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Chip-integrated, two-dimensional high performance liquid chro-
matography is introduced to monitor enantioselective continuous
micro-flow synthesis. The herein described development of the
first two-dimensional HPLC-chip was realized by the integration of
two different columns packed with reversed-phase and chiral sta-
tionary phase material on a microfluidic glass chip, coupled to
mass spectrometry. Directed steering of the micro-flows at the
joining transfer cross enabled a heart-cut operation mode to
transfer the chiral compound of interest from the first to the sec-
ond chromatographic dimension. This allows for an interference-
free determination of the enantiomeric excess by seamless hy-
phenation to electrospray mass spectrometry. The application for
rapid reaction optimization at micro-flow conditions is exemplarily
shown for the asymmetric organocatalytic continuous micro-flow
synthesis of warfarin.

Integrated microfluidic  systems combining different
functionalities such as reaction compartments and analytical
tools for real time information are regarded as an enabling
technology for the future of chemical synthesis."™* With such
devices the development of optimal conditions and the
identification of new chemical routes can be performed at
significantly higher speed and lower resource consumption
compared to conventional technologies. For such automated

chemical devices continuous flow chemistry is very
appealing.”*® Due to its modular nature it can be combined
with downstream analytical tools'®>* to realize self-

optimizing and self-controlling machines. In this context,
integrated lab-on-a-chip devices are very attractive as they al-
low a seamless integration of various analytical and synthetic
functionalities.>* >

While such miniaturized chemical flow processes can be
monitored spectroscopically,”**® the often mandatory separa-
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tion of compounds from crude reaction mixtures in real time
poses a challenge. Such separation techniques are especially
mandatory when compounds cannot be distinguished by
spectroscopic means alone, as in the important case of asym-
metric syntheses.>*

For this purpose chip-based flow reactors have been com-
bined with electrophoresis,>®?” which has however a rather
limited application range in organic syntheses. In order to
study a broad range of organic reactions, the use of high per-
formance liquid chromatography (HPLC), preferably with
mass spectrometric detection (MS), is much more appealing.
To date the highly demanded combination of continuous
flow chemistry and HPLC is mostly performed off-chip with
common chromatographic instrumentation.>** The rather
slow development in the area of chemical chip laboratories
with integrated HPLC functionality can be explained with
technical constraints. The integration of chip-based liquid
chromatography is by far more technically demanding than
chip-electrophoresis.

The realization of on-chip liquid chromatography poses
different challenges depending on the applied column tech-
nology.*® Open tubular liquid chromatography (OTLC) utiliz-
ing open channels as in chip electrophoresis was applied in
the very first chip-LC device.”®> While OTLC is technically
rather straightforward the integration of columns filled with sta-
tionary phases is more complex and can cause high back
pressures which complicates world-to-chip interfacing.**!
While monoliths and pillar arrays can be generated on-chip,
the introduction and immobilization of packed particulate
columns is more challenging. Although technically most de-
manding, slurry packed chip columns, using common partic-
ulate HPLC-phases, are very attractive as it facilities method
transfer from classical HPLC. Furthermore, with the commer-
cial availability of a countless selection of various phase ma-
terials, with different selectivity and proven performance, it
opens up an unmatched application range to chip-HPLC, in-
cluding chiral and multidimensional separation as disclosed
herein.
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Besides the very broad application range and the straight-
forward coupling to mass spectrometry, another very appeal-
ing feature of HPLC is the use of multidimensional chroma-
tography by column coupling. Two-dimensional HPLC is
especially useful for the reliable quantitative determination
of enantiomers in complex mixtures.””"** While one dimen-
sional chip-HPLC is the current state of the art,>%%%°3¢
there is very little to no progress in the development of re-
spective chip-integrated multidimensional methods.”"

Herein, we present an approach to realize what is to the
best of our knowledge the first 2D-LC chip. This is achieved
by sequential coupling of a reversed-phase and a chiral sepa-
ration column on a single device. The essential sample trans-
fer from one column to the other in a heart-cut mode is real-
ized by directed flow steering at the microfluidic transfer
cross, interconnecting the columns. This process builds up
on a low pressure sample injection strategy described earlier,
where a channel cross is used for sample injection and flow
splitting.” In the current work the fluid flows at the cross
are steered via a 6-port valve and 2 HPLC pumps, as schemat-
ically shown in Fig. 1. In elution mode (A) the cross is
flushed with fresh solvent which deflects the eluate from the
first dimension to the waste and supplies fresh eluent to the
second dimension. To transfer an analyte band from the first
to the second dimension, the 6-port valve is switched to posi-
tion B. This closes off the open channel of the cross, allowing
a direct transfer of the first dimensional eluate onto the col-
umn head of the second dimension. By switching back the
6-port valve, the sample transfer is stopped and the elution in
the second dimension begins. This process can be monitored
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Fig. 1 Schematic drawing of the instrumental setup and operation
principal for heart-cut 2D chip LC/MS. Connection lines in the top-part
represent PEEK capillaries attached via clamps to the chip. Bottom:
Fluorescence microscopic images of the on-chip cross, depicting the
actual transfer of 7-amino-4-methylcoumarin from the first to the sec-
ond column. The fluid flow situations are illustrated with red symbols:

closed line and stopped flow (cross); flow direction (arrows).
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by video microscopy as shown in Fig. 1, with respective fluo-
rescence microscopy video images for the transfer of
7-amino-4-methylcoumarin from the first to the second
column.

The setup further includes a 5 nL injection valve for sam-
ple injection onto the first column and a miniaturized epi-
fluorescence microscope tracing analytes at the end of the
first column. This fluorescence signal can be used to trigger
the valve for sample transfer. This triggering should also be
feasible with other techniques like Raman signals, changes
in refractive index or absorbance and of course by simple
time control as applied below. The end of the second column
transfers seamlessly into the integrated monolithic electro-
spray emitter for mass spectrometry coupling. As particulate
columns, a reversed-phase material (ProntoSIL C18 SH, 5
pum) was used in the first dimension and a chiral stationary
phase (CSP, CHIRALPAK IB 5 um) in the second dimension.
The columns were generated via a slurry packing technique
and retained within the chip by monolithic frits, as disclosed
in more detail in the ESL.>3%

After developing and realizing the whole setup, including
the 2D-HPLC-MS glass chip as shown in the photographic im-
age in Fig. 2a, the proper 2D-separation functionality was ex-
amined. In these initial studies we utilized fluorescent model
compounds to monitor and document the microfluidic pro-
cesses via epi-fluorescence microscopy. For this purpose a
mixture of 2 ug mL™" 7-amino-4-methylcoumarin, 10 ug mL™
(R)-Pirkle's alcohol, 20 ug mL™" (S)-Pirkle's alcohol and 20 pg

i ‘Q -_=

transfer cross
b) 1.0

2" dim. chiral
S(B)

R(B)

norm
fluorescence int.
o
(¢, ]
1
>

e
o

) ' I ' I ! 1
2 3 4 5
time [min]

o
-

Fig. 2 a) Photograph of the utilized glass chip. Dimensions: 10 x 45 x 2.2
mm. b) Two-dimensional heart-cut separation of the compounds: (A)
7-amino-4-methylcoumarin, (B) Pirkle's alcohol and (C) anthracene.
Blue line: Reversed phase separation in first dimension. Green line:
Chiral separation of transferred Pirkle's alcohol in second dimension.
On-chip columns: ProntoSIL C18, 5 um, 30 mm; CHIRALPAK IB, 5 um,
35 mm. Elution: MeOH/H,O (70/30 vol%) with 0.1% formic acid; 1.5 ul
mint in first dimension, 60 ul min™* at chip cross for second dimen-
sion. Epi-fluorescence detection: gx = 360-370 nm; Jgm = 390 nm.
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mL™" anthracene was dissolved in MeOH/H,O (50/50 vol%)
and separated on the first chip column in reversed phase
mode. As shown in a representative chromatogram in Fig. 2b,
obtained by monitoring the fluorescence intensity at the col-
umn end, nearly baseline separation is achieved on the 30
mm short RP column. The fluorescence signal now triggers
the transfer of the second elution compound, which is a
enantiomeric mixture of Pirkle's alcohol, onto the chiral sta-
tionary phase column. A representative chromatogram,
recorded via epi-fluorescence microscopy at the end of the
second column is shown in Fig. 2b revealing that a baseline
separation of the transferred enantiomers can be achieved on
the only 35 mm long CSP column.

After successfully demonstrating the functionality of the
2D-HPLC-chip with model compounds, we further developed
the device to monitor an organocatalytic asymmetric continu-
ous flow reaction downstream of a chip reactor. For this pur-
pose we coupled a flow reactor chip via the 5 nL injection
valve to the 2D-LC chip and utilized mass spectrometry for
detection after the second dimension as depicted schemati-
cally in Fig. 3.

As model reaction we chose the organocatalyzed asymmet-
ric continuous flow synthesis of warfarin (3) from the starting
materials 4-hydroxycoumarin (1) and benzalacetone (2), as
shown in Scheme 1.°*% The utilized catalyst (1S,25)-1,2-
diphenylethylenediamine (4a) is reported to steer the reaction
enantioselectively with (S)-warfarin as main product, while
ethylenediamine (4b) is a common achiral catalyst.>*>®

Prior to the reaction monitoring experiments, the device
was tested by analyzing a sample mixture consisting of the re-
spective pure compounds as standards. The result is shown
in Fig. 4, revealing a successful separation of the product from
the starting materials in the first dimension, which was mon-
itored by epi-fluorescence detection. The transfer of the prod-
uct to the second dimension results in a baseline separation
of the enantiomers in less than 4 min. This second dimen-
sion was monitored by mass spectrometry. For this purpose
the 2D-HPLC chip with the monolithically integrated emitter
was placed in front of a mass spectrometer.’® A representa-
tive base peak chromatogram of this second dimension is
shown in Fig. 4b.
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Fig. 3 Illustration of the developed two-dimensional hearth-cut chip-

HPLC-MS system for the online reaction screening application.
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Scheme 1 Chiral warfarin synthesis.

After we could successfully prove the performance of the
device with standards we applied it to monitor the enantio-
selective continuous flow synthesis of warfarin. While the
micro-reactor could in principal be integrated on the same
device, we attached in this proof of concept study a second
reactor chip to the 2D-HPLC device as schematically shown
in Fig. 3 and described in detail in the ESL} The continuous
flow synthesis was performed by pumping the reagents 0.2 M
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Fig. 4 Two-dimensional heart-cut chip-HPLC-MS analysis of the
asymmetric continuous flow warfarin synthesis. a) First-dimensional
reversed phase on-chip separation of the crude reactor effluent with
fluorescence detection. Analytes: 1 4-hydroxycoumarin, 2 benzalacet-
one, 3 warfarin b) mass spectrometric base peak chromatogram (BPC)
of the chiral warfarin separation in the second dimension. On-chip col-
umns: ProntoSIL C18, 5 um, 30 mm; CHIRALPAK IB, 5 um, 35 mm. Elu-
tion: 1.5 ul min™* ACN/H,O (50/50 vol%) in first dimension; 20 pl min*
MeOH/H,0 (70/30 vol%) with 0.1% formic acid at chip cross for sec-
ond dimension. Sample: reactor effluent at a flow rate of 200 nL min™*
in ACN/H,0 95 vol% (dotted line), mixed standard with 0.06 M of each
compound in ACN/H,O 95 vol% (solid line). Peak identification of
enantiomers was achieved via spiking with pure (S)-enantiomer.

This journal is © The Royal Society of Chemistry 2016
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Table 1 On-chip solvent screening for the asymmetric warfarin
synthesis

Catalyst®  Solvent Reaction time [min]  ee [%]°
4a ACN/H,0 (95 vol%) 57 82.9 +1.2
4a MeOH 57 73.3+1.7
4a THF 57 71.1+£1.2
4a DMF 57 57.7+£0.8
4b ACN/H,0 (95 vol%) 11 Racemic

@ All reactions were performed at 23 °C. ” Average and standard
deviation of three successive chip-2D-HPLC-MS measurements.

4-hydroxycoumarin (1) as well as a mixture of 0.22 M
benzalacetone (2) with 0.02 M of the catalyst (4a) through the
chip. As solvent a mixture of ACN/H,O (95/5 vol%) containing
1 M acetic acid was used. A small portion of the reaction mix-
ture from the continuous flow reactor (5 nL) was then trans-
ferred by an injection valve onto the 2D-HPLC-MS-chip and
analyzed as described above. Representative chromatograms
obtained at a reactor flow rate of 200 nL min~* with a corre-
sponding residence time of 57 min are presented as dotted
lines in Fig. 4. The data presented in Fig. 4 illustrates that
the two-dimensional separation can also be steered reliably if
the product concentration is too low to be detected via epi-
fluorescence detection in the first dimension. In this case the
heart-cut experiment is triggered by the known and highly re-
producible elution time of the product. The high sensitivity
of the mass spectrometer allows a reliable detection of the
compounds eluting from the chiral column, with a deter-
mined ee-value of 83%. The slightly broader chromatographic
signals of the effluent compared to the standards can be
explained by degradation of the second column over time
(several weeks of excessive measurements) due to imperfect
packing. As in classical 2D-HPLC-MS, this two-dimensional
separation can improve quantitation in electrospray LC mass
spectrometry by cutting off potential coeluting compounds,
eliminating troublesome matrix effects.**>°

After this successful proof of concept, we further investi-
gated the potential of the approach for rapidly studying the
influence of reaction parameters in continuous flow. The
seamless hyphenation of the chip reactor and the 2D-LC-MS-
chip allows a rapid screening of the reaction conditions in a
semi-automated manner. At first, we varied the solvent com-
position and residence times by adjusting the flow rates in
the micro-flow reactor. A set of 69 experiments were
conducted for 4 different solvents at various flow rates,
resulting in reaction times between 5 and 57 min. The results
of the solvent screening experiments are summarized in
Table 1 and are presented in detail in the ESL} As evident
from the data in Table 1, a solvent mixture of acetonitrile
with 5 vol% water resulted in the highest ee-values.

Besides the solvent composition and residence time, we
also studied the effect of the temperature on the ee-value by
placing the micro-flow reactor in a thermostat. The results
are shown in Fig. S4 in the ESI} As expected, an increase in
reaction temperature reduces the ee-values drastically, while
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the overall turnover increases. This trend and the achievable
ee-values are in good agreement with literature data.>*>%>*

In conclusion, we were able to develop the first example of
a two-dimensional heart-cut HPLC-chip. It was coupled to
mass spectrometry and exemplarily applied for the reliable
determination of the ee-values following asymmetric reac-
tions in continuous micro-flow systems. This new addition to
the chemist's toolbox opens up new possibilities for studying
and developing chemical transformations at the micro scale.
The system is well suited for the investigation of extremely
short reaction times and is a good starting point towards the
development of comprehensive microfluidic 2D-LC by the
adaption of multi-heart-cutting and peak parking methods.
Furthermore, it can be an important step in the development
of enabling technology for the future chemistry, such as auto-
mated micro-synthesis platforms.
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