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In-line separation of multicomponent reaction
mixtures using a new semi-continuous
supercritical fluid chromatography system†

Daniel E. Fitzpatrick, Robbie J. Mutton and Steven V. Ley *

A new bespoke semi-continuous parallel column supercritical fluid chromatography unit has been devel-

oped that solves the problem of effective separation of continuous, multicomponent reaction mixtures. It

enables the rapid in-line separation of crude mixtures produced during batch and continuous flow reac-

tions. It overcomes limitations inherent to other systems, enabling it to collect up to five individual fractions

from mixtures with any number of constituent components, and adds new machinery to aid the modern

synthetic chemist. The success of the system was exemplified using two Appel-type reactions, enabling the

recovery of 81% of 1-bromoethylbenzene (with a first pass purity of 92%) and 89% of an intermediate to

the anti-cancer drug candidate AZ82 (>99% purity) from batch mixtures. As a notable example, the system

was also used in a telescoped flow process to separate an intermediate during the synthesis of isoniazid. In

this case, the three-stage synthesis was operated at steady state for four hours during which time 96% re-

covery of the intermediate, isonicotinamide, was attained (with a purity of >99%).

Introduction

Isolating target products from multicomponent mixtures is a
familiar challenge faced by chemists on a daily basis. In batch
synthesis, techniques such as flash column chromatography,
crystallisation and filtration are commonly employed to effect
off-line purification. However, there are few such broadly ver-
satile techniques to achieve the same outcome for continuous
multi-step flow reactions. Indeed, in 2014 for example a par-
ticular problem we struggled with was the synthesis of the
natural product Spirangien A in a fully flow-based manner
due to the need for manual chromatographic separation of
complex intermediates, suggesting new equipment needed to
be developed.1

Currently, commonly used separation techniques for con-
tinuous synthesis include liquid–liquid extraction,2–4 filtra-
tion5,6 and solid-supported scavenging and reagents.7,8 While
these can be extremely useful, particularly when telescoping
multiple reaction steps together,9,10 where the output mixture
from one reaction is linked directly with the input for the next,
they are usually designed to remove individual impurities from
mixtures, rather than isolating the compound of interest.

In order to overcome these issues, chemists will typically
attempt to modify their reactions to remove the need for such
downstream processing. A common method is the use of
heterogeneous catalysis,11,12 where one can avoid the energy-
intensive requirement to separate homogeneous catalysts
from reaction mixtures. Yet these techniques may not be suit-
able in many reaction scenarios or while one component of a
crude reaction mixture may be removed there still exist
others that need to be separated. Typically, manual interven-
tion is required where flash or high-performance liquid chro-
matography is applied to isolate the desired compound.

Not surprisingly, there have been significant efforts to
adapt chromatography to suit continuous processing re-
gimes,13 including applications targeting analytical high-
throughput screening.14 In their most part, reports describe
simulated moving bed chromatography (SMBC)15 systems
where multiple columns are connected in a series arrange-
ment and injections of crude mixture are staggered between
them in a cyclic manner. While this technique works well for
binary systems or multi-component mixtures where the target
compound is either the first or last to elute from columns,16,17

in most organic synthesis procedures these conditions are not
necessarily satisfied and so the practical deployment of SMBC
is somewhat limited to specific applications. SMBC separation
of ternary and quaternary mixtures has been reported;18,19

however, these required the use of multiple SMBC systems
connected together, adding significant operational complexity
and capital expense.20
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In this work we detail the first example of a parallel-
column supercritical fluid chromatography unit that over-
comes these limitations to achieve effective semi-continuous
separations of crude reaction mixtures in both batch and
continuous flow. This system also benefits from the ability to
isolate up to five individual components from crude reaction
mixtures at any one time.

Results and discussion
Process design

When operating a telescoped flow sequence, it is crucial that
process disturbances are avoided such that steady state for all
stages can be maintained for extended periods. This is partic-
ularly important in a pharmaceutical context where the GMP
regime dominates and any fluctuations of process parameters
may lead to operation outside acceptable variable windows
and thus a significant waste of affected product material.

Accordingly, separation processes should be designed to
accept a continuous flow of material as an input while
discharging a continuous flow of purified material as an
output to downstream operations. SMBC processes, as truly
continuous operations, can conform to such a requirement
in specifically designed cases. Semi-continuous processes,
where batch procedures are run sequentially such that an
apparent continuous operation is achieved, have also been
deployed effectively when using, for example, affinity
chromatography.21,22

In order to maintain the selectivity and broad usability of-
fered by standard chromatography systems, we applied a
semi-continuous mode of operation to columns arranged in
parallel. Our operational design concept is shown in Fig. 1.
In this example, a multi-component mixture is injected into a
four-column array at α second intervals. Injections are spread
evenly between the columns so that an injection occurs
somewhere in the array every 0.25α seconds. The target com-
pound is collected as it elutes from the column. In an ideal
scenario, the target peak tail in one column would overlap
with the peak rise in the next column such that an
uninterrupted stream of target material can be diverted into
collection reservoirs.

We chose supercritical fluid chromatography (SFC) as the
separation technique for our system. SFC offers very rapid sep-
arations at semi-preparative and preparative scales and pro-
motes excellent mixing between injected plugs of reaction mix-
ture and column packing materials, rendering its resolution
and general performance similar to ultra-high performance
liquid chromatography (UHPLC).23 Furthermore, it is common
in SFC procedures to use carbon dioxide as the primary mobile
phase,24 removing to some extent reliance on environmentally-
unacceptable and expensive solvents such as dichloromethane
and hexane which are used regularly in standard liquid chro-
matography methods, and recognising that effluent carbon di-
oxide can be captured and recycled if necessary.

From a reaction telescoping perspective, using supercriti-
cal carbon dioxide as the primary mobile phase greatly

Fig. 1 Conceptual UV-vis traces for an example four-column system (a–d). Injections are staggered evenly between columns in an attempt to
align collection windows (shown as hashed red above) to produce a constant output stream of target material.
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reduces the energy requirements to remove solvent from col-
lected fractions (cf. HPLC methods). In this scenario the pres-
sure simply needs to be reduced to release gaseous carbon di-
oxide, leaving the compound of interest in a relatively small
volume of modifier solvent.

Schematic

The equipment layout for the system is shown in Fig. 2. It
consists of four independent column lines, fed by two large
feed pumps (for CO2 and modifier solvent supply). Multi-way
switching valves placed downstream of each column allow
isolation of up to five fractions (in addition to a sixth line for
waste). Further discussion about hardware layout is included
in the ESI.†

The injection system consisted of four loading loops
connected in series (Fig. 3) and a recirculation pump. A cyclone
separator was also included to separate the reaction mixture
from depressurised carbon dioxide following injection.

The system consisted of 21 independent items of equip-
ment, greatly increasing operational complexity and require-
ments over standard procedures. Accordingly, we harnessed
an internet-based control system25 to facilitate control and
automation of apparatus at process start up, steady state op-
eration and system shutdown. This arrangement was particu-
larly useful when operating the unit in a telescoped flow pro-
cess between two reaction stages, as described in the final
example below, owing to its ability to integrate with addi-
tional reactor systems and inline detectors.

Multicomponent separations

Batch halogenation. Having constructed the SFC system,
its separation performance was tested using two batch reac-

tions. Crude mixtures from Appel-type transformations were
chosen owing to their number of constituent components,
and because we hoped to simplify the typically labour-
intensive work up requirement to remove triphenylphosphine
oxide produced during the reaction.

Synthesis of 1-bromoethylbenzene. We first focused on the
simple transformation of 1-phenylethanol to its bromo-
substituted product using carbon tetrabromide and
triphenylphosphine (Scheme 1). Unlike standard Appel proce-
dures, we modified reaction stoichiometry such that
triphenylphosphine was the limiting reagent. This step was
taken to ensure that there would be a range of compounds in
the crude reaction mixture to be separated by the SFC unit,
rather than an optimised reaction profile, to provide a more
challenging test of the system.

SFC systems present a number of variables that can be used
to tweak separation performance, such as the composition

Fig. 2 Equipment schematic for a four-column system. Reaction mixture can be injected into each column line, independently of the remaining
three. Each column has its own supply pump, UV-vis detector, automated back pressure regulator and six-position collection valve. Cyclone vessels
are placed downstream of collection valves to aid with the separation of gaseous CO2 from collected fractions following depressurisation. Notes:
(a) pump head cooled to −12 °C; (b) heated to 60 °C; (c) pressure relief valve set to 34.35 MPa; (d) adjustable damper valve to reduce effects of pres-
sure fluctuations caused by upstream pump movements. A photograph and more information about equipment have been included in the ESI.†

Fig. 3 Crude mixture was recirculated from a holding reservoir
through four independent Rheodyne injection valves. A cyclone
separator was included after the valves to aid with separation of
gaseous CO2 following depressurisation. (a) Schematic of equipment
layout; (b) photography of injection system.
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and particle size of column packing materials, mobile phase
pressure and system temperature (which affects density and
solvating characteristics of supercritical fluids), selection of
modifier solvent and mobile phase flow rates. Injection con-
centration and loading can also influence chromatography;
however, for the examples presented in this paper, injection

dilution was not required and so crude reaction mixtures were
injected directly using 0.1 mL sample loops.

A systematic process was followed to identify the optimum
conditions to isolate target products, as outlined in the ESI.†
For this reaction, it was found that the use of methanol as
modifier solvent (12.5% in CO2) with a system temperature of
65 °C and back pressure of 10 MPa provided the best results
(Fig. 4). 2-Ethylpyridine polymer (60 Å pore size, 5 μm particle
size) was chosen as the stationary phase. Under these condi-
tions, crude reaction mixture could be injected directly with
each injection fully separated within two minutes. It is worth
noting the excellent separation obtained in this reaction;
while not applied here, unreacted starting materials could be
diverted as they elute and recycled to improve overall reaction
efficiency.

Having identified suitable separation conditions, attention
was turned to the purification of the remaining crude reac-
tion mixture. Given the consistent separation across each of
the four column lines observed during trial runs and that
this reaction was a relatively simple scenario, we decided to
operate the product collection valve using a timing mecha-
nism without incorporating UV detector feedback.

The UV traces for a 20-injection sequence is shown in
Fig. 5. During this run the system was configured to collect
only the product fraction, with all other peaks sent to waste.
An 81% recovery of the target product was obtained with a
purity of 92% (HPLC, 1H NMR).

Scheme 1 Appel reaction to convert 1-phenylethanol to its bromo-
substituted product in batch mode. The amount of triphenylphosphine
in the reaction vessel was reduced so that it was the limited reagent.

Fig. 4 Chromatogram obtained from one column line when using
12.5% MeOH in the mobile phase, a backpressure of 10 MPa and a
column temperature of 65 °C.

Fig. 5 UV-vis traces for a 20-injection sequence across the column lines (a–d). A timing mechanism was used to collect the target fraction (hashed
red) for 8 seconds, set to trigger 56 seconds following injection. Injections are shown by dotted vertical lines.
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Synthesis of drug candidate intermediate. During a
synthesis of the anti-cancer drug candidate AZ82,26 issues
arose during the workup following the formation of an alkyl
halide intermediate (Scheme 2). As an Appel-type transforma-
tion, triphenylphosphine oxide formed during the reaction
required a laborious and repetitive process to remove.27 Even
so, traces of the oxide could not be removed fully from frac-
tions of our target compound; not an uncommon problem.

The use of polymer-supported triphenylphosphine allevi-
ated these issues, as the oxide could be removed simply via
filtration; however, the supported form of this reagent is
expensive and thus its extensive use is undesirable. Given
that no traces of the oxide were found in the first example
above, we believed that the SFC unit could eliminate the
requirement for polymer-supported triphenylphosphine
while still allowing recovery of the target compound in
high purity.

Having prepared a quantity of crude reaction mixture, we
identified suitable operating conditions for the separation as
described in the ESI.† It was interesting to observe that prod-
uct breakdown occurred when diethylaminopropyl polymer
(DEAP) columns were used. The basicity of the column pack-
ing material in this case led to elimination of the iodide, as
confirmed with 1H NMR (refer to ESI†).

For this example, separation over 2-ethylpyridine polymer
columns with 10% methanol in the mobile phase, a column
temperature of 65 °C and back pressure of 10 MPa led to the

best separation profile (Fig. 6). Injected plugs of crude reac-
tion mixture could be separated within three minutes.

We subsequently ran the system to separate remaining re-
action mixture. Given the reduced purity when using a timing
mechanism for fraction collection as in the previous example,
we instead used UV detector feedback to trigger downstream
valves. A five second delay was added after the target peak
tail was detected before valves switched back to waste, in or-
der to account to account for dead volume between detectors
and collection valves.

The SFC unit provided 89% recovery of the target com-
pound, with a purity of >99% (HPLC, 1H NMR) and collec-
tion rate of 3.46 mmol h−1. Moving from a timing mechanism
for fraction collection, as in the initial example above, to UV-
vis detection in this case led to significant improvement in
fraction purity.

We were pleased to note that the relatively harsh and non-
anhydrous supercritical conditions within the separation sys-
tem did not lead to any degradation of product, allaying con-
cerns about the carbonic acid catalysed breakdown of the
methyl ester protecting group.28,29

Purification of a telescoped intermediate. One of the pri-
mary objectives of this project was to develop a system suit-
able for use as a downstream separation process in telescoped
flow procedures. As a showcase final example of the utility of
the system, we telescoped the synthesis of isoniazid, a treat-
ment for tuberculosis, from 4-pyridinecarbonitrile (Scheme 3).

Previous work had yielded this flow route to this simple
drug which consisted first of catalytic nitrile hydration over
manganese dioxide, followed by a displacement with hydra-
zine monohydrate. As the first step yielded 91% of the inter-
mediate amide together with 9% starting material, the SFC
unit was harnessed to purify the product stream before the
second transformation.

The full equipment schematic for the telescoped process
is shown in Fig. 7. An inline infrared detector (IR) was posi-
tioned between the first reactor and SFC unit to aid with pro-
cess start up (to detect the presence of amide in the crude
stream from step one) and steady state monitoring.

This telescoped process consisted of three distinct control
stages: start up, where the nitrile hydration step was com-
menced and allowed to reach steady state before the SFC unit
was activated, followed by the initiation of the second reac-
tion step; operation at steady state, where the system was
allowed to run for extended periods while the target com-
pound, isoniazid, was collected; and finally process shutdown
where each telescoped step was directed to turn off in se-
quence. The logic used for the control system for these stages
is included in the ESI.†

Scheme 2 Appel-type reaction to produce an alkyl halide
intermediate during the synthesis of drug candidate AZ82.

Fig. 6 UV-vis trace of the separation profile when using 10%
methanol as modifier solvent, a back pressure of 10 MPa and a column
temperature of 65 °C.

Scheme 3 Two-step telescoped synthesis of isoniazid, a drug used for the treatment of tuberculosis.
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A manual test run of the SFC unit was conducted with
crude reaction mixture from step one, yielding operational

conditions that allowed 97% recovery of the amide with
>99% purity (HPLC, 1H NMR; refer to the ESI†). Under these

Fig. 7 Schematic showing the fully telescoped process, which involved 24 independent pieces of equipment. The SFC system was placed
between two flow transformations, isolating the target product from the first step and feeding it directly into the second. The control system
managed all stages of the process, eliminating the need for manual intervention following process initiation.

Fig. 8 Separation profiles in each column line (a–d) following 20 injections of crude reaction mixture from the first reaction step. The system was
configured in this example to collect by UV detector feedback. Injections are shown by dotted vertical lines and collection windows shown by
hashed red areas.
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conditions (DEAP columns, 65 °C, 22.5% MeOH, back pres-
sure 12.0 MPa), the total time for individual injection separa-
tion was 98 seconds.

Given the separation profile, we were able to stack injec-
tions into the column lines allowing us to tune parameters to
match exactly the steady state flow rate of crude mixture
exiting from the hydration step (Fig. 8). At steady state, the
system was configured to make an injection into each col-
umn line at 1.44 minute intervals. Furthermore, peaks
overlapped between the columns such that the collection of
an unbroken stream of the amide product in modifier solvent
(methanol) was directed into the second transformation step.
Under these conditions, 7.6 mmol h−1 of the intermediate
amide could be collected.

The telescoped process was operated at steady state for a
four-hour period, during which time 2.25 mmol h−1 of isonia-
zid was collected to give an overall yield of 27% overall yield
(91% from the first reaction, 96% average recovery from SFC
and 31% yield from the second reaction). Pleasingly, the use
of automation enabled a single researcher to operate the en-
tire process with minimal manual intervention. Again, the
separation profile in this example would enable operators to
recycle unreacted starting material should it be desired.

Conclusions

In summary we have developed a highly modular supercriti-
cal fluid in-line chromatography system for the automated
separation of reaction mixtures. The machinery can be
employed in both batch and flow mode scenarios including a
challenging telescoped flow reaction sequence.

The system stages sample injection to four separation col-
umns and, following UV-vis detection, independent collection
of up to five products through valve switching and cyclone
depressurisation is achievable.

The equipment developed herein represents a first exam-
ple of a parallel column SFC system for inline separation and
provides the basis for further modification for continuous
product processing. As the world of synthesis is becoming in-
creasingly reliant on advanced equipment and machinery,
the new device reported here adds significantly to the
toolbox.
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