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the telescoped flow Pd-catalyzed
aerobic alcohol oxidation/reductive amination
sequence in the synthesis of new
phosphatidylinositide 3-kinase inhibitor
(CPL302415)†

Stanisław Michałek, * Anna M. Maj, * Lidia Gurba-Bryśkiewicz,
Wioleta Maruszak, Krzysztof Wiśniewski, Marcin Zagozda, Mariola Stypik,
Krzysztof Dubiel and Maciej Wieczorek

Herein, we describe a two-step sequential flow synthesis: Pd-catalyzed aerobic oxidation to an aldehyde 2,

which is then converted by reductive amination in H-Cube® PRO into CPL302415 (3). CPL302415 is our

new PI3Kd inhibitor, which is now under evaluation for the treatment of systemic lupus erythematosus.

The process was optimized using the DoE approach and generalized to other biologically active

derivatives of CPL302415.
Due to advantages such as high efficiency, safety and precise
reaction control, continuous ow technology has become an
attractive alternative to the batch process, including the
synthesis of active pharmaceutical ingredients (APIs).1 More-
over, reactions carried out in ow enable the combination of
multiple transformations into one procedure, the so-called
telescoped synthesis,2 thereby avoiding manual workup
between different stages and reducing solvent consumption.
This consequently leads to a reduction in the amount of solvent-
related waste, which is usually a determining factor in envi-
ronmental impact. For example, GlaxoSmithKline (GSK) re-
ported that solvent-related waste represents 80% of all waste.3

The additional advantage of the ow process is the use of small-
diameter tubes, which allows for better mass/heat transfer and
more effective mixing, and consequently, lower energy
consumption. Therefore, although developing a ow method is
a very labor-intensive task and initially more difficult to
implement than batch synthesis, continuous API production is
considered not only more sustainable4 but also more econom-
ical and is therefore supported by regulatory agencies.5

Recently, our laboratory became interested in transforming
selected batch reactions into ow procedures.6 One of these was
the synthesis of CPL302415 (Fig. 1), a new promising PI3Kd
inhibitor and a member of the rst class PI3K (phosphoinosi-
tide 3-kinase) inhibitors.7 This type of compound regulates the
differentiation, proliferation, migration, and survival of
05-152 Kazuń Nowy, Poland. E-mail:

a.maj@celonpharma.com

tion (ESI) available. See DOI:

8523
immune cells, enabling therapeutic opportunities for the
treatment of inammatory and autoimmune diseases,
including asthma and systemic lupus erythematosus (SLE).8

CPL302415 is now under evaluation for the treatment of
systemic lupus erythematosus.

The aim of this work was to develop a new, simple, high-
yielding, ow-through, lab-scale method for the reductive ami-
nation of 5-[2-(diuoromethyl)-1H-benzimidazol-1-yl]-7-(mor-
pholin-4-yl)pyrazolo[1,5-a]pyrimidine-2-carbaldehyde (2) to 1-
{2-[(4-tert-butylpiperazin-1-yl)methyl]-7-(morpholin-4-yl)pyr-
azolo[1,5-a]pyrimidin-5-yl}-2-(diuoromethyl)-1H-benzimid-
azole (3) and combine it in a telescoped sequence with the
antecedent precursor in the synthesis pathway, ow oxidation
of {5-[2-(diuoromethyl)-2,3-dihydro-1H-1,3-benzodiazol-1-yl]-7-
(morpholin-4-yl)pyrazolo[1,5-a]pyrimidin-2-yl}methanol (1b)
(Fig. 1). The third objective was to generalize the established
Fig. 1 The two final steps in the synthesis pathway of CPL302415.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra04923c&domain=pdf&date_stamp=2024-09-06
http://orcid.org/0000-0002-6648-0604
http://orcid.org/0000-0002-7875-6751
http://orcid.org/0000-0002-7807-6641
http://orcid.org/0000-0002-4922-4465
https://doi.org/10.1039/d4ra04923c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04923c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014039


Table 1 Screening of the catalyst and solvent for the reductive amination of 2 carried out under flow conditionsa

Entry Catalyst Solvent
Eq. of N-tert-
butylpiperazine

T
(°C)

Psys
(bar)

Flow of reagent
(mL min−1)

Flow of H2

(mL min−1) % of 2b % of 1b % of 3b

1 20% Pd(OH)2/C MeOH 4 50 3 1 60 92.5 1.2 4.6
2 70 3 1 6 11.0 22.3 57.2
3 70 1 1 6 46.5 1.9 46.7
4 DCM 1.2 70 10 0.5 6 54.7 9.7 28.3
5 4 50 1 1 6 0.1 99.4 0.2
6 DMA 4 70 3 0.5 6 0 98.7 0.3
7 Dioxane 4 70 3 1 6 20.8 10.7 65.8
8 4 90 3 0.5 6 0 13.7 81.8
9 Toluene/EtOAc (1/1) 2 90 3 0.3 18 0 10.7 43.5
10 10% Pd/C Toluene/EtOAc (1/1) 2 90 3 0.3 18 0 8.9 87.7

a Standard reaction conditions: substrate = 220 mg (0.552 mmol) and 157 mg N-tert-butylpiperazine were dissolved in selected solvent (8 mL);
CatCart® 70 mm long, containing 20% Pd(OH)2/C 380 ± 5 mg and 10% Pd/C 260 ± 5 mg. b % determined by UHPLC; for details see ESI.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 4
:1

3:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
protocol in order to quickly build a chemical library of other
biologically active potential PI3Kd inhibitors based on the pyr-
azolo[1,5-a]pyrimidine core. Additionally, we aimed to make the
whole synthesis environmentally sustainable and easy to inte-
grate at a large scale for the potential production of active
pharmaceutical ingredients (API) (CPL302415).

In one of our previous articles, we thoroughly described the
development and optimization of the very effective and selective
Pd-catalyzed ow aerobic oxidation of alcohol 1b to aldehyde
2;6a thus, we were primarily interested in developing the
reductive amination of 5-[2-(diuoromethyl)-1H-benzimidazol-
1-yl]-7-(morpholin-4-yl)pyrazolo[1,5-a]pyrimidine-2-
carbaldehyde (2). Typically, reductive amination is carried out
with stoichiometric reductors such as sodium cyanoborohy-
dride (NaBH3CN)9 or sodium triacetoxyborohydride
[NaBH(OAc)3].10 However, due to better atom economy, more
convenient processing as well as lower quantity of waste formed
during the reaction, its catalytic version was more extensively
studied and also used in industrial application. The signicant
examples of such processes were published by Genzyme
Corporation,11 Janssen Research & Development12 or Eli Lilly
and Company.13 Thus, we preferentially chose to perform this
transformation with H2 as a reductor and with a xed-bed
catalyst in order to avoid catalyst separation from the reaction
mixture, which is very convenient in the late stage of API
synthesis. The experiments were performed using the
continuous-high pressure hydrogenation apparatus, H-Cube®
Pro from ThalesNano, where hydrogen was generated by the
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrolysis of water and mixture of dissolved reagents and gas
was pumped through a suitable xed-bed catalyst encapsulated
in a metal cartridge. The preliminary tests results are gathered
in Table 1. The reactions were realized in the presence of 20%
Pd(OH)2/C and 10% Pd/C both with CatCart® 70 mm length,
containing 380 ± 5 mg and 260 ± 5 mg of the catalyst, respec-
tively. The reactions were carried out in MeOH, DCM, DMA,
dioxane, and toluene/EtOAc (1/1) mixture, and the temperature
was varied from 50 °C to 90 °C. The best yield (87.7%) of the
desired product 3 was observed in the presence of toluene/
EtOAc (1/1) mixture at 90 °C under 3 bar of system pressure
with ow of H2 = 18 mL min−1 and ow of reagents = 0.3
mLmin−1. Moreover, the results show that 10% Pd/C is twice as
effective as 20% Pd(OH)2/C (Table 1; entries 9 and 10); under the
same conditions, we obtained 43.5% of 3 with 20% Pd(OH)2/C
and 87.7% with 10% Pd/C. Taking into account that 10% Pd/C
CatCart® is 40% chipper than 20% Pd(OH)2/C and that the
previously described ow aerobic oxidation of primary alcohol
1b to aldehyde 2 was carried out in toluene/EtOAc 1 : 1 mixture,
as well as our main objective, which is the development of the
telescoped sequence, we were interested in keeping a mixture of
toluene/EtOAc as a convenient choice of solvent and 10% Pd/C
as the catalyst in the reductive amination. To select the most
appropriate reaction conditions, we applied the design of
experiment (DoE) approach.14 The DoE study and statistical
analysis were performed using the design of experiment tools of
STATISTICA soware (v.13.3). We implemented central
composite design (CCD) and response surface methodology
RSC Adv., 2024, 14, 28516–28523 | 28517
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(RSM) 2^(5), including two repetitions at a central point for the
reproducibility study. The following parameters were consid-
ered for the multivariate optimization, i.e., temperature (in the
range of 70–100 °C), system pressure (between 1 and 5 bar), ow
of reagents (between 0.3 and 2.1 mLmin−1), ow of H2 (between
6 and 48 mL min−1), and the equivalent of N-tert-butylpiper-
azine (between 1.2 and 4.0) (Table S1†). The t of the obtained
RSMmodel was R2 = 0.69 (Fig. S1†). ANOVA analysis shows that
the main statistically signicant effect on the yield of product 3
is the interaction effect between the equivalent of N-tert-butyl-
piperazine and the temperature (p = 0.0037), which has
a negative inuence. The second very important statistically
effect is the linear positive inuence of N-tert-butylpiperazine
equivalents (p = 0.0110). Next, we also observed the linear
negative effect of the reagents ow (p = 0.0221), negative
interaction effect of temperature and system pressure (p =

0.0262), negative interaction effect between the temperature
and H2 ow (p = 0.0276), positive interaction effect of reagents
ow and hydrogen ow (p = 0.0313), and at the end, negative
quadratic effect of temperature (p= 0.0487) (Fig. S1†). From the
results of the RSM model, the maximum predicted CPL302415
product 3 yields were in the temperature range from 70 °C to
90 °C, system pressure range from 1.6 to 4.2 bar, ow of
reagents range from 0.3 to 0.7 mL min−1, ow of H2 range from
6 to 32 mL min−1, and equivalent of N-tert-butylpiperazine
range from 3.4 to 4.0 (Fig. S1†). In the next step, we experi-
mentally investigated the inuence of the reaction temperature
on the yield of the desired product 3 (CPL302415) in the chosen
toluene/EtOAc mixture in the presence of the most effective
conditions in the preliminary screening of the 10% Pd/C cata-
lyst. In this series of experiments, the temperature was varied in
the range of 70–110 °C, the ow of the hydrogen was xed at 18
mL min−1, the rate of reagents ow was 0.7 mL min−1, and the
system pressure was maintained at three bar; the last three
parameters were established based on the range obtained in
DoE analysis. In order to improve the economic aspect of the
reaction and keeping in mind the green metrics as well as the
limited solubility of reagents during ow oxidation, we tried to
Fig. 2 Reductive amination of 2 towards product 3—temperature
influence. Conditions: 0.01 M solution of 2 + 2 equiv. of N-tert-
butylpiperazine in toluene/EtOAcmixture; H-Cube®Pro: 10% Pd/C 70
mm, Psys = 3 bar, flow of reagents = 0.7 mL min−1; flow of H2 = 18
mL min−1. Conversion of 2 and selectivity for 1 and 3were determined
by UHPLC.

28518 | RSC Adv., 2024, 14, 28516–28523
decrease the equivalents of N-tert-butylpiperazine compared to
the optimum obtained from the DoE model and we kept two
equivalents of N-tert-butylpiperazine. The results shown in the
graph (Fig. 2) show that the highest yield of the product 3 (93%)
was observed at 90 °C; a further increase in temperature
resulted in a decrease in the quantity of product 3 to 87% at
110 °C. We also noticed that at 90 °C, increasing the hydrogen
ow from 18 mL min−1 to 30 mL min−1 resulted in a signicant
decrease in the amount of 3 from 93% to 86.2%.

Next, we were also interested in the stability and perfor-
mance of the ThalesNano CatCart® 10% Pd/C 70 mm cartridge
in the reductive amination of our substrate 5-[2-(diuor-
omethyl)-1H-benzimidazol-1-yl]-7-(morpholin-4-yl)pyrazolo[1,5-
a]pyrimidine-2-carbaldehyde (2). Thus, for this purpose, 148 mL
of the solution containing 8.38 g of aldehyde 2 was pumped
through the catalyst cartridge (10% Pd/C; 70 mm long) under
the optimized conditions for 6 h 15min and samples were taken
regularly (Fig. 3). Even aer this time, we obtained 93–94% of 3;
the results demonstrate very high performance of the 10% Pd/C
catalyst in the transformation, and no adsorption of product 3
on the catalyst cartridge was observed. Furthermore, the ICPMS
of the crude reaction mixture from this experiment detected
only 0.005 ppm of Pd.

In the next series of experiments, we additionally compared
three catalysts, namely, 5% Pd/C; 10% Pd/C and 20% Pd(OH)2/
C, sealed in a commercially available CatCart® 30 mm (Fig. 4A).
In this case, the reaction was carried out at 90 °C under 3 bar of
system pressure with the hydrogen rate xed at 18 mL min−1

and the ow of reagents at 0.3 mL min−1. The highest quantity
of 3 (79.1%) was obtained for 10% Pd/C. We also observed that
using CatCart® 30 mm, the optimum ow of hydrogen was 30
mL min−1. Increasing the H2 ow rate from 18 mL min−1 to 30
mL min−1 let us boost the amount of 3 to 82.6%, further
increasing of the hydrogen ow, which resulted in a lower
percent of 3 with 42 mL min−1, which was 79.8% (Fig. 4B).

With the two last optimized steps of CPL302415 synthesis,
we started to combine the reactions into one telescoped
continuous ow sequence, where we used toluene/EtOAc
mixture and Pd-based catalysts in both transformations. Fig. 5
Fig. 3 Stability of the catalyst. Conditions: 0.01 M solution of 2 + 2
equiv. ofN-tert-butylpiperazine; H-Cube® Pro: 10% Pd/C 70mm, 90 °
C, Psys = 3 bar, flow of reagents = 0.7 mL min−1; flow of H2 = 18
mL min−1. Conversion of 2 and selectivity for 3 and 1 were determined
by UHPLC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Performance of different CatCart® length 30 mm in the
reductive amination of 2 towards product 3 in toluene/EtOAc (1 : 1). (B)
Reductive amination of 2 towards product 3—influence of hydrogen
rate; 10% Pd/C CatCart® length 30 mm. Conversion of 2 and selec-
tivity for 1 and 3 were determined by UHPLC.
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represents our approach to the telescoped protocol for the
synthesis of CPL302415 (for detailed description of applied
equipment, see ESI†). The rst test of the telescoped sequence
protocol was carried out applying the optimized procedures that
were established independently for each step. The aerobic
oxidation of alcohol was performed according to the described
procedure6a using two combined Vapourtec easy-Medchem
systems together with four PFA tubular reactors (10 mL, id =

1 mm). The two liquid feeds were introduced with peristaltic
pumps and oxygen gas was introduced through a mass ow
controller (Vapourtec SF-10 pump; input pressure 5 bar). The
system solvent bottle was lled with toluene/EtOAc (1/1)
mixture. The substrate feed and gas feed were mixed using
a Y-shaped mixer, then run through a 28 cm (id= 1 mm) tube to
enable the substrate solution to saturate it with oxygen and later
combined with the catalyst solution. This part of the experiment
was controlled with FlowWizard™ soware, which calculated
Fig. 5 Telescoped flow Pd-catalyzed aerobic alcohol oxidation/reductiv

© 2024 The Author(s). Published by the Royal Society of Chemistry
the reaction time and operated the easy-Medchem system. The
oxidation step was carried out with 20 mol% of Pd(OAc)2/pyri-
dine = 1/1.3 at T = 120 °C under PO2

= 5 bar and with VO2
= 0.1

mL min−1; Vreagents = 1 mL min−1, which resulted in 84% yield
of 2. Next, the reaction mixture was pumped through the lter
with neutral aluminum oxide, and aer that, the third stream
with a solution of N-tert-butylpiperazine in toluene/EtOAc (1/1)
mixture was added, keeping the 2/N-tert-butylpiperazine ratio
constant at 1 eq./2 eq. Then, the mixture was passed through
two combined PFA tubular reactors (20 mL, id= 1 mm) and one
PFA tubular reactor (10 mL, id = 1 mm) at 50 °C in order to
generate the imine. On account of the fact that oxidation takes
place using pure oxygen at a pressure of 5 bar and the subse-
quent reductive amination involves molecular hydrogen, for
safety reasons, we decide to interrupt our single-ow system
and introduce an additional container into the line. In order to
remove oxygen from the reaction mixture, the tank was placed
in an ultrasonic bath and the solution was additionally rinsed
with argon. The second reason why we decided to disrupt the
ow is the difference in the ow rate of the reactants between
the two stages. In oxidation, the total speed of reactants is 2.1
mL min−1, while in reductive amination, the initial reagent
speed is 0.7 mLmin−1. The interruption in the ow process also
let us take the sample aer the rst stage. In the nal step, the
reaction mixture is pumped from the tank by the H-Cube® Pro
apparatus, where it is mixed with H2 and passed through 10%
Pd/C, CatCart® 70 mm length. The reaction was controlled by
H-Cube® Pro ThalesNano soware. During the amination
reductive, we kept the temperature at 90 °C, ow of the
hydrogen was xed on 18 mL min−1, the rate of reagents ow
was 0.7 mLmin−1, and the system pressure was maintained at 3
bar. In this experiment, which was conducted twice, we
observed product 3 yields of 72 and 74%. Thus, we consider that
this process is quite reproductive and we can also add that the
small quantities of Pd(OAc)2/pyridine, which still may be
present in the reactant solution, did not poison the 10% Pd/C
e amination of alcohol 1b to CPL302415 (3).

RSC Adv., 2024, 14, 28516–28523 | 28519
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Fig. 6 Response surface for the yield of CPL302415 (3) (%) at Psys = 3
bar; T = 90 °C; 2 equivalents of N-tert-butylpiperazine.
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catalyst. The whole process was analyzed aer each step by off-
line UHPLC.

The rst screening and optimization of reductive amination
was performed at a higher concentration than that achievable
aer ow oxidation. Thus, to better match the two steps of our
ow process, we carried out the additional small tuning of all
protocols applying DoE design. The DoE study and statistical
analysis were performed using the design of experiment tools of
STATISTICA soware (v.13.3). In one of our previous articles, we
fully described the optimization of the oxidation step6a and we
already know that in this transformation, we have nomargin for
further increasing the efficacy and process intensity. For all
these reasons, we decided to optimize only the speed of the
reagents in reductive amination in the range of 0.7–1.2
mL min−1 and the hydrogen ow rate in the range of 6–30
mL min−1. The raw results are shown in Table 2.

Statistical analysis of the prediction model shows that the
ow of H2 has the greatest inuence on the yield of product 3
and is a negative effect. On the other hand, the interaction
between the ow of hydrogen and the ow of the reagents is
slightly positive for the yield of product 3 (Fig. S2†). The
response surface tted to the calculated model is shown in
Fig. 6.

The optimal range of input parameters to obtain the
maximum yield of the product (3) was from 6 mL min−1 to 11.5
mL min−1 of the hydrogen ow rate for the reagents ow rate of
0.7 mL min−1 (the red area in Fig. 6). The ICPMS analysis of the
crude reaction mixture from the telescoped sequence experi-
ment detected 38.847 ppm of Pd.

We also explored the generalizability of this procedure for
the synthesis of other PI3Kd inhibitors based on the pyrazolo
[1,5-a]pyrimidine core and by reductive amination (2) with
various piperazine derivatives such as (cyclopropylcarbonyl)
piperazine, 2-(4-piperidyl)-2-propanol or 2-methyl-2-
2(piperazin-1-yl)propanamide (Table 3). The reactions were
carried out in the presence of 10% Pd/C CatCart® 70 mm under
the conditions optimized for N-tert-butylpiperazine, i.e., 2
Table 2 Input parameters and results from DoE full design 22 performe
amination of alcohol 1b to CPL302415 (3) – optimization of the reductiv

Entry
V of reagents
(mL min−1)

V of H2

(mL min−1)
Conv. of 1bb

(%)

1 0.7 6 78.6
2 1.2 6 76.9
3 0.7 30 68.7
4 1.2 30 68.9

a Standard reaction conditions: substrate 1b= 20mg (0.05mmol) dissolved
tert-butylpiperazine. b Determined by UHPLC; for details, see ESI.

28520 | RSC Adv., 2024, 14, 28516–28523
equivalents of piperazine derivative, 90 °C, the hydrogen ow
was set at 18 mL min−1, the reagent rate was 0.7 mL min−1 and
the system pressure was maintained at 3 bar. For all the tested
piperazine derivatives, complete aldehyde conversion and high
yield of the desired product from 85 to 88% were observed.

Moreover, we investigated the sustainability of batch and
ow processes by calculating selected greenmetrics for both the
methods.15 The rst graph in Fig. 7a shows the radial polygon
performance of reductive amination for batch and ow
processes compared to the ideal green values. Fig. 7b represents
the performance of the last two steps combined together in the
synthesis of CPL302415, i.e., oxidation and reductive amina-
tion, carried out in batch syntheses as well as by telescoped ow
sequence. Considering only the reductive amination step,
almost all of the examined parameters, i.e., atom economy (AE),
reaction yield (rxn yield), material recovery parameter (MRE),
and reaction mass efficiency (RME), were more favorable and
closer to the ideal values for the ow process (Fig. 7a; Table 4;
for calculations details, see ESI†). Similarly, calculations
d in telescoped flow Pd-catalyzed aerobic alcohol oxidation/reductive
e aminationa

% of 2b % of 1bb % of 1bb % of 3b

0.0 21.4 0.7 74.5
0.2 23.1 2.3 70.0
0.3 31.3 11.9 49.8
0.2 31.1 5.1 58.8

in 2mL toluene/EtOAc= 1 : 1, Psys= 3 bar; T= 90 °C; 2 equivalents ofN-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Reductive amination of 2 in the presence of different piperazine derivatives carried out under flow conditionsa

Entrya Piperazine derivatives Conv. of 2b (%) % of 1b (%) % of 4b (%)

1 100 7.9 85.4

2 100 3.9 86.3

3 100 4.7 88.4

a Standard reaction conditions: substrate 2= 20 mg (0.05 mmol) dissolved in 2 mL toluene/EtOAc= 1 : 1; 2 equivalents of piperazine derivative; Psys
= 3 bar; T = 90 °C; ow of reagents = 0.7 mL min−1; ow of H2 = 18 mL min−1. b % determined by UHPLC; for details, see ESI.

Fig. 7 Comparison of green metrics between the batch and flow
process of the reductive amination step (a) and the summary of the last
two steps in the synthesis of CPL302415—oxidation and reductive
amination (b).
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performed jointly for the two steps of CPL302415 synthesis also
showed the advantages of the ow process. For AE, rxn yield and
SF (stoichiometric factor) metrics, we noted the values closer to
Table 4 Comparison of the green metrics between the batch and
flow process of the reductive amination step and summary of the last
two steps in the synthesis of CPL302415—oxidation and reductive
aminationa

Green metrics Batch Flow Ideal

Reductive amination step
E-total 46.7 37.7 0
E-factor aer solvent recycling 37.2 4.3 0
Yield 83 86.4 100
AE 69.7 96.7 100
PMI 37.9 5.3 1
RME 2.6 18.9 100

Summary of oxidation and reductive amination steps
E-factor 90.7 199.4 0
E-factor aer solvent recycling 80.9 21.4 0
Yield 57.8 71.6 100
AE 56.4 90.7 100
PMI 81.9 22.4 1
RME 1.2 4.5 100

a For details, see ESI.

© 2024 The Author(s). Published by the Royal Society of Chemistry
ideal for the ow procedure, while the MRP and RME remained
almost identical for batch and ow transformations (Fig. 7b).
However, the ow process demonstrates better green metrics:
the most important is the high improvement of the total reac-
tion yield from 57.8% to 71.6% when going from the batch to
the ow process. Also, by conducting the reaction in the ow
process, we managed to eliminate the DCM applied in batch
reductive amination, which is considered as an undesirable
solvent, and replaced it with the more favorable mixture of
toluene and ethyl acetate.

Fig. 8 represents the overall E-factor prole. The diagrams
(a) and (b) refer only to reductive amination step in the batch
and ow process, respectively, while diagrams (c) and (d) show
the E-factor prole jointly for oxidation and reductive
Fig. 8 Comparison of the E-factor profile between reductive amina-
tion in batch (a) and in flow (b), and the summary of oxidation and
reductive amination in batch (c), and telescoped oxidation and
reductive amination in flow (d).
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amination for batch and telescoped ow sequence, respec-
tively. Both catalytic oxidation and especially reductive ami-
nation, which is carried out in the presence of a xed-bed
catalyst encapsulated in the metal cartridge and H2 as the
reductor, do not require such heavy workup like in the case of
batch synthesis using NaBH(OAc)3. Consequently, in ow
reactions, the greatest impact on the E-factor prole is due to
the solvents necessary to dissolve the substrates. These
solvents can be easily recovered and recycled. Thus, the tele-
scoped ow synthesis has initially a very high E-factor that
reaches almost 200; it can be signicantly improved up to 21.4
aer solvent recycling (Table 4).

Conclusions

We developed the interrupted telescoped ow sequence of
oxidation and reductive amination as the key step in the
synthesis of our new PI3Kd inhibitor, CPL302415. The new ow
sequence let us not only reach a higher yield of the desired
product (increase from 57.8 to 71.6%) but we also achieved
better green metrics in comparison to the batch synthesis. The
above protocol was also generalized for the synthesis of other
biologically active new PI3Kd inhibitors based on the pyrazolo
[1,5-a]pyrimidine core and applied to the quick building of the
chemical library.
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© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04923c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 4
:1

3:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
V. S. Bagnato and K. T. de Oliveira, J. Flow Chem., 2022, 12,
371; (f) M. di Filippo and M. Baumann, Molecules, 2021, 26,
6992; (g) A. Steiner, R. C. Nelson, D. Dallinger and
C. O. Kappe, Org. Process Res. Dev., 2022, 26, 2532; (h)
P. S. Grant, M. A. Brimble and D. P. Furker, Chem.–Asian J.,
2019, 14, 1128; (i) J. Jiao, W. Nie, T. Yu, F. Yang, Q. Zhang,
F. Aihemaiti, T. Yang, X. Liu, J. Wang and P. Li, Chem.–Eur.
J., 2020, 27, 4817.

3 (a) C. Jimenez-Gonzalez, A. D. Curzons, D. J. C. Constable
and V. L. Cunningham, Int. J. Life Cycle Assess., 2004, 9,
115; (b) A. D. Curzons, C. Jimenez-Gonzalez, A. L. Duncan,
D. J. C. Constable and V. L. Cunningham, Int. J. Life Cycle
Assess., 2007, 12, 272.

4 L. Rogers and K. F. Jensen, Green Chem., 2019, 21, 3481.
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F. Faigl and I. Greiner, Bioorg. Med. Chem., 2017, 25, 6180; (b)
Z. Brennan, https://www.in-pharmatechnologist.com/
Processing/FDA-calls-on-manufacturers-to-begin-switch-
from-batch-to-continuousproduction, accessed November
15th 2023.

6 (a) S. Michałek, L. Gurba-Bryśkiewicz, W. Maruszak,
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