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ABSTRACT

A multistep continuous-flow system for synthesis of receptor ligands by assembly of three variable building blocks in a single unbroken flow
is described. The sequence consists of three reactions and two scavenger steps, where a Cbz-protected diamine is reacted with an isocyanate,
deprotected, and reacted further with an alkylating agent.

Continuous-flow reactions, well established in the process
industry, have recently also received increased attention as
a tool for small-scale organic synthesis.1 Micro- and meso-
flow reactors in synthesis offer numerous potential advan-

tages over traditional batch synthesis. For example, (1)
mixing of reagents in a microflow system can be dramatically
more efficient than in a reaction flask, (2) a microflow system
offers precise heating and cooling of the reaction flow over
a very wide temperature and pressure span, (3) exothermic
and run-away reactions usually pose a negligible risk in a
flow system due to the small reactor volume, (4) reactions
and processes can be coupled in series and in parallel, (5)
flow systems are ideal for immobilized catalysts, (6) flow
chemistry is ideal for automation, and (7) once a flow system
is optimized for a reaction, the reaction is easily rerun with
the same or analogous reagents and can be scaled up within
reasonable limits by simply running the flow reaction for a
longer period of time. A host of diverse reactions have been
performed in single-step continuous-flow systems. In the
more advanced systems, of which there are relatively few
examples, several reactors or processes are coupled in series
to enable multistep synthesis in a single continuous flow.
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Most described systems of this type are designed to carry
out a single reaction that requires several operations or
perform several simple transformations on a single starting
material.2 Only a small handful of multistep systems have
been described which can assemble several building blocks
to more complex molecules.3,4 One outstanding example is
the synthesis of oxomaritidine from two simple starting
materials in six flow steps, where only one intermediate
product handling operation by the user was required in
connection with change of solvent.3a,5 Another recent
example describes the conversion of an acid chloride to an
isocyanate by a Curtius reaction, and subsequent reaction
with alcohols to produce carbamates in a single flow.3d This
system is relevant to our system, since implementation of a
Curtius step would allow acid chlorides rather than isocy-
anates as starting materials, and thereby expand the number
of easily accessible structures. A third notable flow system
performs two amide couplings, an asymmetric chlorination
and a nucleophilic substitution in a single continuous flow
carried out in a system of gravity columns.4a The scarcety
of reports of multistep continuous-flow syntheses is probably
related to the practical challenges that appear when such
systems are assembled, which include the frequent need for
different solvents in different reactions, accumulation of
byproduct and impurities which affect downstream reactions,
timing of reactant flows, build-up of high back-pressure over
several packed columns in series, precipitation and clogging
of tubes and columns, and chromatographic separation of
dissolved reagents in packed columns. Another reason may
be the high-tech flavor that the field has, with discussions
often focusing on lab chips and microstructured devices,
giving the impression that considerable investment is neces-
sary to enter the field.

Multistep continuous-flow systems appear to be particu-
larly suitable for medicinal chemistry, where a large number
of analogues in the optimization process can be synthesized
by the same reaction sequence consisting of a few relatively
simple steps, like amide couplings, reductive aminations,
catalytic hydrogenations, and metal-catalyzed coupling reac-
tions.6 Previous flow systems which assemble three building
blocks have been described, but these have only been
exemplified by the synthesis of a single compound, and the
building blocks are in all cases assembled by amide bond
formations.4 Here, we describe the construction of a continu-
ous-flow sequence designed for rapid synthesis of new
ligands in medicinal chemistry by combination of three
building blocks, and we demonstrate its potential by synthesis
of a library of diverse drug-like test compounds. Targeting
the chemokine receptor CCR8, which is of interest for
treatment of various inflammatory and allergic conditions,7

our goal was to construct a system for on-demand production
of compounds with pharmacophores corresponding to known
CCR8 ligands (Figure 1). Three reactions were selected to

accomplish this: the reaction of an amine with an isocyanate,
a Cbz-deprotection, and alkylation of a secondary amine.

A stock solution stream of a Cbz-protected diamine is
mixed with an isocyanate solution stream in a T-piece, and
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Figure 1. Inspirational chemokine receptor CCR8 ligands.8
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Table 1. Three-Step Continuous-Flow Synthesizer

a Method A: Stock solutions of Cbz-diamine and alkylating agent in ethanol. Method B: All stock solutions in DMF. b Yields are after purification by
semiautomatic flash chromatography (Combiflash Companion).
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the mixture stream is heated to 75 °C (Table 1). Excess
isocyanate is scavenged in a column with trisamine on
macroporous polystyrene (MP-trisamine). The flow continues
into an H-Cube hydrogenator, where the Cbz-group is
removed by hydrogenation over palladium.9 The byproducts
from this reaction, toluene and carbon dioxide, cause no
problems in the downstream processes. In the final step the
secondary amine is alkylated by a benzyl bromide or another
appropriate alkylating agent in the presence of polystyrene-
bound N-methylmorpholine. Excess alkylating agent is
removed by leading the flow through a final column with
MP-trisamine at 75 °C. The outlet flow is concentrated, and
the residue is purified semiautomatically in a Combiflash
system. To the best of our knowledge, this represents the
first examples of tertiary amine synthesis in flow by
N-alkylation with alkyl halides, as well as the first synthesis
of ureas from isocyanates in flow, although examples related
to the latter reaction exist.3d,e

The H-Cube hydrogenation is known to work well with
ethanol, and the system was initially fed with stock solutions
of Cbz-diamines and benzyl bromides in this solvent. The
flow system was able to produce compounds of good quality
in useful amounts, but yields were generally low (Table 1,
entries 1-6), partly ascribed to the competing reaction
between isocyanates and ethanol. The solvent was therefore
changed to DMF in all stock solutions (Table 1, entries
6-15). Fortunately, this worked well with the H-Cube, and
the yields generally improved to on average 50-60% over
the complete sequence and up to 96% in one example (entry
12). The solvent change also brought other advantages, since
DMF is a powerful solvent and eluent for most organic
compounds, minimizing problems related to precipitation and
clogging of the system and retention on packed columns.
The residence time in the optimized system is approximately
45 min. With synthesis proceeding for 10-15 min followed
by flushing for 45 min, the system can deliver approximately
one crude product per hour.

Once the three-step flow sequence was assembled and
optimized, it proved to be a powerful and robust tool for
rapid production of diverse compounds. Sequential produc-
tion with a minimum of effort compared to batch or parallel
synthesis contributes to minimizing the turnaround time of
the critical design-synthesis-screening cycle. Although the
examples in Table 1 are mostly limited to compounds that
fit the targeted pharmacophore, the diverse selection of

isocyanates and alkylating agents demonstrate that the system
is potentially useful for synthesis of highly diverse com-
pounds. The system also has potential applications beyond
targeting the CCR8 receptor. For example, ligands for a large
number of diverse receptors, enzymes, and ion channels have
the N-benzyl-(homo)piperazine-urea scaffold, including ad-
enosine A2B antagonists,10a leukotriene A4 hydrolase
inhibitors,10b serotonin 5-HT3 antagonists,10c nicotinic acid
HM74A agonists,10d carnitine palmitoyl transferase
inhibitors,10e and fatty acid amide hydrolase inhibitors,10f

suggesting that our multistep system can be useful for
synthesis and optimization of ligands for vastly diverse
targets.

Apart from the H-Cube, our flow system consists entirely
of inexpensive and readily available components. It is
conveniently assembled and modified, and the modules can
be easily rearranged. The implemented reactions were
carefully selected, with special attention to any stoichiometric
byproducts. Addition reactions are generally preferable, and
reactions which produce inert byproducts are also usually
good choices. Scavenging of stoichiometric amounts of
byproduct is possible, but less economic and practical.

In summary, we have demonstrated the value of multistep
flow synthesis in medicinal chemistry with a three-step flow
system which conveniently assemble three varied building
blocks in a single continuous flow. This represents the first
demonstration of robustness and usefulness of such a system
by the synthesis of a diverse library of test compounds. An
important aim of this report is to demonstrate that the general
medicinal chemistry laboratory with only minor investments
can construct simple systems for flow synthesis, which can
be very effective and flexible tools for rapid synthesis of
desired lead analogues in the drug discovery and optimization
process.
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