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Os processos de producdo da industria quimica e relacionadas baseiam-se no
uso de solventes organicos volateis, gerando quantidades elevadas de
residuos perigosos. Durante as Ultimas décadas, tém sido realizados inimeros
esforcos para modificar os processos quimicos tendo em conta os principios
da Quimica Verde, Sustentabilidade e, mais recentemente, da Economia
Circular. Esta tese pretende solucionar dois importantes desafios da industria
farmacéutica, a valorizacdo de residuos farmacéuticos e a separacdo de
enantiobmeros, utilizando duas classes de solventes alternativos, em particular,
os Liquidos lénicos (LIs) e os Solventes Eutéticos Profundos.

No &mbito do conceito da Economia Circular e na procura de uma alternativa a
estratégia atualmente utilizada (i.e., incineracdo), novas estratégias para a
valorizacdo de residuos farmacéuticos domésticos (medicamentos ndo usados
elou fora da validade) sdo apresentadas. Dado que cerca de 90 % dos
principios ativos num medicamento fora do prazo permanecem no seu estado
ativo, € aqui sugerida a recuperacdo de farmacos a partir de residuos
farmacéuticos utilizando processos de extracdo com LIs. Os processos de
separacao dos principios ativos de farmacos a partir destes residuos requerem
uma etapa inicial de extracdo sélido-liquido, desenvolvida neste trabalho pelo
uso de diferentes Lls, reconhecidos pelo seu elevado poder solvente para uma
larga gama de compostos/biomoléculas. A etapa de separagdo dos principios
ativos apds a sua recuperacdo dos residuos foi estudada pela aplicagéo de
sistemas aquosos bifasicos (SABs) e sistemas de particdo de trés fases
aquosas igualmente constituidos por Lls. Por sua vez, a etapa de isolamento
dos principios ativos ap0s a sua separacdo foi desenvolvida pela adicdo de
anti-solventes devidamente selecionados.

O desafio de lidar com misturas racémicas e com as atividades biolégicas
diferenciadas que os enantiomeros geralmente apresentam foi investigado
nesta tese. As duas praticas mais comuns na obtencdo de enantiomeros puros
sdo a sintese assimétrica e a separacdo de racematos. Apesar da sintese
assimétrica ser considerada a abordagem mais poderosa, esta é limitada pelos
elevados custos e complexidade tecnoldgica. A separacdo de racematos, por
sua vez, representa uma alternativa mais flexivel e simples do ponto de vista
operacional e de custos. Neste contexto, o uso de SABs formados por Lls
quirais foi considerado neste trabalho como uma alternativa na separagéo de
misturas recémicas. Dois conjuntos distintos de LIs quirais, um com quiralidade
no catido e o segundo com quiralidade no anido foram sintetizados e aplicados
na separagdo de enantiomeros. Assim, e apés caracterizacdo dos diagramas
de fase para os diferentes SABs (LI quiral + sal, LI quiral + polimero), foi
possivel avaliar a sua enantioseletividade na separacdo dos enantibmeros do
acido mandélico, aplicado neste trabalho como mistura racémica modelo.
Numa segunda abordagem, a possibilidade de implementacdo de solventes
eutécticos profundos como solventes quirais foi investigada pelo estudo do
impacto da quiralidade no diagrama de equilibrio solido-liquido.
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The processes of production in chemical-related industries often rely on the use
of volatile organic solvents, normally generating large amounts of hazardous
wastes. During the past decades, major efforts have been done to transform
chemical processes included in the principles of Green Chemistry,
Sustainability and, more recently, Circular Economy. This thesis intends to
work on two important challenges of pharmaceutical industry, namely the
valorization of pharmaceutical wastes and the separation of enantiomers
resorting on the application of alternative solvents, in particular, ionic liquids
(ILs) and deep eutectic solvents (DES).

Motivated by circular economy and searching for a new strategy to the currently
proposed (i.e., incineration), novel aproaches to valorize wastes of domestic
origin (unspent and/or outdated medicines) are proposed. Since circa 90 % of
the active ingredients in an outdated medicine are still in their active form, in
this work, the recovery of valuable active drugs from pharmaceutical wastes
using IL-mediated extraction processes is proposed. The processes of
extraction and separation of drugs from pharmaceutical wastes require an initial
step of solid-liquid extraction, which was designed in this work by the use of
different ILs, well-recognized by their solvency power of ILs for a large plethora
of compounds/biomolecules. The separation stage of the extracted active
ingredients was also investigated by the application of IL-based aqueous
biphasic systems (ABS) or IL-based three-phase patrtitioning (TPP). In the end,
the isolation of the active ingredients was accomplished by the addition of anti-
solvents properly selected. The wide applicability of the proposed ABS-based
technology was evidenced by the recovery of several model active
pharmaceutical ingredients (three non-steroidal anti-inflammatory drugs and
one antidepressant).

The challenge of dealing with racemic mixtures and the differentiated biological
activities that enantiomers generally present is investigated in this thesis. The
most common two approaches to obtain pure enantiomers are the asymmetric
synthesis and the separation of racemates. Although being considered the
most powerful approach, the asymmetric synthesis is limited by the high costs
and complexity of the processes. In turn, the separation of racemates is more
flexible, cheaper and simpler. Under this scenario, it is here proposed the use
of ABS composed of chiral ILs (CILs) as an alternative to enantioseparation.
Two groups of CILs, i.e., those bearing chiral cations and those containing
chiral anions were synthesized and applied to enantioseparation. After the
characterization of the ABS phase diagrams (CIL + salt, CIL + polymer) it was
possible to evaluate their enantioselectivity on the separation of racemic
mandelic acid, here used as model racemic compound. In a second approach,
deep eutectic solvents (DES) were envisaged as potential chiral solvents by the
study of chirality impact on the solid-liquid equilibrium diagram.
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Figure 1.1Overview of the present thesis. 8

Figure 2.1. Schematic representation of the integrated process comprising 24
production, separation/purification, recovery of the target molecule and recyc

of solvents in twephaseLLE comprising ILs. A and B correspond to proce
where an induced precipitation with G&’ and backextractior®® *? approaches
were used to recover the pharmaceuticals, while C represents the proce
purification of an intermediate of aliskiresynthesig*?

Figure 2.2.Schematic representation of integrated processes for the recover 29
drugs, comprising the production, separation/purification of the drug ¢
excipients, isolation of the drug and recycling of the phsening components in
IL-based ABS. (A) Process with ABS with both separation/purification ane
extraction steps?” and (B) Process where both hydrophilic and hydrophobic
are used for the separation/purification and isolation of target pharmaceutitals

Figure 2.3. Schematic representation of the integrated processes propo: 35
comprising production, extraction and purification through crystallization u:
anti-solvents (A} ¢*% or cooling crystallization (Bf ”and the recycling of the

IL.

Figue 2.4. General representation of the valorization route proposed in t 38
thesis.

Figure 2.5.Chemical structures and acronyms of ths and NSAID(ibuprofen) 49
investigated in this work.

Figure 2.6 Schematic representation of the integrated prosesf extraction, 53
purification, ibuprofen recovery and recycling of the main solvents based or
use of [N444Cl aqueous solutions and water as the solvent and-switient,
respectively.

Figure 27. Extraction efficiencies of ibuproferEfsy %) abieved in the solid 55
liquid extractions carried out with aqueous solutions of thriks (45 wt%) in
absence (orange bars) and presence (blue bars) of 5 wt% of citrate buffer. Th
obtained for the experiments with water and citrate buffer at 5 wt% aepidted

for comparison purposes.

Figure 2.8. Extraction efficiencies of ibuprofen (&l %) attained for the 57
optimization study of the solitiquid extraction carried out with aqueous solutic
of [N4s4JCl and citrate buffer (A). The black fhelenotes the boundary betweer
the monophasic and the biphasic regions. To facilitate the results perceptior
extraction efficiencies of ibuprofen (B& %) results were grouped accordingifc
the [Nu44Cl concentration impact (55, 50, 45, 35, 25, 15 &havt%) in the



presence (5 wt%) (blue bars) and absence (0 wt%) (orange bars) of citrate
(B) andi) the citrate concentration effect (0, 5, 15, 25 and 35 wit%, 100, 95, 85,
75 and 65 wt% of #D) in the absence of [hi4Cl (blue bars) (C).

Figure 29 Recovery efficiencies of ibuprofen (RE%) attained for the isolatior 60
assays carried out by adding distinct proportions of -g@otvent: agqueous solutior
of KCI atirca25 wt% to the solidiquid extraction aqueous solutions composed
45wt% of [Ni144Cl with citrate buffer (red bars) and without citrate buffer (oran
bars); water to the soliiquid extraction aqueous solutions composed of 45 w
of [Na444Cl with citrate buffer (green bars) and without citrate buffer (blue bars)

Figure 2.10.Chemical structure of amitriptyline hydrochloride (A) and the 68
studied (B).

Figure 2119 FFSOG 2F L[ &aQ aidNHzO0dzNI f BRS¢ 75
blue bars) and logarithmic function of the partition coefficients Kog ¢ green
bars) of amitriptyline hydrochloride using-tbased ABS composed of aroud
wt% of IL + 15 wt% ohbKPQ/KHPQ, (pH 6.6).In the case of [N44Ctoased ABS
the composition considered was 27.4 wt% IL + 13.7 widldPQ/KH,PQ and
water, due b experimental restrictions occurring at higher concentratioBs.or
0F NBE O2NNBaLRYyR (2 aidlyRFENR RSGALI G

Figure 2.12. Effect of pH on the extraction efficiencie€EHKm ¢ bars) and 77
logarithmic function of the partition coefficient (I6gmi ¢ symbols) of amitriptyline
hydrochloride using thased ABS composed of 30 wt% ofyj)Br (green bars anc
triangles) or 27 or 30 wt% of jN4CI (blue bars and diamonds) + 14 or 15 wt%
phosphatebased salts. Error bars correspond to standard deviationd = 0 @

Figure 2.13Representation of the experimental binodal curve (solid line}linie 78
(dashed line) and mixture compositions (green circles),extraction efficiel
(EEmi, blue bars) and logarithmic functions of the partition coefficients Kag
green bars) attained for the systemsyjNBr + KHPQ/KH,PQ, + HO (A), [R444Br

+ KHPQ/KH,PQ + HO (B) and [M44Cl + KPQ + HO ©. Error bars corresponi
G2 a0FyRIFINR RSGOAIFIGA2Yya o0 0O

Figure 2.4. Influence of the amitriptyline hydrochlaté amount on the (A 80
extraction efficiency KRy, blue circles) and logarithmic function of the partitic
coefficient (lodkami, green diamonds) and (B) amount of the antidepress
included in the lrich (top) phase (blue triangle) and saftth (bottom) phase
(green square), using the systemy{NBr + KPQ + HO. The lines are only for ey
guide.

Figure 2.15. Schematic representation of the integrated process diagl 83
comprising the following steps: solidjuid extraction of the antidepressant fino
the pharmaceutical pills, purification of amitriptyline hydrochloride from t
antidepressant drugADT 25 mgonsidering the excipients used in its formulati
as the main contaminants and polishing process of the antidepressant; in her



are descrimg the process of isolation of the antidepressant from the presenc
the phase components of the ABS. The recovery and reuse of the main
components is also represented.

Figure 2.16Chemical structures and abbreviations of the studied NSAID$Lan

Figure 2.17Impact of NSAIDs content on the extraction efficienefg§an %) of
ketoprofen (green bars), naproxen (orange bars) and ibuprofen (blue bars)
ABS composed of 30 wt% ohm]Cl and 30 wt% of potassium citrate buffer
pH7.

Figure 2.18 Impact of IL structure on the extraction efficiendgb{san %) of
ketoprofen (green bars), naproxen (orange bars) and ibuprofen (blue bars)
ABS composed of 30 wt% or 35 wt% of IL and 30 wt% of potassium citrate bu

Figure 2.19 Impact of temperature on the extraction efficienciEEsap %) of
ketoprofen (green bars), naproxen (orange bars) and ibuprofen (blue bars)
ABS composed of 30 wt% of,(kdm]Cl and 30 wt% of potassium citrate buffer.

Figure 2.20 Impactof pH on the extraction efficienc\Efsap %) of ketoprofen
(green bars), naproxen (orange bars) and ibuprofen (blue bars) using
composed of 30 wt% of JGim]CI and 30 wt% of potassium citrate buffer (pk
and pH 8) or potassium citrate tribasidsa 6 LJ  F 0 ®

Figure 2.21 Impact of TLL on the extraction efficien®&{sap %) of ketoprofen
(green bars), naproxen (orange bars) and ibuprofen (blue bars) using
composed of variable amounts diyGim]Cl and potassium citrate buffer at pH
The weight fraction of water present in the top phase ([wate@t%) is also showi
(circles connected by the dashed line).

Figure 2.22.Schematic representation of the integrated process of NS/
purification (step 1) and isolation (step 2), includiachypothetical recycling o
both the ABS components and the astilvents employed (step 3). Route
represents the approach adopted for ibuprofen and naproxen isolation w
Route ii) depicts the strategy developed for the ketoprofen isolation. Dashes
were used for the hypothetical routes of recycling and reusing the solvents
anti-solvents.

Figure 2.23 Results obtained for the extraction efficiencERsap %) of
ketoprofen (green bars), naproxen (orange bars) and ibuprofen (blue frarm)
pharmaceutical pills using-Hased TPP systems composed of 30 or 35 wt % IL
30 wt% potassium citrate buffer.

Figure 2.2. Results obtained for the isolation efficiendasap %) of each NSAI
using distinct antsolvents.
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Figure 3.1.Schematic representation of ILs ion crasstathesis for the chira
resolution of racemic mixtures of pharmaceuticals by EY'LE.

Figure 3.2.Schematic representation of -dased TPP processes for the ch
resolution of racemic mixtures of aminaids!®®

Figure 3.3.Schematic representation of-llased solidiquid two-phase processe
for the selective separation of racemic amino adfds.

Figure 3.4.Schematic representation of-dased SPE processes for the selec
separation of eantiomeric mixtures of amino acid¥!

Figure 3.5.Chemical structures and abbreviations of the CILs and mandelic
enantiomers investigated.

Figure 36. Phase diagrams of ABS composed of CILs g@ k&t 25 (x 1) °C
[CQUII[GSQ] (blue dahed line), [ GVal]ll (red dashedlotted line),
[C.GGVal][GSQ] (green dashed line), §GGPro]Br (dark blue solid line) an
[C.GGPro]l (orange dotted line).

Figure 37. Phase diagrams of ABS composed eCGPro]Br and salts at 25 (+ :
°C KPQ (dark blue solid line), KIPQ (red dasheedotted line) and KCQ (green
dashed line).

Figure 38. Extraction efficienciesHgrwma, yellow bars andEEkwma, green bars) anc
enantiomeric excesse®.e, diamonds) obtained with five Chiased AB&t 25 (+
1) °C.

Figure 39. Impact of mandelic acid content (A), TLL (B) and temperature (C)
extraction efficiencies Ekwua, Yyellow bars andEEwma, green bars) anc
enantiomeric excessese.e, diamonds) obtained with ABS composed
[C:QUI[G:SQ] and KPQ.

Figure 3.D. Impact of mandelic acid content (A), TLL (B) and temperature ((
the extraction efficiencies Hrva, Yyellow bars andEEwa, green bars) anc
enantiomeric excessese.e, diamonds) obtained with ABS composed
[GGGProlBr and KPQ.

Figure 3.1. Impact of salt on the extraction efficiencieBEwma, yellow bars anc
EEwma, green bars) and enantiomeric excessese( diamonds) obtained witr
[CGGProlBrbased ABS.

Figure 3.2. Extraction efficienciesEHRwma, yellow bars andEEva, green bars) anc
enantiomeric excessese.e, diamonds) obtained with ABS composed
[GGGPro]Br + KPQ (A) and [@GGPro]Br + KHPQ (B) at 25 (+1) °C and
distinct initial compositions along the same TL: binodal cudasked line), Tl
(solid line) and initial mixture composition (triangles).
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Figure 3.13 Chemical structures and abbreviations of the CILs and polyi
investigated.

Figure3.14.Binodal curves of ABS composed of CILs ap8@lan molality (A) ad

weight fraction (B) units: [Ma42[L-Glu] (dark red dashed line), {N4[D-Phe] (dark
blue dasheedotted line), [Naaq[L-Phe] (blue solid line), [Md[L-Pro] (green
dashed line), [Bq[L-Val] (orange dashed line) and sdy[L-Ala] (pink dotted
line). The dotted grey line represents [CIL] = [salt] and is a guide to the eye.

Figure 3.15. Binodal curves of ABS composed ofi})[L-Phe] (solid lines) o
[N4444[D-Phe] (dashed/dotted linesgnd sodium salts (1) or potassium salts (2) i
[Naas4[L-Glu] and salts (3) in molality (A) and weight fraction (B) unitsS®8a
(blue lines), NZCQ (red lines), KNa€i,Os (purple lines), ¥PQ (green lines),
KeHPQ (pink lines), BCQ (grey lines), ¥GHsO; (orange lines). The dotted gre
line represents [(L] = [salt] and is a guide to the eye.

Figure 3.16. Binodal curves of ABS composed of }{LHEIu] (red dashed line)
[Ch][L-Phe] (blue solid line) and [Ch}Ehe] (blue dashed dotted line) with PPG4
(1) and [CH][L-Glu] with PL35 (green dasheddj PPG 400 (red dashed line) a
PEG1000 (orange soliche) (2) in molality (A) and weight fraction (B) units. 1
dotted grey line represents [CIL] = [polymer] and is a guide to the eye.

Figure 3.17.Chiral DES reported in literature as a functioh HBDHBA
combinations: one chiral component (open diamonds), two chiral compon
(closed diamonds).
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Hgure 3.18.Chemical structure and abbreviation of DES chiral formers studied 209

Figure3.19 Solidliquid phase diagrams of chiral DES fornbgdproline:malic acic 214

as a function of enantiomers combinatiof § visual method;r( ) DSC.

Figure 3.20. IR spectra of proline:malic acid binary mixtures in function of 215

enantiomeric combinarions studiedA ( Xyan = 0, &) Xwan = 0.1, &) Xyan = 0.2,
(A) Xman = 0.25, {1 ) Xmain = 0.33, () Xmain = 0.5, £ ) Xmain = 0.67, () Xmain = 0.75,
(A) Xvain= 0.8, A ) Xman = 0.9 andA ) Xuan = 1.

Figure3.21 IR spectra of proline:malic acid binary mixtures covering the pos: 216

enantiomers combinabns in the whole composition range’ § L-Pro:l-MalA, (*)
L-Pro:DMalA, (") DPro:-MalA and A ) D-Pro:BMalA.
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Table2.1. Name andabreviationof the IL catioranion combinations considered i 19
this ovewview.

Table 22. Extractionand separation of pharmaceuticals using LLE with 25
hydrophobic ILs.
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in IL media.
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Abbreviations
ABS Aqueous Biphasic systems
Ami Amitriptyline
API Active Pharmaceutical Ingredient
Asp Aspartic acid
ATR Attenuated Total Reflection
CIL Chiral lonic Liquid
COSMERS COnductodlike Screening MOde
DAD Diode Array Detector
DES Deep Eutectic Solvent
DFT Density Functional Theory
D-MalA D-Malic Acid
D-Phe D-Phenylalanine
D-Pro D-Pro
DSC Differential Scanning Calorimetry
e.e. Enantiomeric Excess
EE Extraction Efficiency
ELLE Enantioselectig LiquidLiquid Extraction
FTIR Fouriertransform infrared spectroscopy
HBA Hydrogen bond acceptor
HBD Hydrogen bond donor
His Histidine
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CHAPTER 1

General Introduction






1. General Introduction

Pharmaceuticalsi.e., any drug used with medicinal purposes, have known an
increase in their consumption in an epoch where botlK S f Sy 3G K | yR |jdzl £ A
fATS INBE AYONBFaAy3ad Ly (GKAA FNIYSE2N] I VYI ¢
and sustainability of pharmaceutical industries and their products are a target of special
attention.® The production proceses in pharma industries often rely on the use of large
amounts of a variety of organic solvents, that are often toxic and environmentally
hazardous with a major impact on the life cycle analysis of their produétas patent by
the high E factors (# mass ratio of waste to desired product and atom efficiency in kg
waste/kg product) determined for chemical industries, the production of fine chemicals
(550 kg wasteper kg product) and pharmaceuticals €300 kg wasteer kg product)
has an enormousrevironmental impacf® Moreover, the persistency of pharmaceuticals
in the environment is becoming threatening. Either by direct disposal or by human
excreta, several drugs have been identified in soils and water, with severe impact upon
ecosystem$® ® namely the newsworthy case of wild fish developing intersex due to
SYR2ONAYS RA&ANHAII A2y Ol dza'8 R accémplidiNdigiearar 2 O Od:
and more sustainable pharmacy seems to be the route to overcome such
shortcomings® From raw mateials used to synthesis and manufacturing, from use to
afterdza S FI 4GSz Fff adlr3sSa 2F LKINXIOSdziAOIf a
4 INB Sy SNE M Sreel CherdisiAK @& promoted some changes in chemical
and pharmaceutical industries wdwide, in particular regarding (i) wastes generation
prevention/minimization¢ principles 1 and Z; and (ii) safety of the processes and
chemicals involved and products desigrggrinciples 3, 4, 5 and 16

In 2015, the European Commission launchadaation calledClosing the loop
New circular economy packaf@ with opportunities from both environmental and
economic origin. To reduce environmental degradation and to mitigate climate change
are key objectives to improve life quality and human Itlealhus, a mindset shift started
G2 200dzNJ Ay -majeRsisR X ABIY & §¢ 802 P2Yes HKSNB Ay
are undertaken in production processes, needs to be converted into a circular economy,

where products and processes are developedtha light of resource efficiency and



recycling™ *Within a circular economy, goods that no longer serve can be transformed
into resources/raw materials, so that waste minimization is accompli§fie@or the
inevitable waste generated, valorizatias the most sustainable option. For that, the
European Commission is welcoming industries tthiek the way they generate wastes,
design their products and choose their raw materféisUnder this scenario, prevention,
re-use and recycling of the wasst is encouraged, the durability of the products is a
priority and trustable recovered rawaterials are advisablé® Industry may thus benefit
from lower dependency from external resources and lower production costs as well as
lower carbon footprint!® ** Even though being challenging, this change means creating
value from materials that industries used to discard, with clear economic, environmental
and social advantages. Circular economy is an inevitable path for pharmaceutical industry
to act accorthg to its ultimate goalg,e.,enhance human health and wdiking.

In order to meet green chemist’ and sustainability”) recommendations and to
move towards a circular econorfy! modifications and innovations have been
introduced in several pragttion processes across the pharmaceutical industry. Key
strategies were adopted: (i) the modification of synthetic routes substituting nefarious
chemicals (raw materials, solvents, auxiliaries) by renewable or more benign ones, (ii) the
substitution of mutiple-step reactions by singlstep ones and/or (ij the implementation

3 ¥l Organic solvents are employed in all steps

of recovery and recycling routés.
AYy@2t SR AY  LIKINXYIFOSdziAOFIfaQ LINPRdAzOGAZ2Y
formulation), beng a major cause of hazards and wastes in the pharmaceutical industry.

I Furthermore, the final pharmaceutical products are thus likely to be contaminated, so
that the proper selection of the solvents is crucial for yields and product quality
achieved!" *! At the forefront, the selection of solvents resembling the traditional ones

but with more appealing environmental credentials.d., pentane and hexanes by
heptane, benzene by toluene) was endors@liWith environmental concerns in mind,

FDA haspproved related legislation, so that benzene was excluded from pharmaceutical
industry and other highly pollutant solvents, such as hexane and toluene, should be
exclusive to unavoidable cas€l.Solvents such as watee.().??) and ethanol .g.%%)

are highly recommended. Alternative solvents have been highlighted in the frame of



pharmaceutical industries as advantageous options, since they are more benign, easy to
recycle and less prone to contaminate the final product and the environfiént.
Alternative solvents encompass water, supercritical fluids, fluorous solvents, ionic liquids
(ILs) and deep eutectic solvents (DES), among otfférs.

Adopting the strategies outlined above, pharma companies are thus benefiting
from wastes, environmental foptint and costs minimization as well as improved
workers safety. In 1998, Pfizer has embarked on an endeavor where several
manufacturing processes, some of them entailing top selling drugs, were modified using
green chemistry metrics. The traditional roui@ obtain sertraline hydrochloride (Zoloft),
the most prescribed antidepressant worldwide, used titanium tetrachloride, a toxic,
corrosive and aidzy 4 G 6t S f Alj dzA R Pf Bhe prad&tior ot Nanilich y 3 ¢
byproducts needed to be carefully maged, so that additional energy, inputs, costs and
risks to the workers were involvétf The innovative process implemented uses ethanol
as the main solvent and a more selective catalyst, allowing (i) to pass from astiefeéo
a singlestep reactionii) to create a safer synthetic route, (iii) to diminish the quantities
of starting materials and solvents and (iv) to recycle the materials and the catalyst into
the process?® The transformation of the sildenafil citrate (Viagra) manufacturing preces
followed, where the high quality of the final pharmaceutical was maintained at the same
time that (i) safer reagents, (ii) lower number of reaction steps and (iii) lower number of
solvents used and their recovery were accomplishddt K S & 3 NB &y &llokded LINE O
lower energy inputs and an improvedf&tor of 6 kg wast@er kg product®® Although
out of industrial atmosphere, Bica and-amrkerd*® came up with an innovative strategy
to isolate a precursor of Tamiflu from natural sources resortm@ tclass of alternative
solvents, ILs. Later on, the traditional synthesis of pregabalin (Lyrica), one of the most
prescribed drugs around the world, was modified by developing enzyshasied process
with reaction steps conducted in water as the solvEfitThe implementation of this new
process allowed reducing waste when compared to the former method used, with
improvements on the E factor from 86 down td®d.Within a period of 13 years, Pfizer
was able to reduce by 90% the amounts of solvents asetby 50% the raw materidf€:

2 With similar rationales, Merck and Codexis developed an enzymatic process for the



synthesis of sitagliptin (Januvia) which enabled the operation under milder conditions, the
removal of all metals involved during prodiom and the reduction of the waste
generated.®® Also Roche excluded the highly toxic thionyl chloride from oseltamivir
phosphate (Tamiflu) synthetic route and simplified the process by decreasing the amount

of reaction step$*® By its side, AstraZena has implemented a solvent recovery unit as a

strategy to mitigate solvents as a major hazardous waste stream. Such a strategy was
responsible for (i) reduction in production costs by solvent recycling and reuse and (ii)
minimization of total waste genation % placing AstraZeneca in the spotlight of circular
SOz2y2Yeé SEIFYLX Sao ! 2y 38%RBrtiunof eighzgiftioce NH  { ¢
companies, implemented a circular econoingsed mentality to its activity. The
production processes rely og KI 0 (GKS& OFff F aFdzZ - NBaz2dz

products of one company serve as a resource for another creating shared*alue.
1.1. Scopes and Objectives

This thesis proposes alternative routes for the extraction and purification of drugs
as an attenpt to improve the sustainability of pharmaceutical processes and to move
towards a circular economy strategy. The development of the processes was done in the
light of Green Chemistry, Sustainability and Circular Economy, as outlined in Figure 1.1.

In Clapter 2, a circular econordyased approach is suggested to face the
challenge of dealing with pharmaceuticals at the end of their life cycle. The development
of sustainable way® valorizedomestic pharmaceutical wastes, i.anspent or outdated
medicines, asan alternative to incineration wagarried by (i) the recovery of active
ingredients to be further applied in chemiealated industries as starting materials and
(ii) using cleaner processes based on water and ILs (alternative solvents). Theeehhanc
solvency of ILs is highlighted by themkdiated extraction and purification techniques
used (solidiquid extractionsg section 2.1.1,. aqueous biphasic systenf8BS)- section
2.1.2. and threephase partitioning system§TPPQ section 2.1.3. Partizlar emphasis
will be given to processes involving real pharmaceutical sampespflls) and focusing

on the isolation of the target drugs.



In Chapter 3, the aglng problem of producing enantiopure drugs rather than
their racemic mixtures is addresse Cleaner, simpler and tunable processes for the
separation of racemic drugs were planned based on the use of two classes of alternative
solvents: chiral ILs (CILs) and ch&IS CILs were introduced BSas both the solvent
and chiral selector secions 3.1.1.and 3.1.2.Finally, DES were considered as new chiral
agents in enantioseparations, by shedding light upon the role of chirality on DES

formation ¢ section 3.2.1.
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CHAPTER 2
Recovery of drugs

from phamaceutical

wastes
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The direct household disposal of medicines may result from the end of the shelf
life of drugs making them improper for consumption, the inadequate size of the packages
and alterations inposology, or even failure to follow the therapeutic guideliffes’
Around Europe, large amounts of pharmaceutical wastes have been generated and, in
some cases, incorrectly disposed. During 2015, in England, it was estimated that over 1
million of healh products prescribed were dispensed every day, which represents a 50 %
increase since 2008. Other surveys, although they may seem outdated, mirror this
alarming scenario, which varies with countries. For instance, in 2011, Belgium collected
572 tons ofunwanted drugs, with an average increase of 2.p&¥year; around 223 tons
of pharmaceutical wastes were recovered in 2012 by the Hungarian national system for
collection and disposal of household pharmaceuticals, which is increasing overer %
year; lithuania, in turn, lacks a responsible agency for this purpose since 2009, the year in
which 31 tons of pharmaceutical wastes were receieWith the latter case being an
exception, most countries have nowaday®ir own national collection system, witiads
responsible for the collection, storage, transport and removal of pharmaceutical wastes.
Moreover, efforts are being directed to educate and inform population as a way to
improve disposal routines!

Portugal, particularly, has its waste managemesingy carried by VALORMED,
which collected around 1000 tons of pharmaceutical wastes (package and medicines) in
2015. After directing the waste to sorting centres, recyclable materials are separated
from the medicines, which are incinerated for energetidoviaation!® In addition to its
high costs ofconstruction operation and maintenance, this valorization route fails to
match Green and Sustainable Chemistry recommendadfioflsdue to its hazardous
nature related to intensive emission of pollutant gasand carcinogenic substances. The
way by which incineration prevents the entrance of pharmaceuticals into the
environment is the complete disintegration of the active ingredients at high temperature
conditions between 1500 and 200€C® In addition, tte complete destruction of the
waste neglects the opportunity of recovering valuable active ingredients. Indeed, circa 90

% of the active ingredients is still in its active form even past the expiration'date.
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The major drawbacks presented by the managetmof household pharmaceutical
wastes are thus urgent to be faced. Envisioning a circular ecoffdhipe direct
extraction and purification of drugs from pharmaceutical wastes represents a promising
alternative to incineration. The recovered compounddl serve in a wide range of
applications in the chemical industry (e.g., as starting materials for other chemicals or as
industrial or commercial standards). So, it is of great interest the development of novel
strategies that combine the extraction andinfication of drugs from pharmaceutical
wastes. In the light of Green Chemistythe implementation of alternative solvents
represents an appealing solution. In particular, ILs have been highlighted as highly
performant, economically viable and safeyhents in the extraction and purification of

drugs™?
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2.1. lonic liquids as alternative solvents in the extraction and

purification of drugs

This section is based on Ventura, S. P. M.; e Silva, F. A.; Quental, M. V.; Mor
Freire, M. G.; Coutirty J. A. P. loniciquidMediated Extraction and Separatic
Processes for Bioactive Compounds: Past, Present, and Future T@mesical
Review017, 117 (10), 69847052.

Contributions: S.P.M.V., M.G.F. and J.A.P.C. conceived and directed this
Francisca A. e Silva, M.V.Q. and D.M. wrote the chapters included in this re
with vital contributions from S.P.M.V., M.G.F. and J.A.P.C.. Francisca A. e Silve
those comprising Lipids and Other Hydrophobic Compounds, Nucleic Acid
Drugsand Phamaceuticals the latter being included in this chapter. Furthermoi
Francisca A. e Silva was responsible for bringing all chapters together and drav

Figures.

ILs are alternative solvents, since recently envisioned as promising substitutes to
the molecular solvents widely used in pharmaceutical industry. These are salts of low
melting point, usually below 108C** and are commonly composed of a large organic
cation and an anion that can be of either organic or inorganic nature. The low melting
temperatures of ILs are a result of the lack of symmetry in their ions and theichange
density, which lead to weaker Coulombic interactions and weaker cohesive energies in
the solid phase when compared to high melting temperature s$4it§! Besidestheir
outstanding thermal, chemical and electrochemical stabilities, lack of flammability and
negligible volatility (avoiding their release into the atmosphere), ILs have found the
spotlight in the development of novel extraction and purification apprasctue to their
excellent solvation ability and stabilizing properti€€t! Furthermore, their high
&0 NHZOGdzNI £ GSNBIFGAT AGE NBLINB B SowsSHe design (G K SA |
of taskspecific solvents thus surpassing the poor sele@iwitexhibited by traditional
organic solvents. In the processing of pharmaceuticals and beyond their use as solvents in

extraction and purification approaches, ILs have been used in the synthesis of several
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drugs, as novel routes for drug delivery, as ahi¢ media for polymorphic drugs, as well
as in the formulation of novel liquid active pharmaceutical ingredients of boosted
bioavailability!? 24!

ILs are envisaged as powerful solvents for the extraction of several important
molecules, in particular digs, due to the unique array of intermolecular interactions that
they can establish. Numerous authors have devoted their attention to the determination
of the solubility of active pharmaceutical ingredients in ILs as the basis for the
development of Itbased separation and purification processes. Currently, the spectrum
of compounds investigated is broad, ranging from cardioactive prototype @rligs
antibiotics!***% non-steroidal antiinflammatory drugs(NSAIDs¥" % 3Uanalgesid®* 32
anthemintic*? and androgel? compounds. Most of these systematic studies focus on
the use of hydrophobic ILs composed of nitroge&n?® %2 or phosphorud?” ?® based
cations, and anions such as [NTf?" 2% *%and [PR]",*" %2 while onlyfew works have
reported the use of hydrophilic 115: *¥ Rogers and caorkers? in a study of drug
delivery, recently shown that ILs, if cautiously designed, can boost the water solubility of
poorly soluble active pharmaceutical ingredients. Thiscept can be thus extended to
the extraction and purification of drugs using aqueous IL solutions.

This section overviews more efficient separation routes for pharmaceutical drugs
by taking advantage of the unique characteristics of the ILs. Three mpmaghes are
found in the literature: (i)liquid-liquid extraction LLE where hydrophobic ILs are
generally adopted as substitutes for conventional organic solvents, (ii) ABS composed of
ILs and salts, polymers or amino acids, sometimes combined withopiesolicHliquid
extraction steps, and (iii) crystallization in ILs orehriched media. Separation and
purification processes in agueous media are the most widely adopted approaches.
Distinct types of compounds were the target of separation and patifia by each of
these techniques, with antibiotics standing out as the compounds attracting the most
attention. Besides antibioticsNSAIDs analgesics, vasodilators, fibrates, hypnotics,
anticonvulsantsand immunosupressants are within the drugs studiekhe rame and
abreviation of the IL cationand anion combinations considered in th@vereview is

provided in Table 2.1
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The utilization incidence of distinct combinations of IL ions reveals tiaityt3-
methylimidazoliumbased ILs are the most wativestigated, although an appreciable
usage of more benign ammoniubased cationsi.e., [Nwxy]" and [CH, began over the
past few years. [BF, Cland [PE] are the anions most frequently paired with,[Gim]".

The more recent use of orgaracidderivedanions, namely@:CQJ, [Glut], [Lev] and
[Suc], should however be noted, indicative of a promising trend towards the use of more

biocompatible ILs in separation processes for drug production

Table 2.1. Name andabreviationof the IL catiormanion conbinations considered in this

overview.

Cation Anion

Name Abbreviation Name Abbreviation
1,3-diallylimidazolium [aaim] Alkylphosphonate [GPQ]
1,3

dihexyloxymethylimidazc [(GHi1sOCH).im]"  Alkylsulphate [G.SQ]
lium

l-alkyt1- + . .
methylpyrrolidinium [G.Cipyrr] Bicarbonate [Bic]
l-alkyt2,3- N Bis(trifluoromethylsulf .
dimethylimidazolium [GGGim] onyl)imide (NTE]
l-alkyt3- — . .
methylimidazolium [GGim] Bromide Br
1-alkylpyridinium [Cpyr] Carboxylate [G.CQ]
1-allyk3-alkylimidazolium [aGim]* Chbride ClI
1-benzyi3- — . . .
methylimidazolium [CHGim] Dihydrogencitrate [DHCIt]
Lhexyloxymethy3- L(QHl‘O’OCH)QIm] Dihydrogenophosphate [H.PQ]

methylimidazolium
1-hydroxyalky3-

methylimidazolium [(OH)GGim]* Glutarate [Glut]
Cholinium
[N.N,NtrimethyEN-(2- [ChT Hexafluorophosphate  [PR|’

hydroxyethyl)ammonium
N-AlkyEN,N-dimethyFN-
(2- [N11n@on]” Levulinate [Lev]
hydroxyethyl)ammonium
N-methyFN,N,N

trioctylammonium (Nsgsd Succinate [Suc]
tetraalkylammonium [Nonnn* Tetrafluoroborate [BR]
Tetraalkylphosphonium  [Panng” 'rl]'gl‘gjoromethanesulfo [CRSQ]
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Liquidliguid extractions

Cullet al® were the first to report the use of ILs in the LLE of pharmaceuticals
aiming at overcoming the potential hazards of organic solvents. Theoedif! used a
[GGim][PRK] + water biphasic system to extract erythromycin A, a macrolide antibiotic
industrially produced by aerobic fermentation, showing that the use of ILs could be as
efficient as butyl acetate. This pioneering work triggered a trewd of seeking novel IL +
water biphasic extraction systems for antibiotics. Tab@esents the systems reported
in the literature for such a goal. Based on the data reviewed, a scheme of a general
process based on these LLE systems is outlinedumer2.1.

In 2005, Sotcet al*® proposed the application of biphasicsfG@im][BR] + water
systems for the extraction of two other antibiotics, amoxicillin and ampicillin. The
partition coefficient results achieved (from 0.17 to 20.34) indicated a dependency of
the antibiotics partition on the pH, due to their anionic (at pH 8) or zwitterionic (at pH 4)
forms. Manicet all*® successfully extracted erythromycin A from an aqueous solution
using [GCpyrr][NT:]. The major achievement of this workaw that forty times less
volume of the IL than that of an aqueous solution was used in ten successive cycles to
achieve an overall yield higher than 80%. High pressuew@® used to isolateirca of
76% of erythromycift® this being one of the few exaples where the recovery of
pharmaceuticals from the d{tich phase was attempted. After proving the chemical
stability of the extracted antibiotic with ILs, the authors designed a valuable extraction
process (represented in Figure 2.1A) with potential foluistrial applications.

Biphasic IL + water systems composed of two hydrophobic imidaztias®ad ILs
([(GH1sOCH)-im][NT%] and [(GHi:OCH)GIm][BR]), at different pH values, were
AYyo@SadAaalr G6SR o6& 52 ¥ Brihe lextracyomr of Aidfdrdntoid, NI G 2 N&
antibiotic prescribed for the treatment of infections of the urinary tract. The
nitrofurantoin exhibited preferential partitioning towards the IL phase, except when
[(GHi:OCH)GIM]BR8 ¢ a SYLX 2SR &G LI xo damed ¢ KS ¢
with the IL [(GH30CH).im][NT%] and low pH (partition coefficient of 19.7), where the
LI NGLAGA2YAY3 61 & SELXLFAYSR o6F&aSR 2y | ol t |

electrons, permanent dipoles and electrostatic interactiois.
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Penidllin G, a microbiallproduced antibiotic, was also the target of extraction by
[C:Gim][PR] (nh = 4, 6 and 8) in two works by Matsumot al*® and Liuet all*
Matsumotoet all*® also included [hssdCl in their study, whereby this IL, at pH & ko
the largest quantities of penicillin G extracted, and where the auffrsuggested an
anion exchange mechanism between theé @&hd the antibiotic (which possesses a
dissociation constant of 2.76). However, no real support for this assumption roasied
by the authors®® since the tests carried out to prove their hypothesis led to inconclusive
results. The isolation of antibiotics from jg¥Cl was also attempted, but with no
succes$® However, inconsistent results were reported by Liu antlaborator$®® using
[G.GIM][PR] (n = 4, 6 and 8) ILs. In this work,,@om][PF] at pH 2 led to higher
extraction performances (partition coefficient oircalO and extraction efficiency >80%).

In this work, a simple isolation of the antibiotic (38pbfrom the IL phase was achieved
using a weak base (potassium bicarbonate). Notably, this system was successfully
employed for the antibiotic extraction from its fermentation broth, with enhanced
selectivity for contaminant removal than that achieved witie conventional process
employing butyl acetat®” This last step is of high relevance, given that most authors
carry out extraction studies with aqueous solutions spiked with pharmaceuticals, and do
not prove the feasibility of the developed processdth real matrices. Figure 2.1B shows

a schematic representation of the integrated process proposed by the auttibrs.

A later study by Wang and eworkerd*” focused on the development of newxic
ILl-based extraction systems. For this purpose, theuraty occurring cholinium cation
was used for the preparation of hydrophobic ILs of increasing alkyl chain lergth,
[N1neon]” (n = 4, 6, 8 and 10) combined with the [MTfanion!*® Four distinct drugs
were investigated, namely th&ISAIB ibuprden and indomethacin, the analgesic drug
phenacetin, and the anesthetic and analgesic agent lidocaine. After the optimization of
the extraction volume phase ratio and the equilibrium time, the impact of pH, the
chemical structure of the ILs, and temperatunpon the partitioning of the drugs was
assessed. Depending on the drug under investigation, distinct effects were noticed: the
indomethacin migration to the IL phase was significantly limited by higher pH conditions;

enhanced performances were obtainedrf both ibuprofen and indomethacin by
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increasing the IL alkyl side chain length, which is in contrast to the pattern observed for
lidocaine; and finally, the extraction mechanism of ibuprofen is endothermic. Finally, the
authord* highlighted the importace of isolating the pharmaceuticals from the ILs by
removing more than 65% of indomethacin through pH changes (with 0.1 TBIOH),
allowing the authors to envisage an integrated process similar to that represented in
Figure 2.1C.

In a recent work, Vitsariet al*" have successfully separated the similar drugs
progesterone and pregnenolone by-Bhsed LLE The number of solvents able to
solubilize these two steroids is limited, making ILs excellent candidates for such an
application. The search fousable systems was performed in three steps: (i) selection of
suitable organic solvents by COSMRGS, (i) experimental determination of organic
solventfluorinated IL combinations able to form two liquid phases, and (iii)
determination of the IL concentten in the organic solvent phas&! The tert-butyl
methyl ether[C,Gim][BR] mixture was elected as the ideal system to pursue studies on
the partitioning of progesterone and pregnenolone. A selectivity of 2.1 was reached and
the purification of proge®rone was successfully conducted by simulating a
countercurrent extraction proces$

During the manufacturing process in any pharmaceutical industry, the final
produced drugs cannot contain impurities and should obey the standards imposed by
legal guietlines. Encouraged by such a necessity, Rogers ammi@rs*? proposed an
Il-based separation strategy for an intermediate of the aliskiren synthesis from an
interfering ammonium salt formed during the reaction. Aliskiren is a direct renin inhibitor
used to treat high blood pressure. By investigating hydrophebitiydrophilic ILs, distinct
biphasic systems were created: (@m][CCQ] + ethyl acetate, [€&im][CCQ] + n-
heptane, [GGIM][NT%] + n-heptane, and [&@5im][NT%] + water. The solubilite of the
reactants (a lactone and -8mino-2,2-dimethylpropanamide), amide products and
ammonium salts in both ILs and the three solvents were measured, and based on the
results obtained, the [{im][NT%] + water biphasic system was selected to separhte t
standard mixture. At the end of the process, the purities of both lactone and amide

products were not as high as desired due to contamination issues with the hydrophobic
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IL. Hence, the authors were forced to adopt the(@n][C,CQ] + ethyl acetate bipasic
system, given the possibility of being able to removel[ith][C,CQ] from the lactone

and amide product (both hydrophobic) by a simple washing step with water, as sketched
in Figure 2.1C. Both regenerated lactone and amide were separated with i gnd

the remaining reactant and ammonium salt were precipitated and recovered by washing
the standard mixture with water. When applying this procedure to an actual reaction
mixture (composed of reactants, products and somephbyducts), an additionaktep
consisting of washing the regenerated amide witheptane was needed to remove the
residual byproducts!*?

Also for the intermediate henylacetylcarbinol, the replacement of toluene in
LLBby the use of ILs was investigated. Computer aided médecdesign was used, due to
its time- and moneysaving advantages over common systematic experimental stifdies.

To summarize, twqphase systems with hydrophobic ILs + water are by far the
most studied for the separation of drugs, as only one W8raddressing hydrophilic ILs in
combination with organic solvents for separation purposes exists. It isdwellmented
that hydrophobic ILs are more toxic than the hydrophilic ones and some of them are
water-unstable,e.g., with the [BR] anion. Even so, aecent trend towards the use of
water-stable and more benign ILs has been observed in recent years.

Isolation strategies, with vital relevance for future industrial applications, although
not conducted in most of the works herein reviewed, were however eomtlated by
some researchers. This more complex strategy allows researchers to obtain the target
product free of IL (step 3 of Figure 2.1) and the recycled IL for further use (step 4 of Figure
2.1). Also missing in most reported works is an assessmeimeofhiemical stability and
pharmacological activities of the drugs extracted as a way of reinforcing the promising

status of Ikbased technologies for the purification of pharmaceuticals.
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Figure 2.1. Schematic representation of the integrated process caeipg the
production, separation/purification, recovery of the target molecule and recycling of
solvents in twephase LLE comprising ILs. A and B correspond to processes where an
induced precipitation with C&® and backextractio®® ** approaches wee used to
recover the pharmaceuticals, while C represents the process of purification of an

intermediate of aliskiren synthesi&!

24



Table 22. Extraction and separation of pharmaceuticals using LLE with hydrophobic ILs.

Pharmaceutical System used Isolation strategy

Amide  (intermediate)

and ammonium sall Washing with water anc

[G:GIm][NTE] + water!*? [G,GIm][C.CQ] + ethyl acetaté?

(contaminant): aliskirer precipitatiort*”
synthesis
Amoxicillin [CsGiim][BR] + watef*®
Ampicillin [CGiim][BR] + watef*®
Erythromicin A [C4Cim][PR] + water®¥ [C,Cpyrr][NTE] + wateF® High pressure G&”
Ibubrofen [N112or)INTH] + watert™® [Niieor[NTH] + water™ [Ni1gpor[NTE] + watert*® [Ny,
P 10(20H][NTf2] + Wate|L4O]
[40] [40] [40]
Indomethacin [N1raor)NTE] + w%}e i [Naeor)NTR] + water,™ [Ni1seodl[NTR] + water,™ [Nu - g o oo ction with NaG#d
10020H)[NTH] + watef
Lidocaine [N114(20H][NTf2] + Water[‘m] [Nlle(on}[Nsz] + WaterE“O] [N118(20H][NTf2] + WaEr,[40] [N11
10(20H][NTf2] + Wate|L4O]
Nitrofurantoin [(GH1:OCH)Gim][BR] + water:®” [(GsH1sOCH)zim] [NT§] + wateF”]
Penicillin G [CGim][PR] + water®® % [GGim][PR] + water®® > [GGim][PR] + water® *) Back  extraction  with
[N18sdCl + watef® potassium bicarbonaté’
Phenacetin [N114(20H][NTf2] + WaterE4O] [N116(20H][NTf2] + Watel'E4O] [N118(20H][NTf2] + Watel’E4O] [N11
10(2OH][NTf2] + Wate|L40]
Progesterone

pregnenolone A [c.Gim][BR] +tert-butyl methyl etrerY
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Aqueous bhiphasic systems

More environmentally friendly routes for the purification of pharmaceuticals
appeared with the use of Jhased ABS or IL aqueous solutions. The first report on the
extraction of drugs using dhased ABS dates from 20068, in which the authors
successfully extracted two opium drugs, the analgesic morphine (maximum extraction
efficiency achievable of 67%) and the vasodilator papaverine (maximum extraction
efficiency achievable of 96%) using ABS formed i:if@]Cl and KHPQ. A summary of
the ABS and IL aqueous solutions studied is reported in Taldeal@d some
representative processes are depicted in Figure 2.2.

It is probably not surprising that most works deal with antibiotics, tetracycline
being the most studied. Mat al!*® first applied ABS constituted by J4Gim][BR] plus
NaHPQ, to the purification of tetracycline. Since then, other systems were investigated
aiming at using watestablé*® *”) and more benign IL& “* as well as other phase
forming agents bsides salt§®*® in particular polymer$!® Extraction efficiencies
consistently higher than 80% were achieved when eithg¢tRQ!"®! or Na&CQ"" were
used as the saltingut agents in several 4hased ABS. However, there were systems
formed by morebenign choliniurdbased ILs that led to a distinct behavior. Shahri
al*® reported for the first time ABS comprised of this type of IL wiR®. They showed
that both tetracycline and its hydrochloride salt present distinct partition trends betwe
the two phases. Although observing a preferable partition of antibiotics towards the IL
rich phase, when usingCch]Glut] the opposite behavior was observed. The partition was
explained in light of the aptitude of3RQ, for saltingout, with [Ch]Glut] being the
exception*® Another work'®) employed PEG 600 and cholinitbased ILs to generate
ABS for the prgurification of tetracycline from the fermentation broth &treptomyces
aureofaciens While Shahriaret al™*® reported a preferential partion of tetracycline
towards the Itrich phase, Pereirat al*® demonstrated that in polymet.-based ABS the
antibiotic partitions preferentially towards the polymeich phase. Again, it was observed
that the IL structure has a significant impact on tpartition behavior. Even though
conventional ABS composed of a polymer and a salt (PEGSQNand of two salts

(ChCl + KPQ) revealed better performance in extracting tetracycline, the main
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advantage afforded by using PEG and cholinnased ILs reds on their boosted
biocompatibility and biodegradability. The most relevant results reported by Peetira
al*¥ comprise the evaluation of the applicability of these systems for theppirification
of tetracycline from its production medium,e., a fermentation broth, highlighting
therefore the potential of Itbased ABS to be applied to real systems. The auffors
finally discussed the possibility of varying the partition tendencies for either @aREG
rich phases to create purification and Ieextraction approaches, anticipating an
integrated process similar to that represented in Figure 2.2A.

Penicilin G has been studied as a target compound in three published works
comprising the use of dhased ABS. In these studies,G@n]CI®? [C,Gim][BR]®Y and
[C.Gim]BP? were used, with NagPQ, or NaHPQ as the saltingput agent, and two
distinct lines of research were adopted: while Liu andvakersd®™ extracted penicillin G
from a filtered fermentation broth with efficiencies higher tha90%, Jiang and
collaborator$Y addressed the approaches applied to isolate this antibiotic by adding an
hydrophobic IL, as described in Figure 2.2B. In addition to tetracycline and penicillin G,
other antibiotics were also studied, namely ciprofloxaaimd its hydrochloride salt® >3
cephalexiff® and chloramphenicdf® *®!Of particular interest is the work of Haat al
which followed an emergent green tendency of applying a less toxic and more
biodegradable organic salt, such agCkiOs, as a replacement for the typically used
inorganic salts.

LY HamnZ [/ 2dzi Ay published\d gioSderid) WorlHeNRPARS]
composed of ILs were applied in the valorization of pharmaceutical wastes. This work
served as the starting point of thtkesis project as it looked at these residues as a rich
source of active pharmaceutical ingredients, which are currently disposed of by
incineration. The authof¥! attempted the extraction of paracetamol directly from
expired pills to further serve asasting materials or standards in several industries. For
this purpose, novel ABS composed of tetraalkylammonium halides and three salts,
namely GHsKsO7/CsHsO; and KHPQ/KH,PQ, buffers and KCQ, were investigated. After

an optimization study comprisinghé ammonium IL chemical structure, salt,-lilee
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length and pH, carried out with the pure compound, the best conditions were then used
to extract paracetamol fronBenu-ron® 50(ills, yielding complete extraction.

While significant progress was made ihetrecovery of pharmaceuticals by
implementing Itbased ABS, as described above, both favorable trends and failures similar
to those observed at the level of the hydrophobic IL + water-plase systems were
observed. A trend towards the creation of morertign systems is already noticeable in
both IL and phaséorming agents. Although inorganic salts remain the first choice as
phaseforming agents of ABS, organic salts and polymers are gaining favor intthseld
ABS community as greener and more susthla options. In some works, the isolation of
the target pharmaceuticals and drugs was evaluated and different strategies were
presented. However, the development of strategies to recover and reuse the ILs and
other expensive phastrming components is 8t infrequent. The stability of target
pharmaceuticals, and their crystalline structure and polymorph formation when
recovered from IL matrices, are additional factors that deserve more attention. Finally,
none of the discussed studies evaluated the pdinscaleup of the developed

technologies, which remains a minor or unaddressed topic.
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Figure 2.2.Schematic representation of integrated processes for the recovery of drugs,
comprising the production, separation/purification of the drug and excigersolation of

the drug and recycling of the phaserming components in thased ABS. (A) Process with
ABS with both separation/purification and baektraction stepd*®! and (B) Process
where both hydrophilic and hydrophobic ILs are used for the semavg@urification and

isolation of target pharmaceutical®”
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Table 23. Extraction and separation of pharmaceuticals usiAgased ABS or aqueous solutions of ILs.

Pharmaceutical System used Isolation strategy

Cephalexin [C:Gim][BR] + ZnSGPY

. [C4Gim]CI + KCH4O6,°% [CoGim]CI + KCH4O5,°% [CrH,GIM]CI + KCH,O5, )

CHoramphenicol . [56] : [56] ) [56]
[HOGGIm]CI + KPQ,P® [HOGCIm]CI + KHPQ,*® [HOGGImM]CI + KCQ

Ciprofloxacin (or its

hydrochloride salt Lo Lot * KPQ,“¥ [ChISud + KPQ,"® [ChILev] + KPQ, ¥ [ChIC,CQ] + KPQ,™

[ChCl + KPQ,*® [C,Cim][CRSQ] + LysinE®

form)
Morphine [C:Gim]CI + KHPQ*Y
Papaverine [C:Gim]CI + KHPQ!*Y

[N444dCl + @HsKsO7/CoHgO7 pH 77 [N333d Cl + @HsKeO7/CoHgO7 pH 787 [Na2odCl +
GsHsKsO7/CeHeO7 pH 771 [Naaad Br + GHsKsO7/CoHsO7 pH 77 [NaaadBr +
Paracetamol GsHsKsO7/CeHsO7 pH 771 [N2224Br + GHsKsO7/CoHsO7 pH 77! [N224Br +
KeHPQ/KH:PQ pH 787 [No224Br + KCQ,P™ [N2224Br + GHsKsO7/CoHeO; pH 57
[N2222Br + GHsKsO7/CsHsO7 pH 617 [N222]Br + GHsKsO7/CsHgO7 pH 87
Hydrophobic IL + water

Penicillin G [C4Gim]Cl + NabPQ,P% [C,Gim][BR] + NaHPQ*Y and [GGim]Br + NaHPQP? LLEY

[GGiIm][BR] + NaHPQ,* [C,Gim]CI + KHPQ,“® [GGim]CI + NaCQ, " [C,Gim]Cl
Tetracycline (orits  + NaCQ,*" [G:Gim]CI + NaCQ,*"! [aGim]Cl + NaCQ,*" [C,Cipyrr]Cl + NaCQ 7
hydrochloride sal [P2424Cl + NaCQ " [Ch[GIut] + KPQ,“® [ChSuc] + KPQ, " [Ch]Lev] + KPQ,*®!
form) [ChIC.CQ] + kPQ, 8 [Chcl + KPQ,“® [ChICI + PEG 608! [Ch]C,CQ] + PEG

600/ [Ch]Bic] + PEG 60ff! [Ch[DHCIt] + PEG 605! [Ch[H.PQ] + PEG 6017’

Back extraction with seria
combination of distinct
cholinum-PEGbhased
ABS?!
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Crystallization in IL media

Crystallization is vital in several processes within the pharmaceutical industry, and
ILs have been also investigated for this purpose. This technique was often selected by the
authors addressing the itdion of the target compounds from the IL matrix resultant
from the processes described above. Tabke@ovides an overview of all crystallization
strategies conducted in IL media. In this field, Kreoal *® demonstrated the possibility
of using spercritical CQas antisolvent, by lowering the solubility in JGim][BR] of N-
acetyl(9-phenylalanine methyl ester, the product resulting from the asymmetric
hydrogenation of methy(2)-h-acetamido cinnamate. This wétk further opened the
way to testing the conditions of crystallization of metHi)-h -acetamido cinnamate, an
AYUGSNYSRAIFIGS Ay GKS LINBRdzOGAZ2Y 2F [ S@O2R2LN
from [GGim][BR].P% The authors measured the phase behavior of the ternary system
compacsed of [GGim][BR], CQ and methy4(2-h -acetamido cinnamate. It was concluded
that CQ can act as either esolvent or antisolvent in distinct concentration regions. Low
concentrations of CO(30 mol%) yielded a higher solubility of met¥)-h -acetanido
cinnamate in [(Gim][BR] + CQ than in pure IL, whilst at high G@oncentrations (40
mol% and 50 mol%) the opposite behavior is observed. Using these results, two possible
strategies to crystallize this Levodopa intermediate from the IL were prapd$eby a
thermal shift or (ii) by a crystallization phenomenon induced by.€After testing the
CQ solubility in systems containing 4Gim][BFR] and three organic solutes of
pharmaceutical relevance and showing that these affect the phase behaivtbe initial
binary system ([{&im][BR] + CQ),°*® Kiihneet all®™ presented another study wherein
improvements on the naproxen synthetic route, a broadly us&lAID were the main
target of research. The phase behavior (stitidid and liquidvapor transitions) of the
ternary system formed by [GCiim][BR], CQ and naproxen suggests that the £O
presence (in the range of 10 to 50 mol%) in combination with increasing pressures
prompts the complete dissolution of naproxen in the pure IL. Moreovéremwthe CQ
concentration is further increased within the aforementioned regime, lower
temperatures are needed to dissolve the drug inG@n][BR].°Y Unfortunately, due to

experimental limitations, the ansolvent phenomenon was not observed; neveitss,
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an expectation of its occurrence at £€@ncentrations of 60 mol% was suggested. Finally,
it was envisaged that by tuning the amount of £&ii3solved in the system it is possible to
obtain either homogenous or heterogeneous solid + liquid systemisaifgaoperationally
convenient for naproxen reactions or separations, respectiGély.

a & SN& 2 y &5publisiveg daLihnovative work focused on the purification of
paracetamol by crystallization. The main idea consisted of the manipulation of the
hydrogen bonding interactions for tailoring the solubility of paracetamol and its main
impurities (4aminophenol, 4/ A (i N2 LIJK S ycaléroacktghitde) rinQIL media. ILs
composed of anions of increasing hydrogen bond basicity {[N[BR] and [GCQ]) ard
hydrogen bond acidity ([@yr]", [GGim]", [GGim]" and [OH@GIm]") were tested,
whereby it was found that the hydrogen bond basicity of the anion plays the dominant
role in the crystallization of paracetamol. ,{GM][GCQ] showed the best abilitya
solubilize paracetamol. Due to its high viscosity, IL mixtures formed Jif(q]C,CQ]
and the less viscous {GIim][NT:] were also investigatei? The ability of
[GGIM][CCQ)NTH]1« to solubilize paracetamol and-aminophenol linearly corretas
with the [GCQJ] concentration. Spectroscopic studies demonstrated that paracetamol
shields the [@CQ] anion, while proving the importance of hydrogen bonding in the
dissolution phenomenon. Three strong hydrogamd-donating compounds (ethanol,
acdic acid and 1,1,1,3,3;Bexafluoroisopropanol) were studied as astilvents. The
latter provided the most promising results, inducing a strong decrease of the solubility of
paracetamol. With its use, the qwecipitation of only one impurity, the weakest
hydrogen bonding impurity <4aminophenol, was observed. This study provided novel
insights on the importance of understanding the molecular interactions acting in IL media
to design efficient crystallization processes and represents the only report deailalL
mixtures for processing drud®’

Two distinct perspectives of argblvent precipitation strategies in IL media were
presented by Vicosat al®® ¢ in the preparation of ultrafine particles and by An and
Kind®* %I¢ in polymorphic designindeed, in addition to the separation and purification
of the desired drugs, these works addressed other important questions occurring during

the formulation and processing of pharmaceuticals. Rifampicin, being a sparingly water
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soluble antibiotic, has itdioavailability restricted and the preparation of ultrafine
particles may be promising® Preliminary tests proved that raw rifampicin was more
soluble in [@im][GPQ] than in other solvents, while in mixtures of this IL and
phosphate buffer (KHPQ, + NaOH at pH 6.8) the solubility drastically decreases. These
results support the choice of phosphate buffer as the aotvent in the preparation of
ultrafine rifampicin particles. Notably, the particles were prepared with great purity (93 to
108%) and imroved dissolution raté?!

The polymorphic design of active pharmaceutical ingredients plays a key role in
the pharmaceutical domain and it often depends on the crystallization conditions. As ILs
can establish a wider range of interactions when comparetraditional solvents, they
have been studied for this application by An and Efnf® Currently used to treat chronic
hepatitis B, adefovir dipivoxil was the object of these two works. In a first attéifiphe
combination of [a@m][BF] and wateras the solvent and ansolvent, respectively, was
able to produce novel polymorphs of the target antiviral drug that are unachievable with
conventional organic solvents. In a second stitlthe authors used pairs of distinct ILs,
one of which workingas the solvent ([a@in][BR]) and the other ([@GGim][BR],
[aaim][BR], [GGiImM][GSQ], [aGim]Br and [aaim]Br) as the ardgblvent. Despite the fact
that some combinations did not induce crystallization or only produced the usual
polymorph, [a@m][BR] + [GGmim][BR] generated exceptional interactions with
adefovir dipivoxil and led to the formation of a new polymofph.

The antisolvent crystallization methods reviewed herein are summarized in Figure
2.3A. These processes may run into some openal obstacles related to the presence of
IL, soluble contaminants and astolvent, which hamper the recycling and reuse of the IL.
Cooling crystallization is thus foreseen by some authors as a favorable method of
processing active pharmaceutical ingrentis, as sketched in Figure 2.3B. Sneittal®®
studied paracetamol cooling crystallization in two IL media, namefgifG][PF] and
[GCim][PFK]. By the proper manipulation of three variablese(, type of solvent,
paracetamol concentration and cityd growth method), new crystal habits different from
those commonly obtained with organic solvents were observed. Aiming at developing
LIIZNRA FAOF G A2y LINE G%skléc®ad[QCinad[RTSINEtH2yhall staBldahdizLJ
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low-viscosity IL, as the idé solvent to perform cooling crystallization of active
pharmaceutical ingredients. Twelve pharmaceuticals divided into the following classes
were studied: analgesics (paracetamol), fibrates (fenofibrateBAIB (ibuprofen,
acetylsalicylic acid, salicylkcid and naproxen), antibiotics (itraconazole, griseofulvin and
amoxicillin), hypnotics (etomidate), anticonvulsants (rufinamide) and
immunosuppressants (cyclosporine). Ten of these drugs were miscible with the IL, the
exceptions being represented by ingfen and amoxicillin, the latter being thermally
unstable. Distinct solubility profiles were observed, even for compounds with close
melting points, suggesting the occurrence of specific interactions between the IL and the
active pharmaceutical ingredienFrom the results collected, the solubility of many of
these drugs varies from low (at room temperature) to extremely high (at higher
temperatures), highlighting the promising capability ot@@m][NT%] as a solvent for
cooling crystallization processe$o provide a proof of this concept, this approach was
applied to the purification of paracetamol in the presence of its most common impurities.
Ultimately, and comparing the data obtained with those obtained through the-anti
solvent approactf? pharmaeuticals with higher yields and purity levels were
obtained!®”!

From all works reviewed in this section, there are two main approaches to induce
the crystallization of pharmaceuticals: precipitation with aswivents and cooling
crystallization. The supmacy of hydrophobic ILs is transversal to these articles and only
one article assessed the use of IL mixtures (to tailor the viscosity of the solvent). In this
sense, more studies need to be carried out, not only by using different ILs as solvents, but
also considering conditions other than temperature, for example the pH (to manipulate
the speciation of the drugs) and pressure (to control the solubility of the drugs), without
neglecting the understanding of the specific interactions taking place in tmeetia,
which are crucial to the identification of tasipecific solvents. The characterization of the
crystals also needs to be taken into account, principally regarding the crystal size
distribution, crystal shape and polymorphic forms produced, sincesehare crucial
parameters to attest the quality and industrial potential of the crystallization process.

Crystallization is itself important for drug purification, but when integrated with the
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remaining techniques described can lead to even more outstandsults. For instance,

in most of the LLE approaches discussed above, one of the major drawbacks identified

was the lack of attempts at the recovery of the target pharmaceuticals from thieHL

phase, which, when combined with crystallizatiowluced approaches, can allow the

design of integrated and effective purification processes for pharmaceuticals.
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Table 24. Separation and isolation of pharmaceuticals by crystallization methods in IL

media.

Pharmaceutical

IL

Crystallization approach

4-aminophenol, 4
YAGNRLKSY
chloroacetanilide
(contaminants):

production of
paracetamol

Acetylsalicylic acid

Adefovir dipivoxil

Cyclosporine
Etomidate
Fenofibrate
Griseofulvin
Itraconazole
Methyl-(Z)}" -
acetamido
cinnamate

(intermediate):

production of
Levodopa

Naproxen

Paracetamol

Rifampicin (ultrafie

particles)

Rufinamide
Salicylic acid

[GGIM][GCQOIINTH]1x (IL

mixture) 2 [GGim][NT5]®”!

[GCim][NTH]®™!

[aGim][BR]®* 5!

[GGiIm][NTE]®”
[CGiIm][NTE]”
[CGiIm][NTE]®”
[CGiIm][NTE]”
[GGim]INTE]®”

[C4Gim][BR]™!

[C4Gim][BR],©
[GGIm][NTE]®"

[GGIM][CCQIINTH]1x (IL
mixture) *? [C,Gim][PF],©®
[CsGim][PR], 1%
[CmiIm][NT£]®”

[CGIm][CPQ]"

[GGIm][NTE]"
[GGIm][NTE]®"

Cooling crystallizatidfr’
Precipitation with watef*!
and with 1Ls [g5Cim][BR],
[aaim][BFR], [GCIM][C:SQ,
[aGim]Br and [aaim]Br as
anti-solvents™

Cooling crystallizatidfr’
Cooling crystallizatidfr’
Cooling crystallizatidfr’
Cooling crystallizatidfr’
Cooling crystallizatidfr’

Thermal shift>”
precipitation with CQas
anti-solvent®

Precipitation with C@as
anti-solvent!® cooling
crydallizatiorf®”
Precipitation with
1,1,1,3,3,3
hexafluoroisopropanol as
anti-solvent!®? cooling
crystallizatiorf® &7
Precipitation with
KHPQ/NaOH pH 6.8 as
anti-solvent®

Cooling crystallizatidf’
Cooling crystallizatidf’
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Scopes and Objectives

Before starting thighesis, in 2014, we have reported the recovery of paracetamol
from solid wastes using-hased ABS”! Although contributing toward a circular economy
and a greener pharmaceutical waste management, this work was of more fundamental
basis rather than full directed to the real application. A proof of concept was successfully
achieved, where paracetamol was recovered from BeRon 500 pills with extraction
efficiencies of 100 %. Yet, the development of an integrated process lagged behind.

Following the sam line of study, this chapter aims at extending the technologies
available for drug recovery from wastes, covering distinct classes of dNBAIB ¢
section2.1.1.and 2.1.3.¢ and antidepressantg section2.1.2.), as well agheir inherent
properties pKa, lod¢fow and water solubility). The creation of such technologies entailed
major stages (Figure 2.4), viz. extraction and/or purification of the target drug as well as
its isolation from the solvent used, which were here carefully studied and optimizeel
optimal conditions were used to conceptualize integrated processes ialipiw showcag

the environmental and economic relevance of such a valorization route.
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2.1.1. Recovery of buprofen from pharmaceutical wastes using ionic liquids

This section is based on e Silva, FCahan, M. StepnowskiP.; Coutirho, J. A. P.
Ventura, S.P.MRecovery of ibuprofen from pharmaceutical wastes using it
liquids Green Chemistr®016, 18(13), 37493757

Contributions: S.P.M.V. and J.A.P.C. conceived and directed this work. Francis
Silvaand M.C.acquired theexperimental data.In particular, Francisca A. e Sil\
acquired all data regarding the extraction and isolation of ibuproféancisca A. ¢
Silva, M.C., S.P.M.V. addA.P.C. interpreted the experimental dakEancisca A. ¢
Silvaand S.P.M.V.wrote the manuscript with contributions from the remainin

authors

Abstract

This work aims at developing a process to valorise pharmaceutical wastes through
the recovery of pharmaceutical active compounds. The ibuprofen extraction and isolation
from solid pharmaeutical wastes is here used as a case study and an integrated approach
comprising the ibuprofen soliiquid extraction, the removal of the insoluble excipients
present in the pills, the target drug recovery atie recycling of the aqueous solutions is
proposed. The present work is centred on the optimization of the first (diojidd
extraction) and third (drug recovery) steps above mentioned. For the -Bglidl
extraction step, varioud_aqueous solutions were tested, being the tetrabutylammonium
chloride ([Nisa4Cl) adopted to further optimize the process. A solution composed of 45
wt% of [NiuadCl + 5 wt% of citrate buffer + 50 wt% ofCHled to the highest ibuprofen
extraction efficiency (Bfy= 97.92 £ 2.65 %) while in the absence of citrategkiaction
efficiency was somewhat lower (g&=93.53 = 0.62 % The polishing task was affected
by the type of aqueous solution utilized during the seiiiid extraction step: in
presence of citrate buffer water was not prone to induce significantpibfen
precipitation (maximum Rgyof 34.71 £ 4.00%) being the KCI agueous solution the best

option (maximum REyof 87.97 + 1.00%); when no citrate buffer is used water can be
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used as antsolvent with maximum Rdg of 91.60 + 0.19 % while KCI aque@adutions
lead to REsy up to 97.07 = 0.14 %Based on these results an integrated process is
proposed for the ibuprofen recovery and isolation aimed at adding value to

pharmaceutical wastes.

Introduction

Recent works have shown the ability of aqueousisohs ofILsin the extraction
of valueadded compounds from biomdSsas a result of their hydrotropic nature as
revealed by Claudio et &l. Moreover, they have also been successfully applied in the
purification of a wide range of (bio)molecul€sincluding drugs” Based on these
previous works a more sustainable route for the valorisation of pharmaceutical wastes is
here investigated. For this purpose, aqueous solutionsllef combired with the
potassium citrate buffer (from now on referred to as citrate buffer) normally used as
hydrotrope in the pharmaceutical industy’ will be studied. Initially, an evaluation of
the performance of thredLswill be carried aiming at perceiving its capacity extract
ibuprofen, a hydrophobidNSAID sparingly soluble in water, from a real pharmaceutical
matrix (.e. pills). After identifying the most atfient IL, this will be applied in an
optimization study regarding the selection of the optimilcitrate buffer ratio to
enhance the extractive capacity of the aqueous solution. Finally, the isolation/recovery of
ibuprofen from the aqueous solution will be described. A conceptual integrated process
for the extractionand purification of the NSAIB, as well ashe solvent recovery will be

proposed.

Experimental

Materials

ThelLs studied were tetrabutylammonium chloride, /N8 / € 0 LJdzNAX ¢-& x
butyl-3-methylimidazolium chloride, YCiim]CI (purity = 99 wt%) and benzyldimethyl(2
hydroxyethyl)lammonium chk RS> . 1/ K8/ f O LJzNR G& x T
SigmaAldrich, lolitec and Fluka, respectively. The potassium citrate tribasic monohydrate,

GsHsKsO700 bO (purity = 99 wt%) and citric acid monohydratetHO,w bO (purity = 100
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wt%), used to preparghe citrate buffer at pH 7, were acquired at Acros Organics and
FischefScientific, respectively. The ibuprofen (IBU) pills, Brufen® 2€/¢ principle:
ibuprofen, 200 mg per 1 capsuleexcipients: microcrystalline cellulose, sodium
croscarmellose, laose monohydrate, colloidal silicon dioxide anhydrous, sodium lauryl
sulfate, magnesium stearate, hypromellose 2910 (5 cp), hypromellose 2910 (6 cp), talc
and titanium dioxide], were purchased from a local pharmacy (Aveiro, Portugal). The
molecular structues of the three ionic liquids and ibuprofen are depicted-igure 2.5
Potassium chloride, KCI (purity = 99.5 wt%) was supplied by -Cabm

The mobile phase used in the HPLC analysis was composed of ammonium acetate,
NHGH:O, 6 LIdZNJA G & b detiecheill, GU@:00LIdENARI €1 Ox D 6 &2
SigmaAldrich, HPLC grade acetonitrileHeN from HiPerSolv Chromanorm and ultrapure
water treated using a MilQ 185 water purification apparatus. Syringe filters (0.45 pm)
and regenerated cellulose memdme filters (0.45 pm) respectively acquired at

Specanalitica and Sartorius Stedim Biotech, were used during the filtration steps.

> N
N & /\/\N/\Si/
o ~

[N4444]Cl [C,Ciim]Cl [BzCh]CI

OH

IBU

Figure 2.5. Chemical structures and acronyms of thes and NSAID (ibuprofen)

investigated in this work.

Solidliquid extraction

For the initial evaluation of théls structure on their ability to extract ibuprofen,

solutions composed of 45 wt% of eatl([C,Gim]Cl, [N4sa4Cl and [BzCh]CI) + 0 or 5 wt%
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of citrate buffer + 55 or 50 wt% of,8 were prepared. The be#twas then fixed for the
evaluation of the impact of [Ns4Cl + citrate buffer compositions on the extractive
performance. The compositions represented in Tahtewere investigated during these
optimization studies. The citrate buffer at pH 7 was prepared hyiregdthe appropriate
amounts of potassium citrate tribasic and citric acicceta50 wt% according to a well
established protocdf! It should be underlined that when the amount of citrate buffer
added in each experiment is defined, it describes thé aadl acid contents @EsKsO; +
GsHgO;), meaning without the water content. £ £ G KS | ljdzS2dza &2 f dzi A :
selected were placed at the monophasic region of the ternary phase diagrams reported
for ABScomposed of [hhadCL [C,Gim]CI® and [BzCh]EP' + citrate buffer at pH 7. By
taking into consideration the total mass of ibuprofen and extifs present in the
grinded pill (as described in the pharmaceutical flyer), 20 mg of ibuprofen were added to
3 mL of each solution. All extraction assays were conducted under constant stirring at a
controlled temperature of 298 (+ 1) K during at least Hdurs. After this period, the
solutions were filtrated using syringe filters in order to remove all the solids in
suspension, being the ibuprofen content further assayed in the clean solution by HPLC
DAD. Triplicates were performed in order to estimate #werage extraction efficiencies
attained using each one of the aqueous solutions and the respective standard deviations
0" VO

The extraction efficiencies of ibuprofen (&E %) were calculated according to

Equation2.1.
00 b —— pmm (Equation 21)
where & anda are the mass of ibuprofen on the aqueous solution after

the solidliquid extraction assay and filtration stage and that initially added to the system,

respectively.
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Table2.5. Compositions of the [N44Cl and citrate buffer salt aqueous solutions tested

during the optimization studies of solajuid extraction

100i mass faction composition (wt%)

[N4444Cl Citrate buffer salt H.O
0 0 100
15 0 85
25 0 75
35 0 65
45 0 55
50 0 50
55 0 45
0 5 95
0 15 85
0 25 75
0 35 65
15 5 80
25 5 70
35 5 60
45 5 50
25 10 65
10 25 65
15 15 70
5 15 80

Ibuprofen purification

The ibuprofen purification assays were carried out by means of precipitation with
an antisolvent. For that purpose, aqueous solutions of KCI at 25 wt% or water were
added in the proportions 1:1, 1:2, 1:3, 1:4 and 1:5 (volume of drug extract:volumeief an
solvent) to the extract obtained from the solidjuid extraction (with 45 wt% of [N44ClI
+ 5 wt% of citrate buffer + 50 wt% of®l and with 45 wt% of [N44Cl + 55 wt% of D).

After the addition of the antsolvent, the solutions became cloudy dtgethe formation
of a precipitate, which was then filtrated using syringe filters. The concentration of

ibuprofen remaining in solution was further assessed by HPAD. All the assays were
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performed in triplicate to determine the recovery efficiencies ibbiprofen and the
O2NNBalLRyRAYy3 aidlyRIFINR RSQOAIFIGAZ2YA O 0O
The recovery efficiencies of ibuprofen (RE%) from the aqueous solutions were

calculated followind=quation 2.2
YO P pmm — pTmTW (Equation 2.2

where & anda are the mass of ibuprofen present in the filtered solution
after the addition of the antsolvent and that on the initial agueous solution after the

solidliquid extraction assay and filtration step, respectively.
Ibuprofen quantification

The concentration of ibuprofen was determined by HBIAD using an analytical
method developed and validated by us. The liquid chromatograph HPLC Elite LaChrom
(VWR Hitachi) wasomposed of a diode array detector (DARYb5, column oven2300,
auto-sampler 12200 and pump-2130. A 5 um, 250 mm 4 mm i.d. Gg reversedphase
column (LiChrospher 100 RB) linked to a 5 um, 4 mim 4 mm guard column with the
same stationary phasaas used. The column oven and the autosampler operated at
controlled temperatures of 27 and Z&, respectively. The mobile phase was formed by
an organic phase,e., GHsN, and an agueous phases.,5 mM of NHGH;O, at pH 4.02
(the pH adjustment was ahe by the addition of £4,0;) and 5 wt% of £kN. The
separation was conducted in gradient elution mode as follows4 tnin 30% of £LN, 4
11 min from 30 to 60% of.8:N, 1118 min 60% of £k5N, 1821 min from 60 to 30% of
GHsN, 2124 min 30% of £kN, at a flow rate of 1 mL.mthand using an injection
@2tdzyS 2F mn >[® 5!5 gla asSid G2 YSI adaNB
two times. The validation parameters acquired through an external standard method
were the following: retention timeof 16.48 min, Rof 0.9999, linearity range of 10750
> 3 Ydtock solutions prepared inBsb 0 [ hv  Zfwittmassumed prétision
lower than 5% and accuracy between 8+ n 22 0 = [ h5(ushdsignal:noise Y|
ratio of 3), accuracy intrday of 83.1¢ 101.0 %, accuracy intglay of 88.7¢ 109.7 %,
precision intraday of 0.15¢ 3.00 % and precision intetay of 0.01¢ 1.93 %. The samples
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coming from the solidiquid experiments or isolation assays were diluted in a mixture of

GHsN and HOin a volumetric ratio of 30:70, when required.

Results and discussion

The conception and development of an integrated process for the efficient and
sustainable extraction and isolation of ibuprofen from pharmaceutical wastes is the
objective of this workThe conceptual process diagram proposed comprising four main
stepsl) Solidliquid extraction using aqueous solutionslts, 2) Removal of the insoluble
contaminants, e.g., excipients, by filtration,3) Recovery of the ibuprofen through
precipitation by & antisolvent, and4) Recycling of the aqueous solutions and reuse of
the antisolvent, is depicted ifrigure 2.6

This work will focus on the optimization of stefi3 and 3) of the proposed
process. Regarding stel), an initial evaluation aimed at seléry the most suitabldL
cation was performed in presence or absence of citrate buffer. Subsequently, the most
effectivelLwas used to carry out a study aimed at optimizing the conditions for the-solid
liquid extraction process. Having established theseiables, the concentrations of KCI
agqueous solution and water, used as aswivents in step3), which maximize the

recovery of ibuprofen, are gauged.

o Solid-liquid extraction 9 Excipients removal 6 Ibuprofen polishing
H,0
ESngel —lT so\ut‘\a:r?iiésu + agueous|solution [*~-~"~"~"~"~"~—~-~-~—--—---"F--:
excipients +1BU BU
H,0 ———| T (=80%)

Y

Non-soluble excipients

I

1

I

I IL aqueous

I .
y solution + H,0
I

I

I

I

)

s

aqueous solution

0 Recycling of the main solvents and reuse of the antisolvent

Figure 2.6. Schematic representation of the integrated process of extraction, purification,
ibuprofen recovery and recycling of the main solvents based on the use Qf/JCl

agueous solutions and water as the solvent and-antvent, respectively.
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Selecting the best ionic liquid

The capability of threells with cations of distinct nature, namely {|ClI,
[G&Gim]CI and [BzCh]CI, for extracting ibuprofen from solid wastes was assessed. These
were chosen taking into account our previous experience in digligd and LLEusing
aqueous solutions ofl.s®™ ! and studies on the hydrotropic nature &f cationd® while
trying to keep the anion as simple as possible (chloride) to minimize the process
operational costs and environmental risk. These cations were combined with the citrate
buffer, a known anionic hydrotropic agent used in the pharmaceuticdlstry™"
allowing the study of the synergies of the two compounds in the extraction process.
Figure 2.7shows the results obtained using solutions composed of 45 wtthh©10 or 5
wt% of citrate buffer + 50 or 55 wt% o0$®l along with those gathered ung) only HO and
5 wt% of citrate buffer. The detailed data obtained is provided in TAblen Appendix A
The ability of(i) ILs and(ii) ILs + citrate buffer aqueous solutions to extract ibuprofen can
be ranked as follows: water < [BzCh]CI < 5 wt%teitoaffer F ,GQim]Cl << [@Gim]CI +
citrate buffer < [BzCh]CI + citrate buffer </MCI < [M444CI + citrate buffer.

While both citrate buffer and théls show an higher capacity to the extraction of
ibuprofen than water alone, only [hhsCl or the combinedaction of the citrate buffer
with the ILs achieves extraction efficiencies higher than 90 %. The synergetic effect is
quite dramatic on the [€5im]Cl + citrate buffer and [BzCh]CI + citrate buffer systems,
and less important for the [Ns4Cl as this salalone is able to achieve very high
extraction efficiencies (Bdg = 93.73 £ 1.62 %) that are somewhat enhanced by the
presence of the citrate buffer (g = 97.92 + 2.65 %). The information dis as
hydrotropic agents is still scaréé and thus it isdifficult to anticipate how they will
impact upon the solubility of a compound and, consequently, on their extraction.
Previous studies show that the same hydrotrope may affect similar molecules very
differently®®. In this work? the authors have showihat the hydrotropy could be a
synergistic phenomenon with the cation and the anion working together to enhance the
a2fdzoAfAde 2F | IAGSY ad2f{dziSE aANBESKE KB A & K ¢
the formation of complexes were enough to explahethydrotropic nature of thdls,

since the noraromatic were also responsible for the enhancement of the solubility of
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both vanillin and gallic acid, neither the formation of complexes was proved by UV
spectroscopy analysts However, and contrarily twhat happened in our recent pap&t
the results here obtained can be interpreted in the light of the hydrophobic interactions

known to be relevant in the hydrotropic agents actiéh

g 100 . I
~ =
3
] 80
60
40
20 B -
0 ] .
H,O citrate [BZCh]C| [C4C1|m]CI [N4444]C| [BZCh]C|+ [C4C1|m]CI+ [N4444]C|+
buffer citrate citrate citrate
buffer buffer buffer

Figure 27. Extraction efficiencies of ibuproferEksy, %) achievedn the solidliquid
extractions carried out with aqueous solutions of thrigs (45 wt%) in absence (orange
bars) and presence (blue bars) of 5 wt% of citrate buffer. The data obtained for the
experiments with water and citrate buffer at 5 wt% are depittéor comparison

purposes.

The extraction efficiencies of thdls alone correlate well with thells
hydrophobicity. Ibuprofen being a hydrophobic drug, as suggested by its oatatet
partition coefficient (log K, of 2.48'%), has its solubility enhaed in aqueous solutions
of the most hydrophobidL, [N4444Cl. The otheilLs being more hydrophilic exhibit similar
but much lower extraction efficiencies (k= 11.58 + 0.63 % for [BzCh]CI| angs=E
17.94 + 1.20 % for JGim]Cl). A similar depende@ic 2 ¥ A6 dzLINRE FSy Q& SE (i NJ
hydrophobicity was observed by Pet al. in LLE systems®® Since all threells
investigated are watemiscible in an extended concentration range, their hydrophobicity
was inferred from two perspectives: their 18§, (values retrieved from Chemspidéh

and their ability to undergo liquitiquid demixing imMABS Taking into account the octanrol
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water partition coefficient values, [M4Cl possesses a logwKof 1.32, indicating its
higher affinity for the octanbphase and thus, its higher hydrophobicity. The remaining
two ionic compoundsi.e., [GGIm]Cl and [BzCh]ClI, with negative log, Kalues of-2.15
and -2.94, respectively, are identified as more hydrophilic than the ammonium.
Moreover, and consistent whtthis pattern is their improved ability to generate ABS with
salts according to the following hierarchy @A Y8/ f F @ 444]CFK &vhidh is¥ +
also based on the increased hydrophobicity of thét Q  O.F (Glvénytlie good
extraction capabities demonstrated by the [M44Cl it will be here selected for further

optimization studies described below.
Optimization of the ratio [N444Cl : citrate buffer

Based on its ability for extracting ibuprofen from tBeufen® 20(Qills, both in
presence ombsence of citrate buffer as well as its low ¢Bsind toxicity™ [Nass4Cl was
selected to conduct a concentration optimization study. Aqueous solutions formed by the
addition of distinct amounts of [N44Cl and/or citrate buffer at pH 7 at conceations
where no liquidliquid phase separation occiifswere tested. The data gathered ihis
study is represented in Figuie8. To simplify the analysis and discussion of the results,
these were groupd according to the impact of jh/Cl and citrate buffer on the sohd
liquid extraction efficiency, either individually or combined. These results are compiled in
TableA2 in Appendix AThe results plotted iffigure 2.8&how that high concentrations of
[N444Cl (in the range of 3§ 55 wt%) and low concentrations of citrate buffer (in the
range of O¢ 10 wt%) are the conditions that favour ibuprofen extraction. A synergistic
effect of the hydrotropic effect of [M44Cl and of citrate buffer is observed

The conditions that maximize the extraction efficiencies, while minimizing the cost
of the extraction solution are composed by 45 wt% ofJ)ICI and 5 wt% of citrate buffer

and by [M44Cl alone (a concentration of 45 wt% was adopted as it allowsctdire

comparison at the same time that keeps the extractive performance higher than 90 %).

These will be used in subsequent studies concerning the definition of the operating
conditions for the proposed conceptual process for the recovery of ibuprofen from

pharmaceutical wastes.
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Figure 2.8.Extraction efficiencies of ibuprofen (&l %) attained for the optimization
study of the solidiquid extraction carried out with aqueous solution of,}jN]Cl and
citrate buffer (A). The black lifedenotes the boundry between the monophasic and
the biphasic regions. To facilitate the results perception, the extraction efficiencies of
ibuprofen (Eky %) results were grouped according othe [Ni44Cl concentration
impact (55, 50, 45, 35, 25, 15 and 0 wt%) inphesence (5 wt%) (blue bars) and absence
(0 wt%) (orange bars) of citrate buffer (B) andhe citrate concentration effect (0, 5, 15,

25 and 35 wt%i.e., 100, 95, 85, 75 and 65 wt% of®) in the absence of [D4CI (blue
bars) (C).

Precipitating agets for ibuprofen recovery

The recovery of ibuprofen (Task 3 of the integrated process propo$aglire 2.6)
from the extraction solutions with concentrations previously fixed at 45 wt% QLI +
5 wt% of citrate buffer + 50 wt% of,@8 and 45 wt% 0fN4444Cl + 55 wt% of ¥ was
studied using KCI and water as the precipitating agents and attempting at optimizing their
concentration. The KCl was selected to avoid introducing new ionic species into the
solution, since Kand Clwere already part of th@xtraction system. An agqueous solution
of KCI at 25 wt% was added in different proportions of 1:1, 1:2, 1:3, 1:4 and 1.5, these

ratios representing the volume of extract:volume of KCI| aqueous solution. The same
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procedure was adopted for water as the anstilvent. The recovery results obtained are
graphically displayed ifrigure 2.9 whilst the detailed data is reported in TabA8 in
Appendix A At first glance, the influence of citrate buffer present in the sbtdid
extraction solution is notorious,sait hampers the precipitation phenomenon. Recovery
efficiencies of ibuprofen up to 97.07 £ 0.14 % and 91.60 + 0.19 % were achieved by the
addition of KCI aqueous solutions in a proportion of 1:5 and of water in a ratio of 1:3,
respectively, having as starg point the extraction conducted with 45 wt% ofihCI +

55 wt% of HO. Lower maximums of 87.97 £ 1.00 % and 34.71 = 4.00 % of recovery
efficiencies of ibuprofen were instead assessed when applying KCI and water in the same
ratios aforementioned, usg the initial solution containing 5 wt% of citrate buffer. This
boosted aptitude of water to precipitate ibuprofen from the solutions free of citrate
buffer is justified by the hydrophobic character of this drug. Another aspect of relevance
is the enhancd power of KCI aqueous solution as astlvent, more preponderant for
higher volumes of ansolvent added and in the presence of citrate buffer in solution. The
change in the ionic strength of the medium, and the speciation in solution caused by the
introduction of KCI in the system reduce the interactions between ibuprofen and the
components of the extractive solution leading to its precipitation. Arising from these data
is the possibility of creating/destroying strong hydrotropes.(citrate salts ad ILs) with

the cautious choice of the solvent and aatilvent adopted.

The precipitates obtained were submitted {1 NMR spectroscopy along with
separated samples of the main component of the aqueous solutiof,{8I, and the
ibuprofen pure standardSeparated analysis were performed for the powders isolated
from the processes starting with either JNJCI + citrate buffer or [IN44Cl agueous
solutions at the level of the soliiljuid extraction. The NMR spectra are provided in
Figure Al in Appendk A demonstrating the presence of ibuprofen with puritiesaifca
70 % and 80% on a molar basis, respectively, due to the contaminationllwitfhis
suggests the need of a further polishing step, that, given the differences in solubility
between ibuproén and the [N444Cl, could be a simple washing step with cold water to

remove thelLcontent from the drug precipitate.
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Although waterinsoluble (or poorly soluble) excipients containedBrufen 200
pills were likely removed in ste@) by filtration (micocrystalline cellulose, sodium
croscarmellose, colloidal silicon dioxide anhydrous, magnesium stearate, talc and
titanium dioxide), attention must be called to the possibility of-eedracting water
soluble compounds (lactose monohydrate, sodium lauryifage; hypromellose). As
discussed above, it is known thias may have a significant impact upon the solubilities of
a wide range of soluted,** ®'and the presence of traces of some insoluble excipients
cannot be fully discarded. The presence offswontaminants, even if anticipated as
being present in very low concentrations, will affect the ibuprofen final purity. Beyond
[N4444Cl, no other organic contamination was found in considerable extent-b}NMR
spectra analysis (Rige Al in Appendix A, supporting the idea that the main bulk of
excipients was removed.

In spite of the improved extraction and recovery efficiencies of ibuprofen obtained
on a process based on 4N,Cl + citrate buffer and precipitations with aqueous solution
and KCI, respéiwely as the solvent and the ardblvent, this was dropped as the
desirable approach due to the higher degree of operational complegityFigure A2 in
Appendix A Remarkably, the selection of water as the adivent in the integrated
process represnted in Figre 2.6 gives rise to a simpler approach for which no need for a
further step of KCI removal is required. Having most of ibuprofen recovered from the
[N4444Cl aqueous solution, this can be recycled and reused within the integrated process
herein proposed (ste@). For that, it would be necessary to remove the excess amount of
water added during ste@) through evaporation or a membrardgased process. It should
be pointed that the ibuprofen content remaining in solution even after the precijitat
step (around 8.4 % of the IBU feed into the process) will be recycled toljtepen
increasing the ibuprofen content at the feed and enhancing the recovery in the following
steps until a steady state is reached where the ibuprofen feed into theggmequals its

amount recovered in each cycle.
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Figure 29 Recovery efficiencies of ibuprofen (RE%) attained for the isolation assays
carried out by adding distinct proportions of assblvent: aqueous solution of KClaitca
25 wt% to the solidiquid extraction aqueous solutions composed of 45 wt% af{Cl
with citrate buffer (red bars) and without citrate buffer (orange bars); water to the solid
liquid extraction aqueous solutions composed of 45 wt% afifC| with citrate buffer

(green bas) and without citrate buffer (blue bars).

The industrial relevance of the process here proposed can be gauged from the
overview of processes for ibuprofen production or purification previously reported
presented hereafter. Firstly prepared and patented 1861, ibuprofen has seen its
production processes evolving in the light of the Green Chemistry principles. The former
synthetic route involved six steps, including the use of aluminium trichloride, which
cannot be reused, to trigger the reactidrf’ The massive amounts of wastes generated
along with the excessive quantities of aluminium trichloride required forced changes to
GKA&a aeyiKSGAO NRdAziSed® ' Ga3INBSYSNI NRdziSé¢ RS
generation (.e., uses small amounts of thescyclable catalyst hydrofluoric acid as an
alternative to aluminium trichloride) and the (ii) synthesis complexity (only three steps) at
GKS &alY$S GAYS GKFG Yy dzF.Floun debl@ionBnethodJN? T A ( &

ibuprofen from tablets was patenteth 19948 According to the inventor&® recycling
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ibuprofen reduces wastes and costs, but it is only worthwhile if ibuprofen is separated
from the excipients in a low cost process. The process proposed involves alkanes or
cycloalkanes as solvents antperatures higher than 32C, a filtration step to remove
undissolved solids, followed by the ibuprofen separation from the solvent through
crystallization or solvent evaporation and by the solvent recycling and f&ligeother
approach proposed address the purification of ibuprofen from reaction product
mixtures and relays on the use of selective ibuprofen crystallization from a hydrocarbon
solvent, keeping the impurities in solutif The mixtures need to be preeated
(heating and/or washing) red/or to be submitted to sequential crystallizations for
impurities removal. Overall, the process here proposed allows replacing the volatile
organic solvents by aflL aqueous solution and operating at ambient conditions, thus

representing a greener approh to this problem.

Conclusions

The current study addresses the development of a conceptual process, and the
optimization of its most relevant steps, for the recovery of ibuprofen from solid
pharmaceutical wastes. The proposed integrated process compiasgssteps, starting
from the solidliquid extraction of ibuprofen from the pharmaceutical solid wastes using
aqueous solutions of [M44Cl (at concentration of 45 wt%) [stdy)]; followed by the step
2), the elimination of the insoluble excipients bytréltion; and then the processes of the
recovery of ibuprofen using water as asbtlvent [step3)], and the recycle and reuse of
the aqueous solution and the argblvent [step4)]. This work is focused on the
optimization of stepsl) and 3) evaluating thebest IL and optimal concentrations to
maximize the extractions and recovery. The results here reported show that it is possible
to achieve up to 97.92 + 2.65 % a@d.07 £ 0.14 %f ibuprofen extraction and recovery
efficiency from the pills, respectivel)nown the optimization results scenario, the most
adequate integrated process was selected on the basis of a balance between
performance of extraction, the purity achievable and the operational simplicity. From
both economic and environmental points oew, the promising and competitive status

of the integrated process developed can be forecasted. The possibility of valorising a
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valueless feedstock together with the transversal nature of the integrated process here

proposed supports its industrial relenee.
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2.12. Recovery of an antidepressant from pharmaceutical wastes using ionic

liguid-based aqueous biphasic systems

This section is based afawadzki, M.e Silva, F.A5 2 Y | Z@.;}Cbutinhq J. A. P.
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Abstract

This work is aimed at developing a sustainable process for the recovery of valuable
drugs from pharmaceutical wastes byinglL-basedABS Since in pharmaceutical wastes,
excipients consist on the major contaminants, the search for selective routes for their
elimination is of primordial relevance, and for that purposebdlsed ABS were here
evaluated. The effects of diffen¢ process parameters, namely the IL nature, the pH and
the mixture composition used in the extraction system were studied and the process
optimized to maximize the extraction of the antidepressant from pharmaceutical wastes.
Moreover, the maximum amount foamitriptyline able to be processed using such
systems was assessed. The set of ABS investigated herein revealed high extraction
performance, as indicated by the outstanding logarithmic functions ofaimériptyline
partition coefficients ranging from 21 + 0.05 to >2.and extraction efficiencies between
66 + 1% to 100. The best ABS and conditions were considered in the development of an
integrated multistep purification process. The process here proposed comprises three
main stages: the soliiquid extraction of the antepressant fromADT 25pills, its

purification using the optimal tbhased ABS and the antidepressant isolation by
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precipitation with antisolvent. After the removal of most water insoluble excipients in
the first step, with the selectedl-based ABS it was possible to further eliminate water
soluble contaminants. A high capability of extraction and purification, leading to the
selective separation of amitriptyline hydrochloride from the main contaminants
contained in solid pharmaceuticalastes was achieved. Finally, through precipitation
with the antisolvent the isolation of the amitriptilyne in a pure state was successfully

accomplished.

Introduction

Antidepressants are one of the most intensively prescribed pharmaceutical classes
throughout the globd” The prescription of antidepressants was around 300,000
packaging in Portugal in 2001 and this number is grofifithis group of drugs has been
detected in surface and treated drinkingaters, wastewater treatment plants and
I lj dz § A O 2 NB/J syidwigyitd uge leRvitohrdestadl persistency and signs of
possible bioaccumulatiolf Besides, this class of pharmaceuticals is one of the hottest
considering their market price. The freecess data available is representative of their
global market, reveaig a total revenue of 8.7 billion U.S. dollars, considering the top
antidepressant drugs sold in the United States between July of 2011 and June 6f 2012.

Recently, the successful usé ABS to recover paracetamol from pharmaceutical
wastes was reporte! Following the same line of research, the main objective of this
work is to recover and purify an antidepressant from its solid wastes through the
application of Itbased ABS for itpurification, thus enlarging the spectrum of active
pharmaceutical ingredients recovered by this approach. ABS composed of phosphonium
and quaternary ammoniurbased ILs together with distinct phosphatased salts and
buffers were selected to ascertainhdé partitioning behavior of amitriptyline
hydrochloride (here used as an antidepressant model compound). Finally, the best
systems were integrated in a mulitage process for the extraction, purification and
isolation (or polishing) of amitriptyline hydecbloride directly from the pharmaceutical

waste.
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Experimental

Materials

Amitriptyline hydrochloride (Ami, 1-Propanamine,g10,1xdihydro-5H
dibenzo[a,d]cyclohepteid-ylidene}N,N-dimethyl hydrochloride, CAS number 548-8,
LIdzNR G & x oy ¢ &> 0 Aldrigh ($9d2Nge R 1B).STRe IUs lised ik tHisY |
study belong to two distinct families, the quatery ammonium such as
tetrabutylammonium bromide, [Ms8 . NJ O LJdzNRA G& x ¢y o&>0 | yR
chloride, [Nas8 / f OLIzZNAG& x T g (k2 O-Aldrict? (afd theddzNDO K I
phosphonium such as tetrabutylphosphonium bromideg,JBBr (purity = 95.2wt%),
tributylmethylphosphonium methylsulfate, [1][C:SQ] (purity = 98.6 wt%) and
triisobutyl(methyl)phosphonium tosylate[P,4s)l[TOS] (purity = 99 wt%), all kindly
supplied by Cytec. Their chemical structures and abbreviation names are shéigaria
2.10B. The purity of each IL was further checked throtighand**C NMR spectroscopy
and found to match the purity levels given by the suppliers. The salts used were
potassium phosphate tribasic,s®Q 0 LJdzNA & x dy s&20 | yR LR
monobasic, KBPQ 6 LIdzZNA G & x dpdPp ¢ alkdioch, andl 2atdesiui N2 Y {
phosphate dibasic, PQ 6 LJdzNA 1& x oy ¢ &> 032 LIzZNOKIF aSR | {
U\-Vis mobile phase, the ammonium acetate (pairit x ppPPpE>0 YR I OSGA
99.99 %) were acquired at Sigddrich, the triethylamine (HPLC grade) was acquired at
Fischer Chemical and the acetonitrile (HPLC grade) was purchased at HiPerSolv
CHROMANORM. Potassium hydroxide (KOH, pure) wasagert at Pronalab. The water
used was double distilled, passed by a reverse osmosis system and further treated with a
Milli-Q plus 185 water purification apparatus.

The pharmaceutical drugDT 25 mgvas produced in Portugal by Wynn Industrial

Pharma, S. Aand obtained from a local pharmacy (Aveiro, Portugal).
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Figure 2.10Chemical structure of amitriptyline hydrochloride (A) and the ILs studied (B).
Phase diagrams and titnes

The ternary phase diagrams for the systemga4f][Tos] + KHPQ/KH,PQ + H,O,
[P4s[C:SQ] + KHPQ/KHPQ + HO, [NusadBr + KHPQ/KHPQ + HO, [PiuadBr +
KeHPQ/KHPQ, + HO, [PrasdCl + KHPQ/KHPQ, + HO and [NasdCl + KPQ + HO were
already established in previous worRs” Aiming at completing the array of-Hased ABS
evaluated in this work, additional experimental ternary phase diagrams for the systems
composed of [hhagBr + KHPQ + HO, [NuuagdBr + KPQ + HO and [Na44Cl + KHPQ +
H,O were determined through the cloud point titration meth@¥ at 298 (+1) K and
atmospheric pressure. The experimental binodal curves were correlated using the
Merchuk equatioff’ (EquationBl provided inAppendix B.

The tielines (TLs) were measured through a vesitablished gravimetric method
firstly reported by Asenjand collaborators’ and widely used and validated by us for IL
based ABS® A ternary mixture of IL + salt +® at the biphasic region was prepared,
vigorously stirred and allowed to reach the thermodynamic equilibrium by the separation
of phases foat least 18 hours at 298 (+1) K. After the separation of the coexisting phases,
they were carefully separated and weighed with a precision of # ¢0The TLs were
determined by the application of the levarm rule through the relationship between the
weight of the top (Ikrich) phase and that of the overall system. For the calculation of
each TL, a system of four equations and fonknown variables was solved (Equati@s

¢ B5 described in more detail itthe Appendix B The tieline length (TLL) wasetermined
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as the Euclidean distance between theritdh (top) and saltich (bottom) phases

compositions (EquatioB6 of Appendix B
Quantification of amitriptyline hydrochloride

Theliquid chromatograpfHPLGGilson wasquipped with a UWis detector 156
and a pump 321. The analytical column ({LGD6 mm) and precolumn were composed of
a LiChrosphere 10RRC18(p >s¥rbentand were acquired at Merck. The mobile phase
consisted of an aqueous phase (A) containing 21.5 aaktic acid 5 mM ammonium
acetate buffer, 0.1 wt%of trimethylamine (pH 4.8) and 5 wt % acetonitrile (to prevent
bacteria growth), and an organic phase (B) compasfqulire acetonitrile. The separation
was carried out underisocratic conditions witta mobile phase ratiomf 50% of phasé,
using aflow rate of 1 mLmin™. The giantification was based upon internal calibration
usingthe respectivepeak areasbeingtwo calibration curves prepared for highand
lower concentration regimesThe injection volume wag0 > [and the UWis detector
was set to measure at 240 nm. The validatiparameters ofthe analyticalmethod
prepared are given idppendix B TableBl. The etention time of amitriptyline depensl
on the type of IL employedyeing thosewith bromide anionresponsible fotower values

(5.3 minfor chloridebasedvs.3.4 minfor bromide-based)
Optimization study of amitriptyline hydrochloride partition

The optimization of the extraction of amitriptyline hydrochloride from aqueous
solution was carried using tee variables: thdl, the pH (by varying the salt) and the
mixture point compositions (along the same tie line). For each optimization assay, 5 g
201t YAEGdANBE 2F L[ b &l tid b2gywetedpmepated I YA G N
by weighing the appropriate amounts of each component (within an uncertainty 6f 10
g). The mixtures were vigorously stirred and the systems were placed at 29R {af at
least 18 hours to assure the complete separation of the two agueous phases. Those were
separated and collected for the measurement of weight (with an uncertainty 8fg)0
and volume (with an uncertainty of 0.1 mL) and for amitriptyline quastiid. Under

these conditions, the top and bottom phases correspond to, respectively-achiand a
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saltrich layer. Each system was done in triplicate (the standard deviations are reported
along with the extraction parameters determined) and at lealsteeé injectionsper
sample were performed. Moreover, the maximum amount of antidepressant able to be
processed by this technology was assessed by following the same procedure described
above with few modifications. Mixtures composed of 10 wt%uJiBr + 5 wt% KPQ

and varying amounts of amitriptyline hydrochloride, fra2rb63 up to 100.6 mg (which
correspond t00.51 up to 20.9 mgergram of ABS), were added.

The extraction efficiencyEGm, %) was calculated usiigjuation 2.3
00 b — pmm (Equation 2.3

where man,iis the mass of amitriptyline hydrochloride initially added to prepare the ABS
and JAmi),_and V,_are the amitriptyline hydrochloride concentration and the volume of
the IL-rich (top) phase, respectively.

The logarithmic functions of the partition coefficients, Kag, have been
calculated as the ratio between the concentration of amitriptyline hydrochloride found in
the ILrich (top), Amil,, and in the saktich (bottom) phases, Amisa; represented by
Equation 2.4

ae&uQ aé¢ Q— (Equation 2.3
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Table 2.6. Description of the mixture compositions and respective extraction efficien&és,j), logarithmic function of the partition
coefficients (lo#am) of amitriptyline hydrochloride and the corresponding standard deviationsf¢r the I-based ABS used during the

optimization studies.

IL Salt pH [ILw/ (Wt%) [Saltu/ (Wt%) [water]w/ (Wit%) EGmz (%) logKami %"
[PusydlTos] KHPQ/KHPQ 6.6 30.03 15.07 54.90 95+ 1 >2.5
[P1a][C:SQ]  KHPQKHPQ 6.6 29.86 14.98 55.16 98+4  2.41+0.05
[NaaadBr KHPQ/KHPQ 6.6 37.50 10.55 51.95 100 >2.5
30.01 15.01 54.98 93+ 3 >2.5
20.10 21.05 58.85 99 + 6 >2.5
10.06 26.98 62.96 98+ 5 >2.5
KHPQ 9.6 30.00 15.06 54.94 97 + 3 >2.5
KsPQ 13.2  30.05 15.11 54.84 97.5+ 0.6 >2.5
[Pa4adBr KHPQ/KHPQ 6.6 29.80 14.99 55.21 96 + 2 >2.5
19.99 19.60 60.41 97 + 3 >2.5
9.99 23.30 66.71 94 + 4 >2.5
[Naa4dCl KHPQ/KHPQ 6.6 27.34 13.79 58.87 100 >2.5
KHPQ 9.6 29.67 15.03 55.30 100 >2.5
KsPQ 132 29.88 15.05 55.07 100 >2.5
20.14 20.91 58.92 100 >2.5
10.06 27.09 62.85 100 >2.5
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Recovery and isolation of amitriptyline hydrochloride frolDT 25 mg

The extraction of amitriptyline hydchloride fromADT 25 mgvas carried out in a
multi-stage process designed specifically for that purposéhénfirst step, a solidiquid
extraction with water was performed, where amitriptyline hydrochloride was recovered
from powderedADT 25 mdablets (under constant stirring, for 24 hours). Then, the liquid
solution ADTpill solution) was centrifuged and filtrated (diameter of the pore 0.45 um),
in order to remove any insoluble excipients from the drug. The amitriptyline
hydrochloride solution prewusly filtrated was subsequently used in the preparation of
the Il-based ABS previously selected from the optimization data as the best extraction
systems. The systems elected were composed of 10.0 wt% @fBt + 27.1 wt%
KeHPQ/KHPQ at pH 6.6, 10.0vt% of [NisdBr + 25.1 wt% #Q; at pH 13.2, 10.0 wt% of
[Pa444Br + 23.5 wt% KPQ/KH,PQ at pH 6.6 and 10.0 wit% JNCl + 27.0 wt% JRQ,
where the filtrated extract was added in the appropriate amount to achiB¥emg of
amitriptyline hydrochloridein the 10 g total extraction systenihe last stepj.e., the
polishing or isolation of amitriptyline hydrochloride from therith phase was performed
by applying two distinct approacheg) for the phases from the system JN4Br + KPQ,
and [NusqCl+ KPQ both at pH13.2, phases were diluted 6 times with pure water; (ii) for
the system [My44Br + KHPQ/KH,PQ at pH 6.6and [R444Br + KkKHPQ/KHPQ, pH 6.6,
the phases were diluted 6 times with an aqueous solution containing 5 wt% K.
proper dilution, the Ikrich phases became cloudy and after 24 hours at 277 (£ 1) K, a
precipitate was formed. After centrifugation of each sample, the concentration of
amitriptyline hydrochloride in the solution obtained was measured. The isolation
efficiency (Eami, %) was calculated based on the concentrations of amitriptyline
hydrochloride in the Hrich (top) phase before ¢ & "Q and after the precipitation step
(6 & ¥, considering thedilution factor due to anti-solvent addition) as shown in

Equation 2.5

88

oo p p T (Equation 2.5

pH assessment
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The pH values of the salt solutions were monitored at 298 (= 1) K using a Mettler

Toledo S47 SevenMdltl dual meter pH equipmenwith uncertainty of + 0.02.

Results and discussion

The main objective of this work is the development of a new process based in IL
based ABS for the recovery amitriptyline hydrochloridefrom pharmaceutical residues
(ADT 25 my In this context, this wix starts with an initial optimization of the ABS
(carried out with a commercial standard of the antidepressant), aiming at the analysis and
interpretation of the extraction results and driving forces behind the partition of the
antidepressant drug. Fromhe insights gathered in the optimization task, the best
systems will be further studied in the definition of an integrated process of purification
which will contemplate the extraction of the active drug from the solid pharmaceutical
wastes, its purificatin by using the most efficient ABS in terms of extraction efficiency
and purification performance and then the isolation of the antidepressant compound

from the solvents used in the ABS preparation.
Partition of amitriptyline hydrochloride with ABS

The apficability of the Itbased ABS to the recovery of amitriptyline hydrochloride
has been investigated by the optimization of several parameters, namely the IL structure,
pH and mixture composition. An overview of the results obtained for the extraction
paranmeters along with the conditions tested is reported in Tab& The results indicate
the complete partition of amitriptyline hydrochloride for the-tich phase, as confirmed
by the large partition coefficients logarithmic functions obtained, generalijyhdri than
2.5. This excellent capability to extract amitriptyline hydrochloride is corroborated by the
remarkable extraction efficiency data obtained, that varied between 93 + 3 % and 100 %.
Its preferential distribution towards the {iop phase, the moshydrophobic layer in these
systems, is related to the lipophilic nature of this tricyclic antidepressant, in accordance
with its high octanolvater partition coefficient (lofow of 4.85'%). In order to facilitate
the analysis of each experiment, the vits are represented in Riges2.11to 2.13 which
FNB 2NBFYAT SR I O02NRAYy3I (2 (w2115 pHrSigel 2 F
2.12) and mixture composition (Rige 2.13).
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The study of the IL structure effect on the extractive performaotamitriptyline
hydrochloride was carried using ABS composectiafa 30 wt% of IL + 15 wt% of
KeHPQ/KHPQ (pH 6.6). Results, presented Fiaigure 2.11 indicate that [Mas4Cl is the
best choice to efficiently extract this drug @gEof 100 % and Idgmi > 2.5). When
comparing the influence of the cation structure, based on two ILs sharing theni8n,
[P1424Br and [NasqBr, it is possible to observe a slightly higher ability of thespP
(which is more hydrophobic than jNJ") to extract the atidepressant (again, the
partition phenomenon seems to be controlled by the relative lipophilic/hydrophilic
nature of the phases). The other phosphonib@sed ILs ([2:1][C:SQ] and [Raa4)[TOS])
display extraction efficiencies similar to those offHBr. The picture emerging from
these results indicates that, although the phosphonibased compounds seem to be
better candidates, the careful optimization of the cation/anion combination is a key issue
in the successful preparation of an adequate agtron system as gauged from the
enhanced results obtained by applying thes4MCIl. Moreover, it is not only the
extraction and partition parameters obtained that should be taken into account, but also
the cost, environmental impact and chemical charastécs of the ILs involved in these
systems. Although slightly more corrosive, the haldsed compounds ([hh4Br,
[N4424Cl and [R444Br) are cheapédt!! and less toxit? (especially when compared to the
[Piaasyl[Tos]). An additional benefit oframoniumbased cations utilization compared to
their phosphoniurdbased congeners is both their lower cd8tand toxicity!*® ILs based

on ammonium cations and halide anions were thus selected.
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Figure 2119 FFSOG 2F L[ aQ & U NHetod dfficientcies BB Ic bluzNS a
bars) and logarithmic function of the partition coefficients @@ag ¢ green bars) of
amitriptyline hydrochloride using {hased ABS composed of arou@ wt% of IL + 15
wt% of KHPQ/KHPQ (pH 6.6).In the case of [Msx]CHbased ABS, the composition
considered was 27.4 wt% IL + 13.7 wt% KHPQ/KHPQ and water, due to
experimental restrictions occurring at higher concentratioisror bars correspond to

201 yRINR RSOAIGA2YE 6 0O

The effect of pH on the extraction process was conducted using systems
composed of [hhagBr or [Niaa4Cl, by varying the saltingut species, ¥Q, at pH 13.2,
KeHPQ Il G LJ  F HP@KHPOY R Y6I6. Fér this purpose, additional binodal
curves for the systems composed ofJMBr + KHPQ, [Ny444Br + KPQ, and [NiaqCl +
K:HPQ were determined in order to fulfill the series of ABS at distinct pH values. The data
in mass fraction units of theetnary phase diagrams (TablB2-B4), Merchuk parameters

(TableB5) and information on the TLs and TLLs (T86beare provided irAppendix Bt

2y

gl a OSNAFASR GKIGO GKS YFAY STFFSOGA AYyRdzOSR
FSI GdzNBling-2 gziRé alaBSy Ga | NB Ay -dembBdSnYiterdtire ¢ A ( K
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(decreasing order of ABS formation abilitgPR > KHPQ and [NyaqBr > [N4adCl)™M

The influence of the pH on the charge of amitriptyline, and on its subsequent extraction
partition, was also analyzed. Speciation of this molecule as etimof pH is presented

in FigureBl in the Appendix B Amitriptyline has an amine group in its structure that

can become protonated, and change its hydrophilicity (pKa ="8IThethree salts
Ay@SaidAaariSR KSNBE LINP@GARSR G2aFftfe RATFSNEB)
FYAGNRLIGetAYS Aad Ay AGaA A2yAT SR F2NX¥I LI F
az2tdziAz2y FNB Ay (KSANI LINE (rgityptyin& B itsThéudid | Yy R
form.*® It is known that these charge modifications can affect the partitioning on the

ABS, as the solubility in water of amitriptyline in its nonized form decreases drastically

when compared with the charged fortf! The results related to the pH effect on the
extraction efficiencies of this antidepressant are presentedrigure 2.12 It is noticed

that the pH does not affect the extraction performance of,{MCtbased BS, being

constant at values of 100 %, and has a small effect for the systems based onh@{N

in which this value slightly increases from®3> o 0 LJ #3:c &éd il &R BT
closerto 97.5: 0.6 61 G LI F wMo®dHO® ! f&2 FNBY GKS Lk
their logarithmic functions were larger than 2.5, it is observed that, even changing the pH,

the antidepressant always migges extensively towards the top phase. This can only be
explained by a process dominated by the saling from the saltrich phase induced by

the phosphate salts, coupled to the change in solvation resulting from the loss of
electrostatic interactions sithe drug with increasing pH becomes neutral, decreasing its
solubility in water and increasing its lipophilicity. Moreover, the extraction performance
achieved for the [BsdCO F @SR ! . { o6LJ F cdc0O A& KAIKSN
[Naas4Br-based ABS (pH 6.6), however, at higher pH values this tendency is attenuated.

This may be a direct consequence of the higher lipophilic character sf Bt when

compared with the [M44Cl, conjugated with the poorer water content in thejN]Br-

rich phase. Indeed, a longer TLL was achieved faiJBIr than for [M444Cl, taking into

account the results for the same mixture point compositioa,, higher amounts of IL and

lower water contents in the Hrich phase (for more details in the TLs see Tdflein

Appendix B.
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Figure 2.12. Effect of pH on the extraction efficiencieBEm ¢ bars) and logarithmic
function of the partition coefficient (Id§mi ¢ symbols) of amitriptime hydrochloride
using Ikbased ABS composed of 30 wt% ofsfBr (green bars and triangles) or 27 or 30
wt% of [Ni444Cl (blue bars and diamonds) + 14 or 15 wt% of phospbased salts. Error
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The influenceof different mixture points, along the same TL, on the partitioning
behavior of amitriptyline hydrochloride was also investigated in this study. Here, the main
objective is to tune the volume ratio of the coexisting aqueous phases, by reducing as
much as pssible the Ilkich phase volume in order to yield a concentration of
amitriptyline as high as possible. For this purpose, mixture compositions laying on the
same TL for [N44gBr + KHPQ/KHPQ, + HO, [Ra44Br + KHPQ/KH,PQ + HO and
[N2444Cl + KPQ + HBO were prepared. The extraction parameters obtained are presented
in Figure 2.13and show that both the extraction efficiencies and partition coefficients
were persistently high, with no significant chang&daf, > 93 £ 3 % for [INa4gBr +
K:HPQ/IKHPQ + HO, >94 + 4 %for [PauadBr + KHPQKHPQ +Hh YR F wmnan
[Naa44Cl + KPQ, + HO and lo¢ami > 2.5 for the entire set of systems). Systems composed
of smaller top phases are thus better alternatives, not only from an operational point of

view (improved extractive performances at the same tirhattfacilitate further isolation

7
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strategies), but also from an economic perspective since the amounts of the IL used are

minimized.
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Given the promising extraction results afforded by the use of alkaline pH
environments and lower {tich phase volumes, systems composedcota 10 wt%
[NaaadBr + 25 wt% #Q + 65 wt% BO +distinct concentrations of antidepressant, were
chosen to evaluate the maximum capacity of the present technology. The results
obtained are depicted irFigure 2.14and show that the extraction efficiency increases
with the amitriptyline concentration inlte ABS (the detailed conditions and data are
provided inAppendix B; TableB7). Then, a maximuBE&mi= 97 £ 3 % is reached circa
50 mg of amitriptyline fed in the ABS, followed by a significant decrease (down to 66 *
1%)¢ Figure 2.14A. Contrarily, tk logarithmic function of the partition coefficients does
not depend on the amitriptyline concentration, being > 2.5 (strong tendency to partition
towards the Ikrich phase). The increase of the amitriptyline hydrochloride concentration
in the ABS leads tits accumulation in Hich phase, until saturationGymi = 93.5 mg of
amitriptyline hydrochlorideper g of ILrich phase, as shown iRigure 2.1B). As the
amitriptyline hydrochloride concentration is further increased in the system, the
formation of a tird layer between the Hich phase and salich phase is observed,
which is likely the reason for the drop in the extraction efficiencies (due to drug
precipitation/losses) and thus can be considered as an indication of the maximum

capacity of the curnet technology.

Table 27. Mixture compositions of the thased ABS, extraction efficiencidst(,) and
isolation efficiencieslEam) attained during the mulistage process developed, aiming at

the recovery of amitriptyline hydrochloride from the drdpT 25 mg

[ILlw/ [Saltly/ [water]m/

[NaasaqBr + KHPQ/IKH,PQ  10.07 27.14 62.79 98.5+0.7 98.73+0.07

[NsaaqBr + KPGQ 10.40 25.08 64.52 95+ 6 96.9+0.1
[PaaaqBr + KHPQ/KH,PQ  10.08 2347 66.45 92+1 97 +1
[N4aadCl + KPQ 10.09 26.89 63.01 100 95+2
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Figure 2.4. Influence of the amitriptyline hydrochloride amount on the (A) extraction
efficiency EERm;, blue circles) and logarithmic function of the partition coefficient i{ag
green diamonds) and (B) amount of the antidepressant included in theHl(top) phase
(blue triangle) and saltich (bottom) phase (green square), using the systemqBr +

KsPQ + HO. The lines are only for eye guide.
Recovery and isolation admitriptyline hydrochloride fromADT 25 mg

After development of the amitriptyline hydrochloride purification process by the
refinement of several thased ABS, their application to a real pharmaceutical waste
based matrix,.e., ADT 25 mgills, was carrid out. A multistage process was set up

including a solidiquid extraction step followed by the physical separation of insoluble
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excipients, a purification stage involving the use of the bestaded ABS selected in the
optimization step and, finally, #isolation of the target drug. The proposed process
diagram is depicted ifigure 2.15The solidiquid extraction was performed using water
as the principal solvent, in which amitriptyline hydrochloride is highly soluble. The grinded
pills were added tavater and kept under stirring for 24 hours in order to extract the total
amount of the antidepressant. Afterwards, the resulting extract was submitted to two
physical separation methods (filtration and centrifugation) to remove any insoluble
excipients pesent in the aqueous extract rich in the antidepressant. At the end of these
steps, theexpected final concentration of amitriptyline hydrochlorideir¢a31 g.dm’)

was theoretically determined based on the total amount of active ingredient in each pill
(information retrieved from medicine flyers) and the number of pills added to the solid
liquid extracting agent. ie actual concentration attained was confirmed by HRMY/is

by us, which was then regularly considered during the calculations of the effiegin

the following steps.

The filtered aqueous extract obtained from the sdiglid extraction, is rich in
amitriptyline and other compounds, namely calcium hydrogenophosphate dehydrate and
tartrazine, two of the excipients used WDT 25 mdormulation with large solubility in
water (information detailed by Infarmed for the medicine used in this work). Thus, the
purification task was developed taking into account the most efficikdtased ABS
(considering the extraction efficiency results) accogdin optimization studies (10 wt%
[NaaaqBr + 25 wit% #Q + 65 wt% bO, 10 wit% [DhaqBr + 27 wt% ¥KPQ/KHPQ + 63
wt% HO, 10 wt% [RuqBr + 23 wt% ¥PQ/KH,PQ + 67 wt% KO and 10 wt% [M44Cl +
27 wt% KPQ + 63 wt% bD). These results are showm Table2.7 and reveal that the
extraction efficiency and the logarithmic function of the partition coefficients always
exceed92 + 1% and 2.5, respectively, results also consistent with those assessed in the
optimization step using the commercial standar

During the purification of the antidepressant from the mediclBT 25 maising
the [Nu44Br and [Nas4Cl + KPQ + HO systems, a white precipitate was formed in the
interphase, contrarily to what was observed during the optimization studies witlpthe

standard (formation of two clear phases). In this context and to exclude any possibility of
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amitriptyline losses, the aqueous phases were separated and its concentration assessed
by HPLAJ\AVis. The extraction efficiency was 95 % or 100 %, respsctveaning that

this technology keeps its high performance and that the precipitate is not significantly
composed by amitriptyline hydrochloride. This probably means that at this pH, some
soluble excipients (simultaneously extracted during the sldjdid extraction step)
precipitate, allowing for a first step of purification considering the physical elimination of
some of the contaminants from the amitriptyline rigihase.

The last step consisted on the isolation of the target antidepressant from the top
(IL-rich) phase, through the manipulation of the pH to cause the inherent decrease of
solubility of the antidepressant, when it is present in its neutral form. For that purpose,
an agueous solution of KOH was added to theidh phase in the case of the
KeHPQ/KHPQ, 6 LJI Fbaseddsgstems or only water isRQ-based ABS (as the
inherent pH of these systems guarantees the presence of amitriptyline hydrochloride as a
neutral species). It should be mentioned that this-giten isolation was conducted at
low temperatue of 277 (x1) K, a suitable way to further decrease the solubility of the
antidepressant, thus enhancing its crystallization. In general, the isolation step was
successfully developed as the isolation efficienciBgyj obtained for the three systems
were higher tharf5 + 2%.

At the end, the highest extraction and isolation efficiencies were observed for the
ABS composed of [iBr + KHPQ/KH,PQ, and [Nuu44Cl + KPQ, and the lowest values
were attained using [R44Br + KHPQ/KH,PQ. The promisingperformance of the
systems composed of jM4Br and [N444Cl + KPQ, + HO should be highlighted as it
Fft26a |y AGSEGNI € LIHNAFAOFIGAZY aGSLI 6 LINBOA
target antidepressant during the solldjuid extraction) anda simpler precipitation
procedure (no need for additional species in solution, contrarily to the remaining systems
that required the addition of KOH).

For the proposed process to be of industrial relevance, the recovery and reuse of
the main phase compomts must be considered after the purification and polishing
steps. It is here proposed that the two phases are recycled by the applicatiofP 6f for

the neutralization of the phase (from which the amitriptyline hydrochloride was isolated)
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to neutralizethe small content of KOH added in the polishing step and then the phase can
be reintroduced in the preparation of the ABS, as described in the process diagram of
Figure 2.15The other phase, practically free of amitriptyline hydrochloride and rich in
exdpients, can be treated by a step of ultrafiltration to remove the high molecular weight
excipients and then directly reused in the preparation of ABS. It is also highlighted that
the concentration of excipients/contaminants is residual at this stage aod the reuse

of the phase components is facilitated.

o ANTIDEPRESSANT EXTRACTION FROM THE PHARMACEUTICAL PILL

SOLID-LIQUID EXTRACTION CENTRIFUGATION FILTRATION

supernatant

ADT pill ADT pill solution 1 1ot

(solid) water i ipi
water — k e

supernatant

water insoluble excipients

€© ANTIDEPRESSANT POLISHING/ISOLATION abiihal i i
CENTRIFUGATION PRECIPITATION water or 5% e
KOH aqueous L salt ¢
solution
IL + H,0 (+ KOH) l
il IL + water + % i i
(pure) Ami (solid) IL-rich phase richer{in Ami

(KOH)

H.,PO, —
IL-BASED ABS

IL+ water

NOILYOHINNd @

salt-rich: phase %
excipients

G PHASE COMPONENTS REUSE/RECYCLING

salt + water

Figure 2.15.Schematic representation of the integrated process diagram comprising the
following steps: solidiquid extraction of the antidepressant from the pharmaceutical
pills, purification of antriptyline hydrochloride from the antidepressant dréd>T 25 mg
considering the excipients used in its formulation as the main contaminants and polishing
process of the antidepressant; in here, we are describing the process of isolation of the
antidepressat from the presence of the phase components of the ABS. The recovery and

reuse of the main phase components is also represented.
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Conclusions

A novel process for the extraction of amitriptyline hydrochloride able to selectively
separate it from its main edaminants {e., ADT 25LJAf £ aQ SEOA LA SY (i 4aov
pharmaceutical wastes was successfully developed. It comprises digittextraction
step (where most of the water insoluble excipients were removed), the purification using
Il-based ABS (wherhe water soluble excipients were eliminated), and the isolation of
the target antidepressant (where the amitriptyline hydrochloride was recovered from the
solvent matrix). The extraction step was optimized using various IL + phosphate salts
based ABS, vdre the IL nature, the type of phosphate salt (which induced distinct pH
media) and the mixture composition were varied. During this task, it was concluded that
the antidepressant partition occurs towards the top-(ith) phase (logk. > 0) with very
high extraction efficiencies, ranging from 66 1 to 100%. The most appropriate
conditions for the partition phenomenon were selected based not only on the extractive
performances, but also on the predicted cost and environmental impact of the ABS
formation ggents. In this context, the halideased ILs, two extreme pH environments
(KHPQ/KHPQ, and KPQ) and mixture compositions containing low quantities aif
circal0 wt% of IL corresponding to short volume top phases, were selected as the best
solvents andconditions to be adopted in the development of the process of purification
considering the use of a mulitep process comprising the extraction, purification and
isolation of amitriptyline hydrochloride from the pharmaceutical residue\bfT 25 At
the end, the process herein designed was shown to be efficient for both extra&@ibs {

% < EERm < 100 %) and isolatio®% + 2 %< IEam < 98.73+ 0.07%) steps regarding the
recovery of amitriptyline hydrochloride. The essential role of the pH (abové&iptyline

K& RNE OK f .2 SIARrShath putifivation and isolation stages is shown in this work.

In stages of some water soluble excipients are precipitated, while in the second stage a
simple isolation procedure of amitriptyline hydrochloride frahe top (llrich) phase is
obtained. With this work new perspectives for the recovery of valuable drugs from
pharmaceutical wastes (very low cost raw materials) are being created, converting them
from toxic liabilities into a source of valuable chemicdlast minimizing the life cycle

impact of these compounds.
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Abstract

Aiming at outlilng new strategies for the valorization of solid pharmaceutical
wastes as viable alternatives to incineratjahis work proposes the use df-based TPP
systems. Ibuprofen, naproxen and ketoprofen, all belonging to the class of NSAIDs, were
adopted as modl compounds. An integrated process has been conceptualized based on
three steps: I¢ extraction and purification of NSAIDs using thédked TPP systems?2
¢ drug isolation by precipitation with ansiolvents;¢ 3 ¢ recycle and reuse of the
solvents. Vith the optimization of steps 1 and 2 as objects of this investigation, ABS
composed of three distinct |ILs (tetrabutylammonium chloride,-butyl-3-
methylimidazolium chloride and benzyldimethy{g2droxyethyllammonium chloride) and
potassium citrate buffeiwere studied. The corresponding-bhsed TPP systems were
further applied in the purification of each NSAID, and different-aalvents (citric acid
agueous solutions for ibuprofen and naproxen and aluminium sulphate agueous solutions
for ketoprofen) wereevaluated as precipitating agents to isolate each drug. The success
of the process developed is demonstrated by the extraction efficiencies higher than 8
8 % attained in step 1 and isolation efficiencies higher than 7Z5% in step 2. The

stability ofthe three NSAIDs in-hkased aqueous matrices was additionally checked by
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using a protocol adapted from the OECD guidelines. The economic efficiency and
environmental benignity of the process herein developed is underlined, based not only on
the low costof the solvents chosen, but also on the possibility of recycling and reusing the

phaseforming components and anrsiolvents employed.

Introduction

The highly aqueousch environment of Hbased ABS along with the interfacial
partition of targeted compounsl in TPPsystems has originated a novel separation
platform, the Ibased TPP systerls.While conventional TPP resorts to organic
solvents??! the introduction of ABS improsehe process biocompatibility. Moreover -IL
based TPP are able to keep all thBS advantages with an extra degree of operational
simplicity linked to the purification stage, where the formation of an interface enriched in
target compounds or contaminants in a purer state océtrél-based TPP has been
successfully applied in thene-step purification of several biomolecules, particularly
proteins and aminacids, showing some advantages when compared with the common
ABS and thasedABS! *°!In a series of works devoted tolased TPP systems, Alvarez
Guerra and collaboratos® “recovered up to 99% of lactoferrin from waste streams and
defined some efficient wayt recyck and reu® the IL.Cllbased TPP systems find also
application in enantiomeric separations. As shown by Wu eP'alnder optimized
conditions, it wa possible to tune the partition of the two enantiomeric forms of
phenylalanine. The-&nantiomer precipitates in the interface, while theddantiomer
partitions to the Ikrich phase.

In this sense, thisvork aims at the optimization and implementation afnew
process for the purification of NSAIDs from wastes taking into account tbaskd ABS
characteristics, but instead using-bhsed TPP systems. The spectrum of active
ingredients (ibuprofen, naproxen and ketoprofen, used as model NSAIDs) and of
technologies available is here extended. ABS composed of three different ILs conjugated
with the potassium citrate buffer were used to perform the partition studies of the model
b{!L5ad .Se2yR (KS Ay@SadaAaalrdarzy 2ancelKS L]
other operational conditions were studied [viz. NSAID content, temperature, pH and tie

line length (TLL)]. Meanwhijland using the characteristics of the systems under study,
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the development of Hbased TPP systems was investigated. Thus, to redouprofen,
naproxen and ketoprofen directly from their wadbased matrices in a sing&ep (where

the excipients are eliminated at the liquidjuid interface), the Hbased TPP systems
were optimized. At the end, these-Hased TPP were integrated irpeocess, where the
isolation (.e., polishing) of the three drugs is contemplated. The stability of the three
NSAIDs in ILs or ILs + salts aqueous solutions was also assessed through the
implementation of a new protocol adapted from OECD guidelines. Timis, work
allowed the development and optimization of an alternative and efficient process for the
recovery of drugs from pharmaceutical wastes, transversal to other active ingredients and
more complex waste mixtures/solutions. Moreover, the process atbwferring on the
suitableness of the thasedTPP technology, not solely centered on its performance but

also addressing the target molecule integrity.

Experimental

Materials

NSAIDs standards for ketoprofen (CAS number 226410 0 X Al { A I Y
China), naproxen (CAS number 22834m 0 0 X b FAldfici, USA)\ ahd ibuprofen
(CAS number 156&27-m 0 0 % ¢ yAldiich, CHink)3veére purchased from Sigma
Aldrich. Tle corresponding pills were acquired in a local pharmacy (Aveiro, Portugal),
being their specificationsriz.b { ! L5aQ O2yiGdSyid FyR GKS SEOALMA
Cl from Appendix CThe ILs tested were tetrabutylammonium chlorideMCl (97 %,
SgmaAldrich), Xbutyl-3-methylimidazolium chloride, Cim]Cl (99 %, loLiTec, lonic
Liguids Technology) and the benzyldimethlig@iroxyethyl)Jammonium chloride [BzCh]CI
(97 %; Fluka). Depicted in Figutd6 are the NSAIDs and ILs chemical structuresgalon
with the abbreviations adopted. Citric acid monohydraigHO;w LO (100 %) was from
FisherScientific, potassium citrate tribasic monohydratgH(K;O;0 bO (99 %) was
supplied by Acros Organics and aluminium sulphate hexadecahyde&OMw M ghl 0 X
95%) was purchased at SigrAddrich.

For the HPLODAD mobile phase, ammonium acetate ;0,0 x dpd e’z T { A .
' f RNAOKIZ WIF LI yo3z I O8ldrishQUsSAOdconithile (HRL®D Qrepdient™ T
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grade; HiPerSolv CHROMANORM) and ultrapure water (tdeatih a MiltQ 185 water
apparatus) were used. Syringe filters (0.45 um of pore size; Specanalitica, Portugal) and
membrane filters (0.22 um; Sartorius Stedim Biotech, Germany) were applied in the

filtration steps.

.......................................................................................................................................................

| : Cli\NJr/

Ketoprofen Naproxen lbuprofen  :: HO \_@ [BzCh]CI

: i CI :
: 0 i

Figure 2.16Chemical structures andhreviations of the studied NSAIDs and ILs.
NSAIDs partitioning optimization studies usingltased ABS

ABS composed of ILs with potassium citrate buffer were evaluated in what regards
their ability to extract NSAIDs from pharmaceutical wastes. The caneldpg ternary
phase diagrams can be found in literat{#&, these being considered when selecting the
compositions of the ABS and calculating the correspondingnis (TLs) and TLLs. The
TLs were determined through the Asenjo and collaboratomsethod, which was already
adopted and validated by our research group fobéised AB&® TLLs are the Euclidean
distance between the top and bottom phase compositions.

The influence of several operational conditions was assessed, namely IL structure,
NSAD content, temperature, pH and TLL. The ABS preparation was carried by weighing
the appropriate amounts of each component and NSAID according to ZabldISAIDs
were added to the ABS (5 g of total mass) as a mixture composed of equal amounts of
ibuprofen, ketoprofen and naproxen standard powders (at final contents of each NSAID

of approximately 1, 2 and 4 mger g of ABS). The systems were vigorously stirred and
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placed at the desired temperature at least during 18 hours to reach equilibrium and to
achievethe complete partition of the NSAIDs. In order to obtain the distinct pH values
evaluated during the ABS optimization studies, potassium citrate buffer at pH 7 and 8,
prepared according to tabulated valub8 was used, while pH 9 was afforded by the use
of potassium citrate tribasic.

After the appearance of two clear phases, their separation was carried followed by
the measurement of their weight and volume. In the end, these systems resulted in one
IL-rich and one saltich phase as the top and bottotayers, respectively. At least three
repetitions of each system were performed. Both the top and bottom phases were
analyzed by HPLDAD after filtration using syringe filters of 0.45 um pore (to remove
suspended solids) and appropriate dilution: for theptphase, 25 times in a mixture of
water:ACN (70:30, v/v), 5 times in water was the dilution adopted for thergdltlayers
(three injections per sample). In order to evaluate the extractive performance of these
systems, two parameters were calculate@dnmely the extraction efficiency of each NSAID

(ERsaip %)¢ Equation 2.6¢ and their recovery towardhe IL:rich (top) phaseRy, %)¢

Equation 2.7
00 B — pnumn (Equation 2.6
Y b p TUTI (Equation 2.7

[NSAID]and [NSAID] are the concentrations of each NSAID (ibuprofen, naproxen
or ketoprofen) found in the top and bottom phaség,and Vs are the volumes of the top
and bottom phases and mis the mass of each NSAID initially added in the ABS
preparation. BothElsaip(%) andRr (%) are reported as the average values with the

corresponding standard deviations.
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Table2.8. Conditions studied and mass fraction composisi¢im weight percentage) used during the ABS optimization studies.

. 100i mass fraction
COOpneJiilitcl)cr)]nal IL Salt NSAIDs c;n;%rg)(mg Perg pH T E;‘Lcl:;/ composition / (wt%)
IL Salt Water
[C/GIm]CI  GoHsKsO,/CeHgO; 4 7 25 30 30 40
IL structure [BzCh]Cl  GsHsKsO7/CsHgOy 4 7 25 35 30 35
[NaaadCl  GsHsKsOs/CeHgO; 4 7 25 30 30 40
[C,Gim]Cl  GeHsKaOr/CsHgO; 1 7 25 30 30 40
E;?égt [CGim]Cl  GeHsKaOr/CsHgO; 2 7 25 30 30 40
[C,Gim]Cl  GeHsKaOr/CsHgO; 4 7 25 30 30 40
[CGIm]Cl GeHsKsO//CeHsO; 4 7 15 30 30 40
Temperature [CGim]Cl  GeHsKaOr/CsHgO; 4 7 25 30 30 40
[CGIm]Cl GeHsKsOr/CoHsO; 4 7 35 30 30 40
[CGIm]Cl GeHsKsOr/CeHsO; 4 7 45 30 30 40
[CCIm]Cl GeHsKsO//CoHsO; 4 7 25 30 30 40
pH [CGCim]Cl  GsHsKsO7/CeHO; 4 8 25 30 30 40
[Cscim]Cl GsHsKsOy 4 Fod 25 30 30 40
[CCIim]Cl  GeHsKsOr/CoHsO; 4 7 25 30 30 40
TLL [CGIM]CI  GsHsKsO/CeHsO; 4 7 25 33 28 39
[Cim]Cl  GeHsKaOr/CsHgO; 4 7 25 35 265 385

92



Recovery of NSW®s from pharmaceutical wastes

NSAIDs draction by applying Hbased TTP systemdé/hen applying the tbased
ABS to the pills, the extraction of each NSAID was performed separately in assapgle
i.e.,the nonsoluble excipients settled in the interface allowing their separation ftben
target active ingredients formingi-based TPP. Their visual appearance is depicted in
FigureCl in Appendix C The mass of each pill containing the NSAID was determined
taking into account the total mass of NSAID present in the grinded pill and excluding tha
of excipients (data verified in the medicine flyers). So, ublagroxeno Generi§ F H pi’z 2 F
excipients) andBrufeno F v p2 2F SEOALASy(dao LAfE&AS wn Y3
added (4 mgoer g of ABS), whereas fétrofenid Retard F ¢ M2 2 F R EoQHelLIA Sy i &
prolonged release character of this medicine) the addition of 10 mg of ketoprofen was
done (2 mgper g of ABS). During the phase separation, the excipigdisinterface was
discarded. All the remaining procedure and calculations were the sanlecse adopted

throughout the NSAIDs partitioning optimization studies usidggléed ABS.

NSAIDs isolation through precipitatiddSAIDs isolation from the-tich phase was
conducted through precipitation with aniolvents, namely citric acid and alurum
sulfate aqueous solutions. From the three distinct types of ABS investigated, the one
O2YLI2aSR 27F ,&imlE€in30 wity of s@ltand @0 wt% of water containing the
same amounts of pills aforementioned was elected. It should be stressed tlilat wi
Profenid Retardhe pills quantities were doubled in order to facilitate this task. In a first
attempt, agueous solutions of citric acid at 25 wt% were added in ratios of top phase
volume to volume of amsolvent of 1:4 (given the conditions tested @ur previous
work™™). Due to the impossibility of precipitating ketoprofen with citric acid aqueous
solutions, an aqueous solution of aluminium sulfate at 15 wt% was instead employed in a
broader range of ratios (1:4, 1:6, 1:8, 1:10 and 1:¥fjer the addition of the anti
solvent, a precipitate was formed, which induced a turbidity into the resulting solution.
This was then filtrated using syringe filters with the concentration of the target NSAID

remaining in solution determined using HPDED. Tripliates were consistently done,
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allowing determining the average isolation efficiencies of each NSHNJaf % -

Equation2.8 YR (KS O2NNBaLRyRAYy3a aidlyRIFINR RSJAI
00 b pnm p T (Equation 2.8
In Equation 2.8 and a denote the mass of NSAID presen the

filtered phase after the addition of the ardblvent and that initially existing in the top

phase, respectively.
NSAIDs stability in ILs and-$alt aqueous solutions

A protocol for stability assessment was carried based on the OCDE 111enguideli
and further applied to the analysis of the impact of the IL structure, media pH, salt
presence/absence and temperature of incubation impact on the NSAIDs stability. Four
sets of experiments were conducted as described on Talde éways with aqueous
solutions composed of 45 wt% of IIGEGIm]CI, [BzCh]Cl or [hkgCl. The first three sets
O2YLINR &SR |ljdzS2dza azfdziAz2zya Ay LINBaSyOS 27
same source for preparation guidelines as that aforementioned was con8{fiteand
potassium citrate tribasic monohydrate, representing a pHcioa9, at 5 wt% of salt
composition. These compositions were adopted in order to mimic threehLphase of an
ABS. No salt was added in the fourth set of experiments. In all testsflaltt 2F F o Y
each NSAID was dissolved in 3 g of aqueous solution, and stirred for 1 hour. Each sample
was divided into three portions: one taken at the beginning of experiments without any
treatment (Sg) and the remaining two incubated in the dark 28 or 50 (+1) °C for five
days (Sk and S, respectively). At the end, these samples were analyzed by-BRDC
following the procedure of filtration previously described, adequate dilution in water:ACN
(70:30, v/v) and injection. The relative stabil{$isap in percentage) was calculated as

the ratio between the NSAID peak areas i 8t Sto and that in S§sample times 100.
NSAIDs quantification

Similar chromatographic conditions as those reported in our previous work were

used™ The liquid bromatograph HPLC Elite LaChrom (VWR Hitachi) consisted of a diode
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array detector (DAD)2455, column oven2300, autesampler 2200 and pump-2130.

The analytical column used was purchased from Merck and it was composed of a sorbent
LiChrospher 100 REB (5um) and cartridge LIChroCART-25@PL&artridge. Both the
pre-column, in a special holder, and the main column possess the same type of stationary
phase. The aqueous phase (A) contained 5 mM of ammonium acetate and was adjusted
to pH 4.02 by addingcetic acid. Then, 5% of the ACN was added. Phase A was filtrated
using membrane filters and further degassed in an ultrasound bath. The organic phase (B)
contained the gradient grade ACN and it was degassed by ultrasonication. The separation
was carriedout using a gradient elution mode, according to the following program4 0

min 30% of B,-41 min from 30 to 60% of B, 218 min 60% of B, 281 min from 60 to

30% of B, 224 min 30% of B, using flow rate 1 mL.thiiThe column temperature was
adjustedto 27 °C and the autosampler to Z2&. DAD was set to measure the spectrum
from 200 to 400 nm and three specific wavelengths: 230 nm for ibuprofen and 245 or 270
nm for ketoprofen and naproxen depending on the sample type, as detailed in Table
from Appendix C The injection volume was 10 pL or 25 pL if the sample was the top or
bottom phase, respectively.

The instrumental validation was based on an external standard method. Two
instrumental calibration curves were determined. Stock mixtures of the tiN8AIDs at 1
mg.mL* in ACN, further submitted to serial dilutions, were prepared for validation
purpose. Accuracy was determined by comparison of the real concentrations of the
NSAIDs and the values determined by the equipment. Precision corresponds to the
relative standard deviations between injections. Accuracy and precision were determined
in intra- and interday modes. The limit of quantification was the lowest concentrations of
analytes used in the calibration curves, with a precision < 5 % and agdwgbreeen 80
120%. The limit of detection was established using a signal/noise (S/N) ratio of 3. The
guantification method and validation for ibuprofen at the higher concentration range was
already reported in a previous wolk! All the details regardinthe validation parameters

are shown in Tabl€2 fromAppendix C

pH measurements
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The pH of the potassium citrate buffers and phase A of the HPLC mobile phase
were measured using an HI 9321 Microprocessor pH meter equipment (Hanna
Instruments) at 25 (£19C and within £ 0.02 pH units.

Results and discussion

The applicability of Hbased TPP systems to the purification of ketoprofen,
ibuprofen and naproxen from pharmaceutical wastes was here studied. Firstly, an
optimization study using commercial standamseach NSAID and testing the parent IL
based ABS was carried out. Then, the capability to directly extract and refine these
NSAIDs from real matriceise., solid state pills, in a single step by applying thédked
TPP was assessed. As previously roastl, Ikbased TPP systems use the same systems
as Ibased ABS8! Taking this into account, all information on the TLs used in the first part
of this work is provided in Tabl€3 in Appendix C namely the weight fraction
composition (in wt%) of each compnd composing the biphasic mixture and the
coexisting phases, as well as the TLLs.

The optimization studies were centered on assessing the influence of the ILs
nature, temperature, pH and TLL upon the partition of the three NSAIDs in ABS. Three
structuraly different ionic compounds were tested, 4NJCl, [BzCh]Cl andZ{Gim]ClI,
allowing screening distinct physical, chemical and biological properties. These were
selected based on our previous kndww on designing extraction approaches applying
IL$* to purify drugs® 1 At the same time that the anion structure was kept simplistic
offering benefits from an operational and economic point of view, the range of cations
elected allows inspecting distinct partition environments (due to their distinct
hydrophobic naturef”’ Moreover, and according to the wadktablished acute toxicity
levels!*¥ all ILs are noitoxic towards the marine bacteri¥ibrio fischeri(EGo of 519
mg.L*, 1498 mg.t and 472 mg.t for [G,Gim]Cl, [BzCh]CI and jNJCI, respetively™*

18}y Also, all bearing the cheap &hion and two being quaternary ammoniubased, the
ILs here elected may be considered as -@ifective™” The highly biodegradable
charactel*” and wide application in the pharmaceutical indu§tiof dtrate-based salts
encouraged the citrate buffer use as phaseming component. Moreover, it was also

previously shown that the combined use of this triad of ILs with citrate buffer in aqueous
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solution enhanced the solubilization of ibuprofen in watercomparison to water itself,

thus yielding good extraction efficienci€d. This fact allowed the use of high amounts
(i.e.,circa20 mg in 5 g of total mass) of these NSAIDs, which are characterized by a low
water solubility ([IBU] = 21 mg'L[NAP] = 1® mg [}; [KET] = 51 mg'lg values at 25
oc}* to perform the partition studies. This was confirmed for all the NSAIDs here tested
with experiments performed using the system based QiC{im]Cl and potassium citrate
buffer at pH 7. Actually, for thBISAID amounts tested aircal and 2 mg of each NSAID
per g of ABS the results yielded simitalxsapand Rr valuesto those obtained at higher
NSAIDs contentespectively91.9 + 0.1% <Ekg1< 99 + 3 %, 90 £%B <Ekapr<98 £ 2%

and 87 £ 1 % €ku< B+3% andRr > 98.2 £ 0.1 %cf, Figure 217 and TableC4 in
Appendix ¢ This feature overcomes the limitation of ABS application when large
amounts of waste are applied and the target active ingredient possesses a low solubility
in water. The reglts exposed and discussed below suggest that it was possible to extract
large amounts of NSAIDs, well above their saturation in water, Bitsapand Rr higher

than 80 % and 97 %, respectively.
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Figure 2.17.Impact of NSAIDs content on the extractioffi@ency ERsap %) of
ketoprofen (green bars), naproxen (orange bars) and ibuprofen (blue bars) using ABS

composed of 30 wt% of JGim]Cl and 30 wt% of potassium citrate buffer at pH 7.
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NSAIDs partibn studies using Hbased ABS

The parameters deterimed to evaluate the extraction performance of theslt
ABS employed, namely the extraction efficiency for each NSBHRA %) and the
recovery towards the top phas&{ %) are reliable indicators to measure the success of
the process here developge The graphical representation of the relationship between
Elksapcalculated for the three NSAIDs and distinebéised ABS are depicted in Figure
2.18 while the detailechumerical results, for botlEksapand Ry, are given in Tabl€5 in
Appendix CIn general ERsapvalues were higher than 80 %, showing the capacity of the
studied ILsaltbased ABS to concentrate the NSAID in just one phase. In fadKbgao
vary from 90 +10 % t0100%, & + 6 % to 3+ 7 %, and 8 £ 8 % to 98 83 %, for
ketoprofen, naproxen and ibuprofen, respectively.

The partition in these thased ABS results from a complex set of interactions
between the NSAIDs and the pha®eming components,i.e., the interactions of
Gb{ -L[5&D { - ENIhdIOBE b { -4 |58 SANErsb glance, the preferential
migration of the NSAIDs to the top-{ith) phase can be easily explained by their octanol
water partition coefficient valueg Log P (3.97 for ibuprofen, 3.12 for ketoprofen and
3.18 for naproxen¥” These parametersnilicate the NSAIDs affinity for more
hydrophobic environments (log P > ®Jydrophobic interactions were shown to play a
significant role in the partition behaviour of other molecules irbdised ABS, namely
proteind?! 2 and other drugs® 2Y This £ndency is corroborated by recoveries to the
top phase higher tha®8.7 + 0.7% for all NSAIDs (Tall® in the Appendix ¢ Actually,
these pharmaceutical active ingredients have similar structures and characteristics
leading to similar extraction effiaeies using any of the -Haltbased ABS under

investigation.
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Figure 2.18Impact of IL structure on the extraction efficiendf{saip %) of ketoprofen
(green bars), naproxen (orange bars) and ibuprofen (blue bars) using ABS composed of 30

wt% or 35 wtbo of IL and 30 wt% of potassium citrate buffer.

In order to gain further details on the operational conditions affecting the
extraction of NSAIDs usinghased ABS, temperature, pH and TLL were also studied. As
all Il-based ABS evaluated yielded similarfprmances, the system containinG,im]ClI
was considered to assess the impact of such conditions. Figui®go 2.21 show the
effects obtained for the extraction efficiencies of the three NSAIDs, being the detailed
numerical data presented in Tabl€s to C8 in Appendix CThe conclusion emerging from
the results obtained reveals that temperature, pH and TLL, although having distinct
effects on the migration of NSAIDs @ iim]Clbased ABS, do not drastically influence
their migration affinity, asepresented by the data dEksap> 80 £3 % andRr> 97.4 £
0.9 %.

Temperature, varied between 1% and 4%C with intervals of 16C, was shown
to have a marginal effect on the extraction of ibuprofen, ketoprofen and naprogen (
Figure2.19 and TableG6 in Appendix ¢ A diversified scenario is found in literature,
where the temperature may lead to either null (as here) or significant (positive/negative)

impacts on the extraction performance of-bhsed ABS depending on the operational
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conditions understudy €.g.,IL, target molecule, phase formers pair, among oth&r&y!
Due to the negligible temperature impact found and the possibility of minimizing

energetic and operational costs, the room temperature was further maintained.
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Figure 2.19Impad of temperature on the extraction efficienc¥sap %) of ketoprofen
(green bars), naproxen (orange bars) and ibuprofen (blue bars) using ABS composed of 30

wit% of [GGim]CI and 30 wt% of potassium citrate buffer.

The pH effect was also evaluated lgfexting potassium citrate buffer at pH 7 and
y Fft2y3 gAGK LIR20GFaaAradzy OAGNI OGS GNRoOoFAAO |
to the weak ability of the@,Gim]Cltbased ABS to undergo phase separation at pH lower
than 7B% It is weltknown that electrostatic interactions triggered by pH changes may
display significant impacts in the partition of ionizable solutes, allowing the control of
their migration patterns®* However, this profile is highly dependent on the molecules
addressed, in articular for NSAIDs, as unveiled by Almestial*® **'Using Itbased ABS
O2y Gl AyAy3 SAGKSNI I f geYdhdyOh d2YNJ ald2f (LUIKE &1ASdzYo LD A (FN
9), the authors showed that regardless of the pH, a major partition of the NSAIDs to the
most hydrophobic (Htch) phase occurs. So, the same paped in this work, for which

the preferential migration of the NSAIDs to therith phase was constantly observed
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(ERsaip> 85 4 % andRr > 98.7 £ 0.7 %). As depicted in Fig@re0 (detailed data is

presented inAppendix Gas TableC7), higher pH vales lead to slightly poorer extraction
STFAOASYOASazr Yzaidte ¢KSy LRGlFaaArdzy OAGNI G
the three NSAIDs is kept constant and negative within the pH range evaluated, no major
differences are observed for the migran of NSAIDs to the-ich phase (99 8 % >Eker

> 89.1 £ 0.8 %;3+ 7 % >ERap> 86.5 + 0.6 % and 983F% >Ehsy > 85 +4 %).

Considering the 10% of maximum variation of the extraction efficiency values, pH 7 was

maintained in further studies.
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Figure 2.20 Impact of pH on the extraction efficienciEEsap %) of ketoprofen (green

bars), naproxen (orange bars) and ibuprofen (blue bars) using ABS composed of 30 wt% of
[GGIm]CI and 30 wt% of potassium citrate buffer (pH 7 and pH 8) or potasstuate
GNRAOF&aAO alrtd oLI F oo

Finally, the TLL influence on the NSAIDs partition was assessed by varying the
compositions of ¢4Gim]CI and potassium citrate buffer at pH 7 (30 wt%/30 wt%, 33
wit%/28 wt% and 35 wt%/26.5 wt%). The shortest the TLL ispotlhest are the amounts
of IL and salt present in both phases and the highest are the water contefnisapleC3
in Appendix ¢ The evaluation of such a parameter allowed inferring on the role of

[water]r on the NSAIDs partition. By increasing the TLHeuthe conditions tested (IL =
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[GGIm]CI, salt = potassium citrate buffer, NSAID content = perg of ABS, pH =7 and

T = 25°C),circa20% decline in the NSAIDs extraction efficiency was verified. In other
words, the higher the [watef] the higher he Ebsan(99 +3 % >Eker> 85 3%, B+ 7 %
>ERap> 8+ 3% and 98 + 36 >ERgy> 80 £ 3%)¢ see Figur®.21 (the detailed data is
also presented irAppendix Cas TableG8). This allowed concluding that slightly lower

amounts of IL can be used maximize the recovery of the NSAIDs.
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Figure 2.21Impact of TLL on the extraction efficien®&{sap %) of ketoprofen (green
bars), naproxen (orange bars) and ibuprofen (blue bars) using ABS composed of variable
amounts of ;Gim]Cl and potassium ttate buffer at pH 7. The weight fraction of water
present in the top phase ([watef]wt%) is also shown (circles connected by the dashed

line).
Insights into the stability of NSAIDs in-land IL:salt-based aqueous matrices

In a scenario where three N®A are successfully extracted and recovered from
wastes to be further used for other applications, their chemical stability is a matter of
great concern to assure the quality of the final product. It should therefore be assumed
that the chemical environmedrafforded by the IL enriched (top) phase,,a milieu made

of IL and water bearing tiny amounts of citrate buffer salt (T&a3en Appendix ¢ must
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guarantee no degradation or Kkyoduct formation. Actually, if in the case of
biomolecules such as pens, their greater susceptibility to stability or activity losses
prompts detailed studie&” 3**in the case of simpler and synthetic molecules this issue
has been disregarded. In this sense, a stability protocol adapted from the OECD guidelines
was used to test the NSAIDs stability. This test was adopted due to its simplicity and
adequacy of the parameters (temperature, energy, UV radiation and pH) evaluated, when
compared with other possible optiong.g., Stability Testing of Active Substancesdan
Pharmaceutical Products from the World Health Organization (WHO) or the Q1A(R2)
Stability Testing of New Drug Substances and Products from the Food and Drugs
Administration (FDA). The protocol used in this work was compared with the original from
OECD (@le) in Table2 in Appendix Cthus leading to a simpler way of determining the
chemicals stability in aqueous matrices of ILs. Taking into account the TLs determined
(TableC3 in Appendix aqueous solutions containing 45 wt% of each IL and 5 wt%tof sal
were used to mimic the top phase environment allowing a direct comparison between
systems. Bringing together the four sets of experiments it was possible to carefully assess
the impact of IL structure, pH, salt and temperature of incubation on the NAdDiity.

The mean values of relative stability with standard deviations for the three NSAIDs
under all the described conditions are reported in Tabl@ 2 is clear that the set of
NSAIDs did not lose stability during the five days of experimentspertently of their
chemical structure, IL structure, pH, temperature or salt presence. Remarkable stability
values consistently higher than 93.4 + 0.1 % were achieved.

In spite of the limited solubility of these NSAIDs in water, the results obtained
attest their stability in this solvent. This results from the fact that their simple structure
lacks easily dissociated functional groupsg., esters and amide¥® Furthermore,
ketoprofen was proven to be more stable in neutral than in acidic conditféhahilst
ibuprofen was prone to lose its stability only in acidic conditiéfisThis evidence may
explain the slight loss of stability of ibuprofen in presence of potassium citrate buffer at
pH Swith [N4444Cl (cf. Table 29). These results point-Hat-based ABS as mild routes for

the extraction of these NSAIDs from pharmaceutical wastes, contrarily to what is being
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reported in literature about the photo bio- and ultrasonic degradation of naproxen,

ibuprofen and ketoprofer{:**

NSAIDs recovery fra pharmaceutical wastes usingi-based TPP

Il-based ABSs exhibited a very good ability to extract the three target NSAIDs
while preserving their chemical stability. They will thus serve as useful tools to
conceptualize an integrated process of NSAIDsipatibn envisaging the pharmaceutical
wastes valorization. Based on a similar approach to that followed -bgpdéd ABS, TPP
constituted by the same triad of neoteric solvents were further employed as a way of
simultaneously extracting NSAIDSr{th phag) and separating the excipients (interface).
The extraction in a onstep by Itbased TPP was attemptestép 1), and an antsolvent
like isolation strategy for the three drugs was further investigatsteé 2. Figure2.22
provides a schematic represextion of the conceptual process proposed. Although not
studied in the present work, the recycling and reuse of both ABS components and anti
solvents §tep 3 was also represented as it is considered essential for the economic and

environmental sustainabtjj of the proces$* >?
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Figure 2.22 Schematic representation of the integrated process of NSAIDs purification

(step 1) and isolation (step 2), including a hypothetical recycling of both the ABS

components and the angSolvents employed (step 3). BRe i) represents the approach

adopted for ibuprofen and naproxen isolation while Route ii) depicts the strategy

developed for the ketoprofen isolation. Dashed lines were used for the hypothetical

routes of recycling and reusing the solvents and-aotvents.
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Table 29. Mass fraction compositions (in wt%) of the matrices adopted to study the stability of the three NSAIDs along with thensonditi

a0l yRINR

tested and percentage stabilities (St 2 0 LI dz& G KS O2NNBaLRYyRAY3
[IL]/ [Salt]/ [water]/ T(£1) Stker/
IL Salt (W%)  (Wi%) Wt%6) 7 (°C) Stgu/ (%)  Sivar/ (%) (%)
1% set
25 100 100 100
[C4Giim]CI 45 5 50
Potassium 50 100 98.2+0.8 100
citrate 25 98+1 99+ 3 100
N4444Cl 45 5 50
[Nasad buffer (pH 50 93.4+0.1 100 100
5) 25 100 100 100
[BzCh]ClI 45 5 50
50 100 99+ 3 99 +2
2" set
25 100 100 99+ 3
[C4Gim]CI 45 5 50
Potassium 50 99.8+0.7 99.8+0.2 994
citrate 25 97+ 2 99+ 2 99+ 2
N444]Cl 45 5 50
[Nasa] buffer (pH 50 98+ 1 100 100
7) 25 100 99+ 2 100
[BzCh]ClI 45 5 50 N
50 100 98 + 2 99 + 2
39set
C.GimIC _ 45 c - 25 100 99 + 4 99 + 2
??T”“m 50 99.2+09 99+4 98+ 4
Clitrate
Lo 25 100 99+ 1 100
[N4sadCl  tribasic (pH 45 5 50
F oo 50 98+1 97.3+0.3 100
[BzCh]ClI 45 5 50 25 100 98+ 3 100

RSOALFUGAZ2Y A
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50 100 96+ 4 100
4" set
(C.Gim]C] 45 55 25 100 100 100

50 100 100 100

25 100 99+3 99.4+0.3
[NaaadTl - 45 55

50 99+ 2 100 100

25 100 100 100
[BzCh]Cl 45 55

50 100 100 100
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Step 1: Application of thased TPP systems to purify the NSATD® results
presented inFigure 2.23 (for more details see Tabl€10 in Appendix ¢ pinpoint the
remarkable performance of dhased TPP in the singd¢ep extraction and purification of
ibuprofen, ketoprofen and naproxen from their pharmaceutical matrices. Despite the
slightly less effective extraction efficiencies obtained from the solid state pills when
compared with those obtained with the model systent$. Figure2.18), it should be
pointed out that successful performances were also attained using thmded TPP
systems Eksapk84 + 8%). Rrvalues higher than 97.8 £ 0.3% (Ta@Gl® in theAppendix
O corroborate such evidence. However, it should be noticed tigapvalues lower
than 100 % do not necessarily indicate the preferential NSAIDs patbigitmeen phases
but may represent some losses of the drugs to the excipiech interface formedIn this
work, no significant interferences were detected, due to the nature of the excipients
present in the pills and the conditions defined for the quantification method. As
examples, the ¢hyl phthalate composing thepill containing ketoprofen (Tabl€l in
Appendix Cwas checked in the top €tich) phase, and its presence was not detected in
the chromatograms. Teén cellulosederivative excipients, despite their potential
dissoution by IL§®, were also eliminated as contaminants because at°@5 (the
temperature of the extraction process), ILs may only cause the cellulose to bB*wet.
Finally, the titanium dioxide that, despite its high affinity for ILs (orltepich phasg,>®
has a limited solubility in water and was also discarded as main contaminant. Thus, the
main bulk of excipients settle in the interface due to its 4{s@ubility in the
water/aqueous phases of ABS.

The design of these-thased TPP systems alloweck thurification of each NSAID
under study by the exclusion of the excipients that settled on the interface of thaltL
based ABS. This allowed the purification of ketoprofen, ibuprofen and naproxen in a
singlestep. These results suggest thatshltbased TPP systems are a suitable approach

for the recovery of active ingredients from pharmaceutical wastes

108



100
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -
10 -

E'ENSAID / (%)

[C.Crim]Cl [Niaaaa] Cl [BzCh]C]I

IL

Figure 2.3. Results obtained for the extraction efficiencERsap %) of ketoprofen
(green bars), naproxen (orange bars) and ibuprofen (blue)deos pharmaceutical pills
using Ikbased TPP systenesemposed of 30 or 35 wt % IL and 30 wt% potassium citrate
buffer.

Step 2: Isolation of NSAIDs frorsdlt-based ABS through precipitation with anti
solvents.High extraction performances were obtainaden the separation of the three
NSAIDs from the real wastmsed matrix was attempted. Envisaging the industrial
potential of this process, an isolation strategy to remove the phase formers was defined.
Precipitation through the addition of an arddlvent was the approach selected due to its
simple operation and scalabili§?’ Although equivalent extraction parameters were
gauged, the ABS composed [@Gim]Clwas selected as the most efficientf.(Figure
2.23). Due to the distinct solubility in watef each NSAIBY specific precipitation agents
were selected. The results are represented in Figugd and in TableCl1 in Appendix C
(mean values and standard deviations). Initially, citric acid agqueous solutions at 25 wt%
were selected as the ideahti-solvent due to the good @ation results attained of 79 + 2
% and 79 = 36 for ibuprofen and naproxen, respectively. Moreover, using this- anti
solvent, the introduction of additional species was avoided, which simplifies the

processtY It seems hee that the combined action of water and citric acid is ruling the
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precipitation phenomena: if on one hand both ibuprofen and naproxen are practically
insoluble in watef'® on the other hand both are acidic drugs (pKa of 4.91 for ibuprofen
and 4.15 for mproxer®®) having their solubility enhanced at higher pH values due to
ionization!®’" *®!

Since ketoprofen did not precipitate in the same conditions, it was necessary to
develop a different strategy for its isolation. Aluminium sulphate aqueous sokitiere
studied and a broader range of top phase and -aotvent volume ratios was tested,
YIEYSté mMmYnE MYcE MYYyZI MYMA YR MYMH®-¢KS NE
2dzi ¢ STFTFSOG FyR KA 3K PNtdvaschnbrmed kol whtk well SsNad 2
precipitation agent leading tasolation efficiencies from 76 £ % to 87.9 = 0.3 %,
depending of the volume of aniolvent added. Besides the ketoprofen limited solubility
in waterand pKa value (4.#8), changes in the ionic strength and species in the media by
0KS AYOUNRRdzOGAZ2Y 27F |t dzY A kefopiofenlBoitratd Bfaffeét S | f &
waterf AYUSNI OGA2ya (Kdza fSFRAYy3 (G2 Preedat2 LINRPFS
with that observed for the isolation of ibuprofen from an IL + citrate buffer aqueous
solution by the addition of potassium chloriffé. Important to be highlighted is the fact
that the NSAIDs content remaining in solution (21 % of either ibuprofemaproxen and
around 12 % of ketoprofen) after the precipitatioouldbe recycled tastep 1 The target
NSAID content at the feed stream will enlarge, thus improving the isolatistem2up to

a point where the amount of NSAID is the same as thaiwvexed in each cycle.
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Figure2.24. Results obtained for the isolation efficiendfagap %) of each NSAID using

distinct antisolvents.

The process herein conceptualized (FigRr22) represents another step towards
the creation of a set of effectiveethnologies for the recovery of NSAIDs from
pharmaceutical matrices. The sustainability of the proposed procepsmisingwhen
compared to others reported in literature. Some processee suggestecaimed at
recovering naproxeff” ketoprofef® and ibuprofed®® from pharmaceutical
formulations,e.g.,suppositories, topical creams and tablets. Even though speeding up the
recovery process, the use of microwaassisted methodse(g., microwave irradiation of
2450 MHZ5® ® and/or high temperatured x °@P°f 65 °C%Y and 70°C%%) generate
high energetic inputs. In all three works, the use of volatile organic solvents, such as
methanol®” acetond®™ and alkane$? as part of the extraction solvent constrained the
safety and benignity of th@rocesses developed. Instead, in this work, volatile organic
solvents were replaced by benign ILs in aqueous environment with no additional
energetic costs arising from neither irradiation nor heating. Yet, the use of ILs as a way to
improve the green cmdentials of NSAIDs processing is not newethyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide for example, further abbreviated
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as [Gmim][NT], was evaluated as a crystallization solvent for ibuprofen and
naproxen’®! [C;mim][NTf] was able tod 2 f dzo Af AT S y I LINRPESY I i
125°C), while failing to solubilize ibuprofen independently of the temperature {&éd.
Recently, our group developed a simple process to recover ibupftfeaplacing the use

of volatile organic solvds by an IL aqueous solution and operating under ambient
conditions. However, this approach is not the most adequate when more complex waste
mixtures/solutions are used and, consequently, when more than one active ingredient
needs to be simultaneously reeered and separated from the excipients. Compared to
the process developed in the present work, and also some other previously published by
us™ such approaches are not as flexible as ours for the different NSAIDs, require more

expensive and less biocqatible ILs and utilize harsh temperature/pressure conditions.

Conclusions

An alternative approach for the purification of three NSAIDs, namely ibuprofen,
naproxen and ketoprofen, was here designed by applyiAgatied TPP systems. Three
steps were contemiated in the conceptual integrated process proposedstep 1 of
extraction and purification of the target drugs usingosed TPP systemsstep 2aimed
at the isolation ie., polishing) of each target compound by astilvent induced
precipitation, am astep 3of recycling and reuse of the solvents employed. Afterdtep
1 of optimization using pure standards, where ABS composed of ILs and the potassium
citrate buffer revealed a very good capability to extract the three NSADst: (3% <
ERsap< 100%), Ikbased ABS were transformed into T8Btems allowing the interfacial
separation of the main contaminants.€, LJA f f &8 Q S E O A-$t#p Pufificationd !
process was proposed with extractiefficiencies on the range (848 % <Ekysap< 100
%). The isolation of each of three NSAIDs was attempted by precipitation with anti
solvents. Two distinct strategies were outlined: one for naproxen and ibuprofen using
citric acid aqueous solutions (to maintain the species in solution) and other for
ketoprofen isolation employing aluminium sulphate aqueous solutions. Isolation
efficiencieshigher 76 +2 % were attained with the possibility dhe phasesbeing
recycled tostep 1 Additionally, problems associated with possible stability losses-in IL

rich media were mitigated, since ibuprofen, ketoprofen and naproxen have been proven
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to be stable in these processing conditions. A sustainable and efficient alternative route
for the recovery of drugs from pharmaceutical wastes transversal to other active
ingredients was developed in this work, opening the opportunity for further application

to more complex systems or matrices other than pills.
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racemic drugs






3. Chiral resolution of racemic drugs

The search for effective pathways of producing enantiopure drugs has evolved in
the last years, since the fardeda G G KIF f AR2YARS &aOlFyRIféd | Fi
immunomodulatory drug started to be marketed and widely prescribed to heal nausea
and relieve vomiting in pregnant women. While sold as a racemic mixttitgglidomide
(i.e., the eutomer) possessed ¢hdesired effect and the-&nantiomer {.e., the distomer)
was teratogenic and induced a large number of miscarriages and child deaths spite
of being as similar as the two human hands and possessing identical pblsimacal
properties (exceptdr their optical rotation), biological systems can discriminate them.
While one isomer induces the desired therapeutic action, the other can be less potent,
bio-inert or even toxi¢™ * * Under this scenario, the responsible regulatiory entities
worldwide became stricter in their policies and strongly recommend the development of
enantiopure drug$> ® Even though some medicines can be commercialized and safely
consumed as racemate®.§., ibuprofen and warfarin), the pharmaceutical companies
must provde much more detailed information upon approval requisition. That is,
pharmacologic, pharmacokinetic and toxicological data for each enantiomer and
respective racemic mixture must be provided. Hence, the pharmaceutical industry
remains interested on effient techniques to produce enantiopure drugs.

The current techniques being applied entail two main strategies, (i) the direct
synthesis of the desired enantiomer and (ii) the synthesis of racemic mixtures followed by
enantioseparatiort”  The former isconsidered the most powerful approach. Still, it
suffers from the high cost of the pure raw materials used, the stereospecific catalysts
required, and the numerous reactions usually needed to attain the optical purity that
standards impose. Furthermore, yaametric synthesis entails laborious and prolonged
development processes, with uncertain outcofté® In turn, the latter, being of simpler,
more flexible and cheaper nature has been increasingly envisaged as a promising
alternative® ' 2 Chromataraphic techniques and crystallization are, probably, the
most used approaches for the resolution of racemic compoufidEnantioselective
crystallization is based on the distinct solubility of diastereomic salts or conglomerates

formed. The technologicasimplicity, cost efficiency and easy coupling with other
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techniques make crystallization of utmost industrial relevance. Still, the lack of
compounds able to form conglomerates (estimated values -403%), the need for
additional steps of enantiomeric eshment to overcome the common low yields
FddlrAySRE yR (GKS AyKSNByil SEOSaa& &S azt A
Chromatography allows the separation of enantiomers within analytical columns by the
formation of diastereomers. Although quickroadly applicable and operationally flexible,
chromatographic techniques are limited by the high cost and limited availability of chiral
columns, low loading capacities and narrow scalabfity!

Enantioselectivd LE(ELLE)echniquesare attractingattention as alternatives for
chiral resolution** Beyond its simple operation and low cost, ELLE joins an easyugcale
and a broad applicability. Combining the principles of solvent extraction and enantiomeric
recognition, ELLE requires the existenok at least one chiral selector, otherwise
enantiomeric recognition does not occur. Briefly, the migration of such chiral selector
0S06SSYy GKS G662 AYYAaOAO6fS LKI®SEY GR2XEAE
AYGOGSNI OlGazya O2yiNRCTn it ELEE sgsyeity Tha ensrficiigri@ & S LI
recognition follows the thregoint attachment model, where it is envisioned that the
200d2NNBYy OS 2F (KNBS aSyvidy WA 2SSMNEE  AayOKS\NN- @ (i A&2
(e.g.,electrostatic, van der Waals, hydrofe 6 2 ¥ R & (i1 '8 The yhastuged chiral
selectors are cromether-6 8 SR YSiGl £ O2 Y LiySleéxtin addNis Y S G | f
derivatives, and tartaric acithspired™?® As a way to overcome the deficient
performance sometimes exhibited by theplementation of a single chiral selector, the
two later examples are frequently combined, due to their distinct solubility and
recognition ability, in biphasic recognition approacfé$® Tanget al’** proposed the
combined use of -cyclodextrin (vater soluble) and tartrate (organic solvent soluble)
derivatives in an organic solvent/water biphasic system to resolve racemic flurbiprofen.
Among all screenings performed, ddihloroethane was the best solvent and trimethyl
i -cyclodextrin + liso-butyl tartrate appearedas the most promising pair of chiral
selectors. As compared to the monophasic recognition chiral extraction
(enantioselectivity of 1.16), biphasic recognition chiral recognition performed slightly

better (enantioselectivity of 1.24).,2-dichloroethane/water liquidiquid system was
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agan employed, instead for the chiral resolution of pantoprazole, with enhanced
enantioselectivities with hydroxypropytcyclodextrin and diisobutyl tartrate as chiral
selectors?? In comparison to the monophasic recognition chiral extraction, the optimal
system yielded a much higher enantioselectivity (1.42 vs. 1.10). This system was further
implemented in continuous mode in centrifugal contactor separators, with an achievable
enantiomeric excess of 48 &%, Further reinforcing such a scenario, in otheori/?® it
was possible to separate racemic mandelic acid with-actanol/water liquidliquid
aeadsSy g-Hi-bezoylRSASMoluoyltartaric acid and hydroxypropyl-
cyclodextrin acting as chiral selectors. The addition of a second chiral selector to the
organic phase improved the enantioselectivies from 1.333 up to 1.527. Envisaging their
industrial application, processes other than pantoprazole chiral resolgtlowere
already operated, for instance, in continuous mode centrifugal contactor separators
counter-current chromatography® 2*34

Still, the large quantities of volatile and nefarious organic solvents that ELLE uses
fail to match the recommendations of the Green Chemistry and Sustainability
guidelines®* 33 Under this scenario, theris a demand to turn enantioseparations into
greener approaches. ABS may appear as good candidates to provide more biocompatible
and versatile routes for enantioseparation. Not only the enhanced biocompatibility of
these systems provided by the high watemtent contribute to such a status, but also
the wide range of solutes, some of them bearing chiral centres, available to induce liquid
liquid demixing®+3®

The implementation of ABS to chiral resolution has been done resorting to two
approaches. The nsb used relays on the addition of a chiral selector (not essential to
two-phase formation}3">¥ while the other approach uses a chiral compound as both
chiral selector and phase form&#:*® The racemates separated with these watih
systems coverdrugs and their precursors (mandelic acid and its derivatives,
phenylsuccinic acid, ofloxacin, flurbiprofen, zopiclone, among others) and amino acids
[phenylalanine(Phe) and tryptophan (Trp)].2"*® The first approach has been mainly
foold SR 2y ( K$yclodextén deriFatives, coppércyclodextrin complexes,

tartaric acid derivatives, proteins and microbial cells as chiral selectors in poesatier
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polymerpolymer, polar organic solvensalt, ILssalt and micellar system¥:>
Promising enantioselectivities were achieved with several types of ABS for different
racemic mixtures. The highest enantiomeric excess obtained so far (86.7 %) was achieved
in a combinatorial process of enantioselective biotransformation and extractioanof
histidine intermediate with an ABS composed of poly(ethylene) glycolH®a@ and
microbial cells as chiral selectdfd. Temperaturedependent micellar systems containing
copper -cyclodextrin complexes as chiral selectors were able to extract mandelic acid
with an enantiomeric excess of 67.91%bwhile the implementation of the biphasic
recognition chiral extraction caept in ethanol(NH,),SQ has separated phenylsuccinic
acid enantiomers with 57.86 % of optical purf§.Moreover, the protein bovine serum
albumin in a poly(ethylene) glyedextran system exhibited an outstanding recognition
ability for ofloxacin enatiomers yielding 62 % of enantiomeric exc&8s.The second
approach, although it has lagged behind during the past years, is more technologically
AAYLXS FYR FIOAftAGIOSAa (GKS LKFasSQa F2N¥SN
enantiomer. It usualfNB & 2 NJcyxlodéx@in derivatives, chiral polymers of synthetic
origin andClls as phase formers in combination with polar organic solvents, salts and
common polymers €.g., dextran)?®**® In polymeric ABS composed of dextran and a
newly synthesizedchiral polymer, poly(MAH-CDco-NIPAAmM), mandelic acid was
obtained with 1.27 of enantioselectivity’! The recyclability and reuse of the phase
formers was successfully achieved due to the thermosensitive nature of poly{M2bBi
co-NIPAAmM). The introdiion of polar organic solvems-cyclodextrin derivatives ABS
performed much better with both phenylsuccinic acid and zopiclone being
enantioseparated with enantiomeric excesses of 31.7 % and 32.66 %, respectively
(enantioselectivities of 2.1 and 2.58).°% So far, less appealing enantioselectivities have
been obtained than those with the first approach. Still, there is much to be done
concerning the pairs of phase formers frequently adopted. Indeed, the literature offers a
wide range of ABS bearingid components as phase forming agents. For instance, ABS
based on carbohydrat€s®? or amino acid$>®® paired with polymers, surfactants, polar
organic solvents and ILs have been reported; yet, their application to chiral recognition

was not yet atempted.
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3.1. Chiral ionic liquids as alternative solvents for tlseparationof

chiral compounds

Some of the parts included in this state of the art were taken from Ventura, S. F
e Silva, F. A.; Quental, M. V.; Mondal, D.; Freire, M. G.; CoutirkoPJlonitiquic

Mediated Extraction and Separation Processes for Bioactive Compounds:
Present, and Future Trend€hemical Review8017, 117 (10), 69847052, where

enantioseparations were considered.

Contributions: S.P.M.V., M.G.F. and J.A.Rdhceived and directed this worl
Francisca A. e Silva, M.V.Q. and D.M. wrote the chapters included in this r¢
with vital contributions from S.P.M.V., M.G.F. ahA.P.C.. Francisca A. e Silvate
those comprising Lipids and Other Hydrophobic Commgls, Nucleic Acids an
Drugsand Pharmaceuticalghe latter being included in this chapter. Furthermoi
Francisca A. e Silva was responsible for bringing all chapters together and drav

Figures.

The designer solvent status of ILs creates theoopymity of using chiral structures
as cations, anions or boff] Such a feature makes ILs as excellent candidates to
overcome the current drawbacks of the aforementiortedhniques. The first CIL;klityl-
3-methylimidazolium lactate, was synthesizedl®99 by Seddon and emorkers!®® Ever
since, many other chiral ILs were proposed, such as those based on carboh{fdrates,
amino acid¥?"® and other natural acid€® ""alkaloids”® amino alcohol$®, terpene&”
and thiourea® 8 Giventhe ready availability of most of these natural (chiral) starting
materials and the enhanced biocompatibility afforded, many applications were hitherto
attempted. Clls have been applied as either solvents or catalysts in asymmetric synthesis,
in spectrosopic techniques for chiral recognition and in chromatographic and
electrophoretic techniques as stationary phases or additi®&? Still, the application of
Clls in chiral separation techniques has been neglected as it will be notorious by the
literature overviewed belowThe rame andabreviationof the catiors andaniorns used

hitherto in the formulation of CILis presented in Table 3.1
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Table 3.1. Name andabreviationof the IL catiomanion combinations considered in this

overview.

Cation Anion

Name Abbreviation Name Abbreviation

Chiral

pipecoloxylididghium [Pip]’ L-tartrate [L-Tar]

alkyltropinium [Citro]” L-prolinate [L-Pro]

bis(alkyl} ~ 4 i . )

alkanaditropinium [Gitro-G-troGy) L-phenylalaninate [L-Phe]

(R-3-(2-((1-

hydroxybutan2- +

yl)aminoy2-oxoethyly1- [ GotheNsC2l

methykimidazolium

(R-3-(2-(3-(1-

hydroxybutan2- +

yl)ureido)ethyly1- [CuHNG]

methykimidazolium

ethyl L-phenylalaninium [Cy(L-Phe)]

Achiral

3,3-(1,6-alkanedyl)bis(t NP + Bis(trifluorometylsulf .

methylimidazolium) [Gim-Go-imG] onyl)imide (NTE]

1-alkyt3- _— : : .

methylimidazolium [GGim] Dicyanamide (N(CN2]
Hexafluorophosphate [PR]
Tetrafluoroborate [BR]

Ehantioselective liquidiguid extractions

In 2013, the chiral separation of racemic mandelic acid usingoppjbic ILs +
water systems was attemptef! The achiral ILs, §Gim][BR] and [GCim][PR], were
dzZa SR & GKS A zcychdextrinJddriviatves asschiialkselectors. The study
suggested that [f{Ciim][PF] as the extraction solvent and hydrgxypyH -cyclodextrin
as the chiral selector was the optimal combination. By decreasing temperature, pH and
the concentration of enantiomers, and by increasing the chiral selector concentrations,
improved enantioselectivities were obtainét!

In 2010, Tag and ceauthord®® employed, for the first time, functional amino
acidbased ILs as solvents and selectors for the LLBcehric mixtures of amino acids

[Phe tyrosine(Tyr) histidine(His)and Trp]. With this class of ILsorking both as solvent
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and chiral selector and ethylacetate as a donor phase, it was possible to extract with
higher efficiencies the-enantiomers into the IL phase. This enantioselective enrichment
was driven by a chiral ligarekchange mechanism, ss@ minimum concentration of the
target amino acid and chelant (Epis necessary. Amino adigsed ILs proved to be
excellent solvents since they display not only a chiral recognition ability (maximum
enantiomeric excesses of 50.6 % Ring, but they ato extract more than 99 % of the
amino acids from the ethylacetate pha&8.

Zgonniket al®®"! described a more environmentally friendly approach. Here, the
most toxic molecular solvents were substituted by no@#s synthesized in a simple and
atom ecaoomic way. Starting by mixing 4i24.[L-Tar] and [@Gim][NTE] ILs in water,
methatesis occured, thus arising twases. The IL layer is4{B][NT%]-rich, while
tartrate and [GGim] ions (more hydrophilic) constitute the aqueous phagséils ion
crosYSiUilFGKSaAraeg g1 a GKS RSY2YAYIFOGA2Y | FF2NRS
IAPAY I GKS LINPIEsTon 2rdssy A/ OKBIA A 28> aiKS &S LI NJ
pipecoloxylidide was attempted (mixing in water [Pip][NT&nd [Raaqo[L-Tar], as
sketched in Figure 3.1). The preferential chiral recognition ability of the tartrate anions to
the Senantiomers (formation of [®ip][L-Tar]) allowed enantiomeric separation with an
enantiomeric excess of 30 % for the water 1a§8rA summary of all ELLE rewied is

presented in Table 3.

0 Extraction e Separation

lonic liquids ion cross-metathesis

Chiral IL IL layer

- ~ be

(v [ Pusds | (N7 |
5 : H,0 X ,

Racemic compound-based IL Water layer

Figure 3.1.Schematic representation of ILs ion cresstathesis for the chiral resolution

of racemic mixtures of pharmaceuticals by EE{'E.
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Table 32. Enantiomeric separation of racemic compounds using LLE with ILs.

Racemic

System used Chiral selector Isolation strategy
compound
: . Precipitation with
His [GGim][L-Pro] + ethyl [GGim][L-Pro] HCI + washing

acetate + Cu(GeQ),*¥  + cgt

[GGim][BR]+Rh b |
cyclodextrin derivative$> i -cyclodextrin
[GGIM][PR]+Bh B | derivative&®
cyclodextrin derivative®”
[G.Gim][L-Pro] + ethyl
acetate (=2,4,6,8) + : Precipitation with
Phe Cu(CHCO),, [GGimIBr + Lo APl Hetwwashing
ethyl acetate + with water®®!
Cu(CHCQ),"™
[Pasaq2[L-Tar] + [Pip][NEf
Pipecoloxylidide + HO + [GGIM][NTH] (co- [L-Tarf"
solvent}®”

[GGim][L-Pro] + ethyl [GGiIm][L-Pro]

with water®®

Mandelic acid

Precipitation with

Tro 6] 488] HCI + washing
acetate + Cu(G2Q): +Cd with water®®!
. , Precipitation with
Tyr [GGim][L-Pro] + ethyl — [GGImI[L-Pro] -\~ o ching

+ [86] + +86] )
acetate + Cu(G8Q), Cd with water®®

Aqueous biphasic systems

Chen et al*¥! have recently addressed the use ofbised ABS formed by
[C.Gim][BR], [GGim][BR] and [GGIm][N(CN)] and the salt (NKE,SQ, adding
hydroxypropyd -cyclodextrin as a chiral selector for enantiomers, for the separation of
0KS YI YRSt AO -—LyQdheynRiBldid &id.llh e of the lack of chiral
recognition of some systms, under optimal conditions (salt amount, temperature, pH
and chiral selector content), the system composed ofC{t][BF], (NH).SQ and
hydroxypropyd -cyclodextrin granted the best separation factor (ratio of the partition
coefficients of the two eantiomers) of 1.54* Here, ILs are only employed as solvents
and an additional chiral selector is required to afford a certain enantioselectivity.

Concerning the second approach, wheréls are used as phase former and
chiral selector, a recent workevealed that imidazoliuabased Clls can be used to

separate racemic mixtures of amino acids-RBe and {Phe), with a maximum
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enantiomeric excessf 53 % reported’”! The Denantiomer interacts with ILs, remaining

in the Ilrich phase, while the-enantiomer migrates towards the N&Q-rich phaseH

NMR and density functional theory (DFT) calculations showed that hydtogesing
interactions between the carboxylate and amide groups arebonanceassisted
hydrogenbonding interactions between amino anddrpxyl groups play a pivotal rof¢/!

The applicability of such systems was further extended to other amino ggartic acid
(Asp), Isoleucine (lle), serine (Ser), threor(ifler), Trpand Tyt.®” Given the potential of
forming ABS combining ILs tiamino acid$®* Y and although not attempted up to date

as previously highlighted, a much simpler approach can be anticipated, namely on the use
of chiral amino acids as phase promoters of ABS and on their use for the separation of
racemic mixtures chAmino acids.

Il-based TPRystems are usually achieved by the creation of an additional phase
in the ABS, which corresponds to the desired precipitated product. ABS based on tropine
Clls and inorganic salts were prepared for the enantiomeric separation cécemic
mixture of Phe® as sketched in Figure 3.2. In this study, the phase behavioubafkd
ABS was investigated along with the factors influencing the separation efficiency. When
the amount of DPhe and {Phe reached approximately the rangé ©5¢20 mg.g"
(concentration requiredor enantioselectivity), a TPP system was createchposed ofa
top IL-rich phase, a middle phase with precipitated amino acids and a bottorrishlt
phase. In general, more hydrophobic ILs allow improved seleetvibir the separation of
racemic mixtures of Phe®¥ On the other hand, large amounts of salt and water
compromise the IL enantioselectivity. Under the optimum conditions, the enantiomeric
excess value of-Bhe in the middle phase of the-TIPP was of 686, while the B
enantiomer remains at the dtich phase. The obtained results prompted the authors to
conclude that this system could be a promising approach for the racemic resolution of
amino acid€®® Although other conditions like temperature and pHut be additionally
evaluated to improve the selectivity, -TIPP appears as a promising strategy for the
separation of other enantiomers of high commercial interest. In this sense, and given the
single report found for the separation of racemic compoundthvil-TPP systems, it is

worthwhile to explore this technique since, in addition to the good results obtained, also
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the target compounds recovery and ILs recycling is much easier to accomplish, allowing
the development of coseffective purification straggies. An overview of the-hased ABS

implemented for enantioseparations is provided in Tabk 3.

€@ separation/purification
ILTPP

Racemate Cu?t

+ D-enantiomer

Interphase -
Cut *!  L-enantiomer

Figure 3.2Schematic representation of-dased TPP processes for the chiral resolution of

racemic mixtures of amino aciéfé!

Table 33. Enantiomeric sparation of racemic compounds usingohised ABS and TPP.

Racemic Chiral

compound System used selector Isolation strategy

[GGim][BR] + (NH).SQ
+ HO + hydroxypropyl -
cyclodextrin*!
h_ [GGim][BR] + (NH),SQ hydroxyprop
+ HO +hydroxypropyh -y -
cyclodextrin*¥ cyclodextrir
[C.GIm]IN(CN)] !
(NH)SQ + HO +
hydroxypropy -
cyclodextrif*!
[CioH18NzO2][P ] [CroH1eNzO2[
N2:SQ + HO™"! PR
[CioH18NzO2][P ] [CioH1eNzO2[
N2:SQ + HO™"! PR
[Gitro][L-Pro] + KHPQ +
HO (= 2 ¢ 8k
[Gstro][L-Pro] + KHPQ +
HO + Cu(CiQ),k¥
Phe [Gstro][L-Pro] + KPQ, +
HOF®  [Gtro][L-Pro] +
kCQ  +  HOF
[CioH18N3O,][P ] +
NaSQ +  HOPF

cyclohexylmandelic
acid

+

+

Asp

+

lle

[Gitro][L-
Pro]*®
[CroH1eNz05][
P I%] ,[57]
[CL1HaNJO][
P I%] [57]

Precipitation at
liquid-liquid
interface!™®
Precipitation  with
acetronitrild®”!
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[Ci1H21N4O,] [P Fe] +

N&SQ + HO>"

Ser [CioH18N3O,][PFe] +  [CioHisN3O][
N&:SQ + HO*" PR

Thr [CLoH18N:0,][PF] +  [CioHisNzO)[
N&:SQ + HO*" PR

Tr [CLoH18N:0,][PF] +  [CioHhisNzO)[
P N&SQ + BO®7 PR] [57]

Tvr [CLoH18N:0,][PF] +  [CioHhisNzO)[
y NaZSQ + l‘td57] PI%] [57]

Solidliquid two-phase extraction

An approach of boosted operational simplicity, biocompatibility and quskrwas
recently proposed by the Song grolip.5¥ As overviewed in Table 8.the authors have
used two classes of CILs, namely dicationic imidazdliased® and dicationic tropine
based®® attempting the enantiomeric separation of racemic aminddac Such new
solidliquid two-phase approaches combine aqueous solutions of CILs with copper salts as
coordination agents to promote selective precipitation, as exemplified in Figur&®33.
L-Phepreferentially precipitated due to cooperative intartions with the IL and cooper
ion, as further confirmed by NMR'H and NOESY), IRjolecuar dynamics (MD)
simulation and/or UWis spectroscop§® 2% Remarkable enantiomeric excesses higher
than 98 % of Phe in the solidphase were reported, whereas the-dhantiomer
remaned in the liquid layer with enantiopurities higher than 61.8%¢° This approach
facilitated the ultimate isolation of the target enantiomer from the IL, analogously-to IL
based TPPwith the need of less complex systems. In the second work of ¢nigs$®’
the authors went further showcasing the possibility of industrial application by (i)
performing scaleup studies, (ii) developing an integrated process entailing the recycling
and reuse of the CIL, cooper salt and-BHeremaining in solutiorg Figure 3.3 and (iii)
extending the applicability to other amino acids keeping the outstanding performances

(e.g, enantiomeric excess fdirpof 99.7 %%
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0 Separation
Solid-liquid two-phase extractior

9 Isolation

| * Racemic Phe

=+  Chiral || =——

Precipitated L-Phe

D-Phe in solution (with |
traces of L-Phe) |
]

Anjon Exchange co

lumn

i
Na,S
5 1
i
HNo3I

CIL intermediate
Acidic solution —|
E L-Phe I

e Recycling and reuse of the CIL, copper salt and racemic compound

1

2

4

Anion Exchange
BufferpH =1

Buffer pH = 6.8

L-Pro

Figure 3.3.Schematic representation of-ased solidiquid two-phase processes for the

selective

separation of racemic amino acitfs.

Table 34. Enantiomeric separation of racemic compounds usidggled solidiquid two-

phase systems.

Racemic System used Chiral selector Isolation
compound strategy
thro-G]-troG,][L-Pro]z [22]: 3to [Tro-G:-Tro][L-Pro}- Anion
) + copper salts +,8, £ 89] [~ :
Phe . ) cut* BICim-G-im exchange
[GIMm-Cy-imG][L-Pro} + Cl][L-Pro]z-Cu"*{%] [89]
Cu(ChCQ), + HO®
Tr [Gitro-Gs-troG)] [L-Pro} + [Tro-Gs-Tro][L-Pro}-
P CuN@),+ HO* Cf el
Tvr [Gitro-Gs-troGy][L-Pro} + [Tro-Gs-Tro][L-Pro}-
Y CU(NQ), + HO® Cu el
Benzene  [Gitro-Gs-troG)][L-Pro} + [Tro-Gs-Tro][L-Pro}-
glycine Cu(NQ), + HO® Ced]
Mandelic  [Gtro-Gs-troG,] [L-Pro} + [Tro-Gs-Tro][L-Pro}-
acid Cu(NQ),+ HO® C2189l
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Solidphase extraction

IL-basedsolidphase extraction§PEmethods aiming at extracting and separating
racemic compounds, in particular amino acids, although scarce, cover three distinct
approaches: (i) CILs immobilized on sifiéa™ (ii) CILs onhte preparation of molecularly
imprinted polymers (MIPS? and (iii) silicacoated magnetic nanoparticles modified with
CILE® A synopsis of the systems reported in literature is given in TaBleThe first
approach was studied by Marwaei al®® and Qianet al'®" In the former’® a newCIL
[C(L-Phe)][NT4], was immobilized on silica for the-Bhe enantioselective separation
from aqueous media. Data on adsorption isotherms revealed that the adsorption capacity
of the solid support for BPhe was of 97.35 % at pH 3.0. The feasibility of the
methodology was ultimately validated by implementing it to real samples with
satisfactory result®” In the later!® tropine-like CILECIf* complexes were immobilized
on silica by chemical modificatioma further used to carry on adsorption studies on
chromatographic column. The chiral resolution of two distinct amino acids, nabfnely
and Trp, was attempted. In both cases, distinct adsorptions &l l-enantiomers onto
the CIECU*-modified column allowed fully separating the enantiomers (enantiomeric
excess around 100 %! Yanget al.'®” on the other hand, turned their attention to the
second approach by applying the -sdluble 1butyl3-YSG K&t AYARIFT 2f Ad
aminohydrocinnamic acid (JGim][L-Phe]) to prepare surfaces of MIPs in acetonitrile for
the selective recognition of-Bhe. This pproach is schematically displayed in Figure 3.4.
Binding studies, such as adsorption kinetics, adsorption thermodynamics, SPE application,
and the chiral resolution of racemi®he mixtures were performed.Preferential
adsorption of thelL-Phe ove the D enantiomer was showmdditionally, this ll-based
copolymerizing process in acetonitrile, when compared with the traditional imprinting
process with acetonitrile/bD, created more binding sites and allowed a higher
adsorption of EPhe, resulting ithe selective separation ofRhe from other amino acids
(L=Trp and EHis), with a recovery above 90.6 %. With these results, the authors suggested
that [GGim][Phe] imprinting polymers provide a new pathway for separating amino acids
and their racemate$§? The third approach was matter of study in the work of étiwl **!

by bonding the CIL }Gim][L-Pro] onto silicacoated magnetic nanoparticles. Preliminary
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studies involving the direct separation of five distinct racemic amino acids with suet chir
magnetic nanospheres were performed. The good discriminating ability for racemic
amino acids was patent by the optical rotation showed by the supernatants collected
after contact with the chiral magnetic nanospherégp was further used to conduct
sepaation studies using the fabricated magnetic nanospheres by centrifugal chiral
chromatography. Playing with the mobile phase composition and gradients, st wa
possible to separate the twdrp enantiomers from each other, with a peak resolution of
1.5. Beyond the good chiral resolution ability, 6dsed magnetic nanospheres showed

great promise in the field due to the easy recycle via external magnetid¥ld.

o Separation/purification

Solid-phase extraction

Racemic amino acids Amino acid-based IL
v MIP +

Adsorbed L-Amino
Amino acid- acid
based ILs MIP I
—

D-Amino acid in solution

Figure 3.4. Schematic representation of -dased SPE processes for the selective

sepaation of enantiomeric mixtures of amino acids.
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Table 35. Enantiomeric separation of racemic compounds usingaded soligphase

extraction.
Racemic compound  System used Chiral selector
(9- i ) [90] [C(L-
1-(2-Napthyl) ethanol SiQ-[C(L-Phe)][NTH] Phe)][Nsz][gol
- FeO,@SiQ@6-diisocyanatohexane . ] 03]
Arginine (Com]IL-Prof™ [G:Gim][L-Pro}
. FeO,@SiQ@6-diisocyanatohexane . ) 03]
Cyseine (Gom[L-Prof™ [C:Gim][L-Pro}
, FeO,@SiQ@6-diisocyanatohexane . ) 03]
Glutamine (GomIL-Prof™ [C:Gim][L-Pro}
. FeO,@SiQ@6-diisocyanatohexane . ) 03]
Letcine (Gom[L-Prof™ [GCim][L-Prof
[Co(L- 001
ore SIQ-[Cy(L-Phe)]INT,*® SIG-[Gs Tro][L- [Pg?r]o[]'\[': g’ro]
Pro]c C#*°Y [C,Giim][L-Phe}MIP% c }’[91] G
[C.Gim][L-Phef*?
(oL
SiQ-[Gy(L-Phe)]INTH],P” SiQ-[CsTro][L- Phe)][NT4],”
Trp ProlCt* P! Fe,0,@SiC@6 [CsTro][L-Pro]¢g
diisocyanatohexan¢G,Gim][L-Prof* cut U
[GGim][L-Pro}*®

Scopes and Objectives

Many advances were made during decades to create safe andeeffinethods
for chiral resolution of drugs within a pharmaceutical industry frame. It ispaént that
asymmetric synthesis is the most powerful approach, with its importance being
recognized by The Royal Swedish Academy of Sciences who awarded tiePNpb of
Chemistry to three scientists on the field in 20%l.The shortcomings of such an
approach have been, however, identified along the years, with the high costs and lengthy
development processes and cumbersome operation hampering its broagicaton ™
19 Alternatives to asymmetric synthesis pass through the chiral resolution of racemic
drugs by ELLE techniques, which are considered as simpler, more flexible and éeaper.
ClLsbased ABS, although poorly explored for such a process, lbeee highlighted as

representing a performant and greener route for enantioseparatiohs®
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Given the lack of knowledge on how CILs perform as chiral resolution agents and
solvents in the separation of enantiomeric drugs and the restrictive arraylLsf l@therto
investigated®” 8 this thesis intends to expand the @lased ABS database and their
FLILX AOFoAfAGe (2 SylydAz2aSLINIrGA2yasd ¢2 | O
status of ILs will serve as motivation to design two sets of-lialésd ABSFirstly, CILs
with chirality at the cation core are usedection3.1.1) andsecondly,where the anion
will be the chiral structuresgection 3.1.2), which will expand the applicability of GIL
based ABS to either acidic or basic drugs. Furtbeemand to gather some insighon
the enantioseparation ability of such systems, some optimization studies entailing a

plethora of operational condition®thersthan the CIL structurevere performed.
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3.1.1. Aqueous biphasic systems using chiral ionic liqulslsaring chiral cations

for the enantioseparation of mandelic acid enantiomers

This section is based oa Silva, FA. Kholany, M.; Sintra, T. E.;Caban,M.;
StepnowskiP.;Ventura,S. P. M.Coutinhg J. A. PAqueous biphasic systems usi
chiral ionic liquids for the enantioseparation of mandelic acid enantionfeoévent

Extraction and lon Exchang@18, 36 (5), accepted
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manuscript with contributions from the remaining authors

Abstract

This work aims at extending the applicability of chiral ABS to enantioseparations
by using CILs simultaneously as phase forming agents and chiral selectors. After
determining the ternary phase diagrams of ABS composed of CILs and salts, these were
used to ascertain the CIL structure on the ABS aptitude to separate mandelic acid
enantiomers. Representative Ilcbased ABS were further employed in optimization
studies, where the mandelic acid content, temperature -litee length (TLL), salt and
phases weight ratio were studied. The influence of these parameters is shown to be
highly dependent on the CGhased BS, however the results here reported suggest that
the key driving the enantioseparation in these ABS is a combination of the
enantiorecognition ability of a given CIL with the solubility of mandelic acid in the

corresponding Citich phase.

Introduction

Given the limited application of CILs in the development of ABS for chiral
resolution purpose$: ?it is here intended to contribute towards the enlargement of-CIL

based ABS database and to provide furthresights on their enantioseparation aptitude.
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Initially onthis work, the phase diagrams of ABS composed of CILs based on quinine, L
proline and kvaline and three salts (vizgRQ, KHPQ and kKCQ) were determined. The

low toxicity, significant water sobility and proved chiral recognition aptitude of this set

of CILs recently synthesized by some of us showcase the interest of their implementation
in chiral AB$! Their enantioseparation aptitude was further evaluated and optimized
using mandelic acida key precursor in chiral pharmaceuticals manufacturing, as model

chiral compound.

Experimental

Materials

Six cationic CILs were synthesized in this workethyl quininium methylsulfate,
[CQuII[GSQ]; N,NdimethytL-proline methyl ester iodide, [CiGPro]l; N,N-dimethy}L-
proline methyl ester methylsulfate, {GGPro][GSQ]; N,N-diethylL-proline ethyl ester
bromide, [GGGPro]Br; N,N,Ntrimethyl-L-valinolium iodide, [@GGVal]l; and N,N,N
trimethyl-L-valinolium methylsulfate, [(C;GVal][GSQ]. For the synthesis, the reagents
used were quinine, Qui (purity = 98%), iodomethaneglQBurity = 99%), dimethyl
sulfate, (CH).SQ (purity = 99%), dichloromethane anhydrous,,CH(purity = 99.8%),
ethanol, GHsOH (purity = 99.8%), acetonesHgO (HPLCrgde), potassium carbonate,
K:CQ 0 LJdzNA (i & -pralineghlé®o Ephrity[= 99%), bromoethane, §HBBr (purity =
98%), acetonitrile, GJEN (purity = 99.8%), chloroform, CH@urity = 99%), daline, L
Val (purity = 98%), tetrahydrofuran anhydrous,H§O (purity = 99.9%), sodium
borohydride, NaBH (purity = 99%), sulfuric acid,»$Q (purity = 99.9%), methanol,
CHOH (purity = 99%), ethyl acetate,HgO, (purity = 99.8%), potassium hydroxide, KOH
(purity = 90%), formic acid, HCOOH (purity = 98%), forhgatte, ChD (37 wt % in water
solution) and hydrochloric acid, HCI (37 wt% in water solution) acquired from Sigma
Aldrich. The salts used in ABS wemagsium phosphate tribasicgRQ, (purity = 97%),
K:CQ O LJdzNR (1 @ % -papedssiu; hyldrggen pRosphate trihydrate;HPQi o0
(extra pure) and were respectively purchased at Aésar, Sigméldrich and Scharlau.

The enantiomers used weiR(-)-mandelic acidRMA (purity = 99%), an8&(+)mandelic
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acid, SMA (purity = 99%), both supplied by Acros Organics. The chemical structures and

abbreviations of the ClLs and mandelic acid enantiomers are depicted in Bi§ure

CiLs
0]
~ O/
.;;’-"';\.--"/__.‘:_‘?.‘ N - ’ S ~
< 70
F 0 -
I\'\._/"“\_ OH HO/_ ~ HO
N
...--’O“--\_v/""'ﬁ*i‘-_\ = /N '\ I | D ,0
| ) | . ;S .\'O_
. =F O

[c,Qui][C,50,]  [C,C,CVal]l  [C,C,C,Val][C,S0,]

[ + -
O _.{}-'O ~ Br
T S -
J (0]
[C,C,C,Pro]l [C,C,C,Pro][C,S0,] [C,C,C,Pro]Br
o] O

%y R-MA - SMA

Figure 3.5.Chemical structures and abbreviations of the CILs and mandelic acid

enantiomers investigated.

For the HPLOAD analysis of the mandelic acid enantiomers, copper (Il) sulphate
pentahydrate, CuSEbHO (purity > 98%), -phenylalanine, {Phe (purity > 98%),
purchased from AnalaR and Alfa Aesar, respectively, and methanol (HPLE argdeed
from Fisher Chemical, were used for the mobile phase. Ammonia solution at 25% was
obtained from Chenlab. Ultrapure water (double distilled and then treated with a Milli
Q plus 185 water purification apparatus) was used for the HPLC an&ysisye filters
ondnp >YUO YR NBISYSNI ISR OStfdAf 2aS YSYo

Specanalitica and Sartorius, respectively, were used during filtration steps.

Synthesis of the chiral ionic liquids based on quininegyroline and Lvaline
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The sixCILs here used were synthesized in our laboratory according te well
established protocol§! Briefly, an alkylation reaction between dimethyl sulphate and
quinine yielding [Qui][GSQ] was performed, {valinebased CILs were obtained in a
three step swythesis entailing reduction of-taline, Eschweile€lark reaction and\-
alkylation and tproline-based CILs were synthesized by alkylation reactions between L
proline and iodomethanepromoethane ordimethyl sulphateaffording [GGGPro]l,
[GGGProlBr or [GGGPro][GSQ], respectively. Relevant features of CILs, namely
melting temperature (mn, °C), decomposition temperaturel{, °C) and specific rotations

(I ) can be consulted iAppendix D TableD1.*!
Determination of the phase diagramsnal tie-lines

The ternary phase diagrams of the ABS composed of ClLsz;B@ KCQ or
K:HPQ were determined through the cloud point titration method at 25 (+ 1)*Qo
agueous solutions containingrca6-70 wt% of CILs, the alternate dreyse additon of
an aqueous solution of salt a&irca40 wt%50 wt% and of pure water was performed
under constant stirring. The repetition of this procedure allows, by turns, entering the
biphasic region (turbid solution) and reaching the monophasic region (ctdatian),
respectively. By weight quantification (+4@) after the addition of each solution, the
ternary systems compositions of the phase diagram were determined. The experimental

binodal curves were fitted bygiation3.1

8

#) , 0A

where [CIL] and [salt] are the CIL and salt weight fraction percentages,

(Equation 3.}

respectively, whileA, B and C correspond to the fitting parameters. The {iiees were
gravimetrically determined, as originally proposed bgrbhuket al®® A ternary mixture
composition formed by CIL + salt + water located at the biphasic region was prepared
within + 10* g, vigorously stirred and left to equilibrate at 25 (+ 1) °C for at least 12 h.
Both phases were then separated and weidh@he leveiarm rule by the relationship
between the top CHich phase and the overall system weights allowed calculating each

tie-line. Detailed guidelines on the tlmes determination can be found elsewhéfk.

Separation of mandelic acid enantiometsing ABS
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Mixture points localized in the biphasic region of the phase diagrams were
selected to conduct studies on racemic mandelic acid enantioseparation. The systems
were gravimetrically prepared (within + $@) by adding the correct amounts of C3hlt
and water along with equal amounts of two aqueous solution&uofandelic acid an&
mandelic acid both prepared at the same concentratioris. (L0, 50 or 100 mg.mf) to
yield the desired final content in the ABS. Throughout this work, the evatuafidistinct
O2yRAGAZ2YyAa 41 & OFNNASR 2dziY /L[ Q& &G NHzOG dzNJ
and mixture points along the same TL. The overall mixture compositions and conditions
are detailed inAppendix D TableD2. The CILs were placed in cacit with the mandelic
acid enantiomers in aqueous solution for at least 12 h under constant stirring (300 rpm)
at the desired temperature, to promote specific interactions between the CIL and the
target enantiomers, as recommended elsewhéteThe salt wa added after such a
period to induce liquidiquid demixing. To this a period of equilibration of at least 12 h
under the desired temperature followed, to guarantee complete separation of the phases
and partition of the enantiomers among phases. The pbasige top being Cltich and
the bottom being saltich, were then separated and weighed (within £*1g). Cltrich
phases were submitted to HPIDAD analysis for mandelic acid enantiomers
guantification. In order to estimate the average extraction/enastparation parameters
and the corresponding standard deviations, triplicates were performed.

The percentage extraction efficienciesRénd Smandelic acidERma and EEua,

%) were separately determined according to tapiation 3.2:
00Q b —/—— pnmn (Equation 3.3
j

where | is the mass oRor Smandelic acid present in the @iich phase

j

andl j is the mass oRor Smandelic acid originally added to the ABS.
The enantioneric excesse(e, %) present in the Gtich phase was calculated in

accordance tdgquation 3.3:

ABEP —m pnM (Equation 33)

in whichl and| are the mass o$and R-mandelic acid present in the

ClLrich phase, respectively.
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Mandelic acid enantiomers quantification

Mandelic acid enantiomers were quantified by HMAD using an analytical
method adapted from Yuet al. with modifications!® The liquid chromatograph HPLC
Elite LaChrom (VWR Hitachi) used for this purpose was equipped with a diode array
detector (DAD)-2455, column oven2300, autesampler 12200 and pump-2130. A &
reversedphase analytical column (LiChrospher 1001RP5 pm, 250 mm x 4 mm i.d.)
linked to a guard column (5 pm, 4 mm x 4 mm) with the same stationary phase was used.
Thecolumn oven and autosamplevere operated at controlled temperature of 22 °C and
25 °C, respectively. The mobile phase was made up of water:methanol [85:15 (v/v)], 2
mM L-phenylalanine and 1 mM Cu$@t pH = 4.00 (+ 0.02), adjusted by adding an
ammonia aqueous solution at 5 wt%. The separation was carried out using isocratic
elution at a flow rate of 0.8 mL.mifnand the injection volume was 20 pL. DAD was set to
measure he spectrum from 200 to 600 nm, with a specific wavelength of 270 nm being
used for Rmandelic acid andSmandelic acid quantification. Calibration curves were
previously determined using stock solutions prepared in water:methanol [85:15 (v/v)] at
concentations of 10c 500 pg.mL of each enantiomer. ThRenantiomer elutes first, at a
retention time of around 11.7 min, followed t&eluting at approximately 13.2 min. The
LOD and LOQ were, respectively, 5 pgmhd 10 pg.mt for both enantiomers. Intra
and interday precisions were 0.23.29 % and 1.39.88 % folR:MA and 0.7%6.59 % and
4.01-:6.40 % forSMA, respectively. Intra and intafay accuracies were 95127 % and
96.4118.4 % forRMA, while for SMA they were of 97.326.2 % and 93-:024.6%,
respectively.The Cliich phases were diluted using water.methanol [85:15 (v/v)] and

filtered using syringe filters (0.45 um). At least two injectipessample were done.
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Results and discussion

Ternary phase diagrams and times

The knowledge of theCll-based ABS phase diagrams is essential for the
development of enantioseparations. To accomplish this, the ternary phase diagrams
composed of five CILs, GGVal]l, [GGGVal|[GSQ], [GGGPro]Br, [@GGPro]l and
[CQUI[GSQ], and KPQ, a strongsaltingout agent!” were measured at 25 (+ 1) °C.
[C.GGPro][GSQ] was not able to form ABS withRQ. Two additional salts,,KQ and
KeHPQ, were paired with [@GGProlBr to evaluate the role of salt type upon ABS
formation.

The ternary phase diagms are shown in Figur&b6 and 3.7 in weight fraction. All
detailed experimental data related (ternary phase diagramesght fraction compositions,
Equation 3.1 regression parameters and TL information) are providedAppendix D
(TableD3 ¢ TableD11). The ternary phase diagrams determined in this study provide
information on the CILs and salt role upon ABS formation (Figgu&sind 3.7). The
biphasic zone is placed above the binodal curve meaning that the broader this is the more
prone is the CIL tafm ABS.

As observed in Figu@6x (G KS [/ L[ &Q I 0 AsPQadarebe iarkkedB2 NI
follows (at fixed CIL weight fraction composition of 10 wt%)QG][GSQ] > [GGCVal]l
> [GGGVal[GSQ] > [GGGPro]Br > [@GGPro]l. Within the ClLstudied, it is possible
to infer on both cation ([@ui][GSQ] vs. [C:CGVal][GSQ] vs.[C:.GCPro][GSQ]) and
anion role ([@GGVal]lvs.[GGGVal[GSQ]) on the ABS formation. The cation effect is
driven by the hydrophobicitydrophilicity of tle cation, where the order [Qui]" >
[C.GCVal] > [GGCGPro] directly correlates with the octanabater partition coefficients
of their precursors (lo¢fw of 3.44,-0.08 and-0.10 for quinine, valinol and proline methyl
ester, respectivel?). In cbse agreement with previous studiésthe more hydrophobic
the CIL the highers its aptitude to form ABS. It should be highlighted that, although
valinol and proline methyl ester possess similar &g, [GCCPro][GSQ] failed to
induce phase sepatian in presence of #Q. This can be attributed to the higher

hydrophobicity of the cation when compared to the parent compound, due to alkylation:
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while the addition of 3 methyl groups is done to valinol, only 2 methyl groups are added
to proline methylester ¢f. Figure3.5).

In general, the ability of an IL anion to create ABS is related with the decrease in
their hydrogenbond accepting abilityi .2 ¥ The aforementioned rank placesds a
better two-phase formation inducer than {SQ]’, in good agreement with their relative
position in the scale of hydrogen bond basicity of ILs proposedClaydioet all*”
Although [GGGPro]Brvs. [CGGPro]l do not allow direct comparisons, it should be
noted that Bf is a stronger hydrogehond acceptor than™ ¥ being thus expected to
yield smder biphasic regions. Since the opposite is observed, the effect of longer alkyl

chains in [&@5GPro]Br may overwhelm that of the anion natuie. Figure 3.3.
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Figure 36. Phase diagrams of ABS composed of ClLs aR@ kat 25 (+ 1) °C:
[CQuIl[GSQ] (blue dashed line), [CiGValll (red dashedotted line),
[GGCGVal][GSQ] (green dashed line), }GGPro]Br (dark blue solid line) and
[C.G.GPro]l (orange dotted line).

Figure3.7 shows the ability of three salts to promote phase separation, which ca

be rated as follows (at fixed CIL weight fraction composition of 10 wifRRDK HPQ >
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K:CQ. This ranking follows the Hofmeister series as previously established in the

literature for ABS composed of ILs and s&fts?
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Figure 37. Phase diagrams of ABS composed @CJGPro]Br and salts at 25 (= 1) °C:
KsPQ (dark blue slid line), KHPQ (red dasheetotted line) and KCQ (green dashed

line).
ClLshased ABS: evaluating the impact of CILs structures in enantioseparation

An initial screening comprising the five ®Hsed ABS developedgpendix D
TableD2) was done in orer to understand the role of the cation/anion structures on the
enantioseparation oR- and S mandelic acid structures. The extraction efficiencies(
va and EEsua) as well as enantiomeric excesse®| obtained are depicted in Figure83
and detailal in Appendix D(TableD12). TheEk;sua Values reveal a similar partition of
mandelic acid between the two phases, or a preferential partition of mandelic acid for the
saltrich phase. Under the conditions adopted (initial biphasic mixture compositions,
temperature and mandelic acid contemt Table D2 in Appendix ), all ClLs exhibited
preferable chiral recognition for th&mandelic acid over th& enantiomer, with modest
e.e.(1.61+£0.92 % to 17.37 + 1.92 %). Moreover, valine and proéised CILs seeto be

more promising than the quininbased CIL.
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In general, electrostatic interactions between mandelic acid and the CIL cations
LIX & 'y AYLR NI yli2 ANRIE SDadREnhutiiér& ogritionKpkaBeSs,
since mandelic acid is deprotonated (pka3.75 and pkeas= 13.57, Figur®1in Appendix
D) under the alkaline pH induced byRQ. Given the chemical structures of the CILs
and mandelic acidc{. Figure3.5) and the results found, it seems that other interactions
can act in the mandelic acehantiomeric discrimination by valine and prolibased CILs.
Moreover, and contrarily to what is reported in literature when aromatic chiral
recognition agents and solutes are pres€fit” Ay G KA & & £JS GaiTAG] AQ13a S
not seem to contribu¢ to the enantioseparation of racemic mandelic acid, since
[CQuII[GSQ] (the only CIL bearing aromatic rings) yielded the loveest

It has been previously shown that factors other than the CIL structure may affect
the enantioseparation ability and thasuch impact is dependent on the ABS phase
formers™ 2 Bearing this in mind, optimization studies will be carried for two CILs, the
least and the most performant ones, aiming to gain further insight on the phenomena

governing enantioseparations in the€Itbased ABS.
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Figure 38. Extraction efficiencies Hrma, yellow bars andEEwa, green bars) and

enantiomeric excesses.g, diamonds) obtained with five Chlased ABS at 25 (+ 1) °C.
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[CQUI[[GSQ]-based ABS: evaluating the impact of mandelic cactontent,

temperature and TLL in enantioseparation

[CQuII[GSQ], here identified as the weakest enantiorecognition agent, was used
for further optimization to understand whether its enantioseparation ability could be
improved by modifying the operatioh@onditions. Mandelic acid content, TLL (varied by
changing the mixture point) and temperature were evaluated, as presentdgpendix D
(TableD2). The results obtained are depicted in Fig@® and detailed inAppendix D
(Table D12) and suggest thatalthough having distinct effects on the extraction and
separation of mandelic acid enantiomers, the parameters evaluated lead to better
enantioseparations [from nearly 0 to a maximugre. of 7.88 £ 0.70 % obtained with
[C:Qui|[GSQ]-based ABS at 15 (+°0].

While a decline of about 15 % dff/sma iS Observed, an increase ofrca 3.8
times ine.e.occurs by raising mandelic acid content in the system (Fig§&). So, the
enantioseparation seems to be ruled by a compromise between the solubility ndefia
acid in the CHdch phase and the more favorable interactions between the CILSnd
mandelic acid. The TLL effect is marginal under the conditions studied in this work (Figure
3.9B). Temperature, in turn, has a significant impact inEagswva, likely as a result of the
increasing solubility of mandelic acid in the G¢h phase at 45 °C (Figu&9C).
Furthermore, Figure3.9C provides support of a tradaff between El/sua and e.e.
parameters.e.e. is higher for lower temperaturese(g., 15 °C)where the molecular
Y2U0A2ya I NB af 2 ¢ Shanhdelic Rdf, QUGB NA yAT/ GBS Odi A 2 v
same behavior was previously observed in a work on the chiral separation of

phenylalanine enantiomers with Gilased ABS!
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Figure3.9. Impad of mandelic acid content (A), TLL (B) and temperature (C) on the extraction efficideigigs, (/ellow bars andEka,
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[GGGPro]Brbased ABS: evaluating the impact of mandelic acid content,
GSYLISNI GdzNB> ¢[[Z alfd IyR LKIFASAaQ ¢SAIKE N

Since the best enantioseparations were achieved withG{GPro]Br and
[C.GGVal][GSQ], the role of the operational conditions oe performance of these
ABS was further studied. The(&GPro]Br was used as a model chiral selector to
SOl tdza S GKS AyFfdzSyOS 2F YIYyRStAO | OAR O2
weight ratio, as specified in Tabl® in Appendix D Figure3.10 overviews the results
obtained with ABS composed ofo{GGPro]Br and KPQ, and reveals a complex scenario
regarding the impact of distinct operational conditions upon mandelic acid
enantioseparation (detailed data provided Appendix D TableD12). When mandelic
acid content$ increased from 0.17 wt% to7lwt% in the ABS, a 37% dropBR/swua is
observed. The maximum enantioseparation is achieved at intermediate mandelic acid
concentration é.e.= 17.37 + 1.92 %) Figure 3.10A - this seeming tobe the optimal
YFEYRSEAO FOARK/ L[ QEOPIBHBXINYRIEA A2 A B2 NA | 0!
shift towards Renantiomer higher partitions to the Ciich phase seems to occur
(negativee.e.values are merely indicative offamandelic acid enricdd mixture) at cost
of e.e. at the lowest €.e. of 4.91 + 1.34 %) and highest.€. of 6.40 £ 2.92 %)
concentrations ascertained. Although this behavior may seem odd, similar results are
found in literature, showing that low to intermediate concentrationare
enantioseparation boosters®?? It should however be emphasized that the type of
system, chiral selector, operational conditions and racemic compound may lead to
different dependencie&: © 2> ?2The lowest concentration of mandelic acid invgated
aSSya (G2 NBaildNROILGAGOBSEIOYRABNEY OS ORHE aky G SN
limiting enantioseparatiorf’

The TLL influences both the extraction and enantioseparation performance of
[CGGProlBrbased ABS, as shown in FigBr@0B. Mixure points yielding longer TLLs,
i.e., higher concentrations of both CIL andPK) in both top and bottom phases,
respectively, promote the extraction of mandelic acid towards theriCh.phase. This

may be explained in the light of hydrophobic interaogooccurring between the mandelic
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acid and the [€5GPro]Br in the top phase. However, enantioseparations are less
efficient under such conditions, indicating that the relative amounts of CIL/salt in the top
phase and mandelic acid in the system are @utd design efficient Clhased ABS.
Contrarily to what was observed for jJQuil[GSQ], the temperature does not
significantly affectElRisma Or e.e. (Figure 3.0C). Therefore, both the solubility of
mandelic acid in the C,GPro]Brrich phase and thepecific interactions taking place
between the CIL and th&enantiomer seem to be unaffected on the temperature range
studied.
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The action of two additional salts #PQ and KCQ) on the enantioseparation
ability of [GGGPro]Brbased ABS was evaludtdt has been widely shown that the salt
used has an important influence in the extraction and separation of a solute usin§' ABS,
in particular if enantiomeric separations are targetédrigure3.11 shows that also here
the enantioseparation is depeedt on the salt used. Under the conditions assessed,
KsPQ ranks first é.e.= 17.37 = 1.92 %), followed byGQ (e.e.= 5.79 = 0.12 %), while
K:HPQ completely failed to separate mandelic acid enantiomexe.(= 0.82 + 0.18 %)
(detailed data providedn Appendix D TableD12). These salts create an alkaline pH in
ABSDH ( =8.32 £ 0.02D ( =11.68 + 0.02 an® ( =12.99 + 0.02), so that
mandelic acid is deprotonated (pKa 3.75 and pka= 13.57)). In pesence of ¥PQ,
mandelic acid deprotonates displaying a distribution of approximately 79 % and 21% for
mono- and divalent ions, respectivel§. The amount of divalent ions further decreases
with decreasing pH, down to around 1.34 %Q®&) and completelyanishes at pH 9.2
(FigureD1 in Appendix D! Better recognition ability seems to be accomplished when
divalent mandelic acid ions are present in solution, in agreement with previous insights
gathered in the chiral separation of mandelic acid in méecedlystems containing copper
i -cyclodextrincomplexes as chiral select4f! Alongside, mandelic acid partitions majorly
to the Clkrich phase (more hydrophobic) whenHPQ is used ERrma = 81.90 + 5.59 %
and EEva = 81.63 £ 5.08 %), while an almostue@lent distribution of mandelic acid
between the two phases is observed faPIQ, (ERva = 44.62 £ 2.50 % aritlsya = 61.58
+ 3.96 %) and KQ (ERma = 55.13 + 0.03 % anfleya = 62.61 + 2.31 %). Divalent
mandelic acid is more polar than its monail congener, what may explain this
extraction profile. It should be highlighted that the enantioseparation in these ABS may
be additionally influenced by specific interactions promoted by the salt ions or distinct

solubility profiles exhibited by mandekcid in the corresponding ABS phases.
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green bars) and enantiomeric excessese( diamonds) obtained with C,GPro]Br

based ABS.

The body of results hithertoreported provides some evidence that the
performance of Clbased ABS in the enantioseparation of mandelic acid may be
improved by manipulating the solubility of mandelic acid in the-rfeh. phase. At first
glance, the preferential partition of th&enartiomer to the [GGGPro]Brrich phase is
enhanced by constraining the mandelic acid solubility. To confirm this hypothesis,
partition studies were carried out along the same TL for two distinct AEFSOKand
K:HPQ-based), meaning that different weightatios were used while the phases
compositions were kept constant (Figusel2 and TableD12 fromAppendix ). As shown
in Figure3.12A for the KPQ-based ABS, almost complete partition of mandelic acid
towards the [GGGPro]Brrich phase occurs for sysnhs possessing larger @ith phases
(ERRma = 87.17 £ 7.70 %94.51 + 5.94 % anBEya = 86.63 £ 8.15 %92.81 + 5.79 %).
When the phases weight ratio is decreased, the-rCh. phase becomes saturated, as
revealed by the decreasing of mandelic acadtjion (EERma = 37.32 £ 2.74 % aritisma
= 48.10 £ 2.62). In previous studies distinct solubility profiles of the phenylalanine

enantiomers in CILs phases were also obselvéd.A completely distinct pattern was

165



observed by replacingsRQ, by KkHPQ, where neitherEl/;sua NOr e.e. significantly vary
along the tie line (Figurd.12B), what must be related with the effect of the pH upon the

charge of the mandelic acid as discussed above.
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Figure 3.R. Extraction efficienciesEfgwva, yellow bars ad EEwma, green bars) and
enantiomeric excesse®.g, diamonds) obtained with ABS composed oiGG,Pro]Br +
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Critical assessment of chiral ABS application in the enantioseparation of

mandelic acid
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As aforementioned, the satisfactory compromise between @fitctiveness,
broad applicability, easy operatiomd scaleup® ?®’has placed ABS in the spotlight. Four
works using chiral ABS for chiral separation of mandelic acid enantiomers were previously
reported. While most are based on the introduction of an extra chiral agent to thé'ABS,
232l one proposes the use of chiral phase forméfsThe phase formers are focused on
polymersalt!*® alcohotsalf?” and micellar systenfs! A y O2 N1J2-bitladéxyird |
derivatives as well as on polympolymer ntroducing a chiral compound acting as both
phase former and chiral ageHt! The enantioseparation ability is commonly evaluated by
determining e.e. (Eq. 3) and/or enantioselectivity ( the ratio between the partition
coefficients of mandelic acid enaoimers). Overall, the enantioseparation abilities
hitherto reported are highly dependent on the type of ABS and conditions adopted:
ethanok(NH,),SQ + sulfonated -cyclodextrin withh = 1.69 ande.e. = 16 %*"
poly(ethylene) glycelNH;),SQ b -cyclodetrin with h = 2.46 ande.e.= 42 %!* and
Triton %114 + coppef -cyclodextrin complex withe.e. = 68 % Yet, the
implementation of chiral phase formers yields less efficient enantioseparations (
1.27)8 with this strategy, also employed inishwork, the technological simplicity,
target enantiomer polishing and ABS constituents recycling and reuse are entHdhced.
Moreover, with the ability to overcome technological limitations of polymeric 8BS
(e.g.,viscosity of the phases, limited hyaphobicity-hydrophilicity range and difficulty to
find pairs of polymers able to form ABS), the-kdked ABS here developed are somehow
more efficient (maximune.e.of 17.37 + 1.92 %). In addition, the possibility of using chiral
cationic and/or anionic pups?® affords the opportunity of designing specific CILs
structures able to interact more specifically with some particular enantiomeric structures,
avoiding the use of complex extraction systems, since these can act simultaneously as
chiral selectorsand solvents. Most purification systems reported in literature lack
specificity towards the enantiomers structures, which leads to low specificity on their
separations. Moreover, ILs can be combined with a large range of phase formers to
generate ABS! providing an extra degree of tailoring the enantioseparations. Such
features offer unique opportunities to plan ABS to match specific enantioseparations.

Finally, some CILs show great promise in the field as they can be synthesized by simple,
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practical ad benign route$® using natural precursof8 and available in large scdfé
However, given the limited understanding on their enantiorecognition mechanisms, the
design of efficient chiral ABS platforms still relies on dasease studies and theroad

applicability of ABS for these separations remains challenging.

Conclusions

On the search for alternative enantioseparation techniques, this work proposes
the implementation of CILs as chiral phase formers in ABS to resolve racemic mandelic
acid. Theternary phase diagrams of ABS constituted by five CILs bearing chirality in the
cation and salts were ascertained under ambient conditions, with the hydrophobicity of
the CIL cation and the salting out aptitude of the salt dictating the-plvase separabin
aptitude. After an initial screening where all five CILs were ranked according to their
relative ability to separate mandelic acid enantiomers, a maxineuenof 17.37 £ 1.92 %
was achieved with [{TG,GPro]Br. The most and least promising CILs were cbbjé
detailed optimization, comprising the parameters mandelic acid content, temperature,
¢[[Z albfd FYyR LKIFIaAaSaQ ¢SAIKG NradraAzo 2A0K
remaining conditions were shown to influence the enantioseparation. Such is@ae
highly dependent on the ABS nature: while temperature was the main factor improving
the enantioseparation ability of [Qui][GSQ]-based ABS, JG;GPro]Brbased ABS was
mainly influenced by the salt used and the phases weight ratio. Based orptineization
results it seems that the saturation of the €ith phase rules the enantioseparatio®:
mandelic acid (the enantiomer with higher affinity for this set of CILs) remains in the CIL

rich phase, whil&mandelic acid partitions to thesRQ-rich phase.

References

[1] Wu, D.; Zhou, Y.; Cai, P.; Shen, S.; Pan, Y. Specific cooperative effect for the
enantiomeric separation of amino acids using aqueous-plvase systems with task
specific ionic liquidsburnal of Chromatograph2015,1395 6572.

[2] Wu, H.; Yao, S.; Qian, G.; Yao, T.; Song, H. A resolution approach of racemic
phenylalanine with aqueous twphase systems of chiral tropine ionic liquidsurnal of

ChromatographyA 2015,1418 150157.

168



[3] Sintra, T. E. Synthesis of more benigniddiquids for specific applications. PhD
Thesis, University of Aveiro, 2017.

[4] Freire, M. G.; Claudio, A. F. M.; Araujo, J. M. M.; Coutinho, J. A. P.; Marrucho, |. M.;
Lopes, J. N. C.; Rebelo, L. P. N. Aqueous biphasic systems: a boost brought abimgt by
ionic liquids.Chenical Society Revievi2d12,41 (14), 49664995.

[5] Merchuk, J. C.; Andrews, B. A.; Asenjo, J. A. Aqueouphase systems for
protein separation: Studies on phase inversidaurnal of Chromatography B Biomedical
Scences and Apjaations1998,711(1), 285293.

[6] Yue, Y.; Jiang, -X.; Yu, &G.; Tang, KW. Enantioseparation of mandelic acid
enantiomers in ionic liquid aqueous twahase extraction system&hemical Papei2014,

68(4), 465471,

[7] Chemspider- The free chemida database at http://www.chemspider.com
(accessed Feb 10, 2018).

[8] Claudio, A. F. M.; Ferreira, A. M.; Shahriari, S.; Freire, M. G.; Coutinho, J. A. P.
Critical Assessment of the Formation of IehiquidBased Aqueous TwBhase Systems

in Acidic MediaJaurnal of Physical Chemisti32011,115(38), 1114511153.

[9] Passos, H.; Dinis, T. B. V.; Claudio, A. F. M.; Freire, M. G.; Coutinho, J. A. P.
Hydrogen bond basicity of ionic liquids and molar entropy of hydration of salts as major
descriptors in the drmation of aqueous biphasic systent¥hysical Chemistry Chemical
Physic018 20 (20), 1423414241

[10] Claudio, A. F. M.; Swift, L.; Hallett, J. P.; Welton, T.; Coutinho, J. A. P.; Freire, M. G.
Extended scale for the hydrogdrond basicity of ionic duids. Physical Chemistry
Chemical Physi@914,16 (14), 65936601.

[11] Shabhriari, S.; Neves, C. M. S. S.; Freire, M. G.; Coutinho, J. A. P. Role of the
Hofmeister Series in the Formation of lothiguidBased Aqueous Biphasic Systems.
Jaurnal of PhysidaChemistryB2012,116(24), 72527258.

[12] Li, S.; He, C.; Liu, H.; Li, K.; Liu, F. lonic-lqsied aqueous twphase system, a
sample pretreatment procedure prior to higherformance liquid chromatography of

opium alkaloidsJournal of ChromatograptB2005,826(1), 5862.

169



[13] Kacprzak, K.; Maier, N.; Lindner, W. Unexpected enantioseparation of mandelic
acids and their derivatives on 1,2/%azololinked quinine tertbutyl carbamate anion
exchangeaype chiral stationary phaselournal of Separatio Science010, 33 (17-18),
2590-2598.

[14] Chen, S. The enantioseparation of amino acids on a teicoplanin chiral stationary
phase using no@aqueous mobile phases after polumn derivatization with sulfur
containing reagents: the considerations of mobidase composition and analyte
structure variation on resolution enhancememiomedical Chromatograpt8006,20 (8),
718728.

[15] Jitsukawa, K.; Katoh, A.; Funato, K.; Ohata, N.; Funahashi, Y.; Ozawa, T.; Masuda,

H. Kinetic Resolution of rdhenylalanie by Stereoselective Complexation to a Chiral

/206 tG [/ 2YL}X SE ( KNER dz3 Mnorgakic Chémistr@0Q3 4¢ @0), L y i S NI

61636165.

[16] 21 y3as WoOT ,Fy3aA3 | &T | dzZ -cyébdextrin deBvatve - T
based aqueouswo phase gstems: Phase behaviors and applications in
enantioseparationChemical Engineering Scier&¥6,143, 1-11.

[17] Chen, X.; Wang, J.; Jiao, F. Efficient enantioseparation of phenylsuccinic acid
enantiomers by aqueous twphase systenbased biphasic recogion chiral extraction:

Phase behaviors and distribution experimen®socess Biochemist®015,50 (9), 1468

1478.

[18] Tan, Z.; Li, F.; Zhao, C.; Teng, Y.; Liu, Y. Chiral separation of mandelic acid
enantiomers using an aqueous tvphase system based amthermaosensitive polymer

and dextranSeparation and Purification Technoldf17,172, 382387.

[19] Tan, L.; Long, Y.; Jiao, F.; Chen, X. Enantioselective extraction of mandelic acid
enantiomers by aqueous twphase systems of polyethylene glycol anchraonium

adzZ FI 0SS a@plgdeitrih gsichira selectafournal of the Iranian Chemical Society
2011,8 (4), 889896.

[20] Meng, H.; Yan, T.; Jiao, F.; Wang, S. Enantioseparation of Phenylsuccinic Acid

Enantiomers by Solvent Sublation with Collabweat Selectors.Journal of Solution

Chemistry2017,46 (12), 21592170.

170

W



[21] Wang, Z.; Hou, Z.; Yao, S.; Lin, M.; Song, H. A new and recyclable system based on
tropin ionic liquids for resolution of several racemic amino acikiglytica Chimica Acta
2017,960, 81-89.

[22] Wang, J.; Chen, X.; Jiao, F. Enantioseparation of phenylsuccinic acid enantiomers
based on aqueous twphase system with ethanol/ammonium sulfate: phase diagrams
optimization and partitioning experimentsJournal of Inclusion Phenomena and
Macrocyclic Chemisti3015,81 (3), 475484.

[23] Xing, 3M.; Li, RF. Chiral separation of mandelic acid by temperaincuced
aqueous twephase systemJournal of Chemical Technology and Biotechnokiify, 87

(3), 346350.

[24] Tang, F.; Zhang, Ren, D.; Nie, Z.; Liu, Q.; Yao, S. Functional amino acid ionic
liquids as solvent and selector in chiral extractidournal of Chromatography 2010,
1217(28), 4664674.

[25] Soares, R. R. G.; Azevedo, A. M.; Van Alstine, J. M:Bames, M. R. Padtioning

in agueous twephase systems: Analysis of strengths, weaknesses, opportunities and
threats. Biotechnology Journ&i015,10(8), 11581169.

[26] Igbal, M.; Tao, Y.; Xie, S.; Zhu, Y.; Chen, D.; Wang, X.; Huang, L.; Peng, D.; Sattar, A.;
Shabbir, MA. B..et al. Aqueous twephase system (ATPS): an overview and advances in

its applicationsBiological Procedures Onlig616,18, 18.

[27] Li, FF.; Tan, Z); Guo, ZC® 9VYy I YyiA2aSLI NI GA2Y- 2F Yl
cyclohexylmandelic acid using an alcohol/dmted aqueous twphase systemChemical
Paper2014,68(11), 15391545.

[28] Payagala, T.; Armstrong, D. W. Chiral ionic liquddsompendium of syntheses

and applications (20@2012).Chirality2012,24 (1), 1753.

[29] Blaser, HU. Chirality and its implications for the pharmaceutical industry.

Rendiconti Lincei013,24 (3), 213216.

171






3.1.2. Aqueous biphasic systems using dirionic liquidsbearing chiral anions

for enantioseparations

This section is based on e Silva, F. A.; Sintra, T. E.; Rocha, S. N.; Mont
Ventura, S. P. M.; Coutinho, J. A. P. Aqueous biphasic systems composed

liquids bearing chiral aniorfer enantioseparationsn preparation

Contributions:J.A.P.C conceived and directed this work. Francisca A. e Silva,
S.N.R. and C.M. acquired the experimental data. This chapter is the second pe
work involving synthesis and characteripat of ILs, which was responsibility

T.E.SY Francisca A. e Silva was responsible for ABS phase diagrams determ
and further application. Francisca A. e Silva, T.E.S., S.P.M.V. and J.A.P.C. int
the experimental data. Francisca A. e Silv&.S. and J.A.P.C. are the responsibl

the manuscript preparation with contributions from the remaining authors.

Abstract

In this work, a study in the field oflLsbhased ABSfor enantioseparations is
reported. It firstly addresses the use of amiacids as chiral anions in the synthesisLsef
to be further applied in the formulation of ABS. Secondly, two different types of ABS were
developed, namely CIL + salt and CIL + polymer, by the determination and
characterization of their phase diagramege allowed inferring on the role of CIL anion,
salt and polymer in théwo-phaseformation. The application of such eélased ABS in the
enantioseparation of racemic basic drugs is suggested, for which future work will be

required.

Introduction

Amino aails have been studied as ions of ILs due to their aptitude to function as
cationd® ® or anions™ ¥ their natural origin, ready availability, low toxicity, high
biodegradability, good biocompatibility, and enantiopurity (if CILs are envisa§edps
recently reviewed”! ILs composed of amino acids haattracted considerable interest.

From biomass processing to £€apture, asymmetric synthesis and extraction and
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separation of valuable biomolecules, amino abased ILs were shown to be highly
performant solvents’

Previously, CILs bearing chiral cations, some of them derived from proline and
valine, to form enantioselective ABSere investigated by our grodp The range of CiL
based ABS is enlarged in this work in two directions: (i) &kt chiral cations, which
have been the major focusf literature [ *® amino acids will function as chiral anions in
tetrabutylammonium and choliniurbased ILs, suiting the enantioseparation of positively
charged drugs; and (i) instead of salts as fihase former pain.., IL-saltbased ABSY;

1 polymers are alsaised {.e., IL-polymerbased ABS), rendering a distinct chemical
environment for enantioseparations. For that purpose, the ternary phase diagrams of ABS
composed of CILs and salts olywoers were determined and characterized, allowing to

understand the role played by the amino acid anion on the phase separation.

Experimental section

Materials

In this work, the synthesis of two families of CILs, namely those belonging to the
tetrabutylammonium and cholinium, comprising six amino acids derived anions was
carried: tetrabutylammonium 4phenylalaninate, [hi4[L-Phe]; tetrabutylammonium b
phenylalaninate, [Dhs4[D-Phe]; tetrabutylammonium 4alinate, [MNaaq[L-Val];
tetrabutylammonium Ealaninate [Nusq[L-Ala]; tetrabutylammonium d{prolinate,
[Naaad[L-Pro]; di(tetrabutylammonium) 4glutamate, [MNaaq2[L-Glu]; cholinium L
phenylalaninate, [Ch]fPhe]; cholinium, [Ch][f?he]; and dicholinium -glutamate,
[ChL[L-Glu]. For the synthesis, theeagents used werethe tetrabutylammonium
hydroxide, [M4sadOH (40 wt % in water), cholinium hydroxide, [Ch]JOH (45 wt % in
methanol), Bphenylalanine, BPhe (purity = 98%) andgdhenylalanine, {Phe (purity =
99%) obtained from Sigmaldrich; Lproline, l-Pro (purity = 99%),-glutamic acid, 1Glu
(purity = 99%), daline, EVal (purity = 99%) anddlanine, EAla (purity = 99%) from Acros
Organics, Riedale-Haén, Fluka and BDH, respectively; methanol (HPLC grade) and
acetonitrile (purity = 99.9%) purchatseat VWR. The water used was double distilled,

passed by a reverse osmosis system and further treated with a@ilius 185 water
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purification apparatus. The salts used in ABS were: sodium sulfat§QNurity =
99.99%); potassium carbonate;GQ (purity = 99%); potassium phosphate monobasic,
KHPQ (purity = 99.5%); sodium succinate dibasic hexahydratgCNgOsi O (purity =
99.0%); potassium acetate, KL (purity = 99%) from Sigmaldrich; sodium
carbonate, NgCQ (purity = 99%) from Vencilalpotassium phosphate dibasic,HPQ

(purity > 98%) from JMVP; potassium phosphate tribasQKpurity > 98%) from Acros
Organics; potassium citrate tribasic monohydrateCKsOsi dh O LIdzNRA G & X  hdi’:
RECTAPUR) from VWR; potassium sodium tartratehydirate, KNaE,Osi @ (purity

= 99%) from Scharlau; and potassium chloride, KCI (purity > 99%), from Pronalab. The
polymers/copolymers used in ABS were polyethylene glycol of 400, 600 and 1000 g.mol
of molecular weight (abbreviated as PEG 400, PEG a8l PEG 1000 respectively),
polypropylene glycol of 400 g.mbbf molecular weight (abbreviated as PPG 400) and
poly(ethylene glycolplockpoly(propylene glycolblockpoly(ethylene glycol), with an
average molecular weight of 1900 g maind a EO/PQatio of 50/50 (commercially
known as Pluronic®35, PL35). The abbreviation and chemical structures of all ClLs and

polymersare depictedin Figure3.13.
Synthesis of theClls based on amino acids

ClLs were synthesized through neutralization of4{lJOH or [Ch]JOH with the
respective amino acid, following walbtablished protocol$ * that were previously

validated in our laborator{
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Figure3.13. Chemical structures and abbreviations of the CILs and polymers investigated.
Determination of the phase diagrams and tiines

The ternary phase diagrams of the ABS composed of CILs and salts or polymers
were determined by the cloud point titration method at 25 (+ 1) °C. The alternate
dropwise addition of agueous solutions of salts ¢ata20 ¢ 50 wt%9 or [Ch}based CILs
(at circa 70 wt%)¢ cloudy solution¢ and water ¢ clear solution¢ was done to initial
aqueous solutions of [Ni4-based ClL&t circa50 ¢ 60 wt%)or polymer (atcirca70 ¢ 90
g0 dzy RSNJ O2yadl yia | 3A s wetedetefrdined by Seigaté a G SY
quantification of all components within +¥0g and discounting complexed water in
hydrated salts. The experimental phase diagrams were fitted (Eipmtion 3.4

9 0bA ° (Equation 3.3
where [Y] and [X] are the [h-based CIL and salt weight fraction percentages (CIL + salt
ABS) or the polymer and [Cbased CIL (CIL + polymer ABS), respectiteBand Care
the fitting parametas. The tielines were determined by a gravimetric method proposed

by Merchuket al.** where biphasic ternary mixtures were prepared Wwgighing CIL +
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salt + water within = 10 g, vigorously stirred and left to equilibrate at 25 (+ 1) °C for at
least 2 h. For CIL + polymer ABS, TLs will be further determined to complete the ABS
characterization After separating and weighing the two phases, the leaen rule was
applied by the relationship between the top phase and the overall system weight. The top
phase is [hha4-based CHenriched in CIL + salt ABBlore details on the tidines
determination are reported elsewher®® The pH of the phases was measunesing a
Mettler Toledo S47 SevenMul dual mete pH equipmeni(z 0.02.

Results and Discussion

Since this study aims at designing enantioselective ABS for the separation of chiral
drugs, information on the ternary phase diagrams is paramount. Two distinct types of ABS
were developed, namely CIL + salt and CIL + polymer. This allows showcasing the
versatility an the implementation of CILs in ABS, at the same time that enlarges the range
of Clkbased systms available up to date.

[Naas4-based CILs were paired with salts to form ABS, due to their hydrophobicity
that it is useful to screen a wide rangé salts and thus of distinct saltiraut effects
(Figure E1 in Appendix.By Even though [CHpased ILs can form ABS with salts of strong

saltingout aptitude*® 7

these work better in the preparation of ABS with more
hydrophobic phase forming agts, such as polymer@-igure E2 in Appendix,E)ue to
their higher polarity when compared to their jiN4 congeners’®?® Using [Chbased ILs

it is possible to move fromIC+ salt to CIL + polymer ABS.
Ternary phase diagrams of CIL + salt ABS

The derelopment of CIL + salt ABS was initially based on the use of CILs in
combination with NaSQ, a salt of moderate saltingut aptitude ?*! By fixing the [bhaq*
cation, the ability ofdiverse amino acid derived anions (vizdW], [L-Phe], [D-Phe], [L-

Val], [L-Pro] and [L-Ala]) to induce phase separation was addressed. Using{Phe]
(to cover two enantiomeric forms of the same anion) andsib[L-Glu] (the most
performant CIL at inducing phase separation), a screening of salts covering the

Hofmeister seriéd! (viz. KsPQ, KGHsO7, KHPQ, NaCQ, KCQ, NaSQ, KNaGH:Os,
NaGH:O4, KHPQ, KCHCQ and KCI) was carrieglall tested combinations are indicated
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in Figure E1 in Appendix Eae ternary phase diagrams are depicted in Fig3t&4 and

3.15, in molality units (mol.k§, moles of salt or CIL per kg of CIL+ water or salt+ wafer

and in weight fraction percentage (wt%®): the former allows a better comparison of ILs
FYR &alftdaqQ STFFSOG 2y LKL &S iting §ddl thel distin@ty & 2
molecular weights of the CILs or salts are neglected; the latter is of relevance for the
development of enantioseparation process&etailed experimental data (ternary phase
diagrams weight fraction compositiong&quation 3.4regression parameters and TL
information) are provided in Tables EE23in Appendix E).

Figure3.14Ad K2 ga GKS [/ L[ &Q -dutlby Nas@PénindiABS,0S &l
with the biphasic region decreasing in the order (at [CIL] = [saltis{PIL-Glu] >
[Nasag][Dt K S 8 4aaff[L-Ptoe) > [Nasg[L-t NP 6 s424[L-Ved]lo> [Nasqd[L-Ala]. Such a trend
translates the distinct hydrophobicities of each amino acid as further corroborated by
their octanolwater partition coefficients logarithmic function (I8g.), ageeing with
previous studie$® 2 [L/D-Phe] (logkow = -1.18) > [tVal] (I0gKow = -M D pp WProff &
(logkow =-2.57) > [FAIA] (logkow = -2.84)%! [N44442[L-Glu], bearing the most hydrophilic
anion (lodémw = -3.24)%¥ is however the most effctive CIL, representing an exception to
this tendency It should be underlined that under the pH of these ABS (i.e., from 10.4 to
11.5, cf. Table E23 in Appendix E), the studied amino acedsiostly presened in their
anionic form. All ion speciation gfiles are provided in Appendix E (Figures;E¥)!*¥! In
particular, [LGlu] has an extra acidic group and it is mainly present as a divalent anion.
So,the unexpected enhanced aptitude Mi4442[L-Glu] to form ABS seems to be a result
of the presenceof two hydrophobic [Ma4* cations.Nonetheless, {Pro is presentn its
zwitterionic formin a more significant concentration (4625 | G LJI F wMmM®dp X OF
in Appendix E) when compared to the remaining amino adiolwer than 10 %)As
recently dscussed, witerions have lower solubility in water when compared to their ionic
counterparts, and this may justify the similar aptitude of{[L-Pro], which has a lower
logkow, and [Niad[L-Val] to form ABS?! Moreover, the role of optical isomesin (L-

Phe] versusD-Phe]) on ABS formation was shown to be insignificanggand agreement

with findings for structural isomeré* 2!
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Figure 3.14. Binodal curves of ABS composed of CILs an®&®@lan molality (A) and
weight fraction (B) units[Nas44)2[L-Glu] (dark red dashed line), {N4[D-Phe] (dark blue
dasheddotted line), [Nasq[L-Phe] (blue solid line), dug[L-Pro] (green dashed line),

[Naasq[L-Val] (orange dashed line) anddy[L-Ala] (pink dotted line)The dotted grey
line repreents [CIL] = [salt] and is a guide to the eye.

Not all salts tested, in particular those categorized as weak saitihgagents by
the Hofmeister serie€® were prone to induce twephase separation in the presence of
ClILs aqueous solutions (Figure Eavahall ClL-salts pairs tested as a function of their
ability or inability). The aptitude of those able to saiit CILs in aqueous media is
pictured in Figure3.15, and organized according to the type of salt and CIL considered.
Figure3.15A shows that he salts ability to promote liquitiquid demixing is generally
independent from both the isomerism {Rhe] versus[D-Phe]) and structure ([Phé]
versugGIuf) of the CIL studie@at [CIL] = [salt])NaSQ F Na,CQ > KNagH,Os, KPQ, >
KHPQ > KCQ > KGHsO; > KNagH:Os and KCQ > KGHsO; £ Y WHIO{ as well as
NaCQ > KCQ are the rankings observed. This scenario is generally consistent with
observations made for IL + $&ltand polymer + salt ABS: 211t is wellestablished that
the ability of a salt to induce ABS formation complies with the Hofmeister series and

follows the Gibbs free energy of hydration of the salt ions. Stronger saitih@gents
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(those of higher valence) have higher affyfnio water molecules, thus performing better
at expelling the CIL to a second aqueous phdse.

GsHsO;% (the ion present in solution under the pH of these Agi8a10.3¢ 10.7,
cf. Figure E8 in Appendix, B)owever, as a triple charged ion, was expedcto follow
PQ* in the rankings described above. Some deviations to the Hofmeister series can
occur, as cautioned by Kurnéa al?® Even though the hydration aptitude of each ion in
the system plays a central role inldased ABS formation, the intections between the
salts ions and the ions speciation in aqueous solution need to be consid8red,
particularly if polyvalent ions are used. Some salts are composed of ions with a higher
FLIGAGdZRS F2NJ A2y LI ANRYy IS NBtRiga@Anyhddratipik S v dzY
complexes and hence, in a decrease of the ability to form&B&t, amino acidbased IL
may also yield a distinct molecular scenario than that afforded by more conventional ILs
(e.9.,[CGIm][CRSQ]).* *
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Figure 3.15. Binodal curves of ABS composed ofiP[L-Phe] (solid lines) or [dug[D-
Phe] (dashed/dotted linesAnd sodium saltsl] or potassium salt2] and [N44[L-Glu]
and salts §) in molality (A) and weight fraction (B) unitdaSQ (blue lines), N2CQ (red
lines), KNag:Os (purple lines), ¥PQ (green lines), #PQ (pink lines), KCQ (grey
lines), KGHsO; (orange lines)The dotted grey line represents [CIL] = [salt] and is a guide

to the eye.
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Ternary phase diagrams of CIL + polymer ABS

In order to derelop CIL + polymers ABS, [Based CILs were paired with three
polymers of distincthydrophdicity (viz. PEG, PL35 and PRGI tested pairs are
presented in Figure E2 in Appendix Beyond studying the role tife polymer structure
on the two-phase femation, the impact of the chiral amino acid ansfviz. [Glu], [l
Phe] and [EPhe]) was also addressed. Using polymers instead of salts to form ABS, it is
possible to reduce the saltingut effect andto extend the hydrophobihydrophilic
range!®® The ternary phasaliagrams are depicted in Figure 8.1Like aforementioned,
the ternary phase diagrams are depicted in Figures 3.16, in molality units (thahlodes
of polymer or CIL per kg of CIL+ water or polymer + watey and in weight fraction
percentage (wt% B). Again, Appendix E contains all experimental data related (Tables
B24 ¢ B29).

Figure3.16A provides information on the distinct aptitude of three CILs to induce
ABS formation with PPG, as translated by decreasing extension of the bipbgisins as
follows (at [CIL] = [PPG400])Ch}[L-Glu] > [Ch][t K S 8 F-Phe}./ TKes réngarkable
aptitude of ILs to induce ABS formation with polymers is generally attributed to those
presenting lower (more negative) Igy and higher polar surface area of the anidts.
303211 other words, thehydration aptitude and/or affinity for water seem to govern the
phase separation phenomenon, meaning that [Bajed ILs function as salthogit
agents. The findings gathered in this work are in close agreement as described below.
Logomw: [L-Glu] €3.24)< [L-Phe] ¢m ® M y PheF¢1.185"

Anion polar surface: fGIu] (100.62/%) > [l-Phe] (63.3%%0  FPheb®3.32/2)°

Again, isomeric CILs yielded similar biphasic areas, showing an equal aptitude to
form ABS.[Ch}[L-Glu] was the only CIL able form ABS with polymers other than
PPG400 (the most hydrophobic polymer studied, thus easier to be saliedf. Figure
E2 in AppendiE) due to the features highlighted above. While {IhGIu] was able to
saltout PEG1000 to form AB&p two-phase formation occurred for PEGs of lower
molecular weights. Higher molecular weights of PEG are more favourable for ABS
formation due to their higher hydrophobicity, being thus more easily saitetf*? The

aptitude of [Ch)[L-Glu] to saltout three distinct mlymer/copolymers can be ranked as
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follows (at [CIL] = [polymer]): PL35 > PPG 400 > PEG 1000. Such a trend iscd tiesult

PL35 molecular weight (1900 mol g as previously shown by othéfdl Instead, the

ability of PPG400 to perform ABS in thep®®y O S

27

Fet /L[&Q

addzRA

trend retrived in Figure 3.16. (2.B), i.PG400 > PL35 > PEG 1000. More hydrophobic
polymers {.e., PPG due to the presence of an extra methyl group in the PPG monomer

compared to PEG) are more proneftom ABS, while PL35 is a copolymer of both PPG
and PEGt 50/50presenting an intermediate nature.
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Figure3.16. Binodal curves of ABS composed of ){{LHEIu] (red dashed line), [ChjRhe]
(blue solid line) and [Ch]fPhe] (blue dashed dotted line) with 8R00 {) and [Ch][L-
Glu] with PL35 (green dashed line), PPG 400 (red dashed line) and PEG1000 (orange solid
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Conclusions

This work focusson the search for alternative enantioseparation approaches by
the creation of Cll-based ABS. Instead of using chiral cations and salts as phase former
pairs, as previously proposed by®iand others!® it is here proposed the usef chiral
anions and polymers. As a first approach, the use afsjNbased CILs derived from
amino acids was investigated in the formation of ABS in combination with salts covering
the Hofmeister series (CIL + salt ABS). In this case, the ABS formasiatominated by
the hydrophobic character of the CIL and the sakoog aptitude of the salt. As a second
approach, and resorting to [Gbhsed CILs (more hydrophilic than their ;4
counterparts), the development of CIL + polymer ABS pextormed The molecular
scenario dictatinghe ABS formation was instead ruled by the sakmg aptitude of the
CIL and by the hydrophobicity of the polymers.

With the systems here reportedit may be possible to design specific
enantioseparations byhe cautious tioice of the CIL properties (by changing the amino
acids functional groups or chirality) and the saltog or pH afforded by the salt. In
addition to the chiral resolution of acidic drutjsthis new set of ABS will impact on the
enantioseparation ofspecific drugs, showcasing the broad applicability of such a
technology. Moreover, CIL + salersusCIL + polymers will render distinct chemical
environments for enantioseparations, allowing a more judicious balance of the

interactions leadindgo better enantioselectivies.

References

[1] Sintra, T. E. Synthesis of more benign ionic liquids for specific applications. PhD
Thesis, University of Aveiro, 2017.

[2] Li, H.; Yang, S. Catalytic Transformation of Fructose and Sucrose to HMF with
ProlineDerived lonicLiquids under Mild Conditiondnternational Journal of Chemical
Engineering014,2014 7.

[3] Roshan, K. R.; Jose, T.; Kim, D.; Cherian, K. A.; Park, D. W. Miassisteel one

pot-synthesis of amino acid ionic liquids in water: simple catalysts joeis¢ carbonate

184



synthesis under atmospheric pressure of CO&talysis Science & Technol@il4,4 (4),
963-970.

[4] Fukumoto, K.; Yoshizawa, M.; Ohno, H. Room Temperature lonic Liquids from 20
Natural Amino Acidslournal of the American Chemical Soci&§5,127 (8), 23982399.

[5] Moriel, P.; Garci®uarez, E. J.; Martinez, M.; Garcia, A. B.; Mdvtasn, M. A.;
CalvineCasilda, V.; Bafiares, M. A. Synthesis, characterization, and catalytic activity of
ionic liquids based on biosourcéetrahedron Leers2010,51(37), 48774881.

[6] Hulsbosch, J.; De Vos, D. E.; Binnemans, K.; Ameloot, R. Biobased lonic Liquids:
Solvents for a Green Processing Indus&¢ZS Sustainable Chemistry & Enginee2iip,

4(6), 29172931.

[7] Kirchhecker, S.; Esposito, Bmino acid based ionic liquids: A green and
sustainable perspectiveCurrent Opinion in Green and Sustainable Chenf&xig, 2, 28

33.

[8] Ventura, S. P. M.; Silva, F. A. e.; Quental, M. V.; Mondal, D.; Freire, M. G,;
Coutinho, J. A. P. lonic liguidediaded extraction and purification of bioactive
compounds: Past, Present and Future Trerdisemical Review2017,117 (10), 6984

7052.

[9] e Silva, F. A.; Kholany, M.; Sintra, T. E.; Caban, M.; Stepnowski, P.; Ventura, S. P.
M.; Coutinho, J. A. P. Aqueousplmasic systems using chiral ionic liquids for the
enantioseparation of mandelic acid enantiomef&olvent Extraction and lon Exchange
2018,36(5), accepted.

[10] Wu, D.; Zhou, Y.; Cai, P.; Shen, S.; Pan, Y. Specific cooperative effect for the
enantiomeric separation of amino acids using aqueous {pltase systems with task
specific ionic liquidslournal of Chromatography2915,1395 6572.

[11] Wu, H.; Yao, S.; Qian, G.; Yao, T.; Song, H. A resolution approach of racemic
phenylalanine with aqueous twphase systems of chiral tropine ionic liquidsurnal of
Chromatography £015,1418 150157.

[12] Allen, C. R.; Richard, P. L.; Ward, A. J.; van de Water, L. G. A.; Masters, A. F.;
Maschmeyer, T. Facile synthesis of ionic liquids possessing chiral datésxy
Tetrahedron Letter006,47 (41), 736%7370.

185



[13] De Santis, S.; Masci, G.; Casciotta, F.; Caminiti, R.; Scarpellini, E.; Campetella, M.;
Gontrani, L. CholiniuFamino acid based ionic liquids: a new method of synthesis and
physicachemical charactezation. Physical Chemistry Chemical Phy&045, 17 (32),
2068720698.

[14] Merchuk, J. C.; Andrews, B. A.; Asenjo, J. A. Aqueouphase systems for
protein separation: Studies on phase inversidournal of Chromatography B: Biomedical
Sciences andpplicationsl998,711(1), 285293.

[15] Freire, M. G.; Claudio, A. F. M.; Araujo, J. M. M.; Coutinho, J. A. P.; Marrucho, I. M;
Lopes, J. N. C.; Rebelo, L. P. N. Aqueous biphasic systems: a boost brought about by using
ionic liquids.Chemical Society Rews2012,41 (14), 49664995.

[16] Shahriari, S.; Tome, L. C.; Araujo, J. M. M.; Rebelo, L. P. N.; Coutinho, J. A. P.;
Marrucho, I. M.; Freire, M. G. Aqueous biphasic systems: a benign route using cholinium
based ionic liquidRSC Advanc913,3 (6),18351843.

[17] Wang, R.; Chang, Y.; Tan, Z.; Li, F. Phase behavior of aqueous biphasic systems
composed of novel choline amino acid ionic liquids and sadistnal of Molecular Liquids
2016,222, 836844.

[18] e Silva, F. A.; Carmo, R. M. C.; FernarleB, M.; Kholany, M.; Coutinho, J. A. P.;
Ventura, S. P. M. Using lonic Liquids To Tune the Performance of Aqueous Biphasic
Systems Based on Pluroni@& for the Purification of Naringin and RuthkCS Sustainable
Chemistry & Engineerirgp17,5 (8), 64®-6419.

[19] Song, C. P.; Ramanan, R. N.; Vijayaraghavan, R.; MacFarlane, D. R:SCh@nj,E.

C-W. Green, Agueous Twehase Systems Based on Cholinium Aminoate lonic Liquids
with Tunable Hydrophobicity and Charge DensiCS Sustainable Chemistry &
Engineering015,3 (12), 32913298.

[20] Taha, M.; AlmeidaV. R.; e Silva.FA.; Domingues, P.; Ventyi@& P. M.; Coutinhp

J A. P.; Freire M. G. Novel Biocompatible and Shkliffering lonic Liquids for
Biopharmaceutical Applicatis. Chemistry¢ A European Journd&015, 21 (12), 4781

4788.

186



[21] Shabhriari, S.; Neves, C. M. S. S.; Freire, M. G.; Coutinho, J. A. P. Role of the
Hofmeister Series in the Formation of lohiguidBased Aqueous Biphasic Systeifise
Journal of Physical €mistry B2012,116(24), 72527258.

[22] Taha, M.; e Silva, F. A.; Quental, M. V.; Ventura, S. P. M.; Freire, M. G.; Coutinho, J.
A. P. Good's buffers as a basis for developinghbséfering and biocompatible ionic
liquids for biological researckareenChemistry2014,16 (6), 31493159.

[23] Chemspider- The free chemical database at http://www.chemspider.com
(accessed June 22, 2018).

[24] Marques C.F. C.; Mouréo, T.; Neve€.M. S. S.; Lim&A. S.; BoaPalheiros, |.;
Coutinhg J A. P.; FreirgM. G. Agqueous biphasic systems composed of ionic liquids and
sodium carbonate as enhanced routes for the extraction of tetracychBetechnology
Progres013,29(3), 645654.

[25] Ventura, S. P. M.; Sousa, S. G.; Serafim, L. S.; LigwaFfeire, M. G.; Coutinho, J.

A. P. lonic Liquid Based Aqueous Biphasic Systems with Controlled pH: The lonic Liquid
Cation EffectJournal of Chemical & Engineering Da@4.1,56 (11), 42534260.

[26] Hofmeister, F. Zur Lehre von der Wirkung der Safzehiv flur experimentelle
Pathologie und Pharmakologi88,24 (4), 247260.

[27] Hey, M. J.; Jackson, D. P.; Yan, H. The saliingffect and phase separation in
aqueous solutions of electrolytes and poly(ethylene glydablymer2005,46 (8), 2567

2572.

[28] Kurnia, K. A.; Freire, M. G.; Coutinho, J. A. P. Effect of Polyvalent lons in the
Formation of lonid.iquidBased Aqueous Biphasic Systerite Journal of Physical
Chemistry B014,118(1), 297308.

[29] Pereira, J. F. B.; Rebelo, L. P. N.; Roder D.; Coutinho, J. A. P.; Freire, M. G.
Combining ionic liquids and polyethylene glycols to boost the hydropHoldoophilic

range of aqueous biphasic systenysical Chemistry Chemical Phy2i@$3, 15 (45),
1958019583.

[30] Mondal, D.; Sharma, MQuental, M. V.; Tavares, A. P. M.; Prasad, K.; Freire, M. G.
Suitability of biebased ionic liquids for the extraction and purification of IgG antibodies.

Green Chemistr®016,18(22), 60716081.

187



[31] Ramalho, C. C.; Neves, C. M. S. S.; Quental, BoMinho, J. A. P.; Freire, M. G.
Separation of immunoglobulin G using aqueous biphasic systems composed of cholinium
based ionic liquids and poly(propylene glycalpurnal of Chemical Technology &
Biotechnology018,93(7), 19311939.

[32] Pereira, J. B.; Kurnia, K. A.; Cojocaru, O. A.; Gurau, G.; Rebelo, L. P. N.; Rogers, R.
D.; Freire, M. G.; Coutinho, J. A. P. Molecular interactions in agueous biphasic systems
composed of polyethylene glycol and crystalline vs. liquid cholifbased saltsPhysich
Chemistry Chemical Physif¥l 4,16 (12), 57235731.

[33] Liu, X,; Li, Z.; Prei, Y.; Wang, H.; Wan@jquid+liquid) equilibria for (cholinium

based ionic liquids+polymers) aqueous tploase systems Journal of Chemical

Thermodynamicg012 60, 1-8.

188



3.2. Chiral eutectic solvents as alternative solvents for the

separation of chiral compounds

DES are neoteric solvents generated from blending two (or more) solid
compounds,i.e., a hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD),
with melting temperatures well below those of the starting materidts’ As soon as the
research community became cognizant of DES physical and chemical properties, several
works were launched shedding light on the molecular level mechanisms governing their
formation and on their role as alternative chemicals in several applicattbns.

By adequate choice of the starting materidBESmay becharacterized by their
low volatility, low flammability, broad liquidus temperature range and high solvency
power® MoreoveN\E | YR | yIf232dzateée G2 L[&X 59{ I NB
to the plethora of starting materials and stoichiometric ratios that can be used for their
preparation!® ® In combination with halide salts.e., HBA, carboxylic acids” alcolols

g% % amino acid$* and carbohydrate? ** **lare amongst the most popular

and polyol
HBD. DES are not only highly performant candidates as alternative solvents, but also
economically viable and easy to prepare since they mostly use cheamatndally
occurring starting materiaJsdismissng reaction and purification steps.®! Under this
scenario, it is not surprising that DES may find application in several &rdasgenerous
amount of reviews on the topic were recently published, higting the outstanding
potential of DES in chemisty/; *¥ chemical engineerin§; *° materiak sciencé?® 2%
biotechnology and bioengineerintf: > Some sound examples encompass the use of DES
as either solvent or catalyst in (bio)cataly¥fs='Y S | f 4 Q HIRRXO&tod dng’ 3 =
separation of natural producté® ?"'storage of nucleic acid€” proteins®¥ cells, tissues

and organd®” and as therapeutic agent¥->?

Due to the chiral nature that many DES constituents pmgséhese can be
envisaged as highly performant chiral chemicals to be applied when chiral applications
are intended. The use of chiral compounds to prepare DES is manifested in literature, as
outlined in Figure3.17d ! & AYLX ASR o0& {iHa@cteradR BESA A/ S NJ

possibility of creating chiral DES is broad: one or two chiral compounds can be used in
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eutectics formulation and using

w)
=
distinct molar ratios. Sugars are 338
T ‘O
amongst the natural chiral structures 23 o v
¢ S8ccl2 S
most usedin the preparation of DES: S -oE>_2o
S0 &5 ®o0 o o
monosaccharides  €.g.,  glucose, « DHO o “: =
fructose, mannose and xylos&)**% Sugars € OO SO
v Lo ed
disaccharides g g., maltose, sucrose, ,E_ Polyols | QO: O ’ |
O Amino acid B A 3
trehalose and lactosdy, 3 3* 31 «= o BOOURE
_ _ _ o © Organic acids <> <> <> & A
trisaccharides €.g., raffinosel® or 'gE) Al O oe
even polyols €.g.,xylitol, adonitol and Terpene O O@®

sorbitolf* ! can be commmed with _ o
Figure 3.7. Chiral DES reported in literature

each othef’ ** *#or with other types _ o _
a function of HBEHBA combinations: one chi

of molecules €.g., urea, [Chjbased

component (open diamonds), two chi
salts, betaine and organic acid$)3*3"

components (closed diamonds).
%1 Another class of biomolecules
widely used to form DES atiee amino acidsd.g.,proline, alanine and histidindj.3>3": 4°]
These are combined with sug8tsind organic acids, some of them chimlg(,lactic acid,
malic acid), others achiraé.@.,citric acid, acetic acid and propionic acidf> **'Beyond
GKSANI FoAfAGe (2 ONBI ar SugaER2*Uad dmbro 0idSH°NT f ¢ 5 9 {
“T'some chiral organic acids.§.,mandelic acid, lactic acid, tartaric acid and malic &cid)
11, 35,36, 38, 482] can also be paired with urd®; 3 [Ch]Cf: 1 3% 36.40. 43nd petain& 3°4%:
“'in the formulation of chiral DES. In the framework of therapeutic DES, other chiral
structures emerge in DES preparatiammely active pharmaceutical ingredients (API)
(e.g., ibuprofen and Bsosorbide} 3% 3% *3lgjong with [Ch]CE! lidocaind®* **! and
menthol®Y The later, belonging to the terpenes class, opens anotigortunity for
hydrophobic chiral DES preparation when conjugated with camphor (also a chiral
terpenoid)* acetylsalicylic acitf’ and other carboxylic acid&™*”

Yet, and in spite of the plethora of chiral DES hitherto proposed, the

understanding of thehiralityrole upon DES formation is lagging. Moreover and given the
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wide applicability of DES, ! chiral applications remain restricted to organo or

biotrandormations.

Role of chirality on DES formation

Only one work aimed at studying the role of the chirality in DES formation is
currently availablé?® The chiral DES investigated were composed of the two enantiomers
of camphorsulfonic acid (HBD) and the twenantiomers of N,N,Ntrimethyl-(1-
phenylethyllammonium methanesulfonate (HBA). A depression of the melting
temperature T, = 17 to 21°C) occurred when mixing these compounds together
compared to those of the starting material§( tsa= 166¢ 168°C andTy, np = 198°C).
Regardless of the HBD:HBA molar ratios, very small changes in the melting points were
observed*® NMR and DFT studies were carried to provide insight on the chirality role
upon DES structural conformation. The major differences adfdrdoy different
enantiomeric combinations were identified at the level of hydrogen bond and
electrostatic interactions site$® DFT additionally showed that the interactions between
camphorsulfonic acid and methanesulfonate lead to the formation of aasuplecular
anion able to interact differently with the two enantiomers of the HBA ammonium core.
Even though being the most complete systematic study in the field and providing
important insight on the chiral DES formati#l, the eutectic profiles wereonly
determined for two of the possible chiral combinations and for a narrow range of
HBD:HBA molar ratios. Remarkably, it was possible to correlate the distinct interactions
occurring within different chiral DES with the yields of a Miclige¢ FriedelCrafts probe
reaction!*® Such finding reinforces the need for understanding the chirality role upon
DES formation to better design any desired chiral application. In fact, several works
related to DES in chiral applications have been hitherto reporte@ riain body is
dedicated to the use of DES either as solvents esateents, in some cases also as

catalysts, in organar bio-catalyzed reactions.

Application of DES in enantioselective (bio)transformations

Using DES as reaction media came up as apreryising application within the

Green Chemistry field, especially if organocatalyzed reactions are envisagedaldobss
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reactions®> 4 %% Michael type additions,*® °*3 h_amination of 1,2dicarbonyl
compounds® epoxidation of soybean ofi® Betti reactions>® Schiff bases synthedi!
reduction of epoxides and carbonyl compoulifisand taste enhancers syntheSi lay
among related successful examples. Indeed wide range of diverse
organotransformations was carried resorting to DES, underlining the flexible
implementation of these liquids in organocatalyzed reactions. Likely, -alds$ reactions

and Michael type additions are the most exploited in liter&ukzProlinecatalyzed cross

aldol reactions have been conducted in DES formed through combination of [Ch]Cl as HBA
with multiple HBD, some of them chirag.§.,urea, organic acids, polyols and sugars) and
D-glucose with malic acid®” Such approach alwed not only using a bicenewable
catalyst but alsdo avoid the use of organic solvents in the entire process (recycling and
reuse included, as showcased below). Among all DES screened, [Ch]Cl:glycerol was the
[Ch]Clbased DES affording the best compisenbetween conversion and enantiomeric
excess, whereas-glucose:malic acid was by far the most effective DES. In a similar line of
research, using insteadisoleucine as catalyst, DES were found to be highly performant
solvents to conduct crossldol reactions, withmaximumenantiomeric excessesf 99 %
comparable to organic solvent§! In both works, it was possible to recycle and reuse
both the DES and the catalyst, which reinforces the sustainable character of these
approached® *! To be highligted is the DES capacity at rendering suitable reaction
media for distinct catalysts> *% The possibility of performing a-firoline-catalyzed
reaction in continuous mode was also shown, contributing to the intensification of
organocatalyzed reactions DES® Michael additions were also studied, with DES being
used as solvents, esolvents or even as catalysts. The DES studied entail those composed
of [Ch]CI plus polyols, urea, carboxylic acids, sugars, ethylene;glydadmmonium and
phosphoniun salts (triphenylmethylphosphonium bromide and tetrabutylammonium
bromide) plus glycerdgt®? and camphorsulfonic acid plusN,N,Ntrimethyl-(1-
phenylethyl)ammonium methanesulfonat®! A complete screening of [ChiBhsed DES

as reaction medium for therganocatalyzed enantioselective Michael additions of- 1,3
RAOI Nb2y et O2Y LR dyhRrastyrdngd wad rBcSriyadare oy Nigaetz |

al? and Massoloet al®™™ with DES providing better reaction outcomes than toluene
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(with higher yields and emaiomeric excesses), the authors were able to deliver greener
protocols for Michael addition8* °? Additionally, the recyclability and reuse of the
organocatalyst was addressed using organic solvents as extractive solvents for unreacted
materials and/e final product, allowing thus to separate the D&§anocatalyst
system®" 2 Finally, toinfer about the scalability and applicability range of DES as
reaction medium, gramscale experiment®) and other types of organocatalyzed
stereoselective trarfsrmations® were investigatedwith success. Furthermore, Flores
Ferrandiz and Chinchilla expanded the DES applied to mixtures not based on®fEh]CI.
The use of triphenylmethylphosphonium bromide and tetrabutylammonium bromide
instead of [Ch]CI allowethem to significantly improve the enantioselectivity of the
organocatalyzed conjugate addition of aldehydes to maleimides, keeping the possibility of
recycling and reusing the DB8janocatalyst system® In spite of DES being
implemented as organic s@nts substitutes, most catalytic systems hitherto reported
resort to organic solventse(g., hexane, ethyl acetate, ethereal solvents) in the recycle
stage of these approaches, what may restrict frecessessustainability*>>%! A more
sustainable reagling route was proposed by Martinezt al®*® by recycling the DES
catalyst system utilizing water as solvent. Although providing an useful insight on the
application of DES in stereoselective transformations, such works have neglected the role
that DEShirality plays on the reactions target&€d>®! Recently, Palombat al. proposed

the use of DES formed by chiral componéffisThe authors have not only developed a
successful enantioselective transformation with DES acting as reaction media and
catalysts, buthave also provided insight on the role of DBirality in the reaction
outcome. In fact, the use of DES in Michygle FriedelCrafts reaction of indole to
chalcone lead to similar yields and enantiomeric excesses to those rendered by
acetonitile, providing a greener yet efficient optidf! By playing with the enantiomeric
structure of these DES, using the two enantiomers of camphorsulfonic acid (HBD)
combined with the two enantiomers ofN,N,Ntrimethyl-(1-phenylethyl)ammonium
methanesulfonse, the authors provedthe tunable nature of the reaction considering
both the conversion yield and enantiomeric excess. The authors attributed this

phenomenon to the diastereoisomerical differences of the eutectic liquids formed and
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further demonstrated heir hypothesis by spectroscopic and computational stulffés.
Taking into account all the works discussed above, a cautious selection of the HBD and
HBA forming the DES dictates the efficiency of any reaction developed using DES. The
type of reactions ewisaged, operational conditions adopted and final product quality
hugely impacts on the solvent choice. If several reactions were effectively undertaken
using specific DES, others faced practical limitations that led to failure. Although not
centered in eantioselective reactions, llgen and Konig provided an important perspective
on how a DES can fail at rendering a suitable media for organic transform4tiofise

lack of thermal and chemical stability, high viscosity and high costscafmitineurea

based DES limits its broad application as solvent in organic reactions, when compared
with the highly efficient sugabased DE&”

Enantioselective biotransformations in DES have been widely studied, with an
additional challenge related to biocompatibylitwhen compared to organocatalyzed
reactions!!® 2> ®IDES as esolvents, usually in water or buffers, coupled to microbial and
plant cells®?°® enzyme$®"* and nucleic acids” ® as the biocatalysts are the covered
systems. Analogously to wheas observed in organocatalyzed reactions, DES formed by
[Ch]CI are ubiquitous among repofté’® Hydrolasecatalyzed biotransformations are
likely the most common cassudy. Back in 2007, Gorket all’’! provided a
comprehensive study on the topicThe lipasecatalyzed (free and immobilized)
transesterification of ethyl valerate with-utanol, the hydrolaseatalyzed hydrolysis of
styrene oxide and the esterasmtalyzed hydrolysis op-nitrophenyl acetate were
studied, indicating the possibility & different hydrolases to retain their activity in
presence of DES’ This work highlighted the biocompatible nature of DES, thus opening
the path to investigate enantioselective biotransformations. An epoxide hydrolase from
Streptomyces griseusas oveexpressed inEscherichia coland the whole cells were
implemented as biocatalysts in the kinetic resolution of racemic phenyl glycidyl ether into
Rphenyl glycidyl ethef? After selecting the optimal reaction conditions (pH,
temperature and cell/substite ratio), the authors have assessed the role of organic
solvents and DES as-solvents, since these may increase the solubility of epoxides in the

reaction medium (phosphate buffef?’ DES ([Ch]Cl:Urea, [Ch]Cl:ethylene glycol and
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[Ch]ClI:glycerol) wereonsiderably less efficient than the best organic solvent identified,
dimethylformamide, in both conversion yields and enantioselectify Contrarily,
instead of using epoxide hydrolases from potato and mung bean to catalyze the
asymmetric hydrolysiof styrene derived epoxides in the same kind of DE$er
reaction media, Lindeberget al’®® and Penget all™” were able to enhance
regioselectivity in the reaction, thus rendering a final product of higher quality. However,
the authors struggled witlhe impact of DES structure on the enzyme activity, with urea
and carboxylic acids having deleterious effé®ts’® The hydrolysis of the aromatic ester
(x)1-phenylethyl acetate by carrot roots was also successfully carried out in the presence
of seveal [Ch]Gbased DE&” When compared to water, DES aqueous solutions yielded
similar conversions and higher enantiomeric exce&€estill, the stability of these
enzymes in the presence of DES remains the major challenge and it has been usually
solved by working with diluted DES aqueous solutions rather than with pure DES or highly
concentrated DES aqueous solutidts®® " Additionally, immobilization is envisaged as

a suitable option, as recently proposed by @Gaal!™ for soybean epoxide yurolases.

With the hydrolysis of theR-1,2-epoxyoctane to produceR-1,2-octanediol being
investigated, yields and enantiomeric excesses were improved iRbDAES, using the
immobilized enzymeversusonly buffer and free enzyme) at the same time thaeth
authors have assured enzymatic stabillty.Beyond asymmetric hydrolydf§, 6" 5974
asymmetric oxidationd&” and reductiond®® °>°® Henry reaction$’? Michael additions’>

1 GC bond formatioH® and kinetic resolutions through transesificationl’* were
studied. Regarding the available body of literature, DES are flexible within asymmetric
biotransformations since these can serve distinct reactions and diverse types of

biocatalysts.

Scopes and Objectives

The role of DES in asymmettiio)transformations has been largely scrutini2&d
23. 81 and so has been their capability to extract and separate an enormous variety of
products from different source’$> ® "I This outstanding solvency power can be allied to
the improved enantiselectivities that DES may provide in (bio)transformations, being

surprising that their use as chiral extractive solvents remains neglected. A single work
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integrates DES as extractive agents with kinetic resolution of alcoh&8sS){{
phenylethanol]®® DES composed of [Ch]Cl:Glycerol were merely used to promote the
separation between the two products of the reaction, an alcohol and an &ter.

In this context, it is here foreseen that DES may afford suitable chiral solvents for
enantioseparations. Thichapter delivers an initial fundamental study aimed to deepen
knowledge on the role of chirality in DES formation. It is firstly intended to fulfill the
existent gaB® on the characterization of their solitjuid phase diagrams and on the
comprehensio of interactions occurring in the liquid phase, by playing with all possible
HBD and HBA enantiomers combinatiossction 3.2.1). At the end, useful knowledge

for future application may be gathered.
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3.2.1. Does chirality play a role on deep eutectic solvents formation?

This section is based on e SjiFa A.; Kelley, S. P.; Silva, L. P.; Berton, P.; Ventt
P. M.; Coutinho, J. A. P.; Rogers, R. D. Does chirality play a role on deep ¢

solvents formation?in preparation

Contributions:S.P.K., J.A.P.C. and R.D.R. conceived and directegtkisFrancisce
A. e Silva, S.P.K. and L.P.S. acquired the experimental data. In particular, Frar
e Silva acquired all experimental data using DSC, TGA and FTIR. Francisca #
S.P.K.,, P.B., S.P.M.V., J.A.P.C. and R.D.R. interpreted theeniz data. Francisc
A. e Silva, S.P.K.,, JAP.C. and R@eRthe responsible for the manuscri

preparation with contributions from the remaining authors

Abstract

In this work, the opportunity of using the chirality that most traditional DES
constituents present to create versatile and efficient solvents for enantioseparations is
identified. For that, the role of chirality in the formation of DES wadlistll in a
fundamental approachby measuring the solitiquid phase diagrams of all enantiomeri
combinations of proline:malic acid mixtures. After characterizing the eutectic point and
realizing that distinct enantomeric combinations lead to distinct eutectic temperatures,
the molecular scenario behind DES formation was unveiled.-tatigIR) spetroscopy
and powder Xay diffraction (PXRD) were used to study the molecular interactions
participating in the formation of chiral DES. Although deprotonapootonation was
found to be at the basis of proline:malic acid DES formation, the differeptaations

established between distinct enantiomeric pairs remain unknown.

Introduction

The nature of DES is not yet fully understood, albeit considerable efforts have
been made to unveil the molecular scenario underlying DES formation. Some notions on
the molecular interactions occurring in DES are currently available, especially in DES

formed by [Ch]CI, the hydrogen bond network, resulting from intermolecular interactions,
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was identified as playing the major rdfe? Even though DES formation is belidve be
mainly driven by hydrogen bond networks, other interactions occurring in the liquid
phase (vizal -I!. 5@l -I!. lahdda |l -15. 5 éannot be neglected, as recently
reported >

It is wellestablished that chemical interactions, such #@® hydrogen bond
network, are affected by the stereochemist” In [Ch]Gbased DES, distinct structural
isomers of dihydroxybenzene were shown to yield distinct melting points, that correlate
well with their water solubilitie$™™ consideringthe DES forméon dominated by
hydrogen bonding (inferred by IR and NMR analySisased on this hypothesis, and in
line with the seminal work from Palomba et'®l. (discussed before), it is believed that
chirality may play a role in DES formation and that suobwkedge may contribute to
more performant chiral applications.

Proline and malic acid are two common components used for DES formulation,
either as a HBA:HBD pair or combined with other chem{t&l¥.Mixed up togethef>**!
proline:malic acid form @& eutectic mixture, whose formation is governed by
intermolecular hydrogen bonding (inferred by MD simulations) although -acid
hydrogen bonds may also take pldt&Due to the considerable literature data available
on proline:malic acid DES (centrdd/ A (& I LILX A nbtichirdqsolvierdt™ ‘& I NB Sy ¢
rather than on their physicathemical characterizatidlf), its natural origin and the
commercial availability of all enantiomertese were selectedon the preparation ofa
model DES in theucrent study. Here we examined the four possible combinations of
each enantiomer of both compounds across a series of mole fractions. The melting points
were determined by two methods (visual detection and differential scanning calorimetry,
DSC), allowingo fully characterize the solitiquid phase diagram. As an attempt to
understand the interactions governing chiral DES formation and to explain the differences

in the melting points depression, Fourier Transform Infrared Spectroscopy (FTIR) and

Powder XRay Diffraction (PXRD) analysis were carried.

Experimental section

Materials
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All chiral components used in DES preparatio®rdline, BPro (99 wt% purity),-L
Proline, EPro (99 wt%purity), Malic acid, BMall 0 x ¢y 6 G"*Malidadahtd ki & 0
MalA (D wt% purity) werepurchased atlfa Aesar. Their chemical structures are shown
in Figure3.18.

o]

54 Ay

OH 0
L-Proline L-Malic acid
§ o i
OH
HO H
OH 5n 0
D-Proline D-Malic acid

D-Pro:D-MalA

Hgure 3.18. Chemical structure and abbreviation of DES chiral formers studied.
Thermogravimetric analysis (TGA)

The TGA thermograms were collected using a Iigruments TGA5500. All
analyses were performed for the-dnantiomers of the pure compounds and a
representative binary mixture, and were conducted under nitrogen atmosphere. Samples
(circa 8¢ 15 mg) were heated to 700 °C, using a constant heating m@ap°C.mift with
a 30 min isotherm at 75 °C to remove excess volatiles or solvents traces. Decomposition

temperatures Tsoge Were taken as the onset to 5 wt% mass Iggishin +0.1°C)
Solidliquid equilibria

The solidiquid phase diagrams were detemed according to two distinct
methods as follow.

Visual method* The binary mixtures are prepared by weighing (within + 0.002 g),
inside a dryargon glovebox, the desired amounts of each pure compound to obtain
molar ratios covering the entire coropition range. The vials with the mixtures were
heated under stirring until complete melting and then solidified. Given the phlste

aspect of such mixtures, a visual method where the mixtures were gradually heated in an
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oil bath until complete melting s employed. The temperature was controlled with a
PT100 probe with a precision of +®@Q which was prior calibrated against a calibrated
platinum resistance thermometer, SPRT100 (Fldket Scientific 1529 Chtib4),
traceable to the National Institute foStandards and Technology (NIST), with an
uncertainty less than 2 x 1°C.

Differential scanning calorimetry (DSThe mixtures were prepared by weighing
(within £ 0.002 g) the correct amounts of each pure compound covering the entire
composition range followed by homogenizationto mix the two components. A TA
Instruments DSC2500 calorimeter was utilized undeiteogen stream. Both pure and
binary mixture samplesc{rca2 ¢ 10 mg) were placed in hermetically sealed aluminium
pans. Samples were firsieated up to 12(°C €irca60 °C below the loweslsyge) and
then cooled down to-90 °C, for three consecutive cycles, at a ramp rate 6€5mirt".
Isotherms of 5 min and 10 min followed each heating and cooling ramp, respectively, to
guarantee equilibraon of the temperature in the cell. For pure enantiomers of malic
acid, the same procedure was implemented, whereas proline was heated up téC150
Melting temperatures were taken as the onset for pure compounds and as the maximum

temperatures of the meing peak for binary mixtures.
Fourier Transform Infrared Spectroscopy ()

Binary mixtures (weighed arftbmogenizedl were placed at 128C (upper limit on
DSC analysis) for at least 1 hour. The corresponding spectra were obtained from 400 to
4000 cnt using a Bruker Alpha FR (Bruker Optics Ltd., Milton, On, Canada) by direct
measurement via attenuated total reflection (ATR) of the neat samples on a diamond

crystal.
Powder XRay Diffraction (PXRD)

Binary mixtures (weighed arftbmogenizedl were placedat 120°C (upper limit on
DSC analysis) for at least 1 hour. After cooling down, the samples were smeared onto the

silicon wafer of a proprietary lowwackground sample holder. Data on PXRIvder Xray
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diffraction (PXRD) was recorded with a Bruker D8 Adwaqguipped with a Lynxeye linear
position sensitive detector Bruker AXS, usindilidired CuY h NI RAF G A2y @

Results and Discussion

Effect of chirality on solidiquid equilibria

The role of chirality on DES formation was initially studied by determitiiag
solidliquid diagrams of proline:malic acid DES. All enantiomer combinatwang;Pro:l-

MalA, LPro:DMalA, DProi-MalA and DPro:DMalA were investigated. For that
purpose two methods were employed, namely a visual method and DSC. Prior DSC
studies, the decomposition temperaturesd., Tswqed Of Lproline and kmalic acid were
determined (and further assumed to be similar to that of theemantiomers). Tsogec
values of 220, and 1831 °C for Lproline and kmalic acid, respectively, were obtaithe

(the corresponding thermograms are depicted in Figure F1 of Appendix F). This step
allowed setting the upper temperature limit on DSC, no greater tha?O&@low Tso,gecOf
L-malic acid, where no contamination of the DSC cell due to DES formers degnadati
assured.To guarantee that proline and malic acid mixtures do have an effect onthe
thermal stability, a representative binary mixture &fiaqa = 0.1 was subjected to TGA,
yielding aTsygecSimilar to that of pure 4malic acid (18%.°Cversusl83 1 °C,cf. Figure F2

of Appendix F).

It should be noted that proline is reported to decompose before meltingitaia
221°C*” so nomelting point is observed in DSC thermograms (DSC data in Figure F3 of
Appendix F). dmalic acid and Bnalic acid dispkeed similar melting pointsTf, -maa =
100.8°C andTypman = 103.7°C) (DSC data in Figure F3 of Appendix F). This body of data
is consistent with the results gathered by thisual method T 1.pro = 220.3°C, Tmppro =
220.3°C, Tin-maia = 106.0°C and Ty pmaia = 103.0°C). The soliiquid phase diagrams are
shown in Figure8.19, with data obtained with thdwo methodologies adopted plotted
together (detailed data o, is given in Table F1 of Appendix F). It should be highlighted
that some inconstency on the data catted is observed. This problemdse to the
melting of the component with lowemelting temperature that is the only one being

measured by DSCikely, thisis due tothe DSC upper limit temperature sgiarticularly
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for xwaa < Q5 or evena @mnsequence othe sample preparation. Indeedhe sample
preparation was previously shown to impact on DES propéttie” and new
measurements should bearried Also, DSC did not allow the study of the entaeageof

molar fractions asa consequence of the upper temperature limited set for the analysis
(as explained above). A good agreement was found for both methods, f binary
mixtures of higher malic acid contents. DSC thermograms of binary mixtures covering all
possible enantioraric combinations in the entire composition range are provided in
Appendix F, Figure F4.

The systems reported in FiguBel9are characterized by the presence of a single
eutectic point and display significant melting point depressions. These allow oigaini
liquid mixtures at operationally convenient temperatures, albeit within a composition
range limited to high acid molar fractions. The eutectic composition was consistently
identified at around 0.®f malic acid molar fraction for all systems (Fig@r&9). Distinct
melting point depressions arising from combining distinct enantiomers were identified,
with the eutectic temperatures Tgy) differing significantly. A maximum temperature
difference of 27°C was observed betweenRro:l-MalA (the lowestTg,) and -Pro:D
MalA (the highestlg,). The eutectic temperatures can be ranked as followRrd:l-MalA
< DPro::-MalA < DPro:DMalA < EPro:DMalA. Proline:malic acid DES formation is a
result of intermolecular hydrogen bosdactivated by the presence gfroline breaking
acidracid interactions!® So, the higher the ability to form interspecies hydrogen bonds,
the lower the eutectic points. Here, the chirality of the acid is dictating the order
described aboveTEy .maiabased DESS Teut BMala-based B9, With L= and Dproline being more
prone to interact with Land Dmalic acid, respectively. Comparatively, eutectics formed
by components of opposite chirality {Bro::-MalA and EPro:DMalA) present higher
melting temperatures. This is consistent witle fact that structural isomers acting as
HBD with [Ch]CI afford eutectics with different melting temperatUt&sOpposing to
enantiomers, however, structural isomers possess significantly distinct phgtsémical
properties, which helpsto understandthe different phase behaviours. Enantiomers,
although sharing the same physichemical properties (except for their specific rotation)

under achiral environment, can interact distinctly with chiral entitighis being the most
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likely foundation for chial DES formatiof? Using DFT and NMR spectroscopy, it was
also recently concluded that in DESmposed ofchiral constituents, hydrogen bonds
were the main responsible for diastereoisomerical differences in ligftdbis particular,
and in agreementith our findings, it was demonstrated that HBA and HBD with the

same chirality interact more specificalty!
Molecular scenario behind chiral DES formation

To gather information on the interactions leading to the formation of chiral
proline:malic acid BS, FTR and PXRD experiments were carried. IR has been widely used
on the study of DES natufe: 2 Samples covering the whole composition range were
analysed. By comparison of the IR spectra at distinct compositions of ProfiviAg(re
3.0),itisLl2adaArAofS G2 20aSNBS (GKFd GKS /¢lavo a G NB i
cmY)?¥ changes its position and profile but does not disappear in the entire composition
NI yaSed tNREtAYS Aa | T6A0GGSNA2Y T IF&CA)Y RAOI
FYR F mEMWH)PEKS /h Fa&8YYSGNRAO &A0GNBGOK F2NJ L
cm* shifts to higher energy, indicating proline protonation. So, it can be argued that the
DES formation occurs by the deprotonation of malic acid (in only g2@OH group),
protonating proline.Despitethe differences observed in the melting points depression
may be a result of distinct interspecies interactipriieir deepest comprehension
remainsachalleng (Figure 3.21)

By PXRD analysis of solidified binamyxtures it was observed that withirthe
molar ratio0.5 <xuaa < 0.9 proline was undetectable. The difractograms are depicted in
Figures F& F8 of Appendix F. A new peak emerges that does not match either of the
enantiomer starting materialswhich suggests the existence of a hew compound after

melting-solidifying (salt?, carystal?), that requires further investigation.
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Figure 3.21. IR spectra of proline:malic acid binary mixtures covering the possible
enantiomers combinations in the whole composition rangeder study (*) L-Pro:l-

MalA, () L-Pro:DMalA, (" ) DPro:l:=MalA and A ) D-Pro:DMalA.

Conclusions

A preliminary study on how chirality impacts on DES formation was here
performed The solidiquid phase diagrams for chiral DES formed by proline and malic
acid were characterized for ahantiomeric combinations availableif. L-PralL-MalA, L-
PraD-MalA, DProlL-MalA and DPraD-MalA). The results showed the possihlity of

havingliquid mixtures at relatively suitable temperaturésom the operationalpoint of

view), ranging fron43.3 and 70.2°C ifconsidering the eutectic compositioraaf N ®c 0 ®

Moreover, distinct enantiomers combinations led to different levels of melting
temperature depressionghese more significant if pairs bearing the same chirality were

used. This is particularly relevant if application as chiral solvents, asexlttiefore, is
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anticipated.To provide additional insiglston the molecular interactionaffecting theDES
formation, in particular chiral DES, IR and PXRD studies wals@ conducted.
Proline:malic acid DES has on its genesis the deprotonation of thegiacmhly oneg
COOH group), protonating the amino acid zwitterion. Useful knowledge was obtained, yet
the chiralityrelated molecular scenario underlying the proline:malic acid DES remains
unclear. NMR and DFT simulations have besedelsewheré™? to this purpose.More
recently,van den Bruinhorsgt al*¥ reported proline:malic acid as having a low chemical
stability (it undergoes esterification upon preparation) and highly viscous DES. Even
though the current study is of more fundamental basis andlipe:malic acid DES only
served as a model, the use of chiral DES as solvents in enantioseparations is the ultimate
goal. Under this scenario, the search for chiral chemicals affording highly chemically
stable, watery and room temperature DES is urgen.(chiral ammoniurdbased salts,
sugars and terpene$y 28 Once such a task is accomplished, it will be possible to play
with the @ R2 dzo f S pBedmidori thciedte versatile, yet more efficient solvents

for chiral separations.
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4. Concluding remarks and future perspectives

The current thesis was focused on the development of novel and more sustainable
extraction and separation platforms for drugs. Two major challenges related to
pharmaceutical industry and their prodis were addressedso far with important
insights gathered on how to design greener and more efficient extraction and separation
strategies.

wS3IIFNRAY3I (GKS GFE2NRTFGA2Yy 2F LKIFNXYI OSdz
aqueous solutions for the extraon of drugs gection 2.2.1) and their purification
resorting to ILsased ABS and TPBe¢tion 2.2.2and 2.2.3) was explored as an
alternative to incineration. The proper adjustment of the solvents involved was shown to
dictate the extractive and purifation performance of the processes. Most works
developedin this thesis although focused on model compounds deal with real matrices
(i.e., pills). Finally, the isolation of target drugs was successfully achieved by playing with
the solvent/antisolvent canbinations. These two latter aspects are important stepping
stones to disclose the real viability of the extraction and purification platforms created.

During this thesis, a considerable array of model compounds of relatively low
commercial value was coked, forcing further steps towagimore valuable drugs. The
creation of an integrated process applicable to highly valuable drugs would catch more
AYGSNBalG 2y (GKAa GFE2NRTFGA2Y | LILINZIF OK® 9 G¢
these were limitedto pills, other types of formulations (e.g., topical, injectable liquids,
oral liquids) should be addressed to emphasize the broad applicability of ILs. Moreover, in
some formulations more than one active principle of interest is presenttamkploit the
outstanding selectivity of thased ABS, and in particularbased TPP (singlestep
extraction and purification), would be beneficial. The addition of -antvents was the
approach adopted for the isolation of the target pharmaceuticals. Insteagrosghes
solely based on coolirgeating cycles should also be studied in future for the sake of
operational simplicity* %! Additionally, the recycling and reuse tasks should be carefully
addressedStill, and given the enhanced polymorphic design imédid* ® (overviewed
in Chapter 2section 2.0 > G KS LRf@Y2NLIKAO FT2NXAa& | yR ONE

isolated should be also addressed in future.
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In what concerns the resolution of racemic drug@shépter 3, the work here
developed has signifiantly contributed to improve the Cltbased ABS database, by
employing CILs with chirality at the catise¢tion 3.1.1). or the anion gection 3.1.2). in
combination with either salts or polymers. The results indicate that the CIL, salt and
polymer employd significantly impact on the ABS phase diagrams as well as on the
enantioseparation ability of the system (e.g., for mandelic acid using CIL with chiral
cations + salt, cfsection 3.1.1). However, and Bhough a widerange ofoperational
conditionswas optimized, only modest enantiomeric excesses were accomplished along
this work.Nevertheless, thaise of polymers can be seafsoas a promising alternative
to the salts studied Given the promising results reported in literature for biphasic
recognition systems, e development and application of ABS with chirality in both
phases(i.e., composed oftwo chiral phase formers) could be the solution to the poor
enantioselectivities exhibited. Another bottleneck of the 6dsed ABS reported along
this work isthe strong alkaline environment. Assuming that electrostatic interactions can
be involved in the enantiomeric recognition mechanisirseems of utmost importance
the manipulation of the speciation of the phase formers but also the enantiomers.
Additionaly, crystallization from Cl®smay also yield enantiopure drugs and this route
should be followed in the future.

In this work DES werealso suggested as potential chiral solvents for the
enantioseparation of racemic drugsetion 3.2.1). Proline:malicacid (and all four
enantiomer combinationsg L:L, L:D, D:L and D:Demn chosen asa case study to
understand the chirality role on DES formation. After determining the diglidd phase
diagrams and assessing the molecular interactions leading to ttectuformation, one
major conclusion arises, i.alistinct enantiomeric combinations yield distinct eutectic
temperatures. In this context,the use ofother techniques to infer on the molecular
interactions (e.g., NMR and DFffandthe application ofrystallization in DES media (the
intended application) arsomeof the important tasks to be performed in the futur@he
industrial relevanceof the processes developed during this thessalso an important
issue to take into account in the near futur&he scalaip (e.g®)) and operation in

continuousflow (e.g.”® 1% for the wastes valorizatiorand chiral resolution approaches
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should be conducted. Furthermorg, K S LINEBfecSciedsS8s@enor environmental
analysis (e.d% ') should bematter of future study as well atheir economic analyses
(e.g.* 3 involving the chemicals, equipments and the cost and purity level needed for
0KS RNMHzZZAQ NBO2JSNBRkaASLI NF GSRO
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l LIWSYRAE !

2.1.1. Recovery of ibuprofen from pharmaceutical wastes using ionic
liquids

e Silva, F. A.; Caban, M.; Stepnowski, P.; Coutinho, J. A. P.; Ventura, S.P.M. Re
ibuprofen from pharmaceutical wastes using ionic liqui@seen Chemistr016 18
(13), 37493757.

Table Al.Detailed extraction efficiency of ibuprofen data acquired during the initial

screening aimed at finding the optimal IL.

100i mass fraction compsition (wt%)

IL I Citrate buffer salt H,O SR 1060
GV % 5792 162
[C.Gim]CI j: 2 gg ;gii i éég
‘. 5 s wsi




Table A2. Detailed extraction efficiency of ibupfen data acquired during the
optimization studiesusingthe system based in different concentrations [®f1444CIl and

citrate buffer salt.

100i mass fraction composition (wt%)
[N4444Cl  Citrate buffer salt H,O

Eksut /(%) ‘

0 0 100 1.69 +0.03
15 0 85 2.40 +0.02
25 0 75 7.20+0.19
35 0 65 61.12 + 0.57
45 0 55 93.53 + 0.62
50 0 50 91.78 + 3.82
55 0 45 98.49 + 0.40
0 5 95 16.59 + 0.57
0 15 85 4.70+0.29
0 25 75 2.51+0.04
0 35 65 0.69 +0.11
15 5 80 13.66 + 0.80
25 5 70 47.55+0.76
35 5 60 88.80 £ 0.45
45 5 50 97.92 £ 2.65
25 10 65 79.52 £ 1.60
10 25 65 12.95+0.76
15 15 70 19.34+1.01
5 15 80 3.53+0.10




Table A3.Experimental data of recovery efficiency of ibuprofen acquired during the ibuprofen recovery step through ptiecipitiéh an

anti-solvent.

REsup =~ K620
extract : antisolvent 155\6vt\fv/(;0£0l\lég]C| + 5 wt% citrate buffer 45 W1% [NasdCl + 55 Wi% bO
Anti-solvent: 25 wt% of KCl aqueous solution
1:1 13.53 + 0.86 60.94 + 2.41
1:2 58.40 + 2.57 85.79+0.9
1:3 75.08 £ 0.53 94.04 + 0.49
1:4 84.53 + 1.26 96.00 £ 0.15
1.5 87.97 £ 1.00 97.07 £ 0.14
Anti-solvent: HO
1:1 22.37 + 2.46 86.11+0.72
1:2 33.71+2.32 90.45+0.13
1:3 34.71 £ 4.00 91.60 £ 0.19
1:4 28.31 £ 0.45 89.17 £ 0.30
1.5 26.72 £ 5.45 88.09 £ 0.17




|H H,CH

+ H, H, H Ne1Cl ho " ‘

H.CH,CH (H_ —N——C —C —C —CH [ Mna] 5 ]
| HA H3 H2 H1
H,CH,CH,CH /)

IBU pure standard
IC;HsN Hi, Hj

Hf, Hg [l
i /|| Hb, He, Hd, He Ha I ‘ |H

T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 0 3.5 3.0 2.5 2.0 1.5 1.0

45 4
f1 (ppm)

Figure A1'H NMR spectra for ibuprofen recovered from the 45 wi?fN4444Cl aqueous solution after the addition of water in a ratio of
1:3in a 50:50 $D:GHsN mixture (1), 45 wt% [N44Cl + 5 wt% citrate buffer aqueous solution aftee addition of KCl aqueous solution in a
ratio of 1:4 in a 50:50 #D:GHzN mixture (2), ibuprofen pure standard from Sigma ih:8 (3) and [M44Cl in HO (4). A Bruker Avance 300
spectrometer operating at 300.13 MHz was used, utilizing appropriatestabataining closed reference capillaries witoland TSP as the

internal reference. Ibuprofen and 4 Cl atom labellings also provided.

Vi



Figure A2.Schematic representation of the integrated process of extraction, purification, ibuprofen recomdryeaycling of the main
solvents based on the use of Py CI + citrate buffer aqueous solution and KCI as the solvent anesalagnt, respectively. The purple
square represents the removal of KCI in solution, the green square consists on the sepafdtie solvent used in the KCI removal and the

grey circle is the evaporation of the extra amount of water added together with KC| asorent.
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