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Resum

Resum

En un ambient biologic, intrinsecament asimetric, I'activitat de les substancies quirals
pot estar fortament condicionada per la seva estereoquimica. Aquesta és la rad per la
qual les técniques enantioselectives han esdevingut una eina essencial tant per la
determinacié analitica de la composicié en enantiomers d’'una mostra com per la
obtencié i preparacié d’aquests isomers de manera separada.

Tot i que existeix un nombre considerable de procediments i tecniques quirals, la
cromatografia juga un paper molt rellevant en aquest context. Es per aixd que la
recerca de noves fases estacionaries quirals (FEQs) capaces de resoldre un ventall
extens de parells d’enantiomers segueix sent de transcendental importancia. En
aquest aspecte, un dels avengos més sorprenents i inesperats és I'Us de selectors
quirals (SQs) derivats de cadenes d’oligoprolines. En estudis anteriors, FEQs
derivatizades amb aquest tipus d’estructures com a SQ van presentar valors
d’enantioselectivitat i resolucid, aixi com un rang d’aplicacid, similars o superiors als de
FEQs que contenen SQs d’un pes molecular similar.

En la present tesi doctoral, es presenta la sintesi d’un SQ de tipus octaprolina més
senzill que els estudiats en treballs anteriors amb la idea d’estudiar si les propietats
particulars observades préeviament en derivats més complexes son generalitzables. Per
aixo, es descriu la sintesi d’un octapéptid de prolina que es duu a terme mitjangant un
procediment de sintesi peptidica en fase solida (SPPS) tipus Fmoc. En el peptid
obtingut se li afegeix un grup terminal trimetilacetil (Tma) i a partir d’aqui es procedeix
a l'ancoratge sobre silice gel. Posteriorment es procedeix I'empaquetament de la
columna quiral amb el material resultant. EIl comportament cromatografic de la nova
FEQ s’avalua i es compara amb FEQs similars que contenen grups
3,5-dimetilfenilcarbamat en la posicié 4 de 'anell de pirrolidina de tots els monomers
que constitueixen la cadena. Es en aquest punt on s’estableix un mecanisme
d’enantioreconeixement principalment basat en interaccions mitjancant enllacos per
pont d’hidrogen.

A més a més, I'iUs de diferents condicions cromatografiques permet estudiar la
dependencia de I'enantioselectivitat respecte la fase mobil utilitzada. Quan s’utilitzen
mescles d’un alca i un alcohol, o d’un alca i un eter com a fase mobil, s’obtenen valors
d’enantioselectivitat forca semblants. En canvi, en absencia d’un dissolvent amb grups
donadors d’enllacos d’hidrogen i amb presencia de dissolvents clorats, forca habituals
en separacions enantioselectives, els factors de separacié practicament s’anul-len. No
obstant, es demostra que la desaparicié de I’enantioselectivitat és un fenomen
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totalment reversible que s’atribueix al canvi conformacional que experimenten les
cadenes de poliprolina segons el dissolvent en el qual es troben immerses

Seguidament, diferents SQs de la familia de les oligoprolines s’uneixen a columnes
monolitiques de gel de silice. La derivatitzacid es realitza per etapes i es procedeix a
testar I’enantioselectivitat després de cada reaccid. Aixi, es pot demostrar que
I’habilitat enantioselectiva, la resolucid i I'eficiencia depenen de la quantitat de SQ
contingut dins de cada columna, resultant ser la columna més derivatitzada la que
exhibeix un millor comportament cromatografic. Quan les columnes monolitiques amb
el mateix SQ es comparen amb les seves analogues que contenen una matriu
constituida per particules de silice, les primeres mostren millor enantioselectivitat i un
espectre d’aplicaci6 més ampli. Finalment, quan s’examina la capacitat de carrega,
aquesta és de 'ordre de 3 a 20 vegades superior per les columnes monolitiques que les
respectives constituides per particules.

Finalment, I'enantioselectivitat i el comportament cromatografic de diferents FEQs
tipus oligoprolina es proven en condicions de fluids supercritics, obtenint-se valors
favorables d’enantioselectivitat, resolucié i eficiencia. Aquests valors sén encara més
positius quan es combinen les condicions de cromatografia de fluids supercritics amb
columnes de suports monolitics. No obstant, la millora més notable en aquestes noves
condicions és la significant reduccié del temps d’analisi, fet que obre les portes a
utilitzar aquest tipus de FEQs per treballar en condicions de high-througput.
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Introduccié

Introduccio

2.1. Aspectes generals
2.1.1. L’homogquiralitat

La simetria és un concepte tenyit per la concepcié humana de formes harmonioses i
esteticament agradables, i que massa sovint, la seva vessant més adulterada recau
sobre la ciencia. No obstant, la seva estrica interpretacié matematica basada en
mesures geometriques ha estat un instrument molt valuds pels cientifics de diferents
disciplines. Per tant, la simetria s"empra per tal d’estudiar la naturalesa d’una manera
més clara, intel-ligible i concisa. Pero, és el trencament d’aquesta, és a dir, I'asimetria,
la que ens descriu la vida d’'una manera absoluta.

De fet, moltes formes i moviments aparentment simétrics en el mén natural sén en
realitat exemples de simetries trencades [1]: I'helicitat de les closques dels cargols i
d’alguns mol-luscs, la forma de serpenti d’algunes plantes com el llipol o la
mongetera, el moviment helicoidal dels espermatozous, I'ullal levogir dels narvals o les
nostres mans. Per0 el perque d’aquesta asimetria macro s’ha de buscar en una
microasimetria a nivell molecular, en la quiralitat de les biomoléecules.

Figura 2.1. Exemples de quiralitat en la naturalesa. D’esquerra a dreta i de dalt a baix: i) les closques dels
cargols. ii) el moviment dels espermatozous. iii) les mans de dos nens. iv) plantes de llapol. v) I'ullal dels
narvals.

La qulestio de l'origen de la quiralitat, la propietat de les molécules de no ser
superposables a la seva imatge en un mirall, ha estat un puzle no resolt des que
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Pasteur va introduir per primera vegada aquest concepte a la quimica [2]. L'origen i el
proposit de I'homogquiralitat - el perquée la vida es basa tan sols en un dels dos
possibles enantiomers, és a dir, en L-aminoacids i en D-monosacarids i no en les seves
imatges especulars - han estat debatuts extensament per cientifics de diferents
ambits.

Alguns argumenten teories bidtiques que es basen en I'existéncia d’'un nombre igual
dels dos enantiomers de cada molecula al principi de la vida, i que fou la propia
evolucié la que va produir un desequilibri. No obstant, aquesta teoria s’ha tornat cada
cop més impopular degut a la constatacié que I'evolucié de les especies, per si sola, no
hauria estat capag d’aportar la seleccié natural necessaria per tal d’afavorir la forma
levogira o dextrogira, o viceversa, de cada moléecula.

No obstant, les teories més seductores sobre la quiralitat molecular sén prebiotiques,
anteriors a l'inici de la vida [3]. Tot i que no existeix una sola teoria universal, totes les
hipotesis es fonamenten en 3 passos essencials successius: 1) Trencament de la
simetria molecular: Creacié d’un desequilibri enantiomeéric basant-se en dos fets
experimentalment ja demostrats: i) les molécules organiques provenen de l'espai
exterior [4-8] ii) es poden obtenir petits excessos enantiomerics (ee) de molécules
organiques quirals (d’entre elles aminoacids) recreant condicions cosmologiques
(simulant l'espai) [9,10]. 2) Amplificacié quiral: Enantioenriquiment d’aquest
desequilibri. Diferents experiments senyalen que la presencia d’una petita quantitat de
producte amb excés enantiomeric a l'inici d’'una reaccid pot resultar en un excés
enantiomeric considerablement major al final d’aquesta (Figura 2.2.a) [11,12]. 3)
Transmissid quiral: Transferéncia d’aquesta quiralitat d’'una molécula a una altra [13],
tal i com passa en les reaccions de Mannich catalitzades per prolina [14,15].

a) 9
0.2eq fZ“{
(S) 99% ee k
CH; on
O/Zn<CH f__CH
1e tolug, 0°C, 40 h _ = CH, 3 HCI/H,0O N™X 3
0% ge k NS t z CH3
(o]
1.2 eq >—z —< N (S) 93% ee

Hs

Figura 2.2. a) Reaccié de Soai, un exemple d’amplificacié quiral [11]. En alguns sistemes de reaccions
autocatalitiques la preséncia d’una petita quantitat de producte amb excés enantiomeéric al inici de la
reaccio desencadena en un excés enantiomeric significativament major al final d’aquesta.
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b)
O\///O !
H
_____ N o)
D
' g @ " |
’ ‘0
He~> ] H H
ﬁ) H | COOE J PMPL 1 o
R 7 - R R = S
s PMP~N- EtOOC”S H
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H” “COOEt H™ "COOEt

Figura 2.2. b) Mecanisme organocatalitic de la reaccié de Mannich catalitzada per prolina. Es produeix
una transferéncia de quiralitat des de I'’enamina resultant de la reaccié del compost carbonilic que es vol
fer reaccionar, a la imina aquiral sobre la que reacciona I'anterior [15]. En la reaccié es formen dos
centres estereogenics de configuracio fixada pel de la L-prolina que s’utilitza com a catalitzador. (PMP:
p-metoxifenil).

Tot i que els interrogants continuen sent nombrosos, en I’homoquiralitat es reconeix
un rol transcendental de I'enantioselectivitat. En quimica, ens referim a una reaccid
enantioselectiva quan en aquesta es produeix la formacié preferencial d’un dels dos
enantiomers sobre I'altre, com a resultat d’'una especificitat inherent de la reaccié o de
la influéncia de les caracteristiques del substrat, reactius, catalitzadors o del propi
medi. No obstant, la definicié d’enantioselectivitat es pot generalitzar com la mera
preferéncia per un dels dos enantiomers possibles per un compost.

2.1.2. Importancia i aplicacions de I’enantioselectivitat

Des dels anys 80, I'enantioselectivitat ha adquirit una rellevancia cabdal en el camp
farmaceutic, que acapara des del disseny i desenvolupament de nous farmacs, passant
per I'optimitzacié de farmacs ja existents, fins a I'analisi de molécules quirals de
principis actius i de medicaments finals. Aquest fet és degut a I'observacié d’una
resposta diferenciada de I'organisme en funcié de I'estereoquimica de la molecula
exogena administrada al pacient, ocasionada per una interaccié preferent de la diana
terapeutica amb un dels dos enantiomers del principi actiu o bé per un perfil
ADME-Tox diferenciat pels dos enantiomers.

Per tant, no és sorprenent que els enantiomers de moltes molécules quirals presentin
efectes diferenciats. Per exemple, el tetramisole (Figura 2.3.a) és un antihelmintic,
inicialment administrat en forma raceémica. Degut els nombrosos efectes secundaris
(vertigen, dolor abdominal, vomits) atribuits al isomer (R), actualment només
I’enantiomer (S) s’utilitza en terapeutica (levamisole) [16]. Altres fets diferencials es
manifesten generalment com a diferéncies en la poténcia dels enantiomers per a una
mateixa activitat farmacologica, sent-ne un exemple il-lustrador els acids arilpropionics
o profens (Figura 2.3.b) [17]. Com a cas extrem, un enantiomer pot actuar com a
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antagonista de I'efecte de I'altre (picenadol, Figura 2.3.c) [18]. També s’han observat
altres casos peculiars, com que els dos enantiomers puguin presentar activitats
diferents (efecte dual), o bé que un dels dos pugui resultar toxic. No obstant, un dels
casos més curiosos correspon a la terbutalina (Figura 2.3.d). S’Tha comprovat que el
distomer pot actuar d’'una manera sinergica amb el corresponent eutdomer,
promovent-ne |'absorcid.

a) b) R
O~ S
N~ s __COOH
CHj3
Tetramisole Profens

(S)-(+) Antihelmnitic
(R)-(-) Emetic

(R)-(-) Eutomers
(5)-(+) Distomers

C) GHs ! OH
N H
HO n N\tBu
X CHj3
HO
CHy OH
Picenadol Terbutalina

(3R,4R)-(+) Agonista opiaci
(3S,45)-(-) Antagonista

(R)-(-) Broncodilator
(5)-(+) Promou I'absorcié de R

Figura 2.3. Exemples de farmacs quirals amb diferent activitat farmacologica.

Aixi doncs, I'administracié de farmacs com enantidmers purs presenta una serie
d’avantatges sobre els seus analegs racemics: presenten una relacid més directa entre
la concentracid plasmatica i I'efecte farmacologic, és a dir, un perfil farmacodinamic
menys complex i més selectiu. També s’observa, en general, un index terapéutic
millorat, aixi com un menor potencial d’interaccid amb altres farmacs [19]. Tot aix0 es
tradueix, d’una banda, en la possibilitat de reduir la dosificacié de principi actiu,
reduint-ne el cost de produccid, i per l'altra, en una reduccié de la variabilitat de
I’efecte terapéutic, i conseqiientment dels seus efectes toxics [20].

A més a més, des de principis dels anys 90, la ICH (International Conference on
Harmonization) [21] ha promulgat una série de directives de referéncia, d’obligat
compliment en els paisos desenvolupats. Aquesta regulacié contempla la identificacié
de termes quirals especifics, com I'avaluacié farmacocinética i la quantificacié
considerant les diferencies entre enantiomers (dosi-resposta), limitant el percentatge
d’isbmer que pot constar com a impuresa de I'altre. D’acord amb la normativa vigent,
s’ha de coneéixer la composicié d’'un farmac quiral en els estudis farmacologics,
toxicologics i clinics [22]. Actualment, les directives internacionals no prohibeixen
explicitament la comercialitzacié de nous farmacs racemics i la decisid en relacié a

Arnau Novell 10



Introduccio

I'estereoquimica de la molecula la pren el fabricant. No obstant, aquesta decisio
requereix d’una justificacid cientifica basada en la qualitat, seguretat i eficacia del
compost [23]. La qual cosa fa que, a la practica, la gran majoria dels nous farmacs es
desenvolupin i comercialitzin com a enantiomers unics.

Finalment, a tot aixd cal sumar-hi 'anomenat chiral switch. Aquesta practica consisteix
en el desenvolupament d’un nou farmac enantioméricament pur a partir d’'un farmac
existent en forma racémica [17,24,25]. El chiral switch també ha permeés en alguns
casos als laboratoris allargar els periodes d’exclusivitat per aquells farmacs racémics
les patents dels quals es trobaven a punt de vencer (Figura 2.4.). En altres aquest
fenomen ha portat que el farmac enantioméricament pur no s’arribés mai a
comercialitzar. En ocasions el laboratori que patentava el farmac enantioméricament
pur era un laboratori alié al que ostentava la patent del raceémic i sense possibilitats de
portar el farmac al mercat. Quan la compra de la patent d’aquest segon laboratori per
part del laboratori original no es produia, I'assumpte conduia a un carrerd sense

sortida.
(0]
CH, O F COOH
H
N\[ N |
| (\N N
O K/\
CH3 CH, e O\/%CHa
Levobupivacaina Levofloxacina Dexmetilfenidat
(S)-(-)-bupivacaina (S)-(-)-ofloxacina (R, R)-(+)-metilfenidat
Anestésic local Antibacteria Inhibidor recaptacié dopaminaii

noradrenalina

Escitalopram Armodafinil Dexketoprofén
(S)-(-)-citalopram (R)-(-)-modafinil (S)-(+)-ketoprofen
Inhibidor recaptacio serotonina Psicoestimulant Antiinflamatori, analgésic

Figura 2.4. Exemples de farmacs que, un cop comercialitzats com a mescla racémica, han sortit al
mercat com a enantiomers aillats (chiral switch).

Degut a tots els motius anteriors no és sorprenent que durant la ultima década la
majoria de principis actius s’aprovessin com un sol enantiomer (Figura 2.5) [26]. De
fet, de 195 noves molécules aprovades per la Food and Drug Administration (FDA) i de
205 a nivell mundial, 108 (55%) i 130 (63%) respectivament, corresponen a
enantiomers aillats. Les molécules aquirals ocupen el segon lloc i les mescles
racémiques no desapareixen. De fet, el desenvolupament d’aquestes ultimes es basa
principalment en consideracions estratégiques de les companyies farmaceutiques, tal i
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com evitar processos de sintesi asimeétrica i/o de resolucié enantiomérica, per tal de
reduir costos de produccid i escurcar el temps per aconseguir I'aprovacio.

a) FDA

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

b) . I Racémics [ Enantidomers aillats [ Aquirals
Mundialment

80 13
70 12

12 15 13 14

60
50
40
30
20
10

%

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Figura 2.5. Evolucio de la quiralitat dels farmacs [26]. El percentatge (eix de les y) i el nombre (mostrat
sobre les barres) de farmacs aprovats com a racémics, enantiomers purs i molécules aquirals per: a) la
nord-americana FDA durant el periode (2002-2011) i b) mundialment durant el periode 2001-2011

Aquesta tendéncia segueix actualment, tant és aixi que 3 dels 5 farmacs més venuts als
Estats Units durant I'any 2013 sén enantiomers aillats [27]. Mentre que els altres dos
corresponen a una molécula aquiral i a un anticos monoclonal, un medicament
d’origen biotecnologic.
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0 HN CH,
1 cl. cl ocH
/\ I s
O
NH 7 H,CO OCHs

0 (aquiral)
Aripiprazol, Abilify® Esomeprazol, Nexium® Duloxetina, Cymbalta®
Antipsicotic Antisecretor Gastric Inhibidor recaptacié serotonina i
Otsuka Pharmaceuticals AstraZeneca Pharmaceuticals norepinefrina

Eli Lilly and Company

; (Anticos monoclonal) H H
O ol o
3 ) ) N COOH
- -+ |
] H4C.
yy oC I}IJ\N/
T O=S~CH,
= & O// F
Adalimumab, Humira® Rosuvastatina, Crestor®
Inhibidor factor necrosis tumoral (TNF) Inhibidor de la HMG-CoA reductasa
AbbVie, Inc. AstraZeneca Pharmaceuticals

Figura 2.6. Els 5 farmacs més venuts al per menor als EUA durant I'any 2013, ordenats per facturacio,
d’esquerra a dreta i de dalt a baix [27].

2.1.2.1. Importancia de la quiralitat en el camp agroalimentari:

Aquesta manera de procedir, promovent I'eleccié del caracter enantiomer o racémic
del farmac en desenvolupament, va comportar grans avencos cientifics i tecnologics en
el camp de l'analisi de components quirals, amb la conseqlient transferencia de
coneixement des del terreny farmacéutic a altres camps. De fet, I'analisi quiral esta
jugant un paper cada cop més important en el camp de I'alimentacié. La determinacio
de substancies quirals és una nova manera d’avaluar la qualitat, la procedéncia, la
seguretat, el processat i I'autenticitat dels aliments [28].

Des del punt de vista nutricional és ben sabut que la racemitzacié d’aminoacids en
disminueix el seu valor aixi com la qualitat del producte. Per tal d’establir 'edat de
diferents vins blancs, rosats i escumosos, Briickner i col-laboradors han correlacionat
les quantitats de D-AA [29] amb el temps d’emmagatzematge del vi. Com que els
aminoacids també racemitzen en determinades condicions, Csapd i col-laboradors
avaluaren |'efecte I'extensid de racemitzacié dels aminoacids de mostres d’extracte de
soja seques durant el seu processat (processos d’extrusid, operant a diferents
temperatures i velocitats angulars). Es va demostrar l'increment de racemitzacio
produit pel procés [30], amb la conseglient disminucié de les propietats nutricionals
del material processat.

Un altre parametre important d’avaluar és la toxicitat del menjar, i per tant, cal
detectar la preséncia de xenobiotics en mostres alimentaries. De fet, la composicid
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enantiomerica de compostos amb activitat insecticida, herbicida, pesticida o fungicida
esta regulada per les autoritats ja que I’Us d’un sol enantidmer permet la reduccié de
la taxa d’aplicacio, la toxicitat i dany ambiental d’aquestes substancies. Diferents
estudis senyalen que [I'activitat dels fungicides metalaxil i benalaxil recau
fonamentalment sobre I'enantiomer (R) [31,32]. Zhang i col-laboradors duren a terme
la determinacié enantiomerica dels mencionats fungicides (Figura 2.7) en fruites i
hortalisses comprovant que els limits sobrepassaven els establerts [33].

c)
CH3 CHs CH; CHs
Q )—COOCH3 Q /LCOOCH3 )—COOCH3
7’_@ CH3 (o) O—CH3
Benalaxil Furalaxil Metalaxil

Figura 2.7. Fungicides estudiats per Zhang i col-laboradors[33].

2.2.  Analisi de substancies quirals [34]

Els enantiomers sén estereoisbmers amb les mateixes propietats fisicoquimiques i, per
tant, indistingibles en les condicions isotropiques convencionals. Les diferencies només
emergeixen quan s’exposen a un ambient quiral anisotropic, tal i com la radiacié
electromagnetica circularment polaritzada o la preséncia d’altres estructures quirals
[34]. Aixi doncs, quan s’ha de realitzar una analisi dels enantidmers es poden dur a
terme dues aproximacions diferents.

Per una banda, es pot realitzar una determinacio indirecte que consisteix en convertir
els enantiomers en compostos diastereomérics per mitja d’'una reaccié amb un reactiu
enantiomericament pur, I'anomenat agent de derivatizacié quiral. Conseqlientment,
els estereoisomers resultants diferiran en les seves propietats fisico-quimiques i es
podran analitzar mitjancant metodes convencionals. Per tant, aquests agents de
derivatitzacié quiral serviran per a la determinacié indirecte de la composicid
enantiomerica en tecniques d’analisi d’ds comu [34] com la ressonancia magnética
nuclear (RMN) [35], la cromatografia de gasos (GC) [36] o la cromatografia liquida
d’alta resolucié (HPLC) [37]. Encara que els métodes indirectes poden ser beneficiosos
en certes ocasions, aquests solen estar considerats com a metodes que requereixen un
llarg temps de preparacio i/o analisi [38] i que poden estar afectats per inexactituds
atribuides a la reaccié [39], i per tant, no s’adeqien als requisits high-throughput de la
inddstria de quimica fina.
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Per altra banda, els meétodes directes consisteixen en la determinacié d’enantidomers
en un ambient intrinsecament quiral. De fet, existeixen diferents técniques per tal de
determinar la composicié enantiomérica que es classifiquen en dos grans grups: i) Les
tecniques que es duen a terme sense una separacié dels enantiomers, com la
polarimetria o la RMN utilitzant agents de solvatacié quiral [40]. ii) Les aproximacions
que si separen els enantiomers, basicament les diferents técniques cromatografiques
(GC, HPLC, SFC, CCCQ) i I'electroforesi.

2.3. Maetodes preparatius per a I'obtencié d’enantiomers [34]

Tot i que la sintesi asimetrica o estereoselectiva implica I'obtencié majoritaria de
I’enantiomer desitjat, aquesta pot suposar un procés sovint costds i laborids. A més a
més, el producte obtingut acostuma a requerir d’'una posterior fase d’enriquiment de
la forma desitjada, ja que la puresa enantiomérica obtinguda no sol assolir els
requeriments estipulats per les autoritats reguladores [41].

Per contra, la separacido d’enantiomers a partir d’'una barreja racémica suposa un
rendiment limitat al 50% en 'etapa en qué es realitza la separacid, cosa que redueix el
rendiment global del procés de produccié. No obstant, I’enantiomer no desitjat se sol
racemitzar i reciclar. D’aquesta manera es millora el rendiment. Tot i aixi, no sempre
I'obtencié de la mescla racémica és un inconvenient, ja que en els primers estadis del
desenvolupament dels nous farmacs, s’han de realitzar assajos amb els dos
enantiomers per separat [42] i aqui la sintesi del racemic combinada amb I'Gs de les
técniques separatives sén la primera eleccid.

Degut a I'auge de les técniques enantioseparatives en el terreny analitic, les tecniques
cromatografiques de separacié directa dels enantiomers es van extrapolar a fins
productius on s’utilitzen cada cop més. Tenen al seu favor el fet de ser d’aplicacié per
compostos de diversa estructura sense el requeriment d’una derivatitzacio prévia o la
condicié d’aplicacié a materials solids, i per tant, es tracta de procediments molt
generals. No obstant, es poden utilitzar de forma exclusiva o en combinacié amb les
técniques de separacié o de sintesi enantioselectiva. De totes les modalitats de
cromatografia, la de simulated moving bed o cromatografia de llit mobil simulat (SMB)
és la més usada a escala preparativa [43]. Un dispositiu de SMB esta format per
multiples columnes quirals disposades en forma anular entre les que es canvia, de
forma periodica mitjancant valvules, I'entrada i la sortida de dissolvents, el punt
d’injeccié de barreja i de recol-leccié de derivats purificats (Figura 2.8). Amb aquest
canvi, realitzat sempre en la mateixa direccid en la que circula la fase mobil liquida, es
simula el moviment.
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Enantiomer

Enantiomer : :
Racémic més retingut

més retingut

Racémic
Sentit del Sentit del
flux i del flux i del
canvi de canvi de
posicio posicio
Fase mobil Enantidmer Enantiomer
menys retingut menys retingut

Figura 2.8. Diagrama esquematic del funcionament d’un sistema SMB. Les columnes estan connectades
del cap a la cua, intercalant valvules. Hi ha dos fluxos d’entrada, el d’alimentacié (racemic) i I'eluent
(fase mobil), i dos fluxos de sortida, I’extracte (enantiomer més retingut) i el refinat (enantiomer menys
retingut). Després d’un cert temps, les posicions d’entrada i de sortida es mouen, simulant, aixi, el
moviment de la fase estacionaria [34].

2.4. Associacio Selector Quiral — Enantiomer [34]

Sens dubte, es pot concloure que el desenvolupament més notable i singular en el
camp de la separacié d’enantiomers en els ultims 35 anys ha estat la introduccio i
rapida implementacié de I'HPLC per aquesta finalitat [44,45]. Per tal de dur a terme
una separacié enantiomerica en cromatografia cal introduir en el procés un ambient
quiral. L'anomenat selector quiral (SQ) sera I'encarregat de proporcionar aquest
ambient per tal d’induir les diferéncies entre els dos enantiomers. El mecanisme
d’enantioseparacié es fonamenta, doncs, en la formacié d’un adsorbat diasteromeric
transitori entre el SQ i cadascun dels dos enantiomers basat en interaccions febles no-
covalents entre les dues especies. La diferent estabilitat dels dos adsorbats
(SQ/enantiomer) que es formen determina la separacio [34]:

s

R+SQ = R—-50Q

K,

agr

# Ko (1)

(%s

R+SQ = S—50Q

Es poden relacionar les diferents constants d’equilibri de formacié dels dos adsorbats,
Kq;) amb la diferencia d’energia lliure estandard de Gibbs, AG;:

AGg = AHp — TASg = —RTInK,,

(2)
AGs = AHg — TASg = —RTInK,
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Si arbitrariament es considera que K,, > K, la diferencia entre els dos enantiomers

S’
es pot expressar com:

AAG” = —RTInXer (3)

as

Per tant, si es fixa el SQ sobre una fase estacionaria i es consideren només les
interaccions entre el SQ i els analits, parametres cromatografics com els factors de
capacitat (k;) es poden expressar com a funcié de les constants d’associacid
SQ/enantiomer:

Crs VFs VEs
ki= G0 = Ko 2 @)
CrM VFEM LVEM

Si es torna a considerar que K, > K,, el factor de selectivitat (a) —el quocient entre

SI
dos factors de capacitat consecutius- es pot expressar tal i com:

_ kr _ Kap (5)
kS Kas

El factor de selectivitat (a) és una mesura de I’enanatioselectivitat per un SQ i un parell
d’enantiomers determinats. Es pot mesurar en el cromatograma directament com:

k= 8t (6)
0
Si es considera I'equacid (5):
_ ty—tg
=t (7)

On t, és el temps d’elucio del marcador de volum mort, i 1i 2 sén I'enantiomer menys
retingut (menor K,;) i 'enantiomer que elueix més tard (major K,), respectivament.
Aleshores, considerant (3):

AAG’ = —RTlna (8)
La qual cosa explica el gran éxit de la cromatografia enantioselectiva. Per a un parell

d’enantiomers, diferéncies de I'estabilitat dels adsorbats tan baixes com 121 J/mol
resulten en una separacio visible per HPLC de a=1,05 [46].
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2.5. Selectors quirals utilitzats en cromatografia liquida enantioselectiva [34]

Per tal de dur a terme cromatografia liquida enantioselectiva cal o bé una fase mobil
quiral o una fase estacionaria quiral (FEQ). Una FEQ no és res més que una matriu
solida, normalment silice o alimina, en la qual s’hi ha incorporat -fisica o quimicament-
una molecula quiral, 'anomenat selector quiral (SQ). L'enllag quimic del SQ sobre la
matriu cromatografica, quan és permanent, fa que la FEQ sigui una eina molt més
robusta. Com a resultat de la fixacid, la FEQ permet I'GUs d’un ventall més ampli de
condicions cromatografiques i la probabilitat d’assolir la separacié desitjada
s'incrementa. Un extens espectre de moléecules i materials quirals han estat utilitzats
com a SQs. De fet, les FEQs es classifiquen segons la naturalesa dels mencionats SQs.
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MOLECULAR
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Figura 2.9. Les diferents families de FEQs classificades segons la naturalesa del SQ.

En el fons, la principal clau de I'exit d’una separacid enantiomeérica resideix en el
simple fet de seleccionar la FEQ capac de separar la mescla racémica diana. Per tant, el
coneixement de les FEQs existents i les seves propietats és de gran importancia en
aquest camp. Fins ara, un gran nombre de molécules quirals s’han desenvolupat i
provat com a SQs (Taula 2.1). Actualment, més de cent FEQs estan comercialment
disponibles, encara que menys d’una vintena d’aquestes sén d’ds comu.

Arnau Novell 18



Introduccio

Taula 2.1. Els principals grups de selectors quirals (SQs) organitzats segons el seu origen i aplicables a
diferents técniques de separacio[43]

Font Tipus Selector Quiral Tecniques Escala
Natural Proteines Serum d’Albdimina A A
Orosomucoide (a, A
glicoproteina acida)
Ovomucoide LC, CE, CEC A
Celobiohidrolasa | Membranes, extraccid A
Avidina A A
Quimotripsina A A
Ovotransferina A
Oligosacarids a-, B-, y-ciclodextrines, LC, CE, CEC, GC, TLC, A/P
Disacarids, cristal-litzacié A
Maltodextrines CE A
CE
Polisacarids Celulosa A
Amilosa CE A
Mido A
Dextra A
Heparina CE A
Pectines CE A
Antibiotics Vancomicina A/P
Teicoplanina LC, CE, GC
Ristocetina SFC
Avoparcina
Molécules de baix pes  Aminoacids LC, CE, SFC
molecular Acids colics Cristal-litzacié
Alcaloides
Acids tartrics
Semisintetic ~ Oligosacarids Derivats ciclodextrines LC, CE, CEC, GC, TLC A/P
modificats Polimers de CE A
ciclodextrines
Polisacarids Carbamats de LC, CE, SFC, TLC, extraccid i A/P
modificats polisacarids membranes
Esters de polisacarids
Sulfats de polisacarids  Sulfat de dextra CE
A-carragenina CE
Derivats de condroitina CE
Derivats de les Selectors de bescanvi LC, CE, CEC, SFC, extraccid A/P
molecules de baix pes  ionic
Sintetics Molécules de baix pes  Selectors tipus Pirkle LC, CE, GC, TLC, SFC, A/P
molecular sintetiques membranes A
LC, CE, extraccio i cristal-litzacio
Selectors LEC Eters corona LC, CE, extraccio A/P
(bescanvi ionic) Derivats de prolina LC, CE, TLC, extraccio, A/P
membranes
Polimers sintétics Policacrilamides LC, CE, SFC A/P
helicoidals Poliacrilats A/P
Tartramides LC A/P
entrelligades LC, CE, SFC, membranes A
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2.6. Peptids

Les proteines i els peptids estan constituits per aminoacids quirals. Per tant, tenen la
capacitat intrinseca potencial de discriminar els enantiomers d’'una molécula quiral
[47]. La unid entre aquests aminoacids es realitza mitjancant un I'anomenat enllag
peptidic, fet que provoca que l'estructura dels péptids i de les proteines vingui
principalment determinada per la geometria plana i rigida d’aquest enlla¢ amida. La
deslocalitzacié per ressonancia del parell d’electrons de I'atom de N en el grup carbonil
(Figura 2.8.a) donen a l'enlla¢ peptidic un caracter parcial (60%) de doble enllag,
caracteristica que es reflecteix en una llargada sensiblement inferior (1,32 A) a la de
I"enllag simple C-N (1,49 A). Aquesta estabilitzacié inhabilita la lliure rotacié de I'enllag i
forca als quatre atoms integrants (C, O, H, N) a compartir un mateix pla. Aixo fa que
I'esquelet del péptid estigui format per una serie de plans separats per grups metilens
substituits (Figura 2.8.b), on I’O del carbonil i I'H de I'amida es troben en posicid trans,
un en cada extrem del pla, mentre que la resta d’enllagos simples (N-C i C-C) permeten
rotacio. Aixi doncs, la torsié d’aquests enllagos és la que determina I'orientacio relativa
entre plans, que es mesura amb els angles diedres ® (enllag N-C*) i W (enlla¢ C*-C’)
(Figura 2.8.c). El valor d’aquests angles determina d’'una manera absoluta la
conformacid global d’'un péptid, encara que només unes poques combinacions
d’angles sén estériament possibles en I'estructura secundaria de les proteines.

c)

Plade I’amidga 1
N N
a) B ————H
0O
| 4L I
i «> /C\\ﬁ/
H H
Carboni a
b) R H R
21 3
2N\ /1N
_CH /N\ C

Plé de I'amida 2

Figura 2.10. Representacio de I'estructura d’un dipeptid. S'indiquen els angles diedres responsables de
la geometria de péptids i proteines [48].

Arnau Novell 20



Introduccio

2.7. Prolina

d

Figura 2.11. Representacio de |'estructura de I'aminoacid L-prolina [49].

La L-prolina (Figura 2.11) és un aminoacid hidrofob i no essencial ja que I'organisme és
capac de sintetitzar-lo a partir d’un altre aminoacid, el L-Glutamat. La singularitat de la
L-prolina és que és I"lnic aminoacid proteinogénic que conté una amina secundaria.
Aquesta estructura distintiva de la cadena lateral de I'aminoacid |i déna a la prolina
una rigidesa conformacional excepcional comparada amb altres aminoacids [50]. Tot
aixo fa que la seva participacié en I'estructura classica de les proteines sigui limitada,
no només per la distorsio estructural que comporta, sind perqué, un cop participa en
enllacos peptidics, li manca un proté amida. Aixi, quan la prolina intervé en un enllag
peptidic, el seu propi nitrogen no esta enllacat a cap hidrogen. Per tant, no pot actuar
com a grup donador d’enllagos d’hidrogen, encara que si pot actuar com a grup
acceptor. Conseqientment, aquest fet afecta la geometria del péptid en el que
intervé.

2.7.1. Rigidesa i restriccié conformacional

La prolina és un aminoacid que no encaixa amb facilitat en les estructures secundaries
periodiques classiques. Un dels motius és la rigidesa imposada pel cicle de pirrolidina
que limita el seu propi espai conformacional accessible. Degut a que I'anell de 5
membres conté dos atoms de la cadena principal del péptid (el N i el C%), la rotacié
sobre aquest mateix enllag (N-C°) estd molt restringida. Aquest fet provoca que
s'associi a la prolina el caracter de disruptor d’estructures secundaries regulars.
Comunament, la prolina es pot trobar o bé com a primer residu, o bé, formant part de
les estructures helix o encara que en distorsiona els valors conformacionals tipics.
També pot formar part dels marges de les lamines B, i és molt freqlient en estructures
no periodiques com els girs. Aixi doncs, aquestes disposicions determinen que la
prolina estigui normalment exposada al dissolvent, tot i contenir una cadena lateral
totalment alifatica.

Per altra banda, una altra caracteristica fonamental de I'aminoacid és el volum de
I'anell de pirrolidina que afecta a la conformaciéo que poden adoptar els aminoacids
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immediats. De fet, el grup C%H, pot impedir esteriament el grup R de I'aminoacid
anterior (Figura 2.12), obligant a aquest a adoptar angles Psi (W) propis d’estructura B.

N
Ri_1/| \H/CSi
® 0)
Ciq <y N,
\NZ |1&C1/ I$C°“
il
O

Figura 2.12. Representacio de |'estructura de I'aminoacid L-prolina [51].

A més a més, com que W de la prolina esta fix aproximadament a -65°, el dipeptid
resultant tendeix a ser bastant rigid, fet que encara s’accentua més si es tracta d’un
dipéptid format per dues prolines.

2.7.2. Isomeritzacio cis-trans dels enllagos AA-Pro

Tal com s’ha explicat, els enllagos peptidics solen presentar un notable caracter de
doble enllag que adopta espontaniament una disposicié trans per tal d’evitar
I'impediment estéric entre els grups funcionals del C® [52]. De fet, gairebé el 99.97 %
d’enllacos peptidics en proteines plegades es troben en disposicié trans (Figura 2.13).
Tanmateix, com que la prolina és I'Unic aminoacid d’origen natural amb I'amina
secundaria, en intervenir en enllagos peptidics pot exhibir les dues configuracions de
I’enllag peptidic, cis i trans, que en aquest cas sén energeticament similars (la forma
trans és 0,6 kcal/mol més favorable) [53-55]. Com que les formes cis i trans dels
dipeptids AA-Pro sén isoenergétiques, les cadenes peptidiques curtes exhibeixen una
mescla de formes cis i trans on la poblacié cis incrementa en canviar des d’un
dissolvent polar a un apolar [56].

(e} (e}
O - Ry
N—4 N—
R, o)
trans cis

Figura 2.13. Disposicions trans i cis de la L-prolina.

Conseqientment, els esquelets peptidics que contenen regions riques en prolina
poden isomeritzar, i per tant, tenen I'habilitat de poblar estats conformacionals i
dinamics discontinus separats per una modesta energia d’activacié d’interconversié
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[53]. Les dades disponibles per peptids de llargada curta indiquen que la isomeritzacid
del prolil es produeix mitjangant un mecanisme d’una sola etapa amb un estat de
transicié planar (Figura 2.14) i xifren el valor de la barrera d’interconversié entre
I’enllag amida dels conformers en unes 14-24 kcal/mol [53]:

O ¥
R K>
)\‘N@ Co N/

Ci G ~Ca | O
R, R o}
cis estat de transicio trans

Figura 2.14. Isomeritzacio del residu prolil en un péptid mitjangcant un mecanisme d’una sola etapa [53].

D’aquesta manera, encara que la isomeritzacié cis/trans al voltant de I'enlla¢ peptidil-
prolil amida estigui permesa, la considerablement elevada barrera energetica limita la
interconversié. Tot i aixi, la taxa d’interconversié és dependent del dissolvent, sent
més alta en dissolvents apolars [57].

2.7.3. Conformacio de la cadena lateral del residu de prolina

El comportament conformacional dels aminoacids és d’especial interés perque
determina la funcionalitat especifica de les proteines i polipeptids. La prolina, com ja
hem dit, constitueix una excepcid degut a la significativa constricci6 de la seva
flexibilitat conformacional. Estudis teorics sobre L-prolina demostren que 4 conformers
tenen poblacions notables (Figura 2.15) [58,59]. Els conformers dels tipus | i Il tenen
poblacions al voltant del 63 i 37% respectivament. No obstant, com es pot apreciar en
la figura, aquests conformers estan estabilitzats per enllagos de hidrogen
intramoleculars, els | de tipus N---H-O i, els Il de tipus N-H---O [59].
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lla ]+]

Figura 2.15. Conformers de la D-prolina amb les distancies intramoleculars dels enllagos per pont
d’hidrogen (A) [59].

De la mateixa manera, els anells de pirrolidina de les prolines en cadenes peptidiques
no son plans, sind que poden adoptar dues conformacions d’especial rellevancia i
practicament isoenergetiques [54]. En aquestes conformacions tots els atoms de
I'anell de 5 membres estan en un mateix pla, excepte el C' que sobresurt. En la
conformacié C' —exo, I'atom C" i el grup carbonil es troben en costats diferents del pla
delimitat per quatre dels atoms de I'anell de pirrolidina, mentre que en la conformacié
C'-endo es troben al mateix costat (Figura 2.16).

{ o { °

Figura 2.16. Representacio de I'equilibri entre els dos conformers (endo i exo) de la cadena lateral de
I’anell de prolina [60].

2.8. Cadenes de poliprolina

Les estructures tradicionalment més comunes en les proteines, i per tant, les més
conegudes, son estructures secundaries repetitives com ara I’hélix a i les lamines B, i la
no tant corrent helix 319, encara que qualsevol estructura permesa i que repeteixi els
angles diedres @, W (i w) resultaria en una estructura helicoidal. De fet, alguns autors
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han descrit algunes héelices estereoquimicament permeses, com ara I’helix it o I'helix a
levogira, per bé que cap d’elles és habitual trobar-la en les proteines.

Durant els anys 50, es va determinar I'estructura d’una proteina fibrosa com és el
col-lagen. Inesperadament, durant el seu estudi, es va observar que contenia una triple
estructura helicoidal levogira, molt rica en seqléncies abundants en prolina i
hidroxiprolina. Aquest fet va centrar un nou interés en les cadenes curtes d’aquest
aminoacid. Els calculs conformacionals teorics mostraven que aquests péptids tenien
minims energetics, un dels quals corresponia a la trans-prolina [61] que formava
cadenes helicoidals levogires (poliprolina II, PPIl) definides com: ®=-75, W=145, w=180,
n=3 (Figura 2.17.b); valors molt similars als de I’hélix tipus col-lagen. L’altre minim
corresponia a la poliprolina | (PPI) [62], formada per cis-prolina (w=0) (Figura 2.17.a),
en una estructura helicoidal dextrogira amb valors tal i com: ®=-75, W=160, n=3,3.

a) }
)'Bf' :}]

b

)
\;’a Ca '\',I

cis-prolina

trans-prolina

\%

Poliprolina | \‘
Poliprolina ll

-

Figura 2.17. a) Estructura de la cis-prolina i la PPI [63]. b) Estructura de la trans-prolina i la PPII [63].

Taula 2.2. Parametres geomeétrics en PPI, PPII i helix a.

Tipus d’helix 0] W Q n r p Enllag d’H
PPI -75 160 0 3,3 1,7 5,6 -
PPII -75 145 180 -3,0 3,1 9,3 -
a -57,8 -47 180 3,6 1,5 5,5 i,i+4

On n és el nombre de residus per gir helicoidal, valors positius signifiquen un gir dextrogir, valors
negatius signifiquen un gir levogir, r és 'altura de cada gir (A) i p és la inclinacié helicoidal (A/gir).
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2.8.1. Poliprolina Il

En anys recents, I'heélix de poliprolina Il ha emergit clarament com una classe
estructural no només en proteines fibroses com el col-lagen, sind també de proteines
plegades i desplegades. Tot i que, com s’ha mencionat anteriorment, és molt menys
abundant que les tradicionals estructures helix-a i lamina B, I'helix de poliprolina Il
representa també una estructura natural comuna exceptuant les dues anteriors. De
fet, s’ha demostrat que I'estructura PPIl no només posseeix una funcidé estructural,
sind que també afavoreix les interaccions proteina-proteina i proteina-acid nucleic i
juga un rol rellevant en la transduccié de senyals i en I'assemblatge de complexos
proteics. Aquest fet ve corroborat per que habitualment es troba I'estructura en els
llocs d’unid entre proteines, especialment en aquells on la predominanca de dominis
SH3 és majoritaria. Aixo vol dir que la PPII té una indiscutible preferéncia per la prolina,
pero gairebé qualsevol aminoacid natural pot trobar-se en aquesta conformacid. En
canvi, la formacié de I'helix PPl només és possible gracies als residus de Pro, per la seva
conformacio cis.

La conformacid PPIl és una hélix levogira, amb tots els enllacos peptidics en disposicio
trans, que es defineix pels angles diedres caracteristics (©, W, w)=(-75°, 145°, 180°).
Cada volta de PPII conté exactament 3 residus, significativament menys que els 3,6 de
I'helix-a. Aixd fa que la conformacié PPIl sigui considerablement més expandida,
ocupant cada residu 3,12 A, molt més que els 1,5 A per residu d’una helix-o (Taula 2.2).
Aixi doncs, i gracies a aquests 3 residus per volta (n=-3), la PPIl té una simetria
rotacional terciaria o de tres punts (3-fold rotational symmetry) i la forma d’un prisma
triangular. Totes aquestes caracteristiques permeten incloure a I’helix PPIl en el grup
de les estructures proteiques esteses juntament amb la lamina B i la no tan freqlent
cadena B.

L’hélix PPIl no admet patrons regulars intracatenaris de ponts d’hidrogen, tot i que un
nombre limitat d’enllacos d’hidrogen es poden formar entre la cadena i moléecules
d’aigua i entre la cadena principal i la cadena lateral del residu de I'aminoacid. Encara
que la llibertat conformacional de la PPIl pot quedar parcialment limitada quan inclou
prolina degut al seu anell de pirrolidina, I'hélix estesa de PPIl és notablement més
flexible en comparacié a I'hélix-a o la lamina B (Figura 2.18). Degut a aquestes
propietats conformacionals de la prolina, s’ha suggerit que I'estructura PPIl és també
una conformacié dominant en I'estructura de les regions riques en prolina de les
proteines [64].
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M o
&

c)

Figura 2.18. Les estructures periodiques majoritaries ideals [64]. a) Modelades com la “CA-trace”
projeccid axial helicoidal. b) Perspectiva d’aquesta projeccid. c) i com una cadena de 10 aminoacids
d’alanina.

2.8.2. Poliprolina |

L’helix de poliprolina | és una estructura molt més densa que la seva analoga PPIl degut
a la disposicié cis dels seus enllagos peptidics (Figura 2.19). També és molt menys
prevalent que la PPIl ja que com s’ha explicat, I'isomer cis és d’una energia
lleugerament superior al trans, i per tant, queda desafavorit energéticament. Els seus
angles diedres tipics (©, W, w)=(-75°, 160°, 0°) sén similars, perd no idéntics, als de
I’hélix PPIIl. Tanmateix, I'helix PPl és de naturalesa dextrogira i molt més compactada,
ja que aproximadament conté 3,3 residus per volta (enlloc de 3). Com que esta més
comprimida, cada residu ocupa només 1,9 A. Una vegada més, no s’estableixen
enllacos d’hidrogen interns, no només per I'abséncia de protons en I'amida, siné
també perqué els atoms de nitrogen de I'amida i I'oxigen estan molt distants
(aproximadament 3,8 A) i orientats cap a I'interior de I’estructura.
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Figura 2.19. Perspectiva lateral i algat de les conformacions del péptid de poliprolina [65].
2.9. Fases estacionaries quirals tipus poliprolina

2.9.1. Antecedents: Us de prolina com a fase estacionaria quiral

Les aplicacions d’aquest aminoacid sén forga diverses. No obstant, tant la seva
naturalesa quiral, com les peculiaritats ampliament comentades fan que aquesta
molecula sigui considerada una candidata ideal per ser emprada com a constituent de
SQs. De fet, el seu Us es remunta als anys 80, quan es va utilitzar per primera vegada
com a SQ en cromatografia de bescanvi ionic [66] (Figura 2.20.a).

b)
Silice” >0 NN N

o " O CooNa

0] R
1
Silice/HRHJKLN}

Figura 2.20. a) Derivat de prolina usat com a FEQ en cromatografia de bescanvi ionic [66]. b) FEQ
descrita per M. Ohwa, M. Akiyoshi, S. Mitamura [67]. c) Estructura tipus de les FEQs descrites per C.
Daban Haurou i col-laboradors [68].

c)

No obstant, la seva aplicacié com a SQ en cromatografia liquida convencional (FN) no
es va produir fins a I'any 1990. Aleshores, es va plantejar la utilitzacié de L-prolina
unida covalentment sobre gel de silice. Aixi doncs, Ohwa i col-laboradors foren els
primers en descriure la separacié per HPLC en fase normal dels enantidmers d’alguns
farmacs B-agonistes mitjancant una FEQ derivada de L-prolina (Figura 2.20.b) [67].
L'efecte dels dissolvents emprats en la fase mobil i els modificadors addicionats a
aquesta ja va resultar objecte de gran interés. En aquest tipus de FEQs la prolina es
trobava unida a la matriu cromatografica mitjancant el seu extrem amino, deixant
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lliure el grup carboxilat. Estudis posteriors van centrar-se en FEQs en les que el SQ
estava unit a la matriu cromatografica mitjancant el grup carboxilat, deixant lliure
I’extrem amino (Figura 2.20.c) [68]. Encara que aquestes darreres van aconseguir
resoldre aminoacids que contenien anells aromatics m-deficients, els factors de
separacio eren inferiors a les FEQs del grup de M. Ohwa.

Tanmateix, foren Pirkle i col-laboradors els que varen popularitzar I'is de L-prolina
com a part fonamental de FEQs de baix pes molecular [69-73]. A principis dels anys 90,
s’estava produint un extens desenvolupament i preparacié de diferents families de
FEQs, fins aquell moment molt limitat. El tema gaudia de gran interés i d’especial
rellevancia com tot allo relacionat amb I’enantioselectivitat, els progressos en els
procediments enantioselectius en sintesi asimeétrica inclosos. L’analisi cromatografica
d’enantidomers s’albirava com una técnica capag de poder determinar de forma precisa
la puresa enantiomérica que hauria d’ajudar la sintesi enantioselectiva.
Conseqientment, una part significativa dels esforcos de Pirkle i col-laboradors en
aquest camp es van centrar en investigacions mecanistiques sobre
I’enantiodiscriminacid. Aixi arribaren a dissenyar FEQs especifiques per analits diana
determinats [70,72]. El grup del professor Pirkle va dissenyar noves FEQs de les
anomenades de multiple interaccié amb els analits. Entre elles es van descriure
derivats de la N-(acil)prolina-3,5-dimetilanilida capacos de discriminar els enantiomers
d’esters i amides de la N-(3,5-dinitrobenzoil)leucina (Figura 2.21.a). En un dels casos,
les FEQs descrites (Figura 2.21.a) van mostrar factors de separacié (a)
extraordinariament elevats (30<a<80) en la separacié de diferents amides de I'N-(3,5-
dinitrobenoil)leucina racémica (Figura 2.21.b) [72].

a) b)
H3C\ )

HaC
CHs H4C CHs 0 CH, o CHs
0—Si Ni-( H
0 H
O  CHy
CH,
NO,

Figura 2.21. FEQ derivada de L-prolina (a) que origina valors d’enantioselectivitat anormalment elevats
per a la separacié d’amides de N-(3,5-dinitrobenzoil)-()-leucina (b) [72].

Amb I'arribada de la quimica combinatoria al final de la década dels 90, es va intentar
aplicar les mateixes técniques en la seleccié de nous SQs que mostressin alts valors
d’enantioselectivitat. D’aqui cal destacar un estudi realitzat pels professors Svec i
Fréchet [74] on s’avaluava I’enantioselectivitat de possibles selectors quirals que
consistien en amines derivades de prolina, valina i fenilalanina front a quatre racémics
derivats de N-(3,5-dinitrobenzoil)leucina. En aquest estudi, els derivats de prolina,
concretament, I'L-prolina-1-indanamida resultaren ser els més enantioselectius,
assolint factors de separacié molt elevats pels analits assajats (a>23) (Figura 2.22). Tot
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Qix0 va generar un gran interés en |I'Us de prolina, o de diverses unitats de la mateixa,

com a SQ.
a) b)
0 CH,4
/\/O N H 2
Q o o
o)
o7 NH O,N N N
H
O \CH2

NO,

Figura 2.22. FEQ i analit racemic que assoleixen una a>23 [74]. a) FEQ derivada de L-prolina-1-
indananilida. b) Dial-lilamida de la 3,5-dinitrobenzoilleucina.

2.9.2. Fases estacionaries quirals derivades d’oligoprolines

El grup de Li va publicar una série de FEQs basades en oligopéptids de prolines (Figura
2.23) i les va comparar amb els corresponents analegs d’una o dues unitats d’un altre
aminoacid com valina [75]. Mentre que una FEQ tipus monoprolina era capac¢ de
resoldre 4 dels 53 analits de la serie testada, la FEQ que contenia el dipeptid analeg en
resolia 19, i la corresponent al tetramer 31. A més a més, els factors de separacié
incrementaven com més residus de prolina contenia la FEQ. Aquestes observacions
demostraven la importancia d’utilitzar peptids de I'aminoacid prolina, enlloc de
qualsevol altre escollit a l'atzar, ja que degut a l'estructura de la prolina, la
conformacid dels péptids que forma pot ser Unica.

CH; 0
N O N\/\/\/U\
O O\\( 2 Y NH(CH2)3—sijlica
Ty SNy

Fmoc-Pro-Pro-(Me)N-(CH,);-CO-NH(CH,),Silica
Fmoc-Pro-Pro-HN-(CH,),-CO-NH(CH,),Silica
Fmoc-Pro-Pro-Pro-Pro-(Me)N-(CH,).-CO-NH(CH,),Silica
Fmoc-Pro-Pro-(Et)N-(CH,);-CO-NH(CH,),Silica
Fmoc-Pro-Pro-(n-Pr)N-(CH,);-CO-NH(CH,),Silica
Fmoc-Val-Val-(Me)N-(CH,);-CO-NH(CH,),Silica

Figura 2.23. Primeres FEQs estudiades per Li i col-laboradors [75] basades en peptids curts de prolina.

A més a més, segons els autors, les columnes es podien utilitzar en una gran varietat
de dissolvents organics d’Us comu en cromatografia de fase normal, incloent els clorats
com el DCM i el CHCls, observacions que seran extensament comentades al llarg de la
present tesi doctoral. El mode polar organic també era eficag¢ per aquestes
enantioseparacions, pero en general era considerat massa polar pels analits provats.
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No obstant, aquestes FEQs presentaven un problema essencial ja que posseia un
fluorenilmetiloxicarbonil (Fmoc), un protector sintétic, com a grup terminal, un vestigi
de I'origen comu del reactiu emprat amb els utilitzats en fase solida. El grup Fmoc és
ric en electrons m i aix0 impedia la correcta interacci6 amb els analits que
continguessin anells aromatics de caracter també electrodonador. A més a més,
aquest grup és labil en front d’una majoria de bases organiques, fet que limitava I'us
d’aquestes columnes a compostos neutres i/o acids.

Per aquests motius, el mateix grup va iniciar un estudi d’aquest tipus de FEQs
reemplacant el Fmoc com a grup terminal [76]. Aixi doncs, Li i col-laboradors van
dissenyar i preparar 8 nous SQs que es van avaluar en fase normal per tal de millorar
I’eficacia d’aquestes noves FEQs (Figura 2.24).

CH, o)

|
N X NH(CHy)

X

ONQ

3—Silica

Fmoc Boc
(0]
Q O,N o
H5C J‘%
FsC
H3C CH 3
NO,
Tma DNB Tfa Tapa

Figura 2.24. FEQs estudiades per Li i col-laboradors [76] canviant el grup terminal de la FEQ.

Malgrat que el Boc i el Cbz van millorar notablement I'enantioselectivitat obtinguda
amb la FEQ-Fmoc, el seu principal inconvenient era la inestabilitat en medi acid. Totes
les FEQs amb un grup terminal acil mostraren una alta capacitat d’enantioseleccié.
D’entre elles, la que contenia el trimetilacetil (Tma) va demostrar ser significativament
més enantioselectiva. Dels 53 analits provats, la FEQ amb el grup Tma fou capa¢ de
resoldre’n 39, superant ampliament la FEQ-Fmoc, amb 19 analits resolts, aixi com
també una columna comercial provada amb la mateixa serie d’analits, i ampliament
utilitzada, la Whelk-02, que només va ser capag¢ de resoldre’n 26 de la série.

Arnau Novell 31



Introduccio

No obstant aix0, cal mencionar que molts dels analits separats tenien caracteristiques
estructurals molt semblants entre si, on sobretot hi abundaven molts anells aromatics
tal i com biarils o binaftils, fet que implica atropoisomers (Figura 2.25.a). Degut a que
gairebé tots els compostos racemics que no posseien un grup donador de ponts
d’hidrogen no foren resolts, la hipotesi que els enllagcos d’hidrogen jugaven un rol
fonamental en I’enantioreconeixement va comencar a aflorar, tot i que els autors no
en fan esment. A més a més, en els compostos on el grup donador de ponts d’hidrogen
(-OH o —NH,) es trobava massa distant del centre o eix estereogenic (Figura 2.25.a),
tampoc s’hi observava enantioseparacio. No obstant, la resolucié de la base de Troger
(Figura 2.25.b) semblava indicar que una interaccié polar era suficient per introduir
reconeixement enantioselectiu en el sistema.

a) b)

N CHj
HsC

N

Figura 2.25. a) 1,1’-binaftil-2,2’-dimetanol. Atropoisomers que no es poden resoldre degut a la distancia
entre el grup donador d’hidrogens (-OH) i I’eix quiral. b) Base de Troger. Analit resolt tot i no contenir
grups donadors de ponts d’hidrogen.

La recerca va continuar en la direccié d’investigar la llargada del péeptid [77]. Tal i com
ja s’ha comentat, els factors de separacié incrementaven a mesura que el nombre de
prolines que el peptid contenia també ho feia. Tot i que en aquell moment no se’n va
fer esment, aquesta dependéencia en el nombre de residus prolil es podia atribuir a
I'estructura secundaria dels péptids, ja que aquesta és més pronunciada com més
llarga és lI'oligoprolina. Com ja s’ha comentat, una de les principals dificultats de les
FEQs tipus oligoprolina és que no acaben de resoldre els compostos que no contenen
grups donadors d’hidrogen. Per aquest tipus de compostos, les interaccions d’atraccié
entre I'analit i el SQ només es poden aconseguir per mitja de forces de Van der Waals
(dipol/dipol, dipol induit/dipol i forces de dispersid), tipicament molt més debils que
els ponts d’hidrogen. En el cas de la decaprolina, aquestes interaccions semblen ser
suficients per tal de proporcionar un cert mecanisme d’enantioreconeixement en
aguest sistema.
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(|3H3 o CHy
\/NH CH,)5-Silica
/T 5 NH(CH,)s-Silica
H3C H3C

3C CH3 H3C CH3
Tma-Pro-Pro-(Me)Ahx-APS Tma-Pro-Pro-MAPS
Tma-Pro,-(Me)Ahx-APS Tma-Pro,-MAPS
Tma-Prog-(Me)Ahx-APS Tma-Pro,-MAPS
Tma-Pro,,-(Me)Ahx-APS Tma-Pro,,-MAPS

Figura 2.26. FEQs estudiades per Li i col-laboradors [77] canviant el nombre d’unitats de prolina de
I'esquelet peptidici la llargada de I'espaiador.

En el mateix estudi, els linkers o espaiadors que uneixen el SQ amb el suport solid
(silice gel) també foren avaluats [77] (Figura 2.26). Quan els SQs tipus oligoprolina
estan directament units al gel de silice, sense un espaiador llarg, la seva habilitat per
resoldre mescles racemiques es veu augmentada. A més a més, les FEQs estudiades
pel grup de Li continuaven sent estables en tots els dissolvents organics d’Us habitual,
incloent el DCM i el CHCls, encara que la seva aplicabilitat en fase inversa semblava
limitat.

Contemporaniament a les investigacions del Dr. Li, el grup de la Dra. Minguillén ja
havia iniciat un projecte en la recerca de SQs tipus poliprolina. La gran
enantioselectivitat que havia demostrat aquest aminoacid en diferents estudis i el fet
gue les cadenes de poliprolina fossin estructures helicoidals flexibles capaces de
modificar la seva conformacid segons el dissolvent en el qual es troben immerses havia
atret la nostra atencié. Per altra banda, el nostre laboratori ja gaudia d’una basta
experiéncia en la recerca de SQs de la familia dels carbohidrats [78-83], que
posseeixen un element vertebrador hidrocarbonat helicoidal el qual s’ha modificat
guimicament introduint diferents grups aromatics, els arilcarbamats d’amilosa i
cel-lulosa (Figura 2.27).
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Figura 2.27. Estructures dels carbamats de cel-lulosa (part superior) i amilosa (part inferior). Estructures
optimitzades al llarg de I'eix (esquerra) de la tris(3,5-dimetilfenilcarbamat) de cel-lulosa i d’amilosa i
estructures perpendiculars a aquest mateix eix (part central) [84]. Estructura quimica general d’aquests
polimers (dreta) [85].

En aquest context, les investigacions del grup es van dirigir a emular els derivats dels
polisacarids utilitzant com esquelet central I'estructura helicoidal d’un polipéptid
format per unitats de prolina. Atés que estava descrit que era necessari un minim de 5
o 6 prolines per tal de formar una hélix estable tipus PPII [86], per aix0 es va idear una
cadena de 8 monomers. També amb la idea de mimetitzar els carbohidrats, es va
introduir un anell aromatic a la posicié 4 de cada anell de pirrolidina [87], obtenint una
molécula de poli-(4R)-(3,5-dimetilfenil)aminocarboniloxi-L-prolina (SQ2, Figura 2.28).
Aquests anells aromatics introduits podien aportar la capacitat d’establir interaccions
electroniques amb els analits que la poliprolina sense substituir no tenia. Al mateix
temps, es va preparar un SQ tipus Pirkle que contenia una sola unitat terminal (SQ1).
L’espaiador escollit fou un grup aminopropil, ja que concedia una certa distancia entre
el suport solid (gel de silice) i el SQ (Figura 2.28).
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Figura 2.28. Els SQs dissenyats pel grup de Minguilldn i les corresponents FEQs [87].

La sintesi del SQ2 es va realitzar seguint un protocol de fase solida tipus Boc (Figura
2.30) que resulta forca tedids. En primer lloc, s’havia de realitzar una sintesi de 5
passos per tal d’obtenir I'acid N-(9-hidroximetil-2-fluorenil)succinamic (HMFS)[88]
(Figura 2.29). Aquest s’empraria com a linker unint-lo a una resina de poliestire
aminometilada.

NH, H NaH O H
’ Boc,0, NaOH 2N _ >//o HCOOEt O’ >//o\
Dioxa-H,0 ’ d tBu  THF o Bu

H

O

NaBH,4 | MeOH

‘(W e ‘( " (T e

Figura 2.29. Esquema sintética de I'espaiador [88].

Com a pas previ a la sintesi del peptid, s’havia de derivatitzar I’hidroxiaminoacid ja
protegit mitjangant una reacciéo amb 3,5-dimetilfenilisocianat per tal d’obtenir I'entitat
fonamental. A partir d’aqui, es procedia a I'elongacié del péptid mitjancant 8 cicles de
coupling amb N,N’-diisopropilcarbodiimida (DIC), 1-hidroxibenzotriazole (HOBt) i DMF,
alternats amb les corresponents 8 desproteccions utilitzant una dissolucié al 40%
d'acid trifluoroaceétic (TFA) en clorur de metile (DCM). Un acoblament addicional usant
acid 3,5-dimetilbenzoic (DIC, HOBt, DMF) es va dur a terme per tal d’introduir el grup
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N-terminal. Finalment, el peptid es va escindir de la resina mitjangant un tractament
amb morfolina en DMF.

CHj3
a) COOH CH3 COOH
HsC N=C=0 0
N-Boc - : > M L N-Boc
HO™ Piridina anhidre, 115°C HsC N~ ~o"
H A
CHj,

: -0 2
o
HsC COOH

HO-O i) A, DIC, HOB, DMF /@\ ]

i) DIC, HOBt, DMF

ii) TFA/DCM (40%)

n

o
CHs OH
Morfolina/DMF (20%) e o}
N
H,C HJ\O“‘“
CH CH
° n: 6-8 n 3
SQZ H;C

Figura 2.30. Protocol de sintesi del peptid utilitzat com a SQ2.

La fixacié dels SQs per tal d’obtenir les FEQs (FEQ-1 i FEQ-2) es va dur a terme segons
els procediments convencionals [89,90].

L'avaluacié de les FEQs va demostrar que |'enantioselecitivat de la FEQ-1 quedava
estrictament limitada a compostos amb grups 3,5-dinitrobenzoil (DNB), tan emprant
mescles d’hepta/CHCl; com hepta/2-PrOH com a fase mobil. En canvi, la FEQ-2
manifestava uns valors d’enantioselectivitat significativament més elevats i el ventall
d’analits separats no es limitava als compostos amb grups DNB. A més a més, quan es
va realitzar un estudi de comparacié de la capacitat de carrega, la FEQ-2 era capac de
separar 5 vegades més de mescla racémica que la FEQ-1. Tan la millora en
I’enantioselectivitat com en la capacitat de carrega es van atribuir basicament a
I’esseéncia polimérica de la FEQ-2.

A més a més, la FEQ-2 es va provar utilitzant diverses mescles de dissolvents com a
fases mobils. En fase inversa (MeOH/Aigua i ACN/Aigua), es van poder resoldre alguns
compostos, la qual cosa era molt sorprenent per una FEQ amb un SQ de pes molecular
relativament petit. No obstant, I'’enantioselectivitat es va reduir drasticament i només
aquells analits que contenien anells acceptors d’electrons pogueren ser resolts gracies
al rol de les interaccions tipus m-m complementaries. També es va provar la columna
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sense dissolvents alcoholics o aquosos en la fase mobil, utilitzant CHCl3, un dissolvent
d’Us habitual en les FEQs de tipus Pirkle. En aquest cas, la FEQ-2 va ser incapac de
resoldre cap analit racémic i va mostrar un patrd de retencié molt diferent a I'obtingut
utilitzant la FEQ-1, ja que s’obtenien temps de retencié molt elevats. No obstant, en
afegir petites quantitats de 2-PrOH en la fase mobil (CHCI3/2-PrOH, 98:2), s’obtenia
una retencié molt menor i en alguns analits s’assolia una separacié parcial (Figura
2.31).

O CHg ‘
O,N N
H

- . Heptane/2-PrOH (95:05) [0=2.65,9.42]

o

Cl,CH 100% [0=1.0, Rs=0.0]
Cl,CH/2-PrOH (98:2) [¢=1.27, Rs=1.37]

\‘& MeOH/H,0 (50:50) [0=1.50, Rs=1.0]
ACN/H,0 (20:80) [a=1.36, 1.34]
20 30 40 50

60min

—
|
N

Y

I"‘. |

| [

\

10
Figura 2.31. Enantioseparacions cromatografiques de I'analit de la figura utilitzant la FEQ-2 emprant
com a fases mobils diferents mescles de dissolvents.

Tots aquests canvis en el comportament cromatografic, en la retencié i també en la
selectivitat com a funcidé de la fase mobil suggerien un rol significatiu del 2-PrOH en
I’enantioselectivitat. A més, es va considerar la possibilitat d’'un canvi en la
conformacio del SQ2.

Per tal d’examinar més extensament la importancia de la fraccié central del SQ, Sancho
i Minguillén van preparar unes FEQs analogues enllagades a través de la funcié amino
N-terminal (Figura 2.32) que hauria de facilitar I'accessibilitat dels analits a I'esquelet
d’oligoprolina [91]. Aquesta unitat podria tenir probablement un rol director en
I'orientacio del SQ pel reconeixement amb I'analit, afectant aixi I’enantioselectivitat.
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Figura 2.32. SQs amb el grup amino N-terminal lliure dissenyats pel grup de Minguillon i les
corresponents FEQs [91].

La sintesi del peptid (SQ4) (Figura 2.33) es va realitzar igual que I'anterior, duent-se a
terme el mateix protocol de sintesi peptidica en fase solida tipus Boc. No obstant, el
péptid es va escindir de la resina amb I'extrem amino N-terminal protegit amb el grup
Boc, obtenint I'acid carboxilic corresponent. En aquest punt es va procedir a la
incorporacio de la 3,5-dimetilanilina mitjancant la reaccié del derivat peptidic en
presencia de N-etoxicarbonil-2-etoxi-1,2-dihidroquinolona (EEDQ) com agent
d’acoblament. Un cop desprotegida I’'amina, es va inserir un espaiador formant I'amida
corresponent mitjancant la reaccié de I'amina secundaria de la prolina amb anhidrid
succinic.

Ho[rvFsHQ) i) A, DIC, HOBY, DMF X8 Morfolina/DMF(ZO%_L
ii) TFA/IDCM (40%) x 7 Nt-Boc

HaC
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H H
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Figura 2.33: Protocol de sintesi del peptid utilitzat com a SQ4.
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En un primer estadi, quan es van provar FEQ-3 i FEQ-4, la primera només va ser capag
de proporcionar millors valors d’enantioselectivitat per alguns racemics derivats de
dinitrobenzoil aminoacids, de manera analoga a I'estudi comentat anteriorment [87].
En canvi, utilitzant FEQ-4 es van poder resoldre una destacable varietat de compostos
racemics, sobretot aquells que contenien un segon sistema aromatic, el qual
probablement estaria implicat en el mecanisme d’associacié amb el SQ. Aquesta
observacié apunta cap a un diferent mecanisme d’enantioreconeixement entre
aquests dos tipus de fases, monoprolina vs. oligoprolina.

Quan es van comparar els resultats de FEQ-2 amb FEQ-4, el temps de retencié de
molts analits provats era significativament menor i I’enantioselectivitat major utilitzant
la darrera columna. A més a més, el domini d’aplicacié es va veure també incrementat.
No obstant, la densitat d’unitats de prolina per gram de FEQ era lleugerament més
gran per FEQ-4 (0,17 mmol/g) que per FEQ-2 (0,12 mmol/g). Una segona i també molt
rellevant diferéncia era la distribucié de la mescla peptidica: FEQ-2 contenia una
quantitat superior d’heptaprolina i inferior d’octaprolina (7 unitats: 50% i 8 unitats:
32%), que FEQ-4 (7 unitats: 32% i 8 unitats: 60%).

FEQ-4 també es va provar utilitzant diverses fases mobils de diferent naturalesa. Quan
s'utilitzava CHCl; en la fase mobil, I’ enantioselectivitat desapareixia, de manera
analoga el que succeia amb FEQ-2. Aquest fenomen no era del tot immediat, ja que es
podia observar com a disminuia al llarg del temps. A més, aquest fet era clarament
reversible, ja que quan es tornaven a utilitzar mescles d’hepta/2-PrOH, els valors
normals d’enantioselectivitat es tornaven a recuperar. Per tal de profunditzar en
aquesta observacid, Sancho i Minguilldn van realitzar diferents estudis espectroscopics
(dicroisme circular i *H i >C RMN).

Desafortunadament, la forta absorcié del CHCl; en dicroisme circular va impedir I'Gs
d’aquest dissolvent en aquesta técnica. No obstant, es van poder registrar espectres
en MTBE, ACN i Hepta/2-PrOH (90:10 v/v). Les bandes dels espectres, tot i que eren de
diferent intensitat, indicaven una conformacio tipus PPII dels SQs (2 i 4) en tots els
dissolvents.

Les observacions en ressonancia magnética foren més reveladores. En els espectres de
13C RMN utilitzant CDCls i piridina-d5 apareixien senyals multiples per les posicions
analogues de cada unitat de prolina. Aquest desdoblament suggereix una distribucié
aleatoria de la disposicié cis i trans dels enllagos amida dins les molécules, traduint-se
en una major flexibilitat i desordre del peéptid quan esta immers en aquests
dissolvents. Aquesta observacid clarament convergeix amb els estudis realitzats per
Zhang i Madalengoitia[92], on oligomers d’entre 2 i 4 unitats de prolina protegides per
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N-Boc i O-benzil (Boc-(Pro),-OBn) en CDCl; contenien una distribucié practicament
aleatoria d’enllacos cis i trans.

De fet, paral-lelament, la conformacié de I'oligomer de decaprolina fou investigada per
Li i col-laboradors en un sistema de dissolvents constituit per 2-PrOH/DCM, usant
diferents tecniques espectroscopiques com la rotacié oOptica, dicroisme circular
electronic (ECD), infraroig (IR) i dicroisme circular vibracional (VCD) [93]. En aquest
estudi, se suggereix que la conformacié de l'oligoprolina és la mateixa en totes les
composicions (de 0% de 2-PrOH a 100% 2-PrOH), presumptament PPIl. No obstant, en
tots els espectres realitzats, el comportament més anomal correspon a la poliprolina
immersa en 100% de DCM. Tant és aixi que I'estudi del comportament cromatografic
de I'analit avaluat en 100% de DCM no es va poder realitzar. També cal destacar que,
segons aquest estudi, els grups carbonil (C=0), principalment responsables de
I’enantiodiscriminacid en la decaprolina, no esdevenen saturats fins que el contingut
de 2-PrOH supera al 60% de la mescla.

Li i col-laboradors van interpretar aquestes observacions cromatograficament
analitzant el 2,2,2-Trifluoro-1-[10-(2,2,2-trifluoro-1-hidroxi-etil)-9-antril]-etanol
(DITFAE) a diferents composicions de 2-PrOH/DCM (Figura 2.34). A composicions
inferiors al 20% de 2-PrOH, I'enantioseparacié no es produeix tot i la llarga retencid.
Per aix0 es creu que l'analit té interaccions directes amb el SQ. A partir d’aquesta
composicid, quan el percentatge de 2-PrOH incrementa en la fase mobil, tant la
retencid com I'enantioselectivitat disminueixen. En aquest interval s’estaria produint
una competicié entre I'analit i el dissolvent per a la interacci6 amb la FEQ. Un cop
arribat al 60% de 2-PrOH es produeix un punt d’inflexid, i el comportament anterior
canvia ja que tant els factors de capacitat com el de separacié augmenten. Aquest
punt simbolitza el punt de saturacié, i a partir d’aqui les molécules de I'analit
interaccionen amb I'estructura de decaprolina condicionada per la seva completa
saturacio pel 2-PrOH.
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Figura 2.34. Factors de retencid (a) i factors de separacidé (b) assolits pel 2,2,2-trifluoro-1-[10-(2,2,2-
trifluoro-1-hidroxi-1-etil)-9-antril]-etanol en el sistema de dissolvents 2-PrOH/DCM emprant una FEQ

derivada de la decaprolina [91].

Un cop ja iniciada la fase experimental de la meva recerca doctoral, Lao i Gan van
publicar diferents estudis de FEQs basades en derivats d’oligoprolina [94]. Aquests
autors es van enfocar principalment en péptids molts curts, sobretot en FEQs basades
en diprolines i triprolines i en els seus derivats. Lao i Gan van preparar ionicament i
covalentment (mitjancant una doble unié amb una amida terciaria com a linker) FEQs
amb SQs tipus diprolina (Figura 2.35), demostrant que la seva estructura rigida deguda
a aquesta doble unié no és beneficiosa en termes d’estabilitat de la FEQ, pero si que
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de vegades afavoria els processos d’enantioreconeixement [95].
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Figura 2.35. Estructura de les FEQs de diprolina unides covalentment (part superior) i ionicament (part
inferior) [95].

També van estudiar els grafics de van’t Hoff per aquestes mateixes FEQs, pre- i post-
end-capping per certs analits. La contribucié de les forces no-enantioselectives (o no-
especifiques) dels silanols residuals es va reduir drasticament després de I'end-capping
[96]. Lao i Gann també van preparar i estudiar cromatograficament FEQs tipus
triprolina i trimetilprolina (Figura 2.36) amb una serie d’analits classificats com a
portadors de cap, un, dos o tres grups donadors d’hidrogen [97]. Mitjancant diversos
experiments, els autors van demostrar que les interaccions per pont d’hidrogen dels
analits son un factor primari en la retencid i en I’enantioselectivitat tant en fase normal
com en mode polar organic. Comparant I'eficiencia de les dues FEQs, aquests dos
autors també reconeixen la importancia de I'atom d’hidrogen en |'estereocentre de la
prolina (Figura 2.36). A més a més, el mode en fase normal fou identificat com el millor
mode per treballar amb FEQs tipus oligoprolina. L'ds de modificadors organics com el
metil tert-butil éter i I'acetat d’etil van incrementar la separacié de certs enantiomers.
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Figura 2.36. a) FEQ derivada de la tri(L-prolina), b) FEQ derivada de tri(a-metil-L-prolina) [97].

Per ultim, els calculs teorics realitzats per Ashtari i Cann [98,99] resulten també molt
interessants. Els autors tenen en compte la possibilitat que cada enllag amida pugui
adoptar una conformacio cis o trans. Per tant, per una cadena de n prolines, es poden
obtenir n? conformacions diferents (Figura 2.37). També foren considerades altres
variables com el propi plegament de cada unitat de prolina i 'orientacié dels grups
carbonil. Es va demostrar que teoricament les conformacions resultants regides per
tots aquests factors haurien de tenir un impacte notable en les interaccions que el SQ
pot establir, en la solvatacié del SQ i en I'estabilitzacié per ponts d’hidrogen d’aquest.

En un primer treball, Ashtari i Cann estudiaren dues FEQs de diprolina que diferien
només en el grup terminal, Tma i Boc (Figura 2.29.a). Els dos selectors de diprolina
mostraven distintes preferencies conformacionals: el SQ acabat en Tma tenia una
preferéncia per a la conformacié TT (trans trans), mentre que la minima energia del
selector quiral amb un grup Boc corresponia a la conformacid CT (cis trans). La forma
torcada del SQ acabat en Boc (Figura 2.37) i la inaccessibilitat de I'oxigen del carbonil
d’entre els dos residus de prolil fan que aquest SQ no sigui propici al reconeixement
enantioselectiu. Conseqiientment, donada la diferent conformacio i accessibilitat dels
dos selectors, no és sorprenent que I'enantioselectivitat depengui fortament de Ila
naturalesa del grup terminal, tal com s’havia demostrat experimentalment [76,100].
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Figura 2.37. FEQs tipus diprolina estudiades per Ashtari i Cann [98]i les quatre conformacions que poden
adoptar els mencionats SQs de diprolina.

A més a més, els estudis d’aquests autors apunten a una gran rellevancia dels
dissolvents en els que les FEQs es troben immerses. Els autors senyalaven que els
solvents alteraven les distribucions conformacionals dels SQs, introduint enllagos
d’hidrogen entre el dissolvent i el SQ. Virtualment, gairebé tots els ponts d’hidrogen
tenen lloc en els atoms d’oxigen dels grups carbonil, i només uns quants s’estableixen
amb els atoms de nitrogen. A més a més, com més caracter protic té el dissolvent en
glestid, més ponts d’hidrogen es formen amb el SQ. Aixi doncs, un terg dels selectors
quirals tenen un enllag d’hidrogen en n-hexa/2-PrOH, una proporcié que augmenta
fins als 4/5 quan el calcul es realitza considerant MeOH/aigua com a solvent.

Per tal de seguir la discussid en cadenes més llargues de prolina, Ashtari i Cann van
realitzar un segon estudi de dinamica molecular examinant les propietats estructurals
i el comportament teodric de 4 FEQs quirals de diferent llargaria (3, 4, 5 i 6 unitats de
prolina) (Figura 2.38) en dos sistemes de dissolvents comuns en cromatografia,
Aigua:MeOH i hexa:2-PrOH [99], en els quals s’espera que s’hi promoguin diferents
poblacions conformacionals de poliprolina. Com que el SQ terminat en pivaloil oferia
una major enantioselectivitat en dimers [98], va ser aquest selector I'escollit per a

CH,
CH3
SI|IC3/\/\N
onn:3,4,5i6

Figura 2.38. FEQs estudiades per Ashtari i Cann[99].

realitzar el calcul.
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Segons una serie de simulacions de dinamica molecular per cada polimer, es va
determinar com a essencial el rol del dissolvent, tant en preséncia de n-hexa/2-PrOH
(simulant la fase normal) com d’aigua/metanol (simulant la fase inversa), degut a que
s’obtenien un nombre menor de conformers de més baixa energia respecte al mateix
estudi simulat en fase gas. Aquest nombre era encara menor en el sistema
aigua/MeOH que en n-hexa/2-PrOH, ja que aquest ultim ofereix un major desordre i
flexibilitat al tenir un caracter més apolar. La presencia d’aigua i metanol produeix
forts enllagcos d’hidrogen amb qualsevol dels grups carbonil de la cadena poliprolina,
sobretot amb aquells que es troben a la part central de I'esquelet. Aquestes
interaccions confereixen una estructura més rigida i ordenada, i per tant, els SQs sén
més compactes com més polar és I'ambient. En canvi, aquests SQs en fase normal
tenen menys probabilitat de formar enllagos d’hidrogen amb el dissolvent. Es calcula
qgue per I'hexaprolina només un 20% dels llocs de reconeixement estarien ocupats,
deixant una gran majoria de grups carbonil acceptors viables per tal de dur a terme
interaccions necessaries en els mecanismes d’enantioseleccid.

Si es té en compte la llargada del péptid, el nombre de conformers observats en la
interfase incrementa del trimer al tetramer. A partir d’aqui es produeix un punt
d’inflexié ja que la poblacié conformacional disminueix drasticament del tetramer al
pentamer, i del pentamer a ['hexamer. De fet, per I'"hexaprolina un sol esquelet
conformacional representa més del 83% de la poblacié dels selectors en n-hexa/2-
PrOH i més del 90% en aigua/MeOH. Aixi doncs, encara que els conformers tendeixin a
manifestar una mescla d’amides cis i trans en péptids petits i en fase gas, més enlla del
tetramer i en dissolvents polars, la rigidesa conformacional incrementa, fet que explica
la millora de I'enantioselectivitat en poliprolines més llargues.

L’estudi acaba confirma I'important rol del grup terminal. Si es comparen Tma i Boc,
I’estudi no només confirma que el SQ que conté un grup Boc terminal té un nombre de
conformers major per tots els SQs, si no que la flexibilitat dels SQs és més elevada en
dissolucid que en fase gas, fet oposat al calculat pels analegs amb Tma.

Finalment, per tal de complimentar la informacié detallada en aquesta part
introductoria, s’adjunta seguidament un capitol de llibre [34], escrit durant la present
tesi doctoral, que descriu els diferents meétodes cromatografics enantioselectius
emprats en I'obtencid i determinacié d’enantiomers.
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Capitol de Llibre [35]

Arnau NOVELL, Cristina MINGUILLON. “Chiral Chromatographic Methods in
the Analysis of Enantiomers” en Stereoselective Synthesis of Drugs and
Natural Products. 1a Edicié (Ed. V. Andrushsko, N. Andrushko), John Wiley and
Sons, (2013) 1601-1618.
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CHIRAL CHROMATOGRAPHIC METHODS IN THE
ANALYSIS AND PURIFICATION OF ENANTIOMERS

ARNAU NOVELL AND CRISTINA MINGUILLON

INTRODUCTION

The chiral nature of biomolecules, such as proteins, carbo-
hydrates and nucleic acids, has manifested implications in
the use of enantiomers of bioactive compounds. Among
others, chirality has a major impact on the pharmaceutical
industry. At present, chirality cannot be overlooked in the
design, discovery, development, and manufacture of new
drugs'~ (Figure 54.1).

Health authorities worldwide have fixed purity require-
ments for active pharmaceutical ingredients (APIs).5 When
applied to chiral drugs, this implies that, if one enantiomer
is chosen to be developed and marketed as an API, the
counterpart isomer will be considered an impurity. The rule
affects new chemical entities (NCEs) and chiral drugs pre-
viously commercialized as a racemic mixture (chiral
switches). Therefore, techniques to perform the analytical
control of the enantiomeric composition, at any of the drug
development steps, together with processes to produce
enantiomeric compounds with the desired enantiomeric
purity, are essential in this domain. Liquid chromatography
using chiral stationary phases (CSPs) is applied at two
levels, analysis and production of enantiomerically pure
compounds.®’ At present, it can be considered the most uni-
versal technique for enantiomer separation.

Natural compounds usually exist in one enantiomeric
form. However, racemization may occur during ripening of
fruits,® storage,” or treatment of products manufactured
from natural sources.'® In this context, enantioselective
analysis is either applied to the determination of configura-
tion in newly discovered compounds'' or to assess the
authenticity and quality of natural medicines and

foodstuff.'> The technique of choice for these purposes
depends, among others, on the physical properties of the
analytes considered, the availability of the sample, or its
nature. Thus, for volatile compounds, flavors, terpenes, and
terpenoids, gas chromatography coupled to mass spectro-
metry (GC-MS) is preferred for analytical applications'
while supercritical fluid chromatography (SFC)'* or high-
performance liquid chromatography (HPLC)' are better
adapted to preparative purposes. Moreover, the latter is also
applicable to more polar compounds than the former. Alter-
natively, capillary electrophoresis and its multiple modal-
ities are only used with analytical purposes.'® In general
terms, electromigration techniques, often coupled to mass
spectrometry (MS), are better suited to polar analytes and
aqueous complex samples. The high efficiency and low vol-
ume of sample demand are major advantages, despite the
relatively poor limit of detection of these techniques.

54.1. CHIRAL ANALYSIS: THE DIVERSE
APPROACHES

Enantiomers are estereoisomers with identical physico-
chemical properties and, therefore, are indistinguishable
under conventional conditions. Only when exposed to a chi-
ral anisotropic environment, such as circularly polarized
light or the presence of a chiral structure, do differences
become apparent. This principle is on the basis of the phar-
macological differences between enantiomers and on that
of the enantioselective chemical procedures.

When the analysis of enantiomers has to be undertaken,
two approaches are possible. First, to facilitate

Stereoselective Synthesis of Drugs and Natural Products, 2V Set, First Edition. Edited by Vasyl Andrushko and Natalia Andrushko.
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FIGURE 54.1. Seven out of the ten top drugs in sales in 2010 in the United States* are sold as
enantiomerically pure forms, while only two are achiral compounds (in the figure, the three top

drugs on the 2010 list).

differentiation, enantiomers can be converted into diastere-
omeric compounds by the reaction with a chiral enantio-
merically pure reagent. The resulting isomers, which
usually differ in physicochemical properties, can be ana-
lyzed by conventional means. The processes in which this
approach is used are designed as indirect methods. Thus,
chiral derivatizing agents (CDAs) are used in the indirect
determination of enantiomeric composition by nuclear
magnetic resonance (NMR)'” and by gas chromatography
(GC)18 and HPLC.!® These latter methods avoid the use of
expensive CSPs as conventional stationary phases can be
employed.

Nevertheless, in general terms, the limitations surpass
the advantages for the indirect approach.?*' Compounds
to be analyzed should present a chemical group liable to be
derivatized in straightforward and smooth conditions. The
integrity of the configuration of the sample components has
to be ensured during derivatization. Additionally, the com-
pleteness of the reaction has to be guaranteed for the two
isomers as any possible kinetic resolution effect will result
in an inaccurate determination of the enantiomeric excess.
Often the chiral derivatizing agent is used in excess to avoid
this problem, even if it may interfere in the analysis.

Also, the enantiomeric purity of the derivatizing agent
becomes crucial in the correct determination of enantio-
meric composition. The presence of minor amounts of the
undesired enantiomer results in inaccurate determinations.
Unfortunately, the enantiomeric purity of the chiral reagent
is often either lower than 99% or even unknown, thereby
preventing the determination of the unwanted enantiomer
at the level needed to accomplish the exigencies of the reg-
ulatory medicine agencies.

In summary, even if indirect methods may be advanta-
geous in certain occasions, as they permit the incorporation
of groups to facilitate detection and increase sensitivity

(chromophore, fluorophore groups, etc.), this approach is
reputed to be time-consuming and easily affected by inac-
curacies. Therefore, indirect methods are considered hardly
compatible with the high-throughput requirements of phar-
maceutical companies, and hence, they are not the first
choice when undertaking the analysis of enantiomers.

The second approach, the so-called direct method, con-
sists of the direct determination of enantiomers immersed in
a chiral environment. A diversity of techniques has been
used to determine enantiomeric composition in samples.
Polarimetry, NMR using chiral solvating agents (CSAs), or
the different chromatographic and related techniques are
the most popular. Polarimetry is still broadly applied in
organic chemistry laboratories at least as a semiquantitative
method. The general, easy-to-perform, and nondestructive
characteristics of polarimetry are properties that justify its
use. However, limitations such as the need to know the spe-
cific optical rotation for the compound of interest, the inher-
ent low sensitivity, and the possible inaccuracies related to
the presence of impurities or to the low specific rotation of
certain compounds cannot be overlooked.

NMR is not affected by some of the preceding limita-
tions.? Differences in chemical shift for signals assignable
to each enantiomer are the result of a differentiated pertur-
bation of the magnetic environment of the affected signals,
together with the extension of association between CSA and
enantiomers. Nevertheless, in general terms, these differ-
ences are small when chiral solvating agents are used to
induce enantiodiscrimination. The result is a low probabil-
ity to obtain completely resolved signals for enantiomers.
Moreover, as polarimetry, NMR has a low sensitivity, which
imposes the use of a considerable amount of sample and
makes difficult the determination of a very low content of
one enantiomer in a sample where the other is the major
component. These reasons make techniques involving



separation, such as chromatographic and electrophoretic
methods, preferred.® The identical response of the two
enantiomers to most detectors, together with the high
sensitivity of most separation techniques, also constitute
advantages for the direct analytical approach involving
enantioseparation. Nevertheless, even if at present they are
routinely used in laboratories, all suffer from the same great
inconvenience. Often, the lack of predictability and general
applicability makes the search for the appropriate chiral
selector, separation conditions, and CSPs a trial-and-error
game only tempered by experience.

54.2. ASSOCIATION CHIRAL
SELECTOR-ENANTIOMERS

As mentioned, a chiral environment is required to induce
differences between enantiomers. In chromatography, a
chiral molecule, the so-called chiral selector (CS), is
responsible for producing this environment. The
mechanism of enantioseparation involves the formation of
transient diastereomeric adsorbates between CS and
enantiomers, which are based on weak noncovalent inter-
actions. Differences in stability for the two adsorbates
CS/enantiomer determine separation:

KllR
R+CS——R-CS
Kﬂg

S+ CS—=85-CS

KLIR #Kﬁlg (1)

Equilibrium binding constants, Ka;, for the two adsorbates
are related to the standard Gibbs free energy change, AG®;:

AGOR = AHOR - TASR = —RT In KCZR;

AG’, = AH% — TASs = —RT In Kas )

If by convention we consider Kag > Kag, the difference
for the two enantiomers can be expressed as:

K
AAG® = —RT In 2% (3)
as

Therefore, if the CS is fixed onto the stationary phase
and considering only interactions between CS and analytes,
chromatographic parameters such as capacity factors (k’i)
can be expressed as a function of association constants
CS/enantiomer:*

#This assumption assumes that the distribution coefficient stationary/mobile
phase at the equilibrium (Kp;) can be assimilated to the association constant.
Although unspecific interactions contributing also to the retention of the ana-
lyte, such as those owing to the lack of homogeneity of the support surface,
are not considered, it has to be kept in mind that these affect the two enan-
tiomers in the same manner.
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Also, considering Kag> Kag, the selectivity factor
(a)-ratio of capacity factors for two consecutive peaks—
can be expressed as follows:

—k;?:@ ()

o =N
ki? Kas

Therefore, the selectivity factor o is a measure of
enantioselectivity for a given CS and a specific pair of
enantiomers. It can be determined directly on the chromato-
gram as:

1 — 1
k=" (6)
to
and considering equation (5):
h — 1y
= 7
P —, ()

where f is the eluting time for the void volume marker and
1 and 2 are the first eluted (lower Ka) and the more retained
enantiomer (higher Ka), respectively. Moreover, consider-
ing equation (3):

AAG° = —RT I« (8)

which accounts for the success of chromatographic enantio-
separation techniques. For a pair of enantiomers, differ-
ences in adsorbate stability as low as 121 J/mol result in a
visible HPLC separation of o = 1.05.%

54.3. CHIRAL SELECTORS AND RECOGNITION
MECHANISMS

As indicated, the most extended procedure to chromato-
graphically separate enantiomers involves the use of
chiral stationary phases. CSPs consist of a chromato-
graphic matrix that incorporates a CS physically or
chemically immobilized. The chemical bonding of the
CS on the chromatographic matrix, when it is permanent,
makes the CSP a robust tool. As a result, the use of a
diversity of chromatographic conditions is allowed, and
consequently, the probability to attain the desired separa-
tion increases. A broad range of chiral molecules and
chiral materials has been used as potentially useful CSs.
Accordingly, an impressive number of CSPs for gas (GC)
and liquid chromatography (HPLC) is commercially
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available. We focus the following description mainly on
these latter CSPs.

Nowadays the number of commercialized CSPs for lig-
uid chromatography is in the order of hundreds. Apart from
the obvious commercial interests, the diversity of existing
CSPs responds to the required structural complementarity
between CS and analyte to obtain enantioselective
recognition.”* However, often the broad diversity makes the
choice of the most adequate CSP to attain particular needs
difficult. Moreover, taking into account their high price, a
broad application domain is a strongly recommendable fea-
ture for a CSP. Nevertheless, applicability is not amenable
to modulation. Instead, the broadness in the scope of appli-
cation is dependent on the kind of CS incorporated into the
chromatographic material, and not the only property to con-
sider when undertaking the enantioseparation of a previ-
ously unknown chiral compound.
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54.3.1. Proteins as Chiral Selectors

The CSPs showing the broadest application domain are
those containing a covalently bonded protein as CS.* al-
Acid glycoprotein (AGP), human (HSA) and bovine serum
albumin (BSA), and ovomucoid (OVM) are some of the
proteins used for this application. Also, the enzyme cello-
biohydrolase I (CBH 1) is used for this purpose. The appli-
cability of the resulting CSPs is governed by the isoelectric
point of the protein acting as CS. Thus, CBH is more ade-
quate for basic compounds, while HSA is more appropriate
for acidic analytes, with AGP-containing CSPs being the
most versatile.?

The characteristic broad applicability of these CSPs
is the result of the structure of the CS. All proteins, but
plasmatic proteins in particular, contain many potential
and diverse recognition sites (Figure 54.2). In addition
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FIGURE 54.2. Model for human serum albumin (HSA). Some of the known binding sites for
diverse drugs are indicated. These recognition sites may act in an enantioselective way, thereby
resulting in chromatographic enantioseparation when HSA is used as CS.

(Reproduced with permission from: Reference 27. Copyright © 2005 Elsevier.)



to this feature, the many existing possibilities to modify
selectivity contribute to broaden the scope of applica-
tion. The concentration, pH, and nature of the buffer,
together with the concentration and nature of the
organic modifier, are contemplated among the variables
to be set when looking for the most adequate chromato-
graphic conditions.

Given that aqueous mobile phases with added organic
modifiers at low concentrations are common chromato-
graphic conditions, one main advantage of protein-
containing CSPs is their compatibility with bioanalytical
applications.?® Also, general procedures can be easily trans-
formed into MS-compatible methods by adapting the kind
of buffer used. Although method development strategies
have been studied,?® optimization of the analytical condi-
tions is not always easy to rationalize as slight modifica-
tions may have a strong effect on separation.

Simultaneously to their broad applicability, protein-
containing CSPs show an extremely low loading capacity.
Given their molecular size, the density of CS molecules on
the CSP is low. Moreover, considering that the number of
recognition sites per molecule of CS for a given analyte is
limited, samples have to be prepared at a concentration
lower than conventional to prevent saturation. Conse-
quently, detection and sensitivity may be affected. Also,
this characteristic makes protein-derived CSPs inadequate
for preparative separations. Additionally, irreversible
denaturalization and biodegradation susceptibility are
important issues when working with protein-derived CSPs.
Factors such as pH, content of organic modifier in the
mobile phase, and working temperature have to be set
within certain limits to preserve the integrity and therefore
the enantioselective behavior of the protein acting as CS.

54.3.2. Polysaccharide Derivatives as Chiral Selectors

Polysaccharides, the most abundant biopolymers in nature,
have also been used in chromatography as CS. Although
intrinsically chiral, the materials used for this purpose are
polysaccharide derivatives. Among them, esters and carba-
mates of cellulose and carbamates of amylose, in particular
the 3,5-dimethylphenylcarbamates of either of them, are the
most popular. When the CSPs are constituted by a silica gel
matrix onto which the CS is simply coated, the composition
of the mobile phase is limited to those solvents that do not
solubilize the polysaccharide derivative. Mixtures of a
hydrocarbon, hexane, or heptane, with an alcohol, usually
2-propanol, methanol, or ethanol, are common mobile
phases. Although aqueous mobile phases can be used
together with acetonitrile or methanol, these conditions
tend to provide lower enantioselectivity values.*

In the past, Daicel Chemical Industries Ltd (Japan) was
the only provider of these CSPs resulting from the research
of Professor Okamoto’s group at Nagoya University.>' The
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expiration of Daicel patents resulted in a broad range of
analogous CSPs from diverse manufacturers presenting
similar chromatographic behavior. The main differences
among them are the result of particularities of the silica gel
used as a matrix, the coating procedure employed, and/or
the amount of CS on the matrix.*

After long investigations by different research groups,
recently, the limitation imposed by the solubility of the CS
has been overcome by the launch of CSPs on the market in
which the CS is chemically fixed onto the chromatographic
matrix.*>** These CSPs of increased stability can be used in
association with a broader range of mobile phase composi-
tions, comprising dichlorometane (DCM), methyl z-butyl
ether (MTBE), tetrahydrofurane (THF), or ethyl acetate
(EtOAc), all of them incompatible with coated phases.
Given that enantioselectivity depends on the chemical envi-
ronment in which the association CS-analyte takes place,
the broader choice of solvents results in an increased proba-
bility to obtain separation for a particular analyte. Nonethe-
less, despite the evident advantages, it has to be taken into
account that the immobilization process, kept undisclosed
by the manufacturer, alters the enantioselectivity of the
resulting materials with respect to that of the coated CSP
containing the same CS.* Therefore, although the applica-
tion domain remains in the same range, the occurrence of
changes in the separation of racemates—previously resolved
on coated phases, not resolved or fixed, or vice versa—is not
unlikely.

Attempts to elucidate the recognition mechanism acting
in polysaccharide-derived CSPs have been made.*
However, despite the powerful computational modeling
methods, and spectroscopic techniques available at present
(NMR, X-ray diffraction (XRD), vibrational circular
dichroism (VCD), attenuated total reflectance infrared
spectroscopy (ATR-IR), among those more frequently
used), it remains unknown at the level required for predic-
tion (Figure 54.3).%

Nevertheless, some considerations can be made in this
respect. First, the fundamental helical structure of the
polysaccharide provides different sites able to act as
enantiorecognition sites for structurally diverse analytes.
The arylaminocarbonyl or arylcarbonyl groups incorpo-
rated into the fundamental skeleton of the polysaccharide
play a significant role in amplifying enantiorecognition.
These groups, regularly distributed on the helical struc-
ture, generate binding pockets in which analytes can
establish w-interactions and/or hydrogen bonds with the
CS.*4% Also, the groups on the aromatic substituents
modify enantioselectivity by their electronic and/or steric
effect, which explains the differences in stereoselectivity
for the diverse CS available (Figure 54.4). Second, this
fundamental structure is repetitive, thereby providing
multiple identical recognition sites per a given mass of
polymer in the CSPs.
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FIGURE 54.3. Modeling for the interaction between the S enantiomer of 1,1’-binaftyl-2,2'-diol (1)
and the 2-methyl-4-fluorophenylcarbamate of cellulose (2).
(Reproduced with permission from Reference 38. Copyright © 1996 American Chemical Society.)

These features account for the observed broad
recognition domain and high loadability of the resulting
CSPs. Additionally, some observations, such as the depen-
dence of enantioselectivity on the type of solvent used in
the coating process, seem to point to the possible involve-
ment of more than a single polysaccharide strand in the
recognition of some analytes (supramolecular structure).*!

Nevertheless, from a practical point of view, it is pre-
ferred to undertake the separation of a given analyte on a
limited number of CSPs, chosen among those providing
the highest rate of success (those containing 3,5-
dimethylphenylcarbamates of either amylose or cellu-
lose, among others), instead of considering a rational
search based on modeling a tentative interaction of the
analyte with the CS.

54.3.3. Cyclodextrins, Glycopeptide Antibiotics,
and Crown Ethers As CSs

Some CSs have the ability to act by forming inclusion com-
plexes with the analyte. Among them cyclodextrins and
their derivatives are the most popular. Cyclodextrins are
cyclic oligosaccharides containing six, seven, or eight
glucose units. Underivatized (native) cyclodextrins possess
a lipophilic cavity whose size depends on the number of
glucose units. The lipophilic character of this cavity con-
trasts with the polar outside of the molecule. The
recognition mechanism acting in these compounds has
been the object of a number of studies using NMR tech-
niques in most cases.*” Regarding enantiorecognition,
cyclodextrins are among the CSs more broadly used in a
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FIGURE 54.4. Structures of some polysaccharide-derived CSs available.
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FIGURE 54.5. Structures of some cyclodextrins available as CS in HPLC.

diversity of techniques including GC** and capillary elec-
trophoresis (CE).** Also, several commercially available
CSPs exist for HPLC (Figure 54.5).45

One of the main features of the CSPs containing cyclo-
dextrins is the possibility to operate in different chromato-
graphic conditions. The most common normal (organic
lipophilic solvents as a mobile phase) and reversed-phase
conditions (polar aqueous mobile phase) and the so-called
polar organic mode (polar organic solvents in the mobile
phase, which does not contain water) can be applied. This is
possible thanks to the robustness of the CSPs in which the
CS is covalently bonded onto the chromatographic matrix.

The diverse types of elution conditions foster diverse
enantiorecognition mechanisms. In general terms and con-
sidering native cyclodextrins, in reversed-phase conditions,
inclusion of lipophilic groups of the analyte in the lipophilic
cavity of the CS is favored. When lipophilic solvents are
used in the mobile-phase, polar interactions between polar
groups in the analyte with the external zones of the CS are
promoted. Also, the size of the cavity determines the analy-
tes that can be recognized by inclusion. For drug-like mole-
cules, B-cyclodextrin 3 is the most used. Also,
derivatization provides additional points of interaction with
solutes and modulates accessibility to the lipophilic cavity,
thereby determining differences in enantiorecognition with
respect to the corresponding native cyclodextrins.*®

Some glycopeptide antibiotics, such as vancomycin 8,
teicoplanin 9, and ristotecin A, introduced by Prof. D. W.
Armstrong, provide highly versatile materials when
included as CSs in CSPs.*’” These molecules of outstanding
structural complexity have a highly functionalized basket-
like shape of considerable rigidity (Figure 54.6). As for
cyclodextrins, inclusion in the cavity is possible. However,

in glycopeptides, this cavity does not impose on analytes
the strict restrictions in size observed for cyclodextrins.
Moreover, the diversity of chemical functions justifies the
broad application domain. These functions provide a num-
ber of interacting possibilities with analytes.

Like cyclodextrin-derived CSPs, the multimodal
character of antibiotic-derived CSPs allows for adapting
conditions to a wide range of analytes. A broad enantiore-
cognition ability is possible by tuning enantiorecognition
mechanisms.*® Thus, in reversed-phase conditions, the
inclusion of analytes in the lipophilic basket is promoted,
while in polar organic mode, electrostatic, dipolar, and
hydrogen bond interactions are more significant. Normal
phase conditions and the new polar-ionic mode are also pos-
sible. The latter consists of the use of an organic salt, such as
ammonium acetate, or alternatively an acid and a base, in an
organic solvent such as methanol. These conditions allow
the user to control the effect of ionizable functions, either on
CS or on analytes, on retention and recognition.

It is known that crown-ethers may be involved in the for-
mation of inclusion complexes for cations.”® In contrast to
cyclodextrins, the cavity determined by the oxygen atoms
acting as electron-donating groups for complexation is
highly polar. The inclusion of solutes is the result of the
establishment of multiple hydrogen bonds between cationic
groups in the analyte and oxygen atoms in the crown-ether
backbone. Therefore, CSPs containing chiral crown-ethers
as CSs are particularly adapted to compounds possessing
primary or secondary amino groups close to stereogenic
centers, such as amino acids and their derivatives, primary
amines, and amino alcohols (Figure 54.7).

Considering their recognition mechanism, elution condi-
tions should ensure the protonation of amino groups on



1608 CHIRAL CHROMATOGRAPHIC METHODS IN THE ANALY SIS AND PURIFICATION OF ENANTIOMERS

HO

teicoplanin 9

FIGURE 54.6. Structures of vancomycin and teicoplanin, glycopeptides used as CS in HPLC. In
green, positively ionizable groups (amino); in red, negatively ionizable groups (carboxilate); and in

blue, polar groups (hydroxyl bearing structures).

(Adapted from Reference 48. Copyright © 2003 Springer-Verlag.)

analytes by including some acidic additive. Moreover, in
certain cases, the physically immobilized CS (coated) may
constitute a limitation in the choice of appropriate eluting
conditions. As a result, the most applied eluting conditions
correspond to reversed-phase mode, which ensures the sta-
bility of the CSPs.”"

54.3.4. Low-Molecular-Weight CSs

Many chiral low-molecular-weight compounds have been
tested as CS in chromatography resulting in a considerable
number of CSPs. One main advantage of these CSPs is their

robustness and chemical stability, which is a consequence
of the covalent bonding of the CS to the chromatographic
matrix. The possibility to have available the two enantio-
meric forms of the CS, when it is synthetic in nature, pro-
vides the opportunity to obtain CSPs with identical
enantioselectivity but opposite eluting profiles. This prop-
erty is of outstanding interest in the analysis of enantio-
meric impurities. On such occasions, it is convenient to
produce the elution of the minor enantiomer before the
main component. The distortion effect caused by the tail of
the main peak on the determination of the minor compound,
when it is eluted after the major enantiomer, can be thus
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FIGURE 54.7. Structures of some chiral crown-ethers used as CS. While 10 (a) is used physically
insolubilized (coated) onto the chromatographic matrix, similar compounds (b) are covalently

bonded to it.

avoided. Also the structural simplicity of CSs makes them a
useful tool in studies about the enantioselective recognition
mechanism.’*~>* Unfortunately, with only some exceptions,
the applicability of this type of CSPs is limited.

Several types of CSPs containing low-molecular-weight
CSs can be considered. Among them, “brush type” CSPs—
“multiple interaction” or “Pirkle CSPs”—in which a r-stak-
ing interaction governs recognition, constitute a numerous
group. In Figure 54.8, the CSs of some of the most popular
are shown. Brush-type CSPs are generally used in normal
phase conditions because in reversed-phase mode, enantio-
selectivity is highly reduced.’® This feature illustrates the
significance that hydrogen bond interactions have on
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recognition. Water acts by solvating the possible points of
interaction between CS and analytes resulting in a
decreased enantiorecognition. The CSP commercialized
under the trade name Whelk-O (Regis Technologies, Inc.,
Chicago, IL; 14; Figure 54.8) constitutes a noteworthy
exception to this general rule.’®

Although natural in origin, the alkaloids quinine and
quinidine, which are extensively used in enantioselective
organic synthesis as organocatalysts, are also used as CS in
chromatography. For this purpose, derivatives containing a
bulky carbamoyloxy group on position 9, aimed to increase
enantioselectivity, are bonded to silica gel (Figure 54.9).
Given the basic character of these CSs, the resulting CSPs

NO,

O

O\ . NO,

Si (¢}
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-

WHELK-O 1 14 NO,

FIGURE 54.8. Structures of some brush-type CSPs.
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Chiralpak QN-AX 15

Chiralpak QD-AX 16

FIGURE 54.9. Structures of quinine (8S, 9R) 15 and quinidine (8R, 95) 16 derived CSPs in which
the diastereomeric character of the CSs can be observed.

are used as weak anion exchangers (WAXs). After protona-
tion, the amino group on the quinuclidine bicycle forms
jonic pairs with anionic counterions.”” Many chiral acidic
compounds, either carboxylic, sulfonic, or phosphonic
acids, can be resolved using these CSPs.

An interesting feature of the quinine/quinidine pair, also
observed in other contexts, is the reversal recognition of
enantiomers. Despite the diastereomeric relationship
between these two alkaloids, the elution order of enantiom-
ers is often reversed in quinidine-derived CSP with respect
to quinine-derived. Nevertheless, in general terms, enantio-
separation values differ in magnitude for the same analyte.
These CSPs are generally used in reversed-phase conditions
or polar organic mode. 2-Arylpropionic acids of anti-
inflammatory character (profens) are successfully resolved
among other pharmacologically relevant acids.>*~°

Also within this group and among the first to be
studied,’®®' CSPs for ligand-exchange chromatography
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(LEC) can be considered. The recognition mechanism in
these CSPs involves the exchange of ligands on a metallic
complex constituted by a metal atom, which is incorporated
into the mobile phase, the CS, and the analyte. Therefore, the
presence of chemical functions able to chelate metals on the
analyte and on the CS is essential for LEC. Analytes should
possess structural bidentate or tridentate motifs comprising
groups such as hydroxyl, amino, or carboxyl such as those on
a- or (3-amino acids, amino alcohols, and a-hydroxy acids
and their derivatives. As metallic ions, Cu (II) and Ni (II) are
preferably used, and CSs derived from L-proline or hydroxyl-
L-proline are common, although N,N-dioctyl-L-alanines or
penicilamines have also been frequently used.

54.3.5. Synthetic Polymers as Chiral Selectors

Chiral polymers are used as CSs in chromatographic enan-
tioseparations after being either coated or covalently
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FIGURE 54.10. Structures of some polymeric CSs.



bonded onto a chromatographic matrix. The polymerization
of chiral acryl or methacryl amides in the presence of a
cross-linking agent originates chiral polyacryl or polyme-
thacryl amides, like 17, 18, and 19 (Figure 54.10).5% Also
the polymerization of chiral allylamides originates chiral
polymers. Among them, L-tartradiamide polymers 20 and
21 have been revealed to be useful as CS.%* Usually the
CSs in these CSPs are covalently bonded to the matrix,
thereby providing the resulting CSPs with an outstanding
chemical stability. Normal phase conditions are the most
commonly applied elution mode.

Among the CSPs containing a polymeric CS, those hav-
ing polytriphenylmetacrylates (PTrMA) such as 22 coated
on the matrix deserve special mention because of their par-
ticular selectivity.®> These chiral polymers are obtained by
the polymerization of achiral monomers in the presence of a
chiral catalyst. The bulky triphenylmethyl groups promote
the adoption of a helical secondary structure by the result-
ing polymer. The chirality of this helix is determined by the
catalyst used in the polymerization reaction. Chiral analytes
difficult to resolve on other kinds of CSPs given their low
functionalization have been successfully resolved using
these CSPs. Among them aromatic compounds with helical
chirality are separated. Unfortunately these polymers,
which have a certain sensitivity to hydrolysis, are simply
coated on the silica matrix. This feature limits to hydro-
alcoholic mixtures the type of compatible mobile phases.

The multiplicity of recognition sites determines one of
the characteristics of polymeric CSPs. These materials are
provided with a significant loading capacity, which is what
makes them suitable for preparative applications.

54.4. UNDERTAKING AN HPLC
ENANTIOSEPARATION

The increasing and generalized use of HPLC for enantiose-
paration has popularized practices previously considered
exceptional and uncommon for chromatographers. Once
established, conventional HPLC involved almost exclu-
sively the use of a lipophilic stationary phase—C18 is the
most universally used—together with mixtures of a polar
organic solvent—ACN or MeOH-with an aqueous buffer
(reversed-phase mode) acting in a gradient of decreasing
polarity. This way to proceed allows the user to modulate
retention at any time during separation on the basis of the
polarity of analytes with respect to that of the mobile and
stationary phases. The use of alternative stationary phases
or chromatographic conditions was almost anecdotic.

54.4.1. Choice of Stationary Phase

In enantioseparation, the situation is clearly in contrast to
what was considered common in conventional HPLC
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analysis. The concept of “universal” stationary phase does
not exist. The number of CSPs on the market may be over-
whelming for newcomers to the subject®® even though
many of them are simply versions of the same with a differ-
ent brand name. The first question to answer is, therefore, as
follows: Which is the appropriate column to our needs?
Given the considerable price of chiral columns, the
approach followed to answer this question may differ
slightly depending on the interests and possibilities of each
laboratory. Thus, in a control department, dealing repeti-
tively with the same few products, durability and robustness
are important features to consider; whereas in a research
department, in which the variety of structurally diverse
products to handle can be wider, having a broad application
domain is imperative for a suitable CSP. Additionally, if a
preparative separation is envisaged, loading capacity and
availability will be factors to take into account in the choice
of the most appropriate CSP.

In general, the analysis of enantiomers starts with a
screening process on the basis of a trial-and-error approach.
A typical screening involves between four and eight col-
umns including most commonly polysaccharide-derived
(Figure 54.4), cyclodextrin-derived (Figure 54.5), antibi-
otic-derived (Figure 54.6), and Whelk-O (brush-type) (14,
Figure 54.8) CSPs. The inclusion in the chromatographic
system of two software-controlled multiple-port valves,
before and after columns, allows the automation of the pro-
cess (Figure 54.11A). Nevertheless, the test performed in a
sequential manner may be time-consuming, considering
that several conditions have to be tested in each column for
each analyte.®’

In an attempt to overcome this limitation and make the
search for chromatographic conditions more compatible
with high-throughput processes, several alternatives have
been described.®® Often these approaches involve the use of
specially adapted chromatographic systems that permit a
parallel instead of a sequential test of several CSPs.®”7°
Among them the Sepmatix system (Sepiatec, Berlin,
Germany) allows the user to screen in parallel up to
eight columns with a combination of 24 different solvents
(Figure 54.11B). This approach results in a reduction in the
time invested in the choice of CSP and search of conditions
into less than one fourth of the usual when using a sequen-
tial screening.

The application of screening tests in solution consti-
tutes a quicker and cheaper alternative when facing enan-
tioseparation for a new compound.”’”? Although these
tests allow for addressing the attention to particular CSs,
they do not save having to test the chosen CSP and to
determine the adequate chromatographic conditions for
analysis. Among other possible limitations,”* the latter
may explain the exceptional use of this approach.

At this point, it is worth to mentioning the usefulness of
ChirBase,’* a database on enantioseparation conditions.
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FIGURE 54.11. Choice of appropriate column and chromatographic conditions: (a) sequential

approach and (b) parallel approach.

This database contains information about CSPs and condi-
tions for HPLC and supercritical fluid chromatography
(SFC) enantioseparations for more than 50,000 products. It
is regularly updated by Prof. Christian Roussel and Dr.
Patrick Piras (Aix-Marseille Université, France) with pub-
lished and unpublished results.”> ChirBase contains also
conditions for GC and CE enantioseparations, which are
updated by the group led by Prof. B. Koppenhoefer (Uni-
versity of Tibingen, Germany).

54.4.2. Choice of Mobile Phase

In HPLC enantioseparation, the mobile phase not only pro-
vides the control of eluting time for analytes but also acts in
a specific way on the enantiorecognition process. For cer-
tain CSPs, the mobile phase provides the particular environ-
ment in which recognition can be produced. This fact has
promoted the popularization of elution practices alternative
to those most commonly used in conventional HPLC. Again
there are not “universally” applicable conditions. On the
contrary, the choice of mobile phase composition often
depends on the kind of CSP used.

HPLC chromatographic enantioseparations are usually
performed isocratically. Given that enantiomers have the
same polarity, a change in the polarity of the mobile phase
affects equally the two of them. Separation is not favored
by gradient elution, and it may be even impaired by the
decrease in affinity between analyte and CSP. In contrast,
isocratic elution emphasizes the differences in the associa-
tion of enantiomers with the CS in the stationary phase.
Nevertheless, gradient elution is sometimes applied with
the aim to speed up the search for appropriate stationary
and mobile phases.”® This approach is not exempt of con-
troversy. Some authors indicate that this practice is not
advantageous if the time required to re-equilibrate the

column in starting conditions after each run is considered.
Anyhow, it has to be kept in mind that peak separation will
be maximal for isocratic elution.

Another common practice in HPLC enantioseparation is
the use of organic solvents of low polarity as mobile phase
components. Although, from the point of view of lipophilic-
ity, the organic material bonded or coated onto the chro-
matographic matrix makes CSPs similar to C8, C18, or
phenyl standard stationary phases, normal phase mode is
often preferred over reversed-phase conditions. The use of
a lipophilic solvent in a lipophilic environment favors dipo-
lar interactions such as hydrogen bonding, dipole—dipole
interactions, and -stacking, while nonselective van der
Waals interactions are minimized. As a result, the selective
association CS-enantiomer is favored.

The solvents most commonly used for the mobile phase
are mixtures of an alkane (hexane or the less toxic heptane)
with a solvent of medium or high polarity. Their ratio will
determine retention and, therefore, the possibility for the
analyte to interact with the CS in the stationary phase. Given
their compatibility with a range of CSPs either bonded or
coated, alcohols are frequently included as polar compo-
nents of the mobile phase (Figure 54.12a). Among them, 2-
propanol is more extensively used than ethanol or methanol
because of its full miscibility with alkanes. Viscosity, which
impacts column back-pressure, is another of the reasons for
limiting the use of high ratios of certain alcohols.

Regarding other solvents, the chlorinated chloroform
and methylene chloride in mixtures with an alkane are also
common in HPLC normal-phase enantioseparations.
Although this kind of solvent is not compatible with coated
CSPs, as neither are other less frequent solvents such as
ethyl acetate, tetrahydrofurane, and methyl #-butyl ether,
they may provide interesting enantioselective behavior to
compatible CSPs.
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FIGURE 54.12. Separation of pramipexol enantiomers on Chiralpak IA using two different eluting
modes. The elution order of enantiomers is the same in the two cases. The S isomer is the more
retained: (a) normal phase: hexane/EtOH/diethylamine (70:30:0.1) and (b) polar organic mode: ace-

tonitrile/MeOH/diethylamine (90:10:0.1).

Depending on applications, reversed-phase conditions
may be preferred.”” When compatible with the CSP used,
this is the mode of choice in the analysis of aqueous sam-
ples, with biological samples (plasma, urine) among them.
Also for practical reasons, analytical departments in com-
panies may prefer reversed-phase mode when optional. If
the same HPLC system has to be used for diverse purposes,
as most commonly HPLC systems are running in such
conditions, to use them for enantioseparation saves the
time and solvent that otherwise would have to be invested
in changing mode. Moreover, this avoids locking a partic-
ular HPLC system in normal-phase mode, which are con-
ditions only useful for certain applications. Unfortunately,
some CSPs experience a significant decrease or even the
complete loss of enantioselectivity when water is one of
the constituents of the mobile phase. The ability of water
to establish hydrogen bonds and to solvate polar groups
involved in recognition is the reason for this observation.

In the presence of water, the solvated molecules of the
analyte will be forced to compete with those of water in
the interaction with the solvated CS on the CSPs. When
hydrogen bond interactions play a fundamental role in the
recognition mechanism, this results in a decrease of
enantiorecognition.

On other occasions, the use of reversed-phase conditions
is the only compatible eluting mode. This is the case for
protein-derived and ligand-exchange CSPs. In the former,
the mobile phase is always buffered and the amount of
organic modifier (2-propanol, ethanol, or acetonitrile, for
instance) constitutes only exceptionally over a 15% (v/v) of
the mobile phase composition. In ligand-exchange CSPs,
the need for Cu (II) or Zn (II) ions imposes the aqueous
nature of the mobile phase, which is also complemented
with a certain percentage of a miscible organic modifier.

In addition to these two classic eluting modes, other
alternative conditions are being increasingly applied.
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Among them, the polar organic mode consists of a polar
organic solvent, such as acetonitrile, alcohols, or their mix-
tures (Figure 54.12b). The absence of water is the charac-
teristic feature of this mode. Such conditions are
compatible with a number of CSPs. Given that solvent mix-
tures of this kind can be easily manipulated in large
amounts, reused, more affordable, and less toxic than
hydrocarbons or chlorinated solvents, they are particularly
adequate for preparative separations.

Several types of CSPs are compatible with a diversity of
eluting modes. As mentioned, those containing cyclodex-
trins and antibiotics as CSs are the most versatile.”>”’
These are known as multimodal CSPs. The alternative
recognition mechanisms acting in the alternative eluting
modes result in an increase of the possibilities to obtain sep-
aration. Also, conditions in which the elution order of enan-
tiomers may reverse are possible.*® Although this is a clear
advantage, it has to be taken into account that the wider
choice of possible eluting conditions may increase the time
needed to optimize separation.

54.4.3. Use of Additives

The addition of organic acids or bases, for acidic and basic
analytes, respectively, at a low concentration (usually 0.1—
0.2% v/v) is a common practice in enantioseparation, even
when normal phase conditions are used. The most conven-
tionally used additives for this purpose are acetic or tri-
fluoroacetic acids and diethyl- or triethylamine as bases,
although ethanolamine and ethylenediamine are also fre-
quently used (Figure 54.12). The role of these additives is
to prevent ionization of ionizable analytes. When CSPs
containing nonionizable CSs, such as polysaccharide deriv-
atives or brush-type CSs, are used, the result is an improved
interaction between neutral CSs and enantiomers and an
increased efficiency (thinner peaks).

The simultaneous use of acidic and basic additives (trie-
thylamine and acetic acid, for instance) is also possible.
This practice allows for improving efficiency and resolution
for zwitterionic analytes or for those that, even if neutral,
establish strong polar interactions with the CSP.

Alternatively, some CSPs containing ionizable CSs act
enantioselectively on reversed-phase conditions. This is the
case for protein- and antibiotic-derived CSPs. In such cases,
buffered solutions are used in the mobile phase to control
ionization on both CS and analyte by adjusting pH. In pro-
tein-derived CSPs, the concentration and pH of the buffer
are usually set into certain limits to avoid denaturalization
of the protein. Buffer concentration is rarely fixed over
100 mM in all instances. However, the pH range greatly
depends on the particular protein acting as CS. Considering
the allowed range, pH is generally adjusted to shift the equi-
librium toward the completely ionized product. As for the
nature of the buffer, among others, borate and phosphate

buffers are commonly used. At present, as a result of the
spread of mass spectrometers as HPLC detectors, there is a
need to develop compatible methods, which can be decisive
in the choice of buffer.*’

On other occasions, recognition requires adequate char-
acteristics either in the CS or in the analytes that have to be
provided by the mobile phase. Thus, when ligand-exchange
CSPs are used, copper salts have to be added to the aqueous
mobile phase. Also, when the separation of amines on CSPs
containing crown-ethers as CSs is undertaken, an acid is
added to the hydro-alcoholic mobile phase to ensure ioniza-
tion of the analyte. Analogously, acidic hydro-alcoholic
mobile phases are used with ion-exchange CSPs to foster
protonation of the CS.

Organic acids and bases, or even volatile organic salts
(ammonium acetate, triethylammonium acetate, ammo-
nium trifluoroacetate, ammonium formate), can be also
added to nonaqueous polar solvents. These are the so-called
polar-ionic conditions, which are frequently compatible
with MS detection.®! Also, in this case, the presence of
additives allows controlling ionization on either CS or
analytes.

Aware of the variety of conditions possible, and to help
in the task of choosing the appropriate mobile phase for the
separation of interest, suppliers of CSPs usually provide tips
and decision-tree schemes for method development proce-
dures.” Also, diverse authors have published studies on the
subject. This is the case for polysaccharide-derived
CSPS,33’82 cyclodextrin-derived CSPs,83 antibiotic-derived
CSPs,% and protein-derived CSPs.** As a general rule,
starting conditions are applied to set retention of the ana-
lyte, and in the next step, enantioselectivity is tuned by
stepwise modifying appropriate factors, considering the
chemical nature of the analyte, compatibility with the chro-
matographic support, and recognition mechanism acting in
the separation.

54.4.4. Temperature

Chromatographic enantioseparation can be affected by tem-
perature as any other chemical process based on the associ-
ation of chemical species.®> To explain how temperature
affects enantioseparation, the thermodynamics of the equili-
brium process in the complexation CS-enantiomer has to be
considered.**

°The following links provide method development strategies for some
kinds of CSPs (this is not an exhaustive list) (links last accessed in
February 2012): http://chiral.newsroomhq.com/resource-center.html http://
www.sigmaaldrich.com/analytical-chromatography/chiral-chromatography/
learning-center/publications.html http://www.registech.com/Library/Regis_
Chiral_Users_Guide.pdf http://www.registech.com/Library/ChiralGuide6.
pdf http://www.registech.com/Library/sfcappguide2006.pdf
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Assuming a single enantiomer (R) and taking equation

2):

Kag
R+CS===R—CS; AH}—TASg = —RTInKag

(2)
that is:

1 AH, AS
In Kag = -7 =%+

9)

This expression is the van’t Hoff equation that relates the
association constant of the considered enantiomer with the
CS (Kag) to entropic and enthalpic terms as a function of
temperature. As association takes place on the chromato-
graphic stationary phase, equation (4) can be considered
and combined with equation (9):

14
K, = Ka,«v—;; = Ka;¢ (4)

where k' is the capacity factor (retention factor) for com-
pound 7 and ¢ is the phase ratio. Thus, for one of the enan-
tiomers (R):

1 AH®, = ASg

On the basis of this expression, the thermodynamic
quantities can be deduced by measurement of the chromato-
graphic retention over a range of temperatures. Generally,
the plotting of Ink’ versus 1/T determines a straight line.
The slope of this line provides information on the enthalpy
change produced by the absorption of the analyte on the
CSP while the intercept informs about the entropy change.
When the same representation is applied to the two enan-
tiomers, two intersecting lines are obtained in most occa-
sions (Figure 54.13). Exceptionally, other phenomena such
as enthalpy not depending on temperature, or nonlinear
van’t Hoff plots, have also been observed. Although the
interest of the latter is undeniable for mechanistic studies,
applicability to everyday separations is scarce.

Around room temperature, the chromatographic enantio-
separations used are enthalpically driven. That is, the sec-
ond eluted enantiomer forms a more stable complex with
the CS, even if the entropy change is unfavorable (restric-
tion of mobility and/or conformational freedom in the
adsorbate, for instance). In this scenario, an increase in tem-
perature produces a decrease of enantioseparation. There-
fore, in general terms, a decrease in temperature can be of
help in the optimization of poorly resolved enantiomers.

Following the aforementioned tendency, there is a cer-
tain temperature at which the two enantiomeric peaks
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FIGURE 54.13. Plot of Ink’ versus 1/T for two enantiomers in the
temperature range 5°C to 50°C for given chromatographic condi-
tions.

(Reproduced with permission from Reference 86. Copyright ©
2011 Elsevier B.V.)

coelute. It is the so-called isoeluotropic temperature (Tig).
At this point, the enthalpy term is compensated by the
entropy term of the equation. Often T, falls out of the tem-
perature range most commonly tested in liquid chromatog-
raphy. Therefore, usually the isoelutropic temperature is not
experimentally determined but calculated by extrapolation
of the two intersecting lines. Beyond Tj,,, enantioseparation
is entropically driven and reversal of elution order is
observed. This phenomenon is not exclusive of liquid chro-
matography. On the contrary, it was first described for gas
chromatography enantioseparations®”"*® and then observed
in supercritical fluid chromatography.®

Although attractive, thermally induced inversions of
elution order at affordable temperature ranges are not
frequent.”®®' Therefore, temperature cannot be consid-
ered a general parameter to be set in order to reverse
the elution order of enantiomers in liquid chromatogra-
phy. In this respect, a procedure to obtain the inversion
in the order of elution has been described.’® The method
is based on using two different temperatures within the
same run and on reversing the flow of the mobile phase
between the two conditions. The change in flow direc-
tion and temperature has to be performed just before the
elution of analytes. This strategy is applicable to com-
pounds in which enantioselectivity is strongly dependent
on temperature.

Another interesting temperature-related phenomenon is
the enantiomerization of isomers in compounds showing a
low enantiomerization barrier. On these occasions, enantio-
selective chromatography can be a useful tool in determin-
ing energy barriers”>"* (Figure 54.14).
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(b) Enantiomerization profiles for oxazepam: DHPLC conditions, NucleoDex-3-PM, 10-mM
phosphate buffer at pH 8.0 . (Reproduced with permission from Reference 96. Copyright © 2002

Elsevier Science B.V.)

54.4.5. Equipment

Being an enantiomer does not provide specific qualities
other than optical to conventional organic compounds.
Therefore, their analysis does not impose any particular
requirements with respect to equipment. Any HPLC appa-
ratus, provided with the appropriate chiral column, can be
used for enantiomer determination. Only the availability of
some accessories, such as multiple port valves to permit the
programmed test of several columns and mobile phases, can
be of help to speed up the search and optimization of ana-
Iytical chromatographic conditions.

In this context, detectors deserve a specific comment.
Conventional HPLC detectors can be used without limitation
on the basis of the enantiomeric character of the compounds
to be analyzed. Actually, given that the two enantiomers
have the same physicochemical properties, the response in
particular conditions is the same for the two isomers. Only
spectroscopic detectors in which the light used as the source
is polarized can distinguish between enantiomers.

Depending on the property measured, these instruments
can be classified into 1) polarimetric, when the deviation in
the plane of polarized light is considered; 2) optical rotation
detectors (ORs), which measure differences in refraction
indices on right- and left-handed circularly polarized light*;
and 3) circular dichroism detectors (CDs), which detect
differences in absorption for the right- and the left-handed
circularly polarized light when it goes through the sample.

While polarimetric detectors usually use light sources in
the visible-near IR region, OR and CD detectors use ultra-
violet (UV) lamps. The sensitivity of the former is appropri-
ate for the detection of sugars, but it is very low for many
other chiral compounds (drugs and synthetic intermediates,
for instance). As a result, polarimetric detection is less and
less used. As refractive index (RI) detectors, OR detectors
are broadly applicable. They do not require a chromophore

¢ Plane polarized light can be considered the result of the addition of a left
circularly polarized wave and a right circularly polarized light wave, whose
amplitude is identical. http://www.enzim.hu/~szia/cddemo/edemo0.htm
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FIGURE 54.15. Prilosec (rac. omeprazole) HPLC chromatograms (ChiralPak AD, 100% EtOH).
Top, CD detector; middle, UV detector; bottom, OR detector.

(Reproduced with permission from Reference 97.)

on the analyte. As for conventional RI instruments, differ-
ences in refraction indices for polarized light are affected by
temperature and solvent changes. Moreover, multiple optical
effects in the flow cell, such as reflections and/or scattering,
result in a partial depolarization of the source light, thereby
decreasing sensitivity.”” As a consequence, CD detectors,
which measure absorption of light as conventional UV detec-
tors, provide greater stability and higher sensitivity. These
features make them preferred.”® Nevertheless, it has to be
taken into account that the analyte must have a chromophore
group to be detectable in such conditions. CD detectors can
also be used in UV conventional mode, just switching from
polarized to nonpolarized UV light (Figure 54.15).

When enantiomers are irradiated with polarized light,
they originate a response equivalent in intensity but oppo-
site in sign. The previously described detectors allow the
user to determine an elution order of enantiomers on the
basis of the observed positive or negative signal. However,
either intensity or even sign is dependent on the solvent
used as a mobile phase. Thus, for different solvents, it is
possible to detect either positive or negative peaks corre-
sponding to the same isomer.””"'°° Moreover, only on par-
ticular occasions is the knowledge of peak sign useful
for assigning absolute configuration by comparison with

known compounds. As a consequence, in most cases,
once enantioseparation has been established, analytical
methods are developed using conventional detection
techniques.

Nevertheless, in particular, when dealing with complex
mixtures to be analyzed and depending on the nature, origin,
and character of the sample, the application of CD detectors
may be convenient. Chromatograms will become thereby
simplified as only optically active substances are detectable.

54.5. ALTERNATIVE TECHNIQUES TO HPLC
FOR ENANTIOSEPARATION

Since 2000, Prof. T. Ward and co-workers have been peri-
odically authoring review articles on enantioseparation.
The articles in this series, appearing with a periodicity of
approximately one every two years,'°'~'% summarize the
publications—written in the English language—on this
subject in the considered period of time. These reviews can
be used to assess the global significance of the diverse tech-
niques and its evolution with time. The main sections in
these publications are devoted to HPLC, GC, CE, SFC, and
thin layer chromatography (TLC).
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HPLC is without any doubt the most used technique
over the whole period. At the time of writing this mono-
graph, in the last appeared review,'® HPLC accounts for
50% of all described separations in the period under exami-
nation, while 25% correspond to CE, leaving the remaining
25% to the rest of technologies considered. However,
despite the HPLC predominance, depending on the nature
of the analyte and that of the sample to be analyzed, other
techniques may result that are more appropriate.

54.5.1. Enantioselective Gas Chromatography

Enantioselective gas chromatography was developed previ-
ously to liquid chromatography.'® Although GC was already
a well-established separation technique when the interest for
enantioseparation experienced an exponential growth, there
has not been an explosion in CSP diversity like that seen
with HPLC. The applicability of this technique, which is lim-
ited to thermostable and volatile compounds, and the simul-
taneous development of HPLC enantioseparation, may
explain this observation. Nevertheless, many CSPs for GC
are on the market, with the most used being those derived
from amino acids and from cyclodextrins.

As stated, GC is considered particularly adequate for
volatile chiral compounds. Among them drugs, such as

anesthetics'®>'%°; natural compounds, such as phero-

mones'"”'% and terpenes'®®''%; and a variety of products
used as flavors and fragrances''' can be encountered. On
these occasions, enantioselective GC constitutes a conve-
nient alternative to HPLC in the determination of the enan-
tiomeric content in samples.

Achiral derivatization previous to GC analysis is fre-
quent to increase volatility. This allows for an increase in
the range of products in which the technique can be applica-
ble. In this context, analogously to conventional GC, lipo-
philic acids are classically analyzed after being converted
into trimethylsilyl or methyl ester derivatives.''>!"?

When compared with HPLC, the main advantages of GC
apply also to enantioseparation. Thus, GC enantiosepara-
tion is highly efficient (narrow peaks), which results in a
high resolution. Also the process leading to the optimized
separation method is easier than in HPLC. Temperature is
the main parameter to be set in the optimization of chro-
matographic conditions. Runs can be performed in isother-
mal mode or in programmed heating ramp conditions.
Better separations used to be obtained at lower temperature
and higher linear velocity of the carrier gas. As a general
trend, enantioseparation is rare at temperatures over 200°C.
Consequently, to prevent analyte racemization and to
increase the durability of the column, suppliers indicate a
maximum allowable operating temperature for each col-
umn at around 220°C.

When coupled to MS, GC does a great step forward in its
applicability. MS provides structural information of

analytes, which is what makes GC-MS perfectly suitable
for the characterization of natural compounds and in the
assessment of the authenticity of natural components in
food and beverages.'*"''*

Only the low loadability of GC constitutes a limitation.
Thus, applicability in GC is restricted to analytical pur-
poses. Therefore, when the final aim is to obtain isolated
enantiomers from the mixture, although GC may be ade-
quate to the physicochemical characteristics of the consid-
ered compound, HPLC conditions have the advantage of
being adequate as a starting point in the scale-up of the
separation.

54.5.2. Electromigration Techniques
in Enantioseparation

A variety of related modalities are grouped under the term
“electromigration techniques.” They share instrumentation
and differ in the analytical conditions applied. Capillary
electrophoresis (CE) is the most fundamental. In the broad-
est sense, CE separations are based on the different electro-
phoretic mobilities of charged species when an electric field
is applied to the ends of a capillary. This basic setup was
further complemented to cover not only charged species but
also neutral compounds. In the latter, surfactants are used to
form charged adsorbates with analytes. This is the so-called
micellar electrokinetic chromatography (MEKC).''® Also,
the capillary can be coated or filled with a chromatographic
material. The presence of such material changes the migra-
tion mechanism of components in a sample by adding an
adsorption process to the mentioned electrophoretic mobil-
ity. Additionally, pressure can be applied. In such condi-
tions, capillary electrochromatography (CEC) is the
appropriate designation for the technique.''® Although
there are other varieties, the three above-mentioned modal-
ities are the most significant.

The appearance of capillary electrophoresis in the mid-
1980s coincided with a period of important expansion of
enantioseparation techniques,''” and soon it was applied to
the analysis of enantiomeric mixtures of the most diverse
character.''® As in HPLC, a chiral selector, with the ability
to recognize stereoselectively the enantiomers, has to be
incorporated into the separative system. This CS is either
added to the background electrolyte as an additional solute,
acts as a chiral surfactant forming chiral micelles, or incor-
porated as a constituent of the chromatographic support,
which is filling the capillary. The difference in mobilities
observed for enantiomers is the result of the differentiated
association between each one of them and the CS and/or
the difference in mobility of the transient diastereomeric
adsorbates formed.**

A wide variety of CSs can be used in electromigration
techniques. Among the most used, cyclodextrin derivatives
neutral or charged''”'?® together with macrocyclic



antibiotics'?' hold an outstanding position. Their water sol-

ubility and stability in solution, together with UV transpar-
ency, are the properties that make them appropriate for this
purpose. Cyclodextrins are also used in MEKC, often
together with an achiral surfactant at a concentration above
the critical micelle concentration (CMC).'?? Alternatively,
chiral surfactants such as bile acids or amino acid deriva-
tives have been also applied.'*

In comparison with HPLC, CE techniques are better
adapted to highly polar compounds, which are often diffi-
cult to analyze in chromatography. Additionally, analysis
time in CE techniques is shorter than in HPLC and effi-
ciency is higher than in the latter. Also, it is worth noting
the low amounts of solvents (mainly alcohols) and buffers
required and the minor volumes of sample needed. Despite
all these evident advantages, CE techniques have not
replaced HPLC in industrial applications. Although at pres-
ent there is no doubt about the robustness of CE, the reti-
cence of pharmaceutical companies to broadly use this
technique may be related to its relatively poor limit of
detection.

54.5.3. Supercritical Fluid Chromatography
in Enantioseparation

Supercritical fluid chromatography (SFC) refers to the use
of mobile phases at temperatures and pressures above the
critical point (supercritical). SFC uses carbon dioxide as a
main component in the mobile phase because its critical
point (31.3°C, 7.39 MPa) is easy to reach. However, carbon
dioxide is similar to alkanes in solvent strength and there-
fore unsuitable for the elution of polar compounds. This
character is corrected by the addition of a significant
amount of polar solvents, mainly alcohols, to increase the
polarity of the mobile phase. In such conditions, the super-
critical state is not actually reached. Often temperatures
lower than the critical and pressure above the critical are
applied. These are designated as subcritical conditions.
Nevertheless, separations are performed indistinctively in
super- or subcritical conditions.

One of the most interesting properties of SFC is the low
viscosity of the mobile phase. This, together with the high
diffusion coefficients for solutes, originates fast mass trans-
fer and, as a consequence, higher efficiency and shorter
analysis time than in HPLC. Nevertheless, the actual major
advantage of SFC when compared with HPLC is the low
solvent consumption, which is limited to the added organic
modifier.'?* Moreover, CO, is viewed as a more environ-
mental friendly compound than the organic solvents used in
normal-phase HPLC.

On the contrary, the main drawback of SFC is the need
for particularly adapted instruments that include a thermo-
stated pump, to maintain CO, in supercritical conditions
while pumped through the system; an oven to keep
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temperature above 31.5°C; and a pressure restrictor, to
maintain conditions until the end of the line, after the detec-
tor where pressure is released. As a result of the low viscos-
ity of the fluid, the column back-pressure is low and high
flow rates can be applied. This also contributes to lowering
the analysis time with respect to HPLC, which is an advan-
tage from the analytical point of view. Additionally, the
possibility of increasing the flow rate permits the use of
SFC for preparative applications,'®> with the latter one
being of major interest to SFC enantioseparations at
present. 126,127

In addition to the stated characteristics, SFC does not
require particular chromatographic supports. On the con-
trary, most CSPs, particularly those used in normal-phase
conditions, can be used indistinctively in HPLC and
SFC,'?® with the only constraint being the need to have
available the appropriate equipment. With respect to the
chromatographic performance of such CSPs, although anal-
ysis time use is shorter and efficacy is higher, there are not
remarkable/predictable changes in enantioselectivity for
CSPs used with conventional liquids or supercritical fluids
as a mobile phase.'*

54.6. PREPARATIVE ENANTIOSEPARATIONS

The purity requirements demanded in the production of fine
chemicals for the manufacture of active pharmaceutical
ingredients (APIs) have led to a renewed and widespread
interest in preparative chromatography.’*® The theoretical
understanding of the main factors controlling the process
and, therefore the possibility to predict its outcome, has
promoted a change in the industrial mentality from the pre-
vious reticence.

After the wide realization of the cost effectiveness of
this purification approach, chromatography has recently
become the preferred method for rapidly accessing prod-
ucts of high added value, such as enantiomers.”'*' In a
drug discovery and development context, enantioselec-
tive chromatography is applicable both in the early
stages of development of a drug, when the two enantiom-
ers are required, and as the final purification step of syn-
thetic enantioselective processes.

To carry out a direct preparative chromatographic reso-
lution of enantiomers using a conventional single-column
system, particular modalities are applied. These contribute
to reduce costs and increase productivity, while saving sol-
vent and making full use of the stationary phase. Thus,
injections are sometimes performed repeatedly (multiple
close injections) in such a way that most of the support is
involved in the separation at any time during the process.
When resolution between peaks is low, it can be improved
by recycling the overlapped peaks. This is often combined
with the so-called peak-shaving, which allows for the
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FIGURE 54.16. Schematic diagram of the functionality of a SMB system. Columns are connected
head to tail with intercalating valves. There are two inlet streams, feed and eluent, and two outlet
streams, the extract and raffinate. After a certain time, the positions of inlets and outlets move,

thereby simulating the movement of the stationary phase.

recovery of pure enantiomers at the beginning and the end
of a run in which peaks are partially overlapped.

Nevertheless, although other single-column techniques,
such as closed-loop recycling,'**'3* have been developed
to increase productivity, the multicolumn simulated moving
bed (SMB) is by far the most used technology for prepara-
tive purposes. SMB can be applied for the purification of
several grams of product and up to a multi-ton production
demand. At present, several chiral drug compounds are
obtained enantiomerically pure thanks to the incorporation
of one step of SMB enantioseparation in their production
process. This is the case for levetiracetam (UCB, Smyrna,
GA), sertraline (Pfizer, New York, NY), or escitalopram
(H. Lundbeck, Denmark), among others.”

SMB is a method that permits a continuous operation.
The fundamental setup consists of a series of chromato-
graphic columns connected head to tail. Between columns,
adequate valves allow for modifying the point at which the
racemate is introduced into the system as well as that for
the introduction of the mobile phase and the position for
the recovery of the two enantiomers (Figure 54.16). In
contrast to conventional liquid chromatography, a batch
technique that is not optimal for production, SMB is a
continuous operation technique (Figure 54.17).'*

Although not all existing analytical CSPs on the market
are adequate to up-scale separations, the number of chiral
supports available “in bulk” to be used in preparative opera-
tions is substantial. Properties such as high loading capac-
ity, chemical stability, and broad mobile phase choice are
desirable for CSPs for preparative liquid chromatographic
separations. Four types of chiral sorbents are the most
widely used.

Once the problem of immobilization has been solved,
polysaccharide-derived CSPs (Figure 54.4) are probably
the best adapted materials because of their loadability and
broad application domain. Also, polymeric CSPs (Figure
54.10), such as polyacrylamides 17-19 and polytartardia-
mides 20, 21 have an interesting high loadability. Neverthe-
less, on certain occasions, this property is sacrificed while
gaining in stability. This is the case for brush-type station-
ary phases (Figure 54.8) in which chemical durability and

FIGURE 54.17. SMB-system at Daicel Corporation’s Arai plant.
The chromatographic system contains eight 30-cm internal-
diameter (i.d.) columns (four visible). (Courtesy of Daicel
Corporation, Japan.)



strength of the material is their main quality, even if loading
is moderate. Also, when looking for particular selectivity or
the possibility to be used in a variety of eluting conditions,
macrocyclic antibiotic-derived materials (Figure 54.6) are
of choice.

One of the main issues to consider when undertaking a
preparative separation is the fact that the desired product
will be collected as a diluted solution in a solvent that will
have to be removed. When possible, the choice of chro-
matographic mode is influenced by this condition. Thus,
considering the volatility of organic solvents and therefore
the low energetic demand in removing them, normal-phase
conditions are preferred to reversed-phase aqueous eluents.
Notwithstanding, polar organic solvents such as methanol
or acetonitrile (can) are preferred over more volatile sol-
vents as they can be recovered and reused and are easier to
handle safely in important amounts. Also, when imperative
for the separation, additives should be volatile. In fact, if
additives are only contributing to improve the shape of
peaks, and they are not actually necessary for the prepara-
tive outcome, it is preferably not to use them. In this aspect,
SFC is advantageous over liquid chromatography. Being
carbon dioxide, the most important component of the
mobile phase, only the added organic modifier has to be
evaporated.'®

Also, the solubility of the analyte is one of the most criti-
cal factors when choosing the chromatographic mode to
perform a preparative separation. The amount of analyte
that could be loaded onto the column and as a consequence
the productivity of the whole process will strongly depend
on this parameter,'*® thereby determining the choice of
eluting conditions.

54.7. FUTURE TRENDS AND PERSPECTIVES

Chromatography is nowadays a well-established technique
in the separation of enantiomers. There are many CSPs
that provide separation for almost the totality of possible
problems. Nevertheless, research in the field continues in
several fronts. One of the most demanding subjects comes
from the unpredictability of separations, which imposes a
trial-and-error test of CSPs for each new compound. In
this context, the search for new CSs continues as does the
search for technologies allowing for a significant reduction
in the time required to perform these tests.

In this respect, some new CSs have recently appeared in
the literature."*” It is worth mentioning cyclofucans, which
are similar to cyclodextrins although with a selectivity
similar to crown-ethers.'*® Also new are polyproline selec-
tors."**'%% Even if these latter can be considered low MW-
CSs, some particularities in the kind of compounds
resolved, the conditions in which they show enantioselec-
tivity, and on the loading capacity allow for inferring a
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different recognition mechanism than the one acting in
brush-type CSPs.'*!

As for technologies, the so-called ultra-high-pressure
liquid chromatography, consisting in the use of submicron
particles as chromatographic support, may contribute
positively to enantioseparation. This technology provides
reduced analysis times at a very low flow rate, thereby
decreasing the amount of solvent involved. In this respect,
although enantioseparations are possible by introducing
the CS as an additive in the mobile phase of the chro-
matographic system, this approach is not frequently
applied. Among others, CS consumption and possible
interferences in detection are some of the reasons that
account for the low impact of this approach.'** Neverthe-
less, this general tendency may change in the near future
considering the nano-HPLC systems.'*® Given the short
analysis time and the low flows of mobile phase used, this
technology may make affordable the use of a variety of
CSs in the mobile phase.

In a completely different approach, considerable
research efforts are addressed to enantioselective sens-
ing.'**!4 There is a strong demand for molecules applica-
ble to the determination of a degree of enantiomeric excess.
Such molecules could find an interesting applicability in
fields such as the screening of chiral catalysts in enantiose-
lective reactions, or in detecting the addition of a racemic
adulterant in food materials. In such situations, the fact of
being quick and easy to apply are properties even more sig-
nificant than the accuracy in the determination of the enan-
tiomeric excess.

As for preparative applications, the choice of technique
is closely dependent on the amount of compound to be puri-
fied. The use of SFC will continue increasing, in combina-
tion with SMB mode or even in single-column mode, given
the environmentally friendly character of the technique and
the low cost in solvents. SMB, either with liquid or super-
critical fluid mobile phases, allows for an improved use of
the expensive stationary phase and it is the technique of
choice if the purification of important amounts of enantiom-
ers is required. However, one main disadvantage of SMB is
the considerable inversion in equipment required, which is
only recoverable in a reasonable period of time for compa-
nies dealing with a number of analytes or candidates in
production.

Among the possible alternatives easily adapted to be run
in a continuous mode, countercurrent chromatography
(CCQ), a liquid-liquid technique, in which the separation
of components in a mixture is based on their different parti-
tion into two immiscible liquids,'*®'*” can be considered.
The implications that the absence of solid support have on
the technique makes CCC advantageously suitable for pre-
parative purposes over HPLC. The more remarkable prop-
erties of CCC are the high loading capacity and the reduced
solvent consumption for a given amount of product



1622 CHIRAL CHROMATOGRAPHIC METHODS IN THE ANALY SIS AND PURIFICATION OF ENANTIOMERS

processed.'*® In regard to the separation of enantiomers, the
preparative application of CCC can be of great interest
given the low cost of this technique compared with conven-
tional liquid chromatography. As for other enantioselective
separation techniques, in CCC, a chiral selector is required
to produce the enantioselective environment able to sepa-
rate enantiomers. The CS is preferably added to the liquid
stationary phase where it should be confined thanks to its
solubility properties. Simultaneously, the racemate has to
partition between the two phases of the biphasic solvent
system. Encountering a combination of solvent system/CS,
adapted to the analyte under study, which fulfill the speci-
fied requirements and preserve the enantioselectivity of
the CS in the biphasic system, is not an easy task. This
is the main reason for the few publications released in
this field.'*

54.8. CONCLUSIONS

In recent years, the impact of chirality has been mainly
striking in the pharmaceutical field. Its major economic
consequences have resulted in large technological advan-
ces. At present, the commercial availability of more than
200 types of chiral selectors in combination with highly
efficient enantioselective techniques, as liquid chromatog-
raphy, capillary electrophoresis, or chromatography super-
critical fluid, ensures separation of almost all possible
chiral compounds. However, the optimization of an appro-
priate methodology for each separation remains a limiting
factor because of the difficulty in predicting CS—analyte
interactions.
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En el terreny de la cromatografia enantioselectiva, el disseny i desenvolupament de
nous selectors quirals (SQs) i/o fases estacionaries quirals (FEQs) amb un ampli
espectre d’aplicacié o amb una enantioselectivitat determinada ha esdevingut un gran
repte durant els ultims 35 anys [101,102]. Els resultats dels estudis realitzats
mitjangant técniques espectroscopiques o cristal-lografiques per tal d’entendre i
confirmar les interaccions que es produeixen entre el SQ i I'analit s’han utilitzat en el
disseny de FEQs [67,70,103,104]. També s’han emprat altres estrategies com la
quimica combinatoria per tal de contribuir a la identificacié d’esquelets basics en
certes families de compostos que presentin uns valors d’enantioselectivitat més
elevats [105-108]. No obstant, sovint els avencos més significatius aconseguits han
estat basats en la intuicié quimica i en el tradicional métode de prova i error.

Aixi doncs, en la present tesi doctoral, es pretén dissenyar, desenvolupar i caracteritzar
SQs de tipus oligoprolina i les corresponents FEQs, aixi com estudiar el seu
comportament en diferents condicions cromatografiques. Les caracteristiques
especifiques de I'aminoacid L-prolina quan s’agrupa formant cadenes, extensament
comentades en la introduccid, i I'éxit de I'is de I'aminoacid prolina en altres técniques
cromatografiques [109-112] van fer que I'esquelet d’oligoprolina es seleccionés com a
nucli de partida. A més a més, |'experiéncia prévia del grup en FEQs que contenen
oligomers de prolina derivatitzats [87,91] per a la seva posterior aplicacié a la
cromatografia liquida enantioselectiva i els resultats particulars obtinguts amb alguns
d’ells han conduit el nostre treball a aprofundir en aquesta direccio.

Conseqientment, en la present tesis doctoral ens proposem estudiar el fenomen de
I’enantioselectivitat exercit per les FEQs amb un SQ de tipus oligoprolina en sistemes
cromatografics diversos. Per tal d’incrementar les possibilitats d’enantioseleccid, s’han
identificat tres elements que hi juguen un paper clau.

i) En primer lloc, I'estructura del SQ és un element essencial, ja que aquesta
ha d’interaccionar en certa manera amb el compost racéemic que es vol
separar i ha de permetre l'associacié diferencial amb cadascun dels
enantiomers d’aquest darrer.

ii) També, la fase mobil utilitzada condiciona I'entorn en el que es ddéna el
reconeixement, i aquesta pot actuar facilitant o dificultant I'associacid
necessaria entre el SQ i cada un dels dos enantiomers per a que es
produeixi enantioselectivitat. A més a més, com s’ha comentat en la
introduccid, és conegut que les estructures de tipus poliprolina poden
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canviar de conformacio segons el dissolvent en la qual es troben immerses.
Per conseglient, la capacitat enantioselectiva pot resultar sensible al medi
en el que es produeix la interaccid entre el SQ i cada un dels enantiomers.

iii) Finalment, la naturalesa de la matriu cromatografica de la qual esta
constituida la FEQ determina la quantitat de SQ que s’hi pot enllagar, aixi
com les propietats hidrodinamiques de la fase mobil que circula a través
seu. Es a dir, el suport cromatografic pot facilitar la disponibilitat i
accessibilitat del SQ necessaris per tal que es produeixi I'’enantioseleccid,
afavorint aixi un major grau de separacio.

D’aquesta manera, amb la finalitat de poder aconseguir FEQs aplicables a la separacié
d’'un ampli rang d’enantiomers, i un cop identificats els punts critics en els quals
podem actuar i intentant millorar els resultats previs obtinguts en el nostre grup amb
els derivats de la 4-hidroxiprolina, en la present tesi doctoral ens varem plantejar els
seglients objectius:

1) Per tal d’aprofitar les propietats intrinseques de I'aminoacid L-prolina,
ampliament descrites en la introduccid, considerem el disseny i sintesi d’'un SQ
derivat de l'oligoprolina sense cap substituent. Una estructura més simple que
ens haura de servir per veure si les propietats presentades per les oligoprolines
substituides estudiades préviament (més capacitat de carrega que el SQs
monomerics i diferent comportament enantioselectiu segons la fase mobil
emprada [veure introduccié p. 36-39]) sén generalitzables.

D’aquesta manera, un cop demostrat que I'Us d’estructures polimeériques de la
L-prolina substituida en la posicié 4 resultava en una major enantioselectivitat,
un millor comportament cromatografic i una més gran capacitat de carrega que
les respectives FEQs monomeériques [87,91] i tenint en compte els resultats i
observacions de Li i col-laboradors [75—77], considerem com a SQ una cadena
d’oligoprolina no substituida d’una llargada de 8 unitats de L-prolina i
rematada per un grup pivaloil (Figura 3.1).

@) 0]
) CHs -OH b) OH
O O
O
)G M \<CH
HsC Nigeh CHs 8 T~CH
H 6-8 CH ’
~ = 3
H3C

Figura 3.1. Selectors quirals derivats de I'oligoprolina. a) SQ derivat de la 4-hidroxiprolina. b)
Nou selector quiral format per vuit monomers de L-prolina.
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En aquest context, ens plantegem la preparacié d’una FEQ constituida per un
SQ format per vuit unitats de prolina. La sintesi de I'octapéptid es dur a terme
mitjancant un metode de sintesi peptidica en fase solida (SPPS). Aquesta
aproximacio és significativament més rapida, més economica i menys tediosa,
ja que es tracta d’una SPPS tipus Fmoc utilitzant una resina de poliestiré de
2-clorotritil (Figura 3.2), evitant aixi la feixuga sintesi d’'un espaiador (pag. 35
Introduccid) complicat de preparar. Tot aix0 i el fet que part del procés pot ser
escalat i automatitzat, resulta en un procediment més eficient i
economicament més rendible.

DESPROTECCI C

COOH O
Fmoc
Fmoc
CH cl2 CI CI
00!

; HOBt ore ACOBLAMENT

END CAPPING”

Fmoc,
2 °HJ
HOBt, DIC CI
CI DMF CI ﬁj 7x Desproteccio
7x Acoblament

TFA
N tBu
%Ej\ e, LY

CH20|2
Figura 3.2. Esquema de la sintesi peptidica en fase solida tipus Fmoc emprada per sintetitzar el
SQ derivat de I'octaprolina.

Tota la sintesi es dura a terme en la resina, de la qual s’escindira el SQ que
posteriorment s’ha de fixar sobre la matriu cromatografica. Aixd permet la
caracteritzacié de I’entitat quimica mitjangant MS/MALDI-TOF. Finalment, ens
proposem enllagar covalentment el péptid a diferents matrius
cromatografiques mitjancant un grup espaiador aminopropil, préviament unit a
la silice, que proporciona la distancia necessaria entre el SQ i la matriu.
S’avaluara la idoneitat de les diferents FEQs obtingudes a partir d’aquest SQ.

2) Aixi doncs, les propietats cromatografiques d’aquest nou SQ s’examinaran
utilitzant un ventall d’analits racémics i es realitzara un estudi comparatiu amb
FEQs estudiades previament [87,91]. Finalment, atesa la diversitat estructural
dels analits racémics testats, la diferent habilitat enantioselectiva segons el
dissolvent ens plantegem poder esbrinar indicacions sobre com pot produir-se
I’enantioreconeixement en les FEQs estudiades.
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3) També ens proposem estudiar la influéncia del tipus de fase mobil en
I'estructura i la conformacié d’aquest nou SQ, i com els canvis en aquestes
propietats poden afectar I’enantioselecitvitat i el comportament cromatografic.

Els treballs anteriors duts a terme per la Sra. Raquel Sancho [87,91] ja havien
demostrat que les FEQs derivades de la poliprolina tenien un comportament
particular segons el dissolvent que s’utilitzés en la fase mobil. Aixi doncs,
I’enantioselectivitat desapareixia d’'una manera reversible quan s’utilitzaven
fases mobils habituals en cromatografia quiral com poden ser els dissolvents
clorats mesclats amb solvents aprotics com els alcans. Aquesta dependeéencia de
I’enantioselectivitat en la fase mobil hauria de ser atribuible al canvi de
conformacid6 de les cadenes de prolina en canviar de dissolvent.
Conseqiientment, en la present tesi doctoral es pretén profunditzar en aquest
fenomen i la seva reversibilitat.

4) Estudiar la influencia de la matriu cromatografica en el comportament
cromatografic de les FEQs.

Fins al moment, I'ds de columnes farcides de particules de silice havia estat la
regla general en la recerca del nostre grup. La modificacié covalent de noves
fases estacionaries formades per monolits hauria d’obrir les portes tant a la
millora dels parametres cromatografics de les FEQs com a I'Us d’aquestes en
cromatografia quiral preparativa.

Aixi doncs, en la present tesi doctoral es considerara la preparaciéo de FEQs
monolitiques i s’examinara el comportament cromatografic d’aquestes
columnes, en termes d’enantioselectivitat, resolucio, eficiencia i capacitat de
carrega.

5) Avaluar la compatibilitat de les FEQs derivades de la poliprolina quan s’empren
condicions de cromatografia de fluids supercritics.

D’entre les distintes tecniques de separacié basades en la utilitzacié de
sistemes liquid-solid, el nostre estudi s’ha centrat principalment en la
cromatografia de liquids d’alta eficacia (HPLC). No obstant, la cromatografia de
fluids supercritics (SFC) desperta un enorme interes tan a nivell analitic com
preparatiu. Per tant, ens proposem estudiar l'aplicaci6 de condicions de
cromatografia supercritica sobre de les diferents FEQs preparades. Els valors
cromatografics com I’enantioselectivitat, I'eficiencia i la resolucié, aixi com
I’estudi del temps d’analisi, seran objecte del nostre intereés.
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Aixi doncs, l'objectiu global d’aquesta tesi doctoral és contribuir a I'estudi de
I'aplicabilitat de fases estacionaries quirals de la familia de les oligoprolines en
cromatografia liquida convencional i cromatografia de fluids supercritics per a la

separacio d’'un ampli rang de mescles racemiques, considerant-ne sempre els
avantatges i els inconvenients.
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4.1. L'octaprolina, un selector quiral conformacionalment flexible en les
separacions cromatografiques enantioselectives

4.1.1. Precedents

Els estudis previs realitzats amb FEQs els SQs de les quals eren constituits per
oligoprolines substituides es va observar el comportament singular que presentaven
segons el medi en el qual es trobaven immersos. En particular, I'enantioselectivitat
dels esmentats SQs desapareixia quan s’utilitzava com a fase mobil cloroform al 100%
o mescles d’aquest dissolvent amb un alca [87,91]. Aquests canvis en la capacitat
enantioselectiva, que van demostrar ser reversibles, es podien atribuir a la possible
variacio conformacional en les que estan subjectes les cadenes de poliprolina.

Com és sabut, segons el medi en el qual es troben immerses les cadenes de
poliprolina, aquestes adopten diferents combinacions de poblacions que abasten des
d’una estructura PPIl [61] (on tots els enllacos peptidics es troben en una configuracié
E, trans) fins a una estructura PPI [62] (tots els enllagos amida sén Z, cis), passant per
una infinitat de situacions intermédies. Es a dir, el canvi de composicié de la fase mobil
pot comportar una alteracié conformacional del SQ. Aquest canvi és reversible i
moderadament lent. De fet, aquesta transicié conformacional tarda de I'ordre d’hores
en completar-se, un temps forca més llarg del que es necessita per al simple
condicionament de la columna que segueix a un canvi de condicions cromatografiques.

4.1.2. Desenvolupament

Per tal d’estudiar aquest fenomen, les seves conseqiieéncies en I'enantioselectivitat
d’aquesta familia de SQs i la seva generalitzacié a altres cadenes d’oligoprolina, en
aquest article es presenta el nou SQ, SQ5. Per aquest es descriu un métode de sintesi
en fase solida que permet I'obtencid d’una octaprolina no substituida amb un grup
trimetilacetil (Tma) com a grup terminal. També es descriu la seva caracteritzacié per
MS/MALDI-TOF, el procés d’escalat de la sintesi emprant un sintetitzador automatic,
aixi com la posterior fixacié de I'entitat quimica resultant sobre silice gel, la matriu
cromatografica.

Tot seguit, en l'article s’estudia en el comportament cromatografic de la fase
estacionaria resultant. En primer lloc, es realitza un estudi comparatiu, entre dues
FEQs d’interes, la ja estudiada poli-(4R)-(3,5-dimetilfenilaminocarboniloxi)-L-prolina
(FEQ-2) i la nova derivada d’octaprolina (FEQ-5) (Figura 4.1). En aquest punt es
consideren els factors de retencid k, els factors de separacié a, i les resolucions Rs.
També es té en compte l'ordre d’elucid dels enantiomers en les dues columnes.
L'objectiu principal rau en determinar el paper del substituent aromatic que conté
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cada unitat de prolina del SQ substituit i el seu impacte en la capacitat
enantioselectiva.

0
(o) 3 ”

a)

6-8 8

CH, FEQ-2 FEQ-5

Figura 4.1. Fases estacionaries quiral emprades en aquest estudi [113]. a) FEQ-2 que correspon a CSP-2
en l'article. b) FEQ-5 que correspon a CSP-1 en l'article.

El treball també aborda la ja mencionada dependéncia entre I'enantioselectivitat i la
composicid de la fase mobil, i per aixo es testen dissolvents de diferent naturalesa.
S’estudia el comportament del nou SQ en abséncia de dissolvents protics no clorats,
concretament s’utilitza MTBE com a modificador de la polaritat. La predileccié per
aquest dissolvent rau no només per I'absencia d’'un donador de protons que sigui
capa¢ de competir amb els analits, sind que també ens interessa la seva pobra
capacitat de solvatacié.

D’altra banda, s’utilitzen també dissolvents aprotics clorats en la fase mobil, que causa
una significant perdua de I'enantioselectivitat, tal i com succeia en el cas de les
oligoprolines polisubstituides. Aquestes observacions cromatografiques es relacionen
amb els resultats teorics del grup de Cann [98,99] i les observacions espectroscopiques
de Li [93] i col-laboradors. Tot plegat permet establir el canvi conformacional com a
causant del comportament cromatografic observat pels SQs tipus oligoprolina segons
la fase mobil emprada.

Finalment, en I'estudi es descriu el procés de transicido conformacional des d’un punt
de vista absolutament cromatografic. Per tal d’estudiar aquest fenomen, s’examina, en
primer lloc, la perdua d’enantioselectivitat en passar d’'una fase mobil no clorada, a
una de clorada. Llavors, es confirma la reversibilitat d’aquest procés per dos camins
diferents: i) tornant a les condicions no clorades inicials, ii) afegint una petita quantitat
d’un dissolvent protic a la fase mobil. La diferencia en el temps (volum de dissolvent)
requerit per assolir I'estat d’equilibri en cadascuna de les condicions, el paper que els
dissolvents protics juguen sobre les cadenes helicoidals de poliprolina permeten
discutir la reversibilitat i I'asimetria d’aquest procés conformacional.
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4.1.3. Conclusions

La majoria d’analits es resolen millor emprant la FEQ-5, a excepcid d’aquells que
contenen grups m-acceptors tipus 3,5-dinitrobenzoil. Per tant, les observacions
condueixen a pensar que ens trobem davant de dos mecanismes
d’enantioreconeixement parcialment diferents per FEQ-2 o FEQ-5. Mentre que
I'atribuit al SQ5 es basa integrament en ['‘establiment d’interaccions de pont
d’hidrogen entre analit i SQ, les interaccions electroniques complementaries tipus m-n
tenen un paper important en el mecanisme d’enantioseleccié del SQ2. Per altra banda,
la millor enantioselectivitat que presenta el FEQ-5 esta relacionada amb la facil
accessibilitat i la disposicio dels grups carbonil de I'esquelet de poliprolina, facilitant
aixi les interaccions d’enllag d’hidrogen.

Quan s’utilitzen dissolvents clorats en la fase mobil, aguests promouen un canvi de
conformacioé del SQ, incrementant la poblacié de diversos conformers i obtenint una
estructura més desordenada i flexible. Aixo es tradueix en una menor, i en ocasions
guasi inapreciable enantioselectivitat. No obstant, aquest procés és reversible al tornar
afegir alcohol en la mescla de dissolvents, conferint rigidesa i compactacié a
I’estructura quiral.
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1. Introduction

One of the most striking and recent novelties in liquid
chromatographic enantioseparation is the recognition of the
outstanding and, in some way, unexpected enantioselectivity pro-
vided by oligopolyproline-derived chiral stationary phases (CSPs).
Oligoproline-derived CSPs, which were firstly introduced by Li and
co-workers [1], share some features in common with brush-type
CSPs. The most remarkable is the relatively low-molecular weight
of the chiral selector (CS). However, some chemical differences,
namely low functionality and lack of aromatic rings in the CS,
together with a broader selectivity [2,3], seems to point to the
fact that we are facing a new class of peptide-based CSPs, as it is
recognized by some authors [4].

In our previous studies on oligoproline we have compared
CSPs containing as CS a single proline moiety, having a 3,5-
dimethylphenylcarbamoyloxy group in the pyrrolidine ring, with
those containing an oligoproline analogously derivatized [5,6].
Derivatization was introduced with the aim to provide the CS

* Corresponding author at: Food and Nutrition Torribera Campus, University of
Barcelona, Verdaguer Building, Office No. 12, Prat de la Riba 171, E-08921-Santa
Coloma de Gramenet, Barcelona, Spain. Tel.: +34 93 403 37 87.
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(C. Minguill6n).
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with more interaction sites able to act in the recognition of
solutes, and also to introduce some analogy with the polysac-
charide derivatives most used for enantioseparation purposes
(3,5-dimethylphenylcarbamates of amylose and cellulose). How-
ever, the enantioseparation of aromatic-ring-containing racemates
clearly demonstrated that the derivatized oligoproline CS was able
to resolve compounds containing aromatic rings with the same
electronic character (m-donor) than those on the CS, thus ques-
tioning the role of the derivatization. Nevertheless, it was made
evident the broader application domain of oligoproline derivatives
vs single proline derived CSPs, as well as an interesting higher load-
ing capacity. Considering the similar density of proline units on the
studied mono/oligoproline CSPs, these observations could only be
explained by the presence of polyproline helical structures able to
interact several at the same time with the analyte in the recognition
process.

The former substituted oligoproline derived CSPs also showed
a particular behaviour depending on the solvent used in the
mobile phase. Concretely, enantioselectivity was reversibly lost
when chloroform 100% or mixtures of this solvent with heptane,
were used as mobile phase. These changes in enantioselectivity
could be attributed to the known conformational change from
PPII [7] (PolyProline II has all amide groups in trans configuration)
to PPI [8] (PolyProline I has all amide groups in cis configura-
tion) helical structures or any intermediate situations. It is known
that PPII helices dominate in most solvent systems while PPI are
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only favoured in some solvents [9]. The reversible conformational
change from one conformation to the other takes in the order of
hours to be completed, much longer than conventional condition-
ing of the chromatographic column in normal phase conditions.
The goal of this work is to study this phenomenon, its
consequences on chromatographic enantioselectivity, and its
extensibility to non-substituted oligoproline-CS. With this aim, an
octaproline peptide was synthetized and bonded to a chromato-
graphic matrix. The chromatographic behaviour of the resulting
non-substituted oligoproline-derived CSP was compared to that of
a CSP containing 3,5-dimethylphenylcarbamate residues on pro-
line units (Fig. 1) using different chromatographic conditions. The
enantioseparation ability resulted to be highly dependent on the
mobile phase in the two cases. This phenomenon is proved to be
reversible and consistent with a conformational change of the CS.

2. Experimental
2.1. Abbreviations
ACN, acetonitrile;

DCM, dichloromethane;
propylcarbodiimide;

CITrR-Cl, 2-chlorotrityl chloride resin;
DEA, diethylamine; DIC, diiso-
DIEA, N,N-diisopropylethylamine; DMF,
N,N-dimethylformamide; EEDQ, 2-ethoxy-1-ethoxycarbonyl-
1,2-dihydroquinoline; EtOH, ethanol; L-Fmoc-Pro-OH,
9-fluorenylmethoxycarbonyl-L-proline; HBTU, O-benzotriazole-
N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate; = HMDS,
hexamethyldisilazane; HOBt, 1-hydroxybenzotriazole; MeOH,
methanol; MTBE, methyl t-butyl ether; TFA, trifluoroacetic acid;
Tma, trimethylacetic acid.

2.2. General supplies and equipment

CITrR-Cl (100-200 mesh, 1% DVB, 1.3 mmol/g, NovaBiochem,
Ldufeldingen, Switzerland) was used as a supporting resin in
solid phase synthesis. Chemicals and solvents were purchased
from Aldrich (Steinheim, Germany), NovaBiochem (Darmstadt,
Germany) and Panreac (Barcelona, Spain).

Elemental analyses were performed by the Scientific and Tech-
nological Centres (University of Barcelona) using a Thermo Organic
Elemental Analyzer, Flash 2000. MALDI-TOF Mass spectrometry
was performed on a 4700 Proteomic analyzer (Applied Biosys-
tems). The scaled-up synthesis was performed on an automatic
peptide synthesizer Abi 433 A (Applied Biosystems). The CSP was
packed into stainless-steel tubes (100 mm x 4.6 mm id) by the
slurry method.

The chromatographic assays were carried out on a Waters HPLC
system (Mildford, MA, USA) consisting of 1525 binary HPLC pump,
717plus autosampler and a 2467 dual A UV Absorbance Detec-
tor. Retention factor (k) was calculated as (t; —tg)/typ being t; the
retention time and ¢y the void time. The enantioseparation fac-
tor () was calculated as the ratio of the retention factors for the
two enantiomers. The void volume (tp) was determined with 1,3,5-
tri-tert-butylbenzene. Flow rate was fixed at 1 mL/min and UV
detection was either 220 nm or 254 nm, depending on the analyte
used. Analytes 1-12 and 22-24 were synthetized in our laboratory
by conventional procedures and spectroscopically characterized.
The elution order of enantiomers was determined by injecting the
enantiomerically pure compound when it was available. CSP-2 was
prepared as reported in a previous study [5].

2.3. Synthesis of the octaproline CS
Analogously to what is described [1] (Fig. 2), to CITrR-Cl

(100-200 mesh, 506 mg, 1.30 mmol/g) washed and pre-swelled
with DCM (5mLx 1min x4) the mixture of L-Fmoc-Pro-OH

(129 mg, 0.38 mmol) and DIEA (133 L, 0.76 mmol) in 5 mL of DCM
was added. Additional 399 L (2.28 mmol) of DIEA was added after
3 min and the mixture was allowed to react for 75 min. The unre-
acted 2-chlorotrityl chloride groups on the resin were end-capped
by the treatment with 405 L of MeOH (30 min). Washings with
DMF (5mL x4) and DCM (5mL x4) were performed. The Fmoc-
protecting group was removed by treating the resin with 4 mL of
20% (v/v) piperidine in DMF for 5 min. This operation was repeated
two more times (10+ 10 min). The 9-methylenefluorene produced
was collected and quantified by UV absorption at 290 nm. The
actual functionalization attained on the resin was determined to
be 0.59 mmol/g [10].

The mixture of L-Fmoc-Pro-OH (308 mg, 0.91 mmol), HOBt
(138 mg, 0.91 mmol) and DIC (140 p.L, 0.91 mmol) in 3 mL of anhy-
drous DMF was added to the CITrR-Pro-H resin prepared above.
After stirring for 2 h, the resin was filtered and washed with DMF
(5mL x4) and DCM (5 mL x4). The Fmoc group was then removed
with piperidine. The next six amino acids were coupled following
exactly the same procedure for coupling/deprotection. The succes-
sive coupling of Pro units was periodically controlled on the basis
of 9-methylenefluorene UV determination after Fmoc cleavage.

Finally, pivalic acid (93 mg, 0.91 mmol) was coupled to the
CITrR-Prog-H using HOBt (138 mg, 0.91 mmol) and DIC (140 p.L,
0.91 mmol) as coupling agents. The free peptide was cleaved from
the resin by the treatment with 3% (v/v) TFA in DCM (5mL x5).
The liquors obtained from this treatment were collected and co-
evaporated several times with DCM (25 mL). The resulting oily
residue was precipitated in diethyl ether and collected by centrifu-
gation. The solid was dissolved in ACN/water (50:50) and finally
lyophilized. The purity of the resulting peptide was checked by
HPLC (k: 3,1; Column: Symmetry® C18, 5wm, 150 mm x 4.6 mm
id.; mobile phase: linear gradient from O to 100% ACN (0.04% in
TFA) in 15 min; Flow rate: 1 mL/min, A: 214 nm) and characterized
by MALDI-TOF MS (m/z: [M+Na] 901.46, [M+K] 917.43).

When the synthesis was performed in an automatic synthesizer
HBTU and DIEA were used instead of DIC and HOBt as coupling
agents.

2.4. Preparation of CSP-1

To a solution of HO-Prog-Tma (400 mg, 0.45 mmol) in 40 mL of
DCM, EEDQ (240 mg, 0.94 mmol) and 'y-aminopropylsilica gel (2 g),
obtained from spherical silica gel (5 um, 100 A, Kromasil ) following
the conventional procedure [11,12] (Elemental analysis: C, 4.48%;
H, 1.20%; N, 1.45%), were added. The suspension was allowed to
react overnight at room temperature. The resulting bonded silica
gel was collected by filtration, washed exhaustively with DCM and
toluene (elemental analysis: C, 11.20%; H, 1.98%; N, 2.96%, 235 wmol
CS/g CSP or 1.9mmol Proline/g CSP, calculated on the basis of
nitrogen percentage). The solid material was suspended in toluene
(10mL) and HMDS (1 mL) was added. The mixture was allowed to
react for 1 h at reflux temperature. The resulting modified silica gel
was collected by filtration, washed exhaustively and consecutively
with toluene, DCM, EtOH and water until neutral washing liquors
were obtained, EtOH, acetone and diethyl ether, and dried in vac-
uum at room temperature [5] (elemental analysis: C, 11.84%; H,
2.07%; N, 2.70%).

3. Results and discussion

Given their ready availability as enantiomerically pure com-
pounds, many amino acids have been used as chiral moieties in
Pirkle-type CSPs [13]. Among these, L-proline constitutes a par-
ticularity from the structural point of view. Proline is the only
proteinogenic amino acid provided with a secondary amino group.
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Fig. 1. Chemical structures of the CSPs used in the study.

When involved in peptides, prolines lack of hydrogen on the amide
group. Consequently, the common alpha helix conformation is not
possible.

Also, the N—CO group involving proline in peptides has dif-
ferent conformational characteristics regarding those of all other
proteinogenic amino acids. Trans configuration (carbonyl oxygen
and alpha carbon of the amino acid in opposite sites respect to
the N—CO bond) is energetically favoured respect cis configura-
tion. However, when proline is involved the difference in stability
for these two configurations is not significant, which results in an
equilibrated population of the two forms [14,15]. As a consequence,
polyprolines adopt a rigid backbone able to switch between differ-
ent conformational structures that go from PPI (all N—CO bonds in
cis configuration) to PPII (all peptide bonds in trans configuration) as
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a function of the solvent present [16,17]. From a chromatographic
point of view, it could be expected a different selectivity for PPI,
PPII or intermediate forms.

In this context, the preparation of a CSP with a relatively long
oligoproline CS without substitution (8 proline units) was consid-
ered. The synthesis of the octapeptide using a SPPS (Solid Phase
Peptide Synthesis) approach, was less time-consuming and eco-
nomically cheaper respect to those prepared previously [5,6] due
to the fact that derivatization of proline could be avoided. A
trimethylacetyl group (Tma) [2,3]| was chosen as terminal group.
The synthesis of the oligopeptide onto a polystyrene resin, from
which it has to be cleaved before bonding onto the chromato-
graphic matrix, permits the full and accurate characterization of
the CS before bonding it to the silica matrix. This approach ensures
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Fig. 2. Synthetic scheme followed in the preparation of CSP-1.



112 A. Novell, C. Minguilloén / J. Chromatogr. A 1363 (2014) 109-118

the fully characterized nature of the CS. The resulting peptide was
attached to silica gel through an aminopropyl spacer. This was con-
sidered to provide a certain distance between the CS and the silica
matrix and to improve the fixation of the voluminous oligomeric
molecules.

3.1. Chromatographic test of CSPs

The choice of racemic test compounds is always a critical step
for the evaluation of the performance of the CSPs. Results may
be significantly biased depending on the analytes chosen for this
purpose. Keeping this in mind, racemic analytes were chosen
for comparative reasons according to previous experiments [5,6].
Given our interest in testing the significance of the aromatic group
on polyproline CSs on separation, 25 racemic analytes containing
aromatic groups were chosen (Fig. 3). Among them, compounds
containing electron withdrawing nitro (2-5,9, 22) or chloro groups
(6,10,14, 23) on the aromatic rings, as well as hydrogen bond donor
groups (1-12,15, 18,19, 20) or both (2-6, 9, 10) were tested. Other
compounds included in the test series contained aromatic rings of
m-donor character (1, 7, 8, 11, 12, 15-18, 21-24).

The two CSPs, bearing substituted and non-substituted oligo-
proline CSs, were firstly tested using Heptane/2-PrOH mixtures as
mobile phase (Table 1). In these conventional conditions most ana-
lytes were better resolved on CSP-1. The exceptions to this general
behaviour contain a m-acceptor dinitrobenzoyl group (3, 5, 9). The
result could be expected considering the m-donor character of the
substituent on CSP-2. However, in spite of the absence of any aro-
matic -7 interacting group, CSP-1 showed significantly higher
enantioselectivity for analytes with aromatic w-donor groups (1,
7, 8,11, 12, 18, 21) or dichlorobenzoyl groups (6, 10). When the
elution order of enantiomers was determined, the two columns
showed higher affinity for the S-enantiomer. Given the magnitude
of enantioselectivity values and the elution order observed for the
two columns, the additional stereogenic centre on CSP-2 proline
units does not seem to affect recognition significantly.

Among non-resolved analytes, the absence of a hydrogen-bond
donor group is frequent (13, 14, 16, 17, 22-24), which may be an
indication of the relevance of hydrogen bonding on enantiosepara-
tion by oligoproline CSs. This is even more significant considering
that the only organic functions present in the non-substituted
oligoproline are carbonyl groups, hydrogen bond acceptors. This
feature is made evident when comparing the series 22-24 with
9-11. The latter, amide derivatives thereby possessing a hydro-
gen bond donor group, are resolved regardless the character of the
aromatic rings. However, even if the chemical backbone is simi-
lar in the two series, the former ester derivatives are not resolved.
These observations suggest that the mechanism of enantiosepa-
ration can be partially different on these two CSs. On the one
hand, the enantiorecognition of non-substituted CSP-1 is mainly
based on hydrogen bonding between CS and analytes. On the other
hand, for substituted CSP-2 additionally to these H-bonding, w—
interactions between the w-donor dimethylphenylcarbamate moi-
eties and m-acceptor groups, when present, will have a role in the
enantioselective interaction CS/analyte. Nevertheless, the broader
enantioselectivity observed for CSP-1 in most cases can be the
result of an increased accessibility of analytes to the CS, devoid of
the bulky dimethylphenylcarbamate groups.

3.2. Enantioselectivity dependence on mobile phase

To test the behaviour of the CSs in the absence of protic solvents
[18], the CSPs were previously stored in heptane and afterwards
conditioned in MTBE. Heptane was used to control retention time
(Table 2). In spite of the lack of hydrogen bond donor ability of the
mobile phase, CSP-1 showed an enantioselective pattern similar to

that obtained in Heptane/2-PrOH (Table 1). Separation factors (o)
were even higher than in the latter. Nevertheless, similar resolu-
tion values were observed due to the long peak tailing produced
when MTBE was used (Fig. 4). This may be attributed to strong
interaction between CSP and analytes. Considering the poor sol-
vation capacity of MTBE and the absence of a protic solvent able
to compete with the substrate for the interaction with the station-
ary phase, analytes undergo a slow adsorption-desorption kinetics,
thereby resulting in tailing peaks. Contsequently, hydrogen bond-
ing between CS and analyte seems to be the major stereoselective
interaction force acting in this case.

Chlorinated solvents, such as CHCl3 and DCM, were also consid-
ered as non-protic solvents in the mobile phase. DCM was formerly
used by Li and co-workers on similar CSPs [1-3]. In our case, CSP-1,
previously stored in heptane, was fluxed overnight with a (40:60)
mixture of Heptane/DCM at a flow rate of 1 mL/min. CSP-1 sta-
bilization was checked by the repeated injection of one of the
analytes. Similarly to our previous studies on substituted oligopro-
line CSs [5,6], the use of aprotic chlorinated mobile phases caused
an extreme decrease of enantioselectivity. This feature is even more
remarkable for CSP-1 given the absence of the aromatic substituent
present in CSP-2. Also, racemic compounds containing a hydro-
gen bond donor group (5-12), which could be easily separated by
CSP-1 using standard normal-phase conditions (Heptane/2-PrOH)
and also in non-protic Heptane/MTBE mixtures, were not separated
using chlorinated mobile phases.

This result reinforces with chemical evidence the theoretical
results obtained by Cann and co-workers [16,17]. These authors
conclude that protic solvents alter the conformational distribu-
tion of CSs by introducing H-bonding. A more compact structure
is present in protic solvents and, even in Hexane/2-PrOH, a 20%
of carbonyl groups are calculated to be involved in H-bonding. In
our previous studies [6], on the basis of CD and NMR spectra using
diverse solvents, it was concluded that the use of chlorinated sol-
vents as mobile phases involved a conformational disorder in the
CS. This conformational disorder and increased flexibility may be
at the origin of the enantioselectivity loss. In good agreement with
this hypothesis, the addition of small amounts of 2-PrOH (2% v/v)
to Heptane/DCM mixtures permits to recover a certain chromato-
graphic enantioselectivity (Fig. 4).

CSP-1, as formerly CSP-2 [5], was also tested in reversed-phase
conditions (ACN/water and MeOH/water, at several ratios). How-
ever, it was not possible to produce neither a significant retention
nor enantioselectivity for any of the compounds tested. In these
conditions, water competes with analytes for H-bonding sites in the
CS, thus preventing interaction between analytes and CS. This is in
good agreement with the significant role attributed to H-bonding
in enantiorecognition by CSP-1.

3.3. Loss and recovery of enantioselectivity

The change in enantioselectivity, when non-chlorinated mobile
phases are replaced by chlorinated, attracted our attention given
the singularity that it implies. Chlorinated solvents are common
constituents of mobile phase for CSP containing low-molecular-
weight CSs. Moreover, the change in chromatographic behaviour
was observed to take longer time than the simple stabilization
of the column in a new mobile phase. Thus, some studies were
undertaken to examine this observation.

Firstly, the loss of enantioselectivity when changing from non-
chlorinated to chlorinated mobile phases was examined. Once the
column was determined to be stabilized in Heptane/2-PrOH (70:30)
by injecting repetitively analyte 8, it was fluxed for 30 min with
the same mixture and additionally 60 min with 100% Heptane. The
column was stored for 40 min at 60°C to ensure the most stable
conformation for the CS in this solvent. Once room temperature
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Fig. 3. Structures of the test compounds used in the study.
Table 1
Chromatographic results obtained using Heptane/2-PrOH mixtures as mobile phase.
Racemic compounds MPHeptane/2-PrOH CSP-1 CSP-2
ki? o Rs k1 o Rs
1 90:10 3.92°(R) 1.12 0.91 1.88 1.00 -
2 90:10 11.47°(R) 1.11 0.77 7.86(R) 1.02 -
3 90:10 8.95"(R) 1.11 0.96 3.05(R) 1.15 0.73
4 90:10 4.46"(R) 1.12 1.01 6.41 1.00 -
5 90:10 2.41(R) 1.65 1.87 4.23(R) 3.33 6.96
6 90:10 1.13 1.86 3.16 147 1.35 1.67
7 90:10 1.72 1.98 3.70 2.70 1.32 1.57
8 90:10 2.57 231 4.61 6.48 1.23 0.83
9 90:10 5.37°(R) 1.24 1.51 4.10(R) 2.09 4.15
10 95:5 1.93(R) 1.19 1.37 2.72(R) 1.14 0.59
11 95:5 2.86(R) 1.15 0.89 5.10(R) 1.07 -
12 95:5 4.18(R) 1.19 1.31 11.46(R) 1.08 0.37
13 98:2 0.20 1.00 - 0.13 1.00 -
14 98:2 0.21 1.00 - 0.16 1.00 -
15 98:2 4.95 1.00 - 3.57 1.00 -
16 98:2 0.85 1.00 - 1.05 1.00 -
17 98:2 0.85 1.00 - 0.31 1.00 -
18 90:10 9.63 1.15 0.77 10.30 1.00 -
19 90:10 2.19 1.10 0.43 4.83 1.00 -
20 98:2 2.92 1.00 - 2.09 1.00 -
21 95:5 4.24(R) 1.50 3.05 4.03°(R) 1.00 -
22 98:2 0.63 1.00 - 117 1.00 -
23 98:2 0.14 1.00 - 0.11 1.00 -
24 98:2 0.24 1.00 - 0.19 1.00 -
25 80:20:0.2¢ 6.80 1.13 0.63 2.68 1.00 -
3 In parentheses the absolute configuration of the first eluted enantiomer.
b Mobile phase: Heptane/2-PrOH (98:2).
¢ 0.2% of TFA was added to the mobile phase.
Table 2
Chromatographic results obtained using Heptane/non-protic solvent mixtures as mobile phase.
Racemic compounds Heptane/MTBE (40:60) Heptane/CHCl; (25:75) Heptane/DCM (40:60)
k1 o Rs k1 o k1 o
5 1.67° 2.44 428 8.97 1.11 12.61 1.00
6 1.95 231 3.93 2.64° 1.11 1.37 1.00
7 3.49 2.11 2.77 5.14> 1.00 2.87 1.00
8 2.53¢ 2.76 2.59 3.93 1.00 3.42 1.02
9 7.66 1.40 2.36 14.29 1.09 14.24 1.00
10 9.19 1.21 1.00 1.25 1.00 1.77 1.00
11 1.52 143 1.78 4.61 1.00 5.21 1.00
12 4.04 1.18 0.71 5.76 1.00 6.45 1.00

2 Mobile phase: MTBE 100%.
b Mobile phase: Heptane/CHCl; (50:50).
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Fig. 4. Chromatographic enantioseparation of 6 (A) and 8 (B) on CSP-1 using diverse mobile phase compositions: (a) Heptane/2-PrOH (90:10); (b) Heptane/MTBE (40:60) for
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Fig. 5. (A) Study of the decrease in enantioselectivity for 12. Mobile phase: Heptane/DCM (50:50), flow rate: 1.0 mL/min, column temperature: 22 °C, and UV detection at
254 nm. (B) Recovery of enantioselectivity for 7. Mobile phase: Heptane/2-PrOH (90:10), flow rate: 1.0 mL/min, column temperature: 22 °C, and UV detection at 254 nm

(experimental details in the text).
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Table 3
Chromatographic data corresponding to loss/recovery of enantioselectivity on CSP-1.
Racemic compound tinj (mMin) t; (min) t; (min) k1 ko o
12° 35 2445 31.07 16.48 21.21 1.29
74 26.77 31.18 18.08 21.22 1.17
113 29.83 34.53 20.08 23.40 1.17
158 34.53 39.57 23.38 26.95 1.15
206 35.75 39.39 24.23 26.80 1.11
257 34.50 37.86 23.35 25.71 1.10
311 34.48 37.04 23.38 25.20 1.08
367 34.62 36.88 23.43 25.03 1.07
466 35.05 - 23.77 - 1.00
527 35.33 - 24.02 - 1.00
120 40 9.27 10.62 5.18 6.08 1.17
61 13.99 16.90 8.32 10.26 1.23
82 10.89 13.33 6.25 7.88 1.26
104 10.74 13.26 6.15 7.84 1.27
126 10.71 13.27 6.13 7.84 1.28
147 10.83 13.45 6.22 7.96 1.28
168 10.84 13.47 6.22 7.97 1.28
190 10.82 13.47 6.21 7.97 1.28
211 10.86 13.53 6.24 8.01 1.28
232 10.88 13.54 6.25 8.02 1.28
7¢ 60 3.25 4.31 2.86 4.12 1.44
71 3.25 4.67 1.21 217 1.80
83 345 5.21 1.34 2.54 1.89
94 3.50 534 1.37 2.61 1.91
105 3.56 5.50 1.40 271 1.93
117 3.62 5.61 1.44 2.77 1.93
128 3.67 5.71 1.46 2.82 1.93
140 3.70 5.74 1.47 2.83 1.93

2 From Heptane/2-PrOH (95:5) to Heptane/DCM (50:50).
b From Heptane/DCM (50:50) to Heptane/2-PrOH (95:5).
¢ From Heptane/DCM (50:50) to Heptane/2-PrOH (90:10).

was recovered the experiment started by fluxing the column with
a Heptane/DCM (50:50) mixture at a 1 mL/min flow rate. After
35 min, considered enough time for a 10 cm-length Pirkle-type col-
umn to be stabilized in the new conditions, the analyte (7 or 12) was
injected sequentially at given time intervals until a single peak of
repetitive retention time was obtained (Table 3 and Fig. 5a). Work-
ing at 22 °C, a symmetrical peak (retention time 35.3 min; k; = 24.0)
was obtained for compound 12 after 527 min (8.78 h) of using the
above mentioned conditions.

The reverse process was afterwards studied on the same col-
umn. CSP-1, already stabilized in Heptane/DCM (50:50), was fluxed
with 100% Heptane for 30 min and, subsequently, with a mixture of
Heptane/2-PrOH (90:10) for additional 30 min. After this point the
analyte (7 or 12) was injected repetitively until reproducible results
were obtained (Table 3 and Fig. 5b). At 22 °C, enantioselectivity was
fully recovered after 140 min for compound 7 and 126 min for 12.

The difference in the time needed to reach equilibrium for
the two inverse processes (loss and recovery of enantioselectiv-
ity) seem to point to a difference in stability for the conformation
attained by the CS in the two conditions. According to what is
described by Chiang et al. 9], the transition from PPII to PPI is much
longer than the inverse process PPI to PPII. This fact corroborates the
chromatographic results obtained. Thus, while the loss of enantio-
selectivity in Heptane/DCM mixtures is a slow process, the CS easily
recovers the conformation needed to show enantioselectivity when
2-PrOH is included in the mobile phase (Fig. 6).

Considering the calculated results and conclusions of Ashtari
and Cann [17], in Hexane/2-PrOH the conformational rigidity
increases with length reaching over 83% of a single conforma-
tion for a hexamer of proline. Taking into account the length of
the CS in CSP-1, it can be assumed that an almost single con-
formation exists in Heptane/2-PrOH. In spite of the expectable
conformational diversity produced in the presence of chlori-
nated solvents (apparently an entropically favoured situation), the

single more ordered/rigid conformation appears to be energetically
favoured as it is supported by the two chromatographic experimen-
tal observations: (i) the quick recovery of enantioselectivity when
Heptane/2-PrOH (90/10) is reintroduced in the column, (ii) the
recovery of enantioselectivity after the addition of small amounts
(1-2%) of alcohol in the chlorinated mobile phase. This hypoth-
esis seems also to be in good agreement with the spectroscopic
results obtained by P. Zhang and co-workers [19] for a decapro-
line oligomer in solution containing or not 2-PrOH. Using diverse
spectroscopic techniques (IR, VCD, ECD), the spectra of the decapro-
line in the absence of 2-PrOH is significantly different from those
obtained in the presence of this solvent, disregarding its content in
the solution [19].

4. Conclusions

In conventional conditions most analytes, bearing an H-bond
donor group, were better resolved on CSP-1 than on CSP-2. The
only exceptions are some racemic compounds bearing -acceptor
3,5-dinitrobenzoyl groups (3, 5, 9). These results suggest that
the enantiorecognition mechanism in polyproline-derived CSPs is
mainly based on hydrogen bond interactions for CSP-1, whereas
-7 interactions may play a significant role on CSP-2. However,
the higher enantioselectivity observed for CSP-1 is attributed to the
availability of the carbonyl groups of the oligoproline backbone due
to the lack of the voluminous dimethylphenylcarbamate groups.
This availability is maintained in non-chlorinated solvents. When
testing the behaviour of CSP-1 in chlorinated-solvent-containing
mobile phases separation factors decrease significantly. When
these solvents are present in the mobile phase mixture, confor-
mational disorder and increased flexibility in the CS are promoted.

This feature was proved to be reversible. A more ordered
and rigid octaproline conformation is rapidly recovered by either
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adding a small amount of 2-PrOH in the mixture or by switching to
conventional Heptane/2-PrOH normal phase conditions.
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Recerca Experimental i Resultats

4.2. Columnes de silice monolitica funcionalitzades amb selectors quirals
derivats de poliprolina substituida com a fases estacionaries quirals per a
cromatografia d’alta resolucié

4.2.1. Precedents

L’eix principal de la recerca del nostre grup ha estat el disseny, sintesi i optimitzacié de
diferents entitats quimiques com a SQs que permetin la resolucié d’un ampli ventall
d’analits racémics. No obstant, per tal de millorar la capacitat enantioselectiva de les
fases estacionaries quirals també cal aprofitar les propietats intrinseques que ofereix la
matriu cromatografica.

Les columnes farcides de particules han constituit la norma durant la major part de la
historia de la HPLC. La fase estacionaria en les columnes d’aquest tipus esta
constituida per particules d’una substancia sovint inerta al procés cromatografic, la
matriu cromatografica. Tipicament aquesta matriu esta formada per silice que
s’empaqueta dins d’un tub, sovint d’acer inoxidable. Dues limitacions basiques estan
associades amb I'empaquetament tradicional de particules de silice quan es vol reduir
el temps d’analisi incrementant el flux de la fase mobil: i) I'increment de pressié en
reduir la mida de les particules i ii) I'eixamplament dels pics degut a la resisténcia de la
transferéncia de massa entre fase estacionaria i mobil.

Les columnes monolitiques posseeixen una estructura conceptualment diferenciada de
les columnes tradicionals. La seva constitucié és més semblant a una barra amb una
gran quantitat de canalitzacié i afloraments disposats a I'atzar i interconnectats entre
si. Com que no hi ha particules, tampoc hi ha buits interparticulars, fet que comporta
la alta permeabilitat d’aquests materials. Conseglientment, la caiguda de pressié en la
columna és petita. La qual cosa permet augmentar considerablement el flux de la fase
mobil i aixi reduir el temps total del cromatograma. Aixi es poden assolir les
anomenades condicions de high-throughput (analisis rapids). També, només una area
molt petita de la superficie de la fase estacionaria queda inaccessible a la fase mobil i
als analits que arrossega.

4.2.2. Desenvolupament

Considerant les propietats atribuides als monolits com una alta eficiencia i una alta
capacitat de carrega, el nostre grup va considerar I’estudi de la combinacié d’aquestes
matrius cromatografiques amb els SQs previament investigats en matrius particulades
convencionals. Ens interessa el possible efecte sinérgic en la capacitat de carrega de la
FEQ resultant. En conseqiiéncia, s'aborda la combinacié la ja reconeguda capacitat
d’enantiosel-leccié dels SQs tipus oligoprolina substituits amb les propietats
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dinamiques favorables que ofereixen els materials monolitics de silice. Per tant, en el
present capitol es descriu la fabricacid de les dues primeres columnes quirals de la
familia dels derivats de la poliprolina (Figura 4.2). S’avaluen les propietats
cromatografiques de les columnes modificades resultants, aixi com la seva capacitat
enantioselectiva, capacitat de carrega i propietats hidrodinamiques.

HaC
CHs
CHs
o o)
CH

p ; v

HsC N o 00
e N NH T >"siZ0
HaC N~ O
FEQ-6 H o8 FEQ-7

Figura 4.2. Fases estacionaries quirals emprades en aquest estudi [114]. a) FEQ-6 que correspon a CSP-1
en l'article. B) FEQ-7 que correspon a CSP-2 en I'article.

En aquest sentit, I'estudi comenga amb la descripcié de la modificacié covalent in situ
de dues columnes monolitigues de silice amb derivats de poli-(4R)-(3,5-
dimetilfenilaminocarboniloxi)-L-prolina (SQ2 i SQ4). Els SQs emprats havien estat
préviament sintetitzats en altres publicacions anteriors [87,91]. Addicionalment, FEQ-2
es va sotmetre a un procés de end-capping. Un cop obtingudes les columnes
resultants, es testen amb analits la separacié dels quals ja es coneixia de I'estudi previ
dels mateixos SQs en matrius particulades convencionals. Finalment, es determina el
grau de derivatitzacié de cada columna quantificant el contingut de SQ ancorat en
cada cas.

Seguidament, es determina |'efecte que ha tingut la introduccié del SQ en les
columnes monolitiques sobre dos parametres com sdn l'eficiencia i la pressié del
sistema. Per tal de valorar I'eficiencia es calcula I'altura de plat teoric (H) per un
compost no retingut a diferents fluxos de fase mobil, primerament utilitzant una FEQ
monolitica aminopropilada i, després emprant FEQ-6, és a dir, la mateixa fase ja
derivatitzada amb el SQ, per tal de veure si la fixacié del selector influencia el pas de la
fase mobil a través de la columna. Per altra banda, per tal d’estudiar la diferéncia de
pressio entre una FEQ monolitica i la seva analoga particulada, es mesura la pressio a
diferents fluxos de fase mobil. L'alta permeabilitat dels monodlits queda palesa en
aquest darrer experiment.

S’analitza també el comportament cromatografic de les dues FEQs monolitiques. El
patré de retencid, la capacitat enantioselectiva i la resolucié de les columnes
monolitiques es relacionen amb el grau de derivatitzacid de les dues columnes
fabricades. S’estableix una relacié entre la densitat de SQ de la columna i les seves
capacitats de retencid i separacié. També es considera I'efecte del tractament d’end-
capping, per comparacié entre FEQ-7, sotmesa a aquest tractament, i FEQ-6 que no ha
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estat tractada i que, per tant, pot disposar de grups silanol lliures. També es té en
compte la comparacié entre aquestes columnes monolitiques i les seves analogues
particulades respecte la quantitat de SQ que contenen i la matriu cromatografica de la
qual estan constituides.

Finalment, la contribucié que considerem més significativa d’aquest treball és I'estudi
de la capacitat de carrega. Ja en treballs anteriors el nostre grup havia mostrat interes
per lI'increment de la capacitat de carrega [87,91] dels SQs tipus poliprolina, ja que
aquesta és una propietat fonamental per a fins preparatius. Per aix0, es realitza un
estudi comparatiu de la capacitat de carrega entre les columnes monolitiques i les
particulades, considerant el diferent grau de derivatitzacié. Per tal de complementar
aquest estudi, aprofitant I'alta retencid i enantioselectivitat de la FEQ-6, aixi com I'alta
permeabilitat dels materials monolitics, també s’avalua I'efecte de I'increment del flux
respecte la resolucié de la columna, obtenint resultats significatius.

4.2.3. Conclusions

Les matrius monolitiques permeten la fixacié una quantitat més gran de SQ sobre la
FEQ respecte les columnes analogues particulades. Aquest fet es tradueix en una
major retencid i en un comportament cromatografic i enantioselectiu significativament
millor. Encara que les dues FEQs siguin diferents, sobretot per la diferent manera
d’enllagar-se el SQ al suport monolitic de silice, les dues sén capaces de resoldre un
espectre  similar d’analits. Aquest fet indicaria que el mecanisme
d’enantioreconeixement és el mateix, tot i que el patrdé de retencié exhibit és forca
diferent.

Comparant aquestes FEQs monolitiques amb les respectives particulades, les primeres
estan més derivatitzades, és a dir, contenen una quantitat de selector quiral més gran
per columna. Conseqglientment, les FEQs monolitiques presenten una capacitat de
carrega fins a 5 vegades superior. Altres factors com la major accessibilitat del SQ a
I’analit també sembla que podria contribuir tant a millorar I'enantioselectivitat com la
capacitat de carrega, hipotesi que s’abordara amb més profunditat en el capitol
seglient. Finalment remarcar el fet que en aplicar fluxos de fase mobil més elevats
s’obtinguin cromatogrames més curts, tot mantenint-se els factors de separacio, una
observacié que acosta aquest tipus de FEQs a les condicions tipus high-throughput.
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1 Introduction
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Research Article

Monolithic silica columns functionalized
with substituted polyproline-derived chiral
selectors as chiral stationary phases for
high-performance liquid chromatography

In this study, two polyproline-derived chiral selectors are bonded to monolithic silica gel
columns. In spite of high chiral selector coverage, the derivatization was found to have
only a slight effect on the hydrodynamics of the mobile phase through the column. The
enantioseparation ability of the resulting chiral monolithic columns was evaluated with a
series of structurally diverse racemic test compounds. When compared to analogous bead-
based chiral stationary phases, higher enantioseparation and broader application domain
were observed for monolithic columns. Moreover, the increase in flow rate produces a
minor reduction of resolution, which permits to shorten analysis time. Additionally, in-
creased loadability defines chiral polyproline derived monoliths as adequate for preparative
chromatography.

Keywords: Chiral selectors / Chiral stationary phases / Enantioseparation / Poly-
L-proline oligomers / Silica monoliths
DOI 10.1002/jssc.201400640

selectors (CSs) either coated [6] or attached [7] on monolithic

As a result of the increasing demand for enantiomerically
pure compounds, the chromatographic tools that permit the
analysis and production of single enantiomers occupy a rele-
vant position among the most striking developments in sep-
aration science. Monolithic materials, either polymeric or
based on silica gel, have rapidly become a popular media
in diverse separation areas, such as HPLC and CEC [1-4].
Monolithic beds provide a number of advantages in LC be-
cause of the flow characteristics that they offer. Backpressures
can be maintained <0.1 MPa with flow rates in the range of
0.5-1.0 mL/min. Reliability, high efficiency, high through-
put, and high productivity are some of the advantages for
these separation materials over conventional bead format [5].
Moreover, monoliths may provide a higher loading capacity,
an interesting property for semipreparative/preparative and
product scale separations.

Although silica-based monolithic columns are more ad-
vantageous than organic polymer based ones, there are only
a limited number of studies describing the use of chiral sta-
tionary phases (CSPs) for HPLC based on monolithic silica
gel. In this regard, the use of polysaccharide-derived chiral
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silica format have been studied. These columns combine the
broad enantioselectivity of the CS with the ability to speed
up separations. Preparation of tert-butyl carbamoylquinine-
based monolithic silica columns and their application to ion-
exchange chromatography was reported by Lindner et al. [8].
The same authors also studied the use of B-cyclodextrins
as CSs bonded to silica monoliths [9]. Similar performance
was obtained when derivatized monoliths were compared to
the analogous particle-based columns. Nevertheless, mono-
liths were better adapted to high-throughput enantiomer
separation.

One of the most recent discoveries in enantioselec-
tive chromatography is the unforeseen enantioselectivity of
polyproline-derived backbones [10]. These structures are con-
sidered to constitute a new class of peptide-based CSs, even
though they share some common features with brush-type
CSs [10]. Li and co-workers were the first to apply them in
CSPs [11-13] for HPLC. Interesting enantioselective perfor-
mance was obtained. Studies with similar CSs were con-
ducted by Lao and Gan who focused on short di/tripetides
of proline [14-17]. Nevertheless, the length of polyproline
backbone determines the possibility for the CS to adopt a
helical conformation, which seems to play a major role in
enantiorecognition [12,18,19]. In a previous work on proline-
type CSs, we introduced 3,5-dimethylcarbamoyloxy groups as
substituents on proline. This substitution was inserted in or-
der to provide the CS with more interaction sites able to act in
the enantiorecognition mechanism with the analytes. When
single proline-derived CSPs were compared to those contain-
ing an oligoproline analogously derivatized CS [20, 21], the
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CSP-2

latter helical structures showed a broader application domain
and an increased loadability respect to monoproline-derived
CSPs.

However, peptide CSs and their derivatives, polypro-
line among them, have not been yet applied to the mono-
lithic format. Considering that this kind of CS is interest-
ing from the point of view of the particular properties that
polyprolines exhibit, the aim of this work is to fill this
gap. Therefore, in this study polyproline-derived CSs are
bonded to monolithic silica rods and the chromatographic
performance of the resulting columns tested. The covalent
modification of monolithic silica column with poly-(4R)-(3,5-
dimethylphenylaminocarbonyloxy)-L-proline derivatives was
performed in situ. The modified columns were tested to as-
sess the effect of derivatization on the chromatographic per-
formance of monoliths, to study the loading capacity provided
by the resulting CSPs, and finally, results were compared
to the previously prepared polyproline-derived bead-based
columns [20, 21].

2 Materials and methods
2.1 General supplies and equipment

Monolithic silica gel columns (Onyx™, 100 x 4.6 mm)
were purchased from Phenomenex (Torrance, CA, USA).
3-Aminopropyltriethoxysilane was supplied by Sigma-—
Aldrich (CA, USA). Solvents were provided by VWR interna-
tional, Prolabo (Leuven, Belgium), and Panreac (Barcelona,
Spain). The chromatographic assays were carried out on a
Waters HPLC system (Milford, MA, USA) consisting of a
600E pump, a 717 autosampler, and equipped with a 996
photodiode-array detector. A syringe pump from Kd-scientific
(Holliston, MA, USA) and a water bath from Polyscience
6600W (Niles, IL, USA) were used for column derivatization.

Retention factor (k) was calculated as (t,—ty)/t in which t,
is the retention time and t, is the void time. The enantiosep-
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Figure 1. Chemical structures of
the CSPs and their correspond-
ing CSs.

CS2

aration factor () was calculated as the ratio of the retention
factors for the two enantiomers. The void time (t)) was de-
termined with 1,3,5-tri-tert-butylbenzene. The concentration
of the samples was 1 mg/mL and the injected volume 10 p.L.
The elution order was determined when possible using com-
pounds enriched with one of the two enantiomers of known
absolute configuration.

Polyproline CSs (Fig. 1) were synthesized following the
procedure described elsewhere [20, 21]. CSs were used as
mixtures of oligomers of six to eight proline residues: CS1
(6.3, 29.3, 64.4%) and CS2 (2.6, 21.1, 76.3%) of six, seven,
and eight proline units, respectively (calculated from HPLC
analysis). The degree of CS immobilized into the column was
quantified indirectly by the difference between the amount
added and that recovered unreacted.

2.2 Preparation of aminopropyl-modified monolithic
silica columns

An in situ derivatization procedure was followed for the
preparation of the modified monolithic silica matrices from
commercial columns [8]. Monolithic silica columns were
washed with 10 mL of heptane at a flow rate of 0.2 mL/min
before chemical modification. Subsequently, the columns
were fluxed with 10 mL of anhydrous toluene at a flow
rate of 0.2 mL/min. A solution (10 mL) of 1 mL of
3-aminopropyltriethoxysilane and 0.2 mL of dry pyridine in
toluene was fluxed through the column at a flow rate of
0.05 mL/min. Temperature was maintained at 40°C using
a water bath in which the column was immersed. The result-
ing aminopropyl silica monoliths were washed at 40°C with
45 mL of toluene at a flow rate of 0.5 mL/min. The system
was allowed to cool to room temperature for the last 30 min.

2.3 Preparation of monolithic CSP-1

An aminopropyl-derived column was washed with 10 mL of
anhydrous DMF at a flow rate of 0.5 mL/min. Concurrently,
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a solution of 383.2 mg (0.18 mmol) of CS1 and 144.7 mg
(0.58 mmol) of 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquino-
line in 8 mL of anhydrous DMF was prepared. The column
was first fluxed with the mentioned solution at a flow rate
of 0.5 mL/min for 3 min. The remaining solution was fluxed
through the column at a flow rate of 0.025 mL/min. Tempera-
ture was maintained at 40°C. The column was allowed to react
overnight at 30°C. Finally, in order to remove the unreacted
reagents, the column was sequentially washed with 10 mL of
DMF, 10 mL of 2-PrOH, and with 10 mL of heptane using a
0.5 mL/min flow rate. The DMF solution washed out from
the column was recovered. The solvent was evaporated and
the residue redissolved in dichloromethane and washed with
2 mol/L HCI. The separated organic phase was dried over an-
hydrous Na, SOy, filtered and evaporated in vacuo. The residue
was weighted and the content of polyproline derivative quan-
tified by HPLC. The amount of CS1 calculated to be bonded in
the column was 131.7 wmol CS/g of CSP (considering a MW
average of 2123.66 g/mol). This corresponds to an amount of
91.5 wmol of CS in a 10 cm monolithic column.

2.4 Preparation of monolithic CSP-2

A solution of 369.2 mg (0.17 mmol) of CS2 and 138.0 mg
(0.56 mmol) of 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquin-
oline in 8 mL of anhydrous DMF was prepared. Analo-
gously to that described for CSP-1, an aminopropyl-derived
column, previously washed with 10 mL of anhydrous DMF
(0.5 mL/min), was fluxed with the above-mentioned solution.
The procedure was carried out as for CSP-1. The amount of
CS2 calculated to be bonded in the column was 91.8 wmol
CS/g of CSP (considering a MW average of 2236.23 g/mol).
This corresponds to an amount of 57.8 pmol of CS in a
10 cm monolithic column.

2.5 End-capping treatment of CSP-2

CSP-2 was washed with 10 mL of anhydrous toluene at a
flow rate of 0.2 mL/min. Subsequently, the column was
fluxed with a solution of 800 pL (3.84 mmol) of 1,1,1,3,3,3-
hexamethyldisilazane in 8 mL of toluene at a flow rate of
0.2 mL/min for 8 min. The remaining solution was fluxed
through the column at 0.025 mL/min. The temperature was
maintained at 40°C. Finally, the column was washed with
toluene for 60 min (0.2 mL/min).

3 Results and discussion

Given the outstanding chromatographic properties of mono-
lithic materials such as high efficiency and loadability, we
considered the application of substituted polyproline CSs
to these chromatographic matrices. In previous studies
[20, 21], the chromatographic enantioselective behavior CS1
and CS2 (Fig. 1) chemically bonded onto aminopropylated
silica bead matrices was described. The polyproline-derived
CSPs showed broader enantioselectivity and higher loading
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capacity than the corresponding monoproline-derived CSPs
in heptane/2-propanol (2-PrOH) and heptane/methyl t-butyl
ether. These properties were considered interesting from the
view of preparative applications. At present, we combined the
advantages provided by the polyproline CSs to the features
contributed by the monolithic matrix structure and studied
two CSPs shown in Fig. 1.

3.1 Effect of derivatization of monolithic columns on
efficiency and backpressure

Many authors report on the better efficiencies of monoliths
compared to bead-packed columns, in particular at higher
flow rates. Several consider that “monolithic columns have
an equivalent efficiency of a 3-5 wm particle-packed column
of the same length” [22,23]. Given that the CS is bonded onto
a previously existing monolithic rod, to assess the effect that
derivatization could have on mobile phase hydrodynamics
was considered of interest. Consequently, the plate height of
an aminopropylated monolithic column (before the introduc-
tion of the CS) and CSP-1 were evaluated using heptane/2—
PrOH (70/30) as mobile phase and 1,3,5-tri-tert-butyl benzene
as analyte (Fig. 2A). The efficiency of sequential injections of
the latter at flow rates ranging from 0.2 to 4 mL/min was
determined.

The columns showed a similar pattern. Plate height in-
creased with flow rate as expected. The aminopropyl mono-
lithic column showed the smaller plate height at any flow
rate. For example, a plate height of 31 pm was determined at
0.2 mL/min. The H value for CSP-1 was 40 um at the lowest
flow rate (0.2 mL/min), this is 25 000 plates/m. This value in-
creases with the increase in flow rate, being higher than that
of the underivatized aminopropylated monolithic column at
all instances. Nevertheless, the increase in flow rate did not
involve a significant increase in the backpressure of the col-
umn. Also H does not increase linearly with increasing flow
rate. On the contrary, the effect of derivatization seems to be
more pronounced at higher flow rates, when the difference
between H values for the underivatized column and those for
CSP-1 are higher.

It is known that monolithic columns offer a high perme-
ability with the possibility to further increase flow rate without
alarge increment in backpressure. In order to test the effect of
derivatization on this property CSP-1 and its analogous bead-
based counterpart (Fig. 2B) were submitted to increasing flow
rates from 0.5 up to 9 mL/min and the resulting backpressure
registered. Heptane/2-PrOH mixtures with different content
in 2-PrOH were used as mobile phase. Given the different
length of the two columns (10 cm for the monolithic CSP-1
and 15 cm for its bead-based analogue), values determined
were normalized to a column length of 15 cm. Mixtures con-
taining a higher percentage of the alcohol modifier led to
higher column backpressures due to the higher viscosity of
2-PrOH. However, using the same flow rate and composition,
CSP-1 showed a five times lower column backpressure than
its bead-based analogue.
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Figure 2. Effect of flow rate on
(A) peak efficiency (mobile phase:
heptane/2-PrOH, 70:30) and (B) on
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3.2 Polyproline-based monolithic columns
performance

Racemic test compounds shown in Fig. 3 were chosen for
comparative reasons according to the criteria established in
previous studies [20, 21]. Structural diversity with accent in
certain chemical characters, such as molecules bearing dini-
trobenzoyl groups (1-5, 9, 22), or hydrogen bond donors (1-8,
12,13, 15, 19-22), or both (1-5, 22), were considered. A sum-
mary of the chromatographic behavior of the CSPs related to
this series of analytes is shown in Table 1. Regarding the mo-
bile phase, only mixtures of heptane/2-propanol were used.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

column backpressure. The pres-
sures were normalized to a column
length of 15 cm.

Chlorinated solvents were avoided because of the restrictions
imposed by the PEEK casing of the commercially available
monolithic columns. RP conditions were neither used be-
cause they are known to reduce drastically the enantioselec-
tivity of the studied CSs [20].

Our CSPs showed two different retention patterns
with respect to the analytes considered. High reten-
tion factors (k;) were observed for analytes bearing dini-
trobenzoyl groups, which were easily resolved using
both CSP-1 and CSP-2. Given the presence of m-donor
3,5-dimethylphenylcarbamate moieties on the CSs, and
the m-acceptor groups on the analyte, complimentary m—m
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interactions between the two species are assumed to play
a significant role in the enantiorecognition of such com-
pounds [20, 21, 24]. The remaining analytes were scarcely re-
tained in equivalent conditions and even less retained when
the lipophilicity of the mobile phase was increased up to
heptane/2-PrOH (98:2).

This observation was attributed to the high amount of or-
ganic matter contained into the columns. The density of CS
was indirectly estimated to be approximately 100-130 pmol
CS/g CSP. This value is in the order of five times higher
than that calculated formerly for bead-based CSPs [20,21]. Al-
though the specific surface for the two formats is of the same
order of magnitude (300-320 m?/g, data given by the manu-
facturers), an easier accessibility of reagents to the functional
sites in the monolith may explain this result.

It is worth of noting the difference in derivatization for
CSP-1 (91.5 wmol per column) and CSP-2 (57.2 wmol per
column). This difference may be attributed to the increased
steric hindrance of CS2 with respect to CS1, which may make
the approach of CS2 to the silica surface more difficult. The
same effect was observed for bead-based matrices. A lower
coverage was attained with CS2 than with CS1 [21]. Consid-
ering the lower derivatization and the lower resolution of
racemates tested, CSP-2 was submitted to an additional end-
capping treatment. This process was aimed to control the pos-
sible detrimental effect of the unreacted silanol groups on the
matrix surface. After end-capping, the increased lipophilic-
ity of CSP-2 led to a reduced retention for all compounds.
Lower retention factors were observed even for those com-
pounds that were only slightly retained before end-capping.
This observation reinforces the hypothesis of being the stud-
ied CSPs remarkably lipophilized columns. Nevertheless, in
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Figure 3. Structures of the

racemic test compounds.

spite of the low retention, enantioselectivity was only slightly
improved for CSP-2 after end-capping. This effect is probably
the consequence of the decrease in peak width, which results
in an improved resolution.

In spite of the additional end-capping treatment on CSP-
2, CSP-1 exhibited higher separation factors (o) and higher
resolution (R;) than the former. For this reason, considering
the high derivatization of CSP-1, the end-capping treatment
was not performed in this column. It is worth noting that,
apart from the dinitrobenzoyl-group containing racemates,
and in spite of the low retention, compounds bearing an
H-bond donor group were resolved on both columns (6-8,
12,19-21). This observation is consistent with the known sig-
nificance of H-bonding in recognition by polyproline-derived
CSs. Compounds 13 and 14 constitute an exception to this
general rule. In this case, 14 has no H-bond donor group and
it is partially resolved on CSP-1. However, in spite of its high
retention, no enantioselectivity is observed for the structurally
related compound 13.

To sum up, the difference in enantioselectivity between
CSP-1 and CSP-2 can be considered merely quantitative, prob-
ably based on the different density of CSs bonded on the
monolithic aminopropylsilica gel column, a value difficult to
determine with accuracy without destroying the column.

When compared to particle-based CSPs [20, 21]
(Table 1), higher separation factors were observed for the
monolithic columns than for the corresponding bead-based
counterpart. The most significant chemical difference be-
tween polyproline-derived monolithic and bead-based CSPs
containing analogous CSs, is the calculated amount of CS
contained into the column (about 11 pmol CS2 per column
in the CSP-2 bead-based analogue). This chemical difference,
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Table 1. Chromatographic results obtained using heptane/2-PrOH mixtures as mobile phase

Racemic CSP-1 CSP-2 (after end-capping treatment) CSP-2 bead-based counterpart
compounds k@ a Rs k@ o Rs k@ a Rs
1 5.29(R) 113 0.98 3.10(R) 1.10 0.49 414 (R) 1.1 1.01
2 4.65 1.00 - 2.06 1.03 - 240(R) 1.06 0.42
3 10.49 (R) 1.25 1.62 4.08 (R) 1.08 0.46 464 (R 1.08 0.75
4 14.3300<)(R) 2.04 3.87 3.63(R)e) 142 1.87 3.94(R) 1.36 3.06
5 4.84 (R) 2.62 483 459 (R)® 1.38 1.61 458 (R) 1.45 3.74
6 0.55 2.89 481 0.71 2.36 4.26 0.99 1.96 421
7 0.72 3.50 5.74 0.93 2.60 3.84 1.37 2.20 5.24
8 2.33 1.68 3.16 1.97 1.88 3.01 2.90 1.68 3.76
9 3.11 1.00 - 1.469 1.06 0.27 1.879 113 1.08
10 0.09 1.00 - 0.06 1.00 - 0.09 1.00 -
1" 0.09 1.00 - 0.09 1.00 - 0.14 1.00 -
12 0.61(R) 1.22 1.15 0.83¢ 1.03 - 6.019 1.04 0.36
13 13.42 1.00 - 5.72 1.00 - 5.03 1.00 -
14 0.51 1.09 0.31 0.24 1.00 - 0.34 1.00 -
15 0.33(S) 113 0.39 0.41 1.00 - 0.7 1.00 -
16 0.18 1.00 - 0.09 1.00 - 0.02 1.00 -
17 0.15 1.00 - 0.10 1.00 - 0.02 1.00 -
18 4.45 1.00 - 0.15 1.00 - 0.40 1.00 -
19 0.91 1.12 0.90 0.69¢ 1.04 - 1.03 1.00 -
20 0.92 1.57 2.19 1.17 1.29 1.68 2.58 1.14 1.33
21 0.44 (R) 1.59 2.05 0.68 (R) 1.21 1.03 1.26 (R) 1.15 1.09
Mobile phase Heptane/2-PrOH (70/30) Heptane/2-PrOH (90:10) Heptane/2-PrOH (90:10)

Flow Rate: 0.5 mL/min Flow Rate: 1 mL/min Flow Rate: 1 mL/min

a) In parentheses is the absolute configuration of the first eluted enantiomer.
b) Heptane/2-PrOH (90:10).

c) Flow rate: 3 mL/min.

d) Heptane/2-PrOH (98:2).

e) Flow rate: 0.5 mL/min.

together with an easier accessibility of the CS on the mono- property has resulted in an increased amount of CS attached
lithic format, may account for the enhanced separation to the matrix. The combination of the two features (the possi-
factors. bility to increase flow rate and increased density of CS) may
provide higher loading capacity for this kind of separation
media.
Consequently, the loading capacity for 5 on CSP-1 was
3.3 Comparative loading ability of particulate and studied by injecting increasing amounts of racemate until R,
monolithic silica columns < 1 (Fig. 4). This analyte was chosen because it resulted very
well resolved by CS1 when bonded to either monolithic or
Higher loadability is a very important property when prepar- particle-based format matrices.
ative applications are considered. In a former study, the load- The amount of 5 required to attain a touching-band sep-
ing capacity of a polyproline-derivative (CS1) was compared aration (Ry = 1) was almost 1 pmol in CSP-1, while only
to that of the analogous monoproline-derivate [20], both at- 220 nmol was resolved by its bead-based analogue. The in-
tached to a particle-based stationary phase. The loading ability creased loadability can be therefore estimated to be five times
of the polyproline-derived CSP, considering a similar con- higher in the monolithic column in absolute terms. This fac-
tent of proline units in the two columns, resulted to be five tor does not correspond to the ratio of CS contained in CSP-1
times higher than its single-polyproline counterpart, which (91.5 pmol CS in the column) respect to its bead-based coun-
is a proof of the intrinsic ability of the polymeric CS. terpart (40.5 pmol CS in the column). Thus, the increase
It is known that the flow characteristics through mono- in loadability observed cannot be justified based only on the
lithic beds may contribute to the enhancement of loadability higher bonding coverage of monolithic columns. The higher
by allowing higher flow rates [7]. Moreover, in spite of a simi- accessibility of the analyte to the CS, enabled by the mono-
lar specific surface area, monoliths exhibit a higher availabil- lithic format, may be suggested as the complementary factor
ity to reagents when compared to particle-based format. This to justify the observed result.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com
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3.4 Effects of increasing flow rates on monolithic
CSP-1

Furthermore, as previously mentioned, the most striking ad-
vantage that monolithic materials offer over bead-based ma-
terials are the larger porosities, resulting in high permeabil-
ity, and large number of theoretical plates per pressure drop
unit [25]. The remarkable enantioselectivities and high reten-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tions observed for CSP-1 permit in most cases to increase
the flow rate from 1 to 3 mL/min, thus reducing analysis
time. However, in order to evaluate the effect of a consider-
able increase in flow rate on resolution, the racemic Welk-O
analogue 22 was injected at flow rates ranging from 2 to
9 mL/min (Fig. 5). This produced an increase in the column
backpressure of only 6.5 MPa (from 2.0 to 8.5 MPa), while
the analysis time was reduced over four times (from 40 to

www.jss-journal.com
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10 min). Nevertheless, the separation factor (a) remained
constant and the resolution underwent an only slight de-
crease. Although the increase in HETP produced by the in-
crement of flow rate should effectively reduce resolution, the
decrease in retention time, produced by the same increment
of flow rate, reduces diffusion, and therefore results in more
efficient peaks. This second effect compensates the former.
Consequently, these materials can be considered suitable for
high-throughput working mode given the reduction in anal-
ysis time when flow rate is increased.

4 Concluding remarks

In spite of similar specific surface, monolithic silica matrices
permit the introduction of higher amounts of polyproline-
based CSs onto the CSP than their particle-based counter-
parts. This increased CS density leads to higher retention
times, greater separation factors, and a broader application
domain for monolithic columns. Additionally, the structural
difference between the studied CSs also influences their
bonding to the silica gel surface thus affecting retention time
for the two columns tested. However, when using heptane/2-
PrOH mixtures as mobile phase, most analytes bearing an
H-bond donor group are resolved by CSP-1 and CSP-2.

The higher CS surface coverage of monolithic columns
results in an increased loadability. Sample loadings up to five
times higher are observed for monolithic columns compared
to their bead-based CSP counterparts. However, the improved
accessibility of the CS to the analyte when bonded to a mono-
lithic matrix has a significant contribution to the enhanced
loadability observed. This property makes polyproline-derived

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

40 50 on the enantioselectivity and resolution of
22 using CSP-1 (heptane/2-PrOH, 90:10).
UV detection at 254 nm.

monolithic CSPs suitable candidates for preparative pur-
poses.

Considering analytical applications, itis worth noting that
the increase in flow rate permits the reduction of analysis time
with only a minor effect on resolution. This feature makes
this novel kind of monolithic CSPs adequate candidates for
the application to high-throughput approaches.
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Recerca Experimental i Resultats

4.3. Columnes monolitiques de silice covalentment enllagades a un SQ
d’octaprolina. Estudi de la dependéncia entre el comportament
cromatografic i el grau de derivatitzacié i comparacié amb la columna
particulada analoga.

4.3.1. Precedents

En l'estudi anterior [114] es va demostrar la clara millora en els parametres
cromatografics resultants de la utilitzacié d’'un SQ de tipus oligoprolina substituit sobre
una matriu cromatografica de tipus monolitic respecte a la corresponent FEQ
particulada. Les noves FEQs monolitiques preparades també ofereixen una major
capacitat enantioselectiva i un espectre d’aplicaci6 més ampli. Altres avantatges
d’aquests nous materials, tal i com un significatiu increment en la capacitat de carrega
i el manteniment de la resolucié al augmentar el flux de la fase mobil, també van
guedar palesos en el mateix estudi [114].

Totes aquestes caracteristiques es van atribuir a I'Us de monolits com a matrius
cromatografiques. A més a més, malgrat que les fases particulades i les monolitiques
posseeixen una superficie especifica similar, aquestes darreres permeten un major
ancoratge de SQ en la matriu cromatografica, és a dir, el contingut de SQ que contenen
és més elevat. Per tant, sembla que no només la naturalesa de la matriu monolitica és
la responsable del comportament cromatografic millorat, sind que el major grau de
derivatitzacié també juga un paper important en aquest aspecte.

En aquest context, I'objectiu principal d’aquest estudi va ser determinar si les millores
del comportament cromatografic observades en les FEQs monolitiques sén atribuibles
Unicament al major grau de derivatitzacid que permet aquest tipus de matriu o bé si
existeix un efecte, intrinsec al tipus de matriu, que determinaria la disponibilitat i
accessibilitat del SQ sobre la matriu per part de I'analit.

4.3.2. Desenvolupament i Conclusions

Per tal de dur a terme aquest estudi, es van preparar tres noves columnes quirals amb
el SQ5 tipus octaprolina: i) FEQ-8, monolitica amb el SQ enllagat al suport
cromatografic a través d’un enllag amida, ii) FEQ-5, de particules de silice, amb el SQ
enllacat també mitjancant un enlla¢g amida i iii) FEQ-9, monolitica, pero sense el grup
aminopropil sobre la silice, i per tant el SQ esta unit a la matriu cromatografica a través
d’un enllac de tipus ester entre aquest i els grups silanol de la superficie (Figura 4.3).
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Figura 4.3. Fases estacionaries quirals emprades en aquest estudi [115]. FEQ-8 correspon a CSP-1 en
I'article. FEQ-5 correspon a CSP-2 i FEQ-9 correspon a CSP-3.

La preparacio de FEQ-8 es va dur a terme en diferents etapes de derivatitzacid. De tal
manera que, després de cada etapa de derivatitzacié parcial es procedia a avaluar
cromatograficament la columna. Els assaigs cromatografics es van fer amb una série de
compostos racemics estructuralment molt relacionats. A partir dels estudis
cromatografics realitzats durant la preparacio de la FEQ-8, es va observar que després
de cada etapa de derivatitzacié es produia un augment en I'enantioselectivitat de la
columna. Es va demostrar per tant que existeix una relacié directament proporcional
entre el contingut de SQ de la columna i I'enantioselectivitat d’aquesta. L'eficiéncia
també millora significativament entre la columna menys derivatitzada i la columna que
ho esta més, com ho fa també la resolucid.

En aquest estudi es va fer palés que FEQ-8, que uneix el millor dels selectors quirals
estudiats amb la matriu monolitica en una Unica columna, es la FEQ que exhibeix una
enantioselectivitat més elevada, una millor resolucid, un ventall d’aplicacié més ampli,
aixi com una major capacitat de carrega entre totes les estudiades en la present tesi
doctoral. Tant és aixi, que la FEQ-8 és capac de resoldre analits que no contenen grups
donadors d’enllacos d’hidrogen, fet que no s’observa per la seva analoga particulada

(FEQ-5).

Finalment, en I'estudi també es demostra que les millores tant en I'enantioselectivitat
com en la capacitat de carrega no només sén atribuibles a una major quantitat de SQ
contingut dins les columnes monolitiques. De fet, una columna monolitica (FEQ-9) amb
una quantitat similar de SQ a la columna particulada FEQ-5 exhibeix valors tant
d’enantioselectivitat com de capacitat de carrega molt superiors a la darrera, la qual
cosa ens indica I'existencia d’un efecte de disponibilitat o accessibilitat del SQ en la
matriu monolitica que no actuaria en la matriu particulada.
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A monolithic silica gel chromatographic matrix was derivatized repetitively with an octaproline-derived
chiral selector (CS). The increasingly derivatized column was tested after each derivatization reaction.
The enantioseparation ability, resolution and efficiency were found to depend on the content of CS
attained after each reaction. Moreover, enantioselectivity and performance of the column with the high-
est CS coverage were compared to those of a bead-based chiral stationary phase (CSP) counterpart. The
octaproline-derivatized monolithic column demonstrated increased enantioseparation factors, resolu-
tion and broader applicability than the particle-based column. Finally, the loading capacity of the CSPs
was also examined. The monolithic octaproline-derived column permits the separation of 3-20 times
higher molar amounts of the tested analytes (depending on the compound considered) than the particle-
based counterpart. The enhanced capabilities of the derivatized monolithic column with respect to that
of a bead-based counterpart cannot be explained only on the basis of an increased CS coverage. The
involvement of an effect produced by the chromatographic silica support structure in the obtained results
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is discussed.

© 2015 Elsevier B.V. All rights reserved.

1. 1 Introduction

As aresult of the increasing demand of single enantiomers, chi-
ral stationary phases (CSPs) have become a fundamental tool in
the analysis and purification of this kind of isomers [1]. One of
the most recent discoveries in enantioselective chromatography
is the outstanding and, somehow, unforeseen enantioselectivity
of polyproline-derived chiral selectors (CSs) [2-5]. Oligoproline-
derived CSPs share some features in common with brush-type
CSPs. The most remarkable is the relative low-molecular weight
of the chiral selector (CS). However, oligoproline-based CSPs show
a higher selectivity and a broader application domain than most
brush-type CSPs [3]. These structures are considered to constitute
a new class of peptide-based CSs [2]. Li and co-workers were the
first authors to apply them in liquid chromatography CSPs [3-5].

* Corresponding author at: Campus de I'’Alimentacio de Torribera, University of
Barcelona, Verdaguer Building, office N. 12, Prat de la Riba 171, E-08921 Santa
Coloma de Gramenet, Barcelona, Spain. Tel.: +34 93 403 37 87.

E-mail address: cminguillon@ub.edu (C. Minguillén).

http://dx.doi.org/10.1016/j.chroma.2015.01.060
0021-9673/© 2015 Elsevier B.V. All rights reserved.

Our group was also interested in the enantioselection ability of
this type of CSs.In previous studies, 3,5-dimethylphenylcarbamoyl-
substituted oligoproline-derived bead-based CSPs were prepared
[6,7]. A strong dependence of enantioselectivity on the type of
mobile phase used was detected at this point. Subsequently,
the enantioselectivity and performance of a non-substituted
octaproline-derived particle-based CSP [8] was compared to that
containing the substituted CS [6] using different mobile phases.
The significance of CS conformation as well as the important role
of H-bonding on enantioselectivity was confirmed. Most tested
analytes bearing at least one H-bond donor group were better
resolved on the non-substituted oligoproline-derived CSP. This
enhanced enantiorecognition was attributed to the improved avail-
ability of the carbonyl groups on the octaproline CS due to the lack
of the voluminous 3,5-dimethylphenylcarbamate groups. In par-
allel, poly-(4R)-(3,5-dimethylphenylaminocarbonyloxy)-L-proline
CS was fixed to monolithic silica gel and the performance of the
resulting CSP tested [9].

In situ chiral modification of silica monoliths has been already
applied to the preparation of monolithic CSPs [10,11] as this for-
mat has acquired a significant relevance in high performance liquid
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chromatography (HPLC) [9,12], capillary chromatography [13-15]
and capillary electrochromatography (CEC) [16-19]. Monolithic
matrices offer some advantages over bead-based supports. Among
them the ease of preparation, high reproducibility, versatile sur-
face modification, high permeability and good peak capacity [12,20]
make them a good alternative to more classical bead-format matri-
ces. Moreover, backpressures in monolithic beds can be maintained
low even at high flow rates. In such conditions separation values are
maintained while reducing retention, and consequently providing
high-throughput and high productivity [21].

When the above mentioned substituted oligoproline CS was
bonded to monolithic silica rods an improved chromatographic
performance was obtained [9]. In spite of similar specific surface,
monolithic silica permits a higher coverage of polyproline-based
CSs onto the matrix than their particle-based counterparts. The
resulting columns showed higher retention times, greater sep-
aration factors and a broader application domain than their
bead-based counterparts.

On the basis of these observations, the aim of this study is
to determine if the observed chromatographic improvement is a
direct consequence of the increase of CS density on the mono-
lithic with respect to the bead format and/or the consequence
of an improved accessibility of the CS provided by the struc-
ture of the matrix. The evaluation of the influence of the degree
of derivatization on the performance of monolithic columns will
provide us with some insights on the specific role of the matrix
format in this case. Given the higher enantioselectivity of non-
substituted-oligoprolines over substituted-oligoprolines and the
higher derivatization of the CSP when the CS lacks of bulky
dimethylphenylcarbamate groups, a non-substituted-octaproline
derivative was the CS chosen for this purpose (Fig. 1).
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Fig. 1. Chemical structures of the CSPs in the study.
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Fig. 2. Structures of the test compounds in the study.
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Table 1
Content of CS in the CSPs.

A. Novell, C. Minguillon / J. Chromatogr. A 1384 (2015) 124-132

CSP CS weight (mg) pmol CS/column mol CS/g CSP mol CS/g silica
CSP-1a 162.0 184.41 215.51 368.82
CSP-1b 326.4 412.53 399.70 825.06
CSP-1c 395.1 449.75 411.93 899.50
CSP-2 165.7 188.57 157.14 215.43
CSP-3 227.5 265.46 362.05 530.92

Table 2

Chromatographic results obtained for CSP-1¢ (monolithic) and its bead-based counterpart (CSP-2).
Racemic compounds Mobile phase CSP-1c CSP-2

Heptane/2-PrOH kqi? o Rs kqi? o Rs

1 90:10 3.61 247 9.38 2.41(R) 1.65 1.87
2 90:10 1.22 2.61 10.72 1.13 1.86 3.16
3 90:10 1.33 3.31 11.92 1.72 1.98 3.70
4 90:10 2.98 3.51 12.66 2.57 2.31 4.61
5 95:5 7.34(R) 1.45 4.24 5.43 (R) 1.24 1.44
6 95:5 2.12(R) 1.45 4.67 1.93(R) 1.19 1.37
7 95:5 2.63 (R) 1.46 4.83 2.86 (R) 1.15 0.89
8 95:5 5.42 (R) 1.13 4.24 418 (R) 1.19 1.31
9 95:5 5.72 1.15 1.54 11.47° (R) 1.11 0.77
10 95:5 5.05 1.13 1.52 8.95" (R) 1.11 0.96
11 95:5 2.66 1.16 1.41 4.46° (R) 1.12 1.01
12 98:2 297 1.17 1.28 3.92" (R) 1.12 0.91
13 99:1 0.25 1.42 1.68 0.25 1.00 -
14 99:1 0.26 1.43 1.71 0.25 1.00 -
15 99:1 9.51 1.10 0.53 9.63 1.00 -
16 99:1 0.26 1.00 - 1.82 1.00 -
17 99:1 0.93 1.12 - 1.08 1.00 -
18 70:30 9.39 1.40 3.24 9.63¢ 1.15 0.77
19 95:5 4.48 1.18 1.70 4.51 1.11 0.62
20 99:1 4.23 1.13 1.11 6.84 1.00 -
21 90:10 434 (R) 1.72 8.26 2.35(R) 1.47 3.44
22 99.5:0.5 0.63 1.05 - 0.55 1.00 -
23 99:1 1.00 1.06 - 0.98 1.00 -
24 99:1 0.40 1.00 - 0.32 1.00 -
25 99:1 0.23 1.00 - 0.17 1.00 -
26 95:5 4.88 1.00 - 2.30¢ 1.00 -
27 90:10 8.11 1.00 - 24.97 1.00 -
28 95:5 5.67 1.09 0.93 8.15¢ 1.00 -
29 95:5 15.63 1.07 0.71 12.35¢ 1.00 -

2 In parentheses the absolute configuration of the first eluted enantiomer.
b Mobile phase: heptane/2-PrOH (98:2).
¢ Mobile phase: heptane/2-PrOH (90:10).

2. Experimental
2.1. General supplies and equipment

Monolithic silica gel columns (Onyx™, 100 mm x 4.6 mm)
were purchased from Phenomenex (Torrance, CA, USA). 3-
Aminopropyltriethoxysilane was supplied by Sigma Aldrich (Stein-
heim, Germany). Solvents were provided by Panreac (Barcelona,
Spain).

A Fusion 200 Classic syringe pump from Chemyx (Stafford, TX,
USA) and a Biichi 461 water bath from Biichi Labortechnik (Flawil,
Switzerland) were used in column derivatization. The chromato-
graphic assays were carried out on a Waters HPLC system (Milford,

MA, USA) consisting of a 1525 binary HPLC pump, a 717 autosam-
pler and equipped with a 2467 dual A UV Absorbance Detector.

The chromatographic results were obtained using heptane/2-
propanol (2-PrOH) mixtures as mobile phase. Retention factor (k)
was calculated as (t; — tg)/tg being t; the retention time and tg the
void time. The enantioseparation factor («) was calculated as the
ratio of the retention factors for the two enantiomers. Resolution
was calculated as 2-(t; — t1)/(wy + w1 ), were w; is the peak width
at the baseline. The void time (tg) was determined with 1,3,5-tri-
tert-butylbenzene. The usual concentration of the analyte samples
(Fig. 2) was 1 mg/mL and the volume of injection 10 p.L. The elution
order was determined when possible using samples enriched in
one of the two enantiomers of known absolute configuration.

Table 3

Chromatographic results for monolithic and bead-based CSPs (mobile phase: heptane/2-PrOH (90:10)).
Racemic compounds CSP-1a CSP-2 CSP-3

k1 % Rs k1 o Rs kq o Rs

1 1.82 1.20 1.06 2.41 1.65 1.87 1.11 2.19 5.16
2 0.49 1.29 0.84 1.13 1.86 3.16 0.52 3.04 5.72
3 1.02 1.24 1.42 1.72 1.98 3.70 0.80 3.01 5.22
4 1.69 1.37 2.16 2.57 2.31 4.61 1.65 3.87 7.36
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Fig. 3. Dependence of enantioseparation factor, o« (M) and resolution, Rs (a) on CS content (CSP-1a-c). (Enantioseparation factor, left vertical axis; resolution, right vertical

axis.) Analytes: (a) 1; (b) 3; (c) 2; (d) 4. Chromatographic conditions: mobile phase, heptane/2-PrOH (90:10); flow rate, 1 mL/min.
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conditions: mobile phase, heptane/2-PrOH (90:10); flow rate, 1 mL/min.
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Fig. 5. Chromatographic enantioseparation of (a) 2 and (b) 4 on CSP-1 containing increasing amounts of CS (CSP-1a-c). Mobile phase: heptane/2-PrOH (90:10).

Octaproline CS was synthesized and characterized by MALDI-
TOF MS following the described procedure [8]. The degree of CS
immobilized into the column was carefully quantified by weighing
the dried column at each derivatization step.

2.2. Preparation of aminopropyl-modified monolithic silica
columns

An in situ derivatization procedure was followed for the prepa-
ration of the modified monolithic silica matrices from commercial
columns [22]. A monolithic silica column was washed with 20 mL
of hexane at a flow rate of 0.2 mL/min before chemical modifica-
tion. Subsequently, the column was fluxed with 20 mL of anhydrous
toluene at a flow rate of 0.1 mL/min. A solution (10 mL) of 1 mL of 3-
aminopropyltriethoxysilane and 0.05 mL of dry pyridine in toluene
was fluxed through the column at a flow rate of 0.025 mL/min. Tem-
perature was maintained at 45 °C using a water bath in which the
column was immersed. The resulting aminopropyl silica mono-
lith was washed at 45°C with 50 mL of toluene at a flow rate of
0.1 mL/min. The system was allowed to cool at room tempera-
ture for the last 30 min, while fluxed at 1mL/min with hexane.
The resulting aminopropyl-modified column was firstly dried with
compressed air and subsequently stored overnight at 60°C. The
column was weighed at this step and the amount of aminopropyl
groups attached calculated (197.0 mg; 3.39 mmol of aminopropyl
groups).

2.3. Preparation of monolithic CSPs

A solution of 497.2mg (0.57 mmol) of the CS and 296.0 mg
(1.20mmol) of 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline

(EEDQ) in 15mL of anhydrous dichloromethane (DCM) was pre-
pared. The aminopropyl-column was firstly fluxed with the
mentioned solution at a flow rate of 0.5mL/min for 3 min, and
after at a flow rate of 0.025 mL/min. Temperature was maintained
at 45°C and the column was allowed to react overnight. The col-
umn was sequentially washed with 30 mL of DCM at a flow rate
of 0.3mL/min, 10mL of 2-PrOH at 0.05mL/min and with 30 mL
of hexane using a 0.3 mL/min flow rate. The resulting modified
column was firstly dried with compressed air and then stored
overnight in an oven at 60 °C. The column was weighted and chro-
matographically evaluated (CSP-1a). The derivatization reaction
and the subsequent drying, weighting and chromatographic test
of the obtained derivatized column, were carried out for two addi-
tional times (CSP-1b and CSP-1c, respectively). The flow direction
through the column was inversed for derivatization at each cycle.

2.4. Preparation of bead-based CSP-2

CSP-2 was prepared as previously described [8]. Thus, to a solu-
tion of CS (400 mg, 0.45 mmol) in 40 mL of DCM, EEDQ (240 mg,
0.94mmol) and y-aminopropylsilica gel (2g), were added. The
suspension was allowed to react overnight at room tempera-
ture. The resulting bonded silica gel was collected by filtration,
washed with DCM and toluene. The solid material was end-capped
in toluene with 1,1,1,3,3,3-hexamethyldisilizane (HMDS) (1h at
reflux temperature). The resulting modified silica gel was collected
by filtration, washed with toluene, DCM, ethanol (EtOH) and water
until neutral washing liquors were obtained, EtOH, acetone and
diethyl ether, and dried in vacuum at room temperature.

The content of CS in the columns used in the study (Fig. 1) is
shown in Table 1.
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3. Results and discussion

When an oligopeptide CS, having 3,5-dimethylphenylcarbamate
residues on each proline unit, was bonded to a monolithic silica
rod an improved chromatographic performance regarding the anal-
ogous bead-based counterpart was observed. The new materials
showed higher enantioselectivity, broader application domain and
higher loading capacity than the bead-based counterpart [9]. More-
over, resolution was maintained when flow rates up to 9 mL/min
were applied [9].

These improved features could be mainly attributed to two dif-
ferent factors: (i) the increased amount of CS contained into the
monolithic column and, (ii) the easier accessibility of the analyte
to the CS which is produced by the format of the chromatographic
matrix. That is, the matrix format provides a more reactive surface
onto which the CS is more easily bonded. Moreover, the monolithic
structure of the matrix may supply an additional factor by making
more available the CS to the analyte, thereby contributing to the
observed improvements. To evaluate the importance of the two
factors on the resulting performance of the monolithic-based sta-
tionary phases, CSPs with different degree of derivatization were
tested and compared.

3.1. Dependence of chromatographic performance on the
derivatization degree

CSP-1a-c were evaluated using four racemic compounds
belonging to the same structural series (1-4, Fig. 2). Unexpect-
edly, the higher organic content in the column produced only a
slight increase in the retention time for all the analytes. After total
derivatization (CSP-1c), the amount of peptide linked is clearly
higher than that anchored to the same monolithic column contain-
ing a substituted-oligoproline (91.5 pwmol for CSP-1in [9]). This was
attributed to a longer derivatization reaction time for the former
and also to a higher reactivity of the CS towards the reacting amino-
propyl groups on the matrix surface as a result of the absence of the
substituent.

The increased binding of the CS onto the CSP also affected
enantioselectivity and performance of CSP-1a—c (Fig. 3). Thus, the
average of the separation factors for the mentioned compounds
after the third derivatization round (CSP-1c) is 2.3 times higher
than that corresponding to the evaluation of the first derivatization
(CSP-1a). This closely corresponds to the CS ratio between CSP-1c¢
and CSP-1a. That is, an almost direct linear relationship seems to
exist between enantioselectivity and the amount of the CS bonded
on the silica matrix for the monolithic format.

Regarding efficiency, although the height of theoretical plate (H)
depends strongly on the considered analyte, a noteworthy decrease
was observed with increasing derivatization. In all cases, H values
obtained with CSP-1a were higher given the presence of unre-
acted aminopropyl groups on the monolithic surface. These groups
may interact in an unspecific way by producing a peak broadening.
The effect diminishes with derivatization producing an important
reduction in H. It is worth noting that the decrease in H is more pro-
nounced for compounds 1 and 2, bearing m-acceptor groups, than
for 3 and 4, with m-donor groups. Nevertheless, a significant differ-
ence was also observed in H values for CSP-1c for the compounds
considered. Thus, 2 and 3 produced more efficient peaks than 1
and 4. When retention time for these compounds is considered,
kinetic effects and a higher non-selective solute-CSP interaction
can be claimed in the production of broader peaks for the latter
(Figs. 4 and 5).

Whenresolution was evaluated on the view of CS content, values
follow a non-linear relationship resulting from the additional effect
of, at least, two factors, the increased enantioselectivity (Fig. 3) and
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Fig. 6. Chromatographic enantioseparation of (a) 19 and (b) 21 on CSP-1c, CSP-2
and CSP-3. Mobile phase: heptane/2-PrOH (90:10).

the improved efficiency (Fig. 4). The two factors contribute to the
increase of resolution.

3.2. Enantioselectivity of CSP-1c monolithic column

Considering the recognition characteristics of polyproline CSs
[8],a series of racemic test compounds, with emphasis in molecules
bearing m-systems of different character or H-bond donor groups,
were chosen in the evaluation of CSP-1c, (Fig. 2). A summary of the
behaviour of the CSPs is shown in Table 2. Mixtures of heptane/2-
propanol were used as mobile phase. Chlorinated solvents were
avoided because of the restrictions imposed by the PEEK covers of
the monolithic rods and reversed-phase conditions for their nega-
tive effect on enantioselectivity [6].

As previously observed for the bead-based polyproline deriva-
tized column (CSP-2) [8], two different retention patterns were
observed for the analytes considered. Retention was highly
dependent on the presence of hydrogen-bond donor groups. Those
analytes bearing hydrogen-bond donor groups showed high capac-
ity factors (k1) and were generally easily resolved on either CSP-1c¢
or CSP-2. This observation confirms the major role that hydro-
gen bond has in the retention and recognition of analytes by
polyproline CSs [8]. Analytes lacking hydrogen-bond donor group
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Loading capacity. Molar amounts of analyte required to attain Rs=1 (mobile phase: heptane/2-PrOH (90:10)).

Racemic compounds nmol analyte?

(nmol analyte/nmol CS)- 103

CSP-1c CSP-2 CSP-3 CSP-1c CSP-2 CSP-3
1 1120 59 84 2.49 0.31 0.32
2 1386 154 321 3.08 0.82 1.21
3 1809 588 964 4.02 3.12 3.63
4 6617 1361 2516 14.71 7.22 9.48

2 The molar amounts of analyte were calculated on the graphics shown in Fig. 6. The results were submitted to mathematical regression. When a function with a correlation

factor over 12 =0.98 was obtained, the value corresponding to Rs=1 was interpolated.

were retained with difficulty even when heptane/2-PrOH mix-
tures with a low content of the latter were used as a mobile
phase. These analytes were not resolved on CSP-2. However,
in spite of the low retention, some of these racemic test com-
pounds were partially (17, 22, 23) or fully resolved on CSP-1c¢ (13,
14). Therefore, in general terms, CSP-1c showed higher separa-
tion factors (&), higher resolution (Rs) and a broader application
domain than its bead-based counterpart CSP-2. When compared
to substituted-polyproline-derived monolithic CSPs [6,7], greater
separation factors were observed for the non-substituted columns,
as expected.

3.3. Dependence of chromatographic performance on silica
matrix format

In order to evaluate the effect of the silica matrix format,
results obtained with CSP-1a (monolithic) were compared with
those of CSP-2 (bead-based). These two CSPs were chosen given
their similar content in CS (Table 1). When compounds 1-4 were
resolved either separation or resolution resulted to be significantly
lower for the monolithic column CSP-1a (Table 3). The lower per-
formance of CSP-1a was attributed to the presence of an important
amount of unreacted aminopropyl groups on the matrix surface
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Fig. 7. Resolution attained for the injection of increasing amounts of (a) 1, (b) 2, (c) 3, (d) 4, on CSP-1c (a), CSP-2 (M), and CSP-3 (¢). Mobile phase: heptane/2-PrOH (90:10).
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able to interact in an unspecific manner with the analytes. In an
attempt to avoid the interference of these groups, a derivatized
monolithic column (CSP-3) was prepared by linking directly the
CS to the silica matrix. CSP-3 was thus obtained when a monolithic
silica gel column, which was not previously aminopropylated, was
submitted to the same process described for CSP-1a.

In spite of the known low stability of silanol esters, CSP-3 was
tested with the same analytes and on analogous conditions as CSP-
1a and CSP-2." The new column, containing 1.4 times more CS
than CSP-2 (Table 1), produced the best enantioselectivity and res-
olution of the three columns tested (Table 3). Nevertheless, the
improvement observed with respect to CSP-2 was significantly
higher than the one expected if a direct relationship between the
amount of CS and enantioselectivity is considered. This result points
to an additional factor provided by the matrix format. Therefore, it
can be assumed that the better performance of CSP-1c is the result
of a higher amount of CS in the column and a monolithic matrix
effect. In Fig. 5 the comparison of chromatograms obtained in anal-
ogous conditions permits to illustrate the two factors in two of the
analytes tested.

3.4. Loading ability of the different CSPs

High loading capacity is an essential feature for preparative
purposes. Taking into account the increased derivatization degree
permitted by the monolithic matrix format, it was considered of
interest to determine the loading capacity for 1-4 on the three dif-
ferent CSPs prepared (CSP-1c¢, CSP-2, CSP-3) by injecting increasing
amounts of the racemates until Rs <1 was reached (Table 4, Fig. 6).

The loading capacity of CSP-1c resulted to be the highest of
the three columns for all the analytes in study, which corresponds
to the highest content of CS. When the molar amount of analytes
resolved per mol of CS is taken into account (Table 4) differences in
CS coverage for the distinct columns can be considered outweighed.
In such conditions, CSP-1c still maintains a clear prevailing posi-
tion. Thus, the increase in loadability observed cannot be justified
only on the basis of a higher CS coverage (Fig. 7).

The molar amounts of each analyte resolved are in close rela-
tionship with the values of enantioselectivity and, in particular,
with the resolution attained in all columns. Thus, the higher the
resolution, the higher the loading capacity. Therefore, the results
obtained for CSP-2 (bead-based) are in all cases the lowest in the
series. This result is related with the increased efficiency of the
octaproline-derived monolithic columns respect the particle-based
counterpart. An effect of the matrix format can be claimed at this
point. This effect may be related to a higher accessibility of the
analyte for the CS.

The results obtained with CSP-3 were in all cases intermedi-
ate to those obtained for CSP-1c¢ and CSP-2 although closer to this
latter than to the former, and therefore, lower than expected. The
low retention of analytes in CSP-3 may be responsible for the load-
ing capacity results observed. Notwithstanding, CSP-3 was able
to clearly resolve molar amounts of analytes in average 1.7 times
higher than CSP-2, although the molar ratio of CS between these
two columns was only of 1.4.

4. Conclusions

When a monolithic silica gel chromatographic column stepwise
derivatized with increasing amounts of an octaproline-derived

1 CSP-3 was used shortly after its preparation. Its performance was tested from
time to time using racemates 1-4. The chromatographic parameters obtained were
maintained stable along the study. Nevertheless, the chromatographic behaviour of
CSP-3 was seriously affected after using acidic conditions.

chiral selector (CS) was tested at each derivatization step, a linear
relationship was observed between enantioselectivity and CS con-
tent. Resolution showed also an increasing, although non-linear,
tendency.

Enantioselectivity, resolution and loading capacity of the mono-
lithic column with the highest derivatization was always higher
than that obtained for the bead-based CSP counterpart. Also, the
octaproline-derivatized monolithic column permits the separation
of some analytes lacking H-bond donor groups, thereby broadening
the application domain observed formerly for the CS on bead-
format matrices.

The observed improvements respect the octaproline-derived
bead-based CSP cannot be explained on the sole basis of the
increased CS coverage. For this reason a matrix effect, which may
promote a better availability of the CS to the analytes, is suggested
as an additional positive contribution to the improved results. Stud-
ies are in course to confirm this hypothesis.
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4.4. Efecte de les condicions supercritiques en I'enantioselectivitat i el
comportament cromatografic de fases estacionaries quirals derivades de
poliprolina

4.4.1. Precedents

La cromatografia de fluids supercritics (SFC) és una variant habitual de la cromatografia
en fase normal que s’utilitza per a I'analisi i també purificacié de molécules de baix a
moderat pes molecular i termicament labils. Sens dubte, una de les seves majors
aplicacions és la separacié de compostos quirals. Els principis d’aquesta técnica sén
similars als de I'HPLC essent la caracteristica principal de la SFC la utilitzacié de fluids
en estat supercritic o subcritic com a fase mobil. Les més corrents sén compostes de
dioxid de carboni pressuritzat, juntament amb un co-solvent com a modificador de la
polaritat. L'ds de CO, com eluent és el més extensament utilitzat per diverses raons:
els valors de pressid i temperatura critica es poden assolir facilment, es troba
disponible en alta qualitat i no és ni inflamable ni toxic. També, el seu Us facilita
I’eliminacié del dissolvent quan aquesta técnica s’utilitza amb fins preparatius. Per
totes aquestes raons, la SFC es considera una tecnologia medio-ambientalment
sostenible.

Atesa la dependéncia existent entre I'enantioselectivitat de les FEQs amb SQs derivats
d’oligoprolina i la natura de la barreja dissolvent utilitzada com a fase mobil, es va
considerar d’interes I'estudi del comportament d’aquests mateixos selectors immersos
en una barreja CO2/modificador en condicions supercritiques. Per tant, en aquest
article s’analitza el comportament enantioselectiu de les quatre FEQs (Figura 4.4) de
que ja es disposava: dos SQs diferents, poliprolina substituida i octaprolina no
substituida, sobre dues matrius cromatografiques diferents, monolitica i de particules.
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Figura 4.4. Fases estacionaries quiral emprades en aquest estudi [116]. Les FEQs particulades FEQ-2 i
FEQ-5 corresponen a CSP-1 i CSP-3, respectivament, en |'article. Les FEQs monolitiques FEQ-6 i FEQ-8
correspon a, CSP-2 i CSP-4, respectivament.

4.4.2. Desenvolupament i conclusions

L’objectiu principal d’aquest estudi consisteix en determinar I’enantioselectivitat i el
comportament cromatografic d’aquestes FEQs quan s’utilitzen condicions de
cromatografia supercritica, utilitzant com a modificadors de la polaritat, 2-PrOH, EtOH
i diclorometa. A més a més, també s’estableix una comparacid entre els resultats
cromatografics obtinguts en condicions convencionals de fase normal (selectivitat,
eficiencia, resolucid i temps d’analisi) i aquells resultats observats en les noves
condicions supercritiques. Cal també senyalar que és el primer estudi en el qual
s’apliquen les condicions de cromatografia de fluids supercritics sobre fases
estacionaries amb suports cromatografics basats en monolits. Les propietats
intrinseques d’aquests materials, la seva permeabilitat i I'’elevada disponibilitat del SQ,
juntament amb l'alta difusid dels fluids supercritics, poden actuar sinérgicament per
tal permetre incrementar el flux de fase mobil i assolir aixi situacions de high-
througput i/o elevar la capacitat de carrega.
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The chromatographic behaviour and performance of four polyproline-derived chiral stationary phases
(CSPs) were tested using supercritical fluid chromatography (SFC). A series of structurally related racemic
compounds, whose enantioseparation was proved to be sensitive to the type of mobile phase used in
NP-HPLC, were chosen to be tested in the SFC conditions. Good enantioselection ability was shown by
the CSPs for the analytes tested in the new conditions. Resolution, efficiency and analysis time, were
considerably improved with respect to NP-HPLC when CO,/alcohol mobile phases were used. Monolithic
columns clearly show enhanced chromatographic parameters and improved performance respect to their
bead-based counterparts.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

At present, enantioselective chromatography has become a
mature technique and chiral stationary phases (CSPs) nearly rou-
tine tools in the analysis and purification of enantiomers [1].
However, new chiral structures have been recently introduced
as chiral selectors (CSs) in CSPs. Among them, oligopolyproline-
derived CSs show some particular characteristics in their
chromatographic behaviour which make them an interesting sub-
ject of deeper study [2-5]. In spite of being oligoproline CSs of
relatively low-molecular weight, they show a higher enantioselec-
tivity and a broader application domain than most brush-type CSPs
[4,5]. Moreover, a strong dependence of enantioselectivity on the
mobile phase composition has been observed when this kind of
CSs is applied to HPLC [6,7]. Changes in enantioselectivity can be
attributed in this case to the conformational flexibility of the CS.
It is known that polyproline conformation depends on the kind of
solvent in which the peptide is immersed. The so-called PPII helical
conformation [8] dominates in most solvents while PPI conforma-
tion [9] is only favoured in a limited number of them [10].

* Corresponding author. Tel.: +34 93 403 37 87.
E-mail address: cminguillon@ub.edu (C. Minguillén).

http://dx.doi.org/10.1016/j.chroma.2015.05.026
0021-9673/© 2015 Elsevier B.V. All rights reserved.

In our previous studies involving oligoproline-based CSs, a
decrease in enantioselectivity was observed in the absence of
hydrogen bond donor solvents and, in particular, when chlorinated
solvents were part of the mobile phase mixture. This was attributed
to a conformational CS disorder promoted in such conditions [7].
The observation reinforces with chemical evidence the theoretical
results obtained by Cann and co-workers [11,12]. Using molecular
dynamics calculations, these authors concluded that protic solvents
alter the distribution of conformational populations for polyproline
CSs by establishing H-bonding.

The loss of enantioselection ability was proved to be reversible
by either adding a small amount of 2-propanol (2-PrOH) in the
mixture, or by switching to conventional Heptane/2-PrOH normal
phase conditions [13]. However, the recovery of enantioselectivity
takes longer than a simple equilibration of the column. Thanks to its
hydrogen bonding ability, 2-PrOH promotes a more ordered confor-
mational structure for the CS. This hypothesis is in good agreement
with the spectroscopic results obtained by Zhang and co-workers
for a decaproline oligomer in solution containing or not 2-PrOH
[14].

Having already tested oligoprolines as CSs in a diversity of HPLC
conditions and solvents [6,7,13,15,16], we were interested in exam-
ining their behaviour in supercritical fluid chromatography (SFC).
SFC conditions, using CO, as a main component of the mobile phase,
parallels normal phase HPLC [17]. The low viscosity and higher dif-
fusivity of the SFC mobile phase shifts the optimum linear velocity
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to higher values compared to liquids [18]. Thus, higher flow rates
can be used, which reduce analysis and equilibration times, and
increases high-throughput capacity [19]. Moreover, SFC is increas-
ingly applied to the separation of enantiomers and offers significant
advantages especially for preparative purposes [20]. Among them,
the separated enantiomers can be easily recovered after separation
by evaporation of the low amount of co-solvent used. This involves
a significant reduction in waste generation and disposal [18].

In order to complete the range of conditions in which
polyproline-derived CSPs have been tested, a series of oligoproline
derived columns (Table 1) were here used in SFC conditions using
CO, added with several organic modifiers. Two different CSs (sub-
stituted and non-substituted polyprolines) and two matrix formats
(bead based and monolithic) are studied in the enantioseparation of
a series of structurally close compounds (Fig. 1). The higher load-
ing capacity [15,16] shown by monolithic oligoproline CSPs over
their bead-based counterparts, together with the intrinsic higher
permeability of the former [15], makes the use of SFC interest-
ing. Moreover, to the best of our knowledge there are not many
applications of the monolith format, enantioselective or not, to SFC
[21].

The aim of this work is to test the chromatographic behaviour
of oligoproline derivatives in SFC conditions. Also, to examine the
possible advantages or disadvantages provided by the two matrix
formats and the enantioselective behaviour of polyproline CSs in
such conditions. The chromatographic results (enantioselectivity,
resolution, efficiency and analysis time) will be compared with
those obtained previously in HPLC [6,7,13,15,16].

2. Materials and methods
2.1. General supplies and equipment

Racemic compounds (Fig. 1) were prepared by treating 1-
(2-nafthyl)ethylamine with the corresponding benzoyl chloride
[22,23]. Samples were prepared by dissolving them in different
mixtures of heptane/2-PrOH at a concentration of 1 mg/mL. Oligo-
proline CSs and the corresponding CSPs were synthesized in our
laboratory following already described procedures [6,7,13,15,16]
(Table 1). Concretely, the preparation of CSP-1 is described in [6],
CSP-2in [15],CSP-3in [13] and CSP-4 in [16].

Food grade carbon dioxide was obtained from AirLiq-
uide (Martorell, Spain). Ethanol (EtOH), 2-propanol (2-PrOH),
dichloromethane (DCM) and heptane (HPLC grade) were purchased
from Panreac (Barcelona, Spain).

A Waters UPC2 system (Mildford, MA, USA) equipped with a
fluid delivery module (a liquid CO, pump and a modifier pump),
a FL autosampler, two auxiliary column managers allowing four
installed columns, a photodiode array UV detector and Empower
software for instrument and data control was used.

2.2. Chromatographic measurements

When working in NP-HPLC, a total flow rate of 1 mL/min was
used and the temperature was set at 25 °C. In SFC, all experiments
were performed at a total flow rate of 4 mL/min. Temperature
was set at 35°C and backpressure at 140 bar. Ethanol, 2-propanol
and dichloromethane were used as organic modifiers. All mobile
phase compositions are expressed in volume-ratios (v/v). 1,3,5-tri-
tert-butylbenzene was used as void volume marker (ty). Injection
volume was 10 pL. UV Detection was set at 220 nm or at 254 nm,
depending on the analyte. The elution order of enantiomers was
determined using samples enriched in one of the two enantiomers
of known absolute configuration.

Retention factor (k) was calculated as (tr — tg)/tpin which tris the
retention time and ty the void time. The enantioseparation factor
() was obtained as the ratio of retention factors for the two enan-
tiomers. Resolution was calculated as 2 (t; — t1)/(w, + w1 ), were w;
is the peak width at the baseline.

3. Results and discussion

Polyproline-based CSs, and the CSPs in which they are contained,
show interesting properties in their application to the preparative
separation of enantiomers. Among them, a high loading capacity is
observed for these CSPs in spite of being the CS one of relatively
low molecular weight [6]. In previous studies, this property has
been even improved by the use of monolithic silica matrix format,
which permits a higher derivatization degree of the matrix support
and a higher availability of the CS than the bead-based matrix for-
mat [15,16]. All these factors contribute to enhance the desirable
features for a CSP to be used in preparative separations.

Nowadays, SFC is increasingly applied to preparative enan-
tioseparations. The application of these CSPs to such conditions
could provide an even further improvement for polyproline CSPs.
Nevertheless, given the known dependence of enantioselectivity
on solvent for this kind of CSs, a preliminary test of their enan-
tioselective behaviour in SFC is required. It is for this reason that
a series of closely related racemic compounds (Fig. 1), which have
demonstrated its sensitivity to the conditions used, has been cho-
sen. Thus, racemates 1-4 had already been well resolved on the
same CSPs in NP-HPLC when heptane/2-PrOH mixtures are used as
mobile phase. However, enantioseparation highly decreases when
using heptane/chlorinate solvents mixtures. Moreover, the compo-
sition of the mobile phase in SFC has been maintained as close as
possible to the one used in NP-HPLC. Concretely, heptane has been
replaced by CO, while maintaining 2-PrOH as organic modifier.
Other organic modifiers (EtOH, DCM) were also tested. The results
obtained when using 2-PrOH and EtOH as co-solvents (Table 2)
have been analyzed on the view of the variables considered. The
use of DCM (30% in CO5), in spite of producing an acceptable reten-
tion of the analytes (k values in the range of 6.5-14.0, with t0 of
0.3 min), resulted in the loss of enantioseparation.

3.1. Enantioselectivity and efficiency in SFC conditions. Influence
of the organic modifier

It is well-known that selectivity and efficiency in SFC are influ-
enced by the nature of the organic modifier. In addition to 2-PrOH,
the effect of EtOH on retention time, enantioselectivity and resolu-
tion was studied.

The racemates tested were resolved in all CSPs when mixtures
CO,/H-bond donor solvent (2-PrOH, EtOH) were used as mobile
phase. Enantioseparation factors were of the same order of mag-
nitude as those obtained in NP-HPLC (Table 2). Similarly to what
happens for this kind of CSPs in NP-HPLC, enantioselectivity van-
ishes when DCM is used as organic modifier. As formerly observed
when switching between heptane/2-PrOH and heptane/DCM in NP-
HPLC, The loss of selectivity was proved to be reversible [13]. This
observation seems to corroborate the similarity in the conforma-
tional behaviour of the CS in the two different conditions. Also, the
elution order of the enantiomers was found to be the same in LC and
in SFC, probably due to a similar CS conformation and recognition
mechanism.

Nevertheless, given the particular diffusivity of supercritical flu-
ids, the time needed to lose and recover enantioselectivity is much
shorter in SFC (in the order of 20 min, roughly the time needed to
equilibrate the column) than in NP-HPLC (around 450 min, [13]).
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Table 1
Summary of characteristics of the CSPs studied.

Name Chiral stationary phase Matrix support CS content Column size Description of
format wmol/column CSp
preparation
CH 0
3 Al H—SiZ0
N~ 3 \O
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0]
HsC NJ( LN
CSP-1 H (6) Bead-based 25.1 150 mm x 4.6 mm [6]
Particle size: id
6-8 5
CHg pm
HsC
CHs3 le)
20—
N~ 3 SI\O_
0 H
O
H4C N /[( N -
CSP-2 H (6) Monolithic 91.5 100 mm x 4.6 mm [15]
id
6-8 '
CHj3
H3C
(0]
Na:
@O;Sl——é\)s (0]
(0]
0 HN
CsP-3 N tBu Bead-based 188.6 100 mm x 4.6 mm [13]
Particle size: id
8 5um
—0
Nea:
—0—=Si—) 0]
—5 —f}fu o}
CSP-4 tBu Monolithic 449.7 100 mm x 4.6 mm [16]
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The efficiency of the CSPs for the first eluted enantiomer was
comparatively studied for NP-HPLC and SFC conditions. Given that
column length was not the same for all CSPs, plate height values (H
- wm) were considered in this comparison (Fig. 2).

Three different trends can be noticed. Firstly, better efficiency
values (lower H values) are obtained in SFC using EtOH as a co-
solvent than when 2-PrOH is used either in HPLC or SFC for the same
column. Nevertheless, on the CSPs containing the non-substituted
CS (CSP-3 and CSP-4) only slight changes in H values are observed
when changing conditions. Secondly, H values are lower for CSPs
containing the non-substituted CS (CSP-3 and CSP-4) than for
their corresponding substituted counterparts. There is only one

exception to this general behaviour, the separation of 3 in SFC using
2-PrOH as a modifier. Thirdly, when the matrix format is taken into
account, His always lower for monoliths than for the corresponding
bead-based analogues when SFC conditions are applied.

These facts suggest that the combination of the monolithic for-
mat with SFC conditions leads to optimal efficiencies. Overall, it
is worth noting that CSP-4 shows the best efficiencies for all the
analytes in the three different conditions tested and the top results
when using EtOH as organic modifier in SFC.

Resolution values (Table 2) obtained in SFC (2-PrOH) are of the
same order of magnitude, or slightly higher, than those obtained
in NP-HPLC conditions. These values slightly decrease when EtOH

Table 2
Chromatographic results.
Racemic Compounds CSP-1 CSP-2 CSP-3 CSP-4 Mobile Phase
k1 o Rs k1 o Rs k1 o Rs k1 o Rs
1 4.23(R) 3.33 6.96 6.86" 2.54 3.37 2.41(R) 1.65 1.87 3.61 247 9.38 A
2 2.69° 1.43 4.14 0.77° 2.50 4.90 1.13 1.86 3.16 1.22 2.61 10.72
3 3.74° 1.39 2.05 1.24° 2.74 4.07 1.72 1.98 3.70 1.33 3.31 11.92
4 9.65% 1.23 1.69 2.87° 1.68 241 2.57 2.31 4.61 2.98 3.51 12.66
1 4.31(R) 2.28 473 13.50¢ 2.67 8.08 6.32(R) 1.65 3.05 5.78 3.16 12.24 B
2 13.18¢ 1.34 1.31 4.294 2.46 6.64 3.77 1.90 3.78 3.92 3.21 1039
3 26.63¢ 1.15 0.73 4.54¢ 2.75 6.64 3.52 1.79 3.28 3.72 2.92 8.55
4 40.70°¢ 1.10 0.44 6.264 1.53 3.34 4.65 2.00 4.05 4.22 3.47 10.69
1 2.99 1.60 3.45 6.59f 1.97 6.64 434 1.35 1.78 3.67 217 9.33 C
2 8.12¢ 1.26 1.42 2.53" 1.76 4.57 347 1.49 243 297 2.39 9.07
3 13.82¢ 1.14 0.85 2.40" 1.98 5.46 3.10 1.49 2.48 2.55 2.41 8.05
4 17.88¢ 1.10 0.67 2.98f 1.38 2.80 3.68 1.64 3.20 2.84 2.77 11.01

B. Heptane/2-PrOH (90:10) F=1 mL/min.  Heptane/2-PrOH (98:2) ¢ CO,/2-PrOH (80:20).

C. CO/2-PrOH (90:10) F=4 mL/min ® Heptane/2-PrOH (80:20) ¢ CO,/EtOH (98:2).
D. CO,/EtOH (90:10) F=4 mL/min ¢ CO,/2-PrOH (98:2) f CO,/EtOH (80:20).
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Fig. 1. Chemical structures of the racemic compounds tested (1-4) and enantioseparations obtained on CSP-4. Conditions: (A) NP-HPLC: Heptane/2-PrOH (9:1); flow,
1 mL/min,(B) SFC: CO,/2-PrOH (9:1); flow, 4 mL/min, (C) SFC: CO,/EtOH (9:1); flow, 4 mL/min.

is used. Nevertheless, CSP-1 constitutes an exception, as resolution
values obtained in SFC are considerably lower than in NP-HPLC.
The wide peaks and long retention times shown by CSP-1 lead to a
notorious loss of resolution respect those obtained in NP-HPLC.

The higher resolution shown by monolithic columns respect to
their bead-based counterparts was significant. Again, this obser-
vation can be attributed to the synergistic effect of the monolithic
format together with the application of SFC conditions.

3.2. Substituted/non-substituted CS and monolithic/bead-format
matrices

In past studies, when the chromatographic behaviour of a non-
substituted octaproline-derived particle-based CSP (CSP-3) was
compared to CSP-1 [13] using different mobile phases, most ana-
lytes bearing an H-bond donor group were better resolved on CSP-3
than on CSP-1. This was the case for the series of racemic com-
pounds here tested. Some racemates containing 3,5-dinitrobenzoyl
groups constituted the only exception to this general behaviour. On
the basis of this observation it can be assumed that enantiorecog-
nition mechanism in polyproline-derived CSPs is mainly based on

hydrogen bond interactions, while -7 interactions may play a
role only in case of the substituted CS (CSP-1 and CSP-2). The same
behaviour is here observed for bead-based CSPs containing sub-
stituted and non-substituted CSs (CSP-1 and CSP-3, respectively)
on SFC. This effect is less significant for monolithic CSPs, in which
the highest enantioselectivity is attained for CSP-4 in all instances.
Nevertheless, it has to be kept in mind that this latter contains the
highest amount of CS (2.4 times more CS than CSP-3 and 4.9 times
more than CSP-2), a factor that may also have positively influenced
enantioselectivity.

Regarding the matrix format, monolithic columns provided
higher values of enantioselectivity, resolution and efficiency than
their bead-based counterparts either in NP-HPLC and SFC, as
already mentioned. This pattern, made evident in NP-HPLC con-
ditions, was considerably emphasised when working in SFC.

3.3. Time of analysis

The clear advantage of SFC is made evident when the time
involved in elution is considered (Table 3, Fig. 1). Supercritical con-
ditions provide in all instances shorter analysis time than NP-HPLC.
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Fig. 2. Comparison of plate height (H) in wm for the first eluted enantiomer of the racemic analytes (1-4), columns (CSP-1-4) and conditions tested. H takes the lowest

values for CSP-4 in SFC (CO, /EtOH).

Table 3

Analysis time (min) required for the complete elution of the two enantiomers.
Racemic compounds CSP-1 CSP-2 CSP-3 CSP-4 Mobile phase
1 16.0 35.0° 8.0 18.0 Heptane/2-
2 9.5% 5.0° 4.5 7.2 PrOH (90:10)
3 14.0° 9.0" 55 9.5 F=1mL/min
4 28.0° 11.0° 11.0 20.0
1 6.0 13.0¢ 4.0 7.5 CO,/2-PrOH
2 10.0¢ 4.54 3.0 52 (90:10)
3 16.0¢ 5.54 3.0 4.6 F=4mL/min
4 20.0¢ 4.5¢ 4.0 6.0
1 3.0 5.3 2.2 4.0 CO,/EtOH
2 6.0° 2.2f 2.0 3.2 (90:10)
3 9.0¢ 2.5 1.8 3.0 F=4mL/min
4 11.0¢ 2.1° 24 3.5

2 Heptane/2-PrOH (98:2).
b Heptane/2-PrOH (80:20).
¢ CO,/2-PrOH (98:2).

d €0, /2-PrOH (80:20).

e C0,/EtOH (98:2).

f CO,/EtOH (80:20).

When EtOH is used this behaviour is even more pronounced. Actu-
ally, when CO,/2-PrOH was used as a mobile phase, the analysis
time average for the analytes tested was reduced to the half of that
needed in NP-HPLC. Moreover, when CO,/EtOH is used, the total
length of the chromatograms could be shortened to a fourth of the
one needed when eluting with heptane/2-PrOH.

Considering the matrix format, the monolithic columns were
able to provide a more significant reduction of analysis time than
their bead-based counterparts.

4. Conclusions

When SFC using 2-PrOH as organic modifier is applied to
polyproline-derived CSPs, the enantioselectivity obtained is in the
same order of magnitude or slightly higher than that shown in
NP-HPLC using heptane/2-PrOH as a mobile phase. Although a
scarce decrease of enantioselectivity is evidenced when using EtOH
as a co-solvent, shorter retention times are observed. However,
the efficiency of columns significantly increases when the latter
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is used instead of 2-PrOH as organic modifier. These two factors
compensate to each other yielding in EtOH resolution values only
slightly lower than those obtained when using 2-PrOH as a mod-
ifier. However, the most significant advantage of SFC conditions
is the significant reduction of the analysis time with respect to
NP-HPLC conditions.

Regarding the matrix support format, monoliths are able to
provide higher enantioselectivity and better performance than
their bead-based analogues, in either NP-HPLC or SFC (especially
in the latter). The use of supercritical conditions on oligoproline-
derivatized monoliths makes these columns promising tools for
high-throughput analysis and semi/preparative purposes.
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5.1. Aspectes generals

En aquest capitol es presenta una discussid general dels resultats obtinguts en els
diferents estudis inclosos en el present treball. Aquesta tesi doctoral esta formada per
una compilacié d’articles ordenats per data de publicacid. Tant I'ordre cronologic de
les publicacions com I'estructura de la tesi doctoral han estat ideats per tal de facilitar
la comprensid i la interpretacidé dels resultats al lector, perd no corresponen amb
I'ordre en el temps de les investigacions.

Com s’ha vist en els objectius, tres son els elements que s’han abordat en la present
tesi doctoral. A grans trets, aquests sén I'estructura del SQ, el tipus de fase mobil
utilitzada i la matriu cromatografica. Per tant, els treballs realitzats s’han centrat en
I’estudi estructural del SQ en diverses condicions cromatografiques, en I'Us de FEQs
derivades de poliprolina amb diverses fases mobils i en la preparacid de fases
estacionaries quirals sobre matrius cromatografiques de silice de diferent format,
particulat i monolitics. La combinacié d’una estructura quiral amb una major capacitat
enantioselectiva, juntament amb un tipus de fase mobil que afavoreixi les interaccions
necessaries SQ-analit i una matriu cromatografica que permeti una major disponibilitat
del SQ, han conduit a un material optimitzat per a les separacions enantioselectives
considerades.

5.2.  Estructura quimica del selector quiral octaprolina no substituida

En primer lloc s’ha descrit extensament la sintesi d’'un SQ. Es tracta d’un acid organic
derivat d’un octapéptid amb vuit unitats de L-prolina en el qual s’hi ha introduit un
grup pivaloil en I'extrem amino terminal. De la mateixa manera que altres SQs
anteriors, el SQ s’uneix covalentment a la fase estacionaria mitjancant un grup
aminopropil que s’introdueix previament sobre la matriu de silice gel per reaccié amb
trietoxi 3-aminopropil sila.

@§>Si_§ﬁ ° o S
o 3, O,
8 H ’ 6-8
FEQ-5 FEQ-2

Figura 5.1. Fases estacionaries quirals resultants de la unié covalent dels SQs (SQ5 i SQ2) a un suport de
silice particulada.
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Entre els SQs tipus oligoprolina substituits i no substituits trobem un cert nombre de
diferéncies. La sintesi de SQ5 presenta avantatges respecte al seu analeg substituit.
Mentre que SQ2 es va preparar mitjangant una sintesi SPPS tipus Boc i I'aproximacio
triada per fer-ho requereix d’un linker d’estructura elaborada i sintesi tediosa, SQ5 es
prepara mitjangcant un procediment SPPS de sintesi Fmoc en el que el linker,
convencional, es troba unit a la resina comercial de base [113]. A més a més, part del
procés de sintesi de SQ5 es pot escalar i ser automatitzat. Tot aixdo comporta un menor
temps de preparacid, una produccié significativament major en cada lot, aixi com un
estalvi considerable en reactius i dissolvents. Tanmateix, la sintesi d’aquest material en
grans quantitats ha resultat un factor limitant a I’'hora d’abordar la utilitzacié del SQ en
tecnologies com la cromatografia de repartiment centrifug (CPC) o cromatografia en
contracorrent, en la que el nostre grup disposa d’'una més que considerable
experiencia en la seva aplicacid a la separacié d’enantiomers. Per aquest motiu es va
abordar la sintesi del péptid per polimeritzacié de I'aminoacid tal com es descriu a
I'annex.

Aixi mateix, la puresa de I'octapéptid de prolina obtingut a través del procés SPPS en el
cas del SQ5 és superior al 95%. Mentre que pels SQs substituit s’obté principalment
una mescla dels derivats peptidics de 6, 7 i 8 unitats del monomer, fruit d’acoblaments
incomplets produits durant el procés sintétic. De fet, el SQ2 esta format per un 34%
d’octapeéptid, un 50% d’heptapeptid, mentre que el SQ4 (també substituit) esta format
per un 60% per octaprolina i 32% d’heptaprolina [91].

No obstant, la major diferéncia entre el SQ5 i els ja estudiats rau en el fet que aquest
no conté un grup 3,5-dimetilfenilcarbamat en la posicié 4 de cada anell de pirrolidina,
aixi com tampoc el grup 3,5-dimetilbenzoil en I'extrem amino terminal. L’abséncia
d’aquests grups aromatics es tradueix a un menor apantallament dels grups carbonil
de la cadena principal que poden interaccionar més facilment amb grups donadors
d’enllacos d’hidrogen.

5.3. Comparacié cromatografica entre FEQ-5 i FEQ-2

L’avaluacié de I'activitat enantioselectiva de FEQ-5 es va realitzar utilitzant una serie
de compostos racémics estandard, de diferents caracteristiques estructurals i
previament emprats en estudis anteriors [87,91]. Es van utilitzar mescles
d’hepta/2-PrOH com a fase mobil. Els resultats es van comparar amb aquells obtinguts
per FEQ-2 (Figura 5.1).

A partir dels resultats obtinguts s’observen una série de trets en comu i d’altres
diferencials entre FEQ-5 i FEQ-2. El comportament cromatografic de les FEQs permet
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plantejar una hipotesi inicial del mecanisme d’enantioreconeixement per a cada un
dels dos SQs.

Caracteristiques en comu:
- Tots els analits separats contenen grups donadors de ponts d’hidrogen.
- Cap analit sense un grup donador de ponts d’hidrogen es pot separar.
- El centre estereogeénic es troba a prop del grup aromatic.
- L'ordre d’elucio dels enantiomers és el mateix.

Caracteristiques diferencials:
- Els factors de separacié sén sensiblement més elevats per FEQ-5.
- FEQ-5 separa un rang d’analits lleugerament més ampli.
- Els analits amb grups electroatraients sén resolts més facilment per FEQ-2.
- FEQ-5 és capac de resoldre un major nombre d’analits.

Per tant, es podria afirmar que el mecanisme d’enantioreconeixement de FEQ-5 es
basa principalment en les interaccions de pont d’hidrogen entre els grups carbonil de
la cadena principal del péptid que constitueix el SQ i I'analit. En canvi, en el mecanisme
de FEQ-2 no només actuen aquest tipus d’interaccions, siné que cal considerar també
les interaccions electroniques tipus m-m que es poden establir entre dues entitats
quimiques de diferent densitat electronica (SQ electrodonador, analit electroatraient).
A més a més, cal remarcar que la possibilitat d’establir ponts d’hidrogen entre el SQ2 i
I'analit es veuria afectada pels grups dimetifenilcarbamats que dificultarien per
impediment esteric 'accés de I'analit als grups carbonil implicats en aquest tipus
d’interaccions. Per tant, tot sembla indicar que la presencia d’'un centre estereogéenic
addicional en cada unitat de prolina en SQ2 no es tradueix en una millor capacitat
enantioselectiva.
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5.4. Laimportancia de la fase mobil [113]

En condicions convencionals, FEQ-5 demostra capacitat per resoldre un ventall
d’analits més ampli que FEQ-2 amb factors de separacié sensiblement superiors. No
obstant, aquesta darrera separa millor aquells analits que contenen grups dinitrofenil.
Aquest fet és l'esperat ja que el SQ que conté diversos grups dimetilfenil
(electrodonadors) pot establir interaccions tipus m-m amb els diferents analits que
contenen grups dinitrofenil (mt-acceptors).

En estudis anteriors ja s’havia observat que I'is de condicions de fase reversa per les
FEQs derivades de la poliprolina originava una reduccié drastica de Ia
enantioselectivitat. R. Sancho i C. Minguillén [87] van descriure que FEQ-2 permet un
inici de separacid dels enantidmers d’alguns analits quan s’empren mescles de
ACN/Aigua i MeOH/Aigua com a fase mobil. Aquest fet s’atribueix al caracter protic i
polar d’aquests dissolvents. L'excés de donadors de protons en el medi provoca una
competéncia entre les molecules de dissolvent i les de I'analit per tal d’interaccionar
amb el SQ [98,99], fet que dificulta I'enantioreconeixement en el que hi intervenen
interaccions per pont d’hidrogen. Tot i ser aquest un fet general en les FEQs amb SQs
de baix pes molecular, resulta en aquest cas significatiu que encara es mantingui uns
certs inicis d’enantioseparacié. La qual cosa ja sembla indicar que amb els SQs de
poliprolina ens trobem front a un tipus de FEQs diferent dels estudiats fins ara.

Per tant, seguint el mateix raonament anterior, I’Us de fases mobils aprotiques hauria
de resultar en una capacitat enantioselectiva millorada ja que no hi hauria
competéncia entre els enllagos d’hidrogen establerts entre el grup donador de protons
de l'analit i els carbonils receptors de I'estructura d’oligoprolina. No obstant, els
resultats observats no indiquen aquest fet. En primer lloc, quan s’utilitzen mescles
hepta/MTBE, és a dir, mescles de dissolvents aprotics no halogenats, s’obtenen uns
valors de resolucid6 semblants als obtinguts en condicions convencionals
(hepta/2-PrOH). De fet, els valors d’enantioselectivitat sén lleugerament superiors,
pero els pics sén asimeétrics (presenten cua), i aixo es tradueix en una resolucié inferior
a la que resultaria de ser els pic simeétrics. Degut al voluminds grup tert-butil del MTBE,
la seva capacitat de solvatacid és forca menor que la d’altres dissolvents, i
conseqlientment, aixo pot afavorir una major interaccié dels analits amb la FEQ. Per
tant, per una banda aquesta major interaccié es pot traduir en un augment de
I’enantioselectivitat (interaccié especifica analit-SQ), perd també pot comportar
interaccions inespecifiques amb la fase estacionaria que originen les cues dels pic.

Una reduccid radical de l'enantioselectivitat s’observa quan s’utilitzen dissolvents
clorats en la fase mobil, tot i ser aquests aprotics. Els valors dels factors de separacié
(a) de FEQ-5 quan s’utilitzen fases mobils tipus CHCl; o DCM/hepta sén molt proxims a
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1,00. En canvi, els valors de FEQ-2, tot i que disminueixen considerablement soén
lleugerament superiors als de FEQ-5, la qual cosa s’atribueix a les interaccions
electroniques tipus m-it entre selector quiral i analits.

Aquests resultats es poden relacionar amb els calculs computacionals realitzats per
Ashtari i Cann [99] que expliquen com les cadenes relativament llargues de poliprolina
(6 aminoacids) presenten un nimero menor de conformers en ambients més polars i
protics. Els ambients més apolars condueixen a una estructura més desordenada
(major variabilitat poblacional de conformers). La situacié optima es produiria quan la
poliprolina es troba immersa en mescles alca/2-PrOH situacio en la que es calcula que
només un 20% dels grups carbonil forma ponts d’hidrogen amb els dissolvents.
Aquestes interaccions confereixen rigidesa a |'estructura sense arribar a saturar els
llocs d’interaccidé SQ/analit.

Experimentalment es demostra que la pérdua d’enantioselectivitat és reversible [113].
Aquesta es recupera quan s’afegeix una petita proporcié de 2-PrOH a la fase mobil
(1-2%). De fet, aquest procés de recuperacié de I'enantioselectivitat presenta la
peculiaritat ser significativament més rapid que la peérdua d’enantioselectivitat.
Aquesta observacié resulta un tant inesperada ja que la transicié d’una poblacié de
conformers diversos i flexibles a una Unica estructura rigida caldria esperar que no fos
un procés afavorit entropicament. Assumint que no hi ha un canvi entalpic important,
ja que no es formen/trenquen enllagos en produir-se el canvi conformacional, cal
explicar I'avantatge entropic del procés en base a la solvatacid per part del dissolvent
en cada cas. El resultat de I'estudi del procés de canvi conformacional concorda amb
els resultats dels experiments espectroscopics realitzats pel grup del Dr. Li [93] en
sistemes liquids DCM/2-PrOH.

5.5. Materials monolitics com a noves fases estacionaries [114,115]

Entre d’altres propietats dels monolits utilitzats com a fases estacionaries
cromatografiques, s’ha de destacar I’alta permeabilitat d’aquest materials que provoca
gue la caiguda de pressid a la columna sigui molt baixa. Aquest fet permet I'is de
fluxos de fase mobil més alts i aixi es pot reduir el temps d’analisi. Altres avantatges
associats a les columnes monolitiques sén la productivitat i eficiéncia, la versatilitat en
la modificacid de la superficie i la facilitat de preparacié. En aquest sentit, en la present
tesi doctoral s’ha descrit derivatitzacid quiral covalent de columnes monolitiques
comercials per a convertir-les en FEQs.
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Figura 5.2. Fases estacionaries quirals monolitiques: FEQ-6, FEQ-7, FEQ-8, FEQ-9.
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En la tesi doctoral es descriu un procediment de modificacié de la columna in situ,
mitjangcant I'is d’'una bomba de xeringa. Aquesta metodologia permet la introduccid
sobre el monolit de silice, en primer lloc, del grup espaiador aminopropil, i
posteriorment, del SQ desitjat. El grau de derivatitzacié s’ha controlat considerant la
diferéncia de massa de la columna, abans i després de la derivatitzacié. En cas de
creure-ho convenient, es pot continuar la derivatitzaciéd per tal d’incrementar la
quantitat de SQ ancorat sobre el monolit. Finalment, es pot realitzar un tractament
d’end-capping per tal de derivatitzar el possibles grups silanol remanents. Aquest
metode ha resultat ser sentzill, eficient i aplicable a tots els SQs de la familia dels
derivats de poliprolina (Figura 5.2).

5.5.1. Avaluacio de I'eficiéncia i la permeabilitat de les columnes monolitiques

Es va poder comprovar com, malgrat I’elevat grau de derivatitzacid, la introduccié del
SQ té un efecte molt petit sobre I'eficiéncia, sobretot quan es treballa a fluxos elevats
(Figura 5.3). Aquesta observacio resulta interessant si es té en compte la dificultat que
presenta I'empaquetament de columnes particulades amb un elevat grau de material
organics de derivatitzacid sobre la matriu de silice. A més, els valors d’eficiéncia
obtinguts per les fases monolitiques son millors que aquells obtinguts per la respectiva
FEQ particulada (Figura 5.3).

Arnau Novell 150



Discussio General

300
R*=0.995

A
R?=0.9755

250 -+

f R?=0.9891
200 -

H (um)
o
3

g

100 {1 %11

¢ FEQ-aminopropilada
FEQ-6
A FEQ-2

O T T T T 1

2 3
Flux (mL/min)
Figura 5.3. Variacio de l'altura de plat teoric en funcié del flux aplicat per 3 fases estacionaries, de les
quals FEQ-2 és particulada i FEQ-aminopropilada i FEQ-6 son monolitiques.

Pel que fa al comportament cromatografic, els estudis comparatius es van realitzar
amb un conjunt de racemics molt similar al usat en els estudis anteriors amb FEQs
particulades [87,91,113]. Per FEQ-6 i FEQ-7, que contenen un SQ polisubstituit, es va
observar un patré de retencié semblant al que s’ha descrit per les seves respectives
analogues particulades, FEQ-2 i FEQ-4 [114]. Aixi doncs, aquestes FEQs retenen
basicament els analits amb anells aromatics m-deficients degut a les interaccions
complementaries tipus m-m. En canvi, pels altres analits no s’observa gairebé retencié.
D’altra banda, el patré de retencié de les FEQs que contenen octaprolina no
substituida com a SQ (FEQ-8 i FEQ-9) és diferent de l'anterior [115]. Aquestes
columnes retenen els analits que contenen un grup donador d’enllagos d’hidrogen, de
la mateixa manera que ho fa la seva analoga particulada FEQ-5.

Quant a I'enantioselectivitat, les FEQs monolitiques substituides poden separar no
només aquells analits que contenen grups dinitrobenzoil, sind també aquells amb
grups donadors de ponts d’hidrogen. S’observa com a excepcié a aquest linia general,
la separacié d’un derivat del binaftil (Figura 5.4.a) que, malgrat no disposar de grups
donadors de pont d’hidrogen, se’n poden resoldre el enantiomers. També cal destacar
gue l'enantioselectivitat observada en aquestes fases és superior a la de les FEQs
particulades analogues.
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Figura 5.4. Compostos racemics que no contenen un grup donador d’enllagos per ponts d’hidrogen
separats per a) FEQ-6 i FEQ-8 i b) només FEQ-8.

D’altra banda, la columna monolitica no substituida (FEQ-8) origina factors de
separacio clarament superiors a aquells obtinguts amb FEQ-5. També mostra valors de
resolucié més alts i separa un rang més ampli d’analits. De fet, alguns analits sense
grups donadors d’enllacos d’hidrogen es poden separar parcial o totalment amb
aquesta FEQ (Figura 5.4.b).

5.5.2. Dependeéncia del comportament cromatogrdfic del contingut de selector
quiral

Encara que la superficie especifica sigui similar pel format monolitic o el que tenen les
particules de silice (300-320 m?/g, segons les dades del fabricant), el primer presenta
un major ancoratge de matéria organica. Es a dir, es pot assolir un grau de
derivatitzaci6 major de SQ. Tant és aixi, que propietats cromatografiques com
I’enantioselectivitat (Taula 5.1), i conseqlientment la resolucid, es veuen directament
incrementades quan major és la quantitat de SQ de cada columna.

Taula 5.1. Sumari del contingut de SQ per les FEQs emprades i resultats de la seva capacitat
d’enantioseleccio.

FEQ FEQ-2 FEQ-4 FEQ-5 FEQ-6 FEQ-7 FEQ-8 FEQ-9
CSP csP-2°  csP-2°  CSP-1° csP-1°  csp-2°  CSP-1° csp-3°¢
pm SQ/columna  25,1° 33,2° 188,6 ¢ 91,5 ¢ 57,8¢ 449,8° 265,5 ¢
o per | 1,231 1,68 2,31 1,68° 1,88 3,51 3,87

a per Il 1,00" 1,04" 1,15 1,15° 1,03 1,40 n.d.
Analits separats 8/25 10/21 15/29 13/21 11/21 21/29 n.d.

On a) [87], b) [91], c) [113], d) [114] i e) [115]. Les condicions cromatografiques son hepta/2-PrOH
(90:10) a F=1 mL/min, a excepcio de 1) hepta/2-PrOH (98:2), F=1 mL/min i 2) hepta/2-PrOH (70:30),
F=0,5 mL/min.

| I
) CHs O ) F,C. _OH

H
SOA RS
H L

OCHj
Figura 5.5. Compostos li Il de la Taula 5.1.
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Considerant els valors anteriors, es reconeixen dues tendéncies: i) en termes generals,
com més SQ conté la FEQ, major és el factor de separacié (a) per I'analit |, ii) aquelles
FEQs amb un grau de derivatitzacié més elevat, sdn capaces de resoldre una proporcid
més alta d’analits. A aquest respecte, cal tenir en compte la diferencia en mida
molecular dels SQs que aqui s’estan comparant.

Mentre que SQ2 (PM promig: 2123,66 g/mol) i SQ4 (PM promig: 2236,23 g/mol) sén
notablement voluminosos, SQ5 (PM: 879,05 g/mol) és d’'una mida for¢a menor. Per
conseglient, és més dificil enllacar una quantitat molar superior dels selectors
voluminosos independentment de quin sigui el format de la matriu. La qual cosa
explicaria, al menys parcialment les diferencies de derivatitzacié (Figura 5.6).

O 0 (0]
CHj OH SQ2 HO )Y SQ5
Q o 0 FEQ-2 N B FEQ-5
N
Hee " )kow o FEQ6 8 FEQ-8
H 6-8 3 FEQ-9
H3C

Figura 5.6. Estructures quimiques dels SQ2, SQ4 i SQ5 i les FEQs en les quals es troben enllagats.

5.5.3. Dependéncia del comportament cromatografic de la matriu cromatografica

A la Taula 5.1. es pot observar també un efecte atribuible al format de la matriu. En
general, les FEQs monolitiques presenten valors d’enantioselectivitat majors aixi com
també un rang d’analits separables més ampli. Aquest fet pot atribuir-se a la
disponibilitat del SQ ancorat sobre el monolit. Aixi I'accessibilitat del SQ per I'analit
seria més alta en el cas de les FEQs monolitiques que en les respectives FEQs
analogues de matriu particulada. De fet el contingut de SQ5 en FEQ-9 és només 1,4
vegades major que en FEQ-5. En canvi, els valors d’enantioselectivitat sén
considerablement més alts en la primera, en una magnitud que supera la relacié molar
de contingut de selector entre elles (Figura 5.7).
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Figura 5.7. Cromatogrames obtinguts per la FEQ-5 Estructures quimiques dels SQ2, SQ4 i SQ5 i les FEQs
en les quals es troben enllagats.

A més a més, com ja s’ha comentat anteriorment (apartat 5.5.1 i Figura 5.3) les FEQs

de matriu monolitica sén més eficients que les seves analogues particulades.
Aleshores, considerant la expressié de la resolucid:

v =(7) (%) ()

A valors de factors de capacitat semblants i de factors de separacid lleugerament

superiors, una major eficiencia comporta una notablement major resolucio, fet que es
demostra per alguns analits en les diferents fases estacionaries (Taula 5.2).

Table 5.2. Parametres cromatografics obtinguts utilitzant com a fase mobil hepta/2-PrOH (90:10) a F=1
mL/min

~ FEQ8 FEQ-5
Compostos racémics

kq a N, R kq a N, Rs

Teo a 361 247 2766 9,38 241 165 440 1,87

I ”J\(;/ d 122 261 5305 10,72 113 18 1187 3,16
)R=NO

Brea’ R ¢ 133 331 4397 11,92 172 198 91 370
¢) R=CHs

) R= 0CH, d 298 351 2708 12,66 257 231 906 461

5.5.4. Capacitat de carrega

Una de les caracteristiques més interessants que ofereixen les fases estacionaries
monolitiques és la seva alta capacitat de carrega (apartats 5.2 [114] i 5.3 [115]).
Aquesta propietat és fonamental si es vol considerar I'aplicacid preparativa dels
materials estudiats. D’entre les fases estacionaries quirals estudiades, aquelles que
posseeixen una capacitat de carrega més elevada son FEQ-6 i FEQ-8. Cal indicar que
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també I'enantioselectivitat juga un rol important, ja que quan aquesta és més gran,
més elevada és també la quantitat d’analit que es pot resoldre. Per aixd, FEQ-6 que
conté SQ2 (oligoprolina polisubstiuida) ofereix una capacitat de carrega major pels
analits amb anells electroatraients, mentre que FEQ-8 mostra una capacitat de carrega
més elevada per la resta d’analits.

Com s’ha mencionat en l'apartat 5.3 [115], la capacitat de carrega més elevada
s’observa per I'analit d (Taula 5.2) sobre FEQ-8. A més a més, si es té en compte la
relacié molar entre analit resolt i SQ enllagat a la matriu cromatografica (nanaiit/Nsa),
FEQ-8 segueix mantenint la primera posicié també en aquest aspecte, mentre que la
darrera del grup la ocupa la FEQ FEQ-5 (particulada). Aquest fet es pot considerar una
indicacié de que la capacitat de carrega elevada que presenten les FEQs de format
monolitic no només es deu a un contingut més alt de SQ, sind que es fa evident el
paper que s’atribueix a la major disponibilitat de SQ.
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Figura 5.8. Comparacio de la capacitat de carrega per I'analit indicat (part superior-dreta), utilitzant a)
FEQ-5 b) FEQ-9 i c) FEQ-8. Condicions cromatografiques: Hepta/2-PrOH (90:10), flux: 1 mL/min, A=254
nm.
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5.6. Aplicacid de les condicions de cromatografia de fluids supercritics (SFC) a les
FEQs de la familia de les oligoprolines [116]

Les propietats intrinseques de les fases mobils supercritiques, és a dir, la baixa
viscositat i I'alta capacitat de difusié d’aquests fluids permeten treballar en condicions
de flux alts, incrementant aixi la capacitat “high-througput”.

Ateés que no es coneixien precedents de la utilitzacié de les condicions de SFC ni amb
FEQs de la familia de les oligoprolines ni amb columnes monolitiques, es van escollir
quatre columnes diferents (Figura 5.9) per tal de valorar tant el format de la matriu
cromatografica com el SQ que contenen.

e o w820 CHs Q
0} H e}
0
HsC N/tk AN HiC AL LN
H

CHs CH,
FEQ-2 HsC FEQ-6 H,C

O\ .
Fole |,
N tBu
8 FEQ-5 s FEQ-8

Figura 5.9. FEQs utilitzades en I’estudi aplicant cromatografia de fluids supercritics.

Els resultats obtinguts van permetre demostrar que, de la mateixa manera que passa
en cromatografia de fase normal, I'enantioselectivitat d’aquestes fases estacionaries
gairebé desapareix al utilitzar dissolvents clorats en la fase mobil. Aquest fet corrobora
tan el mecanisme d’enantioselecci6 com la teoria de la pérdua reversible
d’enantioselectivitat descrita en el capitol IV. No obstant, degut a la major difusi6 del
diclorometa en condicions supercritiques (CO,:DCM (70/30), T=352C, Pyortiga=140 barr),
la pérdua de l'enantioselectivitat és molt més rapida, donant-se just en el temps
d’equilibrat. De la mateixa manera, la recuperacid de la capacitat enantioselectiva es
produeix també rapidament, la qual cosa impedeix estudiar el fenomen de la manera
gue es va poder fer en HPLC.

Aguesta major difusié i major velocitat del flux també tenen un impacte clar en els
valors cromatografics. Per exemple, I'eficiencia obtinguda en condicions supercritiques
és més gran que la que correspon a condicions de fase normal. Aquelles columnes que
presenten matrius cromatografiques tipus monolit presenten valors d’altura de plat
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teoric (H) menors que les corresponents analogues particulades, sobretot quan es
treballa utilitzant EtOH com a solvent. Per altra banda, els valors de resolucié sén del
mateix ordre o inclus lleugerament majors a aquells obtinguts en NP-HPLC, encara que
quan s’aplica CO,/EtOH s’observa una disminucié d’aquesta. Per conseglent, les
majors eficiéncies i resolucions en condicions supercritiques i amb suports monolitics
poden ser el resultat d’una actuacio sinérgica entre aquests dos factors.

No obstant, I'avantatge que es va demostrar més significatiu de treballar en condicions
de SFC és la disminucié del temps d’analisi. El temps total del cromatograma per tots
els analits provats en les diferents columnes, va resultar ser clarament més curt en
condicions de cromatografia supercritica que en condicions de cromatografia liquida
convencional. Tant és aixi, que els valors mitjans de temps d’analisi quan s’utilitza
CO,/2-PrOH (90:10) sén de l'ordre de la meitat del temps d’analisi promig en
condicions de fase normal, relacié que encara es pot reduir fins a una quarta part quan
s’utilitza EtOH com a modificador de la polaritat.
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A partir del treball realitzat en la present tesi doctoral s’han extret les seglients
conclusions:

1.- El procediment de sintesi en fase solida del péptid octaprolina a través
d’'una aproximacid Fmoc que hem aplicat ha resultat adient per a ser escalat i
automatitzat. Amb aquest procediment s’han pogut obtenir lots d’aproximadament 2
grams de peptid amb una puresa superior al 95% sense delecions detectables.

2.- De la comparacié cromatografica de les FEQs de matriu particulada que
contenen els SQs d’oligoprolina substituida o no (FEQ-2 i FEQ-5) es va poder concloure
que la preséncia dels anells aromatics en la primera només resulta d’interes en la
separacio dels enantiomers d’analits proveits d’anells de densitat electronica inversa a
la del substituent. En condicions convencionals de fase normal, la FEQ amb el SQ no
substituit (FEQ-5) origina factors de separacid més elevats i és capag de resoldre un
rang d’analits més ampli. Aixd suggereix que el mecanisme d’enantioseleccié per
FEQ-5 es basa majoritariament en I'establiment d’interaccions per pont d’hidrogen
entre SQ i analit. La major enantioselectivitat de FEQ-5 s’atribuiria a I'accessibilitat
incrementada pels grups carbonil dels enllagos peptidics en I'esquelet d’oligoprolina
respecte al SQ substituit.

3.- La dependeéncia entre I'enantioselectivitat de la FEQ i la fase mobil utilitzada
s’ha demostrat ser produida per canvis conformacionals reversibles en el SQ: Per
FEQ-5, s’observa una disminucié molt drastica d’enantioselectivitat en utilitzar fases
mobils que contenen dissolvents clorats que es recupera en introduir solvents
donadors de pont d’hidrogen en la mescla. Aquest efecte s’atribueix al desordre
conformacional i I'increment de flexibilitat quan el SQ es troba immers en aquests
medis.

4.- Amb la preparacié in situ de FEQs de matriu monolitica, preparades
realitzant la reaccid de derivatitzacié en el si de la columna, s’han pogut unir en un
mateix material les propietats de dinamica de fluids aportades pel monolit amb les
caracteristiques d’enantioselectivitat i capacitat de carrega del SQ. Els materials
resultants permeten la utilitzacié de fluxos de fase mobil elevats i presenten una
capacitat de carrega incrementada respecte a les FEQs analogues de matriu
particulada.

5.- Encara que les matrius monolitiques tenen una area especifica del mateix
ordre que les seves analogues particulades, les primeres permeten un major ancoratge
de SQ. Aix0 comporta wuna retencid6 major dels analits, millors valors
d’enantioselectivitat i capacitat de carrega sense que s’afecti el pas de fase mobil al
seu través.

6.- En les columnes monolitiques s’ha pogut determinar I'existéncia d’una
relacio lineal entre enantioselectivitat i quantitat de SQ que contenen.
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7.- Les columnes monolitiques permeten la resolucid de quantitats de racémic
fins a 5 vegades més grans, en funcié de I'analit considerat, que les que resolen les
FEQs analogues de matriu particulada. Aquesta caracteristica suggereix que les FEQs
monolitiques sén bones candidates per tal de ser usades en cromatografia
semi/preparativa.

8.- Les millores observades per les FEQs monolitiques respecte a les de matriu
particulada no es poden explicar Unicament en base al diferent contingut en SQ. S’ha
proposat que podria haver un efecte atribuible al format de la matriu, tant pel que fa a
I’enantioselectivitat (FEQs monolitiques més enantioselectives i amb un camp
d’aplicacié lleugerament més ampli que les corresponents particulades) com a la
capacitat de carrega (increment de capacitat de carrega inclus per FEQ de contingut
semblant en SQ). Aixi el format monolit podria permetre una millor disponibilitat del
SQ que seria més accessible als analits que no pas en FEQs de matriu particulada.

9.- Considerant aplicacions analitiques, I'alta permeabilitat dels monolits
permet incrementar els fluxos de fase mobil sense repercutir seriosament en la
resolucid. Aixi es poden reduir considerablement els temps totals d’analisi i treballar
amb condicions high-throughput.

10.- La utilitzacié de condicions SFC ha permeés determinar quin és |'efecte
d’aquestes condicions sobre la conformacié del SQ. Aixi, si bé el SQ manté la
conformacié enantioselectiva en presencia de CO, addicionat d’un alcohol (2-PrOH o
EtOH) com a modificador de la polaritat, la preséncia de diclorometa com a
modificador de polaritat anul-la I'enantioselectivitat, de manera analoga al que
succeeix en condicions de NP-HPLC. En aquest sentit, quan s’utilitza 2-PrOH com a
modificador de la polaritat, I'enantioselectivitat obtinguda és del mateix ordre o
lleugerament superior a I'obtinguda amb condicions de fase normal. En canvi, en
emprar EtOH com a co-solvent aquesta enantioselectivitat disminueix lleugerament.

11.- L'Us de condicions de cromatografia supercritica sobre les FEQs estudiades
permeten reduir el temps d’analisi. Aquest és el principal avantatge d’aquesta técnica
ja que permet una reduccié del cromatograma fins a una quarta part d’aquell obtingut
en condicions de NP-HPLC.
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Polimeritzacio de L-Prolina

7.1. Aspectes generals

7.1.1. Antecedents

Els diferents SQs presentats en la present tesi doctoral es van sintetitzar utilitzant
tecniques de sintesi de péptids en fase solida (SPPS). D’acord amb els resultats
obtinguts, es pot concloure que aquest métode presenta una serie d’avantatges, ja
que permet el control de cada acoblament i aixi poder obtenir polimers de prolina
d’una llargada determinada (8 unitats de prolil en el nostre cas), evitant la
polidispersid. A més a més, el procediment permet la insercid del grup terminal que es
cregui més adequat.

En la sintesi peptidica en fase solida de tipus Boc realitzada manualment, la quantitat
de SQ obtingut per lot era de I'ordre dels 100 mg. El procediment utilitzat amb el SQ
no substituit, una sintesi tipus Fmoc, emprant una resina de 2-clorotritil (veure apartat
4.1. [113]) va permetre, un cop escalat i automatitzat utilitzant un sintetitzador
automatic, 'obtencid de fins a 2 grams de SQ per lot.

No obstant, la sintesi del SQ no deixava de ser el coll d’ampolla per tal de poder
disposar de quantitats considerables de cadenes de poliprolina relativament curtes,
per tal de procedir a 'estudi de la seva enantioselectivitat en diferents condicions.
Concretament, en un projecte inicial de la present tesi doctoral ens plantejavem
estudiar el comportament enantioselectiu dels SQs d’oligoprolina en cromatografia en
contracorrent, una técnica de cromatografia liquid-liquid en la que el nostre grup de
recerca posseeix una notable experiéncia. En aquest context s’emmarca també
I’estada realitzada al laboratori del Brunel Institute of Bioengineering (BIB) de la Brunel
University (Uxbridge, Londres, Regne Unit). Per aquesta rad, en un cert moment es va
decidir estudiar I'aplicabilitat d’altres procediments de sintesi que permetessin arribar
a quantitats considerablement elevades d’oligopeptids.

Per una banda, es va assajar reproduir el treball de Li i col-laboradors [117], realitzant
un procediment convencional de sintesi en dissolucié (Figura 7.1). No obstant, ben
aviat va quedar clar que ni el rendiment de les successives reaccions ni les etapes de
purificacié dels intermedis ens haurien de permetre arribar facilment a I'obtencié del
SQ desitjat. El procediment permetia amb dificultat arribar a obtenir cadenes de
guatre unitats de prolina.
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Figura 7.1. Sintesi del SQ compost per 4 unitats de prolil mitjangant una sintesi convencional en solucié.

Per altra banda, es va abordar la preparacié de cadenes de poliprolina per
polimeritzacié del propi aminoacid. La recerca bibliografica corresponent es va conduir
a dos procediments descrits: la polimeritzacio de I'anhidrid derivat de la prolina [118] i
la polimeritzacid directa de la prolina en presencia de difenilfosforazida (DPPA) [119].

En el primer cas la polimeritzacié de I’N-carboxianhidrid derivat de I'aminoacid té lloc
en dues etapes [120]. La primera consisteix en realitzar en primer lloc la preparacié de
I’'N-carboxianhidrid ciclic de I'aminoacid per tractament d’aquest en trifosge, que
posteriorment es podria polimeritzar (o co-polimeritzar, si es barregen anhidrids
d’aminoacids diversos en la mateixa reaccid) en el si de dissolvents com |’acetonitril o
el 1,2-dicloroeta en diverses condicions. Aquest procediment ha estat aplicat a
diversos aminoacids (Figura 7.3). No obstant, esta descrit que, en el cas de I'aminoacid
prolina la formacid de I'anhidrid no és espontania, sind que cal realitzar un tractament
amb una base no nucleofila per a produir la ciclacié del cloroformiat intermedi (Figura
7.2).
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Figura 7.3. Copolimeritzacié de I'anhidrid derivat de L-prolina amb el d’un altre aminoacid [118].

El procediment no estava exempt d’inconvenients. L’Us de trifosge juntament amb la
descrita dificultat per eliminar I'amina utilitzada en la formacié de I'anhidrid ens va fer
descartar aquest procediment. L’Us de bases enllagades a resines es va descartar degut
al seu cost econdmic que faria inabastable la sintesi a una certa escala [120].

Tanmateix, la polimeritzacié de I'a-aminoacid en presencia de difenilfosforilazida
(DPPA) [119] és una reaccié de policondensacié directa, en la qual no es requereix la
formacié de cap intermedi. No obstant, la metodologia descrita en la literatura es
limita a la descripcié d’algunes condicions experimentals per a la polimeritzacio i/o
copolimeritzacié de diferents aminoacids i/o els seus ésters metilics i benzilics,
condicions que haurien de determinar el grau de polimeritzacio aixi com la dispersié
de la mida molecular del polimer obtingut. Tampoc s’hi descriuen els procediments de
purificacid ni caracteritzacié dels productes obtinguts. No obstant, es va decidir
realitzar alguns assaigs de polimeritzacié amb DPPA per tal d’avaluar la viabilitat de la
reaccid en la obtencié d’un péptid de la llargaria desitjada i la dispersid de la mateixa,
aixi com de I'escalat d’aquesta reaccié.
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7.2. Polimeritzacio directa de L-Prolina amb DPPA

0
o)
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N o NEty/DMF o Pyr
H n

Figura 7.4. Policondensacié de L-Prolina utilitzant difenilfosforilazida.

Tenint en compte el protocol descrit [119] (Figura 7.4), i per tal de determinar les
condicions més adients per obtenir els compostos d’interes, es van estudiar diferents
variables (Taula 7.1). Aixi doncs, I’a-aminoacid L-prolina es va tractar amb DPPA en el si
de piridina (Pyr) o dimetilformamida (DMF) com a dissolvents de la reaccié. En el cas
d’utilitzar aquest darrer, cal també addicionar trietilamina (TEA), com a base per tal
d’assistir la desprotonacio inicial de I'aminoacid. Es van realitzar també diferents
assajos controlant el temps de reaccio, variable que es va considerar inicialment que
podria tenir la seva influéncia en el grau de polimeritzacié assolit per polimer. La
mescla de reaccié es va mantenir sempre a una temperatura inferior a 5 2C durant la
primera hora de reaccid i, posteriorment, a temperatura ambient. La relacié molar dels
reactius va ser de 1,3 mol de DPPA i 2,3 mol de TEA en 1 mL de dissolvent. Tots els
assaigs es van realitzar amb una quantitat de 0,5 g de L-prolina.
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Taula 7.1. Condicions de reaccié assajades en la polimeritzacio directa de L-Prolina.

) . Massa final de
Assaig | temps (h) Dissolvent | TEA ,
polimer (mg)

1 24 Pyr No 151

2 48 Pyr No 225

3 120 Pyr No 214

4 168 Pyr No 210

5 216 Pyr No 203

6 48 | Pyr No 250

7 48 Pyr Si 271

8 3 DMF Si 5

9 6 DMF Si

10 8,20 DMF Si 9

11 24 DMF Si 29

12 29 DMF Si 27

13 48 DMF Si 74

14 120 DMF Si 37

15 168 DMF Si 39

16 216 DMF Si 31

El procediment estandard per tal d’aillar el producte de la reaccid consisti en rentats
successius del cru obtingut amb éter dietilic, metanol i novament amb eter etilic.
Aguest procediment general s’adapta segons les caracteristiques de solubilitat dels
productes obtinguts.

En I'analisi i caracteritzacié dels materials obtinguts es va utilitzar HPLC en fase inversa
aixi com ressonancia magnética nuclear (RMN) i espectrometria de masses (MALDI-
TOF).

7.3. Resultats i discussio

L’eleccié del dissolvent organic per dur a terme la reaccié de polimeritzacid, ja sigui
DMF o Pyr en aquest cas, respon a que els dos dissolvents sén polars aprotics i
permeten una alta solubilitat tant del monomer com del polimer format. Cal tenir en
compte que, en el cas del DMF, com que no té caracter basic, cal afegir una amina
terciaria (Figura 7.5).
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Figura 7.5. Mecanisme de la policondensacioé de la L-prolina utilitzant DMF com a solvent.

\

En canvi, en utilitzar piridina, no cal introduir una base addicional ja que el propi
dissolvent fa el paper de tal (Figura 7.6).
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Figura 7.6. Mecanisme de la policondensacio de L-prolina amb DPPA en presencia de piridina.

Un cop formada d’acilazida intermedia gracies a I'activacié del grup carboxilat inicial
amb DPPA, aquest intermedi pot reaccionar de diferents maneres: i) en preséncia d’'un
altra molécula d’acilazida es pot produir la reaccidé entre elles, acoblant-se aixi un nou
monomer a l'incipient polimer. Aquesta reaccid pot tenir lloc diverses vegades, la qual
cosa donaria origen als péptids desitjats. ii) a temperatures superiors als 5 2C, esta
descrita la formacid d’isocianats, procedents de la transposici6 de Curtius
experimentada per les acilazides (Figura 7.7). Aquesta reaccido hauria de aturar el
creixement de la cadena.
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Figura 7.7. Transposicié de Curtius que origina isocianats. La reaccié determina el final del creixement
de la cadena polipeptidica.

7.4. Intents de caracteritzacié dels materials obtinguts
7.4.1. Massa de polimer

A la Taula 7.1 es relacionen els pesos de polimer obtinguts després del tractament de
work-up al que es sotmet la barreja de reaccié. Tal i com es pot observar, hi ha una
significativa diferéncia segons el dissolvent utilitzat. La utilitzacié de piridina com a
dissolvent condueix, després dels rentats, a quantitats de polimer significativament
més elevades que I'Gs de DMF/NEts. Aquesta diferéncia es va relacionar amb el
possible grau de derivatitzacié del polimer assolit en la reaccié. Aixi aquells polimers
de grau de polimeritzacié més baix s’haurien pogut eliminar durant el procés de rentat.

De la serie d’assaigs realitzats també es podria concloure que hi hauria un temps optim
de reaccié que, tant en el cas d’utilitzar DMF com piridina com a dissolvent, es situaria
a voltant de les 48 h. En aquest temps s’aconsegueixen els rendiments maxims de
polimer aillable.

7.4.2. Intents de fraccionament per HPLC

Es va intentar un fraccionament del material obtingut per HPLC. Després d’optimitzar
el procediment cromatografic, s’observa en tots els casos un Unic pic molt deformat,
en el que es podria intuir la barreja de components, malgrat no aconseguir-se la seva
separacio. Es va procedir a realitzar un fraccionament en funcié del temps d’elucié
(Figura 7.8). Malauradament les diferéncies entre les fraccions recollides en RMN i
MS/MALDI-TOF no van resultar significatives.
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Figura 7.8. Cromatogrames corresponents als materials obtinguts en els assaigs 1 a 4 (a, b, ¢, i d,
respectivament) de la Taula 7.1. En verd s’indica el gradient aplicat (Condicions de treball: flux de fase
mobil de 1 mL/min en gradient de polaritat decreixent d’aigua i acetonitril amb un contingut de 0,045% i
0,036% de TFA, respectivament). S’indica el fraccionament amb linies verticals.

7.4.3. Ressonancia magneética nuclear

Les fraccions eluides per HPLC es van analitzar per RMN-1H. A mode d’exemple, a la
Figura 7.9 es mostren uns espectres tipus. Com es pot observar, en tots els espectres
es va fer evident la preséncia dels protons corresponents als anells pirrolidinics de la
prolina. La manca de resolucié d’aquests estaria relacionada amb la naturalesa

polimeérica del material.

En els espectres estan presents també els senyals caracteristics de la piridina aixi com
un senyal al voltant de 7,0 ppm corresponent a grups fenil. Tot i que la relacié
d’integracid d’aquests senyals respecte als dels anells pirrolidinics no era constant,
cosa que podria indicar que es tractaria de restes de la piridina utilitzada com a
dissolvent o de restes del fosfat de difenil provinent de la reaccid, cal recordar que es
tracta de fraccions recollides de I’elucié per HPLC. No obstant, tots els intents
posteriors d’eliminar aquests senyals mitjancant rentats del material varen resultar

infructuosos.
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Figura 7.9. Espectres RMN-1H (300 MHz, CDCl;) (a) de la primera fraccié de I'assaig 1 (Figura 7.8.a; Taula
7.1) i (b) de la segona fraccid de I'assaig 2 (Figura 7.8.b; Taula 7.1), que es corresponen en temps de

retencid en |’analisi per HPLC.
7.4.4. Espectrometria de masses (MALDI-TOF)
Els materials polimérics obtinguts van ser sotmesos a MS/MALDI-TOF utilitzant com a

matriu acid 2,5-dihidroxibenzoic. En les figures seglients es mostren els espectres
d’alguns dels materials obtinguts.
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Figura 7.10. Espectre MS/MALDI-TOF corresponent al material obtingut en I'assaig 2 (Pyr, t=48 h) (Taula
7.1).
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Figura 7.11. Espectre MS/MALDI-TOF corresponent al material obtingut en I'assaig 3 (Pyr, t=120 h)
(Taula 7.1).
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Figura 7.12. Espectre MS/MALDI-TOF corresponent al material obtingut en I'assaig 13 (DMF, TEA, 48 h)
(Taula 7.1).

L'estudi dels espectres de masses revela en tots els casos series de senyals separades
97 unitats, la qual cosa es pot atribuir a una unitat de prolina. Aquest fet confirmaria la
preséncia de estructures de tipus oligoprolina en la mostra. No obstant, aquestes
series es troben desplacades respecte als valors corresponents a un polimer constituit
exclusivament per unitats de prolina. Aquest desplacament es va atribuir a la presencia
de grups terminals indeterminats en la oligoprolina.

Pel que fa al grau de polimeritzacié, es pot observar la formacié d’un péptid d’un
maxim de 9 unitats de prolina en utilitzar piridina com a dissolvent en la reaccid,
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essent el peptid majoritari en aquest cas al voltant de les 4 unitats de prolina (Figura
7.101i 7.11). En canvi, quan s’usa DMF com a dissolvent el grau de polimeritzacié arriba
a 14 unitats amb un maxim a 9 unitats (Figura 7.12). Aixi doncs, es pot concloure que
I’s de DMF condueix a polimers de major llargada, i també amb més dispersio.

Quan es compara el resultat d’assaigs que difereixen en el temps de reaccié (Figures
7.10i 7.11) es pot comprovar que un increment d’aquest temps no sembla traduir-se
en un increment significatiu ni del rendiment de la reaccid, tal como ja s’ha esmentat,
ni tampoc en un increment del grau de polimeritzacio.

7.4.5. Proves de solubilitat

L'objectiu final pel que es va abordar la sintesi d’oligoprolines per polimeritzacié de
I'aminoacid era poder disposar de manera facilment assequible de quantitats
considerables d’oligoprolina per a ser utilitzada com a SQ en cromatografia en
contracorrent (CCC). Aquest tipus de cromatografia liquid-liquid en que per dur a
terme la separacié d’enantidomers cal incorporar el SQ en una de les fases liquides del
sistema de dissolvents, és un sistema bifasic de solvents. Un dels requisits per a un bon
SQ en CCC hauria de ser la seva solubilitat preferent/exclusiva en una de les fases del
sistemes liquids. D’aquesta manera el SQ no es perd en la fase mobil en el curs de
I"elucié i el sistema cromatografic es manté estable. L'altra qualitat requerida per un
bon SQ seria que la solubilitat en el liquid que ha de constituir la fase estacionaria sigui
la més elevada possible, ja que de la concentracid del SQ en el sistema en depén la
capacitat de carrega del mateix i, com és conegut, la CCC és un tipus de cromatografia
d’aplicaci6 eminentment preparativa. Per aquest motiu, i malgrat les dificultats en la
caracteritzacié del material poliméric obtingut es van realitzar una senzilles proves de
solubilitat que ens haurien d’orientar en la idoneitat del polimer obtingut per
I"aplicacid desitjada.

Per tal de realitzar les diferents proves qualitatives de solubilitat s’utilitzaren els
polimers obtinguts en els assaigs 5 i 16 (Taula 7.1), que corresponen a 216 hores de
reaccidé en piridina i DMF, respectivament. En cada cas es va emprar 1 mg de mostra
per 1 mL de dissolvent. Les proves es van realitzar a temperatura ambient, fent Us d’un
bany d’ultrasons ocasionalment. A la Taula 7.2 es representen els resultats observats.
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Taula 7.2. Solubilitat de les mostres en diferents dissolvents

Dissolvents

Mostra|l1 2 3 4 5 6 7 8 9 10 11 12 13 14 14 16 17

5 s s s s S S s s S S S s S | I I I
16 I I I I I LS | I I I I I LS | I I I

On S és soluble, | és insoluble i LS es refereix a lleugerament soluble. Dissolvents: 1. Aigua, 2. MeOH, 3.
EtOH, 4. 2-PrOH, 5. 1-BuOH, 6. ACN, 7. Acetona, 8. DMF, 9. THF, 10. MTBE, 11. DEG, 12. Formamida, 13.
DCM, 14. TCM, 15. Eter dietilic, 16. Tolug, 17. Hexa.

La solubilitat qualitativament més elevada en un ampli ventall de dissolvents es va
observar pel polimer obtingut utilitzant piridina com a dissolvent de la reaccid. Aquest
resultat estaria d’acord amb els resultats provinents dels espectres MS/MALDI-TOF.
Aixi, els polimers de mida molecular inferior es mostrarien més solubles que els de pes
molecular més gran. No obstant, la considerable insolubilitat dels polimers obtinguts
en DMF, malgrat tractar-se de molécules que, com a molt tenen 14 unitats de prolina,
ens va fer pensar en la gran influéncia que exerceix el grup indeterminat present en
aquests oligdmers en la solubilitat global. Aquest fet, ens va portar a abandonar el
projecte en aquest punt.

7.5. Notes concloents

D’acord amb els resultats de la part experimental es poden concloure les seglients
afirmacions respecte els resultats obtinguts:

1. El protocol proposat per Nishi i col-laboradors [119] sobre la sintesi de péptids
per polimeritzacié brinda orientacions generals basiques valides com sén els
reactius a utilitzar i les condicions inicials de reaccié. No obstant, no es
descriuen les condicions de manteniment de la reaccid, ni els méetodes de
purificacio.

2. D’acord amb els resultats obtinguts en diferents dissolvents i en diferents
temps de reaccid es pot concloure que I'Us de piridina com a dissolvent
condueix a una major quantitat de polimer amb cadenes d’oligoprolina més
curtes, pero també amb menys dispersid pel que fa a la mida molecular. Tot
aix0 resulta en una major solubilitat del producte obtingut en diversos
dissolvents.

3. Contrariament, I'Gs de DMF amb una amina terciaria en la reaccid6 de
polimeritzacié condueix a I'obtencié d’un polimer amb cadenes de poliprolina
més llargues i més dispersié de mida molecular, fet que resulta en una marcada
insolubilitat del cru en els diferents dissolvents provats, tant polars com
apolars.
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