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ABSTRACT
FUNDAMENTAL STUDIES ON ULTRAFAST CHIRAL AND ACHIRAL SEPARATIONS
IN LIQUID CHROMATOGRAPHY AND SUB/SUPERCRITICAL FLUID
CHROMATOGRAPHY
Chandan L. Barhate, PhD
The University Of Texas at Arlington, 2017
Supervising Professor: Daniel W. Armstrong
This thesis is based on fundamental contributions in the field of ultrafast chiral and
achiral separations using liquid and sub/supercritical fluid chromatography. The high
efficiency sub-2 ym particles of narrow particle size distribution (NPSD) and 2.7 ym
superficially porous particles (SPP) were used as a support for bonding various chiral
selectors. The chiral selectors used in this thesis are teicoplanin (T), teicoplanin aglycone
(TAG) and vancomycin (V) cyclofructan-6 derivatized isopropyl carbamate (CF6-P),
cyclofructan-7 dimethylphenyl carbamate (CF7-DMP), tert-butyl carbomoylated quinine
and hydroxypropyl-B cyclodextrin (HPRSP) . These high efficiency particles were packed
in 0.5, 2.0, 3.0 and 5 cm long columns
As we enterthe ultrafast chromatography regime various interesting phenomena manifest
themselves which are usually not observed in routine chromatography. State of the art
UHPLCs were shown to be insufficient for the narrow peaks obtained in the ultrafast
chromatography in terms of extra-column volumes. Optimized instruments with reduced
extra column volume, highest possible sampling frequencies and optimimum digital filters
were needed to preserve the “true” peak shape. Using short columns, chiral, achiral and
shape selective separations were demonstrated in the sub-second to sub-minute range.
Frictional heating was shown to be beneficial for both SPP and NPSD particles in chiral
chromatography, unlike reversed phase chromatography. Additionally the instrumental

idiosyncrasies of SFC are discussed such as the connection tubing diameter effect, noise

vi



analysis of backpressure regulator and peak shape analysis (upsampling effects on peak
shapes).

Real world applications of pharmaceuticals and intermediates were developed for reverse
phase liquid chromatography (RPLC) and SFC mode for 50 compounds belonging to
various classes. This research culminated by exploring two dimensional liquid
chromatography (2D-LC). Multiple achiral x chiral and chiral x chiral 2D-LC examples
(single and multiple heart-cutting, high-resolution sampling, and comprehensive) using
ultrafast chiral chromatography in the second dimension were successfully applied to the
separation and analysis of complex mixtures of closely related pharmaceuticals and
synthetic intermediates, including chiral, achiral drugs, metabolites, constitutional

isomers, stereoisomers, and organohalogenated species.
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Chapter 1

Introduction
1.1 Ultrafast chromatography for high throughput analysis
More than four decades ago, Csaba Horvath expressed the value of fast
chromatography by showing separation of four ribonucleosides in four minutes using a
151.7 x 0.1 mm i.d. column packed with pellicular particles.1 Since then, separation
scientists have made constant efforts in improving the speed of chromatographic
analysis. Tremendous improvements in reverse phase achiral chromatography have
been made where separating more than 7 compounds under 24 s have become a
routine.” Given the fact that more than 90 % of the drugs contain chiral mixtures, there
is a need to come up with reliable high speed analytical procedures. Additionally,
enantiomeric analysis is often required to support stereochemical research in synthetic
chemistry and bioanalytical research.’ The focus of this thesis is to overcome speed
limitations in chiral and achiral chromatography guided by the fundamental
understanding of chromatographic principles.

1.2 The Resolution Equation

The fundamental resolution equation serves as a guideline in any mode of

(DEE)

Where R; is the resolution between the critical pair, N is the peak efficiency, k is the

chromatography.*

retention factor and a is the selectivity of the two analytes on a given stationary
phase. As can be seen from eq. 1, the chromatographic resolution is dependent on

three factors namely, efficiency, selectivity, and the retention factor of the analytes. In



order to obtain the same resolution for a rapid separation we need to increase the N
while maintaining the same or better selectivity.
1.2.1 Approaches for enhancing separation efficiency in packed beds
The chromatographic efficiency (N) can be defined as given in equation 2

N= () (2)
Where t, is retention time and o is the standard deviation in time. It can be shown that
at the van Deemter minimum the efficiency is inversely proportional to the particle
diameter. A direct consequence of this relationship is that smaller particles are
required for maintaining the same efficiency of a long column packed with traditional
5 um particles. These particles will serve as a support for bonding the chiral
selectors. One of the interesting unsettled debates in high efficiency chromatography
is the role of particle size distribution (PSD) of the packing material. Four decades
ago, Halasz was of the opinion that the width of sieve fraction of silica does not affect
the chromatographic efficiency as long as the deviation from the arithmetic mean is
smaller than 40%.° This was an empirical observation with large diameter particles
(50-200 pm).5 On the other hand, Desmet showed a linear correlation between the
standard deviation of the particle diameter and reduced plate height with <5 pym
FPPs.? This question was investigated theoretically and experimentally by Gritti et al.
using the recently introduced 1.9 ym narrow particle size distribution fully porous
silica (FPP) particles, which are commercially available under the trade name of
Titan (Supelco).7‘8 These silica particles have a narrow particle size distribution (e.g.
<10% RSD) and the column efficiencies are unusually high; for instance, producing
an intrinsic reduced plate height of 1.7 in narrow bore columns, such narrow
diameters known to pose challenges during the slurry packing process.7 All previous

studies on the effect of particle size distribution and the use of Titan silica have only



considered achiral (C-18) stationary phases. Besides, FPP silica supports, the
emerging superficially porous particles (SPPs) were proven to produce highly
efficient, i.e. over 200,000 plates/m, chiral columns with a variety of brush type chiral
selectors including macrocyclic glycopeptides.

1.2.2 Tuning selectivity of chromatographic supports

Selectivity (a) in chromatography can be defined in as

a=% (3)

kq
It is the ratio of the retention factors for two chromatographic peaks. In 1994
macrocyclic antibiotics (glycopeptides) were developed as versatile stationary phases
for acidic, basic and neutral chiral molecules.’ The hydrolytically stable macrocyclic
bonded phases could be used in the normal phase, reverse phase and polar organic
modes, and with SFC to produce baseline separations of a wide variety of
compounds.10 Today the majority of all enantioselective separations of amino acid
and small peptide analytes are done on columns that employ either a teicoplanin or
teicoplanin aglycone (TAG) based chiral selectors.”’ In 2009, new chiral selectors
known as cyclofructans were introduced.'” One of the advantages of these chiral
selector molecules when immobilized on silica is that not only can they separate
enantiomers but they also produce superior separations for some achiral

13-15

molecules. In this work a variety of chiral selectors as shown in Figure 1.1, were

bonded to perform high efficiency chiral and achiral separations.



a) Teicoplanin

c) Teicoplanin

aglycone

OH

NH,

O

OH HO'

d) Hydroxypropyl-3-

cyclodextrin

OH

NH Hy*

BN

OH




c) Cyclofructan d) tert-butyl
based chiral carbomoylated
selectors quinine

Figure 1.1 Structures of chiral selectors utilized in this work

1.3 Two dimensional liquid chromatography (2D-LC)

The chromatographic separation of complex mixtures and closely related species is
one of the most difficult tasks in pharmaceutical and biomedical research. The
chromatographic efficiency of existing columns is not adequate to handle such
complex mixtures. Figure 1.2 compares the schematic differences of between
standard HPLC and a two-dimensional set up. The main differences are the
utilization of two pumps, two columns and two detectors and associated sample
storage valves. It is preferred that the selectivies of two columns be orthogonal to
utilize most of the space available in two dimensions. Complex separations can be

performed in one dimensions where the peak capacities increase either as (n1+n2,)



in heart cut and n1xn2 in comprehensive 2D-LC), where n is the peak c:apacity.m’17

Recent years have seen a rapid growth in the use of multidimensional
chromatography for the study of complex mixtures, with two-dimensional (2D)
chromatography is emerging as a valuable tool for pharmaceutical, biomedical

research, and other disciplines.'®?

1D-LC LI ‘ Column _— | ‘

1D Chromatogram

Column [
T -

Column

2D-LC e

[

2D Chromatogram
Figure 1.2 Schematics of one dimensional (1D) and two dimensional liquid
chromatography (2D-LC)

Achiral-chiral two-dimensional chromatographic analysis has been known for
decades; for example, enantioselective bioanalysis from the 1980s often employed
column switching, where serum proteins or other interfering components are
removed by a first-dimension separation, with a heart cut of the desired component
of interest passing to a second-dimension separation employing a chiral stationary

phase (CSP) column. However, the relatively slow speed of chiral separations has



limited the use of chiral stationary phases (CSPs) as the second dimension in 2D-LC,
especially in the comprehensive mode. Herein we report an investigation into the use
of ultrafast chiral chromatography as a second dimension for 2D chromatographic

separations.

1.4 Organization of Dissertation

This dissertation focuses primarily on fundamental studies of ultrafast chiral and
achiral separations in UHPLC, 2D-LC and SFC. Chapter 2 addresses the synthesis
of superficially porous particle based chiral stationary phases and some theoretical
aspects ultrafast chiral separations. Chapter 3 addresses the application of SPPs
based chiral columns for ultrafast separations of pharmaceutically important
compounds with very similar structures, namely fluoro and desfluoro analogs.
Chapter 4 is based on systematic studies on the synthesis and packing studies of
high efficiency, narrow particle size distribution chiral columns and their applications.
In Chapter 5 we examine SFC ultrafast chiral separations, and explain the
counterintuitive effects of connection tubings and the nature digital filters in SFC.
Chapter 6 is based on separations in the sub-second regime. Practical and
theoretical challenges of very fast chromatography will be addressed. In chapter 7,
real life applications of ultrafast enantioseparations with important pharmaceuticals
and synthetic intermediates are shown. Chapter 8 is based on the analysis of
complex mixtures and closely related species by two-dimensional liquid
chromatography using ultrafast methods in the second dimension. Chapter 9

concludes the thesis with asummary and future outlook.



Chapter 2
Gone in Seconds: Praxis, Performance, and Peculiarities of Ultrafast Chiral Liquid

Chromatography with Superficially Porous Particles

2.1 Abstract
A variety of brush-type chiral stationary phases (CSPs) were developed using
superficially porous particles (SPPs). Given their high efficiencies and relatively low
backpressures, columns containing these particles were particularly advantageous for
ultrafast “chiral” separations in the 4-40 s range. Further, they were used in all mobile
phase modes and with high flow rates and pressures to separate over 60 pairs of
enantiomers. When operating under these conditions, both instrumentation and column
packing must be modified or optimized so as not to limit separation performance and
quality. Further, frictional heating results in axial thermal gradients of up to 16 °C and
radial temperature gradients up to 8 °C, which can produce interesting secondary effects
in enantiomeric separations. It is shown that the kinetic behavior of various CSPs can
differ from one another as much as they differ from the well-studied C18 reversed phase
media. Three additional interesting aspects of this work are (a) the first kinetic evidence
of two different chiral recognition mechanisms, (b) a demonstration of increased
efficiencies at higher flow rates for specific separations, and (c) the lowest reduced plate
height yet reported for a CSP.
2.2 Introduction

For much of 3 decades, the development and study of chromatographic enantiomeric
separations have been dominated by investigations focused on selectivity. This is not
surprising given the unique position of chiral separations in chromatography where
conventional strategies used for all other molecules are completely ineffective for

enantiomers. Hence, the highest impact studies involved conceiving, understanding, and



optimizing the use of new and better chiral selectors.'*?**

Numerous thermodynamic
and mechanistic studies as well as evaluations of solvent and additive effects continue
even today.""***'As the field of “chiral separations” has matured, it has focused on other,
more typical chromatographic concerns including speed, efficiency, and kinetic effects.
While “chiral separations” are ultimately affected by the same parameters as achiral
separations, they can have some idiosyncrasies (vide infra) as compared to the most
extensively studied systems which typically involve reversed phase liquid
chromatography on C18 or analogous stationary phases. The demand for fast and
efficient achiral separations provided the impetus for researchers to explore new avenues
to increase throughput of chiral screening and analysis. Welch et al. first used
multiparallel chiral screening and method development systems that provided method
development times of ~1 h.*® Hamman et al. used supercritical fluid chromatography

(SFC) at high flow rates, short columns, and a gradient to obtain a 2.5 min screening
method.*® Shortly after, Ai and co-workers developed a bonded sub-1 ym mesoporous
silica based cyclodextrin chiral column and published a few 1-6 min enantiomeric
separations.” Concurrently, Gasparrini et al. studied a bonded brush-type (pi-complex)
phase using sub-2 um fully porous particles (FPPs) and demonstrated a few normal

phase enantiomeric separations in the 15-40 s range.51'53

More recently, superficially
porous particles (SPPs) for achiral separations have allowed for column efficiencies
comparable to sub-2 pym FPPs while using conventional HPLCs and column

%% There have been numerous empirical and theoretical comparisons of these

hardware.
approaches when used in a reversed phase (C18) format.’**® SPPs are able to decrease
all contributions to band broadening (i.e., longitudinal diffusion, eddy dispersion, and

stationary phase mass transfer contributions).58 Initially it was thought that better packing

of SPPs was due to their having narrower particle size distributions than FPPs, but it was



later shown that better packing homogeneity across the column (i.e., from wall to center
of the bed) is largely responsible for the decreased eddy dispersion contribution.**®
Since, SPP columns are generally better packed than FPP columns, they can yield
reduced plate heights of 1.3-1.5 for columns packed with conventional achiral stationary
phases, whereas FPP based columns typically have reduced plate heights greater than
2.0.%° Also, the shell thickness of SPPs leads to a shorter trans-particle path length which
can decrease mass transfer contributions to band broadening for large molecules with
small diffusion coefficients and smaller molecules that have slow adsorption— desorption

kinetics.>*61%2

This is particularly important at higher flow rates. The possible benefits of
SPPs in other important but more specialized areas of LC are less explored.
Chankvetadze compared a polysaccharide based chiral selector coated on FPPs and
SPPs in both nano-LC and HPLC.®*®* In the latter, an obvious decrease in enantiomeric
selectivity was noted for the SPP based material. Gritti and Guiochon’s theoretical
treatment of the same polysaccharide based chiral selector indicated that a 10% gain in
resolution (Rs) could be possible due to the decreased plate heights afforded by the
SPPs.® However, this estimated value was based on an assumption that the SPP based
polysaccharide column would have a similar enantiomeric selectivity value as the
analogous FPP based column which, as noted, has not been obtainable to date. Most
recently, Spudeit et al. presented the first successful and practical SPP CSP.* This work
showed that brush-type chiral selectors (i.e., isopropylcarbamated cyclofructan 6) have a
higher chiral selector load (per surface area). This plus the observed increase in column
efficiency for the SPP based CSP resulted in improved enantiomeric separations, while
maintaining the same enantiomeric selectivity as FPP based CSPs.® Further, the SPP
CSP maintained this performance with 50— 75% lower retentions. When comparing

constant retention modes, the Rs values obtained using the SPP column were far greater
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than the FPP columns. It was also noted that as flow rates increased (e.g., to 3 mL/min),
the resolution per analysis time greatly improved for the SPP column (by 18-67%)
meaning that high-throughput screening would benefit from such columns.®® In this work,
a broad range of analyte types and polarities including pharmaceuticals, catalysts,
peptides, amino acids, primary amines, and biaryls among others were baseline
separated on a variety of SPP brush type CSPs that are very effective for ultrafast chiral
separations (~4—-40 s range). It is demonstrated that they can be performed in any mobile
phase conditions or mode, i.e., reversed phase, normal phase, polar organic, and HILIC.
Finally, the practice of ultrafast chiral LC often produces interesting and unusual
consequences that must be recognized, dealt with, and/or properly understood for
optimal performance.

2.3 Experimental

2.3.1 Materials

All HPLC solvents and reagents for reactions were purchased from Sigma-Aldrich (St.
Louis, MO). Cyclo- fructan-6 (CF6) and cylcofructan-7 (CF7) derivatized with isopropyl
carbamate and dimethylphenyl carbamate groups, respectively, were synthesized by

AZYP LLC (Arlington, TX). The 2.7 ym superficially porous silica particles with a surface

2
area of 120 m /g and pore size of 120 A were provided by Agilent Technologies
(Wilmington, DE). The core is 1.7 ym in diameter and the surrounding shell thickness is
0.5 ym. The fully porous 2.1 and 3 ym silica particles were purchased from Daiso (Tokyo,

Japan) and Glantreo (Cork, Ireland), respectively. The 2.1 um fully porous particles have
a surface area of 479 m2/g and pore size of 91 A, whereas the 3 pym fully porous particles

have a surface area of 300 m2/g and pore size of 100 A. Tréger's bases were obtained

as indicated in the literature.®® All solvent mixtures are given in (v/v).
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2.3.2 Synthesis of Stationary Phases.
All reactions were carried out in anhydrous solvents under a dry argon atmosphere. The
synthetic procedures for the six stationary phases employed in this work have already

12,32,38,41,67

been published. The first chiral stationary phases explored were cyclofructan

based as they have recently proven to be unique chiral selectors.'>%"?

The cyclofructan-
6 derivatized isopropyl carbamate (CF6-P) and cyclofructan-7 dimethyl- phenyl
carbamate (CF7-DMP) were bonded to silica particles under anhydrous conditions as
described previously.'? The 2- hydroxypropyl-B-cyclodextrin bonded silica (CD-HP) was

2,67

synthesized via a proprietary bonding procedure.3 Macro- cylic antibiotics vancomycin,

teicoplanin, and teicoplanin aglycone were covalently attached to silica surface as

341 Each of the above chiral selectors were bonded to 2.7

described by Armstrong et al.
pm SPPs. The 2.1 and 3 ym fully porous particles were functionalized with CF6-P.

Each stationary phase was slurry packed with a pneumatically driven Haskel pump
(DSTV-122) into 10 cm x 0.46 cm i.d.,, 5 cm x 0.46 cm i.d., and 3 cm x 0.46 cm i.d.
stainless steel columns (IDEX Health and Science, Oak Harbor, WA). Commercial
LARIHC CF6-P, LARIHC CF7-DMP, Chirobiotic V, Chirobiotic T, Chirobiotic TAG, and
Cyclobond | 2000 HP- RSP columns (fully porous 5 ym particles, 25 cm x 0.46 cm i.d.)
which were used for comparative purposes were provided by AZYP LLC, Astec, and
Supelco/Sigma-Aldrich.

2.3.3 Instrumentation

All ultrafast separations were performed on an Agilent 1290 Infinity series UHPLC system
(Agilent Technologies, Santa Clara, CA) equipped with a quaternary pump, an auto-
sampler, and a diode array detector. Routine separations were performed on an Agilent
1260 HPLC equipped with a quaternary pump, an auto-sampler, and a diode array

detector. An inlet filter was installed between the pump outlet and the auto-sampler

12



injection valve to prevent clogging of 75 ym tubings. For fast separations, the data
collection rate was set at 160 Hz with a response time of 0.016 s, unless otherwise
stated. The thermostated column compartment and the column switching 6-port valve
were bypassed to minimize the length of connection tubings. The instrument was further
optimized to reduce extra-column effects by using an ultralow dispersion kit from Agilent
(P/N 5067-5189). The kit consists of an ultralow dispersion needle and needle seat, two
75 ym i.d. stainless steel connection tubings, and a detector flow cell with a volume
standard deviation V(o) of 0.6 L. Alternatively, 75 ym i.d. polyether ether ketone (PEEK)
nanoViper connection tubings (Thermo Fisher Scientific, MA) were also employed. The
instrument was controlled by OpenLAB CDS ChemStation software (Rev. C.01.06 [61],
Agilent Technologies 2001-2014) in Microsoft Windows 8.1 (see the Supporting
Information for the calculation of peak parameters). The reported percentages of mobile

phases (m.p.) are listed as volume/volume (v/v).

2.3.4 Axial Temperature Gradient in Mobile Viscous Frictional Heating.

The effect of viscous frictional heating of the mobile phases in the SPP columns was
studied by wrapping the column in an insulating sheet (at room temperature) and
inserting a Mastech thermocouple MS8222H (Pittsburgh, PA) inside the column outlet
with the help of a screw cap. The flow rate was varied and the resulting temperature was

monitored after 10 min of equilibration.

2.4 Discussion

Figure 1A provides comparisons of different particle size fully porous particles (FPPs)
and superficially porous particles SPPs) which have the same bonded chiral selector (via

the same chemistry) and with the same mobile phase.
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(A)

(i) 5.0 um FPP

ool
SO

BINAM

N

N,=3200
Rg=1.9
AP=18 bar

(ii) 3.0 ym FPP

VN

N4=4500
Rs=2.1
AP=32 bar

(i) 2.1 ym FPP

N

N4=5600
Rs=3.5
AP=70 bar

(iv) 2.7 pm SPP ‘l "

N,=8000
Rg=3.0
AP=65 bar

0 1

(B)

(i) 5.0 ym FPP

2 3 4

Minutes

(ii) 3.0 ym FPP

o -

N,=2700
Rs=1.3
AP=50 bar

N,=4200
Rg=1.5
AP=55 bar

(iii) 2.1 um FPP

(iv) 2.7 um SPP

N,=4500
Rg=2.3
AP=75 bar

0

Figure 2.1 Enantiomeric separations of BINAM on CF6-P bonded to SPPs and FPPs at
1.0 mL/min, Tcol = 25 °C. All columns were 5 cm x 0.46 cm in dimensions. (A) Constant
MP mode, MP = 92:8 heptane-ethanol. (B) Constant retention mode, MP = (i) 82:18

heptane—ethanol, (ii) 85:15 heptane—ethanol, (iii) 82:18 heptane—ethanol, and (iv) 92:8

heptane—-ethanol.

These chromatograms were generated using conventional HPLCs with conventional

2
Minutes
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N,=8000
Rs=3.0
AP=65 bar
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conditions and column sizes (i.e., 1.0 mL/ min flow rate and 5 cm x 0.46 cm i.d.
columns). Clearly using the same mobile phase, the SPP-based CSP provided both the
greatest efficiency and shortest analysis time as compared to all FPPs, including the 2.1
pm particles (Figure 2.1A). However, according to Gritti and Guiochon, a better

comparison of such columns is realized when resolutions (Rg) are compared at constant

retention (Figure 2.1B).65 They also indicated that a SPP’s core to particle diameter ratio
(p) can be related to its gain in resolution. Specifically p values between 0.5 and 0.95 at
constant retention factor (k) can slightly improve the resolution. Interestingly, recent work
on a brush-type CSP showed a resolution increase of 20%.%% In Figure 1B, the increase

in resolution of the SPP-CSP over both 3 and 2.1 uym FPPs is ~30%, which is quite

impressive. The SPP-CSP used here had a p value of 0.63 (see Experimental Section),
which is within the optimal range (vide supra).65 A direct comparison of the efficiencies,
reduced plate heights, and tailing factors of current commercial columns (5 pym particles)
and the analogous CSPs on 2.7 ym SPPs is given in Table 1. The 3- 4 fold increase in
efficiencies is impressive but not totally unexpected given the smaller SPP particle
diameter. However, the reduced plate heights of the SPPs also are up to 2 times smaller
and with comparable or better peak symmetries. The reduced plate height (h) of 1.6 for
the CF7-DMP SPP is the smallest reported for any CSP on any particle to date. Given
these results, it is clear that SPP based CSPs should be particularly advantageous for

ultrafast chiral separations.

Table 2.1. Comparison of Theoretical Plates/Meter (N/m), Reduced Plate Height (h), and
USP Tailing Factor Using a Standard Achiral Probe 1,3-Dinitrobenzene with 70:30
Heptane-Ethanol at Reduced Velocity of 4.5 (1 mL/min for 2.7 ym SPP, 0.6 mL/min for 5

um FPP)
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Stationary phase N/m? h Tailing factor’

Stationary phases bonded to 2.7 um SPP

CF6-P° 172,000 22 11
CF7-DMP¢ 221,000 1.6 1.2
teicoplanin® 165,000 2.3 1.0
teicoplanin aglycone® 133,000 2.8 1.3
vancomycin® 173,000 2.1 0.9
hydroxypropyl-3- 181,000 2.0 14

cyclodextrin

Commercial columns packed with 5.0 um FPP (25 x 0.46 cm)

LARIHC CF6-P 70,000 29 1.1
LARIHC CF7-DMP 59,000 34 1.2
Chirobiotic-T 54,000 3.7 0.9
Chirobiotic-TAG 50,000 40 1.1
Chirobiotic-V 57,000 3.5 0.9

Cyclobond |1 2000 HP-RSP 37,000 54 1.1

a b
N/m calculated by half height method. USP tailing factor T = Wo.os/ 2f, where W5 =

peak width at 5% peak height and f = distance from the leading edge of the peak to the

Cc

peak maximum at 5% peak height. Dimensions of these columns were 10 cm x 0.46 cm.

d
Dimensions of these columns were 5 cm x 0.46 cm.

In the literature, the current accepted time limit for being labeled as an ultrafast

74,75

chromatographic separation seems to be ~1 min. This is probably a reasonable

choice since typical HPLC autoinjectors cycle at ~1 injection per min (or down to 0.5 min

for UHPLC). Hence in ultrafast LC, the chromato- graphic separations can be completed
more quickly than new samples can be injected (by conventional injection devices).
Figure 2.1 and Table 2.1 show over 60 such baseline enantiomeric separations. The
table covers a wide structural variety of enantiomers. Most separations are <40 s and
almost a quarter of those are on the order of 10 or fewer seconds. Furthermore, these

are accomplished in all mobile phase modes, i.e., normal phase, reversed phase, and
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polar organic modes and on a variety of bonded CSPs. Theoretically, we could screen

~90 to 360 chiral analytes per hour which could use less solvent than any other current
method. However, this is restricted to ~60 to, at most, 120 samples/hour because of

instrumental autoinjector limitations. Certainly, this is neither the first nor the only
example of chromatographic potential being limited by instrumental deficiencies.”*"®
Indeed, as discussed in the following paragraphs, the separations shown in Figure 2.2

and listed in Table 2.2 cannot be achieved under standard HPLC conditions used for

Figure 2.1.

o
NH
0 (B)
NH N
H O
(R,8)- Thalldomlde (R,S)-5-Methyl-5-phenylhydantoin
3'0 0 1'0 2'0 3'0
Seconds Seconds
NH,
H
(S, S) %{“ MNTCOOH
(€ (5( )ﬁ () °

o DL-Leu-DL-Ala

48,8
YN

Jacobsen's catalyst
(S,S/R,R)-Jacobsen’s catalyst

0 10 20 30 10 20 30 40 50 60
Seconds Seconds
(R) NH,
NH2 (F) 2-Chloro-indan-1-ylamine @—m
NH2
R ,S)- BINAM
30 0 10 20 30
Seconds Seconds

Figure 2.2 Representative ultrafast enantiomeric separations on each of 6 chiral

stationary phases: (A) vancomycin SPP (3 cm x 0.46 cm), MP = methanol, 4.95 mL/min,
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T.= 60 °C; (B) teicoplanin aglycone SPP (3 cm x 0.46 cm), MP = methanol, 4.70

mL/min, TCO =60 °C; (C) hydroxylpropyl-B-cyclodextrin SPP (5 cm x 0.46 cm), MP =

97:3:0.3:0.2 acetonitrile—-methanol-TFA-TEA, 4.75 mL/min, Teol = 60 °C; (D) teicoplanin
SPP (3 cm x 0.46 cm), MP = 40:60 water-methanol, 3.00 mL/min, Toq = 22 °C; (E) CF7-
DMP SPP (3 cm x 0.46 cm), MP = 90:10 heptane-ethanol, 4.80 mL/min, TCol =22°C; (F)

CF6-P SPP (10 cm % 0.46 cm), MP = 70:30:0.3:0.2 acetonitrile—methanol-TFA-TEA,

4.50 mL/min, TCol =22 °C.

241 Effect of Packing on Columns Used for Ultrafast Chiral LC.

Accomplishing ultrafast separations in HPLC generally requires higher flow rates, higher
pressures, and shorter columns. Consequently, both the column packing quality and
permeability are important. Commercial packing procedures are usually trade secrets.
When packing identical columns with different slurry solvents, it was found that the use of
a “well dispersed” slurry produced columns of >2.3x higher efficiencies and slightly

different permeability according to Darcy’s law.

Table 2.2 Chromatographic Data for Optimized Ultrafast Chiral Separations on Six

Different Chiral Stationary Phases (CSP) Bonded to 2.7 um Superficially Porous Particles

t t
# Analyte Structure CspP mobile phase; flow rate Ra Ra R¢'
sec sec
25:75 water:MeOH; 3.1
HOOC, T mL/min 12 18 2
1 Alanine >— >
HoN TAG 70:30 water:MeOH; 2.5 10 13 2.2
mL/min
25:75 water:MeOH; 2.5
Phenylalanin HooC T mL/min 15 21 2.2
2
e NH; TAG 40:60 water:MeOH; 2.5 15 22 2.1

mL/min
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t t
# Analyte Structure CspP mobile phase; flow rate Ra Ra R¢'
sec sec
4- HooC
40:60 water:MeOH; 2.5
3 ChloroPhenyl NH, . TAG mL/min 17 26 1.9
alanine
10:90 water:MeOH; 2.9
) HOOC_ OH T mL/min 13 17 1.6
4 Threonine
HoN TAG 25:75 water:MeOH; 2.5 u 15 2.6
mL/min
90:10 water:MeOH; 3.7
HOOC s— T mL/min 1.
5 Methionine >J 0 >
HoN TAG go:10 water:MeOH; 3.3 12 2.3
mL/min
25:75 water:MeOH; 2.5
. HOOC T mL/min 10 15 2.6
6 Valine
H,N TAG 9o:10 water:MeOH; 2.2 1 14 1.6
mL/min
80:20 water:MeOH; 3.0
HOOC, T mL/min 8 10 1.
7 Norvaline >—ﬁ >
HoN TAG 80:20 water:MeOH; 3.0 8 13 2.1
mL/min
10:90 water:MeOH; 2.9
HooC T mL/min 1 2 2
8 Leucine YY 3 3 3
NH, TAG go:10 water:EtOH; 3.0 9 12 1.9
mL/min
60:40 water:MeOH; 2.5
HOOC T mL/min 1 1 1.
9 Isoleucine >—( 4 7
HoN TAG 9o:10 water:MeOH; 2.5 1 14 1.6
mL/min
60:40 water:MeOH; 2.5
Hooc T mL/min 1 1 2.
10 Norleucine i > 3
NH; TAG 60:40 water:MeOH; 2.5 13 17 17
mL/min
25:75 water:MeOH; 2.5
HooC T mL/min 1 18 2.0
1 Tyrosine m 4
2 OH TAG 60:40 water:MeOH; 2.5 13 18 1.7
mL/min
go:10 water:EtOH; 3.7
) Hooc OH T mL/min 9 12 1.9
12 m-Tyrosine Y\©/
NH, TAG 99:1 water:MeOH; 3.7 10 31 2.5
mL/min
OH
13 o-Tyrosine HOOCY\© TAG 15:85 water:MeOH; 3.0 6 23 6
NH,

mL/min
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t t
# Analyte Structure CspP mobile phase; flow rate Ra Ra R¢'
sec sec
9o:10 water:MeOH; 3.5
, Homophenyl HoocY\/© T mL/min 12 18 2.7
4 alanine NH, TAG 60:40 water:MeOH; 2.2 17 39 3.1
mL/min
HoOC OH . . .
15  Homoserine i TAG 50:50 Wii;f::[iEOH’ 5 10 13 1.5
2
90:10 water:MeOH; 3.7
16 Proline QCOOH T mL/min 8 13 3.6
NH o:10 water:MeOH; 3.0 10 1 2.
TAG 9 MeOH; 3 7 5
mL/min
9o:10 water:MeOH; 3.5
Phenylglyci HOOC@ N mL/min 5033
1 en cin
7 Yeg Y H,N TAG 30:70 water:MeOH; 2.7 7 14 3.7
mL/min
8 6-methyl- HOOCY\EQ/ T 25:75 water:MeOH; o 2 o
Tryptophan NH, ! N 2.5 mL/min '
3-(- 25:75 water:MeOH;
19  Napthyl)alan Hooe O‘ T 75 . ’ 19 26 1.8
ine NH, 2.5 mL/min
3,5-DNB- oN Yo CF- 70:30:0.1
20 Tryptophan Q_HQN / D]\/’[7P heptane:EtOHzTFA, 38 44 1.9
methyl ester oN ° 3.0 mL/min
OO NH, CFy- 90:10 heptane:EtOH,
21 BINAM OO NH, DMP 4.8 mL/min 10 12 1.9
OO N, CFy- 98:2 heptane:EtOH,
22 NOBIN OO oH DMP 45 mL/min 17 22 2.5
Ho " OO CF6- 98.5:1.5 heptane:EtOH,
23 Vanol O pe . 29 33 17
O proH 3.5 mL/min
(1R,2S/1S,2R)
A NH, ) 70:30:0.3:0.2
24 2.Arn1no b2 O CFd6 ACN:MeOH:TFA:TEA, 18 20 1.8
diphenyleth P
'phenyletha OH 4.0 mL/min
nol )
(1S,2S/1R,2R)
2-Amino-1- oH CF6 80:20:0.3:0.2
25 . (4- OH d ACN:MeOH:TFA:TEA, 28 30 1.6
nitrophenyl)- on NH, P o mL/min
1,3- ’ 4
propanediol
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t t
# Analyte Structure CspP mobile phase; flow rate Ra Ra R¢'
sec sec
2,4-Dichloro- 00:10:0.3:0.2
26 o« C'Q‘(NH CF6- ACN:MeOH:TFA:TEA, 12 M 18
phenethylam o P .
ine 5.0 mL/min
2-Chloro-
indan-1- NH, CF6- 00:10:0.3:0.2
27 ylamine mm el pe ACN:MeOH:TFA:TEA, 12 14 1.6
hydrochlorid 4.5 mL/min
e
1(1- 80:20:0.3:0.2
28 naphthyl)eth Hz Cll;d6_ ACN:MeOH:TFA:TEA, 4.5 23 25 1.9
ylamine mL/min
(1S,2S/1R,2R)
NH, 92:8:0.3:0.2
29 trans-1- CF?' ACN:MeOH:TFA:TEA, 20 26 1.8
Amino-2- OH p .
indanol 5-0 mL/min
o- 80:20:0.3:0.2
30 Ethylbenzyla Q_(N: Clljd6 ) ACN:MeOH:TFA:TEA, 30 32 1.6
mine 2 4.0 mL/min
1-biphenyl-4- ) 80:20:0.3:0.2
31 yl- y Cll;d6 ACN:MeOH:TFA:TEA, 3.0 38 40 1.5
ethylamine 2 mL/min
Norphenylep OH 75:25:0.3:0.2
32 hrine Q_& H-cl CFd6_ ACNMGOHTFATEA, 36 39 1.5
hydrochlorid ¢ NH; p .
e 3.7 mL/min
HO 3 - ACN:MeOH:TFA:TEA,
33 hydrochlorid g NH p? . 34 37 5
e 3.6 mL/min
(1S,2S/1R,2R)
2-Amino-1-
(4- OoH CFé6- 80:20:0.3:0.2
34 . 4 OH d ACN:MeOH:TFA:TEA, 28 30 1.6
nitrophenyl)- NH, P .
13- 0N 4.0 mL/min
propanediol
HN— HoN 80:20:0.3:0.2
35 Tryptolphano @)\NOH Cll;d6 ) ACN:MeOH:TFA:TEA, 27 30 1.5
4.0 mL/min
-Ala-DL- "Mz 0:60 water:MeOH
4 DL-AlDL )WTN cooh - 4 (eOH, " 6 s
Ala o T 3.3 mL/min
DL-Leu-DL- Nz N coon 40:60 water:MeOH,
37 Ala T T 20 25 2.4
0
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t t
# Analyte Structure CspP mobile phase; flow rate Ra Ra R¢'
sec sec
DL-Leu-DL- i /@\ 40:60 water:MeOH,
38 e \MN T . 18 27 2.5
Leu a, 3.3 mL/min
H
N COOH 40:60 water:MeOH,
Gly-DL-Ala HoN T 20 .8
39 y 2 ﬁof Y 33 mL/min 49 5
O GOOH 0:60 water:MeOH,
40  Gly-DL-Met HZN\)LN)\/\S/ T 4 . 19 55 6.4
H 3.3 mL/min
o cooH 40:60 water:MeOH,
41 Gly-DL-Phe HoN T . 21 49 5.0
B 3.3 mL/min
£ MeOH, 4.7 mL/min
5-Methyl-5- Q T . 5 5 15
NH £ MeOH, 4.7 mL/min
42 phenylhydan A TAG 5 6 2.4
toin N"So v 90:10 1% TEAA pH 7:ACN, ) § .
3.0 mL/min > 7 7
97:3:0.3:0.2
Jacobsen’s “\”/“ CD- ACN:MeOH:TFA:TEA
3 catalyst (i/ Ej HpP' ' . 8 2 18
. 4.75 mL/min
3- Q 0.0 50:50 1% TEAA pH
44  Phenylphthal T 4.:MeOH, 15 20 1.9
ide O 2.6 mL/min
O J\ 70:30:0.3:0.2
45 Propanolol O o N T ACN:MeOH:AA:TEA, 29 33 1.6
OH 4.0 mL/min
O\\S i 60:40:0.3:0.2
46 Sotalol - \b \©\/\NJ\ Tc ACN'MeOH:AAZTEA, 20 22 1.5
on H 4.0 mL/min
@\/\/ 65:35:0.3:0.2
47 Alprenolol O/YN J\ T ACN:MeOH:AA:TEA, 21 24 15
H .
OH 4.0 mL/min
Mandeli @ 50:50 1% TEAA pH
andelic
1:MeOH,
48 Acid oH T 4 ' 6 8 1.9
OH 2.4 mL/min
o { ] MeOH,
49 Thalidomide @N&o \% . 5 6 2.7
§ g 4.95 mL/min
|
00 100:0.1 mM
50  Nicardipine ~ NO, \Y% MeOH:NH,TFA, 29 34 1.7
HN O~y N .
o rol 1.0 mL/min
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t t
# Analyte Structure CspP mobile phase; flow rate Ra Ra R¢'
sec sec
80:20 1% TEAA pH
51 Proglumide \% 4.1:ACN, 15 18 1.5
4.0 mL/min
80:20 1% TEAA pH
52 Coumachlor \% 4.1:ACN, 30 38 17
4.5 mL/min
on o 85:151% TEAA pH
53 Warfarin L \Y% 4.tACN, 29 36 1.5
O oo 4.0 mL/min
o N 65:35 20 mM
CD-
54 Nefopam Hp* NH,OAc:ACN, 35 40 2.1
Q 2.5 mL/min
L " Eg\©icu No, CF7-  98:2:0.1 heptane:IPA:TFA, 8
actofen 1 1.
55 OJ@%O(O%O, DMP® 2.0 mL/min 3 34
/
(N 100:0.15:0.05
56 Mianserin N \% MeOH:AA:TEA, 15 19 1.7
O O 4.0 mL/min
O o D 78:22 01% AA in
57  Methadone N HP; water:ACN, 26 30 1.6
‘ Q 3.7 mL/min
N CFy- 70:30 heptane:EtOH,
8 Troger’s base /\/©/ 18 20 1.8
> & /©/\/N DMP* 2.5 mL/min
N
Ethano— jg/ 57:43 20 mM NH,OAc pH
bridged N CD- 41:EtOH . 3 6
39 Tréger's base o 0 HP¢ ’ 3 3 :
1 ol 1.3 mL/min
~ ~
Etflano— N/U 55:45 20 mM NH,OAc pH
bridged N CD- A
60 L c 4.1:ACN, 24 28 1.6
Troger’s base HP .
O H 2.0 mL/min
2 OH
2.4.2 Detector Sampling Rates and Response Times.

The detector sampling rate (a.k.a. sampling frequency, data acquisition frequency or rate,
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etc.) and the detector response time become increasingly important for rapidly eluting
analytes and highly efficient separations as demonstrated with SPPs. Under certain
circumstances, peak shapes, peak width, and baseline noise can vary considerably as a
result of detector settings. There is some debate as to the exact cause and nature of
these effects.”” We will address this debate in a subsequent communication but will only
present the empirical results, as it impacts enantiomeric separations herein. Figure 2.3
shows the effect of detector sampling rate and response time (for an Agilent 1290
UHPLC) on the efficiency (N), resolution (Ry), and baseline noise for six ultrafast
enantiomeric separations performed under otherwise identical conditions. Note that with
Agilent ChemStation software, the detector sampling rate and response times are
coupled and the operator cannot independently change or “unpair” these two parameters.
The observed effects are the combined result of these two parameters. At the lowest
sampling rate and longest response time (bottom curve, Figure 2.3), the separation is not
discernible, the apparent efficiency and resolution is poor, but there is little baseline
noise. The separation parameters improve tremendously as the sampling rate increases
and the coupled time constant decreases up to about the 80 Hz curve. Concurrently the
noise level increases (see 80 x zoom in Figure 3). The default setting on this instrument
is 2.5 Hz. It should be noted that with other instruments (Dionex and Shimadzu, for
example) the operator can independently set these detector settings which could relate in

an array of unwanted or suboptimal combinations.
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Figure 2.3 Effect of detector sampling rate and response time on efficiency (N) and
resolution (Rs) in ultrafast chromatographic separations. BINAM analyzed on CF7-DMP
SPP (3 cm x 0.46 cm), MP = 90:10 heptane—ethanol, 4.0 mL/min, T, =22 °C; 1 Hz =1

s

It is apparent that to maintain high efficiency and good resolution when doing ultrafast
separations that detector coupled sampling rates should be 240 Hz and response time
<0.13 s (Figure 2.3). For enantiomeric separations <10 s, even higher rates and lower
times are needed. If one is simply screening samples and concentration is not a factor,
the choice of detector settings are straightforward (e.g., 80 or 160 Hz). However, if one is
examining either very low amounts of an analyte or enantiomeric purities, the higher
baseline noise (top curve in Figure 2.3) can obscure low level enantiomeric impurities
(e.g., <1% and especially <0.1%) and decrease the accuracy and precision of the
measurement.

2.4.3 Extra Column Band Broadening Effects on Ultrafast Separations.
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It is well established that extra column band broadening is a concern when using short
and/or narrow-bore columns that often are packed with smaller diameter particles, as in
UHPLC.”® In this regard, chiral separations are no different, especially when doing
ultrafast separations where it is essential to maintain high efficiencies. Figure 2.4
illustrates this assessment. A “stock” UHPLC was tested (top chromatogram, Figure 2.4)

and then the “extra column parts” of the instrument were replaced with smaller volume

2
versions. Using the variance (o ) calculated from second moment analysis, intrinsic

column efficiencies were calculated in each case, reflecting the true column efficiency of

4750 plates for a 20 s separation (see the Supporting Information). The 02 was also
calculated using the relationship o7,i, = 03stem /Tlotumn+system- AS Can be seen, a
complete system optimization produced a decrease in the extra column variance ratio
from 26% to 3% and this resulted in an ultrafast enantiomeric separation that went from

~71000 plates/m and a resolution of 1.4 to ~94 000 plates/m and a resolution of 1.7.

Nobserved = 3550

A St k dt Nlnlrin5|c=4750
(A) Stock condition o2 = 26%

ratio

Rs= 1.4

Nobserved =4700
lerins-c = 4750
Ozalio =3%

Rs=17

(B) Optimized condition

0 10 20 30
Seconds
Figure 2.4 Optimization of Agilent 1290 UHPLC for ultrafast separations by replacing

stock parts with low extra column volume alternatives. Tréger’s base analyzed on CF7-

DMP SPP (5 cm x 0.46 cm), MP = 70:30 heptane—ethanol, 2.5 mL/min, TCol = 22 °C.
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Percent extra column contribution is expressed as 6/, = 0%stem /Olomumn+system- (A)

Stock condition: stock injection needle and needle seat, 254 pm i.d. connection tubing
(22 cm total) with IDEX 10-32 finger tight fittings, and a 1.0 pL detector flow cell. (B)
Optimized conditions: ultralow dispersion needle and needle seat, 75 ym i.d. nanoViper

connection tubing (22 cm total), 0.6 uL detector flow cell.
2.4.4 Kinetic and Thermal (Frictional) Considerations.

Both the general topic of column efficiency and the more specific issue of frictional
heating have been considered for columns containing small particles (e.g., <2 pym
diameter) and for narrow bore columns.” Most of these studies focused on reversed

phase C18 based column formats.®*®*

There are few kinetic studies on small particle and
SPP chiral stationary phases (CSPs) and none on the effect of frictional heating on these
CSPs.*®® As stated previously, CSPs are subject to the same thermodynamic and
kinetic constraints as other column types. However, the manifestation of these kinetic
terms can differ as much from one CSP to another as they do from conventional C18 or
silica gel stationary phases. Likewise, the effect of frictional heating and column
temperature gradients has been evaluated and discussed for C18 reversed phase

80,82,84
columns.

For SPP-based CSPs, differences as well as any peculiarities can be
revealed by any of the related kinetic plots (van Deemter, reduced van Deemter, or
Knox).”® For the purpose of this discussion, we will use the standard Giddings’ coupled
van Deemter equation of:

B 1, 1\t
H= 24 Cou+ Cugy + (;+—) 4)

Csu

where H is the height equivalent to a theoretical plate, A is the eddy dispersion term, B is
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the longitudinal diffusion term, Cg is stationary phase mass transfer, C,, is mass transfer
in the stagnant mobile phase (sometime treated as “short range” eddy dispersion), C,, is

the moving mobile phase mass transfer term, and u is the linear velocity (m/s) of the

mobile phase.®
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Figure 2.5 van Deemter plots for chiral and achiral analytes in polar organic mode,
normal phase, and reversed phase on 2.7 ym SPP CSPs. (A) CF6-P SPP (10 cm x 0.46
cm id.), MP = 80:20:0.3:0.2 acetonitriie—methanol-TFA-TEA, T., = 25 °C
(thermostated). (B) CF7-DMP SPP (10 cm x 0.46 cm), MP = 90:10 heptane—ethanol, T
= 25 °C (thermostated). (C) Teicoplanin bonded SPP (5 cm x 0.46 cm), MP = 90:10
water—-methanol, Ty, = 25 °C (thermostated). (D) T., = 22 °C (not thermostated), other

conditions were identical to part C.
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Figure 2.5 shows four unique sets of van Deemter plots done in the (A) polar organic
mode, (B) normal phase mode, and (C and D) in the reversed phase mode under two
different temperature conditions. Each set of curves contains one pair of enantiomers and
at least one achiral test molecule. The experimental conditions are given in the legend.
The solvent temperature at the column outlet was measured at different linear velocities
and mobile phase modes (see the Experimental Section and Supporting Information).

The “polar organic” plots in Figure 5A indicate what some would consider to be a normal
“‘well behaved” system. The achiral void volume marker (1,3-dinitrobenzene) has the

lowest H at all linear velocities above ~0.5 mm/s and the flattest rise at higher velocities.

The least retained (first eluted) enantiomer and a retained achiral analyte (nicotinamide)
had almost identical efficiencies at all linear velocities and similar, slightly greater slopes
at higher linear velocities. The most retained enantiomer is generally thought to have the
greatest resistance to stationary phase mass transfer as it is subject to a greater number
of associative stereochemical interactions and often reorientation of the enantiomer.*>®
This appears to be so as the H_, is at a slightly lower linear velocity for the second
enantiomer compared to the first enantiomer and the achiral probe, indicating an increase
in the Cg term.

Figure 2.5B shows the analogous plots for the enantiomers of Tréger’s base as well as
retained and unretained achiral probe molecules in the normal phase mode. The relative
kinetic behaviors of these molecules are quite different than those in Figure 2.5A. The
plots of the enantiomers are almost identical at all linear velocities. However, this
behavior is believed to be related to two different things, one of which relates to the
stereochemical recognition mechanism while the other is related to general column
properties. The similar kinetic behaviors of the two enantiomers indicate that chiral

recognition is likely due to the presence of repulsive (steric) interactions rather than
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multiple associative interactions with one of the enantiomers. For example, the minimum
3-point of interaction needed for chiral recognition could come from one associative
interaction plus 2 steric interactions with one of the enantiomers. The only requirement of
this model is that the total energy of association be greater than that of the combined
steric repulsive interactions. Such systems have been proposed previously, but this is the
first time kinetic data has been used to support such a scenario.**

Also important is the relative behavior of the retained and unretained achiral analytes in
Figure 2.5B which is opposite to that in Figure 2.5A. The unretained void volume marker
(1,3,5- tri-tert-butylbenzene) has worst efficiency at all linear velocities but a flatter rise
than the enantiomers at higher linear velocities. The retained achiral molecule (1,3-
dinitrobenzene) exhibited the highest efficiency at all linear velocities and had the flattest
rise at higher linear velocities. This type of behavior has been reported previously in a

887 The van Deemter curves in

few instances for well packed, high efficiency columns.
Figure 2.5B were produced using a standard HPLC with a conventional injector, tubings,
column compartment, and detector flow cell. When the extra column effects were
minimized (Figure 2.4), the observed efficiencies of the 1,3,5-tri-tert-butylbenzene and
1,3- dinitrobenzene were nearly identical. This clearly illustrates the pronounced effects
of extra column band broadening on observed efficiencies in such van Deemter curves.
Indeed, the highest efficiency column (CF7-DMP with a reduced plate height (h = 1.6))
was chosen for this example in an ultrafast format. Clearly under these conditions, one

must be aware at all times of extra column effects and how they can generate apparent

anomalous behaviors.”

Figure 2.5C,D is for the same reversed phase enantiomeric separation and the same
retained achiral analyte (1,3- dinitrobenzene). The only difference in these two series of

experiments was that the column in Figure 2.5C was in a thermostated, temperature
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controlled, “still air device” set at 25 °C, while for Figure 2.5D the column was in ambient
conditions (22 °C). It is well-known that teicoplanin chiral selectors strongly and
selectively bind D-amino acid enantiomers and that this leads to greater resistance to
mass transfer and broader peaks. This is confirmed by the upper plots for the more
retained D-homophenylalanine in Figure 2.5C,D. Indeed no H minima vs linear velocity
can be identified from these plots and the efficiencies are lower than those in the other
mobile phase modes. It should be noted that such efficiencies can be greatly improved by
judicious use of specific additives, but that is not the subject of this work. As in the polar
organic mode, the curves for the first eluted (least retained) enantiomer and the achiral
retained analyte (1,3-dinitrobenzene) are quite similar to one another and both show
minima in the 0.5-1 mm/s region.

Perhaps the most striking aspect of these plots is the trend shown in Figure 5D. At linear

velocities higher than ~2.5 mm/ s, the efficiencies of both enantiomers and 1,3-

dinitrobenzene begin to improve significantly. This effect is most pronounced or the more
retained D-homophenylalanine. It is well documented that two types of temperature
gradients develop (axial and radial) when there is significant frictional heating.80'82‘84’88
Eluents with the heat capacity and density of mobile phases used in Figure 5
(acetonitrile, heptane, and water) and operating pressures above 300 bar can easily
generate axial temperature differentials of 10 °C.¥In fact, when the flow averaged
temperature was measured at the column outlet at various linear velocities in three
different modes, the axial temperature differences ranged from 11 to 16 °C. This axial
variation in fast separations does not contribute to an increase in peak width. On the
other hand, the peak efficiency is significantly affected by radial temperature gradients

which change local viscosities, velocity profiles, and diffusion coefficients of analytes. A

first order “approximation” of the maximum radial temperature difference AT, which can
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develop between the column center and the column wall is given by

dP\ 52
ATR — u(dz)R (5)

4Arad
where u is the superficial flow velocity in m/s (obtained by dividing the volumetric flow
rate by the total cross sectional area of the column), dP/dz the change in pressure in the
direction of the column axis (z) per unit length in N/m3, R the column radius in m, and
Arad is the approximate thermal conductivity of the mobile phase in the radial direction in

W/m °C.(65)

For example, in the normal phase mode (Figure 2.5B), the thermal conductivity of the
heptane—ethanol mixture is approximately 0.13 W/m°C. At low linear velocities, (1.67
mm/s or 1 mL/min, AP = 80 bar), the magnitude of the maximum radial temperature
difference is 1 °C; however, as the linear velocity is increased to 5 mm/s (3 mL/min), the
pressure drop is significant (250 bar), and the calculated maximal radial temperature
gradient is 8 °C. Note that eq 1 is generally used for first order approximations, it has
been shown that the calculated radial temperature gradients can overestimate the
observed radial gradients because it ignores the compressibility of the eluent.
Consequently the actual energy generated in the column is reduced by a factor of 2/3.0n
the other hand, as in Figure 2.5D, when a water-rich mobile phase is in use (thermal
conductivity of 0.55 W/m°C), a linear velocity of 1.67 mm/s (1 mL/min) generated a back
pressure of 112 bar due to higher viscosity. The calculated value of ATR is only 1 °C, and
at higher linear velocities, e.g., 5 mm/s (3 mL/min), a radial temperature difference of only
4 °C is developed. Also note than the axial temperature difference in Figure 2.5B,D was

similar (~12 °C). However, the data used in Figure 2.5B was from a thermostated column

(walls ~25 °C) while Figure 2.5D was not thermostated. Though, since heptane (Figure
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2.5B) is far more compressible than water (Figure 2.5D), the energy produced is reduced

by 2/3. However, it is clear from Figure 2.5D, that there are other factors, as in some
chiral separations when resistance to mass transfer effects are more pronounced. In
these interesting cases, such as a high thermal conductivity water rich mobile phase, the
gain in efficiency from an improvement in mass transfer at higher axial temperature
gradients is enough to visibly counter any smaller losses in efficiency due to radial
temperature gradients and eddy dispersion. This possibility was noted early on by
Halasz*and is apparent in Figure 2.5D.See the Supporting Information for detailed
temperature measurements and calculations.

2.5 Conclusions

The results of this study, indicate that (1) SPPs are advantageous for ultrafast and high
efficiency chiral separations, (2) enantiomeric separations on the order of few seconds
are now feasible in all mobile phases with bonded brush type CSPs, (3) kinetic behaviors
can sometimes be used to shed light on chiral recognition mechanisms, (4) CSPs can
show quite different kinetic profiles from each other and from achiral systems, (5) ultrafast
chiral separations require optimized detection and minimization of extra column effects,
(6) frictional heating effects must be accounted for in ultrafast separations as they can
manifest themselves in disparate ways and to different degrees for various CSPs and
mobile phase modes, (7) efficiencies and separation speeds for chiral analytes can now
exceed those in capillary electrophoresis. Also it is feasible to expect that (8) SPPs may
be advantageous for preparative separations when their high efficiencies, faster analyses
times, and reduced solvent consumption compensate for lower chiral selector loading, (9)
ultrafast SPP-CSPs may be attractive as the second dimension in 2D-LC because of their
greater selectivity and orthogonality to conventional achiral stationary phases, and (10)

real-time monitoring of product formation in asymmetric synthesis is possible with
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ultrafast chiral separations.

34



Chapter 3
Ultrafast separation of fluorinated and desfluorinated pharmaceuticals using highly
efficient and selective chiral selectors bonded to superficially porous particles

3.1 Abstract
The separation of fluorinated active pharmaceutical ingredients (APIs) from their
desfluoro analogs is a challenging analytical task due to their structural similarity. In this
work, fluorine containing APIs and their corresponding desfluorinated impurities were
separated on five new 2.7 ym superficially porous particles (SPPs) functionalized with
bonded chiral selectors. The unique shape selectivity of bonded macrocyclic
glycopeptides and oligosaccharides was utilized to separate seven pairs of
fluoro/desfluoro APIs resulting in some unprecedented selectivity values. For example,
SPP bonded isopropyl cyclofructan 6 yielded a selectivity of 2.73 for voriconazole and
desfluoro voriconazole. Further, the SPP based columns allowed for rapid separations
ranging from 9 to 55 s with very high efficiencies ranging from 45,000 to 70,000 plates/m
(at high flow rates) in both reversed phase and polar organic modes. Chromatographic
separation and detection by HPLC-ESI-MS was demonstrated using ezetimibe and
voriconazole and their desfluorinated impurities. Among the tested phases, SPP
hydroxypropyl-B-cyclodextrin separated the most fluorinated and desfluorinated analogs
with baseline resolution.
3.2 Introduction
Medicinal chemists frequently alter the chemical structure of natural products to produce
new active pharmaceutical ingredients (APIs) with modified biological activity. This
strategy often reduces side effects while increasing bioavailability.89 One of the common
strategies to increase the biological activity and bioavailability of an API is to incorporate

fluorine atom(s) in the drug’s structure which in turn increases the lipophilic character of
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the AP].*%% Approximately, one fifth of all Food and Drug Adminis- tration (FDA)
approved drugs, which are available in the market, contain at least one fluorine atom 9293
During the synthesis of fluorinated pharmaceuticals, desfluoro impurities are often gener-
ated by hydrodehalogenation from palladium coupling or catalytic hydrogenation
reactions.** These impurities can contaminate the API with the desfluoro analogue and
persist throughout purification steps. Recently, Atici and Karliga reported that desfluoro
ezetim- ibe, which is one of the impurities generated during the synthesis of the plasma
cholesterol lowering drug ezetimibe, was observed consistently in the range of 0.05-
0.15% in the final product.95 Since fluorine and hydrogen have similar sizes and
electronic structures, chromatography using ordinary C18 chemistries is often unable to

separate these desfluorinated impurities causing them to co-elute with the major product

of interest.

To date, only a few publications directly address the separation of fluorinated and

desfluorinated mixture.®>'%°

Impurities in the fluorinated drug atorvastatin were separated
on a C18 column using reverse phase (RP) gradient elution with THF as the organic
modifier.*® The typical retention time was 30 min for atorvastatin and desflourinated

atorvastatin. Alternatively, Turco et al. showed detection and quantification of

19
desfluorinated impurities in caso- pitant mesylate using F NMR and LC-MS.*" The

authors utilized HPLC coupled with ESI-MS and the typical retention time for separation
was approximately 4-6 min using RP mode. In 2015, Welch et al. performed a
comprehensive study of 132 mobile phase and column combinations for the separation of
8 fluorinated APIs and their desfluoro analogues.98 The authors found that perfluorinated
stationary phases produced the best separations in most cases. Sub- 2um fully porous

perfluoro phenyl (PFP) columns were used to achieve separation times in the range of
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1.5-4 min. The authors also showed the compatibility of the perfluorinated stationary
phase using UHLPC coupled with high resolution electrospray ionization mass
spectrometry.” Recently, Regalado et al. used 16 fluorinated stationary phases and
showed faster separations ranging from 0.4 to 5 min and selectivity values in the range of

1.07-1.75."° For a comprehensive review on fluorinated stationary phases the readers

can consult references. "%

It was recognized in the early 1980s that macrocyclic oligosac- charides bonded on silica

can not only act as chiral phases but they also possesses excellent shape selectivity for

13,14,103-108

diastereomers and structural isomers. The authors separated hundreds of

achiral compounds from their isomers using hydrolytically stable -cyclodextrin bonded

columns. Using the same column chemistry, nicotine and thirteen structurally related

108

compounds were separated. — In 1994, macrocyclic glycopeptides such van- comycin,

teicoplanin, and teicoplanin aglycone were introduced as a chiral selectors and it was

shown that these chiral selectors have good selectivity for amino acids, B-blockers and

9,109,110

heterocyclic compounds. In addition these chiral selectors were advan- tageous in

111,112

separating diastereomers and large peptides . When the same chiral selectors were

bonded to 2.7um superfi- cially porous particles (SPPs), similar separations could be

62,113,114

achieved under 30 s. Recently, more than 60 such ultrafast high resolution

separations were shown in short 3-5 cm columns.”">'"

Such fast separations are highly
advantageous for drug screening where hundreds of pharmacologically active

compounds have to be evaluated.

In this work the unique selectivity of vancomycin, teicoplanin, cyclofructan, and
hydroxypropyl-B-cyclodextrin bonded on 2.7 um SPPs was evaluated for the separation

of fluorinated and desfluorinated compound mixtures. Given the unusual selectivity of the
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above mentioned stationary phases, it is logical to test the capability of these columns for
ultrafast separation of fluorinated drugs and their desfluorinated impurities. To best of our
knowl- edge this is first example where chiral selectors bonded to SPP supports are

employed for the separation of desfluoro impurities from fluorinated APls.

3.3 Reagents and materials

Methanol (MeOH), ethanol (EtOH), acetonitrile (ACN), triethyl- amine (TEA),
trifluoroacetic acid (TFA) and ammonium acetate (NH4 OAc) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All solvents utilized for separation purpose were
HPLC grade or better. Ultrapure water was obtained from Milli-Q water purifica- tion
system (Millipore, Billerica, MA, USA). Atorvastatin sodium, desfluoro atorvastatin
sodium, voriconazole, desfluoro voricona- zole, paroxetine, desfluoro paroxetine,
ciprofloxacin, desfluoro ciprofloxacin, ofloxacin, desfluro ofloxacin, aprepitant, desfluoro
aprepitant (structures shown in Fig. 1), were purchased from Molcan Corporation
(Ontario, Canada). The 2.7y m superficially porous silica particles with an inner core
diameter of 1.7 ym and surrounding shell thickness of 0.5um were provided by Agilent
Technologies (Wilmington, DE). These silica particles have a sur-face area of 120 m2/g
and pore size of 120 A°. Vancomycin SPP (5cm and 10 cm x 0.46 cm), teicoplanin SPP
(5 cm x 0.46 cm), cyclofructan (CF 6) SPP (15cmx0.46¢cm), isopropyl bonded
cyclofructan (CF6-P) SPP (10 cm x 0.46 cm) and hydroxyl-B-cyclodextrin (RSP) SPP (5
cm x 0.46 cm) chiral columns utilized in these studies were provided by AZYP LLC
(Arlington, TX, USA). The commercial Chirobiotic V (10 cm x 0.46 cm) column used for

comparative purposes was obtained from Supelco (Sigma—Aldrich).

3.4 Instrumentation

A 1290 UHPLC system from Agilent technologies, Santa Clara, CA was used for all
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ultrafast separations. The instrument was equipped with an autosampler (G4226A),
quaternary pump (G4204A) and a diode array detector (G4212A). For ultrafast
separations, it was nec- essary to achieve low volume dispersion to reduce extra column
effects by using 0.075 mm i.d. connection tubing (Agilent Technolo- gies, USA) and an
ultralow dispersion kit (Agilent, P/N 5067-5189). This kit includes two stainless steel
capillary (0.075 mm x 220 mm and 0.075 mm x 340 mm) and low dispersion needle seat
assembly (P/N G4226-87020). To minimize peak broadening from detection electronics,
highest possible sampling frequency 160 Hz and short- est response time 0.016 s were
used. The instrument was controlled by OpenLAB CDS ChemStation software (Rev.
C.01.06 [61], Agilent Technologies 2001-2014) in Microsoft Windows 8.1. Before
performing separations all solvents were degassed using sonica- tion under vacuum.
Reverse phase chiral HPLC-ESI-MS experiments were performed on Shimadzu LCMS
2020 system (Shimadzu Corporation, Kyoto, Japan) with two LC-20AD pumps, SIL-20AC
autosampler, CBM-20A HPLC system controller, SPD-M20A photo- diode array detector
and LCMS 2020 mass spectrophotometer. The ESI-MS was a single quadrupole mass
analyzer. The software to control the mass spectrometer was Shimadzu Labsolution

LCMS 5.1.

3.5 Results and discussion

The drugs selected for these studies are FDA approved APIs and are commercially
available (Fig. 3.1). All drugs are fluorine con- taining molecules and their corresponding
hydrogen containing analog is referred to as their desfluoro impurity. Separation of these
desfluoro impurities is very challenging considering the drug and its desfluro analogue
have very similar structures. In order to achieve ultrafast separations while maintaining

baseline resolution between the drug and the impurity, the combination of ultrahigh
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efficiency superficially porous supports and the unique selectivity of chiral macrocyclic

glycopeptides or oligosaccharides were used to great effect.
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Fig. 6. Closely related fluoro and desfluoro compounds.
3.1 Performance comparison of SPP bonded selectors with commercially available

columns

The state of art oligosaccharide and glycopeptide chiral station- ary phases (CSPs) utilize
5 um fully porous silica particles. Fig. 3.2 provides a comparison of a commercially
available 5 ym Chirobiotic V column with the vancomycin SPP column. In Fig. 3.2A the

same mobile phase and flow rates were used whereas in Fig. 3.2B mobile phase for the
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Chirobiotic V column was adjusted to achieve the same retention time as the vancomycin
SPP column. Better peak shapes were observed with the vancomycin SPP column
compared to the Chirobiotic V column in both cases. The USP tailing factor was 1.9 with
the vancomycin SPP column compared to 2.4 and 2.1 (at constant mobile phase and
constant retention time, respectively) with the Chirobiotic V column. Interestingly, a 4x
increase in plate count and a resolution increase from 1.4 to 1.8 was observed for the
vancomycin SPP column compared to commercially available column of the same length
at constant mobile phase (see Fig. 3.2A). The increase in resolution on the SPP column
is due to the high efficiency of the SPPs rather than selectivity, because the same

selectivity was observed for both vancomycin columns under constant mobile phase

conditions.
A) B)
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Fig.3.2 (A) Constant mobile phase comparison of ciprofloxacin and desfluoro
ciprofloxacin. Columns are10cmx0.46cm in dimension. MP: 90:10:0.3:0.2ACN:MeOH:
AA: TEA, flow rate 2.0 mL/min. (B) Constant retention time comparison of ciprofloxacin
and desfluoro ciprofloxacin. MP for vancomycin SPP column: 90:10:0.3:0.2

ACN:MeOH:AA:TEA, flow rate 2.0 mL/min, MP for Chirobiotic V column: 87:13:0.3:0.2
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ACN:MeOH:AA:TEA, flow rate 2.0 mL/min.

3.5.1 Performance comparison of different SPP bonded CSPs for separation of fluoro

and desfluro analogues

Considering the equivalent selectivity and higher efficiencies of the SPP based stationary
phases compared to the FPP based com- mercial columns, the potential for using the
SPP based stationary phases for ultrafast separations was evaluated. Examples of highly
selective and efficient ultrafast separations of fluoro APIs and their hydrogen containing
structural analogs using hydroxylpropyl- B-cyclodextrin and CF6 SPP columns are shown
in Fig. 3.3. The efficiencies of these high flow rate separations ranged from 45,000 to
70,000 plates/m. For example, ezetimibe and desfluoro ezetimibe were separated in
under a minute and had a plate count of 50,000 plates/m with a resolution of 2.8 and a
selectivity (a) of 1.59. An_ of 1.59 is the highest selectivity obtained for these analogues
to date when compared to previous studies."® Ciprofloxacin and desfluoro ciprofloxacin
were separated with baseline resolution of 4.1 in 55 s and ofloxacin and desfluoro

ofloxacin were separated with baseline resolution of 2.8 in 40 s.

Table 3.1 shows the optimized, ultrafast, separation results for the seven APIs and their
desfluoro impurities. All separations were obtained in the polar organic mode except the
ezetimibe and aprepitant mixtures which were separated in the reverse phase mode. The
majority of separations were obtained under a minute with resolutions ranging from 1.2 to
4.3. The aprepitant and atorvastatin mixture was the most difficult to separate and it was
only separated on the RSP and CF6 SPP columns respectively. Interestingly, desfluoro
aprepitant eluted before the fluorinated API, whereas in all other fluoro and desfluoro

mixtures, the fluoro analogues eluted first. In order to further evaluate the unique
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selectivities of the various CSPs tested here, the separation of voriconazole and
desfluoro vorinoconazole was compared for each column. Fig. 3.4 shows representative
ultrafast separations of voriconazole and desfluoro voriconazole on macrocylic glycopep-
tide (vancomycin, teicoplanin) and macrocyclic oligosaccharide (CF6-P, CF®6,
hydroxylpropyl-B-cyclodextrin) SPP CSP columns. The separation time of voriconazole
and desfluoro voriconazole in Fig. 3.4 ranges from 9 to 29 s. The separations were
achieved in the polar organic mode with flow rates ranging from 3 to 5 mL/min which
resulted in baseline separation on each column. All SPP station- ary phases in this study

provided selectivities (a = ko /kq ) of more than 2.10 for voriconazole and desfluoro

voriconazole which are the highest, values reported to date. Previous studies obtained a

maximum selectivity of 1.60 with a C18 column.'®

Column efficiencies ranged from
70,000 to 95,000 plates/m. The fastest separation of the voriconazole and desfluoro
voriconazole mixture was obtained with the vancomycin bonded SPP column with
baseline resolution of 1.6 and a selectivity of 2.62 at 5 mL/min. All ultrafast separations

shown in Fig. 3.4 are obtained in less than 30 s. The two cyclofructan based columns

would also have allowed for baseline separations in ~10 s if shorter columns (5 cm) had

been available.

43



OH

v O
a) FQA/ If“@

R=F (Ezetimibe)
R=H (Des-F ezetimibe)

R

0 20 40 60
Seconds

HN

b
b) LN N
R:@:(qj\g/ori

R=F (Ciprofloxacin)
R=H (Des-F ciprofloxacin)

0 20 40 60

Seconds
\N/\ o
N N
c) B I ou
r T T 2 R=F (Ofloxacin) .
0 20 40 60 R=H (Des-F ofloxacin)
Seconds

Fig. 3.3 Ultrafast separation of ezetimibe, ciprofloxacin, ofloxacin and their desfluro
analogues on (A) hydroxylpropyl-B-cyclodextrin SPP (5cmx0.46cm) column, MP: 50:50 5
mM NH4OAc pH 4.0: MeOH, flow rate 2.0 mL/min. (B) CF6 SPP (15 cmx0.46 cm)
column, MP: 90:10:0.3:0.2 ACN:MeOH:TFA:TEA, flow rate 4.5mL/min. (C) CF6 SPP

(15cmx0.46¢cm) column, MP: 90:10:0.3:0.2 ACN:MeOH:TFATEA, flow rate 4.5 mL/min.
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Table 3.1 Ultrafast separation of desfluoro impurities

Flow rate t tr
Mixtures Column” Mobile phase (mL/min) (s) () (Ry (o)
95:5:0.3:02
A ACN/McOH/TFA/TEA  +00 347213
Ofloxacin and 90:10:0.3:02
Desfluoro ofloxacin B ACN/McOH/TFA/TEA 00 280321134
90:10:0.3:02
c ACN/McOH/TFA/TEA 439 3640 28 132
95:5:0.3:02
A ACN/McOH/TFA/TEA  +00 34729 146
. . 97:3:0.3:02
Ciprofloxacin and B ACN/MeOH/TFA/TEA 3.00 27 33 2.6 1.36
Desfluoro 90:10:0.3:02
ciprofloxacin C ACN/MeOH/TFA/TEA 4.50 45 55 4.1 1.39
90:10:0.3:02
b ACN/McOH/TFA/TEA 440 2028 22 14
Ezetimibe and 50:50 5 mM
. B NH4OAc pH 4.0 2.00 31 40 2.8 1.59
Desfluoro ezetimibe
:MeOH
Paroxetine and 97:3:0.3:02
Desfluro paroxetine B ACN/MeOH/TFA/TEA 2.00 41 45 13 111
95:5:0.3:02
A ACN/McOH/TFA/TEA  +00 1822 38 228
95:5:0.3:02
B ACN/McOH/TFATEA 00 2127
Voriconazole and 90:10:0.3:02
Desfluoro voriconazole ¢ ACN/McOH/TFA/TEA  +39 329 43 208
90:10:0.3:02
b ACN/McOH/TFA/TEA 00 o9 16 262
90:10:0.3:02
E ACN/McOH/TFATEA >0 8 116 269
Aprepitant and 80:20 20mM
Desfluoro aprepitant B NH4OAc :EtOH 2.20 43 >0 12 123
Atorvastatin and 98:2:0.3:02
Desfluoro atorvastatin C ACN/MeOH/TFA/TEA 2.00 170 186 14 113

#(A) 10 cm x 0.46 cm column packed with CF6-P SPP. (B) 5 cm x 0.46 cm column

packed with hydroxylpropyl--cyclodextrin SPP. (C) 15 cm x 0.46 cm column packed with

CF6 SPP. (D) 5 cm x 0.46 cm column packed with vancomycin SPP. (E) 5 cm x 0.46 cm

column packed with teicoplanin SPP. These are recommended conditions for LC with UV

detection.
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Fig. 3.4 Ultrafast separation of voriconazole and desfluoro voriconazole on (A) MP:
95:5:0.3:0.2 ACN:MeOH:TFA:TEA, flow rate 4.0mL/min. (B) MP: 85:15:0.3:0.2
ACN:MeOH:TFA:TEA, flow rate 5.0 mL/min. (C) MP: 90:10:0.3:0.2 ACN:MeOH:TFA:TEA,
flow rate 4.5 mL/min. (D) MP: 90:10:0.3:0.2 ACN:MeOH:TFA:TEA, flow rate 5.0 mL/min.

(E) MP: 95:5:0.3:0.2 ACN:MeOH:TFA:TEA, flow rate 3.0 mL/min.

3.5.2 Optimization of separation factor

The ultrafast separations shown in Table 3.1 were performed using strong mobile phase
conditions to elute the analytes rapidly. An effect of this rapid elution is a diminution of
the, values. Hence mobile phase conditions were also optimized to achieve larger

selectivity factors. For this purpose ciprofloxacin, ofloxacin and voriconazole were
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selected with their desfluorinated analogs. The stationary phase used was CF6-P SPP
(10 cm x 0.46 cm column). It has been demonstrated that by increasing length of the
alcohol chain (for example ethanol to 1-butanol) can enhance the selec- tivity of the CSP.
Similarly in the case of voriconazole and desfluoro voriconazole separation changing the
alcohol modifier from methanol to 2-propanol the selectivity increased from 2.28 to 2.73.
For ciprofloxacin and desfluoro ciprofloxacin selectivity factor increased from 1.46 to 1.58
and for ofloxacin and desfluoro ofloxacin increase from 1.35 to 1.42 was observed (see

Table 3.2).

Table 3.2 Optimized separation factors of fluoro and desfluoro compounds

Flow rate t) t Selectivity

Mixtures Column® Mobile phase (mL/min)  (min)  (min) (D)
R L S TR
Desthocofioscin A ACNIAMEATEA 200 291 429 Lss
Olscpnibetin | BIGE aw w w1

Table 3.1 emphasized high speed separations using SPP based sta- tionary phases.
Selectivities in Table 3.1 range from 1.13 to 2.72. According to previous studies by
Regalado et al. the highest selec- tivity for these compounds was 1.60 obtained for
voriconazole and desfluoro voriconazole using a C18 column . In this work, all SPP chiral
columns yielded selectivity factors greater than 2.1 and highest selectivity factor of 2.72
was achieved on hydroxypropyl- p-cyclodextrin SPP column while maintaining ultrafast
conditions for voriconazole and desfluoro voriconazole. Similarly two more compound
mixtures, ezetimibe, desfluro ezetimibe and aprepitant, desfluoro aprepitant yielded
optimized separation factors of 1.59 and 1.23, respectively which are higher than results

previously reported .
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3.5.3 HPLC-ESI-MS studies

Mass spectrometry is an important tool to identify potential impurities based on mass.
Previous work utilized a PFP column with gradient elution for the separation of
halogenated pharma- ceuticals and their dehalogenated impurities by mass
spectroscopy. In this work, the RSP SPP (5cmx0.46cm i.d.) column was used under
isocratic conditions as an example of the currently developed method’s MS compatibility.
Mobile phases consisting of 5 mM ammonium acetate, pH 4.0-MeOH produced good
separa- tion and resolution of desfluoro impurities (Fig. 3.5) of ezetimibe and
voriconazole. Fig. 3.5A MS results indicated that the fluoro contain- ing ezetimibe eluted

before its desfluro impurity. For, voriconazole the EIC of m/z 350 corresponding to

molecular ion [M + H] * eluted first and later the desfluoro analogue eluted with a m/z 332

(18 Da less).
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Fig. 3.5 HPLC-ESI MS of (A) ezetibmibe and desfluoroezetimibe, (B) voriconazole and
desfluorovoriconazole, MP: 50:50 5 mM NH4OAc pH4.0: MeOH, flowrate: 0.7mL/min.

Injection volume: 1 pL. Analytes concentration ranges from 0.1 to 0.5 mg/mL.

3.6. Conclusions

The separation of fluorinated and desfluorinated com- pounds can be challenging due to
their structural similarity. Hydroxypropyl-B-cylclodextrin bonded to SPPs provided the
maximum number of ultrafast separations. The mobile phases employed were compatible

with standard photodiode array detection as well as electrospray ionization mass
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spectrometry. Comparison of SPP bonded chiral stationary phases with com- mercially
available ones showed better resolution and higher efficiencies for the SPP based
columns. Several separations showed selectivity values better than any previously

reported separations on fluorous phases.
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Chapter 4
High efficiency, narrow particle size distribution, sub-2 ym based macrocyclic

glycopeptide chiral stationary phases in HPLC and SFC

4.1 Abstract

State of the art chiral chromatography still employs 3-5 ym bonded or immobilized chiral
selectors in 10-25 cm columns. With the availability of 1.9 ym narrow particle size
distribution (NPSD) silica, it is now possible to make ever shorter, high efficiency columns
practical for sub-minute chiral separations. Three macrocyclic glycopeptides (teicoplanin,
teicoplanin aglycone, and vancomycin) were bonded onto 1.9 yum NPSD particles. Such

packed columns had ~80% lower backpressure as compared to polydisperse (PD)

1.7 um silica materials when using the same mobile phase. The decreased backpressure
allowed for diminution of frictional heating and allowed for the use of the 1.9 ym NPSD
particle based columns at high flow rates. The 1.9 um NPSD particle based columns
showed up to 190,000 plates m™" for chiral molecules and 210,000 plates m”" for achiral
probes. Representative enantiomeric separations are shown for wide classes of
compounds, including different types of amino acids, B-blockers, and pharmaceutically
important heterocyclic compounds such as oxazolidinones. Applications in three liquid
chromatography modes, namely, reversed phase, polar organic mode and normal phase
chiral separations were shown with resolution values ranging from 1.5 to 5.7. Additionally,
the same columns were used with supercritical fluid chromatography (SFC) for ultrafast

separations.
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4.2 Introduction

Silica particles bonded or coated with chiral selectors are considered state of art
materials for separating enantiomers in chromatography. These stationary phases are
utilized in high performance liquid chromatography (HPLC) and super/subcritical fluid
chromatography (SFC). In the last four decades, the field of enantiomeric separations
has progressed from something that was once considered difficult to do, to an essential,
mature technique in pharmaceutical, bioanalytical, and synthetic organic laboratories.
Currently, there are no chiral stationary phases that can separate all classes of chiral
molecules. For these reasons, researchers engaged in stationary phase development
have extensively focussed on synthesizing chiral selectors, which have high selectivity for

9,12,116-120

various classes of enantiomers. With the advent of high-throughput screening

methods, the role of chromatographic efficiency cannot be overemphasized. Yet, only

recently did the importance of high efficiency chiral separations become a focus in chiral

52,62,113,114,121-123

column development in liquid chromatography as well as supercritical

fluid chromatography'*'?°

. High theoretical plate numbers, when coupled with chiral
selectors having broad enantiomeric selectivity, allows chromatographers to develop
rapid HPLC separations for screening processes with short columns.

A number of new approaches have been adapted to achieve high efficiency chiral
separations. For instance, Guillarme etal. used chiral derivatizing reagents before
performing diastereomer separations on 1.7 ym C-18 silica for B—blockers.121
Alternatively, chiral additives such as cyclodextrins have been used in the mobile phase

126

with small particle achiral columns. > The most promising strategy for fast and high

efficiency enantiomeric separations is to immobilize a chiral selector on a high efficiency

52,113,114

silica support (small particles or core-shell particles). With the production of <5 ym

fully porous particles (FFPs) and superficially porous particles (SPPs), significant
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improvements have been made in ultrafast high efficiency chiral chromatography using

liquid or super/subcritical mobile phases.’*%%'"3114.127.128

Recently, Ai et al. employed sub
1-um silica particles bonded with B-cyclodextrin to separate six compounds under
7min [18].°° Such columns afforded 49,500-73,700 plates m™" under optimized
conditions. Similarly, Gasparrini and co-workers bonded a pi-complex brush type chiral
selector on 1.7 ym FPPs and showed few ultrafast separations ranging from 15 to 80 s
obtained in the normal phase mode [10].°* Besides, FPP silica supports, the emerging
SPPs were proven to produce highly efficient, ie. over 200,000 plates m™", chiral
columns with a variety of brush type chiral selectors including macrocyclic

62,113,114

glycopeptides. Surprisingly, in a recent report, when a macrocyclic glycopeptide
(teicoplanin) was bonded onto 1.7 um SPPs with a very small particle size distribution,
very low plate counts (21,400 plates m'1) were observed, although the reasons for this
low efficiency were not clear 128

One of the interesting “unsettled debates” in high efficiency chromatography is the role of
particle size distribution (PSD) of the packing material. Four decades ago, Halasz was of
the opinion that the width of sieve fraction of silica does not affect the chromatographic
efficiency as long as the deviation from the arithmetic mean is smaller than 40% 2 This
was an empirical observation with large particle diameters (50-200 pm).5 On the other
hand, Desmet showed a linear correlation between the standard deviation of the particle
diameter and reduced plate height with <6 ym FPPs. ®This debate was investigated
theoretically and experimentally by Gritti using the recently introduced 1.9 ym Titan
particles.7’8 These silica particles have a very narrow particle size distribution (e.g. <10%

RSD) and column efficiencies are unusually high; for instance producing an intrinsic

reduced plate height of 1.7 in narrow bore columns, which are known to pose challenges
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during the packing process.7 All previous studies on the effect of particle size distribution
and the use of Titan silica have only considered achiral (C-18) stationary phases.

In this work, we explore the potential advantages of using narrow particle size distribution
(NPSD) silica for chiral chromatography with broad selectivity bonded macrocyclic
glycopeptides. The slurry packing behavior and chromatographic performance of the
NPSD particles were compared with commercially available 1.7 ym polydisperse (PD)
silica. A broad range of analyte classes including B-blockers, amino acids, and
heterocyclic compounds were rapidly baseline separated (separation time <1 min). It was
shown that the macrocyclic glycopeptide bonded sub-2 ym particles can be used in all
types of reversed phase, normal phase, polar organic mode, and SFC applications
without any performance degradation while interchangeably using one mode or another.
The representative bonded macrocyclic glycopeptide phases namely; vancomycin,

teicoplanin, and teicoplanin aglycone are evaluated and discussed.

4.3. Experimental
4.3.1 Reagents and materials

Anhydrous pyridine, anhydrous N,N-dimethylformamide, anhydrous toluene, sodium
hydrosulfite, teicoplanin hydrochloride, vancomycin hydrochloride, 1,3-dinitrobenzene,
aminopropyl trimethoxysilane, 1,6-di-isocyanatohexane, 3-(triethoxysilyl)propyl
isocyanate, methanol (MeOH), ethanol (EtOH), acetonitrle (ACN), heptane,
triethylammonium acetate (TEAA), triethylamine (TEA), trifluoroacetic acid (TFA), and
acetic acid (AA) were obtained from Sigma Aldrich (St. Louis, MO, USA). All solvents for
chromatographic purposes were HPLC grade or better. Distilled water was further
purified with Milli-Q water purification system to 18 MQ (Millipore, Billerica, MA). SFC-

grade CO; (Airgas) in cylinders supplied with full length eductor tube was used for
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supercritical fluid chromatography. Fully porous silica particles with a nominal size of
1.7 um were purchased from Daisogel (Tokyo, Japan). The particles have a surface area
of 346 m? g~' and pore size of 120 A. Commercial chiral columns packed with 5 pm fully
porous silica (Chirobiotic V, Chirobiotic T and Chirobiotic TAG) and fully porous silica gel
with narrow size distribution (Titan, 1.9 um, 115 A, BET surface area of 294 m? g'1) were
provided by Supelco Analytical (Bellefonte, PA). Herein, particle size distribution (PSD)
values of the different silica particles were obtained from the manufacturers. PSDs were
reported as Dgo/D1g values, which is a ratio of particle sizes, where the Dgy value is a
particle size (diameter) for which 90% of all other particles in the distribution are smaller.
Likewise, the D4q value is a particle size (diameter) for which 10% of all other particles in
the distribution are smaller. Hence, the closer the Dgo/Dg ratio is to unity, the narrower

the PSD.

4.3.1. Synthesis of stationary phases

All reactions were carried out in anhydrous solvents. Silica was oven dried and further
dried via azeotropic distillation in a Dean Stark apparatus. Vancomycin, teicoplanin and
teicoplanin aglycone were covalently attached to 1.9 um NPSD silica (Titan) and 1.7 pm
PD (Daisogel) silica using the same procedures as reported previously and.”*" The
particles were washed thoroughly with organic solvents and, water and fines were
removed by discarding the supernatant liquid in sedimentation process. The stationary
phases were packed into 50 x 4.6 mm i.d. columns (IDEX Health and Science, Oak
Harbor, WA) under a constant pressure of 10,000-12,000 psi using a pneumatically
driven pump (Haskel, Inc. Burbank, CA, Model DSTV-122). Each stationary phase
required optimization of the slurry solvent mixtures and push solvents. The useful slurry

129

optimization tests via microscopy have been detailed elsewhere. =~ All the columns were
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tested for efficiency with an achiral probe (1,3-dinitrobenzene) using 70% heptane-30%
ethanol at 1.0 mL min™". Al reported efficiencies on the UHPLC were calculated using the

peak width at half height.

4.3.2. UHPLC and SFC instrumentation

All separations were performed at room temperature in reversed phase, polar organic
mode and normal phase modes on the UHPLC. An Agilent 1290 Infinity Series UHPLC
system (Agilent Technologies, Palo Alto, CA) equipped with a quaternary pump, an
autosampler, and a diode array detector was used for all liquid chromatography
separations. Extra-column effects were minimized by using 0.075 mm i.d. connection
tubings (Agilent Technologies, USA) and an ultralow dispersion kit from Agilent (P/N
5067-5189). The kit consists of an ultralow dispersion needle and a needle seat. The
data collection rate was set at 160 Hz with a response time of 0.016s to minimize
instrumental artifacts and peak broadening. The instrument was controlled by OpenLAB
CDS ChemStation software (Rev. C.01.06 [61], Agilent Technologies 2001-2014) in
Microsoft Windows 8.1. The mobile phases were degassed using sonication under
vacuum. The reported percentages of mobile phases are listed as volume/volume. All
separations were performed at ambient temperatures. For SFC separations, a Jasco
SFC 2000 system (SFC-2000-7) was used. The system was equipped with a carbon
dioxide pump (PU-2086), a modifier pump (PU-2086), a backpressure regulator (BP-
2080), an autosampler (AS-2059-SFC), a column oven (CO-2060), a variable wavelength
detector (UV-2075) and a makeup pump (PU-2080) supplying additional methanol to the
backpressure regulator. The CO, pump was chilled to =10 °C using a Julabo chiller. The
column was kept at room temperature. The instrument's backpressure regulator was

maintained at 10 MP (100 Bar).
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4.3.3 Measurement of axial temperature gradient

The temperature changes in the column due to frictional heating of the mobile phases in
the 1.9 ym NPSD and 1.7 um PD packed columns were studied by wrapping the column
in an insulating sheet (at room temperature) and inserting a Mastech thermocouple
MS8222H (Pittsburgh, PA) inside the column outlet with the help of a screw cap. The flow
rate was varied and the resulting temperature was monitored at the column outlet after

equilibration of the flow rate e

4.4 Results and discussion

Two different types of sub 2-um fully porous silica were examined namely a narrow
particle size distribution (NPSD) silica (1.9 um diameter) and a polydisperse (PD) silica
with a nominal size of (1.7 ym). As per the manufacturer, the 1.9 um NPSD silica had a
Dgo/Dqg ratio of 1.30, whereas the 1.7 ym PD silica had a Dgy/Dqo=1.47 (see
Experimental). The glycopeptide columns based on 5pum FPPs are commercially
available and their characteristics are provided in Table 4.1.

Table 4.1. Physical and chemical characteristics of the silica particles used in this work

Properties 1.9 um 1.9 um 1.9 um 1.7 um 1.7 um 5um 5um 5um
Titan Titan Titan Daisogel Daisogel Chirobiotic Chirobiotic Chirobioti
\% T TAG \% T \% T c
TAG
_a
P”ﬁ;_\s)'ze 115 115 115 120 120 - - -
Surface
a
mila) 294 294 294 346 346 - - -
Carbon®
(% wt/wt) 8.3 7.7 11.2 7.8 6.9 - - -
R SNID/EB)C 21000 203000 130000 170000 130000 80000 60000 53000
A P (bar)° 121 123 130 231 220 77 75 83
plzf:‘r‘]g?;ht 25 24 3.8 3.5 46 25 35 3.8
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? Starting material information provided by the manufacturer
® Elemental analysis of the stationary phase

¢ 70-30 Heptane-ethanol at 1.0 mL/min.

Table 4.1, summarizes the characteristics of the chiral packing material used in this work.
Both sources of sub-2 ym silica particles have similar high surface areas and similar
average pore sizes of 115-120 A. A previous report has shown that the more narrow
disperse 1.9 um diameter particles have provided exceptionally small intrinsic reduced
plate heights of 1.7-1.9 in the reverse phase mode (i.e. with C18).65 In Table 4.1, the
pore sizes of the different silica sources are also compared. The 1.9 um NPSD particles
are available in 80 A and 120 A pore sizes. Recently, Gritti et al. showed that 120 A,
1.9 um NPSD particles are more advantageous at higher flow rates than 80 A particles.
The 80 A particles show a van Deemter minimum at low flow rates. Therefore, 120 A
pore size particles was chosen for this work. The exact reason for this unusually high
efficiency in the RPLC mode is still a subject of debate but it provided an incentive to
explore the high efficiency of these particles in chiral chromatography using liquid as well

as supercritical/subcritical fluids as mobile phases.

4.4.1 Synthesis and loading

The unique bonding procedure for attaching the macrocyclic glycopeptides to the silica

imparts exceptionally high hydrolytic stability of these stationary phas,es.9 4

The stability
of this stationary phase chemistry originates from the steric bulk of chiral selector and its
multi-point attachment to the silica surface, which in turn allows for the use of normal,
reverse phase and polar organic modes of chromatography without any loss in retention
and selectivity.

The carbon loading of the vancomycin and teicoplanin based chiral stationary phases

(CSPs) are compared in Table 4.1. This value can be used to estimate the surface
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coverage of the chiral selector. For the 1.9 um teicoplanin and vancomycin bonded silica,
the elemental analysis corresponds to a surface coverage of 0.32 and
0.23 umol m'zrespectively. For the 1.7 um particles, the surface coverage of teicoplanin
and vancomycin is 0.26 and 0.18 uymol m~. The previously reported65 potential unique
porous structure does not negatively affect the surface coverage of the 1.9 um particles
by the macrocyclic glycopeptide chiral selectors. In fact, the surface coverage was

slightly better for the 1.9 ym particles.

4.4.2 Observations on slurry packing sub 2-um particles

To obtain fast high-resolution chiral separations, two factors are critical (1) sufficiently
large selectivity values and (2) high column efficiencies. Only the latter is affected by the
quality of the packed bed. Particle size distribution, nature of the slurry, nature of silica,
its compressibility and surface features all control the final arrangement of the particles in

130

the column. To achieve fast separations, short columns and high flow rates are

necessary. In such columns it can be practically difficult to achieve axially and radially

homogenous beds.""

Herein, we make several observations on what type of slurries give
excellent results for sub-2 uym particle CSPs. When slurry systems were observed under
an optical microscope, it was found that solvents which dispersed the particles very well
gave column with high efficiencies whereas solvents, which flocculated the particles (e.g.
by eliminating electrostatic repulsion with salts), produced columns that performed poorly.
This observation is consistent with the packing behavior of SPPs with the same

chemistry.""

Although, there is a general trend to pack sub-2 pym particles at extremely
high pressures such as 15,000-20,000 psi, we did not observe any significant advantage
of using very high pressures for 1.9 um particles in 4.6 mm i.d. column formats.

In Table 4.1, the practical advantage of packing uniform size particles is evident. In each
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case, the vancomycin and teicoplanin bonded 1.9 ym NPSD particles could be packed
with higher efficiencies. The teicoplanin aglycone (TAG) column has a unique surface
chemistry, which produces higher selectivity but slightly lower efficiency than the related
teicoplanin columns. The columns based on 1.7 ym PD particles had lower efficiencies in
each case regardless of the optimization procedures in the packing process (several
packing approaches were attempted).

Another interesting feature in Table 4.1, is the back-pressure of polydisperse and narrow
dispersed packed columns. There is a statistically significant pressure difference in the
two different silica particle sizes (ca. 80-90%). In order to rule out any external artifacts
such as synthesis, crushing/rupturing of particles, we packed bare silica columns of
1.7 ym PD and 1.9 ym NPSD into 5 x 0.46 cm columns in the same slurry at 10,000 psi
for the same time. The pressure difference between the two columns was again
significantly different (180 bar for 1.7 um PD and 105 bar for 1.9 yum NPSD) under
identical conditions. The higher permeability of 1.9 ym NPSD packed columns is from two

sources, namely, slightly larger average particle size (~2.0 ym) than 1.7 ym, and higher

external porosity. Gritti et al. estimated a 40% contribution from larger particle size and a
20% contribution from the larger external porosity than typical 1.7 um packed columns !
In this case, the pressure difference (180 vs. 105 bar) of bare silica columns corresponds

to ~70% difference. Additionally, SEM of the column outlet was done and no breakage of

particles was seen. We wish to point out that the Dgo/D1o values do not say anything
about the shape of the distribution of particle size. Additionally, the existence of fines also
contributes to the column back-pressure. It has been recently proposed that not only
particle size distribution but the skewness of the particle size distribution significantly

affects the packing density."*
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4.4.3. Performance comparison of different particle type CSPs

Fig. 4.1 compares the performance of the same dimension column containing either 5 uym
commercially available teicoplanin, vancomycin, and teicoplanin aglycone bonded
phases or 1.9 ym NPSD particle based columns which used same bonding chemistry.
The same mobile phase and flow rates were used for comparing the respective
chromatograms for three different types of chiral molecules. Several patterns are clear
in Fig. 4.1. In each case the retention time of the commercially available column and the
column containing 1.9 ym particles are similar for teicoplanin and vancomycin, which
implies that the absolute chiral selector loading is similar on these columns. The peak
shapes, in each case, are better for the 1.9 ym bonded phases. Fig. 4.1(A) shows the
enantiomeric separation of the B-blocker propranolol on the teicoplanin-bonded phase;
the 1.9 um particle column showed a 4-fold increase in efficiency and a resolution
enhancement from 1.4 to 3.9 compared to the 5 pm based column. In Fig. 4.1(B),
thalidomide enantiomers were separated on the vancomycin phase, where a 2.4x
increase in plate count and a resolution increase from 3.5 to 6.6 was observed compared
to a commercial column of the same length containing 5 um particles. Similarly, on the
teicoplanin aglycone phase, there was a 3-fold increase in efficiency when the 1.9 ym
particle based column was used. The enhanced resolution on all three column
chemistries largely arises from the high efficiency of the 1.9 ym particles rather than the
selectivity of the macrocyclic glycopeptide. This is to be expected given the smaller
particle diameter. However, what was not expected was the enhanced selectivity (a)
observed with the 1.9 ym vancomycin CSP (i.e, a = 2.77 for the 5 ym column vs. 2.92 for

the 1.9 ym column, see Fig. 4.1).
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Fig. 4.1.

Enantiomeric separation of propranolol, thalidomide and 5, 5-diphenyl-4 methyl-2-
oxazolidone using constant mobile phase conditions on teicoplanin, vancomycin and
teicoplanin aglycone bonded phases. All columns were 50 mm x 4.6 mm ID in dimension.
(A) Propranolol separation at 1.0 mL min~", MP: 60:40:0.3:0.2 ACN:MeOH:AA:TEA. (B)
Thalidomide separation at 2.0 mL min™". MP: MeOH (C) 5, 5-diphenyl-4 methyl-2-

oxazolidone separation at 2.0 mL min~', MP: 100:0.3:0.2 MeOH:AA:TEA.

4.4 .4 Applications of macrocyclic glycopeptide bonded 1.9 ym NPSD particle based

CSPs for rapid chiral separations in liquid chromatography

Recently, the advantage of using core—shell chiral bonded phases for enantiomeric
separations under 40 s on a variety of chiral stationary phase chemistries was

demonstrated .'"

As shown in Section 4.3, rapid, high-resolution enantiomeric
separations are possible with 1.9 ym NPSD particles packed in short 5 cm columns due
to their high efficiency while maintaining the same or higher selectivity as compared to
commercial, state of the art chiral columns. In Table 4.2, the potential of using 1.9 ym

NPSD particles for ultrafast chiral chromatography is shown. Twenty three representative

analytes are listed for different classes of compounds, which include different types of
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amino acids, B-blockers and pharmaceutically important heterocyclic compounds such as

oxazolidinones. All three chromatographic modes, namely, reversed phase, polar organic

and normal phase mode separations are shown with baseline resolutions ranging from
1.5 to 5.7. The majority of the separations are achieved under a minute with flow rates
ranging from 1.4 to 4.5 mL min~". Such rapid separations are very promising for high-
throughput screening of chiral drugs. The fastest separation in Table 4.2, is that of 5-
methyl-5-phenylhydantoin where the enantiomers separated under 11 s at a flow rate of
4.5 mL min”".

Table 4.2 Fast chiral separations on NPSD columns
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Fig. 4.2, shows representative baseline ultrafast separations on CSPs made with the
1.9 ym particles. The efficiencies in Fig. 4.2 range from 2200 to 4500 plates on the 5 cm

columns. For instance, metoprolol, when separated under a minute had a plate count of

90,000 plates m™" which can be considered very high for an enantiomeric separation

being performed at 3.5 mL/min. There are certain nuances associated with fast

separations, without which the true potential of short high efficiency columns cannot be

utilized. As smaller columns are employed, extra-column tubing connections become

very important. In this work, narrow diameter connection tubing (~75 um—-140 ym) was

employed. Additionally, the highest possible sampling frequency 160 Hz and shortest

possible response time of 0.016 s was used. The effect of sampling frequency and

response time on rapid separations was demonstrated in previous work.

113,133
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Fig. 4.2 Examples of ultrafast chiral separations on UHPLC (50 mm x 4.6 mm ID
columns) with teicoplanin, vancomycin and teicoplanin aglycone bonded phases. A) MP:
30:70 Water: MeOH flow rate: 2.0 mL min™". B) MP: MeOH, flow rate: 4.5 mL min™' C)
MP: 60:40:0.3:0.2 ACN:MeOH:AA:TEA, flow rate: 3.5 mL min'1D) MP: MeOH, flow rate:
3.0 mL min™" E) MP: 80:20 1% TEAA pH 4.1:ACN, flow rate: 2.2 mL min™" F) MP: MeOH,
Flow rate: 1.5 mL min™".

The four representative chromatograms shown in Fig. 4.3 compare the effect of flow rate
on efficiency and resolution on CSPs made with the 1.9 ym and 1.7 ym particles. At

1.0 mL min™", the 1.9 pm NPSD particle based column show approximately 2 times
higher efficiency than the 1.7 um PD particle based column, whereas at 3.0 mL min~", the
efficiencies of both columns are similar but the resolution was still higher with the
teicoplanin bonded 1.9 ym NPSD particles i.e. 1.6 vs. 2.2 (see Fig. 4.3), due to slightly
better enantiomeric selectivity. The increased efficiency at high flow rate for the 1.7 ym

based column will be discussed below.

A) B)
1.7 ym teicoplanin 11.7 um teicoplanin SF NN
| | ou M
=44 N.=4800
::gooo a=1.16 R =16 a=1.14
1.9 um teicoplanin 11.9 um teicoplanin
N.,=8200 1 N.,=4800
R.=3.0 a=1.18 R=22 a=1.17
0 1 2 3 4 0 0.5 1 1.5 2
minutes minutes

Fig. 4.3 Enantiomeric separation of propranolol using teicoplanin bonded phase

(50 mm x 4.6 mm ID columns). A) MP: 60:40:0.3:0.2 ACN:MeOH:AA:TEA, flow rate:

1.0 mL min~" B) MP: 60:40:0.3:0.2 ACN:MeOH:AA:TEA, flow rate: 3.0 mL min™".
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4.5. van Deemter analysis of sub 2-um CSPs

For high-speed separations, it is critical to explore plate height as a function of flow rate.
Consequently, the van Deemter curves are plotted as plate height (H) vs. volumetric flow
rate (mL/min). In this analysis, the UHPLC was optimized to reduce any extra-column
effects (see Experimental Section) and no correction was applied to determine the
intrinsic column efficiency, as done by Giritti et al. for C18 Titan particles,” because from a
practical perspective, typical analysts do not demand intrinsic efficiencies, but rather
observed efficiencies. Low viscosity mobile phases containing acetonitrile and methanol
allow very high flow rates without significant backpressures as per Darcy's law that
relates mobile phase viscosity, linear velocity and back-pressures. Low viscosity mobile

phases are typical in the “polar organic mode”.

6.E-05 Propranolol
A S-Propranolol-1.9 pm teicoplanin
>E-05 ® S-Propranolol-5 um Chirobiotic-T
® S-Propranolol-1.7 pm teicoplanin
4 E-05 . ® .
—_ 5 .
L]
E 305 s w2
= .
4 o & 7
e o
2E-05
°
® ‘s a
16051 * L © o 9 g ¢t o
A
A - 5 = o A A A A A
0.E+00 v - - v v g
0 05 1 15 2 25 3

Flow rate (mL min")
Fig. 4.4 UHPLC van Deemter curves of 50 mm x 4.6 mm ID teicoplanin bonded columns

packed with particles of different sizes. MP: 60:40:0.3:0.2 ACN:MeOH:AA:TEA.
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As an example of high-speed polar organic mode chiral separation, we tested the same
mobile phase with teicoplanin bonded silica particles of 5 (Chirobiotic), 1.9 (Titan) and
1.7 um (Daisogel) diameter using racemic propranolol as a probe (Fig. 4.4). As expected,
commercial teicoplanin bonded silica had the largest plate heights. The minimum of the
5 um particle based column was found at 0.4 mL min™’ corresponding to an efficiency of
46,000 plates m~" and a reduced plate of 4.3. On the other hand, the minimum for the
1.9 um NPSD particle based column was at 0.6 mL min~', where the efficiency of
propranolol (first eluted enantiomer) was 190,000 plates m~'. This plate count
corresponds to reduced plate height of 2.8. Note that not only are the absolute
efficiencies higher, but the reduced plate heights are also 1.5 times smaller. This
reinforces the observations in Section 4.2, where it was indicated that the 1.9 ym NPSD
particles produced the most uniform packed bed. The case of the 1.7 ym PD particles is
interesting, where a clear-cut minimum was not discernable. At 0.6 mL min'1, the
efficiency of propranolol was 82,000 plates m™, corresponding to a reduced plate height
of 7.2, while at flow rate of 3mL min~" the efficiency increased to
96,000 plates m™" (See Fig. 4.3 for representative chromatograms). Additionally, the van
Deemter curve (at high flow rates, where the C-term dominates) is not just flatter for the
1.7 um based column but has a slightly negative slope compared to the 1.9 ym or 5 ym
particle based columns. It is known from the literature, that columns made with C18 Titan
particles have a larger C-term,® but in this case it is apparent that there is a more likely
explanation for the flat/decreasing van Deemter curve for the column containing the
1.7 um PD material. It has been reported that longitudinal frictional heating can increase
the efficiency of some chiral separations when small particles/high flow rates are used.""
As noted earlier, (Table 4.1 and Section 4.2), the 1.7 um PD particle based column

resulted in 80% higher backpressures. This lower permeability leads to an increased
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build-up of longitudinal heat, which can ultimately improve efficiency for the column
packed with 1.7 um PD material at high flow rates. In fact, the column outlet temperature
was 6 °C higher for the 1.7 um PD particle based column compared to the 1.9 uym NPSD

based column at 3.0 mL min™" (see Table 4.3).

Table 4.3 Longitudinal temperature gradient as a function of flow rate. Temperature

measured at the column outlet. Inlet temperature (~24 °C) was the same as ambient

temperature in each case.

Flow rate 1.9 um NPSD Teicoplanin 1.7 um PD Teicoplanin
(mL min™")
Pressure Outlet Pressure Outlet
(bar) temperature ('C)  (bar) temperature ('C)
1.00 71 25 130 26
2.00 155 27 250 29
3.00 250 30 464 36

MP: 60:40:0.3:0.2 ACN:MeOH:AA:TEA. Column dimensions: 5 cm x 0.46 cm i.d.

In Fig. 4.5(A), the van Deemter curve for mianserin which is a tetracyclic anti-depressant
is shown. The enantiomers are separated on a 5cm x 0.46 cm column containing
vancomycin bonded 1.9 uym NPSD particles in the polar organic mode. The
minimum H for mianserin was found at 0.4 mL min™' corresponding to an efficiency of
110,000 plates m™', for the first eluted enantiomer. A van Deemter minimum at a
relatively low flow rate is also seen in reversed phase achiral separations on 1.9 uym
NPSD particles.” What is interesting to note in Fig. 4.5(A), is that both enantiomers give
identical kinetic plot shapes with the second enantiomer curve shifted slightly upwards.
The fact that both curves have similar slopes and minima indicates that both enantiomers

have similar absorption desorption kinetics. This is not the case for the two enantiomers
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in Fig. 4.5(B). Here the shape of the van Deemter curves is unusual in several ways. The
plate height of D-m-tyrosine is significantly larger than L-m-tyrosine. The thermodynamic

interaction of amino acids has been well documented by adsorption

isotherms/chromatographic ~ behavior ~on  stationary @ phases bonded  with

13134135 These studies indicated that teicoplanin selectively adsorbs or binds

teicoplanin.
the D-amino acids as compared to L-amino acids. This behavior is reflected by relatively
larger plate heights of the D-m-tyrosine in Fig. 4.5(B). However, as noted in a recent
publication the mass transfer of strongly retained D-amino acids are subject to effects of

"3 Table 4.3 shows that as flow rate is increased,

frictional heating at higher flow rates.
this is accompanied by an increase in temperature in the axial direction. The increased
temperature, improves the mass transfer kinetics, resulting in flatter C-branch of the van

Deemter curve for the D-m-tyrosine.
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2 a oS- 4E-05 4 almTy .
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JE-05 1 5 5 wan 8 .
E el E 28054
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Fig. 4.5 van Deemter plots for chiral analytes in polar organic and reversed phase mode
on 1.9pum- NPSD V and 1.9 um NPSD T (50 mm x 4.6 mm ID) columns. (A) MP:

100:0.3:0.1 MeOH:AA:TEA. (B) MP: 70:30 Water:MeOH.
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Clearly, Fig. 4.5 shows that the combination of unique interactions and high efficiency
chiral chromatography can manifest themselves in different ways for different chiral

systems.

4.6. Supercritical fluid chromatography applications

One of the major advantages of bonded macrocyclic glycopeptides is their compatibility
with mobile phases used in normal phase, reversed phase, polar organic mode, and
super/subcritical fluid chromatography (SFC). The latter provides an additional advantage

10,127,136-139

of short separation times and being a “green” separation process. The speed

arises from the fact that the super/subcritical fluid has a low viscosity, as much as two

1% The SFC can be considered

orders of magnitude less than corresponding liquids.
green because of low organic solvent consumption and the ease of solvent removal.
Although the advantage of using smaller particles in SFC was demonstrated three

6

decades ago,'® so far, there are very few studies on sub-2 pm particles for achiral

compounds, let alone chiral compounds. Recently, Welch et al. showed the promising

27 1n this

performance of a CSP that utilized 3 um particles packed in 15 cm columns.
work, we utilized 5cm packed teicoplanin and teicoplanin aglycone columns with
commercially available 5 ym, 1.9 ym, and 1.7 ym particles. Mobile phase conditions were
chosen to achieve rapid separations rather than small plate heights H on a standard SFC
system. It is well known that introduction of rigidity in the molecule (e.g. heterocycles)
near the stereogenic centers, enhances enantiomeric resolution in SFC as well as liquid

chromatography.'*’

In Fig. 4.6, fast SFC separations using teicoplanin and teicoplanin
aglycone bonded 1.9 ym diameter particles are shown for heterocyclic compounds such
as oxazolidones and hydantoins. In each case, high resolution separations (Rs = 1.7-4.0)

were achieved. Comparing the separations of the 5-methyl- 5-phenylhydantoin on
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teicoplanin and teicoplanin aglycone CSPs, the higher resolution capability of the latter
phase becomes evident. It may be recalled that in Table 4.1, the same molecules can
also be separated in the polar organic mode in 11 s. In general, polar organic mode
separations can also be performed in the SFC mode, but often not as fast because the

weak eluotropic strength of SFC mobile phases compared to polar organic mobile

phases.
A) B)
. Chlorthalidone . 5-methyl-5-phenylhydantoin
1.9 um teicoplanin i 1.9 pm teicoplanin
Cl O",\ NH
]
4 4
0 05 1 15 2 2.5 3 0 0.5 1 15 2 25 3
minutes D minutes
c) ) 4
5-5-diphenyl-4-methyl-2-oxazolidone 2 5-methyl-5-phenylhydantoin
1 1.9 pm teicoplanin 1 1.9 um TAG
i ‘ ; 7\

0 05 1minJiZs 2 25 3 0 05 1 mm:)tses 2 25 3

Fig. 4.6. Examples of ultrafast chiral separations on SFC teicoplanin and teicoplanin
aglycone bonded phases. Columns (50 mm x 4.6 mm ID) were kept at room
temperature. Backpressure regulator was maintained at 80 bar (A) MP: 71:29:0.1:0.1
CO,:MeOH:TFA:TEA, Flow rate: 7.0 mL min™", (B) MP: 60:40:0.1:0.1
CO,:MeOH:TFA:TEA, Flow rate 7.0 mL min™". (C) MP: 60:40 CO,:MeOH, Flow rate:

7.0 mL min~". (D) MP: 60:40 CO,:MeOH, Flow rate: 7.0 mL min™".
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The advantage of using small particles in SFC mode become evident from Fig. 4.7, which
shows the Hvs. flow rate curves for columns containing the 5 um, 1.9 ym and 1.7 ym
particles using 91:9 CO,:MeOH mobile phase. The interesting feature of the van Deemter
curves can be seen in Fig. 4.7; where flat curves at high flow rates for all particles sizes
were observed. The reason for the flat curves is ascribed to favorable diffusion
coefficients in the SFC mode as compared to liquid chromatography.’*® Because of this,
the 1.9 ym NPSD particle based column maintained its efficiency advantage over the

1.7 ym PD material throughout the entire kinetic plot.
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Fig. 4.7 SFC van Deemter curves for the 50 mm x 4.6 mm ID teicoplanin bonded
columns packed with particles of different sizes. Columns were kept at room temperature

and back pressure regulator was at 10 MP (100 bar). MP: 91:9 CO,:MeOH.

4.5. Conclusions

The results herein establish that small particles with narrow particle size distributions
(NPSD) are highly advantageous for fast chiral chromatography. These macrocyclic

chiral selectors show excellent selectivity towards large classes of chiral compounds,
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such as amino acids, chiral heterocycles, B-blockers and pharmaceutically important
drugs. The NPSD particles were easier to pack in 5 cm columns with superior reduced
plate heights compared to other polydisperse sub-2 ym particles. Fast chiral separations
in short columns are possible with highly optimized instruments where extra-column
volumes have been minimized. Fast supercritical fluid chromatography separations were
demonstrated on short columns and flat van Deemter curves at higher flow rate were
observed in SFC. Finally, the increased permeability of the 1.9 um NPSD based chiral
columns allowed for a decrease in frictional heating and an improved ability to perform

fast separations with high flow rates.
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Chapter 5

Instrumental Idiosyncrasies Affecting the Performance of Ultrafast Chiral and Achiral

Sub/Supercritical Fluid Chromatography

5. 1 Abstract

It is widely accepted that column technology is ahead of existing chromatographic
instruments. The chromatographic output may not reflect the true picture of the peak
profile inside the column. The instrumental optimization parameters become far more
important when peaks elute in a few seconds. In this work, the low viscosity advantage of
the supercritical/subcritical CO; is coupled with the high efficiency of narrow particle size
distribution silica. Using short efficient columns and high flow rates (up to 19 mL/min),
separations on the order of a few seconds are demonstrated. In the domain of ultrafast
supercritical fluid chromatography (SFC), unexpected results are seen which are absent
in ultrafast liquid chromatography. These effects arise due to the compressible nature of
the mobile phase and detector idiosyncrasies to eliminate back-pressure regulator noise.
We demonstrate unusual connection tubing effects with 50, 75, 127, 254, and 500 pym
tubings and show the complex relation of dead time, retention time, efficiency, and
optimum velocity with the tubing diameter (via column outlet pressure). Fourier analysis
at different back-pressure regulator (BPR) settings shows that some instruments have
very specific noise frequencies originating from the BPR, and those specific frequencies
vanish under certain conditions. The performance of embedded digital filters, namely,
moving average, numerically simulated low pass RC, and Gaussian kernels, is
compared. This work also demonstrates, using a simple derivative test, that some
instruments employ interpolation techniques while sampling at “true” low frequencies to

avoid picking up high frequency noise. Researchers engaged in ultrafast chromatography
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need to be aware of the instrumental nuances and optimization procedures for achieving

ultrafast chiral or achiral separations in SFC mode.

5.2 Introduction

An ideal chromatographic output should reflect the exact processes taking place inside

the column. In reality, peak shape is convoluted by many external factors, more so for

142,143

fast eluting peaks. The connection tubings, choice of data sampling frequency, and

impulse response of embedded “anonymous” digital filters in the detectors' all affect the

apparent symmetry, efficiency, retention time, selectivity, and hence observed resolution.

113,115,133

By current standards, subminute separation can be termed as ultrafast

chromatography, though its meaning may continue to change with technological
advances in chromatography. As early as 2010, it was shown that steroids, profens,
xanthines, nucleic acids, and sulfonamides could be baseline separated under a minute
on a 10 cm column packed with 1.8 um bare silica particles with reasonable column head

144

pressures (<40 MPa) using supercritical fluids. ™ Since 2015, ultrafast chiral supercritical

fluid chromatography (SFC) has gained momentum,'">"#41%°

Recently, Regalado and
Welch'* separated Troger's base in 5 s on a 1 cm column in SFC mode. Chiral
separations as fast as 4 s on core—shell or 1.9 ym silica bonded with macrocyclic
glycopeptides were reported in ultrahigh pressure liquid chromatography (UHPLC).""®'"®
Although ultrafast SFC/UHPLC separations exist in the current

15,52,113,115,121,124,125,145

literature, very few papers have focused on the instrumental

challenges associated with ultrafast and high efficiency chromatography.'

A survey of the SFC manufacturers enables us to look at the differences and similarities

in commercial SFCs, data sampling frequency, and the nature of digital filters. All
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instruments have different flow paths and volumes as expected; hence, peak convolution
from extra-column variance varies from instrument to instrument. Moreover, SFC is
unique from other modes of chromatography in that an additional back-pressure regulator
(BPR) is also required after detection to keep the CO; in a compressed state. This is an
additional source of noise because of the changes in the refractive index of CO, as a
function of minor changes in the pressure.”® Several designs using proprietary needle
seats or diaphragm-based systems are available. In order to eliminate noise originating
from pump heads and BPR, a careful choice of sampling frequency and digital filter is
essential at high flow rates. Different SFC manufacturers have different sampling
frequency ranges, digital filters ranging from numerical analogues of RC-type filters,

simple moving averages, and Gaussian/Hamming windows.

The goal of this work was to demonstrate the challenges, identify the critical parameters,
and propose instrument modifications for very fast eluting peaks in SFC columns
containing sub-2 pm particles. Although the advantage of using sub-2 ym particles has
been widely debated in SFC'*’ due to large pressure drops, it was demonstrated that the

8 We show the effects of

small particle advantage (seen in UHPLC) also exists for SFC.
the connection tubings in fast SFC are very different and unexpected from what is known
in the state of the art UHPLC. This work also examines the effects of sampling frequency,
the nature of embedded digital filters, and their corresponding response times on fast
eluting peaks. Simple mathematical tests (derivative tests and Fourier transform) will be
introduced for analyzing unexpected SFC peak profiles. The aim of this work is to show
the promise chiral/achiral SFC holds for rapid separations, highlight the critical

instrumental parameters, and propose solutions which affect the profiles of rapidly eluting

peak

77



5.3 Experimental Section

5.3.1 Materials

All solvents for SFC were purchased from Sigma-Aldrich (St. Louis, MO). Carbon dioxide
was purchased from Airgas (UN1013, Radnor, PA) in cylinders equipped with a full-
length educator tube. The mobile phase composition is referenced as volume/volume
(mixed by the SFC pumps). The 1.9 ym narrow particle size distribution (NPSD) fully
porous silica particles (FPPs) and physical data were provided by Supelco (Titan silica lot
no. 68696 Bellefonte, PA) with a Dgo/Dig0f 1.21 (a value closer to unity indicates
monodisperse particles). The chiral selectors (teicoplanin and teicoplanin aglycone) were

115

bonded by a proprietary procedure. ~ Empty column blanks were purchased from IDEX

Health and Science, Oak Harbor, WA.

5.3.2 Instrumentation

A Jasco Semi-Prep SFC was used for all ultrafast separations unless otherwise stated.
The instrument is controlled by ChromNAV (1.17.01, Build 8) via LC-NET II/ADC. In the
Jasco SFC, chilled CO; (=10 °C) is fed to the pump (PU-2086) and the mobile phase
modifier is mixed with CO; via another identical pump and a mixing chamber. The pumps
can deliver up to 20 mL/min at 50 MPa. The safety valve limiting the pressure to 34 MPa
was bypassed. The autosampler (AS-2059-SFC) was modified by installing a 2 pL
injection loop to reduce extra-column volume. The column oven was bypassed by
avoiding connection tubings to prevent band dispersion on very short columns employed
herein. Several types of polyether ether ketone (PEEK) and silica lined PEEK tubings
with internal diameters of 50, 75, 127, 254, and 508 ym were purchased from SGE

Analytical (Austin, TX) and Supelco (Bellefonte, PA). The tubings were cut to have 11.5
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cm from the injector to the column and 20 cm from the column to the detector. Two
different detectors (UV 2075, X-LC-3070UV) were evaluated for ultrafast SFC. Both
detectors have a sampling frequency of 100 Hz. The back-pressure regulator (BP-2080)
was maintained at 60 °C at >8 MPa. The makeup pump was set to deliver additional
MeOH at 0.1 mL/min to the back-pressure regulator. For comparison purposes, an
Agilent Model 4301A SFC, controlled by OpenLabs ChemStation (Model C0.01.03), was
used with 5 and 2 x 0.46 or 0.30 cm i.d. columns with the same chemistry. The system
consists of a SFC conversion module, a degasser, a binary pump, autosampler,

thermostated column oven, and a 80 Hz UV—-vis detector."®

5.3.3 Preparation of Short 2, 3, or 5 x 0.46 cm Columns

Packing a short column with 1.9 uym charged particles (ionizable selector) posed

115,129

challenges. For short 2-5 cm columns pressures, ~80 MPa (12000 psi) were

sufficient to slurry pack in viscous and dispersing suspensions which ensured layer by
layer formation of the bed. Additionally, section packing has been suggested by
Guiochon and co-workers;"®" however, no difference in the efficiency of section packed 2
and 3 cm columns vs singly packed columns was found. In fact, the section wise packing
of three 2 x 0.46 cm i.d. columns took more than 6 h, and the top two columns packed in
series settled within a few hours of usage. In the pharmaceutical industry, retention time
reproducibility of <2% relative standard deviation (RSD) is often required. Using a 50 x 3
mm i.d., two ultrafast chiral separations (5-methyl-5phenylhydantoin and N-
carbobenzoxy-dl-norvaline) were repeated (n = 6) at high linear velocities of 60 cm/min.
In each case, the RSD was 0.4%. Such fast separations with acceptable reproducibility

are very attractive for screening thousands of compounds and columns on a daily basis.
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5.4 Results and discussion

Recent studies have indicated that sub-2 ym C-18 silica particles with very narrow
particle size distribution (Dgo/D+o = 1.21) can provide exceptionally low reduced plate
heights (h) in 2.1 mm i.d. columns under optimum conditions (~1.7).7However, for
ultrafast SFC, 1.9 um FPP packed columns cannot be operated at the van Deemter
minimum. Significantly higher flow rates are required to elute the peak within a few
seconds; hence, the ultrafast SFC regime can be dominated by the mass transfer C-term
of the van Deemter relationship. As a result, columns with intrinsically high plate numbers
are required to achieve a few thousand plates for subminute separations. In chiral SFC,
teicoplanin and teicoplanin aglycone are highly promising selectors for enantiomeric and
other separations of wide classes of biologically important molecules with h ~ 2—3 under

optimum LC conditions.'® "% 1%

The low viscosity advantage of typical binary fluids in
SFC (e.g., CO,/MeOH) coupled with NPSD silica (1.9 um) packed into 2 to 5 cm columns
allows ultrafast chiral and achiral separations. There are numerous nuances in ultrafast
SFC, which are absent in ultrafast chiral or achiral UHPLC, and these are explored

. 113,115,133,151
herein.” ™ ™

5.4.1 Representative Ultrafast Enantiomeric Separations and Instrument Comparison

Figure 5.1 illustrates 5-30 s baseline enantiomeric separations on SFC in 2 or 5 cm
columns in 3 or 4.6 mm i.d. formats. These are among the fastest chiral SFC separations

reported in the literature.*

This speed exceeds the cycling time of most autosamplers
(~1 min). Even with such short columns and very high flow rates (4-19 mL/min), the
efficiencies range from 11 000 to 30 000 plates/m. The working pressures ranged from 15

to 41 MPa. The viscosity of supercritical CO; is 9-fold lower than methanol (at 11 MPa)
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and 18 times lower than ethanol."®?

As a result, the pressure drops can be as low as 1/15
the pressure drop in LC regardless of the particle size."” Table 5.1 gives additional
ultrafast separation data for 11 analytes chosen from several classes such as
heterocyclic, antimicrobial, chiral acids, and N-blocked amino acids. High flow rates in
ultrafast LC waste significant amounts of organic solvents, whereas in SFC, the
CO; simply escapes into the air. Nevertheless, the results
in Figure 5.1 and Table 5.1 cannot be obtained routinely on any commercial SFC unit. As

113,115,133

was previously shown in UHPLC, the SFC hardware (including detection) and

software are not designed to handle very fast and very high efficiency separations.

A) B)
5-methyl-5-phenylhydantoin . N-(3,5-Dinitro-2-pyridinyl) leucine
HN 0
J—NH
(¢]
0 2 4 6 8 10 0 2 4 6 8 10
Time (seconds) Time (seconds)
C) a-Methyl-a-phenylsuccinimide H D) N-carbobenzoxy-dl-norvaline

0 5 10 15 20 25 30 35 40 0 5 10 %5 20 25 30
Time (seconds) Time (seconds)

Figure 5.1 Representative ultrafast chiral separations on SFC. Column: Teicoplanin
bonded 1.9 ym NPSD silica. Back pressure regulator was maintained at 8 MPa. Column

temperature: ambient; (A) 55:45 CO2/MeOH; column dimensions: 2 x 0.46 cm; flow rate:
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19 mL/min; (B) 60:40:0.1 CO2/MeOH/TEA; column dimensions: 2 x 0.46 cm; flow rate:

19 mL/min; (C) 96:04 CO2/MeOH; column dimensions: 2 x 0.46 cm; flow rate: 10

mL/min; (D) 80:20:0.1 CO2/MeOH/TEA,; column dimensions: 5 x 0.30 cm; flow rate: 4.3

mL/min.

Table 5.1 Ultrafast chiral separations on 1.9 ym NPSD based columns

o
I
@)

Flow

rate

(mL min” tr1 tro
Analyte Structure CSP Mobile phase ") (s) (s) Rs

H o

N
4-(1H-indol-3-y! )
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4-Methyl-5-phenyl-2- >=0 T® CO2:MeOH"® 19.0° 131" 7.4° 2.6°
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CO,:MeOH"

NH 55:45 10.0° 12.8° 18.2° 2.0°
4-benzyl-5,5-dimethyl- T CO,:MeOH? 19.0° 34° 48 1.2°
2-oxazolidinone O\/*o TAG*® 60:40

CO,:MeOH?®

O 90:10 50° 246° 29.7° 3.0°

Tob CO,:MeOH? 19.0° 85" 11.8° 1.7°
3-Phenylphthalide 95:05
O 0 CO,:MeOH"

(0]

7 75:25:0.1
-(4- (0] e
z(t;h;gr‘]’iréh:ggxy) /@ j)ko TAG®  CO,:MeOH-TEA® 75 253 332° 14°

(¢]]
OO OH
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norleucine @AO N T co,MeoHTEA® 1007 1410 1820
N-Carbobenzoxy-dI- O_’%N'ém - 75:25:0.1
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11

Q Q
o NN 60:40:0.1
N-(3,5-Dinitro-2- < -y CO;, 100° 11.8° 228° 47°
pyridinyl) norluecine HN g‘H :MeOH:TEA*® 19.0° 34 59 1.9
\/\/\g/
ﬁ*— ﬁ-{»
07 N ~0" 60:40:0.1
N-(3,5-Dinitro-2- < CO;, 10.0° 123 271 50°

HN SN T

pyridinyl)norvaline :MeOH:TEA*® 19.0° b b 2.3°
o ﬁ/K/\ 3.7 5.1

Table 5.0 x 0.46 cm.
Table °2.0 x 0.46 cm.
Table “TAG,
teicoplanin aglycone;
T, teicoplanin.

Two different SFCs were utilized (see the Experimental Section). Both instruments were
optimized for extra-column volumes by modifying the standard plumbing. In the Jasco
SFC, the total tubing length was 31.5 cm (254 ym i.d. PEEK) from the autosampler to the
UV detector. This is the minimum length of tubing that one could employ on the SFC
using 2 and 5 cm columns and after bypassing the column oven. The Agilent SFC was
optimized by using a low dispersion tubing configuration on the standard

hardware."®

This system consisted of 120 uym tubings with a flow cell volume of 2 pL.
There is 25 cm of this tubing from the injector to column and 51 cm of the same tubing
after the column to the detector. The procedures for optimizing this SFC are detailed in a

recent publication.'*®

Figure 5.2 highlights the differences in the highly optimized
analytical Agilent SFC with a Jasco SFC, which is an analytical/semiprep SFC capable of
maintaining flow up to 40 ml/min, but is not optimized for short, small particle containing
columns as per their analytical unit. The plate counts of a 5 cm column are higher by 500
plates (on Agilent) for a peak which eluted within 18 s. On the other hand, a 2 cm column

showed the same separation of oxazolidone, but the retention time reduced to 7.8 s

(Figure 5.2). In that case, similar plates are observed on both instruments. The most
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convenient instrument modification is to install low dispersion (narrow) tubings in LC

systems to achieve higher efficiency; however, the situation with SFC is not as

straightforward.
cis-4,5-Diphenyl-2-oxazolidinone

|
A) “; Column: 5 x 0.46 cm
| N, = 1283
‘ ‘ ) N, =520 e —
| = TSR ——
{ Jasco SFC I\ A R,=27
T P v— — N—
c |
2 | If
n l
Column: 2 x 0.46 cm
“ N, =633
‘ N, =380 =
| 1 R,=19 =0
0 10 20 30 40 50 60
Time (seconds)
B) 1 cis-4,5-Diphenyl-2-oxazolidinone
: Column: 5 x 0.46 cm
\ N;=1770
( A N, =700 m—_
Agilent SFC “, I\ R2= 3.1 T — 1 o ——
1 ) \ NG s
- L I e ) IR
T -
=
2
()
Column: 2 x 0.46 cm
N, =630 >
Ro18 ==
= 1.
0 10 20 30 40 50 60

Time (seconds)
Figure 5.2. Enantiomeric separation of cis-4,5 diphenyl-2-oxazolidinone on optimized
Jasco and Agilent SFC systems. Column: Teicoplanin bonded 1.9 um NPSD silica. Back

pressure regulator was maintained at 10 MPa. MP: 55:45 CO2/MeOH at 5 mL/min.

5.4.2 Ramifications of the Choice of Connection Tubings Ultrafast SFC
Normally, the first step to optimize any chromatographic setup is to minimize the tubing
dispersion. The maximum dispersion from the tubings,153 without the column, can be
modeled as a perfect mixer which is simply the extra-column volume squared (from
injector loop to detector cell). When 50-500 um i.d. tubings are employed, one expects

the maximum dispersion of 20 to 3845 pLZ, respectively. As a result, the 50 um is
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expected to perform the best. Figure 5.3A shows a plot of the connection tubing i.d. vs
efficiency for racemic (3-phenylphthalide) and achiral (1,3- dinitrobenzene) probes on a 5
x 0.46 cm teicoplanin column. Conditions were chosen to elute these analytes in under
40 s. It is clear that the plate count is a nonlinear function of tubing diameter for both
chiral and achiral molecules in SFC. As expected, using a large 500 ym diameter
connection tubing, the plate count is lowest because there is significant extra-column
dispersion. However, the trends in Figure 5.3A show some counterintuitive behavior with
narrow i.d. tubings (50, 75, and 127 pym) under the ultrafast regime. Interestingly, the
smallest 50 ym i.d. tubing gives among the poorest plate counts with both chiral and
achiral probes, and the 254 ym diameter tubing produces maximum efficiency. Also, it is
important to note that the plate counts, dead times, and absolute retention times all

" The retention factors

change with the diameter of connection tubings (Figure 5.3B).
(ks) increase up until ~254 ym i.d. for both achiral and chiral molecules and then remain
approximately constant. Interestingly, the retention factor of the second enantiomer
appears to be even more strongly affected by the tubing diameters. The retention factors
change since each tubing generates a different back-pressure in the SFC system, which

in turn affects the density of the mobile phase according to eqn1 and 2:1%

d
p=po(1-2,220P) (1)
d
Ink = k, (1 —AkﬁAP> )

where p is the density of the mobile phase and the subscript indicates the column inlet,

A, is an experimental coefficient, P is the system pressure, and k is retention factor.

Peaden and Lee'”

showed that it is the density of the mobile phase and not its pressure
which controls retention in a nonlinear fashion. Thus, the trends in Figure 5.3B are due to
the compressible nature of the CO,/MeOH system, which results in changes of the fluid

density, something which is rarely seen in ultrafast UHPLC."™®
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Figure 5.3. (A) Comparison of efficiencies for achiral (1,3 dinitrobenzene) and chiral
probes (3-phenylphthalide) as a function of the tubing internal diameters. Column: 5 x
0.46 cm i.d.; teicoplanin bonded 1.9 ym NPSD silica. For chiral analyte, MP: 80:20
CO2/MeOH at 2.7 mL/min. For 1,3 DNB, 90:10 CO2/MeOH at 2.8 mL/min. Back pressure
regulator was maintained at 10 MPa. Column temperature: ambient. (B) Retention factors

of the achiral and chiral probes as a function of tubing internal diameters.

The question of changing efficiency in Figure 5.3A is more challenging to address since
the choice of the tubings also affects retention times. Efficiency N = 5.54(‘;72) can
0.5

increase if t increases and w0.5 remained constant in Figure 5.3A. It was found that the
peak width is dependent on the connecting tubing i.d. and that it reached a minimum
width of 254 pm (see the Supporting Information). Therefore, it is not the retention time
increase but rather another fundamental phenomenon causing this effect as mentioned
above. Using a low viscosity eluent and high flow rates, turbulence is prevalent in narrow
i.d. tubings. A Reynolds number () greater than 2000 indicates the onset of turbulence
where u is the superficial linear velocity, d is tubing diameter, and v is the kinematic
viscosity (in CGS units) (see the Supporting Information). Reynolds numbers estimated

for the narrow bore tubings (50, 75, 127 pm) enter the turbulent regime with flow rates as
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low as 2.4 mL/min. Turbulence should play no role in band dispersion from the injector to
the column head, since there is no turbulence in wide bore columns (3 or 4.6 mm i.d.).
However, one might expect some role of turbulence from the postcolumn tubing and in

the detector.'*'*

Giddings indicated that turbulence should “flatten” the laminar flow
profile leading to a reduction in band dispersion.154 It seems that this is not the case for
ultrafast SFC, since the absolute peak widths are actually larger for narrow bore tubings
than the 254 ym i.d. tubings. In a previous report, the tubing diameter effect was also
investigated with two different SFC detectors with 0.6 and 1.7 pL2 cell volumes.
Interestingly, no effect of postcolumn tubings (65, 120, 250 ym) was found on efficiency

using the 1.7 pL flow cell."®

However, when the 0.6 pL detector was used, a tubing
diameter of 120 ym produced the highest efficiencies. As indicated in Figure 3, the
optimum tubing diameter is quite different when using the Jasco instrument with a 4 pL
detector volume. Clearly, any recommendations as to extra-column modifications must
take into account the exact nature (dimensions) of the instrument and its flow path.

Complex phenomena take place in SFC mobile phases due to the changes in local

“ The van Deemter

density and diffusion coefficients along the length of the column.
curves (plate height H vs mobile phase linear velocity u) were constructed for SFC
separations that differed only in the internal tubing diameter. As expected for a 500 ym
tubing, H is significantly larger at all linear velocities. As the tubing diameter is decreased
to 254 um, the lowest plate height is produced, and clearly, it is the optimum tubing
diameter in this particular setup. It is interesting to note that the column head pressure
was similar for the two tubings. Subsequent reductions in the diameter of the connection
tubings hurt the efficiency. Furthermore, with 50 pm tubing, the van Deemter curve

assumes a very different form from the rest of the curves, i.e., a U-shape rather than a

classical van Deemter shape. Using nonlinear regression, these curves were fitted with
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B
the classical van Deemter equation H = A +;+ Cu, where A, B, and C terms

represent the eddy dispersion, longitudinal diffusion, and mass transfer resistance. The
optimum linear velocity shifts to larger values in going from 50 ym (1.6 mm/s) to 75 ym
(1.9 mm/s), 127 ym (2.2 mm/s), and 254 ym (2.9 mm/s). The “apparent” optimum velocity
for 500 ym tubing was around 1.5 mm/s. The inset for Figure 4 shows the values of A, B,
and C. The analysis of residuals confirmed the goodness of fit (see the Supporting
Information), and the errors in the coefficients (<2%) are shown in the Supporting
Information. It is interesting to note that the A and B terms of the 127 and 254 ym are
similar, yet the C term of the 127 pm i.d. is almost twice that of 254 ym i.d. The odd
shape of the van Deemter curve obtained with a narrow 50 ym tube is possibly due to the
diffusion coefficients changing significantly with pressure. Hence, the classic van

Deemter does not fit very well in the case of 50 ym tubing.157

Such a pronounced effect
due to the compressibility of the mobile phase is not seen in ultrafast UHPLC, where
operating pressures can reach 80 MPa. Thus, Figures 3 and 4 show the counterintuitive

effects of ultrafast SFC indicating that the narrow i.d. tubings may not be the best choices

for generating a low dispersion system.
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Figure 5.4 van Deemter curves of the first eluting enantiomer of 3-phenylphthalide.
Column: 5 x 0.46 cm i.d.; teicoplanin bonded 1.9 um NPSD silica. MP: 80:20

CO2/MeOH. Back pressure regulator was maintained at 10 MPa. Column temperature:
B
ambient. The inset shows the values of the van Deemter coefficients, H = A + " + Cu,

using Excel Solver Add in. The average linear velocity was calculated as L/to, where L is
the column length and to is the dead time. (*The coefficients with error analysis are

shown in the Supporting Information).

5.4.3 Impact of Back Pressure Regulator Settings on Ultrafast SFC Chromatograms

Ultrafast SFC requires the use of high flow rates; however, high flow rates have been

reported to generate high baseline noise which is usually attributed to turbulence in

142,143,158

postcolumn hardware. Under atmospheric and ambient temperature, CO, has a

&9



poor solvation ability.149 Additionally, at the column outlet, a back-pressure regulator
(usually set above 8 MPa) is required to keep CO, in a compressed state.'’ The back-
pressure regulator setting must be optimized for fast SFC separations as well. Toluene
was chosen as a fast eluting analyte with pure CO, as the mobile phase at a flow rate of
5.0 mL/min (Figure 5.5). This flow rate is usually the highest flow rate available in many
of the commercial SFCs. In this experiment, the optimum tubing diameter of 254 um was
used and the BPR was changed from 10 to 25 MPa(Figure 5.5A)shows the resulting
chromatograms and two interesting trends as the outlet pressure is increased. The
retention time of toluene increases from 13.2 to 14.6 s and so does the dead time.
Second, there is a concomitant decrease in baseline noise as a function of outlet

159

pressure. The average density of CO, is dependent on the BPR settings. ~ The increase

in the dead time (f) in SFC is related to the density of CO; in the column inlet as well as

the average density along the entire length of the column as shown in eq 31o4100

eSL Pavg

Vinlet Piniet

ty =

where ¢ is the bed porosity, L is the column length, S is the cross-sectional area, Vit is

the volumetric flow rate at the column head, and the fraction 224 represents the average

Pinlet
density of the mobile phase and at the column inlet, respectively. The density term is
indeed a function of the differential pressure in the column (pump and the back-pressure
regulator) as shown in eq 1. Commonly, in the literature, it is stated that retention time

would decrease with CO, density.'**">*

Figure 5 makes it clear that the retention time
may also increase, but the k will decrease with the higher average density of CO,. A plot
of log k vs backpressure was found to be linear with R°of 0.9849. As can be noted

visually, the baseline noise is also changing with the BPR setting. Figure 5B shows the

noise analysis of the three chromatograms at different BPR settings by Fourier transform
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of the chromatograms. There are two regions of frequency components in the
chromatograms. The low frequency region (shaped like a halved Gaussian) originates
from the peak in the chromatogram. Fourier transform of a Gaussian function is also a
Gaussian function. At low column outlet pressure (10 and 15 MPa) with flow rate of 5.0
mL/min CO,, a sharp spike at 10 Hz was obtained, which cannot be attributed to pump
pulsations. The fixed frequency at 10 Hz must have its origin in the back-pressure
regulator; since as the back-pressure is increased to 25 MPa, the spike simply vanishes
and there is almost no noise in the chromatogram. Indeed, at a flow rate of 5 mL/min in a
254 ym tubing leading to the detector, pure CO;is under turbulent conditions (Re >
2000); however, the origin of noise is mainly from the oscillations of the needle in the
back-pressure regulator as explicitly demonstrated by the Fourier transform of the
chromatogram. It is well-known that the refractive index of CO; is highly dependent on

the system pressure.'*®'%"161

For example, Shimadzu BPRs shows 10 and 15 Hz spikes;
the Jasco shows a 10 Hz spike, and the Agilent BPR design shows no noise spike in the
Fourier transform of the chromatographic data. Note that there is a new Jasco BPR not
included in this study. To the best of our knowledge, Fourier transforms have never been
reported for noise analysis in SFC, and it is an elegant approach for pin-pointing the
sources of noise in ultrafast SFC. To illustrate the same concept, a retained chiral analyte
(N-carbobenzoxy-DL-norvaline) was used. Using 80:20:0.1 CO,/MeOH/TEA, the peak
elutes in 46 s (k = 3.0) at 10 MPa BPR; however, at 25 MPa BPR, the peak elutes in 36 s

(k = 1.1). The noise pattern remains the same.
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Figure 5.5. (A) Effect of backpressure regulator setting on the dead time, retention time,
and baseline noise in ultrafast SFC. Toluene is used as a model analyte. (B) Fourier
transform of the corresponding chromatograms (after injection disturbance). FT was
performed on OriginPro 2015 software. Column: 5 x 0.46 cm i.d.; teicoplanin bonded 1.9
pm NPSD silica. Column temperature: ambient. MP: 100% CO, at 5 mL/min. Data
sampling frequency, 100 Hz on XLC-3070 UV detector; 0.03 s response time. Connection
tubings: 254 ym.

5.4.4 Ultrafast Peak Shapes and the Choice of Digital Filters in SFC

Regardless of the source of noise, there are digital filters embedded in all
chromatography softwares to eliminate high frequency components of the
chromatographic signals. Noise in SFC becomes a problem when it comes to quantitative
analysis since it degrades the signal-to-noise ratio. Most SFC manufacturers keep the
digital filter information proprietary, and to the best of our knowledge, no comparison is
available in the SFC literature on the performance of the filters under fast elution
conditions. With each digital filter, a response time is associated with respect to a unit

133

Heaviside step function (a function which suddenly jumps from 0 to 1). ™ The time it

takes for the “filtered” signal to rise from 10% to 90% height of this unit step function is

133

termed as the response time. ™ The Jasco SFC employs three known filters, namely, as
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time accumulation (TA), RC, and “digital filter”. Although these terms were used in the
instrument manual, the time accumulation refers to a moving average, RC is a numerical
version of the classical resistor x capacitor low pass filter, and the so-called “digital filter”
is a Gaussian kernel (Gaussian weighted moving average). Three response times are
allowed (Fast, 0.05 s; Standard, 1 s; Slow, 3 s) with TA and RC.

The obvious choice of response times is to choose the smallest number (Fast setting) for
rapidly eluting peaks or with high flow rates. As shown in Figure 5.6, the peak shapes of
“time accumulation” and RC filters are different even though their response times
are identical. Each filter convolutes the peak shape in a different fashion. The SFC peaks
were fitted as exponentially modified Gaussian peaks in PeakFit software followed by
moment analysis. The plate count of the filtered data by TA shows 2800 plates for the
first enantiomer and 1700 plates for the second one under optimum conditions. The RC
filter with the same response time shows the respective efficiencies as 1980 and 1100 for
the two enantiomers. The standard deviation of the baseline is almost the same in both
filters under fast conditions, i.e., +38 vs +39 signal units for a period of 24 s. With a
slower response time of 1 s, both TA and RC filters become useless (plates degrade to
980 for TA and 450 for RC). The Gaussian kernel was found to be using a very large
window for weighted averaging and was not investigated further. Note that the apparent
retention times also increase for TA and RC filters. Out of several types of moving
averages, only the centered moving average does not change the retention time." This
type of filtering is present in Agilent SFCs, where increasing the response time does not
alter the peak retention time at all. Clearly, Jasco appears to be using a simple moving
average, where retention times are expected to increase as higher response times are
chosen. One major drawback of the RC filters is that they introduce an exponential decay

type tail which distorts the symmetry of the peak.133

It seems that RC type filters may not
be suitable for very fast SFC, especially when they are designed to do heavy filtering

since tailing is introduced and the retention shifts to longer times (see Figure 5.6).
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Figure 5.6. Comparison of digital filters in Jasco SFC for a chiral probe (3-
phenylphthalide). The efficiencies represent the moment analysis of exponentially
modified Gaussians using PeakFit program. Column: 5 x 0.46 cm i.d.; teicoplanin bonded
1.9 ym NPSD silica. Column temperature: ambient. MP: 90:10 CO,/MeOH at 5 mL/min.
Data sampling frequency: 100 Hz (on UV 2075). Connection tubings: 254 um.

5.4.5 Not All “Identical” Sampling Frequencies Are Created Equal

Shannon’s theorem imposes a lower theoretical limit on sampling frequency as 2x
highest frequency components of the signal, but there is no upper bound on sampling

frequency.162 The higher the sampling frequency, higher is the noise level,'®13%1%% Th

e
sampling frequency should be chosen in such a way that the signal-to-noise ratio is not
severely degraded for the smallest peak in the chromatogram.® Two different UV SFC
detectors (UV-2075 and X-LC-3070 UV) with “100 Hz” frequency were examined (see
the Experimental Section). The obvious choice was to use the X-LC-3070 UV for
performing fast eluting peaks since it has the fastest available response time (0.03 s) as
compared to 0.05 s for UV-2075. 1,3 Dinitrobenzene (1,3 DNB) was chosen as a model

analyte, which eluted on a teicoplanin column in 8 to 9 s.Figure 5 A shows the
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chromatogram of 1,3 DNB along with its time derivative to magnify the signal changes.
Even at 10 mL/min, 2750 plates were obtained on the 5 cm column. As the figure shows,
the baseline is noisy (+ 281 signal units) and the peak has some superimposed ripples.
Fourier transform of the chromatogram showed a spike at 10 Hz (c.f. Figure 5). This
observation supports the conclusion that the 10 Hz spike, seen in the FT, is not flow rate
dependent, but rather, it is a function of the BPR setting and its design. Hence, the noisy
baseline is certainly due to the BPR rather than turbulence in the detector or postcolumn
tubings, as commonly perceived."*'® For comparison, a pure Gaussian peak was
simulated at 100 Hz (o = 0.153 s). A “noiseless” Gaussian peak should produce a

smooth derivative of the same shape as shown in Figure 5.7 B.
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Figure 5.7 Assessment of peak shapes on two detectors used in SFC (UV 2075 and XLC
3070 UV). Column: 5 x 0.46 cm i.d.; teicoplanin bonded 1.9 ym NPSD silica. Column
temperature: ambient. MP: 90:10 CO2/MeOH at 10 mL/min. Back pressure regulator was

maintained at 10 MPa. 1,3 Dinitrobenzene elutes in 8 to 9 s. (A) Close-up of 1,3
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dinitrobenzene peak and the corresponding time derivative on a real sampling frequency
of 100 Hz on XLC 3070 UV (0.03 s response time). (B) Simulated Gaussian peak at 100
Hz with its corresponding time derivative. (C) Close-up of 1,3 dinitrobenzene on
upsampled data at 100 Hz with its corresponding time derivative on UV 2075 detector
(0.05 s response time). (D) Simulated Gaussian peak upsampled from 20 Hz (red circles)
to 100 Hz (blue circles) by linear interpolation (MATLAB 2010Ra) with its corresponding
time derivative. Both detectors have the same cell volume (4 yL). Connection tubings:
254 ym.

For comparison, the UV-2075 was operated under the same conditions as the previous
detector (100 Hz sampling rate, Figure 7C). There was a remarkable decrease in the
baseline noise despite the fact that the response times are not significantly different (0.03
s vs 0.05 s). The standard deviation of the baseline noise is +47 (83% reduction in noise).
The plate count of 1,3 DNB was 1280, which is ~1500 plates less than the
aforementioned detector. Examination of the peak profile showed a very interesting
feature on the peak apex as well as the peak base. The peak appeared to be segmented
at many points. Similarly, the derivative of the peak is different from X-LC-3070 UV (and
two other UHPLC instruments tested). The time derivative of the peak showed horizontal
steps which indicated that the slope was constant in some regions of the peak. This
segmentation indicated a linear interpolation of the sampled data, in which two widely
spaced data points are interpolated to artificially increase the experimental sampling
frequency to any desired sampling frequency. This process is known as upsampling and
is well-known in the field of digital signal processing of audio signals.'®(36) To the best of
our knowledge, this is the first discussion of the effect of upsampling in the
chromatographic literature. In order to confirm our hypothesis, a narrow peak (o = 0.08 s)

was simulated which eluted in 8 s (Figure 7D). The actual data at 20 Hz is shown in red
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points whereas the blue circles indicate the profile of the upsampled peak. The peak
profile is similar to the peak shown in Figure 7C. The derivative of this “noiseless” linearly
interpolated result shows the same pattern of steps (Figure 7D) as that seen in Figure
7C. What could be the plausible reason for upsampling in SFC? The Fourier transform of
this chromatogram showed no spikes at 10 Hz. This clearly implies that the actual peak
was not sampled at a true 100 Hz; because if it were, it would have picked up the noise
from the back-pressure regulator. It appears that interpolation was used to eliminate
noise in SFC. Some instruments such as the Agilent systems do downsampling; i.e., the
actual data is collected at a much higher rate and later averaged to appear at lower
frequencies. Downsampling also decreases the noise. In this specific case of the Jasco
SFC, upsampling had the beneficial effect of eliminating the 10 Hz noise from the BPR
which resulted in unwanted ripples on the peak. While these parameters may not matter
in routine work, they must be kept in mind when doing ultrafast separations, since
segmentation was seen in ultrafast peaks only. The data acquisition rate of having 20
points per peak is a popular number in chromatographic literature without a solid
theoretical justification.’®(3) Since the peaks in both detectors are more than 1 s wide,
there are more than 100 points per peak on both detectors. However, the retention time,
peak shape, and plate counts are different. The sampling frequencies on the two
detectors appeared the same in software; clearly, all identical sampling frequencies are
not created equal. Researchers engaged in ultrafast chromatography need to be aware

of these data acquisition artifacts.

5.5 Conclusions
The results herein clearly demonstrate the small particle advantage in ultrafast chiral and
achiral supercritical/subcritical fluid chromatography. The enhanced fluidity of mobile

phases containing carbon dioxide do not impose pressure limitations encountered in
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UHPLC on short columns. A careful choice of connection tubing is needed to achieve the
highest efficiency and to maximize resolution. The connection tubings, unlike in UHPLC,
change retention time, as well as peak shapes. Each tubing showed a different optimum
linear velocity. With low viscosity eluents, turbulence exists in the connection tubings, but
the major contributor to noise in SFC comes from back-pressure regulators. Fourier
transform proved to be an extremely powerful way to analyze the sources of noise in the
SFC BPRs. Different instruments show the presence of either single or multiple
frequencies. Similarly, researchers engaged in SFC need to be aware of the nature of
digital filters embedded in the software, and the symmetric moving average (along with
Gaussian or Hamming weights) is one of the best filters. It is shown for the first time that
some instruments may not have the “real” sampling frequency but rather the data
consists of (linearly) interpolated or upsampled data points. The derivative test proposed
here is a simple yet powerful approach to detect linear interpolation in the signal

processing of chromatography instruments.
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Chapter 6

Salient Sub-Second Separations

6.1 Abstract

Sub-second liquid chromatography in very short packed beds is demonstrated as a broad
proof of concept for chiral, achiral, and HILIC separations of biologically important
molecules. Superficially porous particles (SPP, 2.7 uym) of different surface chemistries,
namely, teicoplanin, cyclofructan, silica, and quinine, were packed in 0.5-cm-long
columns for separating different classes of compounds. Several issues must be
addressed to obtain the maximum performance of 0.5 cm columns with reduced plate
heights of 2.6 to 3.0. Modified UHPLC hardware can be used to obtain sub-second
separations provided extra-column dispersion is minimized and sufficient data acquisition
rates are used. Further, hardware improvements will be needed to take full advantage of
faster separations. The utility of power transform, which is already employed in certain
chromatography detectors, is shown to be advantageous for sub-second
chromatography. This approach could prove to be beneficial in fast screening and two-

dimensional liquid chromatography.

6.2 Introduction
One of the basic tenets of separation science is to achieve adequate resolution in the
shortest possible time. Not surprisingly, the relative meaning of “shortest possible time”
has evolved over five decades, where early separation of biological molecules in 30—60

min was once considered fast liquid chromatography.'**%°

By current standards, ultrafast
liquid chromatography is usually considered as sub-minute separations—although the
lower limit will continue to decrease with developments in smaller particle synthesis,

improved packing technologies, design of the column hardware, and peak detection
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methods.113‘133

Recently, researchers have shown unprecedented separation speeds of
4-5 s in packed beds by using high efficiency particles for both achiral and chiral
separations in liquid chromatography as well as  supercritical  fluid

Chromatography.ﬁ,'l15,124,163,166

It is not uncommon to obtain plate heights H < 2d, (d, =
particle diameter) with superficially porous particles (SPP) or fully porous sub-2-um
particles with exceptionally narrow size distribution.'®” The excellent performance of the
former arises from lower contributions to eddy dispersion in the band broadening
processes.87 These efficiencies are providing an impetus to separation scientists to push
the boundaries of analysis speed by utilizing very short columns. Ultrafast liquid
chromatography is a very promising approach for high throughput screening

168

methods " or in two-dimensional chromatography of complex samples where it is

necessary to have high speed separations in the second dimension.?>"%*""°
To date, ultrahigh speed separations of a few seconds or as low as milliseconds have
been achieved in special electrophoretic microchip plates or in capillary zone

171-174

electrophoresis. Other approaches such as shear driven chromatography and wide

bore hydrodynamic separations have also shown some promise in this

175,176

regard. Special detection technologies were employed such as on-column detection

followed by image processing to extract the peak profile."""”

Handling of rapidly eluting
peaks in the domain of conventional liquid chromatography is currently hindered by extra-
column dispersion and even the data sampling rates on many commercial UHPLCs. The
ideal chromatographic output from extremely high efficiency columns and fast eluting
peaks is convoluted by several factors. The shape of the injector pulse, the cup-flow
distribution pattern of the inlet and outlet frits, diffusion and mixing in plumbing unions,

flow profiles in the tubings, data sampling rate, and embedded noise suppressing

algorithms in any chromatographic setup all affect the true peak shape in deleterious
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ways.m‘178 Second, in the majority of UHPLCs, the maximum flow rate is limited to 2-5

mL/min, which is another factor limiting separation speed.
The aim of this work is to analyze the conceptual and practical aspects of sub-second
separations on state of the art ultrahigh performance instruments using 0.5 cm packed
columns with 2.7 ym SPP particles. We discuss and propose simple instrumental
modifications and simple mathematical approaches allowing chromatographers to
circumvent the challenges in ultrafast LC (vide supra) and obtain sub-second
separations. The shortest possible analytical column dimensions available commercially
(0.5 x 0.46 cm i.d.) are used with four different chemistries (silica, cyclofructan-6,
teicoplanin, and quinine bonded phases). These column chemistries are compatible with
normal, reversed phase, HILIC, and polar organic/ionic modes and are used for a broad
proof of concept. The polar organic mode uses ACN as a major component of the mobile
phase, while MeOH is used to adjust the retention time with small amounts of acid/base
additives to modify the selectivity.

6.3 Experimental Section

6.3.1 Materials

All HPLC solvents, buffers, and analytes were obtained from Sigma-Aldrich (St. Louis,
MO). The 2.7 um superficially porous particles with 1.7 ym core diameter and 0.5 pm
shell thickness were provided by Agilent Technologies (Wilmington, DE). Surface area of
the particles is 120 m2/g, and pore diameter is 120 A. Mobile phase compositions are
given as volume/volume (v/v). The pH and mobile phase additive concentrations are
given for the aqueous portion of the mobile phase before mixing with an organic modifier,
and all experiments were conducted at room temperature.

6.3.2 Stationary Phases
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The stationary phase materials were synthesized by AZYP LLC (Arlington, TX).
Teicoplanin, cyclofructan-6, and quinine-based stationary phases were prepared

according to the reported methods.*'>""

The stationary phase material was either
packed into 0.5 cm x 4.6 mm id. empty guard columns by Agilent Technologies,
(Wilmington, DE) or packed in our laboratory using dispersed slurry techniques and
pneumatic pumps. Superficially porous silica (2.7 ym) guard columns were purchased

from Agilent Technologies. As reported earlier,'"

it was found that dispersed
suspensions of core—shell particles produced optimum results with pressures of 10 000
psi. These pressures were necessary to stabilize the bed against high flow rates (5
mL/min max on the UHPLC) for sub-second chromatography. For further characterization
of the column volume (and to estimate the dead times), pycnometry was performed using

% The dead volumes of

the density difference method with water and methanol (n = 3)
the column were found to be 75, 69, and 75 pL for SPP silica, SPP teicoplanin, and SPP
quinine, respectively. Therefore, at 5 mL/min, the average dead time of the SPP guard
column (in Agilent’s hardware) would be 0.83 to 0.89 s. These dead times are consistent
with the elution time of acetone under HILIC mode conditions.
6.3.3 Instrumentation

The Agilent 1290 UHPLC is equipped with a degasser, quaternary pump, autosampler,
temperature controlled column compartment, and diode array detector. The instrument
was controlled by OpenLabs CDS ChemStation software (Rev. C.01.06 [61], Agilent
Technologies 20012014) under Microsoft Windows 8.1. In order to operate the instrument
at the highest flow rate possible (5.0 mL/min, without pressure restriction), the in-line filter
was removed. The pump outlet was directly connected to a presaturator column (5 x 0.46

cm i.d.) filled with silica (M.S. Gel, D-50-120A, AGC SciTech Co., Ltd.). This column has

two roles (a) to act as a filter and (b) to saturate the incoming mobile phase with
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dissolved silica before it hits the analytical column. This process ensures the long life of a
column without any back-pressure. The autosampler and the column oven were
bypassed. The presaturator column outlet was then connected to a Rheodyne 7520
manual injector (Rheodyne LLC, Rohnert Park, CA) with an internal loop size of 1 yL. Full
loop injections were made. The Rheodyne was connected to the column via 7 cm x 75
pm Nanoviper tubing and the column outlet was directly inserted into the UHPLC detector
flow cell. The column consists of a 0.5-cm-long barrel with a permanently sealed frit at
one end followed by a 3 cm x 120 ym stainless steel extension. The detector has a
dispersion volume V(o) of 1 uL (G4212-60008). Although smaller flow cells are available
(0.6 L dispersion), there is potential of bursting the flow cell with compressible mobile
phases at high flow rates. The retention times were determined with respect to the
pressure pulse generated by manual injection.

Data Processing

Peak deconvolution and fitting of the peaks as exponentially modified Gaussians (EMG)

and moment analysis were performed on PeakFit software v4.12.

6.4. Results and Discussion
6.4.1 Preparation and Characterization of Short 0.5 cm x 0.46 cm i.d. Columns
In order to achieve sub-second liquid chromatography, short 0.5 cm columns were
chosen. There is a question of which column diameter is best. Potentially, the narrow i.d.
columns (0.21 or 0.30 cm i.d.) would provide very high superficial linear velocities at the
maximum flow rates in the UHPLC; e.g., at 5 mL/min the superficial linear velocities in
0.46, 0.30, and 0.21 cm i.d. columns would be 0.501, 1.17, and 2.40 cm/s, respectively. It
might appear that the 0.21 cm i.d. format would be the most suitable diameter for ultrafast

separations. Unfortunately, the practical difficulties encountered in packing a 0.21 cm i.d.
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column and minimizing the extra-column effects override the benefits of narrow bore
columns currently. Even in the long column format for superficially porous particles, the
0.21 cm i.d. columns achieve about 60% of the plates of the 0.46 cm i.d. format. For
further work, 0.5 cm x 0.46 cm i.d. columns were chosen for slurry packing, since the wall
effects are virtually negligible in 0.46 cm i.d. columns.
6.4.2 Is the Sampling Frequency Available for Sub-Second Chromatography?

For sub-second chromatography, it was necessary to simulate the separation and assess
the required sampling frequency based on the efficiencies observed in the 0.5 cm
columns. Shannon’s theorem dictates that in order to accurately capture the analytical
signal, the minimum sampling frequency must be equal to twice the maximum frequency

components in the signal being acquired."®

In Figure 6.1 A, we simulate two sub-second
Gaussian peaks in the presence of root-mean-square noise of +0.06 units. This is the
typical noise expected in a modern UV UHPLC detector. The plate counts of 0.5 cm
column (150—-200 per second) were set on the basis of realistic numbers obtained under
very high flow rates (~5 mL/min). In order to extract the frequency components of such
signals, Fourier transform (FT) of this simulated chromatogram was done. As the FT
shows, >95% of the useful chromatographic information is under 15 Hz. Shannon’s
theorem guides us to sample the data at a minimum of 2 x 15 Hz; therefore, 40 and 1000
Hz should be sufficient as shown in Figure 6 C and D. Note the number of points is less
than 20 points per peak in the 40 Hz chromatogram. Two modern UHPLCs can sample
the data up to 160 to 250 Hz, respectively. In the near future, ever higher efficiencies are
likely in very short columns, and then even these sampling frequencies and response
times may be insufficient in sub-second chromatography. The Agilent’'s UHPLC employed
here couples the sampling frequency with a rather sophisticated undisclosed digital filter

which behaves very closely to a centered moving average with Gaussian weights.'*
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Figure 6.1. Computer simulation of a sub-second separation with RMS noise of +0.06
under a second in (A) time domain, (B) frequency domain via Fourier analysis, (C) time
domain signal at 1000 Hz of sampling frequency, and (D) time domain signal at 40 Hz of
sampling frequency. Computer simulations are done with OriginPro 2015 (Origin Lab
Corporation, MA).
6.4.3 Hardware Considerations in Sub-Second Chromatography

To achieve ultrafast separations in packed 0.5 x 0.46 cm i.d. columns, packing
approaches and extra-column dispersion of UHPLC needed extensive optimization. The
most convenient approach to making very short columns is to pack the superficially

porous particles in available (empty) guard columns using dispersed slurry
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'(31) On the basis of the previously optimized hardware''*(4) (low

techniques.
dispersion UHPLC autosampler, 25 cm x 75 ym tubing, and 1 pL detector), 600-700
plates at optimum flow rates (0.8 mL/min) were considered as well-packed columns, as
shown in Table S2. This efficiency (N) corresponds to H ~ 2.3dp to 3.0dp without
subtracting any source of dispersion. For column lengths of 0.5 cm, the extra-column

153
(

dispersions on any state of the art UHPLC cannot be ignored. *°(2) Assuming all the

extra-column volumes behaved as a perfect mixer,"*

(2) the extra-column variances were
estimated to be 2.2 pyL2. The second moment analysis also confirmed that the extra-
column variance was only ~11% of the chromatographic peak variance at low flow rates.
Despite this ultralow dispersion, there is an additional fundamental challenge with very
short connection tubings (3 and 7 cm) employed in this work. Indeed, the Aris-Taylor
Gaussian dispersion breaks down because of short residence time of the analyte in the

181
(

tubings. © (32) The eluting peaks (in the absence of column) were observed to produce

non-Gaussian tailing profiles, as predicted by Golay along with a “foot” at the tailing

end."®(

32) The “foot” or the hump is marked with an arrow in Figure 2C. It is interesting
that this peak shape fits neither an exponentially modified Gaussian (EMG) nor other
empirical versions of peak fitting software (PeakFit v 4.12) such as the “Half Gaussian
Modified Gaussian (GMG)” models or their hybrids (EMG-GMG). Obviously, even those
relatively poor fit models (R2 ~ 0.98) show that the second moment is higher in terms of
square microliters than the second moment at low flow rates (0.8 mL/min). Similar peak
shapes with a “foot” in the tailing region without columns were reported by Gritti et
aI.8(33) The tailing envelope may be superimposed on the band profile eluting from very

short columns. A simple but elegant approach for overcoming such fundamental

challenges in sub-second chromatography is outlined in the last section of this article.
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Figure 6.2. Demonstration of effect of extra

connection tubing. Chromatographic conditions:

column effect originating from short

column, 0.5 cm x 4.6 mm i.d. 2.7 ym

core—shell silica guard column (Agilent Technologies); mobile phase, ACN/water (80:20);

analyte, thymine; connection tubing, 70 mm x 75 pym i.d. NanoViper (A) at 0.8 mL/min

without the column, (B) at 0.8 mL/min with the
column, and (D) 5.0 mL/min with the column

corresponding peak).

column, (C) at 5.0 mL/min without the

(second moments are given with the

6.4.4 Examples of Sub-Second Chromatography

Examples of several different chiral and nonchiral sub-second separations in various

chromatographic modes are given in Figure 6.3 and Table 6.1. Baseline sub-second

separations are more easily achieved when the first analyte elutes before the dead time,

e.g., due Donnan exclusion. The separation window becomes small between the dead

time and 1 s. However, this upper 1 s limit
separations can be readily achieved in a few

mL/min, the dead time is estimated to be ~0.8 s

is arbitrary in this work, and ultrafast

113,166

seconds. Using a flow rate of 5

from pycnometric measurements on the

silica column. Figure 6.3A shows the enantiomeric separation of N-(3,5-dinitrobenzoyl)-

DL leucine on a SPP quinine phase. In Figure 6.3B, a HILIC mode separation of mellitic

acid from benzamide is shown. Note that mellitic acid is repelled from the stationary
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phase. Similarly two dipeptides, Glu-Asp and Gly-BAla, are baseline separated on the
teicoplanin bonded SPP column (Figure 6.3C). Examples of four additional pairs of
dipeptides are shown in Table 6.1. In Figure 6.3D, we show that it is possible to perform
ultrafast screening by resolving three peaks (two sulfonic acids and a derivatized amino
acid) under a second using the methods outlined in the next section. A doubly charged
sulfonic acid is repelled from the stationary phase like mellitic acid. It is also important to
have retention time reproducibility for sub-second separations. Using the HILIC mode, six
injections were made and retention times calculated for mellitic acid and 4-aminosalicylic
acid. The percent RSD for the retention time of both peaks was found to be <2% (see

Supporting Information).

(A) Chiral (B) HILIC mode
N-(3,5-Dinitrobenzoyl)-DL-Leucine Mellitic 4-aminosalicylic
i/\//L
0.0 05 10 15 20 0.0 0.5 1.0 1.5 20
Seconds Seconds
(C) RPLC mode (D) HILIC mode

4-Formyl-benzene-
1,3-disulfonic acid
Glu-Asp  Gly-BAla

N-Ac-D-Ala
J/\L Methyl benzenesulfonate
00 05 10 15 20 0.0 05 10 15 2.0
Seconds

Seconds

Figure 6.3. Sub-second chromatography on various stationary phases using 0.5 x 0.46
cm i.d. columns: (A) SPP Quinine, 70:30 (ACN/20 mM NH4CO2H), 5 mL/min; (B) SPP

silica, 94:6 (ACN/15 mM NH4CH3CO2), 5 mL/min; (C) SPP Teicoplanin, 42:58 (ACN/20
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mM NH4CO2H), 5 mL/min; (D) SPP Teicoplanin, 70:30 (ACN/water), 5 mL/min. Data

sampling rate 160 Hz. For parts A and D, see next section on power transforms.

Table 6.1 Sub-Second Screening for Achiral, Chiral in Various Chromatographic Modes

Analyte Chromatographic conditions tr1 tro Rs* Rs*
(stationary phase, mobile phase, (s) (s) *
and flow rate)

Chiral separations
1. DNPyr-DL-Leucine Teicoplanin, 0.56 0.91 1.2 1.6
60:40 (MeOH:20 mM NH,CO;H), 5
mL/min
2. DNPyr-DL-Norvaline Teicoplanin, 0.66 1.00 1.4 1.9
70:30 (MeOH:20 mM NH,CO;H), 5
mL/min
3. ()-4-Methyl-5-phenyl-2- Teicoplanin, 0.60 0.98 1.5 21
oxazolidinone 100% MeOH
4. N-Acetyl-Alanine Teicoplanin, 0.56 0.99 1.5 2.2

40:20:40 (MeOH: ACN: 5 mM
NH,CO.H), 4 mL/min

5. N-(3,5-Dinitrobenzoyl)-DL- Quinine, 0.66 0.98 1.3 1.6
Leucine 70:30 (ACN:20 mM NH,CO.H), 5
mL/min

Achiral separations - HILIC mode

6. Mellitic acid  + Cyclofructan, 0.49 0.90 2.5 2.5
Benzamide 95:5 (ACN:15 mM NH,CH5CO,), 5
mL/min
7. Mellitic acid + Silica, 0.48 0.91 24 3.5
Benzamide 95:5 (ACN:15 mM NH,CH5CO,), 5
mL/min
8. Mellitic acid + Silica, 0.48 0.93 1.8 3.9
4-Amino salicylicacid 94:6 (ACN:15 mM NH,CH5COy), 5
mL/min
9. Mellitic acid + Silica, 0.48 0.66 1.2 2.6
2,3-dihydroxybenzoic acid + | 94:6 (ACN:15 mM NH,CH;CO,), 5 (tra= | 1.1 2.8
4-Amino salicylicacid mL/min 0.93)
10 4-Formyl-benzene-1,3- Teicoplanin, 0.40 0.61 1.2 1.9
disulfonic acid + 70:30 (ACN: Water), 5 mL/min (trs= | 1.1 1.7
N-Ac-D-Alanine + 0.87)

Methyl benzenesulfonate

Achiral separations - Reversed phase mode

11 Acetylsalicylic acid + Teicoplanin, 0.60 0.94 1.8 | 25
. Salicylamide 35:65 (ACN:20 mM NH,CO.H), 5
mL/min
12 Salicylicacid + Teicoplanin, 0.61 0.93 1.5 | 23
. Methylsalicylate 40:60 (ACN:20 mM NH4CO.H), 5
mL/min
13 4-Formyl-benzene-1,3- Teicoplanin, 0.55 0.87 1.8 | 2.8
disulfonic acid + 40:60 (ACN:20 mM NH4CO,H), 5
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Methyl benzenesulfonate mL/min
14 Dansyl-Asp + Teicoplanin, 0.44 0.81 20 | 31
. Gly 30:70 (ACN:Water), 5 mL/min
15 Asp-Asp-Asp-Asp + Teicoplanin, 0.47 0.88 19 | 3.0
. Gly-Gly 33:67 (ACN:20 mM NH,CO.H), 5
mL/min
16 Asp + Teicoplanin, 0.44 0.78 1.8 | 2.7
. B-Ala 35:65 (ACN:Water), 5 mL/min
17 Gly-Asp + Teicoplanin, 0.59 0.84 1.3 | 2.0
Gly-Val 26:74 (ACN:20 mM NH,CO.H), 5
mL/min
18 Asp-Asp + Teicoplanin, 0.56 0.98 1.8 | 29
Gly-Trp 42:58 (ACN:20 mM NH,CO.H), 5
mL/min
19 Glu-Glu + Teicoplanin, 0.52 0.90 1.7 | 2.8
Gly-Leu 40:60 (ACN:20 mM NH4CO.H), 5
mL/min
20 Glu-Asp + Teicoplanin, 0.54 0.99 19 | 29
Gly-BAla 42:58 (ACN:20 mM NH,CO.H), 5
mL/min

#Resolutions without power transformation.
®Resolutions with power transformation (n = 2).

6.4.5 The Effect of “Power Transform” in Sub-Second Chromatography
It can be noted that under ultrafast separations and short columns, the peaks are non-
Gaussian (tailed) due to trans-column velocity biases in the tubings and frits as well as
the particulate bed (vide supra). Additionally, if the peaks are eluting before the dead time
(due to Donnan exclusion), the efficiencies of such peaks can be compromised. In Table
6.1, the efficiency of dansyl aspartic acid and glycine are 90 and 240, respectively. The
former analyte elutes at 0.44 s, which is much before the dead time (0.8 s). Under the
highest flow rates available on the UHPLC (5 mL/min), the 0.5 cm SPP columns provided
about 150 to 200 plates. Using the simplest expression for peak capacity in the isocratic
mode, and where there is a possibility of a peak eluting before the dead time, we can
write the peak capacity (P) for a sub-second separation in a time span of 0.4t0 1.0 s

(see Table 6.1), with a chromatographic resolution of 1 as'®
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1.0
V200 V200
P=1+det=1+(T)(ln10—an4) ~ 4
0.4

Using the same approach for the peak capacity for analogous higher efficiency
separations, it is determined that for N = 500, P = 6, and for N = 1200, P= 9. In Table
6.4, we demonstrate the full potential of fitting three peaks under a second in the HILIC

mode. The resolution (~0.6) is a result of the extra-column tailing effect alluded to above.

The chromatographic profile of peaks can be deconvoluted into three exponentially
modified Gaussians at 0.48, 0.68, and 0.93 s as shown in Table 6.4B. It is clear from the
peak fitting model that tailing is causing this lowered resolution. It is known that raising
Gaussian functions to any power (n > 0) still maintains them as Gaussian functions with
an effect of reducing their standard deviations. Thus, squaring or cubing the output signal
yields a peak at the identical retention time but with a narrower width (See Rs values
in Table 6.1 and Table 6.4). It can be shown mathematically that for Gaussian peaks, the

183

efficiency directly scales as the power nand the resolution scales as Vn.'"®’Such an

approach is already embedded in some commercial detectors such as the evaporative

light scattering detector without the user’s control."®

Recently, Thermo launched a
UHPLC that allows the chromatographer to choose the power “n” to transform the

chromatograms.
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Figure 6.4 Application of power transforms in sub-second chromatography of three
components (mellitic acid, 2,3-dihydroxybenzoic acid, and 4-aminosalicylic acid). (A) The
original sub-second chromatogram. (B) Deconvoluted chromatogram into three
exponentially modified Gaussian peaks. (C) Power transform with cubic of the original
data. Column, 0.5 cm x 4.6 mm id. 2.7 ym SPP silica; mobile phase, ACN/15 mM

ammonium acetate = 94:6 (v/v), 5 mL/min at 220 nm.

Figure 6.4C shows that if the same chromatographic data (y ordinate) is raised to a
power of 3, the same separation can now be baseline resolved into three components.
This approach is a very powerful method for extracting information for ultrafast screening
purposes from a low resolution chromatogram, which is indeed the main purpose of sub-

second chromatography. There is a caveat, however, in that the peak areas change in
this power transformation as 4, , = Ym"ax(ff\/%), where 4, is the peak area after applying

the power n, Y}, is the maximum amplitude, and o is the standard deviation of the

183
(

peak. “°(35) Calibration curves constructed can be nonlinear if quantitation is desired.

6.5 Conclusions
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The foundations of performing sub-second chromatography in small packed beds using
superficially porous particles are outlined. Various modes of chromatography were
demonstrated including reversed phase, HILIC, and chiral separations as a proof of
concept. Detection and hardware challenges need to be further addressed. Although the
sampling frequencies are adequate for the current efficiencies achievable in ultrafast
chromatography, they may not be for future improved columns. The bigger challenge so
far is the peak shapes due to non-Gaussian dispersion in short tubings, which can be
circumvented by on-column injection and on-column detection technologies as is done in
electrophoretic methods. Modern UHPLCs are limited to 2-5 mL/min flow rates at higher
pressures (>500 bar), and this is less than desirable for these separations. Using power
transforms on exponential functions (as those used for modeling peak shapes) is a very
simple way to improve peak shapes, reduce variances, and decrease noise in sub-

second screening.
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Chapter 7
Ultrafast chiral separations for high throughput enantiopurity analysis

7.1 Abstract
Recent developments in fast chromatographic enantioseparations now make high
throughput analysis of enantiopurity on the order of a few seconds achievable.
Nevertheless, routine chromatographic determinations of enantiopurity to support
stereochemical investigations in pharmaceutical research and development, synthetic
chemistry and bioanalysis are still typically performed on the 5-20 min timescale, with
many practitioners believing that sub-minute enantio- separations are not representative
of the molecules encountered in day to day research. In this study we develop ultrafast
chromato- graphic enantioseparations for a variety of pharmaceutically-related drugs and
intermediates, showing that sub-minute resolutions are now possible in the vast majority
of cases by both supercritical fluid chromatography (SFC) and reversed phase liquid
chromatography (RP-LC). Examples are provided illustrating how such methods can be
routinely developed and used for ultrafast high throughput analysis to support

enantioselective synthesis investigations.

7.2 Introduction

The past few years have seen dramatic improvements in the speed of chromatographic

113,122,124,163,166,185

enantioseparations. Long a preferred technique for analysis of

enantiopurity to support enantioselective synthesis or bioanalytical investigations,we’187
chiral chromatography has evolved from typical run times of 20—40 minutes in the 1980s
and 1990s to 5-10 minutes in the 2000s, to recent examples of ultrafast sub-minute

188

separations, some taking only a few seconds. ™ A variety of factors have contributed to

this speed revolution, including improved chiral stationary phases (CSPs),
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52,163,166,188

instrumentation and chromatographic particle technology. Equally important

has been a growing dissatisfaction with legacy methods that are poorly suited to high

throughput experimentation,189

and an emerging under- standing of the theory and
practice underlying ultrafast chro- matographic separations. At this point in time “world
speed records” for chromatographic enantioseparations of particular molecules are

124166185 and the whole movement toward fast chromatographic

broken on a routine basis,
separations promises to significantly disrupt conventional workflows in enantio- selective

synthesis and pharmaceutical chemistry.

Ultrafast chiral chromatography offers a tremendous potential for high-throughput
enantiopurity assays, with analysis time that is competitive with sensor-based analytical
approaches.'® Nevertheless, most researchers currently utilizing chiral chromato- graphy
as an analytical tool are still using analysis times of 5-10 min per sample. While these
longer assays may be fine for the analysis of a few samples, they are poorly suited for
research investigations involving screening and high throughput experimentation. In this
study we investigate the ability to develop fast chromatographic enantioseparations for a
variety of pharmaceutical-related drugs and intermediates, showing that sub minute
separations are now possible in most cases. We illustrate how such methods can be
routinely developed, and how ultrafast chromatographic enantioseparations can be used

for high through- put analysis to support enantioselective synthesis investigations.
7.3 Experimental section

7.3.1Instruments
Chiral SFC screening and optimization experiments were carried out on Waters Acquity

UPC2 (Waters Corp., Milford, MA, USA) systems equipped with a fluid delivery module (a
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liquid CO2 pump and a modifier pump), a sampler manager — FL autosampler, two
auxiliary column managers allowing six installed columns, a photodiode array detector,
and MassLynx® software. Chiral reversed phase high perforrmace liquid chromatography
(HPLC) experiments were performed on Agilent 1200. The Agilent 1200 stack comprised
of G1379B degasser, G1312B binary pump, G1367C HiP-ALS SL autosampler and
G1315C diode-array detector. The system was controlled by Chemstation software.
MISER (Multiple Injection in a Single Experimental Run) chiral SFC. Experiments were
performed on an Agilent 1200 system with an Aurora SFC Control Module. The system
comprised a modified G1322A vacuum degasser, a G1312A binary pump, a G1367B
WPALS autosampler, a G1316A column compartment, and a G1315B diode array
detector. The system was controlled by Open LAB CDS ChemStation Edition Rev.
B.04.03 software. Chemicals and reagents. Methanol (HPLC Grade) was purchased from
Fisher Scientific (Fair Lawn, NJ, USA). Compounds 24, 25 and 37 (single diastereomer)
and 2-4, 7, 8, 11-13, 17-19, 22-24, 27-30, 32-35 and 38-40 were obtained from the
Building Block Collection (Merck & Co., Inc., Kenilworth, NJ, USA). Ammonium formate
(NH4HCO;), formic acid (HCOOH); perchloric acid (HCIO4), sodium perchlorate
monohydrate (NaClO4-H20), 1.0 M triethylammonium acetate buffer (TeAA),
isobutylamine (IBA) and all other racemates used in this study were all purchased from
Sigma—Aldrich (St. Louis, MO, USA), including compound 50: (2S,5S)-(-)-2-tert-Butyl-3-
methyl-5-benzyl-4- imidazolidinone and (2R,5R)-(+)-2-tert-Butyl-3-methyl-5-benzyl-4-
imidazolidinone. Ultrapure water was obtained from a Milli-Q Gradient A10 from Millipore
(Bedford, MA, USA). Bone dry-grade CO2 was obtained from Air Gas (New Hampshire,
USA). Chiral Stationary phases. Columns packed with Chiralpak (AD, AS, IA, IB, IC, IC,
IE, IF) and Chiralcel (OD, OJ, OZ) were purchased from Chiral Technologies (West

Chester, PA, USA). Lux (Amylose-2 and Cellulose-4) columns were purchased from
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Phenomenex (Torrance, CA, USA). (S,S)- Whelk-O1 column was purchased from Regis
Technologies (Morton Grove, IL, USA). TrefoilTM AMY1 and TrefoilTM CEL1 columns
were purchased from Waters Co. Teicoplanin (Teico-FPP), teicoplanin aglycone (TAG-
FPP), vancomycin (vanco-FPP), isopropyl bonded cyclofructan LARIHC CF6-P (CF6-P-
FPP), Hydroxypropyl-B-cyclodextrin (HPRSP-SPP) were obtained from AZYP LLC
(Arlington, TX, USA). Chiral SFC screening conditions. Chiral SFC separations were
carried out on a diverse set of columns described in table 1; 4.6 and 3.0 mm x 150 mm
length, 3 and 5 ym columns by gradient elution at a flow rate of 3 mL/ min with the
backpressure regulator (BPR) set at 200 bar; 3.0 mm x 100 mm length, Waters Trefoll
AMY1 and CEL1 2.5 ym columns: flow rate 2.5 mL/min, BPR 150 and flow rate 1.3
mL/min, BPR 150, respectively. The SFC eluents were solvent A: CO2 and solvent B: 25
mM isobutylamine in MeOH. The mobile phases were programmed as follows: linear
gradient from 1% to 40% B in 5, hold at 40% B for 1 min. For teicoplanin and teicoplanin
aglycone the SFC eluents were solvent A: CO; and solvent B: MeOH at 2 mL/min BPR at
120, with similar gradient conditions as above. For LARIHC CF6-P column SFC eluents
were solvent A: CO, and solvent B: 0.3-0.2 % (v/v) trifluoroacetic acid-triethylamine in
MeOH, flow rate 2 mL/min, BPR 120. The column and samples were maintained at a
temperature of 40 20 °C, respectively. Chiral RP-LC screening conditions. Chiral RP-LC
separations were carried out on a diverse set of columns described in table 1. 4.6 mm x
50 mm, 3 ym and 1.9 ym columns and 4.6 mm x 30 mm 2.7 ym column by gradient
elution at a flow rate of 3.0 mL/ min and 2 mL/min, respectively. 3.0 mm x 50 mm, 5 ym
Whelk-O1: 0.8 mL/min. The LC eluents were solvent A: 1) 150 mM NaClO, in 0.02%
HCIO4 2) 2 mM NH4HCO,; solvent B : CH;CN 3) 1 M TEAA buffer and solvent B:
Methanol. The mobile phases were programmed as follows: linear gradient from 20% to

80% B in 10 min, hold at 80% B for 2 min for 3 ym columns and 5% to 95% B in 10 min,
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hold at 80% B for 2 min for 1.9 and 2.7 uym columns. The column and samples were
maintained at a temperature of 25 °C and 20 °C, respectively. Calculation of resolution
factor and estimation of optimal separation time. The resolution factor (Rs) referred to in
this study was determined using the half-height method:

Rs = 2 (t, —t1) 1.7 (Wps1 + Wps2)
where t1 and t2 are the retention times of the two peaks of interest, and wg 54 and wos.
are the peak widths measured at half height. The minimum separation time by column

cutting (tmin cc) [4] was predicted using the following equation:

— Rst 2
tminCC - tz,s R..
si

where t, g is the retention time of second peak and Ry is the resolution factor measured
from the screening experiments, and R is the target resolution. Method Optimization.
Ultrafast chiral separation methods were obtained by optimization of screening results for
each racemic mixture. Calculation of the previously described tmin o term'®' was used for
easy selection of the best the best hits from screening conditions, and at the same time,
to provide an estimate of the optimal time for ultrafast separations. Ultrafast
enantioseparations by both RP-LC and SFC were achieved by optimizing mobile phase
composition (by changing the gradient elution used in the screening methods to an
isocratic elution), flow rate and column length. All ultrafast RP-LC and SFC chiral
separations (figure 4) were performed at highest available sampling frequency and lowest
available response time of the instrument. Enzymatic Ketoreuctase Screening. Enzymes
and cofactors were obtained from Codexis, Inc (Redwood City, CA). The substrate 1-
benzyloxycarbonyl-3-pyrrolidinone was obtained from Sigma Aldrich. Enzymes were
predosed into a multiwell plate, with 2 mg of enzyme in each well. Solutions of NAD(P)

and NAD (1.11 mg/mL) were made by dissolving the appropriate cofactor in 0.1M
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phosphate buffer at pH 7.0. A total of 450 uL of the cofactor was added to the enzymes,
adding NAD(P) to wells A1-B10, and NAD solution to wells B11-B12. The plate was
allowed to sit at room temperature for approximately 15 minutes until the enzyme had
dissolved. A solution of the substrate (50 mg/mL) was prepared by dissolving the
compound in a 1:1 mixture of DMSO and iPrOH. The substrate solution (50 yL) was then
added to each enzyme in the multiwell plate, and the sealed plate was placed on a
shaker at 35°C for 22 hours. After the reaction was complete, the enzyme was
precipitated out by addition of 200 pL acetonitrile, and the solution was filtered. The
solvent was removed from the filirate by genevac, reconstituted in acetonitrile (200 uL per
well), and subsequently analyzed by MISER chromatography. MISER chiral SFC
experiment. A method for MISER chiral SFC analysis of reaction mixtures from enzymatic
ketoreuctase screening was developed by first carrying out chiral RP-LC and SFC
screening, and method optimization as described above. MISER chiral SFC data
acquisition was carried out using injector programming. Time between injections was 50
sec. Separations were performed on a 4.6 mm x 100 mm, 3 ym AD-3 column at a flow
rate of 3.25 mL/min and an eluent composition of 65% CO2 and 35% MeOH (25 mM
IBA). The column and samples were maintained at a temperature of 40°C and 20°C,
respectively.
7.4 Results and Discussion

The chromatographic enantioseparation of a group of 50 different racemates (shown in
Figure 7.1) was investigated in order to gauge the generality of sub-minute
chromatographic resolutions. Many of the compounds in the group come from a diverse
standard set of chiral drugs and synthetic intermediates developed in our labs to assess

2

performance and generality of new CSPs,'® a sample set that intentionally includes

some difficult to resolve analytes such as compounds 11, 18, 24, 30, 38 and 39.
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Additional challenging racemates such as ibuprofen (6), 1-tetralol (10) and compounds 3
and 19 were added to increase the range of functional group diversity within the set. In
addition, the family of warfarin (41) and related hydroxylated metabolites (42-46) was
included. Each of the 50 compounds was then subjected to method development
screening using both chiral RP-LC and SFC. Our method development screening
involves the use of a standard gradient elution (1 to 40 % organic modifier over 5min for
SFC and 5 to 80 % over 10 min for LC) on a series of columns containing different chiral

stationary phases (CSPs).
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Figure 7.1 Structures of 50 pharmaceuticals and intermediates

The complete list of columns and conditions evaluated in the study is shown in

1
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Table 7.1 total of 13 CSPs in RP-LC and 18 CSPs in SFC from different

manufacturers (Waters Co., Chiral Technologies, Regis Technologies,

Phenomenex and AZYP LLC) were selected for this evaluation. Most of these
columns are conventional 2.5 and 3 mm coated and immobilized polysaccharide-
based CSPs. Some other relatively new chiral selectors based on macrocyclic
glycopeptide bonded to sub-2 mm fully porous particles (Teico, TAG and

5,16 5,17

Vanco) or 2.7 mm fused-core particles (HPRSP) were included. Some of these
CSPs can be used in either the RP-LC or SFC application modes without any

performance degradation.

Table 7.1 Chromatographic columns used for chiral screening

. Particle . .
Chiral Stationary Phase = Abbreviation I.d. x length Size Particle Screenlng_l\_llode
(mm) (um) Type and conditions
Hydroxypropyl-g- HPRSP-SPP  4.6x3.0 2.7 SPP RPLC**

cyclodextrin i
Vancomycin FPP Vanco-FPP  4.6x5.0 19 NPSD- RPLC™M*

. . . 'NPSD- RPLC?C,
Teicoplanin FPP Teico-FPP 46x5.0 1.9 FPP SFEC4587
Isopropyl bonded NPSD- a 1,4

eyclofructan(CF6-P) FPP CF6-P-FPP 46x5.0 1.9 PP RPLC?, SEC
. . 'NPSD- RPLC*P¢,
Teicoplanin aglycone-FPP TAG-FPP 46x5.0 1.9 FPP SFEC4587
Chiralpak AS-3R, AS-3 AS3 4.6 x 150 3 FPP RPLCY SFC'
Chiralpak AD-3R, AD-3 AD3 4.6 x 150 3 FPP RPLCY SFC'
Chiralpak OD-3R, OD-3 0z3 4.6 x 150 3 FPP RPLCY SFC'
Chiralcel 0J-3R, 0J-3 oD3 4.6 x 150 3 FPP RPLCY SFC'
Chiralcel 0Z-3R, 0Z-3 0J3 4.6 x 150 3 FPP RPLCY SFC'
Trefoil™ AMY1 T-AMY1 3.0 x 100 25 FPP sFc?
Trefoil™ CEL1 T-CEL1 3.0 x 100 25 FPP SFC?

Chiralpak 1A IA 4.6 x 150 3 FPP SFC’

Chiralpak 1B IB 4.6 x 150 3 FPP SFC’

Chiralpak IC IC 4.6 x 150 3 FPP RPLCY SFC'

Chiralpak IE IE 4.6 x 150 3 FPP SFC’

Chiralpak IF IF 4.6 x 150 3 FPP SFC’

Lux Amylose-2 Lux-2 4.6 x 150 3 FPP SFC’
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Lux Cellulose-4 Lux-4 4.6 x 150 3 FPP RPLCY SFC'
(S,S)-Whelk-O1 Whelk-O 3.0x 150 5 FPP RPLC®, SFC'

*NPSD-FPP (Narrow Particle Size Distribution Fully Porous Particles). 150 mM NaClO, in 0.02 % HCI10,:CH;CN,
2mL/min, 10min. ) mM NH,CO,H pH 4.1: CH;CN, 2 mL/min, 10 min , 0.1 % TEAA pH 4.1:MeOH, 2 mL/min, 10 min.
4150 mM NaClO, in 0.02 % HC1O,: CH5CN, 3 mL/min, 10 min. *150 mM NaClO; in 0.02% HC10,: CH;CN, 0.8 mL/min,
10 min. 'CO,:MeOH: 25 mM IBA. 3 mL/min, 6 min. 2COZ:MeOH: 25 mM IBA , 2.5 mL/min, 6 min. 3C02:MeOH: 25 mM
IBA , 1.3 mL/min, 6 min. 4C02:MeOH:0.3 % TFA: 0.2 % TEA, 2 mL/min. 5COZ:MeOH:O.l % TFA: 0.1 % TEA, 2
mL/min, 6 min. 6COz:MeOH: 25 mM IBA , 2.0 mL/min, 6 min. 7COZ:MeOH, 2 mL/min, 6 min.

The initial chiral RP-LC and SFC screenings, summarized in Fig. 7.2, help to
identify those CSPs and conditions that hold the most promise for developing an
ultrafast separation method for each racemate. Some mixtures are easily
separated, showing good resolution with a number of different CSPs and
conditions, e.g. trans-stilbene oxide (TSO, 1), synthetic intermediates 5, 12,
warfarin and hydroxylated warfarin metabolites (41-46). Others are more
challenging, showing only partial resolution on a single CSP or just a few hits,
e.g. 1-tetralol (10) and compounds 24, 38 and 39. A simple scoring system helps
to visualize the best outcome for each mixture across both SFC and RP-LC

experiments. We chose to focus on resolution (R;) and speed, but different scoring

systems focusing on other aspects of perfor- mance could be imagined.'® Baseline

separations (R, Z 1.5) are denoted with a bright green color, while separations
achieved in less than 3 min with a R;Z 1.5 or separations above 3 min with R, Z

5.0 are denoted by a dark green color. The best CSP for separation of each

mixture is highlighted with a star.
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Figure 7.2 Scoring system. (a) Chiral RP-LC screening of 50 enantiomeric mixtures. (b)
Chiral SFC screening of 50 enantiomeric mixtures
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Table 7.2 Estimation of fast chromatographic separation from selected screening
conditions.

RPLC
Mixture CSp tigmin) | ©2min) | RS | tmince
o _3_2_ "~ 0z3R [ 1.09 | 151 | 399 | 038
LUX-4 1.08 1.42 | 347 | 047
SFC
Mixture CSP | timin) Jnt:'znl Rs | tmince

AD3 2.2 2.9 3.65 | 0.87
T-CELI 1.4 149 | 1.88 | 1.69

AD-3 3.43 | 534 | 2291 | 0.04
31 IA 287 | 417 | 9.02 | 0.21
IF 295 | 403 | 11.58 | 0.12

AD-3 3.57 | 403 | 7.47 | 0.29

40

0J3 | 279 | 3.06 | 450 | 0.60
AD-3 | 3.66 | 462 | 7.56 | 0.32
Whelk- | 3 37 | 408 | 828 | 0.24

41 o
T-CEL1 | 2.70 | 328 | 7.70 | 0.22
OD-3 | 338 | 425 | 7.33 | 0.32
Whelk- 1 3 57 | 450 | 8.10 | 0.28

42 o
AS-3 | 345 | 413 | 891 | 0.21
ng“" 343 | 417 | 671 | 037
43 AS-3 | 330 | 3.91 | 599 | 0.44
0J3 | 393 | 481 | 721 | 0.37
“ T-CEL1 | 3.11 | 3.96 | 10.03 | 0.16
OD-3 | 351 | 486 | 1328 | 0.11
45 AD-3 | 403 | 494 | 7.15 | 0.39

OD-3 344 | 424 | 888 | 0.22
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RP-LC

Comp. CSp column dimension z:’]j:::; Mobile Phase t; (sec) | ty(sec) a
Teico-FPP |4.6x 50 mm, 1.9 um 2.0 85:15 2 mM NH4CO,H pH 4.1:ACN 44.0 48.7 1.2

19 2.6 79:29 2 mM NH4CO,H pH 4.1:ACN 53.1 58.6 1.1
2.0 86:14 2 mM NH4CO,H pH 4.1:ACN 30.9 37.6 1.4
8 1.0 95:05 150 mM NaClOy, in 0.02% HCIO4:ACN 110.3 125.0 1.2
11 2.0 78:22 2 mM NH4CO,H pH 4.1:ACN 41.1 47.2 1.2
15 2.0 87:13 2 mM NH4CO,H pH 4.1:ACN 20.2 23.3 1.4
16 HPRSP-SPP| 3.0 x 50 mm, 2.7 um 3.0 88:12 2 mM NH4CO,H pH 4.1:ACN 43.4 50.2 1.2
17 3.0 88:12 2 mM NH4CO-H pH 4.1:ACN 43.3 50.1 1.2
22 1.8 92:08 150 mM NaClO4 in 0.02% HCIO4:ACN 80.8 90.2 1.1
30 3.0 91:09 2 mM NH4CO-H pH 4.1:ACN 17.5 20.6 1.3
33 3.0 85:15 2 mM NH4CO-H pH 4.1:ACN 21.3 25.4 1.3
40 2.0 85:15 2 mM NH4CO,H pH 4.1:ACN 26.2 31.9 1.9
41 2.6 70:30 150 mM NaClO, in 0.02% HCIO4:ACN 26.6 30.7 1.3
42 2.6 75:25 150 mM NaClO, in 0.02% HCIO4:ACN 27.5 34.4 1.6
43 Vanco-FPP | 4.6 x 50 mm, 1.9 um 2.6 75:25 150 mM NaClO, in 0.02% HCIO4:ACN 28.0 34.3 1.5
44 2.6 70:30 150 mM NaClO, in 0.02% HCIO4:ACN 23.5 28.0 1.5
45 2.6 78:22 150 mM NaClO, in 0.02% HCIO4:ACN 31.9 36.4 1.3
46 2.8 73:27 150 mMNaClO, in 0.02% HCIO4:ACN 23.3 26.8 1.4
25 AD3-3R 4.6 x 50 mm, 3 ym 4.0 60:40 150 mM NaClO, in 0.02% HCIO4:ACN 53.2 67.8 1.3
2 3.4 78:22 150 mM NaClOy, in 0.02% HCIO4:ACN 42.2 55.2 1.4
12 3.4 63:37 150 mM NaClO, in 0.02% HCIO4:ACN 30.8 41.3 1.5
14 3.6 61:39 150 mM NaClO, in 0.02% HCIO4:ACN 46.9 54.4 1.2
23 AS3-3R 4.6 x 50 mm, 3 pm 3.6 53:47 150 mM NaClO4 in 0.02% HCIO4:ACN 923 111.7 1.2
34 3.6 40:60 150 mM NaClO4 in 0.02% HCIO4:ACN 39.1 49.7 1.4
37 3.8 60:40 150Mm NaClO4 in 0.02% HCIO4:ACN 40.4 49.1 1.3
50 3.0 75:25 150 mM NaClO, in 0.02% HCIO4:ACN 104.7 125.3 1.2
9 OD-3R 46X 50 mm, 3 m 4.5 70:30 150 mM NaClO, m 0.02% HCIO4:ACN 49.1 65.3 1.4
47 3.0 75:25 150 mM NaClO, in 0.02% HCIO4:ACN 55.8 65.1 1.2
13 3.8 66:34 150 mM NaClO4 in 0.02% HCIO4:ACN 83.0 96.0 1.2
21 3.8 30:70 150 mM NaClO4 in 0.02% HCIO4:ACN 13.2 17.0 2.0
28 0OJ-3R 4.6 x 50 mm, 3 ym 3.8 77:23 150 mM NaClO4 in 0.02% HCIO4:ACN 34.0 40.8 1.3
29 4.3 50:50 150 mM NaClO4 in 0.02% HCIO4:ACN 50.9 61.7 1.3
36 4.7 40:60 150 mM NaClOj in 0.02% HCIO4:ACN 22.9 29.6 1.5
32 0Z-3R 4.6 x 50 mm, 3 pm 3.9 67:33 150 mM NaClO, in 0.02% HCIO4:ACN 21.0 27.9 1.7
1 5.0 30:70 150 mM NaClO, in 0.02% HCIO4:ACN 14.1 17.5 1.5
20 4.2 67:33 150 mM NaClO, in 0.02% HCIO4:ACN 32.9 42.8 1.4
38 LUX-4 4.6 x 50 mm, 3 um 4.2 27:73 150 mM NaClO, in 0.02% HCIO4:ACN 40.3 53.9 1.4
48 3.5 60:40 150 mM NaClO, in 0.02% HCIO4:ACN 24.8 322 1.6
49 3.5 77:23 150 mM NaClOy, in 0.02% HCIO4:ACN 49.8 57.2 1.2

Table 7.3 Detailed chromatographic conditions of ultrafast chiral RP-LC methods.

Overall, the SFC screens (Fig. 7.2 b) show greater generality for enantioseparation than
the RP-LC screens where the separations were dominated by only a few CSPs (Fig. 7.2
a). These results clearly illustrate why in recent years SFC has become the workhorse

technique for separation and purification of enan- tiomers in the pharmaceutical industry
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193
and the benefits of a broad screening approach. However, the two techniques are in

some ways complimentary, with compounds that are poorly resolved across almost all
SFC columns and conditions (e.g. intermediates 11 and 38) sometimes showing
improved resolution by RP-HPLC, affording additional options for method development.
Interestingly, all warfarin and hydroxylated metabolites can be baseline resolved in less
than 2 min using a single screening method on the vancomycin FPP column with 150 mM
NaClOg4 in 0.02% HCIO4:CH3CN mobile phase. It is noteworthy that all compounds in
the study showed at least some resolution on at least one of the CSPs, a testimony to
both the power of contemporary enantio- selective chromatography and the value of the
combined CSP screening approach. In some cases it can be challenging to determine
which of the different enantioseparations offers the greatest potential for developing an
ultrafast method, for example, when comparing a 2 minute method with baseline
resolution (Rg = 1.5) and a 4 min method where Rg = 4. In such cases, calculation of the

previously described t term'®* not only allows for easy selection of the best method,

but also provides an estimate of the optimal time for ultrafast separation (Table 7.2 ).
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Table 7.4 Detailed chromatographic conditions of ultrafast chiral SFC methods

SFC
Comp. CSP dilcnzl:tlit:::ls T(ecgl)p ) 3;][_{) f::a;ua:le) Mobile Phase t; (sec) | t, (sec) a

19 Teico-FPP (4.6 x 30 mm, 1.9 pm 40 200 2.0 60:40 CO,:MeOH 27.0 33.6 1.4
2 4.6 x 50 mm, 3 um 40 200 2.0 95:05 CO,;MeOH 25mM IBA| 92.4 107.4 1.4
3 4.6 x 50 mm, 3 pm 40 200 3.5 7525 CO»:MeOH 25mM IBA|  39.6 53.6 1.6
6 4.6 x 50 mm, 3 um 40 200 3.5 80220 CO,:MeOH 25mM IBA| 18.6 24.0 1.9
7 4.6 x 50 mm, 3 um 40 200 4.0 60:40 CO,:MeOH 25mM IBA| 20.4 26.4 1.6
17 4.6 x 150 mm, 3 um 40 200 2.5 8020 CO>:MeOH 25mM IBA| 48.6 54.0 1.6
21 AD3 4.6 x 10 mm, 3 um 50 200 4.0 60:40 CO,:MeOH 25mM IBA 3.6 5.4 3.0
25 4.6 x 50 mm, 3 um 40 200 1.5 7525 CO,:MeOH 25mM IBA| 31.2 40.2 1.7
28 4.6 x 50 mm, 3 um 40 200 3.0 90:10 CO,:MeOH 25mM IBA| 21.0 25.2 2.4
31 4.6 x 10 mm, 3 um 40 200 4.0 40:60 CO,:MeOH 25mM IBA 4.8 6.8 2.0
47 4.6 x 150 mm, 3 um 40 200 3.5 65:35 CO,:MeOH 25mM IBA|  45.0 49.8 1.4
40 4.6 x 10 mm, 3 um 50 200 4.0 60:40 CO,:MeOH 25mM IBA 9.6 18.0 2.3
1 3.0 x 20 mm, 5 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA 5.6 7.6 1.6
10 3.0 x 50 mm, 5 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA|  13.2 17.4 1.6
14 3.0 x 50 mm, 5 um 40 200 3.0 60:40 CO2:MeOH 25mM IBA| 15.6 25.4 2.3
15 Whelk-O 3.0 x 150 mm, 5 um 40 200 2.5 60:40 CO2:MeOH 25mM IBA[  30.6 34.2 1.4
37 3.0 x 50 mm, 5 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA 9.6 12.0 1.8
41 3.0 x 50 mm, 5 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA| 13.8 20.4 1.9
42 3.0 x 20 mm, 5 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA 5.4 9.0 2.2
43 3.0 x 50 mm, 5 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA|  13.2 21.0 2.2
5 3.0 x 50 mm,2.5 ym 40 150 3.0 60:40 CO:MeOH 25mM IBA|  20.4 24.0 1.3
9 3.0x 150 mm, 2.5 un] 40 150 2.5 60:40 CO,:MeOH 25mM IBA| 29.4 36.0 1.7
13 3.0 x 50 mm,2.5 um 40 150 3.5 60:40 CO,:MeOH 25mM IBA 7.8 15.6 4.1
29 T-CEL-1 {3.0 x 50 mm, 2.5 pym 40 150 1.3 97:03 CO,:MeOH 25mM IBA| 66.6 76.2 1.8
34 3.0 x 50 mm, 2.5 pm 40 150 3.0 80220 CO»:MeOH 25mM IBA| 11.4 36.4 7.0
35 3.0 x 50 mm, 2.5 pm 40 150 2.0 90:10 CO,:MeOH 25mM IBA| 40.8 46.8 1.2
36 3.0 x 50 mm, 2.5 pm 40 150 3.0 60:40 CO,:MeOH 25mM IBA| 18.6 37.8 2.7
18 3.0 x 150 mm,2.5 pm 40 150 1.7 85:15 CO,:MeOH 25mM IBA| 85.8 99.0 1.3
24 T-AMY-1 (3.0 x 150 mm, 2.5 un] 40 150 1.7 85:15 CO»:MeOH 25mM IBA| 86.4 98.4 1.3
39 3.0 x 50 mm, 2.5 pm 40 150 4.0 60:40 CO,:MeOH 25mM IBA| 27.6 43.8 1.8
4 4.6 x 150 mm, 3 um 40 200 3.5 90:10 CO,:MeOH 25mM IBA| 48.6 57.6 1.8
12 4.6 x 50 mm, 3 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA| 15.6 19.8 2.4
20 AS3 4.6 x 150 mm, 3 um 40 200 3.5 7525 CO»:MeOH 25mM IBA|  39.6 43.4 1.5
33 4.6 x 50 mm, 3 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA| 19.8 44.4 4.5
46 4.6 x 10 mm, 3 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA 5.4 16.2 4.6
44 oD3 4.6 x 50 mm,3 pm 40 200 4.0 60:40 CO,:MeOH 25mM IBA| 12.6 19.8 5.0
45 4.6 x 50 mm, 3 pm 40 200 3.0 60:40 CO,:MeOH 25mM IBA| 18.6 23.4 2.1
8 4.6 x 150 mm, 3 um 40 200 3.0 90:10 CO:MeOH 25mM IBA|  64.2 69.0 1.2
16 4.6 x 50 mm, 3 um 40 200 3.0 60:40 CO,:MeOH 25mM IBA| 16.2 18.6 1.7
23 0J3 4.6 x 50 mm, 3 um 40 200 3.0 7525 CO,:MeOH 25mM IBA|  24.0 27.0 1.4
27 4.6 x 50 mm,3 pm 40 200 3.0 7525 CO;:MeOH 25mM IBA|  27.0 32.4 1.4
32 4.6 x 50 mm, 3 pm 40 200 3.0 90:10 CO:MeOH 25mM IBA| 21.6 25.8 1.5
11 4.6 x 150 mm, 3 um 40 200 4.0 60:40 CO,:MeOH 25mM IBA|  66.6 73.2 1.2
30 4.6 x 150 mm, 3 um 40 200 3.5 8020 CO,:MeOH 25mM IBA| 47.4 57.6 1.6
48 0Z3 (4.6 x 10 mm, 3 ym 40 200 4.0 70:30 CO,:MeOH 25mM IBA 7.8 13.8 2.5
50 4.6 x 50 mm, 3 pm 40 200 3.0 7525 CO:MeOH 25mM IBA| 22.8 26.4 1.4
49 4.6 x 50 mm, 3 um 40 200 4.0 70:30 CO,:MeOH 25mM IBA| 18.0 19.8 1.4
22 IC 4.6 x 150 mm, 3 um 40 200 3.7 60:40 CO,:MeOH 25mM IBA| 52.2 58.8 1.5
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With the selection of the best CSP for each of the 50 racemates in hand, we next focused
on the development of ultrafast chiral methods for each compound. This generally
involves changing the gradient elution used in the screening methods to an isocratic
elution profile where the solvent composition remains constant throughout the separation.
Using isocratic mode rather than gradient elution for ee analysis offers a significant
advantage from a speed and simplicity perspective, as column equilibration is no longer
required between sample runs. In addition, shorter columns are often used, typically
operating at significantly higher flow rates than those used in the CSP screening
methods. The detector sampling frequency and the detector response time settings
become critically important for rapidly eluting analytes and highly efficient separations, as

highlighted in recent studies.'®*'®®

Using a detector setting of 80 Hz sampling frequency
and the lowest available response time, combined with the use of high flow isocratic
elution on short columns packed with the optimal CSP identified in screening, ultrafast
enantioseparations were developed for 38 out 50 analytes by RP-LC and 49 out of 50 by
SFC (Fig. 7.3). Tables 7.3 and 7.4 summarize the chromatographic conditions for the
optimized separations, as well as the respective retention time of each enantiomer (i1
and t2) and separation factors (a). In general, SFC provides better peak shape and faster
analysis, but also much better overall selectivity than RP-LC. Fig. 2a also shows that all
38 of the RP-LC enantioseparations can be performed in less than 2.1 min, with nine of
them under 30 s (highlighted in red), 21 separations between 30 and 60 s (highlighted in
blue), and nine between 60 and 125 s (highlighted in violet). On the other hand, all 49
baseline SFC enantioseparations illustrated in Fig. 2b were achieved in less than 2.0 min,
with 25 of them under 30 s, 18 separations between 30 and 60 s, and six between 60 and

108 s. It is important to point out that all of the 11 racemic mixtures that were not be

resolved by RP-LC (3, 6, 7, 10, 18, 24, 26, 27, 31, 35 and 39), were easily separated
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using SFC.
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Figure 7.3 Ultrafast chiral separations of all mixtures by RP-LC (a) and SFC (b). Method

conditions are detailed in table 7.3 and 7.4. Detection was performed at sampling
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frequency of 80 Hz and the lowest available response time.

Only a single racemate (38) was not baseline resolved by SFC, however this compound
was nicely resolved by several RPLC methods, highlighting the complementary nature of
the two techniques. Separations factors (a) ranged from 1.14 to 2.02 by RP-LC and 1.20
to 5.10 by SFC. These results clearly show that ultrafast chromatographic
enantioseparation methods can be developed for many pharmaceutical drugs and
synthetic inter- mediates, with half of all separations in this study being achieved in less
than 30 s and 86% in less than 1 min. Even more exciting is the fact that the slowest
enantioseparations (violet bracket) ranged from only 1 to 2.1 min (18% by RP-LC and
12% by SFC), which are much faster than the standard enantioseparation methods
generally practiced by researchers in enantioselective synthesis. Additional gains in
speed can be obtained for some of these separations with the use of shorter 1-2 cm
columns (e.g. compound 34 and 36 by SFC). It is expected that continuing development
of column, CSP and instrument technologies over the coming years will lead to even
further improvements in chiral chromatographic performance, with many, or even most,

separations becoming achievable in just a few seconds.
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Figure 7.4 MISER chiral SFC for high-throughput enantiopurity analysis of an alcohol
obtained from a ketone via enzymatic catalysis. Conditions for reactions and MISER SFC

experiments are described in the Experimental section
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Table 7.5 Results from enzymatic catalysis screening by MISER chiral SFC

Well Enzyme Selectivity Conv. (%) ee
Al P1B02 R >99.9 >99
A2 PIBI10 R >99.9 >99
A3 PID3 R >99.9 77
A4 P1DO05 R >99.9 56
A5 P1HO09 R >99.9 -12
A6 PIH10 R >99.9 -53
A7 P2B11 R >99.9 64
A8 P2C02 R >99.9 24
A9 P2D11 R >99.9 -36
A10 P3C3 S >99.9 >-99
All P3D1 S >99.9 >-99

Al2 P3DI11 S >99.9 >-99
Bl P3H2 S >99.9 >-99
B2 MIF-20 R >99.9 88
B3 KRED-208 R >99.9 91
B4 KRED 101 R 98.6 63
B5 KRED 108 R 31.6 -81
B6 KRED 112 R 447 91
B7 KRED 119 R 22.90 -3
B8 KRED 124 R 29.10 -84
B9 KRED 130 R 32.80 -63
B10 KRED 134 R >99.9 88
B11 KRED NADH 101 S >99.9 >-99
B12  KRED NADH 102 S >99.9 >-99

While this study employs relatively state of the art LC and SFC instrumentation, for most
laboratories, significant gains in speed do not require a wholesale replacement of existing
analytical equipment. However, modification of older instrument to minimize extracolumn
volumes by replacing high volume mixers and connecting fittings with low volume alter-
natives is recommended,
detector response times. It should also be noted that this study focuses on simple two
component enantiomer separations, while some real world stereochemical problems

require an enantioseparation to be performed in the presence of a variety of additional

185
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peaks and components, thereby increasing the difficulty of developing ultrafast analysis
methods. Fig. 7.4 showcases an example of how ultrafast enantiopurity analysis can be
swiftly integrated into standard work- flows for catalyst identification and process
optimization. In this instance, a high throughput analysis method was required to enable
screening of the enzymatic ketoreductase-catalyzed reduction of a prochiral ketone to
afford the corresponding alcohol (compound 47) in high enantiopurity. CSP screening
(Figure 7.2) followed by method development optimization afforded the 50 s ultrafast
chiral SFC assay shown in Figure 7.3, with co-injection of starting ketone showing early
elution well away from the desired enantiomer pair (Figure 7.4). While this method would
be well suited for the direct study of a few samples, larger scale screening can benefit

% Where

from MISER analysis (multiple injections within a single experimental run),
injections from a number of different samples within a single chromatogram facilitates
visual comparison and the rapid selection of the best performing reaction conditions.
Rapid MISER SFC analysis using a sample injection interval of 50 s afforded a
convenient high throughput analysis method with a plate time (time for analysis of a 96
well microplate) of only 80 min. Two rows of 12 samples each are shown in Table 7.5,
with a number of enzymes identified that afford not only good conversion but also high
enantioselectivity for the formation of either the (R) or the (S) enantiomer. Ultrafast chiral

chromatographic analysis is well suited to such first round in a high-throughput mode,

with conventional chromatographic analysis often being used as a confirmatory assay.

7.5 Conclusion

In conclusion, chromatographic enantioseparations taking less than 1 minute can now be
achieved for most racemic mixtures using state of the art stationary phases, columns and

chromatographic equipment. Fast enantioseparations are also possible employing older
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instrumentation, with the use of relatively inexpensive stationary phases packed into high
efficiency short columns. A simple and straightforward approach to method development
involves initial screening of a variety of stationary phases to identify a leading candidate,
followed by optimization of column length, flow rate and eluent composition. The resulting
ultrafast method can be used for routine stereo- chemical analysis, or can form the basis
for a MISER method for high throughput enantiopurity analysis. While 5-30 minute
methods for the chromatographic analysis of enantiopurity are still used to support
research investigations in many synthetic chemistry, bioanalysis and pharmaceutical
research laboratories, in many cases these assays can be easily replaced by much faster
methods enabling ee analysis of over one thousand samples in an 8 h workday.
Consequently, ultrafast chromatographic enantio- separations are expected to greatly
enable faster and more efficient research investigations and the broader adoption of high

through- put experimentation approaches in stereochemical research.
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Chapter 8

Ultrafast Chiral Chromatography as the Second Dimension in Two-Dimensional Liquid

Chromatography Experiments

8.1 Abstract

Chromatographic separation and analysis of complex mixtures of closely related species
is one of the most challenging tasks in modern pharmaceutical analysis. In recent years,
two-dimensional liquid chromatography (2D-LC) has become a valuable tool for
improving peak capacity and selectivity. However, the relatively slow speed of chiral
separations has limited the use of chiral stationary phases (CSPs) as the second
dimension in 2D-LC, especially in the comprehensive mode. Realizing that the recent
revolution in the field of ultrafast enantioselective chromatography could now provide
significantly faster separations, we herein report an investigation into the use of ultrafast
chiral chromatography as a second dimension for 2D chromatographic separations. In
this study, excellent selectivity, peak shape, and repeatability were achieved by
combining achiral and chiral narrow-bore columns (2.1 mm x 100 mm and 2.1 mm x 150
mm, sub-2 and 3 pm) in the first dimension with 4.6 mm x 30 mm and 4.6 mm x 50 mm
columns packed with highly efficient chiral selectors (sub-2 pm fully porous and 2.7 ym
fused-core particles) in the second dimension, together with the use of 0.1% phosphoric
acid/acetonitrile eluents in both dimensions. Multiple achiral x chiral and chiral x chiral
2D-LC examples (single and multiple heart-cutting, high-resolution sampling, and
comprehensive) using ultrafast chiral chromatography in the second dimension are
successfully applied to the separation and analysis of complex mixtures of closely related

pharmaceuticals and synthetic intermediates, including chiral and achiral drugs and
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metabolites, constitutional isomers, stereoisomers, and organohalogenated species.

8.2 Introduction
Chromatographic separation and analysis of complex mixtures of closely related species
is one of the most challenging tasks in modern pharmaceutical analysis. In recent years,
two-dimensional liquid chromatography (2D-LC) has become a valuable tool for
improving peak capacity and selectivity. However, the relatively slow speed of chiral
separations has limited the use of chiral stationary phases (CSPs) as the second
dimension in 2D-LC, especially in the comprehensive mode. Realizing that the recent
revolution in the field of ultrafast enantioselective chromatography could now provide
significantly faster separations, we herein report an investigation into the use of ultrafast
chiral chromatography as a second dimension for 2D chromatographic separations. In
this study, excellent selectivity, peak shape, and repeatability were achieved by
combining achiral and chiral narrow-bore columns (2.1 mm x 100 mm and 2.1 mm x 150
mm, sub-2 and 3 pm) in the first dimension with 4.6 mm x 30 mm and 4.6 mm x 50 mm
columns packed with highly efficient chiral selectors (sub-2 pm fully porous and 2.7 ym
fused-core particles) in the second dimension, together with the use of 0.1% phosphoric
acid/acetonitrile eluents in both dimensions. Multiple achiral x chiral and chiral x chiral
2D-LC examples (single and multiple heart-cutting, high-resolution sampling, and
comprehensive) using ultrafast chiral chromatography in the second dimension are
successfully applied to the separation and analysis of complex mixtures of closely related
pharmaceuticals and synthetic intermediates, including chiral and achiral drugs and

metabolites, constitutional isomers, stereoisomers, and organohalogenated species.

The chromatographic separation of complex mixtures of closely related species is

becoming increasingly important in pharmaceutical and biomedical research, reflecting
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the ever-increasing complexity of both fundamental biology and the therapeutics used to

treat disease.'® 1%

Multidimensional separation techniques have emerged as a preferred
tool for dealing with complex samples, with new liquid chromatography—mass
spectrometry hybrid techniques laying the foundation for the ongoing omics revolution in

biomedicine."*%%(

8-16) Recent years have seen a rapid growth in the use of
multidimensional chromatography for the study of complex mixtures, with two-
dimensional (2D) chromatography emerging as a valuable tool for pharmaceutical,

biomedical research, and other disciplines.'®?%%%%

However, this technique continues to
evolve rapidly as it moves from the realm of isolated studies by experts using custom
equipment to the realm of routine use by nonspecialists using platform technology

solutions.

Achiral—chiral two-dimensional chromatographic analysis has been known for decades;
for example, enantioselective bioanalysis from the 1980s often employed column
switching, where serum proteins or other interfering components are removed by a first-
dimension separation, with a heart cut of the desired component of interest passing to a
second-dimension separation employing a chiral stationary phase (CSP) column.?>?%
Modern 2D chromatography experiments have often investigated chiral-achiral or

achiral—chiral column configurations,***?'*

but, except for applications where only a single
peak is transferred to second dimension, it has become something of an axiom that chiral
chromatography is too slow for use as a second dimension in comprehensive 2D

chromatography.?'*?"

Consequently, the use of chiral separations as the second
dimension in comprehensive two-dimensional liquid chromatography (2D-LC)
experiments is scarce and limited to readily resolved enantiomeric mixtures.?'®#?° While it

is possible to address this issue using peak storage in loops for subsequent analysis,

such solutions are slow, in addition to being technically complex. Another alternative is
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the use of supercritical fluid chromatography (SFC) in the second dimension®'®**" in

order to speed up chiral separations. However, this requires interface customization to
couple reversed-phase LC (RPLC) and SFC, in addition to the need of trapping

columns®'® or other approaches®*"#

to reduce injecting high volumes of water from the
RPLC into the SFC back-end. As a result, 2D chromatographic separations employing a
chiral-achiral column configuration, with a rapid reversed-phase or other achiral
separation methods as the second dimension are currently more attractive from a speed

and throughput perspective.”'>?*°

Recent reports from these and other laboratories have shown that the speed of RPLC or
SFC chiral chromatographic separations can be significantly increased, often to only a
few seconds using a combination of new stationary phases, new particle technologies,

new column configurations, and new experimental approaches.“13"122‘163’166'191

Realizing
that these ultrafast chiral separations could now form the basis for faster comprehensive
2D RPLC x RPLC, we herein report an investigation into the use of ultrafast chiral RPLC

as a second dimension for 2D chromatographic separations.

8.3 Experimental Section

8.3.1 Instrumentation

All experiments were performed on an commercially available Agilent 1290 Infinity 2D-
LC.(56-58) All instrument modules were obtained from Agilent Technologies (Waldbronn,
Germany). The first dimension consisted of a 1260 quaternary pump (model G1311B),
1260 autosampler (model G1367E) with 1290 thermostat (model G1330B), 1100 series
column compartment (model G1316A), and 1260 Infinity Il diode array detector (DAD)

(model G4212B) with 1 pL cell (model G4212-60008). The second dimension consisted
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of a 1290 high-speed pump (model G7120A), 1290 column compartment (G1316C), and
1290 DAD (model G7117B) with 1 pL cell (model G4212-60008). The 1D and 2D were
interfaced through a 1290 valve drive (model G1170A), and multiple heart cutting was
achieved with two 1290 valve drives (model G1170A), each equipped with six 40 pL
sample loops (model G4242-64000) and a 2D-LC pressure release kit (model G4236-
60010).(59) The instrument was controlled by Agilent OpenLab CDS ChemStation

software (rev. C.01.07 SR2 [255]).

8.3.2 Chemicals and Reagents

Phosphoric acid, methanol (MeOH), and acetonitriie (ACN) (HPLC grade) were
purchased from Fisher Scientific (Fair Lawn, NJ, U.S.A.). Mixture 1, warfarin (1), 4-
hydroxywarfarin (2), 6-hydroxywarfarin (3), 7-hydroxywarfarin (4), 8-hydroxywarfarin (5),
and 10-hydroxywarfarin (6), were all purchased from Sigma-Aldrich (St. Louis, MO,
U.S.A.). Mixture 2, synthetic intermediates 7—14, mixture 3, synthetic intermediates 15—
23, and mixture 4, phenylacetic acid (24), 2-fluorophenylacetic acid (25), 4-
fluorophenylacetic acid (26), 3-fluorophenylacetic acid (27), 2,3-difluorophenylacetic acid
(28), 2,4-difluorophenylacetic acid (29), 3,5-difluorophenylacetic acid (30), 2,3,6-
trifluorophenylacetic  acid (31), 2,4,6-trifluorophenylacetic acid (32), 2,4,5-
trifluorophenylacetic  acid  (33), 2,3,4-trifluorophenylacetic acid (34), and
pentaphenylacetic acid (35), were all obtained from the Building Block Collection (Merck
& Co,, Inc., Kenilworth, NJ, U.S.A.). Ultrapure water was obtained from a Milli-Q Gradient

A10 from Millipore (Bedford, MA, U.S.A.).

8.3.3 Stationary Phases

8.3.3.1 Achiral
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The 2.1 mm id. by 100 mm length, 1.8 ym Zorbax RRHD Eclipse Plus C18 was
purchased from Agilent Technologies. The 2.1 mm x 150 mm, 1.6 ym Cortecs C18

column was purchased from Waters Corp. (Milford, MA, U.S.A.).

8.3.3.2 Chiral

Columns packed with Chiralcel (OJ-3R, 2.1 mm x 150 mm, 3 ym and OD-3R, 4.6 mm x
50 mm, 3 pym) were purchased from Chiral Technologies (West Chester, PA, U.S.A.). The
4.6 mm x 20 mm and 4.6 mm x 50 mm vancomycin bonded to narrow particle distribution
size fully porous particles 1.9 ym (Vanco-FPP), 4.6 mm x 50 mm teicoplanin bonded to
narrow particle size distribution fully porous particles 1.9 ym (Teico-FPP), and 4.6 mm x
30 mm hydroxypropyl-B-cyclodextrin bonded to superficially porous silica 2.7 pm
(CDShell-RSP:HPRSP) were all obtained from AZYP LLC (Arlington, TX, U.S.A.). Table

S1 (Supporting Information) details all columns used in both first and second dimension.

8.4 Results and Discussion

Separation and purification of enantiomers is now routine within the pharmaceutical
industry; however, the direct determination of enantiomeric excess (ee) in complex
multicomponent reaction mixtures can be very problematic. This challenge has often
been dealt with by combining an achiral method for monitoring the end of the reaction
with a chiral method for ee determination. Alternatively is the use of a single optimized
chiral method for analysis of both achiral and chiral species.(60) Although this approach
works quite well in some cases, method development can be challenging in the absence
of standards or when dealing with more complex mixtures of closely related species. The
example shown in Figure 8.1 illustrates the kind of complex isomeric mixtures often

encountered in drug metabolism or late-stage functionalization studies within the
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pharmaceutical industry. Analysis time using the achiral-chiral 2D configuration required

about 200 min due to the need of injecting all the enantiomeric mixtures into a CSP using

a much slower protocol.(37)
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eluent A, 0.1% H3PO4 in H20; eluent B, ACN. Step gradient: hold 35% B for 2.5 min;
2.5-10 min, 60% B; 10—11 min, 80% B. Sampling frequency: 80 Hz. Conditions, second
dimension (chiral): column, vancomycin (4.6 mm x 50 mm, 1.9 pm); ambient
temperature. Detection: UV 280 nm. Flow rate: 2.5 mL/min. Isocratic mobile phase: 0.1%

H3PO4 in H20/ACN (70:30). Sampling frequency: 240 Hz.

Figure 8.1a illustrates a multiple heart-cutting 2D-LC method (achiral LC-chiral LC) on a
commercially available 2D-LC system in which all the six warfarin and hydroxywarfarin
species (1-6) are baseline-separated using a narrow-bore UHPLC column (Eclipse C18)
in the first dimension, with a 4.6 mm x 5 cm column packed with a highly efficient, narrow
particle size distribution, 1.9 ym based macrocyclic glycopeptide (vancomycin FPP) being
used for subminute resolution of the enantiomers of each of the eluted compounds (a
total 12 species) in the second dimension. The second-dimension chromatographic
analysis was carried out concurrently with the first-dimension separation, allowing
completion of the last enantioseparation in the second dimension only 42 s after the end
of the first-dimension separation, affording a total analysis time of ~10.3 min. The
absolute configuration of all warfarin and hydroxywarfarin stereoisomers was established
by HPLC coupled to circular dichroism (HPLC-CD) and comparison with previous data.”*
The injection order in the second dimension is a unique part of this approach. The
software and instrumentation allows for parking of multiple heart cuts while analyzing in
the second dimension. The multiple heart-cutting algorithm minimizes the number of
valve switches but follows the rule of promptly processing heart cuts that are sampled or
parked. The first heart cut is always sampled in loop 1 of deck A and immediately
submitted for analysis in the second dimension. As shown in Figure 8.1b when the time

difference between consecutive cuts is shorter than the 2D cycle time, the central valve
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switches to deck B. Cuts parked within the same deck are injected in reverse order (e.g.,
injection of cut no. 3 before cut no. 2 or cut no. 5 before cut no. 4 in Figure 8.1). However,
the software automatically generates a very convenient sampling table (Figure 8.1c) that
simplifies data interpretation. As outlined in Table 8.1 both first- and second-dimension
separations show excellent repeatability of retention time, peak area and resolution (Rs)
values.

Table 8.1 Repeatability of retention times, peak areas and Rs values for the 2D-LC
method shown in figure 8.1 (n = 3)

1D
Elution | Compound Cut # R, Peak Area
order # (min) = RSD (mAU*s) =+ RSD
Peak 1 2 1 2.85+0.03 718.48 £0.13
Peak 2 6 2 3.26 +0.05 412.79 +£0.13
Peak 3 3 3 3.69 +0.06 553.27+0.14
Peak 4 4 4 4.54 +0.03 448.94 +0.15
Peak 5 5 5 4.83 +0.03 310.83 +£0.13
Peak 6 1 6 9.62 +0.07 672.48 +0.14
2D
. R, Peak Area
Cut# | Enatiomer (min)=RSD | (mAu*s)+ RSD Rs = RSD
S 3.40 +0.04 26.44 +0.22
Cut#1 1.60 +0.29
R 3.49 +0.05 26.81 +0.54
98,10R 5.94+0.01 11.73 +1.86
Cut#2 1.24+1.91
9R,10S 6.00 +0.03 11.72+0.32
S 5.10+0.02 15.17 £ 1.62
Cut#3 1.42+0.57
R 5.18+0.03 15.30+2.47
S 8.50 £ 0.01 6.93 +1.59
Cut#4 1.61+0.77
R 8.60 + 0.01 8.84 + 0.00
S 7.65+0.01 8.46 + 0.50
Cut#5 0.61 +0.77
R 7.69 +0.02 9.27 +0.13
S 10.16 +0.09 19.08 + 1.43
Cut#6 1.00 +2.94
R 10.25+0.06 19.84 £2.10

144



This multiple heart-cutting 2D-LC method proved to be a very powerful tool for the
simultaneous measurement of enantiopurity of multicomponent samples, complementing
a suite of powerful 1D chiral methods recently developed in these laboratories.? Ultrafast
chiral chromatography in the order of a few seconds often employs short columns from
0.5 to 5 cm in length. However, using very short columns and high-speed methods in 2D-

LC mode can be more complex. Several key parameters have to be taken into

225-227 170

consideration in 2D chromatography including sampling rate, dilution effect,

228

changes in the first-dimension flow rate,”™” column orthogonality,(1) as well as solvent

and pH mismatch.??%?%

In this study, excellent selectivity and peak shape was achieved
by using achiral and chiral narrow-bore columns (2.1 mm % 100 mm and 2.1 mm x 150
mm, 3 and sub-2 ym) in the first dimension and 4.6 mm x 30 mm and 4.6 mm x 50 mm
columns packed with highly efficient chiral selectors (sub-2 ym fully porous and fused-
core particles) in the second dimension, together with the use of 0.1% phosphoric

acid/acetonitrile as eluents in both dimensions.

Table 8.2 Injection, Column Volume Percent Loop Filled in Volume Units

column dimension sampling time (s) loop volume (uL) loop filling (%) loop filling (L)
12 20 8
1.8 30 12
4.6 mm X 20 mm and 4.6 mm X 50 mm 2.4 40 40 16
3.6 60 24
4.8 80 32

In addition, mass or volume overload in the injection sample can lead to degradation of
peak efficiency and loss of resolution. Figure 8.2 demonstrates that optimization of
sampling rate, loop filling, and column length (see volume units in Table 8.2) is key to
improving the quality of the separation in the second dimension, especially when applying
ultrafast chiral chromatography. In this figure the influence of sample overload (20-80%

loop filling) on the resolution of some of these peaks (warfarin, 6- and 8-

145



hydroxywarfarins) using both 2 and 5 cm columns was investigated. As a result, when
using the 20% loop filling, only one-fifth of the sample volume is injected to the second
dimension, compared with default heart-cutting settings. It should be noted that the 20%
loop filling means that a narrower time slice of the first-dimension chromatogram is taken,
rather than a smaller volume sample from the same time slice. Consequently, information
contained when using the 100% loop filling could potentially be lost when operating with

the 20% setting.
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Figure 8.2 Optimization of loop filling (%) and column length in the second dimension for
the separation of warfarin and hydroxywarfarin stereoisomers. (a) Discontinuous plots are
used for the 5 cm column and continuous plots for the 2 cm column. (b) Chromatographic

profiles obtained using the 5 cm column at different sample times and loop filling.

As shown in Figure 8.2a and Table 8.3), the 2 cm chiral column (continuous plots) is
incapable of baseline resolution of any of the three racemic mixtures (Rs < 1.5). The less
challenging mixture (6- hydroxywarfarin enantiomers) is baseline-separated on the 5 cm
column at any of the sampling times (s) and loop filling (%) settings. A significant
improvement trend for the resolution of warfarin enantiomers is observed when varying
the loop filling from 80% (Rs = 1.31) to 40% (Rs = 1.73). It is important to note that
reducing loop filling to 20% does not improve the separation of either warfarin or 6-
hydroxywarfarin enantiomers. On the other hand, baseline resolution of 8-
hydroxywarfarin proved to be very challenging, especially when using the default 2D
settings (Figure 8.1 caption). However, the separation can be significantly improved by
reducing loop filling from 80% to 20% (sampling time from 4.8 to 1.2 s, respectively).
Overall, these results indicate that 40% loop filling (2.4 s sampling time) on a 5 cm
column in the second dimension works quite well for separation of critical enantiomer
pairs (Figure 8.2a highlighted in yellow and chromatograms in Figure 8.2b). In addition,
the impact of loop filling on enantioseparations is more drastic when using even shorter
columns, reflecting problems with volume overload as the volume of the sample diverted
grows with respect to the dwell volume of the second-dimension separation. As outlined
in Table S3, repeatability across all these 2D-LC experiments is quite high, with standard

deviations of retention time values below 0.06 min.
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Table 8.3 R values and repeatability of injections of warfarin, 6 and 8-hydroxywarfarins
on 2 and 5 cm chiral columns at different sampling time and loop filling % in the second

dimension (n = 3)

Second Dimension 6-hydroxywarfarin | 8-hydroxywarfarin warfarin
CL‘:I:‘g':‘l:‘ Sgﬁfl(‘s‘;g ﬁ“iLn‘:g“?% )| R STDev | Rs | STDev | Rs | STDev
1.2 20 po125 0.03 1 088 1 005 1099 1 0.06
18 | 30 {117 { 005 o064 001 097 00 |
2em 24 | 40 i 117 | 003 | 051 001 095 003
36 | 60 i 08 i 002 {000 - 067 002 |
48 | 80 | 063 . 003 000 - 05 002
1.2 20 1.88 0.08 1.00 0.08 1.69 0.01
1.8 30 1.91 0.04 0.91 0.02 1.75 0.03
5cm 2.4 40 1.88 0.01 0.82 0.05 1.73 0.01
3.6 60 1.72 0.02 0.68 0.03 1.52 0.03
4.8 80 1.58 0.02 0.60 0.01 1.31 0.01

Recent trends in modern pharmaceutical and synthetic chemistry have shown an
increase in drugs and intermediates containing multiple stereocenters. It is important to

point out that most of the 2D-LC applicationsm‘mg'z31

are focused on increasing peak
capacity, which is essential when dealing with highly complex multicomponent mixtures
(sometimes over 50 or 100 components). Chromatographic separation and analysis of
complex mixtures of closely related sterecisomers (compounds 7-14) can often be very
challenging, especially using 1D chromatography. In the example shown in Figure 8.3, no
single chiral stationary phase was able to deliver the selectivity needed to separate all of
the stereoisomers of an important intermediate in the synthesis of a recently developed

226

hepatitis C protease inhibitor.”™ Fully comprehensive chiral x chiral 2D- LC analysis of
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this mixture using a very slow gradient (130 min) on a narrow-bore column (2.1 mm x
150 mm Chiralcel OJ-3R) in the first dimension combined with an ultrafast chiral
separation on a 4.6 mm x 50 mm chiral column (Chiracel OD- 3R) in the second
dimension clearly shows that the second eluted peak is composed of a mixture of
stereocisomers 13 and 14 (Figure 8.3a). One of the greatest advantages of
comprehensive LC x LC is the ability to obtain a full view of sample composition for a
complex mixture. However, the biggest limitation is the fact that slow speed of the
second- dimension separation often leads to undersampling and missing information
unless the first-dimension separation is drastically slowed, resulting in extremely broad
peaks and slow analysis time. A solution to that problem is illustrated in Figure 8.3a. This
example illustrates the power of performing ultrafast chiral chromatography as the
second dimension, enabling compre- hensive enantioselective analysis with good peak

shape and analysis time.

Once the comprehensive 2D-LC analysis is completed and interpreted, a practical time-
saving alternative is to perform selective comprehensive LC x LC experiments18‘232’233
where 2D analysis is refocused on areas of significant peak coelution. This approach
simplifies optimization of both the first- and second-dimension separations to proceed at
higher speeds, providing significantly faster analysis compared with compre- hensive 2D
methods. The recently introduced “high-resolution sampling” 2D-LC feature allows
segmentation of the first- dimension target peak into multiple cuts all of which are parked
in the same deck A (Figure 8.3 center right) and subsequently injected in reverse order
onto the second-dimension column. In high-resolution sampling 2D-LC, the 1D effluent is
diverted to the second separation dimension by switching the valve at the beginning and

at the end of each cut. In addition, loop underfill is used to avoid loss of 1D effluent, with

up to 10 consecutive cuts being possible. While the use of high-resolution sampling 2D-
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LC is not the main focus of this study, it is clear that the technique shows tremendous
potential for analyzing broad unresolved peaks and achieving the optimum resolution in
both dimensions. High-resolution sampling also delivers precise and reproducible 2D-LC
quantitation because the entire sample volume for a peak in the first dimension is
transferred to the second dimension. The resulting 30 min chiral x chiral 2D-LC method
shown in Figure 8.3 can also be used for monitoring all eight isomeric species, with

excellent overall repeatability of retention times, peak areas, and R values (Table 8.4).

Table 8.4 Repeatability of retention times, peak areas and Rs values for the 2D-LC

method shown in figure 8.3 (n = 3)

1D
Elution R¢ Peak Area
order | Cut# | Compound# | o+ RSD | (mAU*s)+RSD
Peak 1 - 7 16.98 £0.10 1980.84 + 0.36
Peak 2 HiRes 13 and 14 17.57+£0.10 3519.67 £0.78
Peak 3 - 8 20.55+0.15 2026.74 £ 0.43
Peak 4 - 9 23.02+0.13 1739.31 £ 0.41
Peak 5 - 10 25.38+0.13 220.70 £ 8.91
Peak 6 - 11 28.44 +£0.18 422221 +0.50
Peak 7 - 12 29.58 £0.19 1661.52 +0.78
2D
R Peak Area
Cut # Peak (min) = RSD | (mAU*s) = RSD Rs £ RSD
1 19.04 £ 0.01 120.37 £49.84
Cut#5 2.61 £4.88
2 19.36 + 0.00 163.9 + 57.41
1 21.09+0.01 120.37 £49.84
Cut# 4 273 +£1.37
2 21.41 £ 0.00 163.9 + 57.41
1 23.14 £ 0.00 122.98 £45.78
Cut#3 2.66 +1.85
2 23.46+0.01 174.45 £45.41
1 25.19+0.01 134.05 +£30.36
Cut#2 2.62 £3.07
2 25.51+0.01 159.76 + 62.56
1 27.25+0.01 114.69 +50.29
Cut# 1 2.58+2.11
2 27.56 £ 0.00 169.47 +£50.89
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Figure 8.3. (a) Comprehensive chiral x chiral 2D-LC method for complete resolution of
isomers of a synthetic intermediate. Conditions, first dimension (chiral): column, OJ-3R
column (2.1 mm x 150 mm, 3 pym); temperature, 40 °C. Detection: UV 195 nm. Flow rate:
0.05 mL/min. Mobile phase: eluent A, 0.1% H3POy4 in HoO; eluent B, ACN/MeOH (70:30,
v/iv %). Step gradient: hold 30% B for 20 min; 20-120 min, 35% B; 120-120.8 min, 30%

B; 120.8-160 min, 30% B; 40 pL loops. Conditions, second dimension (chiral): column,
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Chiralcel OD-3R (4.6 mm x 50 mm, 3 ym); ambient temperature. Detection: UV 195 nm.

Flow rate: 3.0 mL/min. Isocratic mobile phase: 0.1% H3PO4 in HoO/ACN (60:40). (b)

High- resolution sampling 2D-LC method. Conditions, first dimension (chiral): column,
0OJ-3R column (2.1 mm x 150 mm, 3 ym); temperature, 40 °C. Detection: UV 195 nm.

Flow rate: 0.2 mL/min. Mobile phase: eluent A, 0.1% H3PO4 in H5O; eluent B,

ACN/MeOH (70:30, v/v %). Step gradient: hold 30% B for 5 min; 5-30 min, 35% B;
30-40 min, 30% B. Sampling frequency 80 Hz. Conditions, second dimension (chiral):
column, Chiralcel OD-3R (4.6 mm x 50 mm, 3 pm); ambient temperature. Detection: UV

195 nm. Flow rate: 2.0 mL/min. Isocratic mobile phase: 0.1% H3PO4 in HoO/ACN

(60:40). Sampling frequency: 240 Hz.

The proliferation of pharmaceutical candidates containing multiple stereocenters is
leading to a growing need for analysis of closely related stereoisomeric impurities. Figure
8.4 illustrates the use of a single heart-cutting achiral-chiral 2D-LC method 2 for
separation of a complex mixture of nine closely related 3 sterecisomers related to an anti-
HCV therapeutic (compounds 15-23). As outlined in Table S5 (Supporting Information),
this method reproducibly combines a narrow-bore UHPLC column (Cortecs C18) for
separation of eight peaks in the first dimension with a 4.6 mm x 50 mm column packed
with the 1.9 ym teicoplanin CSP in the second dimension for baseline resolution of two
isomers that coelute in the first dimension (15 and 16). A very important point to highlight
from both Figures 8.3 and 8.4 is the fact that 2D chromatography can be applied to
screen different columns in the second dimension for separation of coeluting peaks within
complex mixtures. The screening of stationary phases for separation of complex mixtures
of closely related species can often be very difficult or, for all practical purposes,

impossible. In both examples, several chiral columns were manually screened to identify
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the best performing combinations, but one could imagine a set of valves in the second
dimension to enable automated screening and streamlined selection of second-

dimension columns.
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Figure 8.4. Single heart-cutting 2D-LC method for separation of complex mixture of
closely related stereoisomers from an anti-HCV therapeutic. Conditions, first dimension
(achiral): column, Cortecs (2.1 mm x 150 mm, 1.6 ym); temperature, 40 °C. Detection:

UV 215 nm. Flow rate: 0.220 mL/min. Mobile phase: eluent A, 0.1% H3PO4 in H5O;

eluent B, ACN/MeOH (80:20, v/v %). Step gradient: 20-45% B in 7 min; 7-20 min, 90%
B; 20-32 min, 20% B. Sampling frequency 80 Hz. Conditions, second dimension (chiral):
column, teicoplanin (4.6 mm x 50 mm, 1.9 ym); ambient temperature. Detection: UV 215

nm. Flow rate: 1.0 mL/min. Isocratic mobile phase: 5:95 0.1% H3PO4 in HoO/ACN.

Sampling frequency: 240 Hz.
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Table 8.5 Repeatability of retention times, peak areas and Rs values for the 2D-LC

method shown in figure 8.4 (n = 3)

1D
Elution R¢ Peak Area
order Cut# | Compound # | = 0 VIRSD | (mAU*s)+RSD
Peak 1 1 15and 16 26.56 +0.03 412.14 £4.04
Peak 2 - 17 26.87 £ 0.03 399.43 +£2.29
Peak 3 - 18 27.39+0.03 944.58 +1.21
Peak 4 - 19 28.54 +0.03 130.62 +8.36
Peak 5 - 20 28.86 + 0.03 632.99 £4.22
Peak 6 - 21 29.12+0.03 447.71 £ 8.56
Peak 7 - 22 29.69 + 0.17 23069.33 £1.12
Peak 8 - 23 30.07 £ 0.03 1737.13 £ 6.15
2D
R; Peak Area
Cut# | Compound (min) = RSD | (mAU*s) + RSD Rs =+ RSD
Cut#1 15 28.41+0.00 94.51 +1.45 266+ 141
16 28.52 +£0.00 148.18 +£ 5.66

Chromatographic resolution is vitally important for the analysis of complex mixtures of
dehalogenation impurities and mixtures of halogen isomers in modern pharmaceutical

analysis."®%1%

Separation of small starting material-like com- pounds such as the
fluorophenyacetic acids (24-35) shown in Figure 5 can be extremely challenging using
only a single LC dimension. The use of chiral chromatography for separation of achiral
isomers has become a very useful strategy in the pharmaceutical industry,60 especially
in cases where achiral columns deliver incomplete resolution or poor chromato- graphic
performance. This example of multiple heart-cutting 2D-LC employs a narrow-bore
reversed-phase column (Eclipse C18) in the first dimension and a relatively new

cyclodextrin- based chiral selector bounded to superficially porous particle (DextroShell-

RSP, 4.6 mm x 30 mm, 2.7 ym) in the second dimension to afford baseline separation of
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all 12 fluorinated species. Six of these components (24, 25, 32-35) can be directly
separated in the first dimension, while the other six (26-30) are separated in three heart-
cut injections into the second-dimension chiral column. Again, excellent repeatability of

retention times, peak areas, and Rs values is observed across the entire 2D experiment.

_ . TSN U N e e e ————

e ultiple .
/ N \
| heart-cutting |
\

1 1
1 1
1 1
1
‘. eD-LC .~/ ' 27, 3 N
S O 9t
1 1
i OH I 28 OH
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> : '
C 1 1
1 1
1 1
1
i 1

1 (4.6 x 30 mm, 2.7 pm)

________________________________

min

Figure 8.5. Multiple heart-cutting 2D-LC method for separation of complex mixture of
fluorophenylacetic acid isomers. Conditions, first dimension (achiral): column, Zorbax
RRHD Eclipse Plus C18 (2.1 mm x 100 mm, 1.8 ym); temperature, 40 °C. Detection: UV

210 nm. Flow rate: 0.5 mL/ min. Eluent A, 0.1% H3POy4 in HoO; eluent B, ACN. Step

gradient: hold 20% B for 7 min; 7-9 min, 95% B. Conditions, second dimension (chiral):
column, HPRSP (4.6 mm x 30 mm, 2.7 um). Flow rate: 1 mL/min. Isocratic mobile phase:

95:5% H3PO4/ACN. Detection: UV 210 nm. Sampling frequency: 240 Hz.

Table 8.6 Repeatability of retention times, peak areas and Rs values for the 2D-LC

method shown in figure 8.5 (n = 3)
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D
Elution R Peak Area
order | Cut# | Compound# | o) SRSD | (mAU*s)+RSD
Peak 1 - 2% 326003 384.19 £ 0.01
Peak 2 - 25 3.950.06 211.78 = 0.09
Peak 3 1 26 and 27 4.40 +0.08 400.78 = 0.41
Peak 4 2 28 and 29 5.55+0.12 38039+ 0.11
Peak 5 3 30 and 31 637+0.13 55445+ 1326
Peak 6 - 32 6.83+0.12 184.69 + 0.32
Peak 7 - 3 7.40 % 0.14 301.21 £0.10
Peak 8 - 34 851016 191.96 % 0.24
Peak 9 - 35 10.48 £ 0.01 131.13 £ 4.91
2D
Compound R, Peak Area
Cut i # (min)= RSD | (mAU*s)+Rsp | RS=RSD
26 5.43+001 9.14+ 633
Cut# 1 0.92 + 1.64
27 5.58+0.04 84.48 = 3.96
28 8.05 = 0.00 5.89 % 0.00
Cut#2 170 £ 0.00
29 830+ 0.05 37.49+5.56
30 10.85+ 002 | 34.96=3.02
Cut#3 296+ 1.18
31 11.33£0.03 6.87 % 9.04

A number of high-speed enantioseparations in the 26-52 s time scale have been
successfully developed and used as the second dimension of 2D-LC experiments for
separation of complex multicomponent mixtures. It is important to mention that each first-
dimension fraction containing a critical pair can be separated at a certain rate that might
be different from another pair (under 30 s or from 30 to 50 s). However, the second-
dimension cycle time has to be set at the slowest rate to guarantee full separation of the
whole mixture with a single method. One could imagine 2D-LC software improvements
that enable multiple cycle time injections within a second- dimension method. Another
option is to have multiple column choices in the second dimension, which would allow
separation of some 1D fractions under 30 s using a column and some other fractions also
under 30 s on a different chiral column. This would improve the overall cycle time of a

2D-LC experiment, especially when injecting a large number of heart cuts onto a second
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dimension. Clearly, the use of ultrafast chiral chromatography as the second dimension in
2D-LC offers an impressive ability to speedily address challenging problems of interest to
pharmaceutical chemists during analysis of closely related species. While equipment and
methods are still in a state of flux and rapid evolution, the fact that commercial
instrumentation can be used for relatively rapid problem solving and method development

is gratifying, suggesting that more general uptake of this methodology may be imminent.

8.5 Conclusions

In this study we have demonstrated that ultrafast chiral chromatography is effective as a
second dimension for 2D chromatographic separations. Excellent chromatographic per-
formance and an ability to achieve complete separation of challenging mixtures of closely
related species were achieved by combining achiral and chiral narrow-bore columns (2.1
mm x 100 mm and 2.1 mm x 150 mm, sub-2 and 3 pm) in the first dimension with 4.6
mm x 30 mm and 4.6 mm x 50 mm columns packed with highly efficient chiral selectors
(sub-2 pm fully porous and 2.7 um fused-core particles) in the second dimension.
Multiple achiral x chiral and chiral x chiral 2D-LC examples involving single and multiple
heart-cutting, high- resolution sampling and comprehensive 2D-LC with ultrafast chiral
chromatography in the second dimension have been developed. These methods have
been successfully applied to the analysis of complex mixtures of closely related pharma-

ceutical, synthetic intermediates, drugs, and metabolites.
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Chapter 9

General Summary

The dissertation demonstrated that sub-second and sub-minute chromatography is
possible using ultrahigh efficiency silica particles in short columns. Chapter 2 addressed
the synthesis of core-shell particle based chiral stationary phases and theoretical studies
on ultrafast chiral separations. Enantiomeric separations of few seconds were shown.
Frictional heating effects were discussed in detail. Chapter 3 focused on the applications
of core-shell based chiral columns for ultrafast separations of pharmaceutically important
compounds, namely fluoro and desfluoro analogs. Chapter 4 was based on the synthesis
and packing studies of high efficiency, narrow particle size distribution chiral columns and
their applications. Chapter 5 focused on ultrafast chiral separations studies in SFC. This
work showed very unusual affects which were not encountered in liquid chromatography
specially the extra-column tubing studies showed counterintuitive results. The choice of
digital filter plays a critical role in achieving symmetric peak shapes in ultrafast
chromatography. Simple derivative test was proposed to detect linear interpolation in the
signal processing of some chromatographic data acquisition systems. Chapter 6 showed
extreme speeds in sub-second regime. Practical and theoretical challenges were
addressed. Chapter 7 demonstrated real life applications of ultrafast enantioseparations
with important pharmaceuticals and synthetic intermediates. These separations can be
routinely developed and swiftly integrated into standard workforce and catalytic
identification to support enantioselective synthesis. Chapter 8 is based on the analysis of
complex mixtures and closely related species by two-dimensional liquid chromatography
using ultrafast methods in the second dimension.As demonstrated in all the chapters that

superficially porous particles are extremely promising for ultrafast screening, shape
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selective separations and two-dimensional applications. The question that remains to be
solved is that can fully porous particles of narrow particle size distribution outperform
superficially porous particles of the same dimensions. Understandably the packing
eventually controls the practically attainable efficiencies. Future studies should explore
whether the observed differences are due to difficulties in packing sub-2 um particles or
there are some other inherent particle features which control the performance of these
particles. Future work should focus on column injection and on column detection where
state of the art UHPLC lag behind in order to achieve ultrahigh efficiencies in 0.5 to 1 cm

long columns.
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