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ABSTRACT

Chromatographiceparation of compourdvith more than one chiral center is challenging,
requiring high resolution methed Owing to the low viscosity of the mobile phase
Supercritical Fluid Chromatograph$sFC) enabletshe tandem coupling otolumrs which
increases resolution compared oversiagle columnand can beeffective in resolng
stereisomers.Enantioseparation of a dihydropyridone derivativéh two chiral centers
synthetic API, wadere studied using SESix polysaccharidéasedchiral stationary phases
with a mobile phase consisty of a carbon dioxide/methanahixture (80:20 v:v) were
investigated at 40°C arw flow-rate of3 mL/min, butonly incomplete separation of the four
expected stereoisomers was observiéd thenexamined differencombinatiors of columns

in tandem It was found that, among the thirteen succedafudems, the OJ-H//AD-H system
gavecomplete baseline resolutiari the four stereoisomewgith 4.98, 5.63, 6.06 and 6.89 as
retention times and 2.97, 1.83 and 3.54 as resolutalues.The conditions were further
optimized to obtain the best resolution in the &girelution time. The best conditions were
transposed to semi-preparative scalelitainthe pure isomerswith yield increased by using
stacked injections. The four fractions allowed #tibution of elution order on all tandem
performed previously. The column ordérelf had no impact on the stereoisomeric elution
order butthe type of stationary phase and column ordengtydnfluenced the resolutiornin
parallel, apreviously reporteagnathematical model was used to predict the reteritmes of
the four stereoisomers on eamftthe six polysaccharide-based, chiral statioméngse column
tandens. This mathematical model wasuccessfully applied to predict separation the

dihydropyridone derivative’s isomeos two columnswith chlorinated stationary phases
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1. Introduction

Owing to the impact of chirality on both the physical dndlogical properties of molecules,
the separation of enantiomers (and stereocisomerzriera) has been extensively studied.
Among the 30-top selling drugs on the market in &aper 2014, ten were pure
stereoisomers showing clearly that separating ratesncontinueto be a key step in the
development of new drag[l]. In this field, thanks tocontinued improvemenin
instrumentation and chiral column desigupercritical Fluid Chromatography (SFiS)now
outperforming traditional High Performance Liquid ChromatograplidPLC). Since
polysaccharide-basedhiral stationary phases (CSP) can be usé&din techniqugsSFC has,
in arelatively short frame, benefitetlom 40 years of stationary phase developmeriiPLC
applicationd2-5]. Polysaccharides are currently very poputarrhany reasons: i) theliroad
range ofapplications, ii)jthe availability ofnumerous different chemigts and iii) their high
loadingcapacity which isusefulat thepreparative scale [6; 7]. Okamatbal. developed the
tris(3, 5-dimethylphenylcarbamate) of cellulose amaylosestationary phasesogether with
the cellulose tris(4-methylbenzoate) and the aneyltiss((S)a-methylbenzylcarbamate)
phaseghatmake upthe so-calledgolden four”. Chlorinated polysaccharides have alsone
to market [8]. Immobilized versions of the coatedphaseswere also patented by Daicel
Industries and developed collaboration with E.R. Francotte. Later, Phenomxgetented its
two first immobilized columns in collaboration wiBh Chankvetadze.

In SFC, the mobile phasmnsists oft least 60% supercritical carbon dioxide (T = 3&aT@

P = 74 bar). The low viscosity and high diffusivif/the mobile phasdogether with a lower
pressure droppermits the use oa high flow-rate with a reduced influence on e#ficy[9].
Carbon dioxide has an elution strength close tbdhhexanehence a polar modifier such as

an alcohol or acetonitrile must be added to elliieat compounds from the column. It is
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worth noting thatvhile the addition of a liquid modifier moves conditiotessubcritical, the
previously state@advantagesre conserved

The ntrinsic properties of supercritical GQ@re particularly suitablér use with multiple
columns in series. In addition, there is no digtorcin SFC between normal- and reverse-
phase separationshis featureenables the coupling dWwo (or more) columns in seriess
well ascombinations bcolumns with different polaritiesn orderto achieve higtseparation
efficiency with greatercolumn length andargetedselectivity. Berger and Wilsonfor
example,coupled 11 columns series(4.6 mm x 200 mm, fum, resulting in 2.2 m long
column and demonstrated only a 160 bar pressure [di@|p This concept wasiorerecently
illustrated by Wes|11] with anachiral-achiral tanderaf columnsfor impurity profiling. The
number ofpotential combinations, comprisinghatchedchiral-chiral phaseg12], different
chiral-chiral phases[13-15] and achiral-chiralcombinations[16-17] is large allowing
tailored, high efficiency and giving rise tmanynovel and unique chiral selectivity properties.
However it must be kept in mind that the two impéerted stationary phases should provide
orthogonal behaviors.e complementary selectivit and notopposing propertiegesulting in

a loss of resolution. It is not until recently tHdole[18] and Welch[19] have highlighted
that tandem columns separation may depend on ther or which the columns are coupled.
To date,exceptingthe work by Wandg14], no experimental data illustrating the effect of
column order on tanderahiral column SFC separations has been published.
Therefore,continuing our previous work in which preparative liquid segi@ns were run
with hydrocarbon mixtureg20], column coupling SFC was tested perform cleaner
enantioseparation dhe dihydropyridone derivativd which beargswo asymmetric carbons
and was synthesized as drug-candidate for the treatment of type-2 diab¢kgure 1a).
Compoundl is representative of &rge, patented seriesf moleculesentrusted to our

laboratory. In the early-ste of the drug discovery process, the pure stersws® of final
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compoundl arerequired Thus in this work we compared the ability of single woin and
tandens of columns to separate the four stereoisomerseotiihnydropyridone derivative.
Thefirst aim of this work was to identify and optimizesuitableiandermcolumn system in
order to generate individual isomers of this demaa using small-scale preparative
chromatographyThe resolving power and elution order of the faomers was tested for
thirteen column tandemshe& impact ofcolumn order on selectivity and retention times was
carefully exploredThe second goal was to apply Wang's mathematicaleind4] to predict
elution times of the dihydropyridone derivative’®ereoisomers on the various tandems.
Lastly, mathematical parameters for two chlorinatbital stationary phases, not included in
the Wang's model, were determined arse¢dto simulaé the retention times of this synthetic
API on these phases

2. Material and methods

2.1 Chemicals

Compoundl (2C*) was synthesized according to proceduresipusly described21]. The
four fractions containing individualiastereoisomers (FR1, FR2, FR3 and FR4) wererwai
after a small-scalepreparative separation on a tandem column sys@irH(/AD-H). The
methanol (MeOH), ethanol (EtOH), propan-2-ol (IP&)d acetonitrile (ACN) were HPLC
grade and were purchased from Carlo-Erba Reage¢atslé-Reuil, France). Carbon dioxide
(CO;,, 99995% purity) was purchased from Linde (Saint Priest, Franceb&molecules (2
achiral and 9 chiral)were used fordetermination of thesimulation parameters: achiral
sulfamoylbenzoic acid and acetazolamide were psethafrom Alfa-Aesar (Karlsruhe,
Germany) and chiral warfarin, ketoconazole, proplaln ibuprofen, bupivacaine, 3-methyl-
1-indanone, paliperidone from Sigma-Aldrich (Saqentin Fallavier, France)while
compoundl (proprietary structure with two asymmetric carbows)s prepared by our team.

All observed peaks were used farsessment of tiretention factox.
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2.2 Sample solutions

For analytical screeningnethanolicsolutions were prepared at 0.8 mM (0.31 mg’nlFor
small-scale preparative separation, solutions oigas were prepared in methanol at 19 mM
(7.29 mg.m[Y). Solutions of probe molecules were prepared itherel at 1.0 mg.mt The
solutions were always degassedn ultrasonic bath and filteredth a 0.45 m PTFE syringe-
filter (15 mm diameter) prior to use.

2.3 Supercritical Fluid Chromatography Apparatus

2.3.1 Stationary phases

Six chiral analytical columns were used for thigdst Chiralpak AS-H amylose tri§ya-
phenylethylcarbamate), Chiralcel OJ-H celluloses(tnethylbenzoate), Chiralcel OD-H
cellulose tris(3,5-dimethylphenylcarbamate) and r&lpak AD-H amylose tris(3,5-
dimethylphenylcarbamate) were purchased from Chirathnologies Europe (lllkirch,
France) and Lux Cellulose-2 cellulose tris(3-chldrmethylphenylcarbamate) and Lux
Amylose-2 amylose tris(3-chloro-4-methylphenylcarage) from Phenomen®xLe Pecq,
France). All columns hiadimensions of 250 mm x 4.6 mm i.d. with 5 um pdetisize and
were coatedsilica-gelphasesThe tubing used to couple columns was a”lI88x flexible
tube of 0.170 x 400 mm purchased from PIC Solufiavignon, France)vith a negligible
influence orpressure.

2.3.2. Chromatographic system

The chromatographic system used was an SFC-PICLABrich 10-20 apparatus (PIC
Solution, Avignon, France) equipped with an autgs@mcomprigg a 48-vial plate (model
Alias, Emmen, Netherlands), three model 40 P puliyws for CO, and a third for the
modifier (Knauer, Berlin, Germany)a column oven with a Valco ten-position column
selection valve, and a Valco six-position solvewitghing valve. The system was also

composed of a Smartline 2600 diode array detedd#D( (Knauer, Berlin, Germany).
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Detection wavelength was set at 210 nm. The systa® controlled and the data was
acquiredusing the SFC PicLab Analytic Online v.3.1.2 software@P$olution, Avignon,
France).

2.3.3 Chromatographic conditions

During the separation optimization, the mobile ghass alwaysa CO,-modifier mixture
with 20% of methanol as modifier at 3 mL/min flow rate All analyses were run in isocratic
mode. The column oven temperature was 40°C andutiet pressure was maintained at 120
bar for all experiments. The volume injected wagt20

2.4 Calculations

The resolution factor from our study was calculaisohgthe following equation

Rs = 2 (r2—tr) Eq. 1

(w2+wy)
where tf and tp are the retention times of the peaks of interadt@ andw, are the peak
widths measured at the baseline of the peak.
The retention factor (k) is a mean of measuring thtention of an analyte on the

chromatographic column for each isomierfo k; were calculatedsing the equatian

_ (tr— to)
k= e Eq. 2

where ¢ representthe first disturbance of the baseline after intticaused by the solvent
peak. Retention times were average values of tplicege determinations. The peak variance
o® was back calculated @ = t/N, where N is the efficiency processed by SFC Nimata
Manager V.1.8.0 software (Pic Solution, Avignorarkce).

2.5 Data processing for simulation parameters getetion

Two columns were chosen: Lux Amylose-2 and Luxuteie-2. Column outlet pressure was
set at five different values,e, 100, 125, 150, 175 and 200 bar. For retentiatofa

measuremesttriplicate injections were made for each probe aheandition. For dead time
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measurements, twelve replicate methanol injectiorese performed for each set of
conditiors.

3. Resultsand discussion

In order to separate the four sterecisomers ofdihgdropyridone derivativel, six chiral
phases differing in their polysaccharide backbaedlflose or amylose)he derivativetype
(carbamate or ester) and nature of the substitug@isiely Chiralpak AD-H, AS-H, Lux
Amylose 2 and Chiralcel OD-H, OJ-H and Lux Cell@e3 were chosen (Figure 1b). Most of
the chiral analyses performeldy HPLC and SFChave beerperformedwith these stationary
phase$22; 23].

3.1 Single-column screening

The analyss were run at 3 mL/min flow-rate, with a mobile pbaconstituted of either
MeOH or EtOH or IPA or ACN/C®20:80(v/v), at 40°C, under 120 bar outlet pressure. The
best results observed with MeOH asnodifier provided three peaks (two peaks on LA-2
column) instead of the four expected. The enanpasgions are represented in Figure 2 and
chromatographic parameters are summarized in Tablés thus proceeded to the testing of
tandem pairs of chiral columifia4].

3.2 Tandem coupled-columns screening and ster eoisomeric elution order study

Serially coupling two columns increases both teparationefficiency and theworking
pressure by a factor of two, thus allowing an inve resolution throughi) the
complementarity of two different stationary phasgsncreasedseparatiorefficiency andiii)

a change in the selectivity as a resultle pressurencreaselt should be noted, however
thata total loss of enantioseparatioray also result wheooupling columnsvith competng
separation mechanismg.the case ofi available columns; x (n — 1) tandemcombinations
are possible. In our case the sixiral stationary phase€8P$ were different, this the 30

possiblecombinations correspord to 15possibletandems able to adopt two configurations



200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

each (CSR, upstream//CSP downstream) and (CgPupstream//CSP downstream). The
screening was undertaken on thep8@sibletandems by injection of compouddThe results
are summarized in the Table 2. Several systemsefray be effective in obtaining the four
expected peaks (Fig.1 in Supplementary Informatidn)determinethe bestolumn tandem
in order to implement a small-scale preparativeassjon,baseline resolution and analysis
time were chosen as tlogiteriato be optimized

Based on these criterichetbesttandem consisted of the OJ-H CSP as the upstrearmio
and the AD-H CSP as the downstreaniumn (henceOJ-H//AD-H — Figure 3a,top). It is
noteworthy that a 50 criwng columnhas doublehe efficiencyof a 25 cm length column,
leading to narrower peaksd better resolution. The chromatogram obtainethg theAD-
H//OJ-H tandem is given in Figure 8zottom)

The fourfractionsisolatedin the preparative stadéR 1 to FR 4) wereubsequentlynjected
on all the “successful’ tandems allowing us to gttite stereoisomerelution order.The data
in Table 2, Figure 3 and Figure 1 iine Supplementary Informatioahow thatthe tandem
column order influence the retention of the isometsut does not influence theelution
order. This is due to the loackpressure induced byie 5 um particle size colunsrjl14].
Wanget al. showed that if a CSHs placed to the front of CgPthe upstream column C3P
experiences higher back pressupg) than the downstream column GSfPq). The pressure
difference betweerP) and Py) is the pressure drop over the downstream colu®ii CThe
overall retention timetas is the addition of the retention times on bothucwhs at
corresponding outlet pressumgy = t,p, + tpp,, Wheret,p is the retention time on the
upstream column C&Pat higher back pressur@.j, andtg p, is the retention time on the
downstream column C$Rat lower outlet pressur®{). When columns CSPand CSB are
swapped, the overall retention tinkg changesio tgy = tgp, + typ,- When moving the

column CSR from upstream to downstream tfe CSR; column the pressure induced a
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retention gain on column CRP(tsp, — tap,), Which rarely compensates exactly the
retention loss on column CgRtg p, — tpp,). Consequently, tandem column retention times
of a compound usually change when column couplirdemis reversed, leading to very
different separations. For example separatidnsinedon tandera consising of OD-H and
0J-H CSPs in different ordeare depicted in Figure 3b. It can be seen thaBBRd FR 1 co-
elute when the OD-H CSP is upstream of the OJ-H (F8P 3b,top), while FR 3 and FR 1
are well resolved when the OJ-H CSP is upstreatheofOD-H CSP (Fig. 3kjottor). When
the OD-H is upstream to experience higher preggjdts selectivity contribution is reduced
to a point that resolution between FR 3 and FRchixeled by the opposj selectivity of the
downstreamOJ-H. Conversely, when the OJ-H is moved upstregncontribution to the
overall selectivity is lower and the selectivitytlween FR 3 and FR 1 from the OJ-H can only
partially be opposetly that of the downstrean©D-H CSP. Thusthe 1 and 3isomers are
resolved and conserve the elution ordesimilar phenomenon can be observeidh several
different tandems (Fig. 3a for instanc&ome combinations ofstationary phasesvith
opposig selectivity resuktd, when coupledn tandem) in two peaks instead of the four
expected (AS-H//LA-2; AD-H//LA-2 and LA-2//AD-H tatems for instance).

3.3 Optimization of the conditions on OJ-H//AD-H tandem and small-scale, preparative
Separ ation

In order to improve the baseline resolution betw#den four peaks on the chosen tandem,
different parameters were optimizace type and percentage of modifier, outlet-pressuack a
flow-rate).

3.3.1 Influence of the type of co-solvent on erasgparation

The analyses were initially run at 3 mL/min flonteawith a mobile phase of GMeOH
80:20 (v/v), at 40°C and 120 bar outlet pressuheisTIPA, EtOH and ACN in 80% GQvere

testedas modifiersACN resulted in two tailing peaksrpbablybecause ACN is lessapable

10
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for hydrogen bonding), and EtOH and IPA resultethiee peaks instead of the four obtained
with MeOH, evenwhentestedat lower percentages.¢ 15 and 10%, data not shown). Thus
MeOH wasretained as a modifier

3.3.2 Influenceon enantioseparaticof the percentage of MeOH asnodifier

Percentages under 20 were tested: 15 and 10%. éwease of the organic modifier
percentageled to a decrease in retention and selectivityis phenomenon is mainly caused
by an increas@ the polarity of the mobile phase but alsathe fluid density. Indeed, with
the increasen the mobile phasalensity,its elution strength increasesdthe retention time
of the analytedecreasesAs a consequence, enantioselectivity is slightiguced25]. This
has been reported by otharns SFC with these proportions ofiodifier (under 20%)[26].
Thus,bearingin mind that the analysis time should d®eshort as possihl&5% wasetained
as a good compromise between resolution (with waégal to 2.30, 2.70, 4.40, between the
four stereoisomers) amdntime (under 10 minutes).

3.3.3 Influence of the outlet pressure and flove-@t enantioseparation.

The outlet pressure was evaluated at 100, 120af®80180 bafdata not shown)For liquid-
like fluids (above 10% of co-solvent), the pressaftect is less importantiowever it is
observedthat an increase in outlet pressure leads to eedee inboth retention times and
resolution, thus 120 bar wastained The flow-rate was briefly explored: 2 mL/min was
tested to improve separation and 4 mL/min to shottbe analysis timebutthe lower flow-
rate resulted in a longer analysis time (aroundri#butes) with similar resolution values
compared to 3 mL/minwhile the higher flow-rate led to a loss of reswan between the
middle peaksi(e FR 2 and FR3). Thussmall-scalepreparativeseparation was run at 3
mL/min flow-rate, with a mobile phase made of fMeOH 85:15 (v/v), at 40°C and 120 bar

outlet pressurénjecting 20 puL of 0.8 mM of compourid

11
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When injecting a concentrated solutioie (19 mM) a slight loss of baseline resolution
between Peak2 and 3 was observed. Therefore the percentageodifier was decreased to
10% in CQ. The chromatogram obtained under these conditiomaspicted in Figure 4a.

3.3.4 Small-scale preparative separation

Boxcar (or overlapped or stacked) automated imgestiare used to increase the productivity
of preparative separatioWith this stacked injection metho@& second injection is made
during the first one, before the eluted enantionferge completely left the column (Figure
4b). The cycle time was then reduced from 14 to idutes, and the productivityas
increased by 50%. The preparative separation wésrpeed on a total volume of 1 mL, so an
amount of 7.29 mg of compountl was resolved. Around 1 mg (55% vyield) of each
stereoisomer was collected after evaporation. Wumhately, the isomeric purity was not
sufficient to perform the pharmacological testsisTdan be seen at a glance by injecting each
fraction on tandem coupling of columns (Fig. 2 impBlementary Information), but
neverthelesallowed us to study the stereoisomeric elution ofdee Section 3.2 and Tables
1 and 2).

3.4 Chromatographic simulation: application of the mathematical model

If the coupling of columnsrovides goodstereoisomeric separations, the exhaustive sergeni
approach (followed by an optimization step) is Imeittime nor cost-efficient, particularly if
many different columns aravailable Thus, the possibilityf mathematicallypredictng the
retention times at any pressusea potentiallyuseful tool. Based on a study of pressure effect
on chiral separation using binary mobile phas¢27], Wang et al. [14] determined two
empirical quantitative pressure-retention relatiops, which can be used to predict retention
times on acolumntandem:

to = aP?+ bP + ¢ Eqg. 3

12
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where the fitted coefficients, b, andc depend on each column and are summarized in Table
3; and:

kp, = kp, ed(Pi=Po) Eq. 4
wherekp, is the retention factor at any pressiekp, is the experimental retention factor at

the fixed experimental outlet pressufg andd is a column constant (Table 3). Equation 3
provides a way to calculate retention time at défe pressures based on a single
measurement aP,, obviating the needo perform the injectiontself. To illustrate the
accuracy of the model, the previously describedeaamnof columns OJ-H//AD-H was chosen.
Compoundl was injectedhe OJ-H and AD-Hcolumns individuallyat Py equal to 120 bar
outlet pressureand the inlet pressurg, was then measured to calculate theividual
pressure drop of each column (Figure 5a). The presdrops over the OJ-H and the AD-H
were determined to be 30 and 27 bar, respectivelyethe OJ-H colummas upstream of
the AD-H column, the?;was147 bar (120 bar system back pressure plus 2@rbasure drop
over the AD-H) (Figure 5b). Using the column paréean@btained in the Wang’s studigs};
27], retention times of the four fractions of compouhdn the OJ-H CSP at 147 bar, were
calculated (Table 4). The overall retention times ®J-H//AD-H (OJ-H in the upstream of

AD-H) tandem column separationsre obtained by adding experimental retention times

Tg/—H//AD—H -

the AD-H at 120 bar and calculated retention timeshe OJ-H at 147 bat

+t ). The resultsare summarized in Table 4. The accuracy between

tTO]—H 147 bar TAD-H 120 bar

the observed and predictadtention time were less thaB8.30% (Table 4). The variances of
chromatographic peaks from single OJ-H and AD-Higwis at 120 bar outlet pressurere
summed togive the peak variance in tandem columns separationss Thased on the
calculated retention times and peak variance, andeupling of columns chromatograms
were simulatedand are showin Figure 6. Similarly, the overall retention timés AD-

H//OJ-H (AD-H in the upstream of OJ-H) tandem cotuseparations were determinbg

13
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summing theexperimental retention times on the OJ-H at 120aaithe calculated retention
times on the AD-H at 150 bar (Figure 5b). For FRR2, FR3 and FR4 the simulated
retention times were 4.78, 5.24, 6.16 and 6.74 nespectively while experimental retention
times were 4.97, 5.41, 6.22 and 6.80 min. The aogubetween the experimental and the
predicted retention time was evaluatediess thaB.82%.Using this approach, evaccurately
prediced many of the other column tandems studied herEhis mathematical model is of
great help to speed up method development. Howiaveur case mathematical parameters
were missing for two columns involved in the sciegn Thus we determined these
parametersg, b, c andd) required for the simulation accordingly to theotWang's studies
[14; 27]previously described.

3.5 Chromatographic simulation: determination of new parameters of mathematical
model on chlorinated columnsLA-2 and LC-2

3.5.1 Column dead time function

In spite of the wideadoption of SFCandan increasig number of published articlessing
this techniquestudies ofherelationship between pressure and retention usmarypsolvents
are rather scarc@8]. Rajendranet al. described a decrease in retention times while
increasing the outlet pressure. Waatcal. also explored the trend of dead time with outlet
pressure, and the result was thaincreased with rising column outlet pressi2é]. They
also demonstrated th& became less sensitive to pressure change as rkttamtent in
carbon dioxide increaden the 5 to 40% range, resulting inless compressible mobile phase.
The relationship between dead time and outlet preswas studied on the two chlorinated
CSPs namely LA-2 and LC-2. Figure 3 in Supplementdnformation depicts their
interdependence at 3 mL/min with 20% of MeOH in £&£3the mobile phaseThe observed
data were well predicted by(the quadratic equation 3 (presentmbve. The determination

coefficient (R) was 0.9943 for LA-2 and 0.9989 for LC-2 colummike fitted parameters.¢
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a, b andc from Eq. J defining the relationship between dead time antleb pressureire
summarized in Table 3.

3.5.2 Retention factor function

Outlet pressure influences retention time in défgrways, notably thanobile phase solvation
powerthrough changes tmobile phase density. When the pressure increéseslensity of
the fluidincreases (and hentlee elution strengthcausing a decreaseretention times. The
extentof retention variation depends on mobile phase amitipn. To illustrate the effect of
outlet pressure on retention 11 compounds wereethws probe moleculesoveringa wide
range of retention facter(for instance ketoconazole was highly retained)e Tetention
factors,k, of each probe compound were plotted over thedivwdet pressures. Good linearity
was found for all compounds on each column. Thenstbpe of a fitted line df overP (i.e
dk/dP) was plotted againgt (Figure 3b in Supplementary Information). The esgntation of
dk/dP againstk, for the 11probe moleculeswas linear with a Requal to 0.9774 and 0.9336
for the LA-2 and LC-2 column, respectively, for a least square regression thrahg origin.
This observation that the retention factor ratengles with pressure in a packed column with
a binary mobile phase consisted of MeOH{Q@:s also reported by Wang and Zh42d).
The regression results ok/dP againsk (namely parameteat) aresummarized in Table 2 for
the two columns. Finallythe four parameters,(b, c andd) determined on the chlorinated
columns permittedis to predict overall retention times onlumn tandemcludingthe LA-

2 and LC-2 columns.

3.5.3 Application of the model to the LC-2//LA-2cabA-2//LC2 tandems

The validity of the new parameters in the mathecaatnodel developed by Wargal. was
then undertaken with the LC-2//LA-2 and LA-2//LC2lumn tandems, following the
calculations in section 3.4. The pressure drops thee LC-2 and the LA-2vere determined

to be 21 and 20 bar, respectively. When the LA{2rmoo was placed upstream, thgedicted

15
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373 retention timesor FR1, FR2, FR3 and FRaere 13.54, 8.01, 8.50 and 9.18 rmespectively
374  while observedretention times were 13.38, 7.91, 8.41 and 9.08 e accuracy between
375 thepredicted and observaétention time wasthusevaluatedas less thal.26%. When the
376 LC-2 was placed upstream, the accuracy was less satigfagtth values between 4.25 and
377  6.88%. All the results are summarized in Table &sd&l on the calculated retention times,
378 simulation of the chromatograms with thA-2//LC-2 columntandem andhe LC-2//LA-2

379 tandem are showin Figure 7 {op and bottom, respectivg@hand are superimposenh
380 correspondin@xperimental chromatogram

381 4. Conclusion

382 To perform the pharmacological assay sitreoisomers from gootential anti-diabetic
383 compoundtheirenantiseparatio(??) is necessaryln this particular case, whesparation on
384  a single-columnwas insufficient coupling columnsof different selectivity in series, thus
385 doubling the separation efficiencis a potentially powerful technique to resolve complex
386  mixtures. Its utility in resolving stereoisomersaflihydropyridone derivative with multiple
387 chiral centers is illustrated in this work. It che seen that even if the column length is
388 doubled, allowing improved resolution through anpioved efficiency, analysis times
389 increase by a factoof less than twoThe upstream column is operated at elevated outlet
390 pressure which attenuates its retention of compaumdconsequence, vereillustrated that
391 the order of columngand hencethe different back pressures the individual columns
392  experiencg is particularly important in tandenolumnmethod development. Very different
393  separations of compouridwvereobserved by simply swapping the upstream and doesnst
394  columns, as shown in Fig. 3b or in Fig.2 in Sup@atary Information. For the first time, the
395 mathematical model developed by Wang was accuratgdiied to another prolijeamely our
396 compoundl). In addition, this study has characterizd the pressure effect on two new

397 chlorinated chiral stationary phases, Lux Amylose-2 and Lux Cellul@setsingthe most
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widely-used binary solventsn SFC (MeOH/CQ,). We have here shown thgbompound
retention at multiple outlet pressarean be calculated fromsingle retention time at single
working pressure The modelcan further predict with good accuracythe molecules’
retention time on tandesnof coupkd columns including chlorinated CSPs$hus enabing

fasterand cheapemethod development.
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Figure captions

Figurela  Structure of the dihydropyridone derivatiiie

Figurelb  Structure of the polysaccharide-based stationhages.

Figure2 Chromatograms obtained for compouhstereoisomers on AD-H, AS-H, OD-
H, OJ-H, LA-2 and LC-2 CSPs with 20% metharold aflow-rate of 3 mL/min,column
temperature o40°C and 120 bar outlet pressukes 210 nm.

Figure3a  Chromatograms obtained for compouhdtereoisomers on OJ-H//AD-H and
AD-H//OJ-H tandem of coupling columns and sterewmisaoc elution order with 20%
methanoland a flow-rate of 3 mL/min, column temperature4®°C and 120 bar outlet
pressure) = 210 nm

Figure3b  Chromatograms obtained for compouhdtereoisomers on OD-H//OJ-H and
0J-H//OD-H tandem of coupling columns and sterenedc elution order with 20%
methanoland a flow-rate of 3 mL/min, column temperature4®@°C and 120 bar outlet

pressure) = 210 nm
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Figureda  Small-scalepreparativeseparation chromatogram obtained for compoand
stereoisomers (at 19 mM), on OJ-H//AD-H tandeniumnsand points of collecin of the
fractions 1 to 4, with 10% methanahd a flow-rate of 3 mL/min, column temperature of
40°C and 120 bar outlet pressukes 210 nm

Figuredb  Small-scalepreparativeseparation chromatogram obtained for compo@nd
stereoisomers (at 19 mM), on OJ-H//AD-H tandem afpting columns in stacked-mode of
injection, with 10% methanalnd a flow-rate of 3 mL/min, column temperaturet6fC and
120 bar outlet pressurk,= 210 nm

Figure5a  Pressure drop determination for single columnsHOdrd AD-H with 20%
methanola flow-rate of 3 mL/min, column temperature of 4G6&@d 120 bar outlet pressure,
A =210nm

Figureba Intermediate pressure determination for singlaimml OJ-H placed upstream
and AD-H placed downstream (upper part) and inteliate pressure determination for single
column AD-H placed upstream and OJ-H placed dowastr (lower part), with 20%
methanoland a flow-rate of 3 mL/min, column temperature4®@°C and 120 bar outlet
pressure) = 210 nm

Figure 6 Superpositionof predicted andexperimental chromatogramobtained for
compoundl on OJ-H//AD-H column tandens with 20% methanokbnd a flow-rate of 3
mL/min, column temperature of 40°C and 120 baredyitessure = 210 nm

Figure7 Superpositionof predicted andexperimental chromatograms obtainém
compoundl on LC-2//LA-2 and LA-2//LC-Zolumntandems with 20% methanahd a flow-

rate of 3 mL/min, column temperature of 40°C and@ ar outlet pressurg,= 210 nm
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Table 1. Chromatographic parameters obtained for each single column and isomeric elution ondeder 3 mL/min 20% MeOH,

40°C, 120 barA = 210 nm.

Column | try (min) tr, (min) tr; (min) | try (min) ky k, ks ks Qi; | Op3 | Oz | Rs12 | Rsa3 | RSz,

FR2 + FR3 FR4 FR1

LC-2 5.13 5.81 10.17 - 452 | 525 | 9.94 - 1.16 | 1.89 - 2.67 | 12.82 -
FR1 + FR3 FR2 FR4

AD-H 2.59 3.02 3.47 - 1.65 | 2.55 - - 139 | 1.20 - 248 | 1.77 -
FR2 + FR 3 FR4 FR1

OD-H 3.29 4.50 5.03 - 245 | 3.72 | 4.27 - 1.52 | 1.15 - 5.69 | 2.36 -

FR2 FR1+FR3+FR4

LA-2 2.99 3.52 - - 2.05 | 2.59 - - 1.26 - - 1.89 -
FR1+FR2 FR4 FR3

OJ-H 2.72 3.89 4.01 - 1.62 | 2.74 | 2.95 - 1.70 | 1.07 - 526 | 1.11 -

AS-H' 2.15 2.35 2.59 - 1.16 | 1.36 | 1.60 - 1.17 | 1.18 - 1.02 | 1.28 -

* FR1 to FR4 not injected




Table 2. Chromatographic parameters obtained tor each tandem and isomeric elution order, unaeL/8nin 20% MeOH, 40°C, 120 bax,= 210 nm.

Tandem try (min) | try (min) | tr; (min) | try (min) |k, k, ks ki | a1 | O3 | az4 | RSy, | Rsys Rss.4
FR1 FR2 FR3 FR4
0J-H//AD-H 4.98 5.63 6.06 6.89 1.50 |1.83| 2.04 |246|1.22| 1.12 |1.20| 2.97 1.83 3.54
FR1 FR2 FR3 FR4
AD-H//OJ-H 4.97 5.41 6.22 6.80 150 |1.72| 2.12 | 242 |1.15| 1.24 |1.14| 1.66 3.06 2.19
FR 2 FR3 FR1 FR4
0J-H//OD-H 5.69 6.96 7.67 8.04 1.86 |250| 2.86 |3.05|1.34| 1.14 |1.07 | 7.47 3.84 1.85
OD-H//0J-H 5.58 7.20 7.90 - 1.79 |2.60| 2.95 - 1.45| 1.13 - 7.53 2.92 -
0OJ-H//AS-H 4.45 4.99 5.58 - 1.24 |1.51| 1.80 - 1.22| 1.20 - 2.57 2.57 -
AS-H//0J-H 4.58 5.03 5.96 - 1.31 |1.53 | 2.00 - 1.17| 1.31 - 2.14 3.80 -
FR 2 FR3 FR4 FR1
0J-H//LC-2 7.50 8.68 9.17 12.48 297 [3.60| 3.86 |5.62|1.21| 1.07 |1.45| 4.55 2.14 | 10.51
FR 2 FR3 FR4 FR1
LC-2//0J-H 7.01 8.40 8.75 11.11 2.69 (3.42| 3.61 |485|1.27| 1.06 |1.34| 5.90 1.28 7.26
0J-H//LA-2 5.33 5.79 6.74 - 1.72 |1.96| 2.44 - 1.14| 1.25 - 1.74 2.68 -
LA-2//0J-H 5.35 5.84 7.08 - 1.74 1199 | 2.62 - 1.14| 1.32 - 2.04 3.14 -
FR 2 FR3 FR4 FR1
OD-H/LA-2 5.95 6.53 7.60 7.92 207 (237] 292 |3.08|1.14| 1.23 [ 1.06| 2.11 3.65 1.16
FR 2 FR3 FR4 FR1
LA-2//0OD-H 5.97 6.47 7.68 8.11 211 (2.37] 3.00 |3.221.12| 1.27 |1.07| 1.62 3.58 1.33
FR3 FR 2 FR1 FR4
OD-H//AD-H 5.30 5.86 6.85 7.35 1.69 |197| 248 |2.73|1.17| 1.25 |1.10| 2.43 3.69 1.87
FR3 FR 2 FR1 FR4
AD-H//OD-H 5.49 5.93 7.23 7.47 182 |2.04| 2.71 |283|1.12| 1.33 |1.05| 1.81 4.73 0.79
OD-H//AS-H 4.96 6.09 6.76 - 153 |2.11| 2.45 - 1.38| 1.16 - 4.81 2.53 -
AS-H//OD-H 5.26 6.70 7.44 - 1.66 |2.38| 2.76 - 1.44| 1.16 - 5.33 2.60 -
OD-H//LC-2 8.01 9.70 14.55 - 3.24 (4.13| 6.70 - 1.28 | 1.62 - 5.56 | 13.47 -
LC-2//0OD-H 7.71 9.46 13.57 - 3.12 [4.06| 6.26 - 1.30| 1.54 - 5.63 | 10.69 -




Tandem try tr, tr; tr, ky k, ks ki | o35 | 03 | O34 | Rsi; | Rsys Rss.4
FR2 FR3 FR4 FR1
LC-2//LA-2 7.41 8.00 8.58 12.69 | 2.84 |3.14| 3.44 |558|1.11| 1.10 |1.62| 1.67 | 1.54 | 9.68
FR2 FR3 FR4 FR1
LA-2//LC-2 7.91 8.41 9.08 13.38 | 3.14 (3.40| 3.75 |[6.01|1.08| 1.10 (1.60| 1.54 | 191 | 10.12
FR3 FR 2 FR4 FR1
LC-2//AD-H 6.71 7.25 8.25 10.94 | 2.49 |(2.78| 3.30 (4.70|1.11| 1.19 |(1.42| 2.12 | 3.45 | 7.58
FR3 FR2 FR4 FR1
AD-H//LC-2 7.26 7.70 8.73 12.24 | 2.83 (3.07| 3.61 [546|1.08| 1.18 |1.51| 1.51 | 3.51 | 9.00
LC-2//AS-H 6.38 7.09 10.82 - 2.36 |2.73| 4.69 - 116 172 - 2.84 | 11.13 -
AS-H//LC-2 7.02 7.85 12.57 - 2.68 |3.11| 5.58 - 116 1.79 - 2,96 | 12.10 -
AS-H//LA-2 4.97 5.84 - - 149 |1.92 - - 11.29 - 1.89 - -
LA-2//AS-H 4.74 5.17 5.40 5.57 138 |1.60| 1.71 |1.80|1.16| 1.07 | 1.05 - - -
AS-H//AD-H 4.27 4.73 5.43 - 1.16 |1.39| 1.74 - 11.20| 1.25 - 152 | 194 -
AD-H//AS-H 4.21 4.69 5.19 - 1.13 |1.37 | 1.62 - 11.22] 1.18 - 198 | 1.92 -
AD-H//LA-2 5.66 6.60 - - 1.90 |2.38 - - |1.25 - - 291 - -
LA-2//AD-H 5.60 6.61 - - 1.81 |2.32 - - |1.28 - - 2.56 - -




Table 3. Fitted parameters for the relationship between dead time and column outlet pressure
(a, band c) and linear regression results of the dk/dP= (k) relationship for test compounds
[14].

a b c IS d 15

Chiralpak AD-H -2.00506 | 0.0001 | 0.8868 0.9956 -0.0015 0.9123
Chiralpak AS-H -2.00506 | 0.0001 | 0.8738 0.9986 -0.0016 0.9348
Chiralcel OD-H -2.00506 | 0.0009 | 0.9172 0.9960 -0.0019 0.9516
Chiralcel OJ-H -4.00506 | 0.0016 | 0.8626 0.9940 -0.0024 0.9729
Chiralpak IA -3.00506 | 0.0011 | 0.8781 0.9889 -0.0024 0.9805
Chiralpak IB -3.00506 | 0.0012 | 0.8715 0.9948 -0.0020 0.9750
Whelk-01 (R, R) -2.00506 | 0.0013 | 0.7222 0.9972 -0.0026 0.9942
Chirobiotic T -4.00506 | 0.0018 | 0.7680 0.9988 -0.0019 0.9939
Cyclobond 12000 -3.00506 | 0.0016 | 0.8262 0.9859 -0.0021 0.9646
Larihc CF6RN -2.00506 | 0.0013 | 0.8035 0.9990 -0.0021 0.9922
Lux Amylose-2 -2.00506 | 0.0023 | 0.7354 0.9943 -0.0054 0.9774
Lux Cellulose-2 -4.0006 | 0.0027 | 0.6542 0.9989 -0.0037 0.9336




Table 4. Predicted retention times cal culations of compound 1 on OJ-H//AD-H tandem and comparison to experimental retention times on OJ-H//AD-H tandem

*

*

*

trosp120bar | Koj-H120 bar tr,0j-H147 par. | Koj—m147par | tr 0J-n 147 bar U ap_y 120 bars Ur 0)—H147 bar//AD—H 120 bar ol 0J—H//AD—H Accuracy

Isol/FR1 2.72 1.62 1.01 1.52 2.55 2.45 5.00 4.98 0.40%
Iso2 /FR2 2.72 1.62 1.01 1.52 2.55 3.02 5.57 5.63 1.07%
Iso3 /FR3 4.10 2.95 1.01 2.77 3.81 2.45 6.26 6.06 3.30%
Iso4 /FR4 3.89 2.74 1.01 2.57 3.60 3.41 7.01 6.89 1.74%

* Experimental data

T Calculated data through Eq.2

¥ Calculated data through Eq.3

§ Calculated data through Eq.4

it =t +t

T0j-H//AD-H

T0J—-H 147 bar

TAD-H 120 bar




Table 5. Predicted retention times cal culations of compound 1 on different tandems and comparison to experimental retention times

by 14z 120 var | KLaz 120 bar tryLA2 141 par | Kraz 141 bar’ br 4z 141 bar br s 120 bars Ur La2 141 bary/LC2 120 bar ol LAZ//LCZ* Accuracy
Isol/FR1 3.52 2.59 1.02 2.31 3.37 10.17 13.54 13.38 -1.26%
Iso2 /FR 2 2.99 2.05 1.02 1.83 2.88 5.13 8.01 7.91 -1.07%
Iso3 /FR3 3.52 2.59 1.02 2.31 3.37 5.13 8.50 8.41 -1.19%
Iso4 /FR4 3.52 2.59 1.02 2.31 3.37 5.81 9.18 9.08 -1.10%

Uy 102 120 var | Kicz 120 bar Uy LC2 140 par | Kicz 140 bar® Uy 1o 140 bar Uy ap 120 bars Ur Lc2 140 bar//LA2 120 bar ol ch//LAz* Accuracy
Isol/FR1 10.17 9.94 9.23 0.95 9.71 3.52 13.23 12.69 -4.25%
Iso2 /FR 2 5.13 4.52 4.19 0.95 4.93 2.99 7.92 7.41 -6.88%
Iso3 /FR3 5.13 4.52 4.19 0.95 4.93 3.52 8.45 8.00 -5.60%
Iso4 /FR 4 5.81 5.25 4.87 0.95 5.52 3.52 9.04 8.58 -5.36%

* Experimental data

T Calculated data through Eq.2
¥ Calculated data through Eq.3
§ Calculated data through Eq.4

it =t

TLA-2//LC-2 TLA2 141 bar + tTLCz 120 bar

it =t +t

TLC—2//LA-2 T'LC2 140 bar TLA2 120 bar






