C for 1h then left to cool. The
solidified product was boiled with ethanol then left to
cool. The formed solid product was collected by filtration
and crystallized from acetic acid.

2-(1-(3-Amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thie-
no[2,3-b]pyrrol-2-yl)ethylidene)-malononitrile (6a)

Yellow crystals; yield: 1.92 g (68%); mp: 167-168
°C; IR (KBr, cm™): 3488-3334 (NH, NH,), 3054 (CH
aromatic), 2227, 2222 (2CN), 1620 (C=C); 'H-NMR
(DMSO-d) 6: 1.79-1.86 (m, 4H, 2CH,), (m, 4H, 2CH,),
2.69 (s, 3H, CH,), 4.86 (s, 2H, NH,, D,O exchangeable),
8.29 (s, 1H, NH, D,O exchangeable); BC-NMR
(DMSO-dy) o: 19.4, 20.3, 22.2, 25.6, 34.5, 116.3, 116.9,
122.3, 123.8, 124.0, 124.9, 127.2, 135.2; MS (EI): m/z
(%) 282 (M*). Anal. Calcd for C ;H,,N,S: C, 63.80; H,
5.00; N, 19.84; S, 11.36. Found: C, 63.72; H, 4.93; N,
20.05; S, 11.59.

Ethyl 3-(3-amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thie-
no[2,3-b]pyrrol-2-yl)-2-cyanobut-2-enoate (6b)

Yellow crystals; yield: 2.46 g (75%); mp:
121-122°C; IR (KBr, cm™): 3473-3330 (NH, NH,), 3054
(CH aromatic), 2222 (CN), 1640 (C=C); 'H-NMR
(DMSO-dy) é: 1.13 (t, 3H, J = 7.26 Hz, CH,), 1.80-1.86
(m, 4H, 2CH,), 2.22-2.27 (m, 4H, 2CH,), 2.66 (s, 3H,
CH,), 422 (q, 2H, J = 7.26 Hz, CH,), 4.88 (s, 2H, NH,,
D,0O exchangeable), 8.27 (s, 1H, NH, D,O exchangeable);
BC-NMR (DMSO-d,) 6: 16.3, 19.6, 20.2, 22.5, 25.6,
34.8, 116.6, 122.0, 123.5, 124.6, 124.7, 127.2, 134.8,
166.1; MS (EI): m/z (%) 329 (M*). Anal. Calcd for
C,;H,\N;0,S: C,61.98; H,5.81; N, 12.76; S, 9.73. Found:

177719

C, 62.08; H, 6.07; N, 12.59; S, 9.88.

3. 1. 3. General Procedure for the Synthesis of
the Benzo[4’,5’]thieno[3’,2°:4,5]-pyrrolo
[3,2-b]pyridine Derivatives 7a and 7b

Method (A): A suspension of either compound 6a
(2.28 g, 0.01 mol) or 6b (3.29 g, 0.01 mol) in sodium et-
hoxide (0.02 mol) [prepared by dissolving metallic so-
dium (0.46 g, 0.02 mol) in absolute ethanol (20 mL) was
heated in a boiling water bath for 8 h then poured onto
ice/water containing few drops of hydrochloric acid. The
formed solid product was collected by filtration and cry-
stallized from acetic acid.

Method (B): To a solution of compound 4 (2.34 g,
0.01 mol) in 1,4-dioxane (40 mL) containing triethyla-
mine (0.50 mL) either malononitrile (0.66 g, 0.01 mol)
or ethyl cyanoacetate (1.13 g, 0.01 mol) was added. The
whole reaction mixture, in each case, was heated under
reflux for 4 h then poured onto ice/water containing few
drops of hydrochloric acid. The formed solid product
was collected by filtration and crystallized from acetic
acid.
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2-Amino-4-methyl-7,8,9,10-tetrahydro-5H-benzo
[4°,5°]thieno[3’,2°:4,5]pyrrolo[3,2-b]pyridine-3-carbo-
nitrile (7a)

Yellow crystals; yield: 2.27 g (80%); mp: 232-233
°C; IR (KBr, cm™): 3474-3314 (NH, NH,), 3056 (CH
aromatic), 2220 (CN), 1626 (C=C); 'H-NMR (DMSO-dy)
0: 1.76-1.84 (m, 4H, 2CH,), 2.21-2.26 (m, 4H, 2CH,),
2.89 (s, 3H, CH,), 4.89 (s, 2H, NH,, D,O exchangeable),
8.33 (s, 1H, NH, D,0 exchangeable); "C-NMR
(DMSO-dy) o: 19.8, 20.1, 22.7, 25.2, 34.6, 116.8, 120.1,
122.6, 123.8, 124.2, 125.3, 127.2, 135.6, 142.3, 168.2;
MS (ED): m/z (%) 282 (M"). Anal. Calcd for C ;H ,N,S:
C, 63.80; H, 5.00; N, 19.84; S, 11.36. Found: C, 63.66; H,
4.83; N, 20.25; S, 11.37.

Ethyl 2-amino-4-methyl-7,8,9,10-tetrahydro-5H-benzo
[4°,5’]thieno[3°,2°:4,5]pyrrolo[3,2-b]pyridine-3-car-
boxylate (7b)

Yellow crystals; yield: 2.24 g (68%), mp: 195-196
°C; IR (KBr, cm™): 3466-3327 (NH, NH,), 3056 (CH
aromatic), 1640 (C=C); 'H-NMR (DMSO-dy) o 1.14 (t,
3H, J = 7.07 Hz, CH,), 1.82-1.86 (m, 4H, 2CH,),
2.20-2.27 (m, 4H, 2CH,), 2.88 (s, 3H, CH,), 4.24 (q, 2H,
J=17.07 Hz, CH,), 4.84 (s, 2H, NH,, D,O exchangeable),
8.32 (s, 1H, NH, D,O exchangeable); BC-NMR (DMSO-d,)
0. 16.2, 19.8, 20.3, 22.5, 25.6, 34.5, 55.6, 120.3, 122.4,
123.8, 124.6, 124.7, 127.6, 133.9, 143.2, 164.4, 168.9;
MS (ED): m/z (%) 329 (M*). Anal. Calcd for C,,H,,N,0,S:
C, 61.98; H, 5.81; N, 12.76; S, 9.73. Found: C, 61.68; H,
5.94; N, 12.63; S, 9.90.

3. 1. 4. General Procedure for the Synthesis
of [4,5]thieno[2,3-b]pyrrol-2-yl)thiophene
Derivatives 8a and 8b

To a solution of compound 4 (2.34 g, 0.01 mol) in
1,4-dioxane (40 mL) containing triethylamine (0.50 mL)
and elemental sulfur (0.32 g,0.01 mol) either malononitri-
le (0.66 g, 0.01 mol) or ethyl cyanoacetate (1.13 g, 0.01
mol) was added. The reaction mixture, in each case was
heated under reflux for 2 h then was left to cool and the
formed solid product, in each case, was collected by filtra-
tion and crystallized from ethanol.

2-Amino-4-(3-amino-4,5,6,7-tetrahydro-1H-benzo
[4,5]thieno[2,3-b]pyrrol-2-yl)thiophene-3-carbonitrile
(8a)

Orange crystals; yield: 2.42 g (77%), mp: 141-142
°C; IR (KBr, cm™): 3462-3354 (NH, NH,), 3053 (CH
aromatic), 2221 (CN), 1628 (C=C); '"H-NMR (DMSO-d,)
o: 1.78-1.84 (m, 4H, 2CH,), 2.23-2.28 (m, 4H, 2CH,),
4.80, 5.25 (2s, 4H, 2NH,, D,O exchangeable), 6.11 (s, 1H,
thiophene H-5), 8.26 (s, 1H, NH, D,O exchangeable);
BC-NMR (DMSO—d,) 6: 20.4, 22.9, 25.0, 34.6, 116.6,
120.3, 123.1, 123.8, 124.2, 125.3, 127.2, 139.3, 140.6,
142.3; MS (EI): m/z (%) 314 (M"). Anal. Calcd for

C,H,N,S,: C,57.30; H, 4.49; N, 17.82; S, 20.40. Found:
C,57.44; H,4.39; N, 18.04; S, 20.28.

Ethyl 2-amino-4-(3-amino-4,5,6,7-tetrahydro-1H-ben-
zo[4,5]thieno[2,3-b]pyrrol-2-yl)-thiophene-3-carboxy-
late (8b)

Orange crystals; yield: 2.60 g (74%), mp: 131-132
°C. IR (KBr, cm™): 3479-3331 (NH,), 3053 (CH aroma-
tic), 1690 (C=0), 1632 (C=C); 'H-NMR (DMSO-d) 6:
1.13 (t, 3H, J = 6.83 Hz, CH,), 1.81-1.87 (m, 4H, 2CH,),
2.22-2.25 (m, 4H, 2CH,), 4.23 (q, 2H, J = 6.83 Hz, CH,),
4.81,5.03 (2s,4H, 2NH,, D,O exchangeable), 6.13 (s, 1H,
thiophene H-5), 8.30 (s, 1H, D,O exchangeable);
BC-NMR (DMSO-d,) 6: 16.0, 20.0, 22.7, 25.6, 34.5,
55.6, 120.8, 122.7, 123.8, 124.6, 124.9, 127.6, 133.9,
143.5, 164.2; MS (EI): m/z (%) 361 (M*). Anal. Calcd for
C,;H,\N;0,S,: C, 56.48; H, 5.30; N, 11.62; S, 17.74.
Found: C, 56.71; H, 5.55; N, 11.42; S, 17.49.

3. 1. 5. General Procedure for the Synthesis
of Pyran Derivatives 10a-f

Method (A): General procedure: To a solution of
compound 4 (2.34 g, 0.01 mol) in 1,4-dioxane (40 mL)
containing triethylamine (0.5 mL), either of malononitrile
(0.66 g, 0.01 mol) or ethyl cyanoacetate (1.13 g, 0.01 mol)
and either of benzaldehyde (1.06 g, 0.1 mol), 4-chloro-
benzaldehyde (1.40 g, 0.01 mol) or 4-methoxybenzal-
dehyde (1.36 g, 0.01 mol) were added. The reaction mix-
ture was heated under reflux for 1 h and the formed solid
product produced from the hot solution was collected by
filtration and crystallized from ethanol. Thin layer chro-
matography revealed just a single spot which proved the
presence of a single product.

Method (B): To a solution of compound 4 (2.34 g,
0.01 mol) in 1,4-dioxane (40 mL) containing triethylami-
ne (0.5 mL), either of the cinnamonitrile derivatives 11a-f
(0.01 mol) were added. The reaction mixture was heated
under reflux for 2 h and the formed solid product produ-
ced from the hot solution was collected by filtration and
crystallized from ethanol. Thin layer chromatography re-
vealed just a single spot which proved the presence of a
single product.

2-Amino-6-(3-amino-4,5,6,7-tetrahydro-1H-benzo
[4,5]thieno[2,3-b]pyrrol-2-yl)-4- phenyl-4H-pyran-3-
carbonitrile (10a)

Pale yellow crystals; yield: 3.10 g (80%); mp:
167-168°C; IR (KBr, cm™): 3489-3321 (NH, NH,),
3056 (CH aromatic), 2220 (CN), 1630 (C=C); '"H-NMR
(DMSO-dy) 6: 1.76-1.85 (m, 4H, 2CH,), 2.21-2.27 (m,
4H, 2CH,), 4.83, 5.41 (2s, 4H, 2NH,, D,0 exchangeable),
5.66-5.90 (2d, 2H, pyran H-4, H-5), 7.28-7.38 (m, 5H,
C:Hy), 8.24 (s, 1H, NH, D,O exchangeable); BC.NMR
(DMSO-dy) o: 20.6, 22.9, 25.3, 34.8, 39.3, 116.9, 120.6,
122.8, 123.8, 123.9, 125.3, 126.9, 127.2, 129.4, 130.8,
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139.3, 140.6, 141.8, 142.3; MS (EI): m/z (%) 388 (M™").
Anal. Calcd for C,,H, N,OS: C, 68.02; H, 5.19; N, 14.42;
S, 8.25. Found: C, 67.93; H, 5.32; N, 14.60; S, 8.44.

6-(3-Amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thieno
[2,3-b]pyrrol-2-yl)-2-hydroxy-4-phenyl-4H-pyran-3-
carbonitrile (10b)

Pale yellow crystals; yield: 2.57 g (66%), mp:
264-265 °C; IR (KBr, cm™): 3520-3341 (NH, NH,, OH),
3055 (CH aromatic), 2222 (CN), 1632 (C=C); 'H-NMR
(DMSO-dy) 6: 1.77-1.86 (m, 4H, 2CH,), 2.20-2.27 (m,
4H, 2CH,), 4.86 (s, 2H, NH,, D,O exchangeable),
5.68-5.87 (2d, 2H, pyran H-4, H-5), 7.30-7.41 (m, 5H,
C¢Hy), 8.22 (s, 1H, NH, D,O exchangeable), 10.30 (s, 1H,
OH, D,0 exchangeable); *C-NMR (DMSO-d,) &: 20.4,
22.7,25.4,34.8, 39.9, 116.7, 120.8, 122.8, 123.3, 123.9,
125.7, 126.9, 127.0, 130.4, 133.6, 139.3, 140.8, 142.0,
142.7; MS (ED): m/z (%) 389 (M*). Anal. Calcd for
C,,H,(N;0,S: C, 67.84; H, 4.92; N, 10.79; S, 8.23. Found:
C, 67.60; H, 4.69; N, 10.99; S, 8.40.

2-Amino-6-(3-amino-4,5,6,7-tetrahydro-1H-benzo
[4,5]thieno[2,3-b]pyrrol-2-yl)-4-(4-chlorophenyl-4H-
pyran-3-carbonitrile (10c)

Pale yellow crystals; yield: 2.87 g (68%); mp:
274-275 °C; IR (KBr, cm™): 3474-3330 (NH, NH,),
3055 (CH aromatic), 2220 (CN), 1633 (C=C); 'H-NMR
(DMSO-d) 6: 1.78-1.85 (m, 4H, 2CH,), 2.18-2.25 (m,
4H, 2CH,), 4.86, 5.40 (2s, 4H, 2NH,, D,O exchangeable),
5.68-5.73 (2d, 2H, pyran H-4, H-5), 7.30-7.38 (m, 4H,
CH,), 8.26 (s, 1H, NH, D,O exchangeable); BC-NMR
(DMSO-dy) o: 20.3, 22.8, 25.5, 34.8, 39.7, 116.7, 120.4,
122.6, 123.9, 124.3, 125.3, 126.9, 128.8, 130.6, 139.0,
140.9, 142.8, 144.3; MS (EI): m/z (%) 423 (M"). Anal.
Calced for C,,H ,CIN,OS: C, 62.48; H, 4.53; N, 13.25; S,
7.58. Found: C, 62.22; H, 4.72; N, 13.51; S, 7.28.

6-(3-Amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thieno
[2,3-b]pyrrol-2-yl)-4-(4-chlorophenyl)-2-hydroxy-4H-
pyran-3-carbonitrile (10d)

Yellow crystals; yield: 3.21 g (76%), mp: 222-223
°C; IR (KBr, cm™): 3541-3333 (NH, NH,), 3055 (CH aro-
matic), 2220 (CN), 1626 (C=C); '"H-NMR (DMSO-d,) 6:
1.78-1.87 (m, 4H, 2CH,), 2.21-2.28 (m, 4H, 2CH,), 4.83
(s, 2H, NH,, D,O exchangeable), 5.65-5.72 (2d, 2H, pyran
H-4, H-5),7.30-7.41 (m, 4H, CH,), 8.24 (s, 1H, NH, D,O
exchangeable), 10.28 (s, 1H, OH, D,O exchangeable); *C-
NMR (DMSO-d,) 6: 20.2, 22.6, 25.8, 34.3, 39.8, 116.5,
120.2, 122.6, 123.7, 123.9, 125.7, 126.9, 127.4, 130.2,
139.3, 141.3, 142.0, 142.8; MS (ED): m/z (%) 424 (M™").
Anal. Calcd for C,,H (CIN,O,S: C, 62.33; H, 4.28; N,
9.91; S, 7.56. Found: C, 62.09; H, 4.46; N, 9.75; S, 7.39.

2-Amino-6-(3-amino-4,5,6,7-tetrahydro-1H-benzo
[4,5]thieno[2,3-b]pyrrol-2-yl)-4-(4-methoxyphenyl-
4H-pyran-3-carbonitrile (10e)

Orange crystals; yield: 3.01 g (72%), mp: 167-168
°C; IR (KBr, cm™): 3531-3312 (NH, NH,), 3058 (CH
aromatic), 2223 (CN), 1628 (C=C); 'H-NMR (DMSO-
dy) 6: 1.74-1.86 (m, 4H, 2CH,), 2.20-2.28 (m, 4H,
2CH,), 3.01 (s, 3H, OCH,), 4.86, 5.22 (2s, 4H, 2NH,,
D,O exchangeable), 5.67-5,74 (2d, 2H, pyran H-4, H-5),
7.32-7.38 (m, 4H, C(H,), 8.25 (s, 1H, NH, D,O exchan-
geable); *C-NMR (DMSO-dy) 6: 20.0, 22.8, 25.8, 34.8,
30.8, 39.6, 116.9, 120.6, 122.6, 123.4, 123.9, 125.7,
126.9, 127.6, 130.4, 139.4, 141.7, 142.3, 143.6; MS (EI):
m/z (%) 418 (M*). Anal. Calcd for C,,H,,N,0,S: C,
66.01; H, 5.30; N, 13.39; S, 7.66. Found: C, 66.24; H,
5.48; N, 13.19; S, 7.80.

6-(3-Amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thieno
[2,3-b]pyrrol-2-yl)-2-hydroxy-4-(4-methoxyphenyl)-
4H-pyran-3-carbonitrile (10f)

Orange crystals; yield: 3.01 g (70%), mp: 229-230
°C; IR (KBr, cm™): 3566-3332 (NH, NH,, OH),
3056 (CH aromatic), 2220 (CN), 1626 (C=C); 'H-NMR
(DMSO-d,) 6: 1.74-1.86 (m, 4H, 2CH,), 2.22-2.29 (m,
4H, 2CH,), 3.08 (s, 3H, OCH,), 4.83 (s, 2H, NH,, D,O
exchangeable), 5.64, 5.71 (2d, 2H, pyran H-4, H-5),
7.30-7.44 (m, 4H, CH,), 8.23 (s, 1H, NH, D,O exchan-
geable), 10.32 (s, 1H, D,O exchangeable, OH); BC-NMR
(DMSO-d,) 6: 20.5, 22.8, 25.3, 34.5, 30.8, 39.1, 116.9,
120.6, 122.6, 123.4, 123.9, 125.7, 126.9, 127.6, 130.6,
139.4, 141.7, 142.3, 143.9; MS (EI): m/z (%) 419 (M*).
Anal. Calcd for C,;H, N,0,S: C, 65.85; H, 5.05; N,
10.02; S, 7.64. Found: C, 66.19; H, 5.17; N, 10.22; S,
7.59.

3. 1. 7. General Procedure for the Synthesis of
Benzo[4,5]thieno-[2,3-b]pyrrol-2-yl)-2-(2-
Cyanoacetamido)thiophene Derivatives
12a and 12b

To a solution of either compound 8a (3.14 g, 0.01
mol) or 8b (3.61 g, 0.01 mol) in dimethylformamide (40
mL) ethyl cyanoacetate was added. The reaction mixture
was heated under reflux for 2 h then poured onto ice/wa-
ter. The formed solid product was collected by filtration
and crystallized from ethanol.

N-(4-(3-Amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thie-
no [2,3-b]pyrrol-2-yl)-3-cyano-thiophen-2-yl)-1-cya-
noacetamide (12a)

Yellow crystals; yield: 3.43 g (90%), mp: 184-185
°C; IR (KBr, cm™): 3482-3323 (NH, NH,), 3055 (CH
aromatic), 2225, 2220 (2CN), 1705 (C=0), 1630 (C=0C);
'H-NMR (DMSO-d,) & 1.79-1.83 (m, 4H, 2CH,),
2.25-2.26 (m, 4H, 2CH,), 4.83 (s, 2H, NH,, D,O exchan-
geable), 5.20 (s, 2H, CH,), 6.20 (s, 1H, thiophene H-5),
8.28, 8.32 (2s, 2H, NH, D,O exchangeable); BC-NMR
(DMSO-dy) o: 20.3, 22.9, 25.4, 34.7, 52.7, 116.9, 117.2,
120.3, 123.1, 124.1, 124.6, 125.3, 127.2, 138.8, 141.2,
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142.6, 168.2; MS (EI): m/z (%) 381 (M"). Anal. Calcd for
C,H,.N,0S,: C, 56.67; H, 3.96; N, 18.36; S, 16.81.
Found: C, 56.88; H, 3.58; N, 18.56; S, 16.93.

Ethyl 4-(3-amino-4,5,6,7-tetrahydro-1H-benzo[4,5]
thieno-[2,3-b]pyrrol-2-yl)-2-(2-cyano-acetamido)
thiophene-3-carboxylate (12b)

Orange crystals; yield: 2.99 g (70%); mp: 194-195
°C; IR (KBr, cm™): 3453-3320 (NH, NH,), 3056 (CH
aromatic), 2223, 1702, 1688 (2C=0), 1632 (C=0);,
'"H-NMR (DMSO-dy) 6: 1.13 (t, 3H, J = 6.83 Hz, CH,),
1.81-1.87 (m, 4H, 2CH,), 2.22-2.25 (m, 4H, 2CH,), 4.23
(g, 2H, J = 6.83 Hz, CH,), 4.81 (s, 2H, NH,, D,O exchan-
geable), 5.23 (s, 2H, CH,), 6.23 (s, 1H, thiophene H-5),
8.30, 8.34 (s, 2H, 2NH, D,0 exchangeable); *C-NMR
(DMSO-dy) 6: 16.0, 20.3, 22.2, 25.6, 34.8, 47.1, 51.4,
116.5, 120.4, 122.7, 123.8, 124.3, 124.9, 127.6, 133.9,
143.8, 164.3, 170.2; MS (EI): m/z (%) 428 (M™"). Anal.
Calcd for C,)H,,N,O,S,: C, 56.06; H, 4.70; N, 13.07; S,
14.97. Found: C, 56.22; H, 4.53; N, 13.31; S, 15.07.

3. 1. 8. General Procedure for the Synthesis
of Hydrazoacetamide Derivatives 14a-d

To a cold solution (0-5 °C) of compound 12a (3.81
g, 0.01 mol) in ethanol (50 mL) containing sodium acetate
(3.50 g, 0.50 mol) either benzenediazonium chloride (0.01
mol), 4-chlorobenzene-diazonium chloride (0.01 mol),
4-methoxybenzenediazonium chloride (0.01 mol) or
4-methylaniline (0.01 mol) [prepared by adding a cold so-
Iution of sodium nitrite (0.70 g, in water (10 mL)) to a cold
solution (0-5 °C) of either aniline oil (0.93 g, 0.01 mol),
4-chloroaniline (1.27 g, 0.01 mol) 4-methoxybenzenedia-
zonium chloride (1.24 g, 0.01 mol) or 4-methylaniline
(1.07 g, 0.01 mol) in concentrated hydrochloric acid (12
mL) with continuous stirring] was added with continuous
stirring. The whole reaction mixture was left at room tem-
perature for 1 h then the formed solid product was collec-
ted by filtration and crystallized from acetic acid.

2-((4-(3-amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thie-
no[2,3-b]pyrrol-2-yl)-3-cyanothiophen-2-yl)amino)-2-
oxo-N’-phenylacetohydrazonoyl cyanide (14a)

Red crystals; yield: 3.78 g (78%), mp: 223-224 °C;
IR (KBr, cm™): 3475-3320 (NH), 3053 (CH aromatic),
2223, 2220 (2CN), 1708 (C=0), 1630 (C=C); 'H-NMR
(DMSO-dy) 6: 1.77-1.85 (m, 4H, 2CH,), 2.25-2.28 (m,
4H, 2CH,), 4.80 (s, 2H, NH,, D,O exchangeable), 6.15 (s,
1H, thiophene H-5), 7.25-7.41 (m, 5H, C,H,), 8.25, 8.30,
8.56 (3s, 3H, 3NH, D,O exchangeable); BC-NMR (DM-
SO-dy) o: 20.5, 22.9, 25.8, 34.7, 116.7, 117.0, 120.2,
121.7, 123.1, 124.0, 124.1, 124.6, 125.3, 126.9, 127.2,
129.3, 133.1, 138.8, 141.2, 142.8, 164.2, 168.7; MS (EI):
m/z (%) 485 (M"). Anal. Caled for C,,H N.OS,: C,
59.36; H, 3.94; N, 20.19; S, 13.21. Found: C, 59.42; H,
3.72; N, 20.53; S, 13.08.

2-((4-(3-Amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thie-
no[2,3-b]pyrrol-2-yl)-3-cyanothiophen-2-yl)amino)-N’-
(4-chlorophenyl)-2-oxoacetohydrazonoyl cyanide (14b)

Red crystals; yield: 4.41 g (85%), mp: 194-195 °C; IR
(KBr, cm™): 3488-3315 (NH, NH,), 3056 (CH aromatic),
2225, 2220 (2CN), 1710 (C=0), 1628 (C=C); 'H-NMR
(DMSO-dy) 6: 1.79-1.85 (m, 4H, 2CH,), 2.23-2.27 (m, 4H,
2CH,), 4.83 (s, 2H, NH,, D,O exchangeable), 6.12 (s, 1H,
thiophene H-5), 7.28-7.39 (m, 4H, C,H,), 8.23, 8.32, 8.42
(3s, 3H, 3NH, D,0 exchangeable); BC-NMR (DMSO-d,) 6
20.6, 22.4, 25.8, 34.9, 116.8, 117.3, 120.0, 121.4, 123.1,
124.0, 124.1, 124.8, 125.3, 127.2, 138.8, 140.4, 141.2,
143.4, 164.8, 168.6; MS (EI): m/z (%) 520 (M"). Anal.
Calcd for C,,H,(CIN,OS,: C, 55.43; H, 3.49; N, 18.85; S,
12.33. Found: C, 55.70; H, 3.62; N, 18.59; S, 12.48.

2-((4-(3-Amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thie-
no[2,3-b]pyrrol-2-yl)-3-cyanothiophen-2-yl)amino)-N’-
(4-methoxyphenyl)-2-oxoacetohydrazonoyl cyanide (14c)
Reddish brown crystals; yield: 4.63 g (90%); mp:
168-169 °C; IR (KBr, cm™): 3462-3335 (NH, NH,), 3053
(CH aromatic), 2227, 2221 (2CN), 1720 (C=0), 1638
(C=C); '"H-NMR (DMSO-d,) &: 1.74-1.82 (m, 4H, 2CH,),
2.21-2.28 (m, 4H, 2CH,), 3.38 (s, 3H, OCH,), 4.88 (s,
2H, NH,, D,O exchangeable), 6.13 (s, 1H, thiophene
H-5), 7.31-7.42 (m, 4H, CH,), 8.21, 8.32, 8.45 (3s, 3H,
3NH, D,O exchangeable); BC-NMR (DMSO-d,) 6. 20.8,
22.7, 25.8, 34.3, 55.3, 116.3, 117.0, 120.3, 121.4, 123.8,
124.0, 124.0, 124.8, 125.9, 127.0, 133.2, 138.2, 140.8,
141.9, 164.9, 168.6; MS (EI): m/z (%) 516 (M"). Anal.
Calcd for C,;H, N.O,S,: C, 58.24; H, 4.11; N, 19.02; S,
12.44. Found: C, 58.40; H, 4.26; N, 19.11; S, 12.29.

2-((4-(3-Amino-4,5,6,7-tetrahydro-1H-benzo[4,5]thie-
no[2,3-b]pyrrol-2-yl)-3-cyanothiophen-2-yl)amino)-2-
0x0-N’-(p-tolyl)acetohydrazonoyl cyanide (14d)

Reddish brown crystals; yield: 3.44 g (69%); mp:
129-130°C; IR (KBr, cm™): 3482-3318 (NH, NH,), 3057
(CH aromatic), 2227, 2220 (2CN), 1712 (C=0), 1630
(C=C); '"H-NMR (DMSO-d,) &: 1.76-1.83 (m, 4H, 2CH,),
2.23-2.28 (m, 4H, 2CH,), 2.65 (s, 3H, CH,), 4.86 (s, 2H,
NH,, D,O exchangeable), 6.11 (s, 1H, thiophene H-5),
7.30-7.39 (m, 4H, C,H,), 8.23, 8.30, 8.48 (3s, 3H, 3NH,
D,0O exchangeable); BC-NMR (DMSO-dy) 6: 20.4, 22.9,
23.3,25.8,34.6,116.4, 117.3, 120.6, 122.8, 123.8, 124.0,
124.3, 124.8, 125.2, 126.4, 138.8, 140.6, 141.7, 143.9,
164.6, 168.7; MS (EI): m/z (%) 500 (M*). Anal. Calcd for
C,;H, N.OS,: C, 60.10; H, 4.24; N, 19.62; S, 12.84.
Found: C, 60.32; H, 4.52; N, 19.48; S, 12.64.

3. 1. 9. General Procedure for the Synthesis
of Thieno[2,3-b]pyridine Derivatives 15a
and 15b

A suspension of either compound 12a (3.81 g, 0.01
mol) or 12b (4.28 g,0.01 mol) in sodium ethoxide (0.02
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mol) [prepared by dissolving metallic sodium (0.46 g,
0.02 mol) in absolute ethanol (20 mL] was heated in a boi-
ling water bath for 12 h then poured onto ice/water contai-
ning few drops of hydrochloric acid. The formed solid
product was collected by filtration and crystallized from
1,4-dioxane.

4-Amino-3-(3-amino-4,5,6,7-tetrahydro-1H-benzo[4,5]
thieno[2,3-b]pyrrol-2-yl)-6-hydroxy-thieno[2,3-b]pyri
dine-5-carbonitrile (15a)

Yellow crystals; yield: 2.29 g (60%); mp: > 300 °C;
IR (KBr, cm™): 3593-3355 (NH, NH,, OH), 3056 (CH
aromatic), 2224 (CN), 1635 (C=C); 'H-NMR (DMSO-dy)
6. 1.75-1.85 (m, 4H, 2CH,), 2.23-2.27 (m, 4H, 2CH,),
4.68,5.09 (2s, 4H, 2NH,, D,O exchangeable), 6.16 (s, 1H,
thiophene H-5), 8.28 (s, 1H, NH, D,O exchangeable),
9.90 (s, 1H, OH, D,O exchangeable); "C-NMR (DMSO-
dy) 6: 20.8, 22.9, 25.8, 34.7, 116.7, 120.2, 121.7, 123.1,
124.1, 124.6, 125.3, 126.5, 127.0, 129.6, 138.8, 142.8,
144.5, 162.8; MS (EI): m/z (%) 381 (M*). Anal. Calcd for
CH,sN,O0S,: C, 56.67; H, 3.96; N, 18.36; S, 16.81.
Found: C, 56.93; H, 3.65; N, 18.48; S, 17.09.

3-(3-Amino-4,5,6,7-tetrahydro-1H-benzo-4,5]thieno
[2,3-b]pyrrol-2-yl)-4,6-dihydroxy-thieno[2,3-b]pyridi-
ne-5-carbonitrile (15b)

Yellow crystals; yield: 2.79 g (73%) g); mp:
289-290°C; IR (KBr, cm™): 3578-3345 (NH, NH,, OH),
3056 (CH aromatic), 2222 (CN), 1628 (C=C); 'H-NMR
(DMSO-dy) 6: 1.79-1.85 (m, 4H, 2CH,), 2.23-2.27 (m,
4H, 2CH,), 4.86 (s, 2H, NH,, D,O exchangeable), 6.17 (s,
1H, thiophene H-5), 8.26 (s, 1H, NH, D,O exchangeable),
10.29, 10.34 (2s, 2H, D,O exchangeable, 20H);
BC-NMR (DMSO-dy) 6: 20.3, 22.8, 25.8, 34.7, 116.6,
120.2, 121.6, 123.1, 124.7, 124.1, 124.8, 125.3, 126.8,
127.5, 133.2, 140.8, 143.8, 144.2, 162.9; MS (EI): m/z
(%) 382 (M"). Anal. Calcd for C,;H,,N,0,S,: C, 56.53; H,
3.69; N, 14.65; S, 16.77. Found: C, 56.72; H, 3.46; N,
14.80; S, 16.37.

4. Conclusions

Novel 4,5,6,7-tetrahydro-1H-benzo[4,5]thieno[2,3-
b]pyrrol-derivatives were synthesized in good yields. So-
me compounds were used to produce annulated products.
The cytotoxicity of the newly synthesized compounds in-
dicate that compounds 4, 7a, 7b, 8a, 8b, 10c, 10d, 10f,
12a, 12b, 14b and 15b showed the highest potency among
the tested compounds. In addition, the anti- proliferative
evaluations of these twelve compounds indicated that the
benzo[4’,5’ Jthieno[3’,2’:4,5]pyrrolo[3,2-b]pyridine deri-
vative 7b and the benzo[4,5]thieno-[2,3-b]pyrrol-2-yl)-
thiophene derivative 8b showed high potency against
Molt4/C8 and CEM cell lines and their IC,’s are higher
than the reference drug “doxorubicin”.

5. Acknowledgments

R. M. Mohareb would like to thank the Alexander
von Humboldt for affording him regular fellowships in
Germany for doing research and completing this work.

6. References

1. S. Xue, H. Guo, M. Liu, J. Jin, D. Ju, Z. Liu, Z. Li, Eur. J.
Med. Chem. 2015, 26, 151-161.
http://dx.doi.org/10.1016/j.ejmech.2015.04.016

2.L.Ye, J. He, Z. Hu, Q. Dong, H. Wang, F. Fu, J. Tian, Food
Chem. Toxicol. 2013, 52, 200-206.
http://dx.doi.org/10.1016/j.fct.2012.11.004

3. S. Hama, S. Utsumi, Y. Fukuda, K. Nakayama, Y. Okamura,
H. Tsuchiya, K. Fukuzawa, H. Harashima, K. Kogure, J.
Controlled Release. 2012, 161, 843-851.
http:// 10.1016/j.jconrel.2012.05.031

4. 1. M. Fakhr, M. A. Radwan, S. El-Batran, O. M. Abd El-Sa-
lam, S. M. El-Shenawy, Eur. J. Med. Chem. 2009, 44, 1718—
1725. http:// 10.1016/j.ejmech.2008.02.034

5. S. Bondock, W. Fadaly, M. A. Metwally, Eur. J. Med. Chem.
2010, 45, 3692-3701.
http://dx.doi.org/10.1016/j.ejmech.2010.05.018

6. C. K. Ryu, S. K. Lee, J. Y. Han, O. J. Jung, J. Y. Lee, S. H.
Jeong, Bioorg. Med. Chem. Lett. 2005, 15, 2617-2620.
http://doi.org/10.1016/j.bmcl.2005.03.042

7. L.J. Gonzalez, C. E. Stephens, T. Wenzler, R. Brun, F. A. Ta-
nious, W. D. Wilson, T. Barszcz, K. A. Werbovetz, D. W.
Boykin, Eur. J. Med. Chem. 2007, 42, 552-557.
http://dx.doi.org/10.1016/j.ejmech.2006.11.006

8.J. B. Hudson, E. A. Graham, N. Miki, G. H. N. Towers, L. L.
Hudson, R. Rossi, A. Carpita, D. Neri, Chemosphere. 1989,
19, 1329-1343.
http://dx.doi.10.1016/0045-6535(89)90080-5

9. K. I. Molvi, K. K. Vasu, S. G. Yerande, V. Sudarsanam, N.
Haque, Eur. J. Med. Chem. 2007, 42, 1049-1058.
http://dx.doi.10.1016/j.ejmech.2007.01.007

10. R. Kulandasamy, A. V. Adhikari, J. P. Stables, Eur. J. Med.
Chem. 2009, 44, 4376-4384.
http://dx.doi.10.1016/j.ejmech. 2009.05.026

11. H. J. Jung, Y. S. Song, C. J. Lim, E. H. Park, J. Ethanophar-
macol. 2009, 126, 355-360.
http://dx.doi.10.1016/.jep.2009.08.031

12. W. O. Chi, L. H. Chang, Inorg. Chim. Acta. 1986, 125,
203-206. http://dx.doi. 10.1016/S0020-1693(00)81212-8.

13.D. C. S. Friedman, P. Friedman, J. Mol. Struct. Theochem,
1995, 333, 71-78.
http://dx.doi. 10.1016/0166-1280(94)03930-J

14. M. K. Parai, G. Panda, V. Chaturvedi, Y. K. Manju, S. Sinha,
Bioorg. Med. Chem. Lett. 2008, 18, 289-292.
http://dx.doi. 10.1016/j.bmcl.2007.10.083

15. D. Caridha, A. K. Kathcart, D. Jirage, N. C. Waters, Bioorg.
Med. Chem. Lett. 2010, 20, 3863-3867.
http://dx.doi.org/10.1016/j.bmc1.2010.05.039

Mohareb et al.: Synthesis, Cytotoxic and Anti-proliferative Activity of Novel ...

127



128

Acta Chim. Slov. 2017, 64, 117-128

16

17.

18.

19.

20.

21.

22.

23.

24.

. G. Fear, S. Komarnytsky, 1. Raskin, Pharm. Therap. 2007,
113, 354-368.

http://dx.doi. 10.1016/j.pharmthera.2006.09.001

B. O. Al-Najjar, H. A. Wahab, T. S. T. Muhammad, A. C.
Shu-Chien, N. A. A. Noruddin, M. O. Taha, Eur. J. Med.
Chem. 2011, 46, 2513-2529.
http://dx.doi.org/10.1016/j.bmcl.2010.05.039

R. M Mohareb, N. S. Abbas, A. R. Ibrahim, Acta Chim. Solv.
2013, 60, 583-594.

http://dx.doi.org/ 0.17344/acsi.2013.1418

R. M. Mohareb, E. Z. El-Arab, K. A. El-Sharkawy, Sci.
Pharm. 2009, 77, 355-366.
http://dx.doi.org/10.3797/scipharm.0901-20

R. M. Mohareb, N. Y. Megally Abdo, Molecules. 2015, 20,
11535-11553. doi:10.3390/molecules200611535

R. M. Mohareb, N. Y. Megally Abdo, Chem. Pharm. Bull.
2015, 63, 678-687.
http://dx.doi.org/10.1248/cpb.c15-00115

R. M. Mohareb, M. Y. Zaki, N. S. Abbas, Steroids. 2015, 98,
80-91. http://dx.doi. 10.1016/j.steroids.2015.03.001

R. M. Mohareb, F. Al-Omran, Steroids. 2012, 77, 1551—
1559. http://dx.doi.org/10.1016/j.steroids.2012.09.007

B. P. McKibben, C. H. Cartwright, A. L. Castelhano, 7etra-
hedron Lett. 1999, 40, 5471-5474.
http://dx.doi.org/10.1016/S0040-4039(99)01108-9

Povzetek

25.

26.

217.

28.

29.

30.

31.

K. Balamurugan, S. Perumal, S. K. Reddy, P. Yogeeswari, D.
Sriram, Tetrahedron Lett. 2009, 50, 6191-6195.
http://dx.doi.org/10.1016/j.tetlet.2009.08.085

R. M. Mohareb, A. E. Mahmoud, M. A. Abdelaziz, Med.
Chem. Res. 2014, 23, 564-579.
http://dx.doi.org/10.1007/s00044-013-0664

D. Briel, A. Rybak, C. Kronbach, K. Unverferth, Eur. J. Med.
Chem. 2010, 45, 69-77.
http://dx.doi.org/10.1016/j.ejmech.2009.09.025

A. Monks, D. Scudiero, P. Skehan, R. Shoemaker, K. Paull,
D. Vistica, C. Hose, J. Langley, P. Cronise, A. Waigro-Wolff,
M. Gray-Goodrich, H. Campbell, J. Mayo, M. Boyd, J. Natl.
Cancer Inst. 1991, 83, 757-766.
http://dx.doi.org/10.1093/jnci/83.11.757

K. D. Paull, H. Shoemaker, L. Hodes, A. Monks, D. A. Scu-
diero, L. Rubinstein, J. Plowman, M. R. Boyd, J. Natl. Can-
cer Inst. 1989, 81, 1088-1092.
http://dx.doi.org/10.1093/jnci/81.14.1088

L. S. Olsen, P. J. Hjarnaa, S. Latini, P. K. Holm, R. Larsson,
E. Bramm, L.Binderup, M. W. Madsen, Int. J. Cancer. 2004,
111, 198-205.

http://dx.doi.org/10.1002/ijc.20255

A. Svensson, U. Biackman, E. Jonsson, R. Larsson, R. Chri-
stofferson, Pediatr Res. 2002, 51, 607-611.
http://dx.doi.org/10.1203/00006450-200205000

1z 2-amino-3-ciano-4,5,6,7-tetrahidrobenzo[b]tiofena (1) smo z reakcijo z with a-kloroacetonom sintetizrali N-alkil de-
rivat (3), tetrahidrobenzo[b]tienopirol. Spojino 3 smo v raztopini natrijevega etoksida s ciklizacijo pretvorili v tetrahi-
drobenzo[b]tienopirol (4), ki smo ga uporabili naprej za sinteze derivatov tiofena, tieno[2,3-b]piridina in pirana. Cito-
toksi¢nost sintetiziranih spojin smo preverili na rakavih celicah Zelod¢nega (NUGC), crevesnega (DLD-1), jetrnega
(HA22T in HEPG-2) ter nazofaringealnega karcinoma (HONE-1), raka dojk (MCF-7) in na normalnih fibroblastnih ce-
licah (WI-38). Izkazalo se je, da imajo spojine 4, 7a, 7b, 8a, 8b, 10c, 10d, 10f, 12a, 12b, 14b in 15b optimalni citotok-
si¢ni ucinek na rakave celice. Spojini 7b in 14b kaZeta maksimalni inhibicijski efekt, ki je precej vecji od efekta refe-

rencne spojine CHS-828 (piridil cianogvanidina).
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Abstract

In this work, we have synthesized spherical silver nanoparticles (Ag NPs) by a low-cost, rapid, simple and ecofriendly
approach using Date palm fruit extract as a novel natural reducing and stabilizing agent. The product was characterized
by UV-visible spectroscopy, X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), field emission
scanning electron microscopy (FESEM), transmission electron microscopy (TEM), atomic force microscopy (AFM),
energy-dispersive X-ray (EDX) spectroscopy and Zeta potential measurements. The reaction conditions including time,
content of reducing agent and silver nitrate, temperature and pH were investigated. The optimum yield of Ag NPs was
obtained when 10 mM of silver nitrate was reacted with Date fruit extract at pH 11 and heated it to 55 °C within 10 mi-
nutes. The elemental and crystalline nature of Ag NPs were confirmed from EDX and XRD analysis. SEM and TEM
images showed that the Ag NPs were spherical and with sizes in the range of 25-60 nm. On the base of FT-IR analysis,
it can be stated that the functional groups present in bio-molecules of Date fruits are responsible for the reduction and
stabilization of Ag NPs, respectively. The Ag NPs showed good antibacterial activity against a few human pathogenic
bacteria. The catalytic activity of the Ag NPs for rapid and efficient reduction of toxic nitro compounds into less toxic
corresponding amines by using NaBH, was also investigated.

Keywords: Biosynthesis, Silver nanoparticles, Date palm fruit extract, Antibacterial activity, Nitro reduction, Catalyst

1. Introduction

Among various transition metal nanoparticles, silver
nanoparticles (Ag NPs) have attracted considerable atten-
tion in nanoscience and nanotechnology due to their ex-
cellent optical and electronic properties as well as their
wide applications in various fields such as catalysis,' sur-
face enhanced Raman scattering,” degradation of environ-
mental pollutants,® biosensors* cancer therapy5 and anti-
bacterial effects.® Several synthetic strategies have been
developed for the synthesis of Ag NPs including photoc-
hemical,” sonochemical,® sovothermal® and spin coating
methods.'° Among these, chemical reduction of a silver
ions (Ag") in presence of a stabilizer is the most fre-
quently applied method for the preparation of Ag NPs as
stable colloidal dispersions in water or organic solvents.''
The major drawback of chemical method is that the high-

ly reactive chemical reductants as well as the stabilizers
such as synthetic polymers, surfactants and dendrimers
used in this method cause chemical toxicity and serious
environmental problems, thus limiting their utility.

In recent years, biosynthesis of metal nanoparticles
has received considerable attention due to the growing
need to develop clean and nontoxic chemicals, environ-
mentally friendly solvents and renewable materials.'?
The selection of a non-toxic reducing agent, a cost-effec-
tive and easily renewable stabilizing agent and an envi-
ronmentally benign solvent system are the three main
criteria for a greener metal nanoparticles synthesis. In
this regard, a great deal of effort has been devoted to-
ward the biosynthesis of silver nanoparticles using bac-
teria, 3" fungi,lg"20 zlctinomy(:<3t6:s,21‘23 yeast24 and viru-
ses®? but the rate of nanoparticle synthesis is faster us-
ing fruits and plants extracts than microbes, and the pro-
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duced nanoparticles are more stable.”® In recent regards,
the synthesis of Ag NPs has been reported by using the
natural extract of leaves, seeds and or roots of plants
such as Nelumbo nucifera,29 Anisochilus carnosus, >° Mi-
musops elengi,' marine macroalga Chaetomorpha li-
num,”*> Bunium persicum,33 Olea europaea, 3 Hamamelis
virginiamz,35 Justicia adhatoda,*® Suaeda acuminata,’’
Mentha piperita,®® Phlomis,” Pennyroyal,*® Murraya
keenigii,41 Mangifera indica,”* Nicotiana tobaccum,”
Bunium persicum,44 Hamamelis virginiana.45 However,
the reaction time of Ag* ions for complete reduction in
these works was very long. To enable the biosynthesis
methods of Ag NPs to compete with the chemical met-
hods, there is a need to achieve faster synthesis rates
with high monodispersion. The use of fruit extracts of
plants is an appropriate candidate for this purposes. Se-
veral papers on the synthesis of Ag NPs using the extract
of fruits such as Terminalia chebula,*® Solanum triloba-
tum,¥’ Dillenia indica,*® Solanum lycopersicums,  Tana-
cetum vulgare,*® Crataegus douglasii,”' Emblica Offici-
nalis,>* and Kiwifruit > have been reported in the litera-
tures.

The Date palm tree (Phoenix dactylifera), a tropi-
cal and subtropical tree, is one of mankind's oldest culti-

vated plants, and it has played an important role in the
day-to-day life of the people for the last 7000 years.>*
Dates are produced in 35 countries worldwide and culti-
vated on about 2.9 million acres of land. The world pro-
duction of date fruit estimate to be more than 7000000
metric tons, and Iran (14% of world production) is the
second major producer after Egypt (17% of world pro-
duction). Figure 1 shows the photographs of Date palm
trees ant their fruits. The Date fruit is considered to be an
inexpensive and easily available important fruit in Iran.>
The Date palm fruits are an important source of nutri-
tion, especially in the arid regions where due to the ex-
treme conditions, very few plants can grow. Date fruit al-
so shows some functional properties in the food industry,
such as water-holding, oil-holding, emulsifying and gel
formation. Indeed, Date fruit can be incorporated in food
products to modify textural properties, avoid synthesis
and stabilize high fat food and emulsions.*® The study by
Abdelhak has shown that different varieties of ripe Date
fruits contained mainly p-coumaric, ferulic and sinapic
acids and some cinnamic acid derivatives.’’ The in vitro
study by Vayalil reported that the aqueous extract of Da-
te fruits has antioxidative and antimutagenic proper-
ties.”® On the other hand, the study by Bilgari had shown

Figure 1(a)-(d) Photographs of Date palm trees and their fruits.
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a strong correlation between the antioxidant activity and
the total phenolic and total flavonoids of palm dates.*
The Date fruit is rich in phytochemicals like carbohydra-
tes and sugars, phenolics, sterols, carotenoids, anthocya-
nins, procyanidins, and flavonoids.®® Most of the biomo-
lecules can act as reducing and capping agent in the
reactions. Then, the Date fruits extract that are in-
herently rich in these phytochemicals could be used as a
novel reducing agent for synthesizing Ag NPs in large-
scale production.

In this paper, we report on rapid, simple and low-cost
synthesis of Ag NPs by the reduction of aqueous Ag* solu-
tion using Date fruit extract. To our knowledge, this is the
first report on the use of Date fruit for the rapid synthesis
of Ag NPs. The nearly monodisperse Ag were formed un-
der mild conditions, without any additive protecting nano-
particles. The formation of Ag NPs was recorded by the
UV-visible spectra. Additionally, the obtained Ag NPs we-
re analyzed by Fourier transform infrared (FT-IR) spectra,
and X-ray diffraction (XRD), scanning electron micros-
copy (SEM), transmission electron microscopy (TEM),
and energy-dispersive X-ray (EDX) spectroscopy. The ra-
pid approach using Date fruit extract would be suitable for
developing a biological process for large-scale production.
Various parameters (e.g. concentration of the reactants,
reaction temperature, pH and time) were optimized that
would increase the yield of nanoparticle synthesis. The an-
tibacterial and catalytic activities of the biologically
synthesized Ag NPs were also investigated.

2. Experimental

2. 1. Materials

Silver nitrate (AgNO,), NaBH,, 4-nitrophenol, and
4-nitroanilin were obtained from Merck and were of
analytical grade. Double distilled de-ionized water was
used for the experiments. All glass wares were properly
washed with distilled water and dried in oven.

2. 2. Preparation of Date Palm Fruit Extract

Date Palm fruit extract was used as a reducing and
stabilizing agent for the synthesis of Ag NPs. Date palm
fruits were purchased from local supermarket in Iran and
used for the synthesis of silver nanoparticles. The fresh
fruits of Date washed repeatedly with distilled water to re-
move the dust and organic impurities present in it. About
15 g of fruit were crushed into fine pieces with sterilized
knife. The fruit of Date Palm were taken into the 250 ml
beaker containing 100 mL double distilled de-ionized wa-
ter and then the solution was stirred for 30 min and filte-
red through Whatman No.1 filter paper twice. The obtai-
ned light yellow extract was stored in refrigerator at 4 °C.
The extract is used as reducing agent as well as stabilizing
agent.

2. 3. Synthesis of Ag Nanoparticles

In a typical experiment, Ag NPs were prepared by
using Date fruit extract as follows: in a 50 mL round-bot-
tom flask equipped with a magnet bar, 3 ml of aqueous so-
lution of Date fruit extract was mixed with 20 ml of 10 m-
M aqueous silver nitrate solution. The mixture was then
heated at 55 °C under constant stirring for an appropriate
time (e.g. 10 min) in an oil bath. The formation process
and the optical properties of the silver nanoparticles were
identified from both the color change and UV-Vis spectra
of the solution. In order to remove the Ag NPs product,
the solution was centrifuged at 5500 rpm for 20 min. The
supernatant was decanted and the precipitate was re-dis-
persed in double distilled water for another round of cen-
trifugation. The precipitate was then washed with deioni-
zed water for three times to remove any impurities if any.
Finally, the washed precipitate was dried in an oven main-
tained at 60 °C for 2 h and finally ground into powder for
characterization.

In a similar manner described above, a series of ex-
periments were conducted to investigate the effect of vari-
ous parameters including reaction time, Ag* ion concen-
tration, the Date fruit extract amount, pH and temperature
on the reaction. The reaction mixtures were monitored by
a UV-Vis spectrophotometer at different time intervals
and the Ag NPs were characterized further. The effect of
pH on the Ag NPs synthesis was determined by adjusting
the pH of the reaction mixtures (10 mM silver nitrate, 3
mL date extract) to 3,5,7,9, 11 or 13 by using 0.1 M HCI
or NaOH aqueous solutions. The effect of the silver salt
was determined by varying the concentration of silver ni-
trate (0.1, 1, 10 and 100 mM). The Date fruit extract con-
tent was varied to 1, 3, 5, 7, 9 mL, while keeping the silver
nitrate concentration at a level of 10 mM. To study the ef-
fect of temperature on nanoparticle synthesis, reaction
mixtures containing 3 mL Date extract, and 10 mM Ag-
NO, at pH 11 were incubated at 25, 40, 55 or 70 °C.

2. 4. Methods of Characterization

The UV-visible absorption spectra of Ag NPs colloi-
dal solutions were recorded on a double beam UV-visible
spectrometer (Cary 100, VARIAN) operated at a resolu-
tion of 2 nm with quartz cells with path length of 1 cm in
300-800 nm range. Blanks were prepared with deionized
(DI) water. Infrared spectra were obtained using a FT-IR
160 Schimadzu Fourier transform infrared spectrophoto-
meter using KBr pellets. The XRD pattern of the silver
nanoparticles was obtained on an X-ray diffractomer
(PANalytical/X’Pert Pro MPD) using Cu Ko (1.54059 A)
radiation. The particle size and shape was confirmed us-
ing a scanning electron microscope (MIRA3 TESCAN)
equipped with EDX attachment. Transmission electron
microscopy (TEM) observations were conducted on a
Philips CM120 microscope at the accelerating voltage of
200 kV. AFM images were recorded on a multi-mode ato-
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mic force microscopy (ARA-AFM, model Full Plus, ARA
Research Co., Iran). The surface charge of samples was
measured with Zeta potential measurements in water
(NICOMP 380ZLS Zeta potential/Particle sizer). Magne-
tic measurements were carried out at room temperature
using a vibrating sample magnetometer (VSM, Magnetic
Daneshpajoh Kashan Co., Iran) with a maximum magne-
tic field of 10 kOe.

2. 5. Antibacterial Tests

Antibacterial activity of the biosynthesized Ag NPs
was evaluated against strains of Gram-positive bacteria:
Bacillus cereus (PTCC 1015), Staphylococcus aureus
(1431) and Staphylococcus epidermidis (PTCC 1114),
Gram—negative bacteria: Escherichia coli (PTCC 1330)
and Klebsiella pneumonia (PTCC 1290) by modified
Kirby-Bauer disk diffusion method [66]. Bacteria were
cultured for 18 h at 37 °C in Nutrient agar medium and
then adjusted with sterile saline to a concentration of 2 x
10 cfu/mL. Bacterial suspension in Petri dishes (8 cm)
containing sterile Mueller-Hinton agar (MA) were cultu-
red using a sterile cotton swab. The compounds were dis-
solved in water and sterile paper discs of 6 mm thickness
were saturated with 30 pl of silver nanoparticles and then
placed onto agar plates which had previously been inocu-
lated with the tested microorganisms. Amikacin (30
pg/disk) for gram negative and penicillin for gram positi-
ve (10 pg/disk) was used as positive controls. After incu-
bation at 37 °C for 24 h, the diameter of inhibition zone
was measured. The diameter of such zones of inhibition
was measured using a meter ruler, and the mean value for
each organism was recorded and expressed in millime-
tres.

2. 6. Catalytic Tests

In order to study the catalytic performance of the
biosynthesized Ag NPs, the reduction of 4-nitrophenol (4-
NP) to 4-amiophenol (4-AP) by excess sodium borohydri-
de (NaBH,) in aqueous solution was used as the model
reaction. In a typical catalytic reaction, 3 mL of aqueous
solution of 4-NP (0.1 mM) and 0.5 mL of aqueous NaBH,,
(10 mM) solution were mixed together in a standard
quartz cell, having 1 cm path length and then 1 mL of aqu-
eous Ag suspensions (0.5 mg mL") was added to the reac-
tion mixture under constant magnetic stirring. Immedia-
tely after that, the solution was transferred to a standard
quartz cell, and the concentration of p-nitrophenol in the
reaction mixture was monitored by the UV-visible absorp-
tion spectra recorded with a time interval of 2 min in a
scanning range of 200-800 nm at ambient temperature.
For recycling experiment, after completion of the reaction
the catalyst was recovered by centrifugation. The precipi-
tate was washed repeatedly with deionized water in con-
secutive washing cycles. Ultrasonic treatment was used in

every cycle in order to re-disperse the catalyst and remove
adsorbed impurities. After washing, the catalyst was used
directly for recycling test. After each recycle, the centrifu-
ge supernatant was collected and detected by Atomic ab-
sorption spectroscopy to determine the content of Ag me-
tal. The reduction 4-nitroaniline was also investigated un-
der the same conditions.

3. Results and Discussion

3. 1. Phytoreduction of Silver Ions

A study on phytosynthesis of Ag NPs by the aque-
ous fruit extract of date was carried out in this work. Du-
ring the visual observation, silver nitrate treated with date
fruit extract showed a color change from yellow to brown
within 20 min whereas no color change could be observed
in silver nitrate solution without date extract (Figure 2).
The appearance of yellowish brown color in fruit extract
treated flask is a clear indication for the formation of Ag
NPs. This color arises due to excitation of surface pla-
smon resonance (SPR) vibrations in Ag nanoparticles.

Figure 2. Photographs of: (a) aqueous extract of date fruits, (b) 10
mM of aqueous AgNO, solutions, and (c) Colloidal aqueous Ag
NPs solution formed by reduction of AgNO, with Date fruit extract.

3. 2. UV-Visible Absorption Studies

UV-Vis spectroscopy is a powerful tool to study
the formation of Ag NPs. The reaction mixtures contai-
ning silver salt and Date fruit extract were, therefore
characterized by UV-Visible spectroscopy. Based on
UV-Vis spectroscopy various chemical and physico-pa-
rameters (concentration of the fruit extract and silver
salt, pH, temperature and reaction time) were optimized
for the reduction Ag+ ions to Ag NPs using Date fruit
extract.

To optimize the reaction time, a time variation study
was carried out using the concentration of AgNO, (10 m-
M) and aqueous date extract (3 mL). Figure 3(a) shows
the UV-Vis absorption spectra of Ag NPs synthesized at
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different time durations. It is observed that the intensity of
SPR bands increases as the reaction time progresses and
within 10 min a considerable intensity of the SPR bands is
achieved. However, these values were hardly changed af-
ter 10 min. It suggested that the reduction time of Ag* was
almost completed within 10 min in the presence of date
extract. Therefore, the optimal reaction time for the reduc-
tion Ag*ions to Ag NPs using Date fruit extract is 10 min.
As shown in the inset of Fig. 3(a), after the reaction bet-
ween Ag" and date extract, the color was changed from
clear yellow to dark brown and it shows the formation of
Ag NPs.

Next, various concentrations of silver nitrate solu-
tion (0.1-100 mM) were reacted with 3 mL fruit extract.
Figure 3(b), shows the UV—-Vis absorption spectra of Ag
NPs obtained at different concentrations of AgNO, (0.1, 1,
10 and 100 mM). At 0.1 mM concentration, an observable
SPR band was not appeared, indicating very low yield of
Ag NPs formed (Figure 3(b), curve i), but with increasing
concentration of AgNO, to 1 mM, the SPR of Ag NPs ap-
pears at 395 nm and remarkably increases with the increa-
se of AgNO, concentration to 10 mM with increasing in
the peak wavelength to 410 nm (Figure 3(b), curves i and
ii, respectively). High intensity of the 410 nm SPR band
indicates increasing concentration of nanoparticle. Howe-
ver, further increasing the concentration of AgNO, from
10 to 100 mM did not increase the SPR band further—in
contrast, it give a broad SPR band with decreased inten-
sity and shifted to longer wavelength region (~425 nm).
This phenomenon may be due to the fast growth of the
particles at high concentration. The appearance of red
shifted band at higher concentration of AgNO, suggests
the formation of larger particles. The yield of Ag NPs in-
creased with the increase in silver nitrate concentration
(0.1-10 mM) and maximum yield was obtained with 10
mM, and this concentration was selected for further stu-
dies.

Additionally, the effect of the date extract amount
on the synthesis of Ag NPs was investigated under the
provided reaction conditions, and the results are shown in
Figure 3(c). As observed, with increasing the date extract
quantity from 1 to 3 mL in 20 mL of 10 mM Ag" ion solu-
tion, the intensity of characteristic SPR absorption bands
for Ag NPs increases (Figure 3(c), curves i and ii) and
then decreases when the date extract increases further (Fi-
gure 3(c), curves iii-v). The maximum absorption was
found at a concentration of 3 mL fruit extract. From the
UV-Vis absorption spectrum in Figure 3(c), it was obser-
ved that there is a shift in wavelength from 400 to 412 nm
indicating a redshift with increase in date extract concen-
tration from 1 to 3 mL. Accordingly, it can be concluded
that with the increase in Date extract amount, the size of
Ag nanoparticles increases.

The temperature also affected the process of silver
reduction. The effect of reaction temperature was also
evaluated with varying reaction temperatures from 25 to

75 °C (Figure 3(d)). As shown in Figure 3(d) (curves i
and ii), the reaction mixtures incubated at room tempe-
rature (25 °C) and 40 °C showed less pronounced SPR
peaks during a long time of 50 min while by heating the
reaction mixtures at 55 and 70 °C the reduction process
was faster and the intense peaks were developed within
a short time of 10 min (Figure 3(d), curves iii and iv).
This indicates that higher temperature facilitates the
formation of Ag NPs due to the increase in the reaction
rate. The maximum SPR peak intensity was detected at
70 °C. However, a slight increase in SPR band intensity
occurs at 75 °C when compared with the temperature of
55 °C. Then, the temperature of 55 °C is preferred for
further study. It is noteworthy to mention that with the
increase in reaction temperature, UV-Vis spectra show
sharp narrow peaks at lower wavelength regions (~412
nm at 55 and 70 °C), which indicate the formation of
smaller nanoparticles, whereas, at lower reaction tem-
perature, the peaks observed at higher wavelength re-
gion (425 nm at 25 °C) which clearly indicates increase
in silver nanoparticles size. It is a well-known fact that
when the temperature is increased, the reactants are
consumed rapidly leading to the formation of smaller
nanoparticles [61, 62].

Among the various parameters, the initial pH of so-
lution plays a significant role in the synthesis of metal na-
noparticle. Thus, in the present study, the effect of pH on
the synthesis of Ag NPs was studied at acidic, natural and
basic values using 3 ml Date fruit extract and 10 mM Ag-
NO,. As can be seen in Figure 3(e) (curves i and ii) the
formation of Ag nanoparticles was not observed at all at
acidic pHs 3 and 5. Under the acidic conditions, biomole-
cules are likely to be inactivated. This suggests that acidic
pH is not favorable for the Ag NPs synthesis. At pH 7, the
Ag NPs formation was observed at relatively low concen-
tration, as confirmed by the appearance of a weak absor-
bance band at about 425 nm (Figure 3(e), curve iii). Ho-
wever, Ag NPs were readily obtained at pH higher than 7,
as evidenced through progressive evolution of the charac-
teristic SPR band in the spectral region from 400 to 415
nm. As can be seen in Figure 3(e) (curves iv-vi), the inten-
sity of the SPR band of these Ag NPs increased signifi-
cantly upon increasing the pH to 9, 11 and then 13, indica-
ting that correspondingly higher yields of Ag NPs were
obtained, probably due to the presence of a considerable
number of reactive functional groups to bind with silver
ions. In addition, a slight red shift of the SPR band of the
Ag NPs (from 400 to 415 nm) occurred upon increasing
the pH. These results suggest that larger-diameter Ag NPs
were obtained at higher pHs. The optimal pH for nanopar-
ticle synthesis was chosen to be pH 11, which is in good
agreement with the reported literature.® The differences
in the amount of Ag NPs obtained over the range of pH
could be ascribed to a variation in the dissociation con-
stants (pKa) of functional groups (OH and COOH) on the
biomolecules that are involved.**
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Figure 3. Effect of various parameters on the synthesis of Ag NPs: (a) The effect of reaction time; The inset photo shows the color change of so-
lution with time of reaction, (b) The effect of Ag+ Concentration; The inset photo shows the color change of solution at different concentrations of
AgNO,, (c) The effect of different amounts of Date fruit extract, (d) the effect of different temperatures and (e) the effect of pH.

3. 3. XRD Analysis

Figure 4 shows the XRD pattern of Ag NPs synthe-
sized using Date fruit extract after the complete reduction
of Ag*to Ag under the optimized conditions (10 mM Ag-
NO,, 3 mL Date extract, pH 11 at 55 °C for 10 min). As
observed in the XRD pattern, the four characteristic dif-
fraction peaks at 20 values of 38.10°, 44.15°, 64.67°, and
77.54° can be indexed to the (111), (200), (220), and (311)
reflection planes of faced center cubic (fcc) structure of

silver (JCPDS card no 04.0784). The considerable broa-
dening of the diffraction peaks demonstrates the nanome-
ter nature of the Ag particles. The average crystallite size
of the Ag product is approximately 39.5 nm as estimated
by the Debye-Scherrer equation: Dy, = 0.9A/(Bcosb),
where D, is the average crystallite size, 4 is the wave-
length of Cu Ko radiation, 3 is the corrected full-width at
half-maximum of the main diffraction peak of (111), and
0 is the Bragg angle. The XRD pattern obtained is consi-
stent with earlier reports.®>%
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3.4. SEM, TEM and EDX Analysis

The size and morphology of the Ag NPs were deter-
mined via SEM, TEM and AFM images. Figure 5 shows
the SEM images of the as-prepared Ag NPs. From the
SEM images in different magnifications (Figure
5(a)—(c)), it is clearly evident that the product consists of
extremely fine particles with sphere-like morphologies
that appreciably aggregated as clusters due to the extre-
mely small dimensions and high surface energy of the ob-
tained nanoparticles. We also can find from the images
that the morphology of the particles is almost homogene-
ous. The resulting images show the presence of large

20 20 20 50 0 70 80 number of spherical nanoparticles with an average partic-
2Theta (deg.) le size of 42.5 nm. The EDX was used to further charac-

terize the composition of the sample. Figure 5(d) shows

Figure 4. XRD pattern of Ag NPs synthesized by Date fruit extract. the EDX spectrum of the Ag NPs prepared by using Date
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Figure 5. (a—c ) SEM images of the as-prepared Ag NPs, (d) EDX elemental spectrum of the Ag NPs. The inset of Figure 5(d) shows EDX elemen-

tal mapping for Ag NPs.
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fruit extract as reducing agent. The intense peaks around
3.40 keV and 3.45 keV are correspond to the binding
energies of Ag K; , and Ag K B respectively, while the
peaks situated blow 0.5 keV corresponding of N, C and O
from Date fruit extract. Further, the EDX elemental map-
ping of the product in the inset of Figure 5(d) displays the
uniform distribution of the Ag element. The results furt-
her indicate that the Ag NPs have been successfully pre-
pared in this work.

The TEM image and size distribution of the Ag NPs
are shown in Figure 6. The TEM sample was prepared by
dispersing the powder in ethanol by ultrasonic vibration.
It can be seen from Figure 6 that the nanoparticles show
approximately sphere-like morphologies with a uniform
size. Because of the small dimensions and high surface
energy of the particles, it is easy for them to aggregate. We
also can find from this figure that the morphology of the
particles is almost homogeneous. To investigate the size
distribution of the Ag NPs, the particle size histogram was
also determined from the TEM image. The inset of Figure
6 shows the size distribution of the Ag particles. It is clear
that the diameter sizes of the Ag NPs are in the range of 25
to 60 nm with a narrow size distribution. The average par-
ticle size is approximately 40 nm, which is in agreement
with the result calculated for the half-width of diffraction
peaks using the Scherrer’s formula, allowing for experi-
mental error.

AFM is a beneficial tool for studying various morp-
hological features and parameters. Since, it has the advan-
tage of probing in deep insights of surface topography
qualitatively due to its both lateral and vertical nanometer
scale spatial resolution. The AFM images in Figure 7 dis-
play the surface morphology of the Ag-NPs formed by
Date fruit extract. As observed in Figure 7(a), AFM image

Figure 7. (a) and (b) AFM images of the Ag NPs.

—
50 nm

Figure 6. TEM image of the Ag NPs. The inset shows the size di-
stribution of the Ag NPs.

reveals the appearance of spherical nanoparticles and their
respective particle size and morphology clearly were clo-
se to those determined by the SEM and TEM images. As
can be seen from Figure 7(b), the surface of Ag NPs sho-
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wed a dense and uniform packed structure. Thus, the Ag
NPs could provide a biocompatible and rough surface for
biological uses, e.g., cell immobilization.

3. 5. Zeta Potential Measurements

Zeta potential provides the information about the
stability of nanoparticles and surface charge. Zeta poten-
tial is an essential parameter for characterization of stabi-

Zeta Potential Distribution
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Figure 8. Zeta potential analysis of colloidal Ag NPs solution pre-
pared with Date fruit extract.

a)

lity in aqueous colloidal Ag-NPs suspensions. Zeta poten-
tial of the synthesized Ag NPs is pictured in Figure 8. The
zeta potential value was measured to be about —35 mV
which confirms the good stability of the colloidal Ag NPs
aqueous suspension formed by reduction of AgNO, with
Date fruit extract.®’ The high negative values illustrate the
repulsion between the particles and thereby attainment of
better stability of Ag NPs formation avoiding agglomera-
tion in aqueous solutions.

3. 6. FT-IR Chemical Analysis

The identification of the possible biomolecules res-
ponsible for the reduction and the stabilization of
biosynthesized Ag NPs can be achieved by the FTIR stu-
dies. It has been reported that the Date palm fruit is rich
in phytochemicals like carbohydrates (mainly glucose,
sucrose and fructose), phenolic acids, sterols, carote-
noids, anthocyanins, procyanidins and flavonoids.*®® Fi-
gure 9(A) shows the structures of some phytochemicals
present in Date fruits As can be seen, these components
are containing carboxyl (-COOH), phenolic —OH and
carbonyl (C=0) functional groups. Figure 9(B) shows
FT-IR spectra recorded for the Date fruit extract and the
Ag NPs synthesized with the Date extract before and af-
ter washing. The FT-IR spectrum of Date extract in Figu-
re 9(B) (spectrum a) shows phenolic O-H, C=0, and

b)
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Figure 9. (A) The structure of some of phytochemicals present in Date fruits: (a)-(c) Phenolic acids, (d) a Flavonoid, (e) a Procyanidin, (f) a Sterol,
(g) a Carotenoid. (B) FT-IR spectra of: (a) Date palm fruit extract, (b) Ag NPs capped with Date fruit extract solution and (c) Ag NPs after washing

with deionized water
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C-OH stretching bands, corresponding to a number of
bands at 3475, 1639, and 1039 cm™, respectively. The
absorption bands at 2918, 1420, and 1352 cm™' are rela-
ted to the C—H stretching bands in Date fruit. As shown
in Figure 9(B), (spectrum b), after the reduction of Ag-
NO, the decreases in intensity of bands at 3450 and 1039
cm™' and redshift of these bands signify the involvement
of the OH groups in the reduction process. On the hand
the shift of the band from 1639 cm™ to 1630 cm™ is attri-
buted to the binding of C=0 groups with Ag NPs. On the
base of FT-IR analysis, it can be stated that the hydroxyl,
carboxyl and carbonyl functional groups present in car-
bohydrates, flavonoids, tannins and phenolic acids of
Date fruit extract may be accountable for the reduction
of the Ag™ ions and stabilization of Ag NPs. In an experi-
ment, the Ag NPs capped with Date extract were washed
with deionized water for three times and the FT-IR spec-
trum of the dried precipitate was again taken for the pu-
rity of the sample. As can be clearly seen in Figure 9(B),
(spectrum c), the intensity of the characteristic bands of
biomolecules markedly decreases after washing the pro-
duct, confirming the removal of biomolecules on the sur-
face of Ag NPs.

From the FTIR analysis and previously reported
mechanisms,® " it can be stated that the hydroxyl and
carbonyl groups present in carbohydrates, flavonoids,
procyanidin and phenolic compounds are powerful redu-
cing agents and they may be accountable for the bioreduc-
tion of Ag* ions leading to Ag’ nanoparticle synthesis.
FTIR study confirms that the carbonyl groups of biomole-
cules have a strong ability to bind metal ions and they may
be encapsulated around the Ag NPs forming a protective
coat-like membrane to avoid the agglomeration and thus
results in nanoparticle stabilization in the medium. Thus,
the Date fruit extract components act as bioreductants and
surfactants too. The plausible mechanism of the formation
of Ag NPs by using a Flavonoid biomolecule as a typical
reducing agent is shown in Figure 10. In this pursuit, pro-
teins and all secondary metabolites of extract play a criti-
cal role in both reducing and capping mechanism for na-
noparticle formation.

A Flavonoid biomolecule present
in Date fruit extract as a typical
reducing agent

| OH

OH

Stabilization

P Ag(BQ) Bioreduction
process

3.7. Antibacterial Activity of Ag Nanoparticles

The antibacterial activity of Ag NPs were analyzed
against five bacteria: Bacillus cereus, Staphylococcus au-
reus, Staphylococcus epidermidis, Klebsiella pneumonia,
and Escherichia coli by disk diffusion method. The results
of the antibacterial activity of silver nanoparticles were
showed in Figure 11. The Figure shows that Ag NPs have
good antibacterial activity; bacteria cells have been killed
at the concentration of 30 ug/ml. Table 1 represented the
inhibition zone of these bacteria. Highest activity of Ag
NPs was obtained against epidermidis, while lowest acti-
vity were observed against B. cereus and E. coli. Biosynt-
hesized Ag NPs exhibit more antimicrobial activity on

Figure 11. Images of antibacterial activities of Discs 30 ug/mL Ag
NPs on (a) E. Coli, (b) K. Pneumonia, (c) S. Epidermidis, (d) B.
Cereus. (e) S. Aureus.

Biomolecules

"
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Figure 10. The plausible mechanism of the formation of Ag NPs using Date fruit extract
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Table 1. Average of inhibition zones synthesized silver nanoparticles with Date fruit extract.

Inhibition zone diameter (mm)

Entry - Bacteria Type Silver nanoparticle Disc standard
1 E. Coli Gram-negative 11 13
2 K. Pneumonia Gram-negative 11 13
3 S. Epidermidis Gram-positive 17 14
4 B. Cereus Gram-positive 12 11
5 S. Aureus Gram-positive 13 41

gram-positive microorganism than gram-negative. The
potential antimicrobial activities showed by Ag NPs have
made them encouraging candidates as novel generation
antimicrobials.

3. 8. Catalytic Activity of Ag Nanoparticles

To evaluate the catalytic activity of the Ag NPs pre-
pared in this work by using Date fruit extract, the reduc-
tion of 4-nitrophenol (4-NP) and 4-nitroaniline (4-NA) in
aqueous solution by excess NaBH, was used as the model
systems. The catalytic process was monitored by UV-Vis
spectroscopy as shown in Figure 12. From Figure 12(a), it
was seen that an absorption peak of 4-NP undergoes a red
shift from 317 to 400 nm immediately upon the addition
of aqueous solution of NaBH,, corresponding to a signifi-
cant change in solution color from light yellow to yellow-
green due to formation of 4-nitrophenolate ion. In the ab-
sence of Ag NPs catalyst (0.5 mg), the absorption peak at
400 nm remained unaltered for a long duration, indicating
that the NaBH, itself cannot reduce 4-nitrophenolate ion
without a catalyst. In the presence of Ag NPs catalyst and
NaBH, the 4-NP was reduced, and the intensity of the ab-
sorption peak at 400 nm decreased gradually with time
and after about 24 min it fully disappeared (Figure 12(a)).
In the meantime, a new absorption peak appeared at about
295 nm and increased progressively in intensity. This new
peak is attributed to the typical absorption of 4-aminophe-
nol (4-AP). This result suggests that the catalytic reduc-
tion of 4-NP exclusively yielded 4-AP, without any other
side products. In the reduction process, the overall con-
centration of NaBH, was 10 mM and 4-NP was 0.1 mM.
Considering the much higher concentration of NaBH,
compared to that of 4-NP, it is reasonable to assume that
the concentration of BH, remains constant during the
reaction. In this context, pseudo-first-order kinetics could
be used to evaluate the kinetic reaction rate of the current
catalytic reaction, together with the UV-Vis absorption
data in Figure 12(a). The absorbance of 4-NP is proportio-
nal to its concentration in solution; the absorbance at time
t (A) and time t = 0 (A,) are equivalent to the concentra-
tion at time t (C)) and time t = 0 (C,). The rate constant (k)
could be determined from the linear plot of In(C/C,) ver-
sus reduction time in minutes. As expected, a good linear
correlation of In(C/C,) versus time was obtained as
shown in the inset of Figure 12(a), whereby a kinetic reac-

tion rate constant k is estimated to be 1.34 x 10™" min™".
Figure 12(b) shows the UV-Vis absorption spectra of the
reduction of 4-nitroaniline by NaBH, at various reaction
times in the presence of Ag NPs. The observed peak at
385 nm for the 4-nitroaniline shows a gradual decrease in
intensity with time and a new peak appeared at 295 nm in-
dicating the formation of p-phenylenediamine (1,4-PD).
As shown in Figure 12(b), it took 24 min for the complete
reduction of 4-NA in the presence of Ag NPs (0.5 mg).
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Figure 12. UV-Vis spectra of (a) 0.1 mM 4-nitrophenol (4-NP)
with 10 mM NaBH4 and (b) 0.1 mM 4-nitroaniline (4-NA) with 10
mM NaBH4 in the presence of Ag NPs as catalyst. The insets show
the plots of In(C/C,) against the reaction time for pseudo-first-or-
der reduction kinetics of 4-NP and 4-NA in the presence of excess
NaBH, (10 mM) in aqueous solutions.
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Fig. 13. (a) XRD pattern and (b) SEM image of the recovered Ag NPs after the fourth cycle.

The corresponding k value was 7.38 x 10~ min™' (see the
inset in Figure 12(b)). The results indicated that Ag NPs
exhibited considerably high activity for the reduction of
nitroarenes with NaBH, as the hydrogen donor.

The reusability of catalysts is a very important para-
meter to assess the catalyst practicability. Therefore, the
recovery and reusability of the Ag catalyst was investiga-
ted for the reduction of 4-NP under the present reaction
conditions. After the completion of reaction, Ag NPs were
separated from the reaction mixture by centrifugation.
The catalyst was washed with water and ethanol several
times, dried and employed for the next reaction. The acti-
vity of the four consecutive runs (98, 98, 97 and 95%) re-
vealed the practical recyclability of the applied catalyst.

No significant loss in activity was observed for up to four
catalytic cycles, thereby indicating that the as-prepared
catalyst is stable and efficient in the reduction of nitro-
compounds. As shown in Fig. 13(a) and (b), XRD and
SEM image of the recycled catalyst did not show signifi-
cant change after the fourth run in comparison with the
fresh catalyst (see Figures 4 and 5). This observation con-
firmed that the Ag NPs are stable under the reaction con-
ditions and are not affected by the reactants.

Moreover, we have compared the obtained results in
the reduction of 4-NP with NaBH, catalyzed by Ag NPs
prepared in this work with some reported catalysts in the
literature (Table 2). It is clear that with respect to the reac-
tion conditions and/or reaction times, the present method

Table 2. Comparison of the result obtained for the reduction of 4-NP in the present work with those obtained by some repor-

ted catalysts.

Entry Catalyst Conditions Time Ref.
1 Ni-PVA/SBA-15 H,O, NaBH,, r.t. 85 min [71]
2 Hierarchical Au/CuO NPs H,0, NaBH,, r.t 80 min [72]
3 Cu NPs THF/H,0, NaBH,, 50 °C 2h [73]
4 PdCu/graphene EtOH/H,0, NaBH,, 50 °C 1.5h [74]
5 Au-GO H,0, NaBH,, r.t. 30 min [75]
6 CoFe,0, NPs H,0, NaBH,, r.t. 50 min [76]
7 FeNi, nano-alloy H,0, NaBH,, r.t 60 min [77]
8 NiCo, nano-alloy H,0, NaBH,, r.t. 30 min [78]
9 CdS/GO H,0, NaBH,, r.t. 30 min [79]

10 dumbbell-like CuO NPs H,0, NaBH,, r.t. 32 min [80]

11 Ni NPs H,0, NaBH,, r.t. 16 min [81]

12 CuFe,0, NPs H,0, NaBH,, r.t. 14 min [82]

13 Au NPs H,0, NaBH,, r.t. 4 min [83]

14 Pd/RGO/Fe,O, NPs H,0, NaBH,, r.t. 1 min [84]

15 Cu/Fe,O, NPs H,0, NaBH,, r.t. 55 sec [85]

16 Cu NPs/perlite H,0, NaBH,, r.t. 2.5 min [86]

17 Ag NPs H,0, NaBH,, r.t. 24 min This work
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is more suitable and/or superior (Table 2, entries 1-10). It
is clear that reaction in the presence of most reported ca-
talysts required longer reaction times. However, compa-
red with some these reports, the present catalyst also pre-
sented close or lower catalytic activity for the reduction of
4-NP (Table 2, entries 11-16). Furthermore, compared
with the other catalysts, the Ag NPs can be easily prepared
using Date fruit extract without the use of harsh, toxic and
expensive chemicals which is very important in practical
applications.

4. Conclusions

In the present work, Date fruit extract was used as an
effective reducing as well as capping agent for the
biosynthesis Ag NPs in aqueous solution. The synthesis of
Ag NPs was affected by the variation in reaction condi-
tions such as time, temperature, concentration of extract
and silver solution and pH. The synthesized Ag NPs were
spherical, 25-60 nm in size, crystal in nature and showed
absorption spectrum at ~400—420 nm. The formed Ag NP-
s were quite stable, showed good antimicrobial activity
and were utilized as a catalyst for the reduction of several
aromatic nitro-compounds into their corresponding amino
derivatives. Thus Date extract can be effectively used for
the synthesis of Ag NPs. Further experiments for the
synthesis other metal nanoparticles such as Au, Pd, and
Cu, using Date fruit extract are in progress in our labora-
tory. Synthesis of metallic nanoparticles using green re-
sources like Date fruit extract is a challenging alternative
to chemical synthesis, since this novel green synthesis is
cost effective, pollutant free and eco-friendly synthetic
route.
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V tem ¢lanku porocamo o sintezi sfericnih nanodelcev srebra (Ag NPs), ki smo jih sintetizirali s poceni, hitrim, enostav-
nim in okolju prijaznim pristopom. Za sintezo smo uporabili sadni izvlecek datljeve palme kot naraven reducent in sta-
bilizator. Produkte smo karakterizirali z UV-Vis spektroskopijo, rentgensko praskovno difrakcijo (XRD), infrardeco
spektroskopijo (FT-IR), vrsti¢no elektronsko mikroskopijo (FE-SEM), presevno elektronsko mikroskopijo (TEM), mi-
kroskopijo na atomsko silo (AFM), energijsko disperzivno rentgensko spektroskopija (EDX) in meritvami zeta poten-
ciala. Preucevali smo razli¢ne parametre reakcijskih pogojev kot so ¢as, mnoZine reducenta in srebrovega nitrata, tem-
peratura, pH. Optimalni reakcijski pogoji sinteze srebrovih nanodelcev (Ag NPs) so bili doseZeni v primeru reakcije 10
mM raztopine srebrovega nitrata s sadnim izvle¢kom datljeve palme pri pH 11 in temperaturi do 55 ° C v 10 minutah.
Elementarno in kristalinicno naravo nanodelcev srebra (Ag NPS) smo potrdili z EDX in XRD analizama. SEM in TEM
slike so pokazale, da so nanodelci srebra (Ag NPs) sferi¢ni, z velikostjo v obmoc¢ju od 25-60 nm. Na osnovi FT-IR ana-
lize, lahko recemo, da so funkcionalne skupine prisotne v bioloskih molekulah sadnega izvlecka datljevih palm odgo-
vorne za redukcijo in stabilizacijo nanodelcev srebra (Ag NPs). Dokazali smo njihovo ucinkovito antibakterijsko delo-
vanje proti nekaterim patogenim bakterijam. Preucevali smo tudi katalitsko aktivnost nanodelcev srebra (Ag NPs) za hi-
tro in ucinkovito zmanjSanje strupenih nitro spojin v manj strupene amine z uporabo NaBH,
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Abstract

The effectiveness of using TiO, and corn cob films to remove Malachite Green oxalate (MG) and Acid Yellow 17 (AY
17) from binary dye solution was studied. The immobilization method in this study can avoid the filtration step which is
not suited for practical applications. Batch studies were performed under different experimental conditions and the pa-
rameters studied involved initial pH of dye solution, initial dye concentration and contact time and reusability. The equi-
librium data of MG and AY 17 conform to Freundlich and Langmuir isotherm model, respectively. The percentage re-
moval of MG remained high after four sorption cycles, however for AY 17, a greater reduction was observed. The remo-
val of both dyes were optimized and modeled via Plackett- Burman design (PB) and Response Surface Methodology
(RSM). IR spectrum and surface conditions analyses were carried out using fourier-transform infrared spectrophotome-
ter (FTIR), scanning electron microscope (SEM) and atomic force microscope (AFM), respectively.

Keywords: Malachite Green; Acid Yellow 17; Immoblization; Plackett Burman; Response Surface Methodology

1.Introduction

Dye is a common coloring agent used in textile, pa-
per, ink, food and leather industries. The usage of these
dyes has continuously increased and it has been reported
that there are more than 100,000 commercial dyes with a
rough estimated production of 7 x 10° to 1 x 10° tons per
year."> Although this colored pollutant imparts only a
small fraction of the total organic load in wastewater, it is
easily recognizable and damages the aesthetic nature of the
environment. Many dyes used in these industries are diffi-
cult to degrade, as they are generally stable to light and
oxidizing agents, as well as resistant to aerobic digestion.
Therefore, conventional effluent treatment methods based
on oxidation and/or aerobic digestion may not be effective.

Malachite Green (MG) is a water soluble cationic
dye that is widely used in aquaculture as an effective fun-
gicide. However, scientific evidence indicated that MG
and its metabolites, leucomalachite green (LMG) is envi-
ronmentally persistent. This dye causes a serious public
health hazards as both clinical and experimental observa-
tions reveal that MG is a multi-organ toxin.*> As MG be-
longs to the same group of triphenylmethane dyes as cry-

stal violet, in which carcinogenic effects have been de-
monstrated, therefore based on this group classification, a
carcinogenic effect can be assumed.* Acid Yellow 17 (AY
17) is a mono-azo acid dye, widely used in the textile,
leather, cosmetic and paper industry. It is also a common
additive in household products such as shampoo, deter-
gent, soap and shower gel.® This dye synergizes dermatitis
to sensitive skin and causes irritation to eyes. Besides, its
thermal decomposition emits toxic fumes of CO, CO, and
NO.” Due to these severe problems, water contamination
originated from the dyeing and finishing in textile indu-
stry has become a major concern.

The most common physical method utilized by texti-
le industry for waste water treatment is adsorption.
Amongst all, activated carbon is one of the most popular
adsorbents and it has also demonstrated its efficiency in the
removal of various pollutants. However, this type of adsor-
bent remains as a costly material and it is difficult to rege-
nerate. Thus, there is a need to continue exploring other
economical feasible treatment method for dyes removal.
Maize also known as corn, is one of the major feed grains
in the world. However, after the removal of corns, the
abundant agriculture residues such as corn cob, corn husk,
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corn leaf and corn stalk are often burnt without utiliza-
tion.®? But corn cob can actually serves as an attractive low
cost adsorbent as it possesses some fairly amazing proper-
ties. It contains approximately 39.1% cellulose, 42.1% he-
micellulose, 9.1% lignin, 1.7% protein and 1.2% ash."

Apart from adsorption technique, photocatalytic
oxidation is also one of the emerging technologies for the
elimination of organic pollutants. From the literature,
photocatalysis have demonstrated different degrees of ap-
plicability for the removal of organic pollutants from
aqueous solutions and often, this is viewed as a promi-
sing method because it requires no addition of chemi-
cals."'"!> The basic principle involve can be depicted as
follows: once excited by light with energy higher than the
band gap energy of photocatalyst, pairs of holes (h*) and
electrons (e7) generate and migrate to the surface to react
with adsorbed reactants. The holes, together with other
oxidizing species such as hydroxyl radicals resulting
from certain photochemical reactions, oxidize the orga-
nic pollutants to carbon dioxide, water and some simple
mineral acids.'®

The main drawback for these two wastewater treat-
ment processes was low economical feasible. Often, extra
energy or equipment is required for the post-filtration,
centrifugation and sedimentation process. Therefore, in
this current work, attempt has been made to immobilize
both corn cob and TiO, onto a thin film to overcome the
problem associated with separation of fine particles men-
tioned earlier. In order to further enhance the usefulness
and efficiency of the proposed treatment method, the per-
centage uptake for both MG and AY 17 were optimized
and modeled via Plackett- Burman design (PB) and Res-
ponse Surface Methodology (RSM).

2. Materials and Methods
2. 1. Adsorbent

Corn cob was collected from Kampar night market
and cut into small pieces, approximately 2 cm/ piece. It
was then washed several times with distilled water and
consequently boiled for 3 hours to remove the adhering
dirt and residues. The clean corn cob was then dried in
oven at 60 °C for 24 hours. Dried sorbent was subse-
quently grinded into powder form and passed through 1
mm sieve before stored into the air tight container for furt-
her experimental use.

2. 2. Immobilization of TiO, and Corn Cob

Chitosan solution was prepared by dissolving 5.05 g
of chitosan powder (coarse ground flakes and powder,
Sigma-Aldrich Pte. Ltd) in 500 mL of 1% (v/v) acetic acid
solution under continuous stirring for a night at room tem-
perature to ensure all the chitosan powder was well dissol-
ved and the solution was bubble free.

TiO, Degussa P25 (mainly in anatase form, mean par-
ticle size of 30 nm, BET surface area of 50 mz/g) was dis-
persed well and free from agglomeration into chitosan solu-
tion via the combination of mechanical stirring and sonica-
tion methods with slight modicfication.!” Both corn cob
film (1.0 g of corn cob / 63 g chitosan solution) and TiO,
film (0.25 g of TiO, / 63 g chitosan solution) were prepared
with evaporative casting method onto a 10.16 x 10.16 cm of
polymer plate and dried in oven at 45 °C for 24 hours to
evaporate all the moisture. The dried films were then neu-
tralized by soaking it in 0.5 M of NaOH solution for 4
hours. Thereafter, the films were washed till neutral pH and
subjected for further drying in oven at 35 °C for 24 hours.

2. 3. Adsorbates

Binary dye solution was selected for this study and
it involved the mixing of Acid Yellow 17, AY 17 (C.L.=
18965) and Malachite Green crystal, MG ( C.I. = 40000).
Both dyes were purchased from Sigma-Aldrich Pte. Ltd
and were used as received without further purification.
The prepared binary dye solution was kept in dark for pre-
vent degradation from light.

2. 4. Instrumental and Characterization
Analysis

The functional groups that present on corn cob film
before and after dye removal process were determined us-
ing Perkin Elmer FTIR, Spectrum RX1 at the wavenum-
ber range of 4004000 cm™' with the number of 4 scans
per sample and resolution of 4.0 cm™. The surface morp-
hology of corn cob and TiO, film was studied by using
field emission scanning electron microscope (JEOL FES-
EM JSM 6701F), operated at emission current of 3.0 kV
with working distance of 4.6 mm. Besides, atomic force
microscope was also employed (AFM, Park System, XE-
70) to observe the surface topography of film before and
after the dye removal process by using the contact mode
on a 15 x 15 pym? area.

2. 5. Batch Study

Batch study was performed under the exposure of
sunlight continuously for 4 hours. Light intensity was re-
corded at every 1 hour interval with UVA/B light meter.
Based on the results from our previous studies in the labo-
ratory, the amount of dyes adsorbed by TiO, in dark was
negligible. Both TiO, thin film and corn cob film were im-
mersed in 500 mL of binary dye solution (10.0 mg/L of
MG and 40.0 mg/L of AY 17) in the aquarium tank. Aera-
tion was provided by an air pump. At predetermined time
intervals, a known volume of dye solution was withdrawn
from the tank and analyzed for its dye content using UV-
visible spectrophotometer to determine the % of dye remo-
val. The same experimental conditions were employed
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throughout the study unless otherwise stated. The per-
centage uptake of dye was calculated based on Equation 1.

Percentage removal (%) = C";C" x 100 % (1)
o

where,
C, = Initial concentration of dye, mg/L
C, = Concentration of dye in equilibrium, mg/L

2. 5. 1. Effect of pH

The removal of dyes at different initial pH was inve-
stigated in range of pH 4.45 + 0.50 (natural pH of the bi-
nary dye solution) to 7. Dilute sodium hydroxide (NaOH)
solution was added dropwise to adjust the pH to the desire
pH, prior to the experiment.

2. 5. 2. Effect of Initial Dye Concentrations and
Contact Time

The effect of initial dye concentrations and contact
time on the percentage uptake of MG and AY 17 was stu-
died by using the dye concentrations of 20, 40 and 80
mg/L. Dye solution was collected at various time inter-
vals, 5, 10, 15, 30, 60, 120, 180, 240 and 300 minutes and
the concentration was determined.

2. 5. 3. Sorption Isotherm

Sorption isotherms were obtained by varying the
initial dye concentrations of MG from 10.0 mg/L to 50.0
mg/L and 40.0 mg/L to 80.0 mg/L for AY 17. The experi-
ment was carried out by adding 0.1 g of corn cob film into
20 mL of binary dye solutions. This sorption mixture was
then shaken at 150 rpm in a centrifuge tube at room tem-
perature for 4 hours.

2. 5. 4. Reusability of TiO, Film and Corn Cob
Film

The possibility of repetitive usage of films was stu-
died in this parameter. The same TiO, and corn cob films
were reused for multiple sorption cycles (up to 4 cycles).
Before the films were subjected for the next cycle of sorp-
tion process, the previously sorbed dyes were removed
from the films by soaking it in 0.5 M NaOH solution for
desorption process. This was followed by several was-
hings until neutral and the films were air-dry.

2. 6. Statistical Approach

2. 6. 1. Evaluation of Factors Affecting
the Percentage Uptake of Dyes
The effect of various factors that influence the per-
centage uptake of MG and AY 17 were investigated with

Plackett-Burman design. The validity of 3 factors inclu-
ding initial dye concentrations, contact time and initial p-
H of binary dye solution were screened by Design Expert
Version 7.1.3 software to generate 12 experimental de-
signs.

2. 6. 2. Optimization Study

The factors resulted from Plackett-Burman study
was continued with central composite design (CCD) mo-
del in Response Surface Methodology (RSM) by using
Design Expert Version 7.1.3 software. The correlation of
factors and percentage uptake for binary dye was descri-
bed with modified cubic model.

3. Results and Discussion

3. 1. Instrumental Analysis

3. 1. 1. Fourier Transform Infrared Spectroscopy
(FTIR)

Figure 1 shows the FTIR spectra of native chitosan
film and corn cob film before and after adsorption in the
wavenumber range from 4000 to 400 cm™. From the spec-
trum, the peak observed at 3436 and 3437 cm™! correspon-
ded to the amine stretching N-H and confirmed the pre-
sence of amine group in the chitosan structure. The peaks
appeared at 2920 cm™' indicated that the stretching vibra-
tion of C-H bond of methylene and methane group, whe-
reas 2844 cm™' shows C—H stretching for sp? carbon atom.
As for peak observed at 1632, 1638 and 1642 cm™', this
would suggest the presence of N-H bending amine
groups. A weak intensity of C=C stretching bands for aro-
matic rings were assigned at 1425cm™". It was noticed that
the FTIR spectra of corn cob film (before and after ad-
sorption) are very similar to each other. Apart from the li-
mitations in the sensitivity of the instrument, this could al-
so be due to the nature of the process. As it has been po-
stulated that the dye removal process mainly involved ad-
sorption, which is a surface chemistry process, therefore
the FTIR spectra before and after the process would
shown not much difference. Similar results were reported
in the removal of Methylene Blue by using nitrilotriacetic
acid modified banana pith.>

3. 1. 2. Surface Characterization

The surface morphology involving shape and poro-
sity of the films was studied using SEM. The SEM micro-
graphs that showed the surface texture of TiO, film and
corn cob film before and after the dyes removal process
was presented in Figures 2 and 4. The analysis was perfor-
med under the magnification of 10,000x.

From these SEM micrographs, it is apparent that be-
fore the dyes removal process, TiO, powders has been
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Figure 1. FTIR spectrum of native chitosan film (red) and corn cob film before adsorption (black) and after adsorption (blue)

evenly disperse onto the chitosan matrix. This can be ob-
served from the homogeneity shown by the film (Figure
2a). The energy dispersive X-ray (EDX) analysis was per-
formed on the white spots shown in Figure 2a. The Ti
peaks in the spectrum (Figure 3) confirm the presence of
TiO, in the film. As for corn cob film, it is clear that it is a
non-porous type of materials (Figure 4a). Significant dif-

ference was observed on film morphology after it under-
goes dye removal process. Both of the film’s surfaces dis-
played less uniformity than before dyes removal. It is sug-
gested that the rough and uneven surfaces shown in these
films is due to the adhesion of dye molecules.

Besides SEM, color mapping using contact mode,
atomic force microscope (AFM) was also employed to

Figure 2. SEM micrographs of TiO, film before (a) and after (b) dyes removal process
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Figure 3. EDX analysis spectrum of the white spot in TiO, film
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Figure 4. SEM micrographs of corn cob film before (a) and after (b) dyes removal process

define the saturation of film’s surface. This is one of the
usual methods used for displaying data whereby high fea-
tures or high topography is illustrated by lighter color and
vice versa. From the images obtained (Figures 5-6),
films after the dyes removal process exhibited lighter co-
lor and rougher surface. This is most probably caused by
the agglomeration of dyes. During the removal process,
with the introduction of dye molecules on the surface of
the films, these films become more intense and this ex-

plains the higher topography shown after the removal
process.

3. 2. Effect of Initial pH of Dye Solution

Figure 7 shows the percentage uptake of MG and
AY 17 from natural pH of binary dye solution (4.54) to 7
after 4 hours of contact time. The pH of dye solution is a
crucial controlling parameter as it is going to influence the
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Figure 6. AFM image of corn cob film before (a) and after (b) dyes removal process
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Figure 7. Effect of pH in the removal of MG and AY 17

aqueous chemistry as well as the surface binding sites of
adsorbent.'® Generally, the removal of MG should be in-
creased as the pH of the solution increased whereas for

AY 17, higher removal will be facilitated at low pH. Ho-
wever, the current results obtained indicated that the re-
moval of both dyes was more favorable in acidic condition
and this agreed well with some of the previously reported
works. %!

The high affinity shown by the films in acidic pH
can be attributed to the usage of chitosan as the supporting
matrix in this study. At lower pH, amino groups of chito-
san can be easily protonated to form -NH,". With decrea-
sing pH, there will be more protons available to protonate
amino groups of chitosan and this enhance the attraction
of negatively charged dye (AY 17) towards the cationic
amines.?>* However, as chitosan is a type of pH sensitive
cellulose biopolymer which will dissolve and formed
hydrogel under extreme acidic condition, therefore the ef-
fect of pH was not carried out beyond pH 4. And since by
using the natural pH of the binary dye solution, an appre-
ciate amount of both dyes could be removed simultane-
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ously, therefore no pH adjustment was carried out in sub-
sequent experiments.

3. 3. Effect of Initial Dye Concentration
and Contact Time

The influence of the contact time was studied in or-
der to identify the equilibrium time for maximum adsorp-
tion. Figure 8 indicates the rates of adsorption of MG and
AY 17 at various concentrations. The uptake for three dif-
ferent concentrations which were 20, 40 and 80 mg/L for
both MG and AY 17 showed the similar adsorption trend.
From the results, it can be noticed that the adsorption of
dyes was rapid at beginning, followed by a gradual pro-
cess. This fast uptake at the beginning may be attributed to
the large amount of available vacant binding sites of sor-
bent whereas a subsequent slower adsorption could be re-
lated to intraparticle diffusion. The current uptake pattern
followed essentially the same trend in most of the reported
works dealing with the adsorption studies whereby it can
be customarily classified into rapid formation of an equili-
brium interfacial concentration, followed by slow diffu-
sion into the adsorbent.?* With increasing contact time,
the percentage uptake of dye removal rate decreased due
to limited vacant adsorption sites as the binding sites of
sorbent become saturated with dye molecules.”® Hence,
this has turned into a limiting factor for dye uptake. Simi-
lar observations were reported in the removal of colored
textile wastewater using chitosan and the authors explai-
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Figure 8. Effect of initial dye concentration and contact time in the
removal of MG and AY 17

ned that these were due to the competition for active ad-
sorption sites. 2> At higher dye concentration, the num-
ber of available adsorption sites becomes fewer and many
dye molecules competed strongly to the limited adsorp-
tion sites. Consequently, large number of dye molecules
was not being adsorbed successfully onto the sorbent.

3. 4. Kinetics Studies

Sorption kinetic studies were explored as it can pro-
vide some important insight about the mechanism of ad-
sorption processes as well as describe the reaction path-
ways. The modeling of the kinetic studies of MG and AY
17 onto the sorbent was examined individually by appl-
ying two different kinetic models, namely pseudo-first-or-
der®® and pseudo-second-order.?’” The applicability of the
model was chosen based on their respective linear regres-
sion correlation coefficient, R? values.

3. 4. 1. Pseudo-first Order Kinetic Model

For pseudo-first order kinetic model, it assumes that
the rate of the solute change is directly proportional to the
amount of solid uptake with time. The linear equation of
pseudo-first order equation is expressed as follows:

Hl
2.303

log (q.—q,) =log q, - t 2

where,

q. = amount of dyes adsorbed at equilibrium, mg/g
g, = amount of dyes adsorbed at time t, mg/g

K, = rate constant of pseudo—first order, 1/min

t = time, min

A linear graph of log (q,—q,) versus time for the ad-
sorption of MG and AY 17 onto the corn cob films at the
concentration of 20, 40 and 80 mg/L was plotted (Figure
not shown). The experimental, q,, ., and theoretical, q,,,
adsorption capacities of dye at equilibrium and the first-
order rate constant, K, with the correlation coefficient, R?
for each dye concentration of was tabulated in Table 1.
The g, and K; were determined from the intercept and
gradient of the kinetic plot, respectively. Based on the re-

Table 1. Adsorption capacities, kinetic model parameters and correlation coefficients based on pseudo-first and pseudo-second order kinetic mo-

dels
Dye Initial dye e (expt) Pseudo-first order kinetic model Pseudo-second order kinetic model
concentration  (mg/L) e (cal K, (1/min) R? 9 cal K, h R?
(mg/g) mg/g) (mgg™")  (I/min) (mg/g.min)

MG 20 5.4106 1.4983 0.00253 0.2583 5.0556 0.0286 0.7301 0.9837
40 9.8819 5.4425 0.01474 0.5810 11.0375 0.0031 0.3831 0.9960
80 14.8624 10.6856 0.01036 0.8083 18.6220 0.0009 0.2971 0.9830

AY 17 20 2.2865 1.7939 0.006909 0.5023 3.0544 0.0040 0.0370 0.9926
40 3.3817 2.1857 0.005297 0.6686 3.5727 0.0074 0.0947 0.9758
80 3.2961 1.6749 0.005758 0.4756 3.3852 0.0137 0.1570 0.9887
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sults, for both MG and AY 17, the R? values were relati-
vely low and the g, values gave unreasonable values
compared to those determined experimentally. Besides, it
was found that the pseudo-first order kinetic equation
does not fit well for the whole range of the adsorption pro-
cess. This clearly indicates the non-applicability of pseu-
do-first order kinetic model for the studied dyes and im-
plies more than one parameter could be involved in the ad-
sorption process. From the literature, the reviews of expe-
rimental works also reveal that (in most cases) the pseudo-
first order equation is unable to correlate the measured
kinetics well. 27

3. 4. 2. Pseudo-second Order Kinetic Model

The adsorption kinetic data was further studied by
using pseudo-second order model. Pseudo-second order
model assume that rate limiting step may be chemisorp-
tion involving the valence forces transferring through
electron sharing or exchanging between sorbent and sor-
bate as covalent forces, and ion exchange.”®*' The linear
equation of the model was shown:

t 1 1
2.ty )
. h gq,

where h =K,q2
h = initial rate of adsorption, mg/g.min
K, = rate constant of pseudo-second order, g/mg.min

This model is considered more appropriate to repre-
sent the kinetic data in biosorption systems and has the
following advantages: it does not have the problem of as-
signing an effective adsorption capacity, the rate constant
of pseudo-second-order, and the initial adsorption rate all
can be determined from the equation without knowing any
parameter beforehand.”” A linear plot of t/q, versus t for
MG and AY 17 at various concentrations was plotted (Fi-
gure 9). The h values were calculated from y-intercept,
whereas q, ., and K, values were obtained from the gra-
dient of the linear plot. The R* values for both MG and AY
17 were found to be higher and closer to unity. Additio-
nally, based on the tabulated data in Table 1, the theoreti-
cal q, ., shown closer values with the experimental equi-
librium adsorption capacities. Therefore, it implies that
adsorption of MG and AY 17 were better described by
pseudo-second order kinetic model. The pseudo-second
order rate constant, K, was found to be decrease with in-
creasing dye concentrations (Table 1). This could be rela-
ted to lower competition among the dyes molecules at lo-
wer concentration for the limited available surface adsorp-
tion sites.”

The values of q_, K, and h against C_ in the corres-
ponding linear plots of the pseudo-second order kinetic
model were regressed in order to obtain the expression for
theoretical MG and AY 17 concentration. These parame-

ters could be expressed as a function of C_ for MG and AY
17 as follows:

Co

" aorhs @
—_— %
Kl ApCy+ By (5)
-_ G
T ARG+ By (6)

where Aq, B @ A, B,, A, and B, are constant for the res-
pective equations and obtained through regression from
the linear plots. The generalized predictive models for
MG and AY 17 adsorbed at any contact time and initial
dye concentrations within the given range with relations-
hip of g,, C, and t can be expressed as follow:
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Figure 9. Pseudo second-order kinetics of MG and AY 17
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By substituting the calculated constant values, the
theoretical model for MG and AY 17 could be represented
as equation below:

C.t
MG)q, = =
(MG)a, (4.2273)(C,) — 48.686 + (—0.0184C, + 3.6252)t (®)
AY 17)g, = Cot
( )a: (35.714)(C,) — 847.28 + (0.3298C, — 1.1656)t )

Theoretical model derived for MG and AY 17 was
applied to obtain the adsorption capacity, g, at any given
C, and t. A comparison between the experimental values
and theoretical values was shown in Figure 10.

It is clear that the theoretically generated curves
showed good agreement with experimental data for 20
mg/L of MG, but deviations occurred at higher concentra-
tions. This deviation could be related with the formation
of multilayers on the sorbent as the dye concentrations in-

Gan et al.: Utilization of Corn Cob and TiO, Photocatalyst ...

151



152

Acta Chim. Slov. 2017, 64, 144-158

®MG-20mgL A MG-40mgL ®WAG-80mgL
18 AY 17-20mgL AAY 17-40mgL WAY 17-80mgL
(Symbol= expenmental data; Ine= psendo second crder kinetic model)
16 L]
L]
L
14 &
12
3
E 10 A A A A
= . ;
&
* |
. . . L L .
4 o e
L .}
a
2 ﬁ (] o .
2 r .
0+
0 60 120 180 240 00 60
Time (min)

Figure 10. Typical plots of comparison between the measured and
pseudo second order modeled time profiles for MG and AY 17 re-
moval

creased.*” Additionally, deviations were more pronounced
in the case of AY 17 and this might be due to the poor R?
values of the linear graph of q,, K, and h against C . Seve-
ral studies have also reported the suitability of pseudo-se-
cond order kinetic model in describing the adsorption pro-

cess. 3

3. 5. Sorption Isotherm

The sorption isotherm is important as it can be used
to describe the interaction between sorbent surface and
the dyes molecules. Two different isotherm models were
applied, namely Langmuir ¢ and Freundlich®” models
which are capable to give some insight into the sorption
mechanism and the distribution between sorbate molecu-
les and affinities of the sorbent. The most appropriate cor-
relation equilibrium model was determined based on their
respective isotherm constant and correlation coefficient,
R? value.

The equation of Langmuir isotherm was shown be-

low:
C_C, 1 (10
G Im KiQm

where,

C. = Equilibrium liquid phase dye concentration (mg/L)

q. = Amount of dye absorbed at equilibrium (mg/g)

q, = Maximum adsorption capacity (mg/g)

K, = Adsorption equilibrium constant (L/mg)

A linear graph of C_/q, against C, for the adsorption
of MG and AY 17 onto corn cob films was plotted and
shown in Figures 11 and 12, respectively. The correlation
coefficient, R? value was 0.9406 for the linear plot of MG,
whereas R? for AY 17 was 0.9684. This result indicates
that monolayer adsorption of AY 17 on the surface of corn

cob films system fitted better in Langmuir isotherm, but
not for MG. The plot gave a linear regression line provi-
ded with gradient of 1/q,, and y-intercept of 1/q K,. The
maximum adsorption capacity, q,, for MG and AY 17 we-
re calculated as 35.336 mg/g and 0.241 mg/g, respecti-
vely. Meanwhile, Langmuir isotherm constant for the ad-
sorption of MG was 0.882 L/mg and AY 17 was 0.039
L/mg.

In Langmuir isotherm, another important characteri-
stic is that be related to the dimensionless equilibrium pa-
rameter, R, *® and the values could be calculated by using
the equation shown as follow:

1
R, =—— (1n
1+ K,C,
where,
R, = Dimensionless equilibrium parameter
K, = Adsorption equilibrium constant (L/mg)
C, = Initial concentration of dye solution (mg/L)
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Figure 12. Langmuir isotherm of AY 17

The favorability of MG and AY 17 adsorption sys-
tem could be predicted based on R; value (If R; > 1, un-
favorable; R; =, linear; 0 <R, <1, favorable; R; =0, ir-
reversible). The calculated R, value lies between 0.0207
to 0.4534 and this indicates that the adsorption process
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is favorable and corn cob thin films is a potential ad-
sorbent for the removal of MG and AY 17 from aqueous
solution.

The Freundlich isotherm assumes a physiochemical
multilayer adsorption process on heterogeneous surfaces
energy system. This isotherm is more towards a non-ideal
adsorption that is more flexible and does not assume ad-
sorption limit. The exponential Freundlich isotherm mo-
del equation is expressed as:

q.=K.C" (12)

where K. = Freundlich isotherm constant for ad-
sorption and n = Freundlich constant for intensity of ad-
sorption. By taking the logarithm, the equation will there-
fore be in a linearized form and appeared as below:

1
logq, = log K + — logC, (13)
n

The graphs of log q, against log C, for MG and AY
17 were plotted and shown in Figures 13 and 14, respecti-
vely. The linear regression line on the plot could be used
to determine the value of 1/n and K, from gradient and y-
intercept, respectively. The coefficients for the linearized
forms of the isotherm models for the adsorption of both
dyes are listed in Table 2. The results implied that adsorp-
tion of MG on the corn cob films was more towards the
heterogeneous surface and belong to multilayer adsorp-
tion system. The values of n for MG and AY 17 were
1.484 and —0.618 whereas the intensities of Freundlich

% 08 4
H
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Figure 13. Freundlich isotherm of MG

Table 2. Langmuir and Freundlich isotherm parameters
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Figure 14. Freundlich isotherm of AY 17

constant were 16.881 and 333.657, respectively. Adsorp-
tion system will be termed as favorable process when the
n value is in the range of 1 < n < 10. Based on the n value
obtained, the adsorption of MG was termed as favorable.
As for AY 17, Langmuir model appears to provide a more
reasonable fitting and therefore this explains why a lower
n value was obtained.

3. 6. Reusability of TiO, Film and Corn Cob
Film

Reusability is a major concern as this is one of key
steps to make this type of economical dyes removal
method applicable for practical usage. Therefore, a study
on the repetitive usage and recycle of the thin films was
performed. Figure 15 shows the effect of repetitive usage
of TiO, and corn cob films on the percentage removal of
MG and AY 17. The percentage removal of MG was
maintained around 90 % whereas percentage removal of
AY 17 decreased from cycle 1 to 4. This can be attributed
by the non-negligible adsorbed dye molecules on the
films. Although the film was subjected to regeneration
process by using NaOH before the next cycle of usage, so-
me of the AY 17 dye molecules might still be strongly
bind to the films and this condition hinders other AY 17
dye molecules from reaching to the active site and subse-
quently, a lower uptake was observed. As for MG, the
recycling method adopted shown that this is a suitable
method to desorb the previously attached MG dye and as a
result, a high removal efficiency was maintained throug-
hout the process.

Dve Langmuir Freundlich

¥ q,,, mg/g K,, L/mg R’ K, n R?
MG 35.336 0.882 0.9406 16.881 1.484 0.9633
AY 17 0.241 0.039 0.9684 333.657 —-0.618 0.9081
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3. 7. Statistical Experimental Design-
Plackett-Burman (PB) and Response
Surface Methodology (RSM)

Statistical approach was employed to determine the
important factors and to optimize the experimental condi-
tion for the removal of MG and AY 17 in binary dye solu-
tion. Design-Expert version 7.1.3 was used to validate the
model through function of desirability. Significant factors
that affect the dyes removal through combination of pho-
todegradation and adsorption were screened through Plac-
kett- Burman (PB) design.

120

EMG BAY17

1 2 3 4

Number of cvcles

2 38 8

Percentage removal (%)

(%]
o

0

Figure 15. Effect of reusability in the removal of MG and AY 17

A total of three assigned parameters which were
initial dye concentrations, contact time and pH were
screened in total 12 experimental runs. For both MG and
AY 17, the generated experimental condition and the dif-

most probably due to the involvement of insignificant va-
riables in the analysis. In some of the previously reported
works, the researchers also noticed that there’ll some dif-
ferences in terms of the observed and predicted response
and they attributed this kind of deviation to the non-negli-
gible effect of insignificant variables in the design.>**

Table 5 shows the analysis of variance (ANOVA) of
both MG and AY 17 in binary dye solution. The studied
variables were identified as significant Prob > F was less
than 0.05. Based on the value, the studied model was
found to be significant. For both MG and AY 17, the signi-
ficant factors in affecting the removal process were con-
tact time and initial pH of binary dye solution. The effect
of contact time was termed as significant and this is clo-
sely related to the involvement of various stages in the
process of adsorption. As for the effect of pH, this sug-
gests that the degree of ionization of the adsorbate and the
surface properties of the adsorbent play an important role
in determining the efficiency of the process.

The influential factors identified through PB were
further studied and optimized using response surface met-
hodology (RSM). A total of 13 experimental runs were con-
ducted and Table 6 shows the combination of the generated
contact time and initial pH. Besides, the observed and pre-
dicted response was also presented in the same table. The
modified cubic model was employed to describe the corre-
lation between these two important factors and the percen-
tage removal was shown as follows in terms of coded form:

MG in binary dye solution:

% uptake of MG = +94.16 + 16.95 A —

ferences of % removal between observed and predicted —-10.04 B -9.18 AB - 15.96 A>~ 11.36 B® 14
values were calculated and shown in Tables 3 and 4, res-
pectively. It was observed that the largest and smallest AY 17 in binary dye solution:
differences between the observed and predicted removal
for MG were 1.97% and 13.57%, respectively. As for AY % uptake of AY 17 = +101.87 + 35.05 A— (15)
17, the percentage of differences was recorded in the ran- —10.06B -12.41 AB —50.89 A> - 6.53 B*
ge of 0.21% to 18.61%. The differences shown between
the experimental and predicted percentage of removal is Where A = contact time and B = initial pH
Table 3. Plackett-Burman design and results for the percentage removal of MG in binary dye solution
. . o Variable . Observed Predicted Differences,
Experiment Contact time, Initial concentration,
. pH response, % response, % %0
mins mg/L
1 240.00 10.00 7.00 54.05 59.51 -5.46
2 240.00 10.00 7.00 54.05 59.51 -5.46
3 240.00 10.00 4.54 96.74 83.17 13.57
4 240.00 20.00 4.54 93.22 88.43 4.79
5 5.00 20.00 7.00 42.54 44.52 1.97
6 240.00 20.00 7.00 52.54 64.77 -12.23
7 5.00 20.00 4.54 47.08 58.94 -11.86
8 5.00 20.00 7.00 42.54 44.52 1.97
9 5.00 10.00 7.00 38.68 44.52 1.97
10 5.00 10.00 4.54 48.04 53.69 -5.65
11 5.00 10.00 4.54 48.04 53.69 -5.65
12 240.00 20.00 4.54 93.22 88.43 4.79
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Tables 7 and 8 were the ANOVA results and from
these tables, both models were found to be significant (P <
0.0001) with model F-value of 102.21 and 36.37 for MG

Table 4. Plackett-Burman design and results for the percentage removal of AY17 in binary dye solution

and AY 17, respectively. The relatively high R? values in
MG and AY 17 models indicated that there were good
agreements between the experimental and predicted va-

. . oo Variable . Observed Predicted Differences,
Experiment Contact time, Initial concentration,
. pH response, % response, % %0
mins mg/L
1 5.00 40.00 4.54 11.90 20.60 -8.70
2 5.00 40.00 4.54 11.90 20.60 -8.70
3 240.00 60.00 4.54 100.00 91.89 8.11
4 240.00 40.00 7.00 47.26 53.98 -6.72
5 5.00 60.00 4.54 13.68 28.33 —-14.65
6 240.00 60.00 7.00 43.10 61.71 -18.61
7 240.00 60.00 4.54 100.00 91.89 8.11
8 240.00 40.00 7.00 47.28 53.98 -6.70
9 5.00 60.00 7.00 6.67 7.31 -0.64
10 5.00 60.00 7.00 6.67 7.31 -0.64
11 5.00 40.00 7.00 543 5.22 0.21
12 240.00 40.00 4.54 100.00 84.16 15.84

Table 5. Regression analysis (ANOVA) of Placktt-Burman of MG and AY 17 in binary dye solution

Dye Source o f]::ég:(;(e)m Sum of squares =~ Mean square F-value Prob > F Description
MG Model 3 4369.61 1456.54 14.14 0.0015 Significant
Contact time 1 2607.80 2607.80 25.32 0.0010 Significant
Initial MG concentration 1 82.90 82.90 0.80 0.3958 Not significant
Initial pH 1 1678.91 1678.91 16.30 0.0037 Significant
Residual 8 823.92 102.99 - - -
AY 17 Model 3 15032.24 5010.75 25.77 0.0002 Significant
Contact time 1 12120.26 12120.26 62.33 0.0001 Significant
Initial AY 17 concentration 1 179.18 179.18 0.92 0.3652 Not significant
Initial pH 1 2732.80 2732.80 14.05 0.0056 Significant
Residual 8 1555.58 194.45 - - -
Total 11 16587.82 - - -

Table 6. Central composite design (CCD) matrix for two independent variables and the observed respond on MG and AY 17 in binary dye solution

variable Respond
Experiment Contact Initial Experimental % Predicted %  Differences, Experimental Predicted Differences,
time pH uptake of MG  uptake of MG %0 % uptake % uptake %
of AY 17 of AY 17
1 122.50 5.77 93.1 93.28 -0.18 100 100 0.00
2 240.00 7.00 62.75 64.58 -1.83 45.02 57.03 -12.01
3 122.50 4.54 96.7 93.28 3.42 100 100 0.00
4 5.00 7.00 49.39 49.03 0.36 9.05 11.75 -2.70
5 122.50 5.77 93.1 93.28 -0.18 100 100 0.00
6 122.50 5.77 93.1 93.28 -0.18 100 100 0.00
7 240.00 5.77 100 95.16 4.84 100 86.03 13.97
8 122.50 5.77 93.1 93.28 -0.18 100 100 0.00
9 122.50 5.77 93.1 93.28 -0.18 100 100 0.00
10 240.00 4.54 100 93.28 6.72 100 100 0.00
11 5.00 4.54 49.93 50.76 -0.83 14.4 7.05 7.35
12 5.00 5.77 61.73 61.26 0.47 11.28 15.93 —4.65
13 122.50 7.00 74.23 72.76 1.47 100 85.28 14.72
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Table 7. Regression analysis (ANOVA) of RSM of MG
Source Degree of freedom Sum of squares Mean square F-value p-value (Prob>F) Description
Model 5 4351.68 870.34 102.21 <0.0001 Significant
A 1 1723.81 1723.81 202.44 <0.0001 Significant
B 1 605.21 605.21 71.08 <0.0001 Significant
AB 1 336.91 336.91 39.57 0.0004 Significant
A? 1 703.36 703.36 82.60 <0.0001 Significant
B’ 1 356.31 356.31 41.85 0.0003 Significant
Residual 7 59.61 8.52 - -
R% 0.9865, Adjusted R?% 0.9768, Predicted R 0.8937, Adequate precision: 27.233 and C.V.: 3.58 %
Table 8. Regression analysis (ANOVA) of RSM of AY 17
Source Degree of freedom Sum of squares Mean square F-value p-value (Prob>F) Description
Model 5 17914.53 3582.91 36.37 <0.0001 Significant
A 1 7370.31 7370.31 74.82 <0.0001 Significant
B 1 606.62 606.62 6.16 0.0421 Significant
AB 1 615.78 615.78 6.25 0.0410 Significant
A? 1 7152.23 7152.23 72.61 <0.0001 Significant
B2 1 117.70 117.70 1.19 0.3105 Not significant
Residual 7 689.54 98.51 - - -

R% 0.9629, Adjusted R 0.9365, Predicted R?: 0.6454, Adequate precision: 14.585 and C.V.: 13.17 %

lues. The R? that is close to unity signified a stronger mo-
del and it would be able to provide a better response.* The
signal to noise ratio is represented by adequate precision
and a ratio that is greater than 4 is desirable.***' From this
study, the adequate precision for MG and AY 17 models
were 27.233 and 14.585, respectively and this shown an
adequate signal. The coefficient of variance (C.V.) of MG
model was recorded as 3.58% wheraeas for AY 17 model
was 13.17%. A low value of C.V. is preferred as this repre-
sents a greater precision and reliability of the experiments
carried out.*’ As both models have shown an adequate sig-
nal, therefore they were used to navigate the design space.
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Figure 16. 3D surface plot of MG as a function of initial pH and
contact time

% uptake of AY 17
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Figure 17. 3D surface plot of AY 17 as a function of initial pH and
contact time

Figures 16 and 17 showed the 3D surface plot of
MG and AY 17, respectively for the interaction between
contact time and initial pH. For the removal of both
dyes, a more favourable condition was observed when
the contact time was at the maximum point while initial
pH was at the minimum point within the studied range.
This is because by prolonging the contact time, it leads
to more diffusion time and therefore a greater amount of
dye molecules can be adsorbed onto the sorbent sites. As
for the effect of initial pH, again, this is related to the
surface charge and the usage of chitosan as the immobi-
lizing agent.
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4. Conclusion

The results from this study have shown the effecti-
veness of TiO, and corn cob films in the removal of MG
and AY 17 from aqueous solution. The kinetics of dyes
adsorption revealed that dye adsorption was more appro-
priately described by pseudo-second order model which is
a kind of chemisorption process, involving valency forces
through the sharing or exchange of electrons between the
adsorbent and adsorbate as covalent forces, and ion exc-
hange. The equilibrium data obtained was best conformed
to Freundlich isotherm for MG and Langmuir isotherm
for AY 17. This indicated that the adsorption of both dyes
followed their respective heterogeneous and homogene-
ous adsorption pattern. The maximum adsorption capacity
of MG and AY 17 was 35.336 and 0.241 mg/g, respecti-
vely. It is interesting to note that the efficiency of the films
remained high after being repeated used for 2 cycles.
From the statistical experimental design, it was shown
that both models were highly significant with relatively
high R? values. Within the studied range, the crucial fac-
tors in affecting the percentage of removal for both dyes
were identified to be contact time and initial pH.

5. Acknowledgements

The authors are thankful for the financial support
provided by the Malaysia-Toray Science Foundation
through the research grant: 4417/002. The research facili-
ties provided by Universiti Tunku Abdul Rahman (UTAR)
are acknowledged.

6. References

1. V. K. Gupta and Suhas, J. Environ. Manage., 2009, 90,
2313-2342.
https://doi.org/10.1016/j.jenvman.2008.11.017

2.S.L.Lee, S. W. Liew and S. T. Ong, Acta Chim. Slov., 2016,
63, 144-153. https://doi.org/10.17344/acsi.2015.2068

3. S. Srivastava, R. Sinha and D. Roy, Aquat. Toxicol., 2004,
66, 319-329.
https://doi.org/10.1016/j.aquatox.2003.09.008

4. E. Sudova, J. Machova, Z. Svobodova and T. Vesely, Veteri-
narni Medicina, 2007, 52, 527-539.

5.S5.T. Ong, S. T. Ong, Y. T. Hung and Y. P. Phung, Desalin.
Water Treat., 2015, 55, 1359—-1371.
https://doi.org/10.1080/19443994.2014.925830

6.J. F. Gao, Q. Zhang, K. Su, R. N. Chen and Y. Z. Peng, J. Ha-
zard. Mater., 2010, 174, 215-225.
https://doi.org/10.1016/j.jhazmat.2009.09.039

7. M. A. Ashraf, M. Hussain, K. Mahmood, A. Wajid, M. Yu-
sof, Y. Alias and I. Yusoff, Desalin. Water Treat., 2013, 51,
4530-4545.
https://doi.org/10.1080/19443994.2012.747187

8. L. Zheng, Z. Dang, X. Yi and H. Zhang, J. Hazard. Mater,
2010, 176, 650-656.
https://doi.org/10.1016/j.jhazmat.2009.11.081

9. A. Buasri, N. Chaiyut, K. Tapang, S. Jaroensin and S. Panp-
hrom, APCBEE Procedia, 2012, 3, 60 — 64.
https://doi.org/10.1016/j.apcbee.2012.06.046

10. B. Barl, C. Biliaderis, E. Murray and A. Macgregor, J. Sci.
Food Agric., 1991, 56, 195-214.
https://doi.org/10.1002/jsfa.2740560209

11. L. Suhadolnik, A. Pohar, B. Likozar and M. Ceh, Chem. Eng.
J., 2016, 303, 292-301.
https://doi.org/10.1016/j.cej.2016.06.027

12. M. Krivec, A. Pohar, B. Likozar and G. Drazié, AIChE J.,
2015, 61, 572-581. https://doi.org/10.1002/aic.14648

13. M. Bitenc, B. Horvat, B. Likozar, G. Drazi¢ and Z.C. Orel,
Appl. Catal., B., 2013, 136 137, 202— 209.
https://doi.org/10.1016/j.apcatb.2013.02.016

14. F. Han, V. S. R. Kambala, M. Srinivasan, D. Rajarathnam
and R. Naidu, Appl. Catal., A., 2009, 359, 25-40.
https://doi.org/10.1016/j.apcata.2009.02.043

15. M. A. Rauf and S. Salman Ashraf, Chem. Eng. J., 2009, 151,
10-18. https://doi.org/10.1016/j.cej.2009.02.026

16. J. M. Herrmann, Catal. Today, 1999, 53, 115-129.
https://doi.org/10.1016/S0920-5861(99)00107-8

17. K. A. M. Amin and M. Panhuis, Polymers, 2012, 4, 590-599.
https://doi.org/10.3390/polym4010590

18. S. L. Chan, Y. P. Tan, A. H. Abdullah and S. T. Ong, J. Tai-
wan Inst. Chem. Eng., 2016, 61, 306-315.
https://doi.org/10.1016/j.jtice.2016.01.010

19. M. S. M. Hassan, Radiat. Phys. Chem., 2015, 115, 55-61.
https://doi.org/10.1016/j.radphyschem.2015.05.038

20. N. M. Mahmoodi, R. Salehi, M. Aramin and H. Bahrami,
Desalination, 2010, 267, 64-72.
https://doi.org/10.1016/j.desal.2010.09.007

21.Y. P. Phung, S. T. Ong and P. S. Keng, J. Chem., 2013, Artic-
le ID 3887865, 1-7. https://doi.org/10.1155/2013/387865

22. H. Momenzadeh, B. A. R. Tehrano, A. Khosravi, K. Ghara-
njig and K. Holmberg, Desalination, 2011, 271, 225-230.
https://doi.org/10.1016/j.desal.2010.12.036

23. M. Li, S. Wang, W. Luo, H. Xia, Q. Gao and C. Zhou, J.
Chem. Technol. Biotechnol., 2014, 90, 1124—1134.
https://doi.org/10.1002/jctb.4433

24.S.T. Ong, S. T. Ha, P. S. Keng, C. K. Lee and Y. T. Hung. In
Handbook of Environmental and Waste Management; Yang-
Tse Hung, Lawrence K. Wang, Nazih Shammas (Eds);
World Scientific Publishing Co.: Singapore, 2012; 929-978.
https://doi.org/10.1142/9789814327701_0021

25.R. D. C. Soltani, A. R. Khataee, M. Safari and S. W. Joo, Int.
Biodeterior. Biodegradation, 2013, 85, 383-391.
https://doi.org/10.1016/j.ibiod.2013.09.004

26. S. Lagergren and B. K. Svenska, Veternskapsakad Handlin-
gar, 1898, 24, 1-39.

27.Y. S. Ho and G. McKay, Process Biochem., 1999, 34, 451—
465. https://doi.org/10.1016/S0032-9592(98)00112-5

28. W. Plazinski, Adv. Colloid Interface Sci., 2013, 197-198,
58-67. https://doi.org/10.1016/j.cis.2013.04.002

Gan et al.: Utilization of Corn Cob and TiO, Photocatalyst ...

157



158

Acta Chim. Slov. 2017, 64, 144-158

29.Y.S. Ho, J Hazard Mater, 2006, B136, 681-689.

30.

31.

32.

33.

34.

https://doi.org/10.1016/j.jhazmat.2005.12.043

J. Febrianto, A.N. Kosasih, J. Sunarso, Y. H. Ju, N. Indraswa-
ti, N. and S. Ismadji, J Hazard Mater, 2009, 162, 616-645.
https://doi.org/10.1016/j.jhazmat.2008.06.042

Ho, Y. S. and G. McKay, Water Res., 2000, 34, 735-742.
https://doi.org/10.1016/S0043-1354(99)00232-8

S. T. Ong and C. K. Seou, Desalin. Water Treat., 2014, 52,
7673-7684.

https://doi.org/10.1080/19443994.2013.830684

P. Saha, S. Chowdhury, S. Gupta, I. Kumar and R. Kumar,
Clean Soil, Air and Water, 2000, 38, 437-445.
https://doi.org/10.1002/clen.200900234

T. Santi and S. Manonmani, Malachite Green Removal from
aqueous solution by the peel of Cucumis Sativa fruit. Clean
Soil, Air and Water, 2011, 39, 162—-170.
https://doi.org/10.1002/clen.201000077

Povzetek

35.

36.

37.
38.

39.

40

41.

K. T. Karthikeyan and Jothivenkatachalam, J. Environ. Na-
notechnol., 2014, 3, 69-80.
https://doi.org/10.13074/jent.2014.03.142070

I. Langmuir, J. Am. Chem. Soc., 1918, 40, 1361-1403.
https://doi.org/10.1021/ja02242a004

H. Freundlich, Phys. Chem. Soc., 1906, 40, 1361-1368

T. W. Weber and R. K. Chakkravorti, Am. Ins. Chem. Eng. J.,
1974, 20, 228-238. https://doi.org/10.1002/aic.690200204
K. Chauhan, U. Trivedi, and K. C. Patel, J. Microbial Bio-
technol., 2006, 16, 1410-1415.

.J. K. Kim, B. R. Oh, H. Shin, C. Eom and S. W. Kim,

Process Biochem., 2008, 43, 1308-1312.
https://doi.org/10.1016/j.procbio.2008.07.007

E. C. Khoo, S. T. Ong, Y. T. Hung and S. T. Ha, Desalin. Wa-
ter Treat., 2013, 51, 7109-7119.
https://doi.org/10.1080/19443994.2013.791774

Proucevana je bila ucinkovitost uporabe filmov z vsebnostjo TiO, oziroma mikrodelcev koruznih storZev za odstranje-
vanje barvil malahitno-zeleno (MG) in kislo-rumeno 17 (AY 17) iz raztopine. Uporabljena metoda imobilizacije se lah-
ko izogne filtraciji, ki v praksi ni primerna. V $arZnih eksperimentih so bili procevani zacetni pH raztopine, zacetna kon-
centracija barvila, kontaktni ¢as in ponovna uporaba adsorbenta. Ravnotezni podatki za MG in AY 17 sledijo Freundlic-
hovi in Langmuirjevi izotermi. Odstotek odstranjenega MG je ostal visok po Stirih sorpcijskih ciklih, vendar je bila za
AY 17 dosezena visja redukcija. Odstranjevanje obeh barvil je bilo modelirano in optimirano s pomoc¢jo metode po
Plackett-Burmanu (PB) in metode odzivne povr$ine (RSM). Pogoji na povrsini so bili analizirani s pomocjo infrardece
spektroskopije (IR), fourierjeve transformacijske infrardece spektroskopije (FTIR), elektronske vrsticne mikroskopije

(SEM) in mikroskopije na atomsko silo (AFM).
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Abstract

The aim of the research work was to synthesize different biologically active carbamate derivatives bearing 2-furoyl-1-
piperazine and having modest toxicity. The synthesis was completed as a multiple sequence. The structural confirmation
of all the synthesized compounds was obtained by EI-MS, IR and 'H-NMR spectral data. The enzyme inhibition and an-
tibacterial potential of the synthesized compounds was evaluated. To find the utility of the prepared compounds as pos-
sible therapeutic agents their cytotoxicity was also checked. All the compounds were active against acetylcholinestera-
se enzyme, especially 12 and 14 showed very good inhibitory potential relative to Eserine, a reference standard. Almost
all the compounds showed good activities against both Gram-positive and Gram-negative bacterial strains.

Keywords: 2-Furoyl-1-piperazine; '"H-NMR; Acetylcholinesterase; Antimicrobial activity; Hemolytic activity

1. Introduction the ring. The p%perazine has been cle'lssiﬁed asa priVileged

structure and is frequently found in biologically active

Heterocyclic compounds are cyclic compounds ha- compounds across a number of different therapeutic

ving hetero atoms e.g, N, O or S, having diverse medicinal areas’> which encompass anti-microbial, anti-tubercular,

importance.' Piperazine is a medicinally important hete- anti-psychotic, anti-convulsant, anti-depressant, anti-inf-

rocyclic nucleus which consists of a six membered ring lammatory, cytotoxic, anti-malarial, anti-arrthythmic, anti-
containing two nitrogen atoms at the positions 1 and 4 in oxidant and anti-viral activities.**
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Carbamates are derivatives of carbamic acid
(NH,COOH). A carbamate group, carbamate group, car-
bamate ester and carbamic acids functional groups are
unified structurally and often are interconverted chemi-
cally. Carbamate esters are also called urethanes. Alt-
hough most of the literature is concerned with organic car-
bamates, yet, the inorganic salt ammonium carbamate is
produced on a large scale from ammonia and carbon diox-
ide. The amino groups of the lysine residues in urease and
phosphotriesterase also attribute carbamate. The carbama-
te resulting from aminoimidazole is an intermediate in the
biosynthesis of . Carbamoyl phosphate is generated from
carboxyphosphate rather than COz.5 The carbamate insec-
ticides featuring the carbamate ester functional group, e.g,
Aldicarb, Carbofuran, Carbaryl (Fig. 1) etc., encompass

this group.
0
)I\ CH;j
0 N
H

Fig. 1. Carbaryl (insecticide carbamate)

The organophosphate pesticides also hinder this
enzyme, although irreversibly, and originate a more seve-
re form of cholinergic poisoning.® Iodopropynyl butylcar-
bamate is a wood and paint preservative and used in the
cosmetics’. Urethane (ethylcarbamate) was once produ-
ced commercially in the United States as an anti-neoplas-
tic agent and for other medicinal purposes. It was found
toxic and largely ineffective and is now seldom used as a
veterinary medicine.®

oa-Glucosidase comprises class of hydrolase enzy-
mes, located in the brush border surface membrane of
small intestinal cells.’ The vital function of o-glucosidase
is to hydrolyze the 1,4 glycosidic linkage from the non re-
ducing end of the o-glucosides, substrates to produce o-
D-glucose and other monosaccharide which are operated
as carbon and energy source.'® For oral anti-diabetic drugs
for patients with type-2 Diabetes mellitus o-glucosidase
inhibitors compounds are used. Postprandial hyperglyce-
mia has a role in the growth of type-2 diabetes and prob-
lems associated with disease such as nephropathy and ma-
croangipathy etc.!" The inhibitors of enzyme can hinder
the release of D-glucose of oligosaccharides and disacc-
harides beginning dietary complex carbohydrates and hol-
dup glucose absorption, resulting in compact postprandial
hyperglycemia.'

Acetyl and butyrylcholinesterases (AChE/BChE)
comprise a family of serine hydrolases. The different spe-

cificities for substrates and inhibitors for these enzymes
are caused by the differences in amino acid residues of the
active sites of AChE and BChE. The enzyme scheme is
liable for the termination of acetylcholine at cholinergic
synapses. These are main components of cholinergic brain
synapses and neuromuscular junctions. The chief function
of AChE and BChE is to catalyze the hydrolysis of the
neurotransmitter acetylcholine.'*'* It has been found that
BChE is present in appreciably higher quantities in Alzhei-
mer’s plaques in the normal age related to non dementia of
brains. Cholinesterase inhibitors increase the amount of
acetylcholine offered for neuromuscular and neuronal
transmission through their reversible or irreversible inhibi-
tory activity."” Hence, the search for new cholinesterase in-
hibitors is consider an important strategy to introduce new
drug candidates for the treatment of Alzheimer’s disease
and other related diseases.'® Different microbes have been
found to be involved in many diseases'’** and some of
them are included in the current study. So, in continuation
of our previous work on carbamates,”>* hereby we report
the synthesis of some unique carbamates having amalga-
mation with 2-furoylpiperazine moiety, which might find
their utility as potential and safe thereapeutic agents.

2. Results and Discussion

The aim of the present research work was to synthe-
size new biologically active compounds with low toxicity.
Indeed, the current need is to introduce pharmacologically
active drugs to help in pharmacy against the increasing re-
sistance of microorganisms.

2. 1. Chemistry

In the present research work, different carbamate
derivatives bearing 2-furoyl-1-piperazine were synthesi-
zed in a series of steps by a reported method® as shown in
Scheme 1 and then all the derivatives were screened for
enzyme inhibition, antimicrobial and hemolytic activities.
The structural analysis of one of the compounds is discus-
sed here in detail for the benefit of the reader. The molecu-
le 16 was synthesized as an off-white amorphous solid ha-
ving melting point 80-92 °C and molecular formula
C,oH,,Br;N,O,, which was confirmed by EI-MS having
[M]* peak at m/z 591 and by the number of protons in its
"H-NMR spectrum. The CHN analysis data of this mole-
cule also supported the assignement of its molecular for-
mula. Its structure was corroborated by the distinct ion
peak at m/z 93 related to N-furoyl group and another at
m/z 332 for O-(2,6-dibromophenyl)-N-(allyl)carbamate
part. The suggested mass fragmentation pattern is given in
Fig. 2. In IR spectrum of 16, characteristic peaks appeared
at v 3406 (N-H), 3086 (Ar C-H), 2882 (R C-H), 1657
(C=0), 1582 (Ar C=C), 1497 (N=0), 1197 (C-0-C),
1110 (C-N—C), 847 (C-N) and 548 cm™' (C—Br) which al-
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together confirmed the presence of the carbamate group
and 2-furoyl-1-piperazine ring. In the aromatic region of
"H-NMR spectrum, a two-proton singlet appeared at &
7.67 (s, 2H, H-3 and H-5) which is typical for a 2,4,6-
tribromophenyl moiety attached via an oxygen atom. The
other three peaks in the aromatic region at 67.49 (brs, 1H,
H-5"),7.04 (d, J = 4.1 Hz, 1H, H-3"") and 6.49 (dd, J =
4.0, 2.0 Hz, 1H, H-4’"") are characteristic for a 2-furyl
ring. Moreover, a singlet § 5.19 represents NH of the car-
bamate group, while the 1,4-disubstituted piperazine ring
was deduced through two broad singlets in aliphatic re-
gion, and each broad singlet representing two symmetri-
cal methylene groups. These two singlets resonated at &
3.94 (4H) and 6 3.47 (4H). The former was assigned to
symmetrical CH,-3” and CH,-5" while latter was assig-
ned to symmetrical CH,-2” and CH,-6" in the piperazine
entity. Similary, the presence of a central 1,3-disubstitued
propyl group was ascertained by the signals resonating at
64.12 (t, J = 6.6 Hz, 2H, CH,-1"), 3.61-3.57 (m, 2H,

L)

[M]+

" CoHygN O,
o Br ot
Il
H3C_CH2_CH2_NH_C_O Br_‘
m/z=413 B
“H,
Br. .t
Il
H,C=CH—CH5;-NH-C-0O BT‘ .
- C4HsNO
m/z=411 Br
-~ Br
Br
?
H,C=CH—CH5;-NH-C-0O
Br
m/z=1332

CH,-3’) and 2.10 (quintet, J = 6.8 Hz, 2H, CH,-2’). The
'"H-NMR spectrum of this molecule is shown in Fig. 3. So,
on the basis of aforementioned spectral evidences, the
structure of 16 was confirmed as 2,4,6-tribromophenyl 3-
[4-(2-furoyl)-1-piperazinyl]propylcarbamate. All the
synthesized carbamate derivatives bearing 2-furoyl-1-pi-
perazine were characterized by IR, 'H-NMR and EI-MS
spectral analysis in a similar way.

2. 2. Biological Activities (in vitro)
2. 2. 1. Enzyme Inhibition Activity

The synthesized compounds exhibited variable inhi-
bitory potentials against a-glucosidase, acetylcholineste-
rase and butyrylcholinesterase as evident from their IC,
values presented in Table 1. Only two compounds, 2,4,6-
tribromophenyl 2-[4-(2-furoyl)-1-piperazinyl]ethylcarba-
mate (9) and 2,4,6-tribromophenyl 3-[4-(2-furoyl)-1-pipe-
razinyl]propylcarbamate (16) showed weak inhibitory po-

o Br, -
/N it
N—CH,-CH,-CH,-NH-C-0 Br
O \ / .

m/z =591

O_E—NDN—CHQ-CHZ-CHj

m/z =221

~CiH N,

g

m/z =95
m/z =327

‘_HE

m/z =93

Fig. 2. Suggested mass fragmentation pattern of 2,4,6-tribromophenyl 3-[4-(2-furoyl)- 1-piperazinyl]propylcarbamate (16).
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7.6921
7.6743
7.4886
7.4682
7.2622
7.2613
7.2234
7.1011
7.0496
7.0399
7.0331
6.4933
6.4899
6.4866
5.1941
4.2528
4.1423
4.1200
4.1090
4.0981
4.0377
3.9424
3.8207
3.7405
3.6768
3.6719
3.6120
3.6004
3.5884
3.5769
3.4766
3.3764
2.1710
2.1528
2.1137
2.1023
2.0903
2.0794
1.6712
1.5615
1.4642
1.4153
1.2905
1.2553
0.8783
0.0004

—m N\ R g

M LA

Br

Y

f&?

A

5

Fig. 3. '"H-NMR spectrum of 2,4,6-tribromophenyl-3-[4-(2-furoyl)-1-piperazinyl]propylcarbamate (16)

Table 1. Bioactivity studies of different carbamate derivatives bearing 2-furoyl-1-piperazine

T

i

Compound o-Glucosidase AchE BChE
% Inhibition IC,, (uM) % Inhibition IC,, (uM) % Inhibition IC,, (uM)

5 25.45 +£0.31 - 78.59 £0.23 34.62 +0.19 28.35+0.16 -

7 - - 81.35+0.96 456.45 +0.29 - -

9 94.32 +0.28 345.16 = 0.60 77.15+0.18 32.51 +£0.03 48.16 =0.27 -

12 32.34 £0.26 81.63 +£0.15 18.91 £0.04 5571 £0.24 361.27 =0.13
14 27.67 £0.45 - 82.45+0.11 23.22 £0.05 33.26 £0.25

16 85.54 +£0.32 422.61 +0.30 81.76 £ 0.12 24.71 £0.07 43.45 +0.21 -

Control 92.23 + 0.14° 38.25 = 0.12¢ 91.27 £ 1.17° 0.04 = 0.0001° 82.82 + 1.09° 0.85 + 0.0001°

NOTE: All compounds were dissolved in methanol and experiments were performed in triplicate (mean+SEM, n = 3).
a = Acarbose, b = Eserine, AChE = Acetylcholinesterase, BChE = Butyrylcholinesterase

tential against a-glucosidase, having IC,, value of 345.16
+0.16 uM and 422.61 = 0.13 uM, respectively, relative to
Acarbose, used as a reference standard having IC, value
of 38.25 + 0.12 pM. This inhibitory potential might be at-
tributed to the presence of 2,4,6-tribromophenyl group in
both molecules. All the molecules were active against
acetylcholinesterase enzyme but among all molecules
phenyl 3-[4-(2-furoyl)-1-piperazinyl]propylcarbamate
(12) exhibited the best inhibitory potential against this
enzyme with IC,; value of 18.91 + 0.04 uM, relative to
Eserine, a reference standard having IC,, value of 0.04 +
0.0001 uM. This enhanced inhibitory potential of 12 can

be a result of its unique skeleton as a whole. Moreover,
this was the only molecule which showed some inhibitory
tendency against butyrylcholinesterase enzyme with IC,,
value of 361.27 + 0.13 pM. In the future some modified
derivatives of this molecule are suggested to show much
closer IC, value to the standard Eserine.

2. 2. 2. Antibacterial Activity

All the synthesized molecules were screened against
Gram-positive and Gram-negative bacteria, and were
found to be excellent-to-good antibacterial agents. The re-
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sults are shown as MIC values in Table 2. Among the
synthesized carbamates, 16 showed the lowest MIC value
(8.96 + 0.49 uM) against S. typhi credibly because of the
presence of 2,4,6-tribromophenyl group. In the case of E.
coli, carbamate 14 showed the lowest MIC value (9.95 +
0.48 uM) probably due to the presence of 2.4,6-trinitrop-
henyl group. Against P. aeruginosa and B. subtilis, 16 and
9 exhibited excellent antibacterial potential with MIC va-
lues 9.27 + 0.16 uM and 9.43 + 0.85 uM, respectively,
predominantly because of the presence of 2,4,6-trinitrop-
henyl group and 2,4,6-tribromophenyl group, respecti-
vely, in these molecules. Similarly, the carbamate 16 also
rendered a great antibacterial activity against S. aureus
with MIC value 16.87 + 0.41 uM. Amongst the synthesi-
zed compounds, 5 and 16 showed MIC values against all
the bacterial strains while compound 16 showed the excel-
lent MIC value in the following order towards all bacteri-
al strains: S. typhi > P. aeroginosa > B. subtilis > E. coli >
S. aureus, probably due to the presence of 2,4,6-tribro-
mophenyl moiety. In general, we can say that most of the

carbamates possessed very good antibacterial activities
against both Gram-positive and Gram-negative bacterial
strains and hence these molecules might lead to the disco-
very of very potent antibacterial agents in future.

2. 2. 3. Hemolytic Activity

Most of the molecules exhibited very modest cytoto-
xicity values, except 14 (72.38%), yet it was lower than the
positive control (Triton-X-100). The lowest activity was
shown by the molecule 16 (9.20%), although it was a little
higher than the negative controls (PBS). So it can be conc-
luded that these molecules might be further tested for their
therapeutic applications in the drug designing program be-
cause of their moderate toxicity, as shown in Table 2.

2. 2. 4. Computational Docking

In order to get an insight about the validity of accu-
racy, the co-crystallized ligands of the following enzymes

Table 2. Antibacterial activity (MIC) and hemolytic activity of different carbamate derivatives bearing 2-furoyl-1-piperazine

Hemolytic
Compound MIC (uM) activity

S. typhi (-) E. coli (-) P.aeroginosa (-) B. subtilis (+) S. aureus (+) )

5 9.08 £ 0.50 17.43 £ 0.61 19.87 £ 0.51 10.85+£0.14 19.98 + 0.58 24.26

7 9.14 £0.15 16.98 £ 0.75 18.34 £0.92 10.78 £0.93 - 15.94

9 9.89 £0.17 14.43 £ 0.05 9.87 £0.43 9.43 £0.85 - 12.10

12 9.88 +£0.75 15.64 £ 0.32 17.67 £0.34 11.76 £ 0.54 - 53.13

14 9.78 £ 0.90 9.95+0.48 17.78 £0.33 16.49 = 0.27 - 72.38

16 8.96 +0.49 10.64 £ 0.58 9.27 £0.16 9.78 £ 0.62 16.87 £ 0.41 9.20

Ciprofloxacin 7.45 = 0.58 7.16 = 0.58 7.14 £ 0.18 7.29 +0.90 7.80 = 0.19

PBS 0.09

Triton 100

Phe
A330/

Fig. 4. 2D interacted image of phenyl 3-[4-(2-furoyl)- 1 -piperazinyl]propylcarbamate (12) against acetylcholinestrase.
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Fig. 5. 3D interacted image of phenyl 3-[4-(2-furoyl)-1-pipera-
zinyl]propylcarbamate (12) against acetylcholinestrase.

were extracted and then re-docked into the binding poc-
kets of the receptors. In all these cases, RMSD values bet-
ween docked and co-crystallized ligands were less than 2
A which indicates the reliability of docking method and
thus showing that our protocol can be used for further stu-
dies. Almost all the synthesized derivatives were compu-
tationally docked against o-glucosidase, AChE and BChE
to explore the binding modes of all the ligands. The carba-
mate 12 was docked against acetylcholinesterase. There
were observed four prominent interactions between 12
and active residues of the protein. First strongest side
chain donor interaction was found between TyrA130 and
carbonyl oxygen giving a distance of 1.77 A, second bet-
ween SerA122 and another carbonyl oxygen with the di-
stance of 3.67 A. Third strong back bone donor interac-
tion was established between GlyA117 and amide proton
of the ligand with a distance of 2.09 A. Similarly the last
hydrophobic interaction of a distance of 3.10 A was found
between TrpA81 and phenyl ring of the ligand as shown in
Fig. 4 and 5. From the same compound 12 protein docked
complex of butyrylcholinesterase, this interacted weakly

Fig. 7. 3D interacted image of phenyl 3-[4-(2-furoyl)- 1-piperazinyl]propylcarbamate (12) against butyrylcholinesterase.
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with Tyr332 and His438 amino acid residues. Tyr332 dis-
played arene—arene interaction with furoyl ring with the
distance of 3.36 A, while His438 displayed arene cation
interaction with phenyl ring with a distance of 3.74 A as it
is shown in Fig. 6 and 7.

3. Experimental
3. 1. General

Chemicals and solvents of analytical grade were
purchased from Sigma Aldrich and Alfa Aesar (Germany).
By using an open capillary tube method, melting points
were determined on Griffin and George apparatus and are
uncorrected. By using thin layer chromatography (TLC)
in various percentages of ethyl acetate and n-hexane as
mobile phase, initial purity of compounds was detected at
254 nm. IR peaks were recorded on a Jasco-320-A spec-
trometer by using a KBr pellet method. '"H-NMR signals
were recorded at 500 MHz in CDCl, using Bruker spec-
trometers. EI-MS signals were recorded by utilizing a
JMS-HX-110 spectrometer.

3. 2. Synthesis of Phenyl (N-substituted)
carbamates 3 and 11

2-Chloroethylamine (2-chloro-1-ethanamine; 2; 0.1
mol) and 3-bromopropylamine (10; 0.1 mol) were taken
separately in two iodine flasks, each containing 10 mL di-
stilled water. The pH of the solution was maintained at
9-10 by 10% aqueous Na,CO, followed by the addition of
phenyl carbonochloridic acid (phenylchloroformate; 1;
0.1 mol,) in equimolar ratios in each flask along with vi-
gorous shaking. The reaction mixture in each case was
stirred at room temperature for 3—4 h. Progress of the
reaction was confirmed by TLC (n-hexane : EtOAc;
70:30), visualized by UV lamp. Phenyl 2-chloroethylcar-
bamate (3) and phenyl 3-bromopropylcarbamate (11) we-
re collected as white precipitates by filtration. These were
washed with distilled water and dried to acquire pure
compounds.

3. 3. Nitration of Phenyl (N-substituted)
carbamates Yielding 6 and 13

Phenyl 2-chloroethylcarbamate (3; 0.1 mol) and
phenyl 3-bromopropylcarbamate (11; 0.1 mol) were taken
separately in two 50 mL round bottom flasks. 5-10 mL
concentrated H,SO, was added in each flask to dissolve
the respective compound. Each mixture was stirred for
15-20 min at room temperature and then equimolar
amount of nitric acid was added to each mixture dropwise
at 10 °C. Then each reaction mixture was stirred for 4 h
and monitored by TLC. On reaction completion, ice cold
water was added to the reaction flasks to produce the pre-
cipitates which were collected by filtration, washed with

distilled water and dried to afford the nitrated compounds
6 and 13, separately.

3. 4. Bromination of Phenyl (V-substituted)
carbamates Yielding 8 and 15

Phenyl 2-chloroethylcarbamate (3; 0.1 mol) and
phenyl 3-bromopropylcarbamate (11; 0.1 mol) were taken
separately in two 50 ml round bottomed flasks and were
dissolved in glacial acetic acid (5-10 mL). Liquid bromi-
ne was added slowly in equimolar amount to eack flask.
The reaction mixture in each case was stirred at room
temperature and monitored with TLC for the completion
of the reaction. Distilled water was added to each reaction
flask to quench the reaction. Precipitated products were
filtered, washed with distilled water and dried to obtain
pure brominated compounds 8 and 15, separately.

3. 5. Synthesis of Different Carbamate
Derivatives Bearing 2-Furoyl-1
-piperazine Moiety
2-Furoyl-1-piperazine (4; 4.5 mmol) dissolved in

20-30 mL acetonitrile was taken in a 100 mL round bot-
tom flask, solid K,CO, (13.5 mmol) was added and the
reaction mixture was refluxed for half an hour followed
by the addition of respective carbamates (3, 6, 8, 11, 13 or
15; one in each case) in equimolar ratio. The mixture was
refluxed for 4-5 h. TLC was carried out to check the reac-
tion completion (20% ethyl acetate: 80% n-hexane). Di-
stilled water was added to the reaction mixture to acquire
the respective precipitates. On completion, 1-2 drops of