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Calcium dibutyryladenosine cyclophosphate is a widely used cardiovascular drug. The traditional batch
synthesis process suffers from long reaction times, tedious operations, and unstable yields. Herein, a se-
quential continuous flow synthesis combined with a multistage in-line purification process of calcium
dibutyryladenosine cyclophosphate was developed. The acylation reaction was completed in a continu-
ous coil reactor at 160 °C in 20min. And the high toxic solvent pyridine was replaced by acetonitrile.
Furthermore, the multistage in-line purification process was integrated into the homemade 3D circular
cyclone-type micromixer chip. Combining with the membrane phase separators, the residence time of
the purification step was 30s. The isolated yield of this sequential continuous process was 92% with 99%

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Adenosine-3’,5'-cyclic cyclophosphate (Scheme 1, cAMP, 1) is
an essential intracellular second messenger controlling the criti-
cal cellular functions [1]. The introduction of lipophilic side chains
in position N® andjor 2’-O of cAMP enhances its membrane
permeability and overcomes its defect to being easily destruc-
ted by cyclic nucleotide phosphodiesterase [2-4]. Calcium dibu-
tyryladenosine cyclophosphate (or calcium N6,2’-O-dibutyryl cyclic
adenosine-3’,5-monophosphate. Scheme 1, dbcAMP-Ca, 2), derived
from cAMP, is used in the clinical treatment of cardiovascular dis-
eases, such as angina pectoris and acute myocardial infarction [5].

In 1960s, Posternak and co-workers developed a synthesis
method for dbcAMP [6-8]. This method typically consisted of three
steps, the synthesis of cAMP-Et3N, the acylation reaction, and the
purification process (Scheme 2a). It was widely used in indus-
trial production because of the mild conditions and clear reac-
tion mechanism [9-12]. However, this process suffered from the
long reaction time (4-10 days) and utilization of pyridine, which
is an undesirable solvent in the pharmaceutical industry due to its
high toxicity [13]. In addition, tedious extraction and washing were
time-consuming and unstable in the purification process, as the
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prolonged treatment of dbcAMP in aqueous could lead to hydrol-
ysis [9,14]. Therefore, an efficient, robust, and operationally conve-
nient process for the synthesis of dbcAMP-Ca is greatly needed.

In recent years, continuous flow chemistry has become a re-
search hotspot both in academia and industry [15-21]. Compared
to the traditional batch synthesis, the continuous flow mode is
more reliable and reproducible due to the accurate control of
the reaction parameters, such as temperature, pressure, reagent
dosage, and residence time [22]. It is also characterized by the fast
heat and mass transfer rates, significantly improving the overall
safety of the organic synthesis process even under harsh reaction
conditions [23,24]. Besides, the scale-up continuous flow process
could be achieved rapidly by changing the reactor volume with less
process optimization [25,26]. So far, many new continuous flow
processes for drug synthesis were developed in decades [27-29].

Herein, we described a sequential continuous flow synthesis
and purification process for dbcAMP-Ca (Scheme 2b). By combining
the continuous acylation reaction in a coil reactor with the mul-
tistage in-line purification based on femtosecond laser-tailored 3D
circular cyclone-type micromixer chips, the limitations of long pro-
duction cycles, large amounts of highly toxic reagents, and unstable
yields in traditional batch processes was eliminated.

The presence of a tertiary amine was necessary for the acyla-
tion reaction [14], and cAMP-Et3N could be easily prepared. Thus
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dbcAMP-Ca (2)

Scheme 1. Structure of cyclic adenosine-3’,5'-monophosphate (1) and calcium
dibutyryladenosine cyclophosphate (2).

cAMP-Et3N was prepared on a large scale as the starting mate-
rial (see Supporting information for details of the synthesis proce-
dure). Then, the conditions of the acylation reaction were screened
in batch (Table S2 in Supporting information). DMAP (4-(N,N-
dimethylamino)-pyridine), the effective nucleophilic base for the
acylation of amine and alcohols [30,31], could significantly improve
the reaction efficiency (Table S2, entry 3). Acetonitrile was used as
solvent for the acylation reaction replacing pyridine (Table S2, en-
try 4 and Table S3 in Supporting information). When 20 equiv. of
n-butyric anhydride and 1 mol% DMAP were added, the quantita-
tive conversion was obtained on a 1 mmol scale at 100 °C for 3h
(Scheme 3).

In order to further enhance the acylation process, screening
of the acylation conditions was carried out in continuous flow
(Table 1). A 316L stainless steel coil was used as the flow reac-
tor, with a gas chromatography oven and a back pressure regulator
(BPR) to control the temperature and the pressure (Fig. S1 in Sup-
porting information). It was worth noting that premixing cAMP-
Et3N, n-butyric anhydride, and DMAP in acetonitrile into a clear
solution was necessary to prevent clogging. In the presence of 0.5
mol% DMAP, the conversion was almost quantitative at 140 °C with

(a) Previous method:
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Scheme 3. The acylation reaction of cAMP-EtsN in batch. General conditions:
cAMP-Et;N (1 mmol, 1 equiv.), n-butyric anhydride (20 mmol, 20 equiv.), DMAP
(0.01 mmol, 1 mol%), and acetonitrile (1.4 mL) were stirred at 100 °C for 3 h. The
yield was detected by HPLC area%.

a residence time of 25 min (entries 1 and 2). Increasing the tem-
perature further accelerated the reaction and thus shorten the re-
quired residence time (entry 3). Reducing the amount of DMAP to
0.3 mol%, a high yield was obtained as well by increasing the tem-
perature to 160 °C with 20 min (entries 4-7). Further reduction in
the amount of DMAP to 0.1 mol% lead to reduced conversion (68%,
entry 8). When the temperature was increased to 170 °C, several
impurities were generated and the yield decreased to 90% (entry
9). Moreover, a long run of the continuous acylation was carried
out to demonstrate the process stability (entry 10). The flow pro-
cess proceeded smoothly for 5h with > 99% yield of 4 within the
entire period (Table S4 in Supporting information).

In-line purification is an important tool to handle the un-
stable intermediates or multi-step sequential synthesis [32], and
liquid-liquid continuous extraction is one of the common proto-
cols [17,33-35]. Recently, we designed and fabricated a glass four-
module micromixer chip with 3D circular cyclone-type channel us-
ing femtosecond laser micromachining (Fig. 1) [36-39]. Multiphase
fluids could be fully mixed with high mass transfer efficiency in
the millimeter-level 3D cyclone passive microchannel (Fig. 1a). This
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Scheme 2. Synthesis of dbcAMP-Ca (2).
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Table 1
Optimization of the acylation reaction conditions in flow.?

Et;NH

5, DMAP in MeCN

Substrate solution

Entry DMAP (mol%) T (°C) 7 (min) Yield of 4 (%)°
1 0.5 140 20 98
2 0.5 140 25 >99
3 0.5 150 20 >99
4 0.3 150 20 97
5 0.3 150 25 99
6 0.3 160 25 >99
7 0.3 160 20 >99
8 0.1 160 20 68
9 0.3 170 20 90
10¢ 0.3 160 20 >99

2 General conditions: 3 (1 equiv.), 5 (20 equiv.), and DMAP was premixed in ace-
tonitrile (0.7 mol/L) into a clear solution at 80 °C. The volume of the 316L coil re-
actor was 16 mL, the flow rate was controlled by HPLC pump, the temperature was
controlled by an oven, the pressure was controlled by BPR (1MPa). T =residence
time.

b The yield was detected by HPLC area% (Table S1).

¢ Long run for 5h.
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Fig. 1. (a) Schematic view of the mixing mechanism of the single circular cyclone-
type unit; (b) Schematic view of geometry of the four-module mixer chip; (c) Pho-
tograph of the mixer chip (contained heat transfer layers). Inset: the close view of
the mixer units at the location of the red box.

chip contains four individual modules, and separate temperature
control channels were available for each module (Figs. 1b and c),
allowing operations to be performed independently in each mod-
ule. Compared to traditional single-module mixer, this chip has the
advantages of being highly efficient, space-saving, and versatile.
Herein, we developed a multistage continuous purification pro-
cess in the 3D four-module cyclone-type micromixer chip (Fig.
S4 in Supporting information). As shown in Fig. 2, the acylation
residue was hydrolyzed by H,O0 in Module I, and the desired
compound 4 could be extracted into the aqueous phase. MTBE
(methyl t-butyl ether) was added to dilute the reaction mixture
in Module I to avoid blockage and facilitate phase separation (Ta-
ble S5 in Supporting information for details). Zaiput membrane-
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based liquid-liquid separators (SEP-10) were used for phase sepa-
ration. The adjustable BPRs were fitted at appropriate locations to
ensure the differential pressure of less than 0.35 MPa at the outlets
of the membrane separators [40]. Through Separator I, the aque-
ous phase of Module I flew directly into Module III, and the or-
ganic phase of Module I entered Module II for the secondary ex-
traction. After adding H,O by Pump D and separating by Separa-
tor II, the aqueous phase of Module II also flew into Module III
The combined aqueous solution was acidified by 1 mol/L HCI (ad-
justed to pH 3-4), washed with extra MTBE to remove the resident
fat-soluble impurities, such as n-butyric anhydride and n-butyric
acid, and passed through Separator IIl. The aqueous phase of Mod-
ule Il was treated with CaHCO3; in batch, followed by concen-
tration and recrystallization to obtain the desired dbcAMP-Ca (2).
The second extraction in Module Il was necessary in this purifi-
cation process as the yield could be improved effectively (Figs. S2
and S3, Tables S5-S7 in Supporting information). The isolated yield
reached 92% (purity > 99%) with a chip throughput of 16.4g/h.
Compared to the batch processes, this continuous purification pro-
cess significantly simplified operations and reduced the residence
time to approximately 30s, while increasing product yield and
purity.

As shown in Fig. 3, the sequential continuous synthesis and pu-
rification process for dbcAMP-Ca was established. Firstly, the sub-
strate solution was pumped into the coil reactor with a holding
volume of 60mL to achieve the full conversion from 3 to 4 at
160 °C in 20 min. Then the acylation output was directly pumped
into the in-line purification setup containing a four-module cy-
clone mixer chip and three Zaiput membrane separators with the
residence time of 30s. Finally, the resulting aqueous solution was
subjected to batch workup to provide the desired dbcAMP-Ca as a
white solid.

In addition, we implemented a scale-up of the continuous pu-
rification process, for which the circular cyclone-type micromixer
chips with wider channels were manufactured (Fig. S5 in Support-
ing information). The holding volume of each chip was 6.5 mL and
the allowable flow rate was 0-100 mL/min. The isolated yield was
maintained at 93% (purity 99%), the throughput was increased to
123 g/h, where the total flow residence time was prolonged to ap-
proximately 6 min.

In summary, we have developed a sequential continuous flow
synthesis and purification process for dbcAMP-Ca. The quantitative
conversion of the continuous flow acylation reaction was achieved
in 20 min and the high toxic solvent pyridine was replaced by
acetonitrile. In the industrial application, the continuous acylation
could be further optimized by using a screw pump for solid deliv-
ery. The multistage in-line purification process based on femtosec-
ond laser-tailored 3D circular cyclone-type micromixer chips sim-
plified the operation and improved the process stability. The yield
of dbcAMP-Ca was up to 92% (purity > 99%). Both the continuous
acylation reactions and purification process could be expanded by
increasing the reactor capacity. In addition, this multi-step contin-
uous flow process overcomes the drawbacks of long reaction time,
tedious operation, and unstable yields in the current synthesis pro-
cess of dbcAMP-Ca and has the potential for further industrial de-
velopment.
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Fig. 2. The multistage in-line purification process. The holding volume of each module was 1.4mL, and the allowable flow rate was 0-20 mL/min. The Zaiput membrane
separators (SEP-10) ensured rapid separation of biphasic solutions using a hydrophobic membrane (OB-900). The BPRs were used to ensure the differential pressure was less
than 3.5 MPa at the outlets of the separators. The yellow, blue and green lines represented the flow directions of the organic, aqueous and biphasic phases, respectively. The
flow rate of each pump is: 3, 2, 4, 2, 5, 0.2 mL/min for pumps A to F, respectively.
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Fig. 3. The continuous flow synthesis and purification protocol of cAMP-Ca (2).
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