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Introduction

Organic synthesis by using continuous-flow methods has re-
ceived a great deal of attention in recent years due to the
potential advantages over traditional batch synthesis that
this technology has to offer.[1] Some of the more prominent
features include precise and rapid heating and cooling, safer
handling of exothermic reactions and explosive or toxic re-
agents, safe and convenient handling of reactions under high
pressure, easy implementation of immobilized catalysts, and
facile scale-up. The improved safety and more accurate tem-
perature control have made continuous-flow synthesis an at-
tractive option for the manufacture of active pharmaceutical
ingredients.[2] Telescoping a multistep synthesis into a single
continuous-flow process by coupling several flow reactions
in series is one of the most intriguing possibilities, enabling

in principle the convenient synthesis of complex products
from simple starting materials in a single continuous flow in
a fraction of the time required for batch synthesis. Although
the initial development of an efficient multistep flow synthe-
sis protocol may require some effort, once developed, such
a system allows for multistep library synthesis of screening
compounds and follow-up by repeated or scaled-up synthe-
sis of interesting single library compounds without the need
for any further development. A number of multistep flow
synthesis systems have been reported,[1a,c,2e, 3] but the poten-
tial of such systems in medicinal chemistry is still unrealized.

Although continuous-flow synthesis offers a number of
potential advantages, important challenges remain. Precipi-
tation causing clogging and blockage should be taken into
account in the design of flow synthesis systems. Multistep
systems present additional important issues that must be ad-
dressed. First, different reactions frequently require differ-
ent solvents, which demands disruption of the continuous
stream since there are as yet no satisfactory means of ach-
ieving continuous solvent switching. Second, byproducts
may interfere with downstream steps. A third significant
challenge is the “third-stream problem”, that is, timing the
introduction of additional reagents downstream, which is
complicated by dispersion in the first step(s).[4]

Herein, we report an efficient three-step flow synthesis in
which all of these challenges have been overcome by careful
selection of the reactions. The system has been designed to
synthesize new ligands directed towards the chemokine re-
ceptor CCR8, a potential drug target expressed on mono-
cytes, splenocytes, and thymocytes, and implicated in allergic
disease.[5] Relatively few exogenous ligands have been de-
scribed for this receptor.[6] Inspired by known CCR8 ligands
(Figure 1), we have designed a three-step continuous-flow
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system for the synthesis of related structures incorporating a
urea group.[7] In the flow system presented herein, reactions
that can be performed in DMF have been chosen to avoid
problems related to precipitation and solvent switching. Fur-
thermore, the reactions give either no or unproblematic stoi-
chiometric byproducts, thus solving the second of the afore-
mentioned problems. The “third-stream problem” has been
addressed by ensuring a moderate excess of the third build-
ing block over an appropriate time period. In the optimized
version of the system, all scavenger resins have been elimi-
nated. This results in a functional system capable of assem-
bling three variable building blocks into diverse test com-
pounds in a fraction of the time required for batch synthesis.
We also report that the compounds synthesized by this
system indeed act as potent CCR8 modulators, and we de-
scribe preliminary structure–activity-relationship studies of
the 4-benzylpiperazine-1-carboxamide compound series.

Results and Discussion

Continuous-flow synthesis : Our
first-generation system comprised
three consecutive steps in a contin-
uous flow: isocyanate addition to a
carbobenzyloxy (Cbz)-monoprotect-
ed diamine, removal of the protect-
ing group by catalytic hydrogena-
tion, and alkylation of the liberated
amine with benzyl bromide or a
similar reagent (Scheme 1).[7] To
ensure complete conversion, an
excess of isocyanate was used in the
urea formation, and a polystyrene
(PS)-trisamine scavenger column
was inserted directly after the reac-
tor to remove the excess. The final
N-alkylation step was carried out in
a PS-NMM (NMM = N-methylmor-
pholine) column and then the mix-
ture proceeded to a PS-trisamine
column to scavenge the excess al-ACHTUNGTRENNUNGkylating reagent. This system dem-
onstrated a significant advantage of
flow chemistry: the synthesis of

target compounds directly from commercial starting materi-
als in three continuous steps with no handling of intermedi-
ates and a capacity of two compounds per day. However,
the productivity was hampered by the three columns con-
taining PS-supported scavenger resins. Since the scavenger
resins are consumed, they must be replaced or regenerated
after the synthesis of every few compounds, which is expen-
sive, requires manual intervention, and lowers the productiv-
ity of the system. For a multistep system, the dispersion of
reactants and intermediates caused by the scavenger col-
umns is especially problematic. The frequency of resin re-
placement can be reduced by using larger columns, but this
typically results in unacceptable dispersion. Furthermore,
the presence of the scavenger columns necessitates long
washing cycles between the synthesis of each compound,
adding a significant unproductive-time penalty to each syn-
thesis. Notably, the scavenger columns did not eliminate the
need for final chromatographic purification of the test
compounds.

In further optimization of the system, a critical question
was whether the benefit of the scavenger columns outweigh-
ed their disadvantages. We reasoned that if stoichiometric
amounts of reagents were to be used and complete conver-
sion could be achieved, there would be no need for scaveng-
ers. A simplified two-step model system was investigated by
using a preformed alkylated and Cbz-protected piperazine
as the substrate (Table 1). The choice of starting material
and reaction sequence was based on the assumption that
complete conversion by using stoichiometric amounts of re-
agents would most likely be easier to achieve for the isocya-
nate addition and hydrogenolysis steps than for the N-alkyl-

Figure 1. Inspirational CCR8 ligands.

Table 1. Two-step flow system.

Product Purity [%][a] pEC50 (EC50 [nm]; Emax [%])[b]

15 99 6.61�0.34 (245; 68)

16 99 7.39�0.10 (41; 62)

17 99 7.46�0.18 (34; 74)

18 94 7.62�0.20 (24; 85)

[a] Purity by ELSD (evaporative light scattering detector), 1H and 13C NMR spectroscopy. [b] Activation
of COS-7 cells transfected with CCR8 and promiscuous Gqi4 myr protein in an inositol triphosphate-
turnover assay; Emax is given as a percentage of maximal induced activation by CCL1.
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ACHTUNGTRENNUNGation step. The system was constructed by using an H-Cube,
with its integral pump feeding Cbz-phenoxybenzylpiperazine
through the hydrogenation module and an additional pump
feeding the isocyanate solution into a T-piece, where it was
mixed with the deprotected piperazine. A steady-state 1:1
stoichiometry between the piperazine and the isocyanate
was maintained by using 0.1 m reagent solutions and both
pumps running at 0.50 mL min�1, giving a reaction time of
2 min at RT. We were pleased to observe that this simple
system facilitated quantitative conversion to the products,
and that the compounds produced were of a suitable quality
for direct testing without the need for a final purification
(Table 1).

We next turned our attention to the N-alkylation step.
Based on the results obtained with the two-step system, it
seemed likely that the sometimes low to moderate yields
and formation of side products seen with the first-generation
three-step system were related to this step and possibly to
the scavenger columns. Poor conversion might result from a
mismatching of concentration–time profiles of the inter-

mediate stream and the alkylating agent stream. Such mis-
matching could occur as a result of excessive dispersion in
the first two steps. The problem of matching the concentra-
tion and timing of a third stream to that of a reaction mix-
ture exiting a flow reactor, the concentration–time profile of
which may have been changed by dispersion, is a recognized
challenge in multistep flow synthesis (the “third-stream
problem”).[4] One solution to this problem has been the use
of rather sophisticated equipment to measure reactant con-
centrations in-line, for example, by IR or UV detection, to
automatically control the flow rate of the third stream.[4a–d]

We opted for the more low-tech solution of simply adjusting
the concentration–time profile of the third reagent stream
to overlap with that of the intermediate stream so that at
least a stoichiometric amount of the third reagent would be
present at all times. To reduce costs and increase capacity,
the PS-NMM base in the column reactor was replaced by a
mixture of sodium carbonate and sand. We found that feed-
ing a threefold excess of the alkylating agent relative to the
amine/isocyanate solution of the first step with a 40 min

Scheme 1. First-generation three-step flow system. Method A: stock solutions of Cbz-diamine and alkylating agent in ethanol and the required isocyanate
in DMF. Method B: all stock solutions in DMF.[7] Method I: see Table 2. Yields are after purification by semi-automatic flash chromatography (Combi-
flash Companion) and are reproduced from ref. [7]. Activation of COS-7 cells transfected with CCR8 and promiscuous Gqi4 myr protein in an inositol
triphosphate-turnover assay; Emax is given as a percentage of maximal induced activation by CCL1 at 10 mm concentration of test compound.
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delay ensured that the alkylating agent was in excess at all
times and resulted in complete conversion (at the same con-
centration, 0.050 m, and flow rate, 0.20 mL min�1, at 75 8C
with a residence time of 12.5 min). Since a final purification
was necessary under any circumstances and excess alkylating
agent could thus be easily removed, the second PS-trisamine
scavenger column was also removed.

With these improvements implemented, a modified three-
step system was configured by using stoichiometric amounts
of the two first reagents and with the scavenger columns re-
moved; see Table 2, configuration I. A 0.05 m solution of the
starting amine and isocyanate in DMF was pumped at a
flow rate of 0.20 mL min�1 through a 5 mL tube reactor at
100 8C, from which it proceeded to the H-Cube (full H2

mode, 80 8C, catalyst cartridge: 10 % Pd/C). The output
stream from the H-Cube was fed into a gas–liquid separator
to vent out excess hydrogen gas and carbon dioxide. The
stream containing the deprotected piperazine was combined
with a solution of the alkylating agent (both pumped at
0.20 mL min�1) by using a T-piece and the mixture was fed
through the sodium carbonate/sand column at 75 8C with a
residence time of 12.5 min. We were delighted to observe
that when the synthesis of 6 was performed with the im-
proved system (Table 2, configuration I), a 90 % yield was
obtained, as compared with 6 or 28 % yields with the initial
system (Scheme 1). The use of unsubstituted 3-phenoxyben-
zyl bromide, Cbz-piperazine, and benzyl isocyanate gave a
94 % overall yield (19, Table 2). The yield dropped to 49 %
with homopiperazine (20, Table 2), but increased to 85 %
and above when reverting to Cbz-piperazine and introduc-
ing small substituents on the isocyanate or the alkylating
agent (21, 22, Table 2). Substituents on the piperazine ring
introduce steric hindrance and can potentially interfere with
both the urea formation and the alkylation step. However,
methyl groups in both positions were well tolerated, result-
ing in 62–89 % yields of the respective products (23, 24, 27,
29, 30, Table 2). Gratifyingly, piperazines with the larger
phenyl substituent also performed well, giving 57–66 %
yields (25, 26, Table 2). The use of 4-(Cbz-amino)piperidine
instead of Cbz-piperazines as the central building block re-
sulted in 50–82 % yields (31, 32, Table 2). Compounds 29–33
were produced with configuration II, see below.

It is noteworthy that the above results were obtained with
a 1:1 ratio of the Cbz-diamine and isocyanate building
blocks, with only the alkylating agent in the third step being
used in excess (3 equiv). Removal of the scavenger resins
drastically reduced the cost and down time associated with
their periodic replacement, and did not complicate the final
purification (except in the case of compound 33 ; see below).
Another improvement was achieved by taking dispersion
into account and compensating for it in the third step as de-
scribed above. No effort to control dispersion was made in
the first-generation system, which resulted in significant por-
tions of starting materials being wasted in the leading and
trailing edges of the main cut. The yields reported for our
first-generation system (Scheme 1) are based on the product
collected over a typical period of 10 min at steady-state op-

eration, whereas the yields from the second-generation
system (Table 2) are based on the total amounts injected.
The yields reported in Tables 1 and 2 are therefore not di-
rectly comparable.

One remaining limitation that we sought to address is the
need for the urea substituent to withstand catalytic hydroge-
nation with a Pd/C catalyst. Under these conditions, aromat-
ic halides and other readily reduced functional groups will
not survive. Reversing the sequence of the steps, that is,
placing the isocyanate addition after the H-Cube, would
provide a solution to this problem. This should permit the
presence of reduction-sensitive functionalities in either R1

or R2 (but not in both at the same time) depending on the
order of the steps. Performing the alkylation step first im-
plies formation of HBr early in the sequence, with a risk of
poor conversion and precipitation downstream in the case
of incomplete scavenging of this acid. To investigate the fea-
sibility of a reversed system, we swapped the tube reactor
and sodium carbonate/sand column along with the corre-
sponding reagents (Table 2, configuration II). As before, the
first step was performed by using equimolar amounts of re-
agents whereas for the third step a threefold excess of iso-
cyanate was used. Employing the same flow rates as in the
original system, the residence time in the alkylation reactor
was doubled while the residence time in the isocyanate addi-
tion reactor was halved due to the third stream. We were
pleased to find that the reversed version of the system
worked just as well as the original sequence (compare, for
example, 21 with 33 in Table 2). The unsubstituted 3-phenyl-
benzyl and piperazine building blocks performed well with
4-chlorobenzyl isocyanate, but the lack of a final PS-tris-ACHTUNGTRENNUNGamine scavenger column prevented direct chromatographic
separation of excess isocyanate from the final product in
one case, that of compound 33. However, this issue was
solved by collecting the final product in a flask containing
diethylenetriamine (DTA), thus converting excess isocya-
nate into a polar urea that was readily removed in the final
chromatography.

Biological testing : The compounds were tested in an inositol
phosphate turnover assay (IP3 assay) in COS-7 cells transi-
ently transfected with human CCR8. Screening of the 4-ben-
zylpiperazine-1-carboxamide compounds from the first-gen-
eration system resulted in the identification of several active
compounds serving as partial or full agonists (Scheme 1). In
agreement with the inspirational structures (Figure 1),[6a,b] a
western 3-phenoxyphenyl moiety (2 and 5) afforded the
most potent compounds with EC50 around 100 nm, whereas
3-biphenyl (1, 3, 7, and 11) and 2-naphthyl (compounds 4, 8,
and 12) compounds were also active with EC50 values of the
most potent compounds (8 and 11) around 1 mm. The 3-bi-
phenyl/2-naphthyl pairs 7/8 and 11/12 demonstrate that pref-
erence for either group depends on the rest of the molecule.
Simple substituted benzyl (6), 2-biphenylmethyl (10), non-
aromatic (13), or heteroaromatic (9, 14) groups that deviat-
ed much from this pattern were mostly inactive, although it
cannot be excluded that the eastern 3,5-dimethylphenyl or

www.chemeurj.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0 – 0

�� These are not the final page numbers!
&4&

A. Ritz�n, T. Ulven et al.

www.chemeurj.org


Table 2. Improved three-step flow system.[a]

Product Method Yield [%] pEC50 (EC50 [nm]; Emax [%])[b]

19 I 94 7.10�0.21 (80; 92)

20 I 49 6.37�0.06 (422; 88)

21 I 85 6.13�0.02 (743; 81)

22 I 92 7.54�0.09 (29; 38)

23 I 62 6.94�0.03 (114; 46)

24 I 87 5.86�0.16 (1370; 48)

25 I 66 5.41�0.32 (3870; 10)

26 I 57 4 %[b]

27 I 62 6.85�0.63 (142; 52)

28 I 84 8.46�0.25 (3; 60)

29 II 79 7.44�0.42 (37; 32)
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2-ethoxyphenyl substituents also contributed to the low ac-
tivity. The eastern part of the molecule could in general ac-
commodate a broader variety of structures, with the N’-urea
substituents of the most active compounds comprising sub-
stituted phenyl (2, 8), phenylethyl (11), and aliphatic (5)
groups.

The favored 3-phenoxybenzylpiperazine was chosen as
the substrate for the exploratory two-step system (Table 1),
as this scaffold was expected to be active by comparison
with the inspirational compounds. Appending the 2-chloro-
benzylurea (15) produced a CCR8 agonist with an EC50 of
245 nm (Table 1). Ureas substituted with phenylethyl (16),
isopropyl (17), or cyclohexyl (18) group exhibited potencies
that were further increased by an order of magnitude.

The compounds synthesized by the optimized three-step
system were also mostly based on the 3-phenoxybenzylpi-
perazine scaffold. Compared to the unsubstituted N-benzyl-
piperazine 19, the corresponding homopiperazine 20 proved
to be less potent. The same was true for the products with a
para-methyl- (21) or para-chloro-substituted (33) eastern N-
benzyl moiety. However, this information was not available
prior to the synthesis of the remaining analogues, most of
which bear an eastern N-benzyl group with a para-methyl or
para-chloro substituent. An ortho-fluoro substituent on the
western terminal phenoxy analogue (22) resulted in in-
creased potency and a reduction in efficacy to 38 % relative
to the endogenous agonist CCL1. An (S)-methyl substituent
on the piperazine ring of 21 flanking the phenoxybenzyl
moiety (23) also increased the potency to the level seen for
the unsubstituted analogue 19. A corresponding methyl sub-
stituent in combination with western 3,5-dichlorophenoxy
and eastern N-cyclopentyl moieties (27) resulted in similar
activity. Adding a para-fluoro substituent to the western
benzyl group of 21 in combination with an (R)-methyl group
flanking the phenoxybenzyl moiety of the piperazine (24)
resulted in substantial reductions in both potency and effica-
cy, whereas an (R)-methyl group flanking the urea moiety in
combination with an eastern para-chloro substituent (29) in-

creased the potency (EC50) to 37 nm. A tert-butyl substituent
at the para-position of the western phenoxy moiety (30) re-
sulted in a complete loss of activity. The larger phenyl sub-
stituent on the piperazine ring reduced the potency tenfold
when flanking the urea moiety (25), and resulted in almost
complete loss of activity even at a concentration of 10 mm

when flanking the phenoxybenzyl moiety (26). Unsubstitut-
ed 3-phenoxybenzylpiperazines with western N-benzyl (19)
and N-cyclohexyl (18) substituents exhibited potent activity.
Gratifyingly, combining the two in 28 resulted in a highly
potent CCR8 agonist with an EC50 of 3 nm, the highest po-
tency observed for any of the tested compounds.

The central 4-aminopiperidine moiety occurs in related
CCR8 ligands (e.g., 11 c in Figure 1), and the mono-Cbz-pro-
tected derivative was confirmed to be a successful substrate
in the flow system. Compound 31, and more particularly 32,
were among the most potent, but did not rival 28.

Conclusion

Multistep flow-synthesis systems show great promise in me-
dicinal chemistry, but their full potential has not yet been re-
alized. This is likely due to the challenges related to precipi-
tation of intermediates or products, the need for different
solvents for different reactions, interference of byproducts
or excess reagents with downstream steps, and timing of re-
agent addition in downstream steps. In this report, we have
shown how these limitations can be overcome in an efficient
and inexpensive manner. By combining reactions that do
not produce byproducts likely to be problematic in down-
stream steps and that can all be performed in DMF, we
have devised an efficient three-step continuous-flow system
for the synthesis of diverse test compounds from commercial
building blocks. In the initial version of the system, three
polystyrene-based scavenger columns were used to remove
excess reagents and to scavenge acid produced in the alkyl-ACHTUNGTRENNUNGation step. This, however, led to significant problems with

Table 2. (Continued)

Product Method Yield [%] pEC50 (EC50 [nm]; Emax [%])[b]

30 II 89 1 %[b]

31 II 50 6.69�0.12 (203; 78)

32 II 82 7.52�0.07 (30; 81)

33 II/DTA[c] 74 6.34�0.13 (462; 83)

[a] Method I refers to synthesis by the general procedure for configuration I. Method II refers to synthesis by the general procedure for configuration II.
BPR= back-pressure regulator; GLS=gas–liquid separator. [b] Activation of 10 mm concentration. [c] DTA =diethylenetriamine.
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dispersion and feeding of the third building block, in addi-
tion to the need to replace the resin between every few re-
actions. The optimized system does not contain any scaveng-
er resins; instead, an Na2CO3/sand column is used, with ad-
justed stoichiometry of the reagents. This resulted in a
system for the practical and efficient synthesis of ligand ana-
logues in generally excellent yields over the three steps. The
substrate scope of the system has been demonstrated to be
broad for all three building blocks. For example, the applica-
tion of 4-(Cbz-amino)piperidine in place of Cbz-piperazine
allowed access to structures closely related to those of previ-
ously reported CCR8 ligands. Testing on CCR8 established
that the 3-phenoxybenzylpiperazine scaffold generally dis-
played the highest potency. Various small substituents were
generally well tolerated, but only in a few cases produced
substantially increased potency. A larger degree of variation
was accommodated in the eastern part of the compounds.
Fusing the eastern parts of two potent compounds led to the
identification of the most potent N-tetraline 28, a single-
digit nanomolar CCR8 agonist. The multistep flow system
has thus been demonstrated as an efficient tool in the opti-
mization of receptor ligands and implies drastic reductions
in both time and labor compared to batch synthesis after im-
plementation. To the best of our knowledge, this represents
the first example of efficient use of a multistep flow system
for the synthesis of test compounds in the optimization pro-ACHTUNGTRENNUNGcess of an active medicinal chemistry project.

Experimental Section

General procedure for the two-step flow synthesis : Benzyl 4-(3-phenoxy-
benzyl)piperazine-1-carboxylate (2.5 mmol) was dissolved in EtOH
(25 mL). The solution was pumped at a flow rate of 0.50 mL min�1

through an H-Cube (catalyst: 10% Pd/C, 30� 4 mm cartridge, full H2

mode, 25 8C). The required isocyanate (1.0 mmol) was dissolved in DMF
(10 mL) and pumped by a second pump (0.50 mL min�1) to mix with the
intermediate from the H-Cube. The mixture continued through a stain-
less steel coiled reactor (2 mL, RT). The product was collected, diluted
with water (20 mL), and extracted with EtOAc (3 � 15 mL). The com-
bined extracts were dried over MgSO4, filtered, and the solvent was
evaporated under reduced pressure.

4-(3-Phenoxybenzyl)piperazine-1-carboxylic acid cyclohexylamide (18):
The title compound was prepared according to the general procedure for
the two-step flow synthesis by using cyclohexane isocyanate (126.1 mg,
1.01 mmol). 1H NMR (600 MHz, CDCl3): d= 7.29–7.23 (m, 2H), 7.19 (t,
J =7.8 Hz, 1H), 7.05–7.00 (m, 1H), 6.98 (d, J=7.5 Hz, 1 H), 6.96–6.89 (m,
3H), 6.83–6.78 (m, 1 H), 4.54 (d, J=7.3 Hz, 1H), 3.59–3.50 (m, 1H), 3.41
(s, 2 H), 3.30–3.24 (m, 4H), 2.37–2.31 (m, 4H), 1.89–1.81 (m, 2 H), 1.67–
1.58 (m, 2 H), 1.57–1.49 (m, 1 H), 1.34–1.21 (m, 2H), 1.10–0.97 ppm (m,
3H); 13C NMR (151 MHz, CDCl3): d =157.09, 157.06, 140.00, 129.62,
129.41, 123.78, 123.08, 119.27, 118.63, 117.40, 77.37, 77.16, 76.95, 62.43,
52.59, 49.34, 43.60, 33.79, 25.57, 25.05 ppm; HRMS: m/z calcd for
C24H32N3O2 [M+H]: 394.2489; found: 394.2489.

General procedure for the three-step flow synthesis (configuration I):
The required Cbz-protected diamine (0.50 mmol) and isocyanate
(0.50 mmol) were dissolved in DMF (10.0 mL) in a pre-dried flask under
argon. The solution was pumped at a flow rate of 0.20 mL min�1 through
a coiled reactor (PFA, 5 mL, 100 8C) followed by an H-Cube (catalyst:
10% Pd/C, 30 � 4 mm cartridge, full H2 mode, 80 8C). The product was
collected in a flask (5 mL) to release excess H2 and from there passed on
by a second pump (0.20 mL min�1). The alkylating agent (1.5 mmol) was

dissolved in DMF (30 mL) and pumped by a third pump (0.20 mL min�1,
started 40 min after the first pump) to mix with the intermediate from
the second pump. The mixture continued through a glass column filled
with Na2CO3/sand (9 +9 g, 5 mL, 75 8C). The solution was collected, the
solvent was evaporated under reduced pressure, and the product was pu-
rified by column chromatography using a semi-automatic Combiflash
system (24 g silica; eluent gradient: heptane/EtOAc).

4-(3-Phenoxybenzyl)-N-(1,2,3,4-tetrahydronaphthalen-1-yl)piperazine-1-
carboxamide (28): The title compound was prepared according to the
general procedure (configuration I) from benzyl piperazine-1-carboxylate
(109.6 mg, 0.497 mmol), 1-isocyanato-1,2,3,4-tetrahydronaphthalene
(87.5 mg, 0.505 mmol), and 1-(bromomethyl)-3-phenoxybenzene
(393.9 mg, 1.50 mmol). It was obtained in a yield of 185.6 mg (84 %).
1H NMR (500 MHz, CDCl3): d= 7.36 (t, J=7.2 Hz, 3 H), 7.30 (dd, J=

13.1, 5.1 Hz, 1H), 7.21–7.16 (m, 2 H), 7.12 (dt, J=11.2, 7.3 Hz, 3H), 7.08–
7.01 (m, 3 H), 6.93 (d, J =8.1 Hz, 1H), 5.15–5.08 (m, 1H), 4.81 (d, J=

8.0 Hz, 1H), 3.53 (s, 2H), 3.43–3.32 (m, 4 H), 2.89–2.72 (m, 2 H), 2.46 (t,
J =4.7 Hz, 4H), 2.08 (dd, J=12.8, 8.3 Hz, 1H), 1.85 ppm (d, J =4.7 Hz,
3H); 13C NMR (126 MHz, CDCl3): d =157.23, 157.20, 157.01, 140.05,
129.71, 129.52, 123.86, 123.18, 119.39, 118.76, 117.54, 62.50, 52.68, 50.68,
43.76, 29.46 ppm; HRMS: m/z calcd for C28H32N3O2 [M+H]: 442.2489;
found: 442.2488.

General procedure for the three-step flow synthesis (configuration II):
The Cbz-protected diamine (0.50 mmol) and alkylating agent
(0.50 mmol) were dissolved in DMF (10.0 mL). The solution was pumped
at a flow rate of 0.20 mL min�1 through a glass column filled with
Na2CO3/sand (9+9 g, 5 mL, 75 8C) followed by an H-Cube (catalyst:
10% Pd/C, 30 � 4 mm cartridge, full H2 mode, 80 8C). The product was
collected in a flask (5 mL) to release excess H2 and from there passed on
by a second pump (0.20 mL min�1). The isocyanate (1.5 mmol) was dis-
solved in DMF (30 mL) and pumped by a third pump (0.20 mL min�1,
started 40 min after the first pump) to mix with the intermediate from
the second pump. The mixture continued through a coiled reactor (PFA,
5 mL, 100 8C). The solution was collected, the solvent was evaporated
under reduced pressure, and the product was purified by column chroma-
tography using a semi-automatic Combiflash system (24 g silica; eluent
gradient: heptane/EtOAc).

(R)-4-{3-[4-(tert-Butyl)phenoxy]benzyl}-N-(4-chlorobenzyl)-2-methylpi-
perazine-1-carboxamide (30): The title compound was prepared accord-
ing to the general procedure (configuration II) from (R)-benzyl 2-methyl-
piperazine-1-carboxylate (116.6 mg, 0.498 mmol), 1-bromomethyl-3-[4-
(tert-butyl)phenoxy]benzene (162.3 mg, 0.508 mmol), and 4-chlorobenzyl
isocyanate (259.8 mg, 1.55 mmol). It was obtained in a yield of 224.5 mg
(89 %). 1H NMR (500 MHz, DMSO): d=7.39 (d, J =8.6 Hz, 2 H), 7.35
(d, J =8.3 Hz, 2 H), 7.26 (d, J =8.1 Hz, 2 H), 7.03 (d, J =6.7 Hz, 2 H), 6.95
(d, J=8.3 Hz, 3H), 6.89 (d, J =7.9 Hz, 1 H), 4.22 (qd, J=15.6, 5.7 Hz,
2H), 4.10 (s, 1H), 3.70 (d, J =12.6 Hz, 1H), 3.53 (d, J =13.9 Hz, 1 H),
3.34 (d, J=13.7 Hz, 1H), 2.92 (t, J= 11.3 Hz, 1H), 2.74 (d, J =10.6 Hz,
1H), 2.55 (d, J= 11.0 Hz, 1H), 2.01 (dd, J =10.8, 2.8 Hz, 1H), 1.92 (t, J=

10.2 Hz, 1H), 1.28 (s, 9 H), 1.05 ppm (d, J =6.5 Hz, 3H); 13C NMR
(126 MHz, DMSO): d =157.42, 157.04, 153.96, 145.89, 140.64, 140.24,
130.87, 129.66, 128.80, 127.97, 126.63, 122.86, 118.63, 117.28, 116.69, 61.22,
56.91, 52.91, 46.12, 42.80, 38.54, 34.00, 31.21, 15.23 ppm; HRMS: m/z
calcd for C30H37ClN3O2 [M+H]: 506.2569; found: 506.2562.
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Multistep Continuous-Flow Synthesis
in Medicinal Chemistry: Discovery and
Preliminary Structure–Activity Rela-
tionships of CCR8 Ligands

Multistep flow synthesis : Efficient
assembly of chemokine receptor
ligands in a three-step continuous-flow
synthesis system is reported. The
system combines three diverse building
blocks in high yields and allows modi-
fications in any part of the scaffold

(see scheme; BPR= back-pressure reg-
ulator). The compounds represent a
new series of CCR8 ligands, with the
most potent member displaying full
agonist activity and single-digit nano-
molar potency.
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