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Abstract: In this study, six 6- and 1,6-substituted-3-cyano-4-methyl-2-pyri-
dones were synthesized in a continuous flow microreactor system. The syn-
theses were realized at room temperature and the obtained results were com-
pared to those achieved within classical syntheses. In order to optimize the
continuous flow syntheses and increase the yield of the products, the retention
time in the microreactor was varied by changing the flow rates of the reactant
solutions. Furthermore, the reaction was optimized for 3-cyano-4,6-dimethyl-2-
-pyridone and 3-cyano-6-hydroxy-4-methyl-2-pyridone, which are comercially
important in the pharmaceutical and dye industries. Both 2-pyridones were
obtained in satisfactory yield of circa 60 % in less than 10 min. The resulting
compounds were characterized by their melting points, FT-IR, !H-NMR and
UV-Vis spectra. The efficiency of the presented method for the synthesis of
2-pyridone-based molecules has promising potential for industrial production.
Keywords: microreactor; 2-pyridone; batch; flow synthesis; process intensific-
ation.

INTRODUCTION

The continuous flow method has gained much attention in the field of org-
anic synthesis.l-2 On the laboratory scale, a reaction in continuous flow is
typically run in a capillary microreactor, which represents the mixing and
reacting components of the continuous flow assembly.3 The specific charac-
teristics of a microreactor are more efficient mass and heat transfers because of
the large surface to volume ratio, which allows improved productivity with res-
pect to a batch system.#5 Furthermore, automated process control and facilitated
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scale-up reduce the costs and time needed to transfer the process from the lab-
oratory to the industrial level.

In the pharmaceutical industry, 3-cyano-2-pyridone and its derivatives are
significant final products and intermediates in the synthesis of complex bio-
logically active compounds.

More specifically, the 2-pyridone structure can be found in various pharma-
ceutical products mentioned hereafter.” Commercially important cardiotonics
used for the therapy of heart failure, milrinone and amrinone, possess a
2-pyridone core.8 Antibiotics based on the 2-pyridone moiety (e.g., pilicides)
could be applied in the treatment of bacterial infections caused by Gram-negative
bacteria.” The 2-pyridone core has a significant role in the industrial production
of disperse azo dyes.!0:11 Moreover, recent studies have shown that azo dyes
could be synthesized in a continuous flow microreactor system, in high yields,
indicating that this technology has great potential in organic synthesis.!2

Due to strong biological activity and wide commercial application in industry,
the synthesis of 2-pyridone and its derivatives have been widely investigated.” The
general procedure for obtaining substituted 3-cyano-2-pyridones is in a conden-
sation reaction of 1,3-dicarbonyl compounds with cyanoacetamide in the presence
of various catalysts, typically in polar solvents, and external heating.” The syn-
theses of these molecules were mostly studied in a classical batch system and under
a microwave assisted method under different reaction conditions.!3:!4 Microwave-
-assisted synthesis provides outstanding results in terms of yield and purity of the
desired product,!3 but the deficiencies of this method are difficulty in scale-up and
transition into an industrial level of production. Furthermore, traditional and
microwave-assisted syntheses of 2-pyridone-based molecules include heating of
the reaction mixture, either by conventional heating (e.g., oil or water bath) or
microwave heating. Altogether, the disadvantages of the classical synthetic
method, such as the application of high temperature, prolonged reaction time,
complicated process control and additional solvent consumption for purification of
the final product, could be overcome by using a microreactor assembly where the
synthesis is performed at the room temperature and the products are obtained in a
relatively short period in satisfactory yield.

In this paper, a novel approach to the synthesis of six 6- and 1,6-substituted
3-cyano-4-methyl-2-pyridones was realized in a continuous flow system at room
temperature. The obtained results were compared in terms of yields and reaction
times to those achieved in a batch system. More specifically, the synthesis was
optimized for derivatives 1 and 2, which were obtained in good yields of circa 60
% in less than 10 min. The chemical structure and purity of the resulting products
were confirmed by their melting points, and FT-IR, TH-NMR and UV-Vis data.
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EXPERIMENTAL
General

All starting materials were obtained from Merck or Fluka, and were used without further
purification. The synthesis of six 6- and 1,6-substituted 3-cyano-4-methyl-2-pyridones was
performed in a continuous flow system, at the room temperature, and in a batch system (using
heating and stirring). In the continuous flow, 6- and 1,6-substituted 3-cyano-4-methyl-2-pyri-
dones were obtained from the corresponding 1,3-dicarbonyl reagents and N-substituted cyano-
acetamides, using NaOH as a catalyst, in a methanol/water mixture (Scheme 1). In the batch
system, the same six 2-pyridones were synthesized according to modified literature proce-
dures;!3 details are given in the Supplementary material to this paper. The efficiency of the
continuous flow assembly was investigated by comparing reaction times and yields of the
resultant products to those of the classical method of synthesis.
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Scheme 1. The synthetic path for the preparation of 6- and 1,6-substituted
3-cyano-4-methyl-2-pyridones in the continuous flow system.

The chemical structure and the purity of the obtained compounds were confirmed by
melting points, and FT-IR, 'H-NMR and UV-Vis spectral data. The melting points were
determined in capillary tubes on an automated melting point system Stuart SMP30. The FT-IR
spectra were recorded on a Bomem MB-Series FT-IR spectrophotometer, in the form of KBr
pellets. The 'H-NMR spectral measurements were performed on a Bruker Ascend 400 instru-
ment at 400 MHz. The spectra were recorded at room temperature in DMSO-dg. The chemical
shifts are expressed in ppm values referenced to TMS. The UV—-Vis absorption spectra were
recorded on a Shimadzu UV-Vis 1700 spectrophotometer in the region 200—600 nm at a con-
centration 5x1073 mol-L"!. The resulting data are given in the Supplementary material and are
in accordance with those known from the literature.

The set-up of the continuous flow microreactor assembly

The continuous flow microreactor assembly consisted of three pumps (LC-20AD XR,
Shimadzu Manufacturing Inc., USA), two T-shaped mixers and a PEEK (polyether ether ket-
one) capillary microreactor (inner diameter 0.5 mm, volume 5 mL, length 25 m), shown in
Fig. 1.
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Fig. 1. The microreactor assembly.

Water solutions of the corresponding N-substituted cyanoacetamide and NaOH were intro-
duced into the first mixer. The resulting mixture was passed to the second mixer where a
solution of a 1,3-dicarbonyl compound in methanol was added. The final mixture was delivered
to the PEEK capillary microreactor to conduct the 2-pyridone condensation reaction (Scheme 1).
The following reaction was inhibited by concentrated HCI in the receiving test tube at the output
of the capillary microreactor. In order to obtain higher yields, the residence time in microreactor
was adjusted by changing the flow ratios. The reaction was performed at room temperature. The
preparation of the reactant solutions for synthesis in the continuous flow microreactor system
and the work-up of reaction mixture are given in the Supplementary material.

Two sets of experiments were performed. The first set of experiments was conducted
using equimolar concentrations of N-substituted cyanoacetamide and 1,3-dicarbonyl com-
pound solutions. In the second part of the experiment, the reaction of condensation was further
optimized for compounds 1 and 2 by changing mole ratios and concentrations of the starting
reactants.

RESULTS AND DISCUSSION

In the first set of experiments, six 6- and 1,6-substituted 3-cyano-4-methyl-2-
-pyridones were synthesized from 1,3-dicarbonyl reagent (DCR) and the cor-
responding N-substituted cyanoacetamide (CAA, equimolar concentration, 0.6
mol-L1) in the continuous flow microreactor system. Sodium hydroxide solution
was used as a catalyst (0.7 mol-L1), and the synthesis was performed at the room
temperature, as previously described. In order to improve the yield of the products,
the flow rates of the starting reactants were varied. Comparatively, the same
2-pyridones were synthesized in the batch system (using reflux and stirring) and
the obtained results are given in Table 1.

As indicated in Table I, all the products were prepared starting from the total
flow rate of the reaction mixture of 0.06 mL-min~! except in the synthesis of
compound 1. The use of this flow rate to produce compound 1, caused clogging
of the capillary microreactor, induced by long residence time of the reaction
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mixture in the continuous flow system. Thus, the starting flow rate in the syn-
thesis of compound 1 was 0.3 mL-min~!. Furthermore, the increase of the flow
rate generally led to a decrease of the yield, except in the case of compound 1
where increasing of the flow rate from 0.3 mL to 0.6 mL-min~! led to increased
yield. Increasing the flow rate decreased the residence time in the microreactor
and gives lower yields.

TABLE I. The optimization of the flow rate in first set of experiments and yields obtained in
the batch system

. Batch
Continuous flow system
system
Compound F(DCR?‘; F(CAA?E’ F(Naquc Fd ey g yh
mL-min mL-min mL-min -1 . N . o
¢=0.6mol'L! ¢=0.6mol'L! ¢=0.7 mol-L"! mLmin™ min % - min %
1 0.1 0.1 0.1 0.3 16.3 50 60 60
1 0.2 0.2 0.2 0.6 82 59
1 0.3 0.3 0.3 0.9 54 42
1 04 0.4 04 1.2 4.1 42
2 0.02 0.02 0.02 0.06 81.7 22 480 61
2 0.03 0.03 0.03 0.09 544 10
3 0.02 0.02 0.02 0.06 81.7 30 240 60
3 0.03 0.03 0.03 0.09 544 30
4 0.02 0.02 0.02 0.06 81.7 6 480 59
5 0.02 0.02 0.02 0.06 81.7 25.5 240 40
5 0.03 0.03 0.03 0.09 544 20
6 0.02 0.02 0.02 0.06 81.7 2 480 31

aF]ow rate of 1,3-dicarbonyl compound solution; P flow rate of N-substituted cyanoacetamide sol-
ution; ¢ flow rate of sodium hydroxide solution; d total flow rate of the reacting mixture; “residence
time in the microreactor; fobtained yield in the continuous flow system; 8reaction time in the batch
system; Nobtained yield in the batch system

However, the results obtained from the synthesis of N-substituted 3-cyano-4-
-methyl-2-pyridones under continuous flow synthesis (Table I) indicated that this
method is not convenient for the synthesis of these molecules. Mijin et al.!3
reported the synthesis of different N-substituted 3-cyano-4,6-dimethyl-2-py-
ridones using a microwave-assisted method. The results obtained under mic-
rowave method have shown that is possible to obtain these products in very short
reaction time (7 min) and high yield. Therefore, it could be concluded that the
microwave-assisted synthesis of N-substituted 2-pyridones is more efficient than
the flow method. The synthesis in the continuous flow system was slower
because it was performed at the room temperature, in comparison to the micro-
wave method where the higher applied temperatures (and higher consumption of
energy) increase the reaction rate, thus leading to good yields in a shorter react-
ion time.
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On the other hand, the flow synthesis acquired compound 1 in the good yield
in a very short reaction time (60 %, 8.2 min, room temperature) in comparison to
the classical method (60 %, 60 min, reflux) and thus, the synthesis of compound
1 was further optimized. Furthermore, the synthesis of compound 2 did not result
in the satisfactory level of conversion in the first set of experiments, but taking
into account the commercial significance of this molecule in the production of
various dyes,’ further investigation of its synthesis in the continuous flow system
was also undertaken.

The concentration of the starting materials for the synthesis of compounds 1
and 2 was increased, and the mole ratios were changed at the same flow rates of
each starting compound. The mole ratios of acetylacetone or ethyl acetoacetate
(1.0 mol-L1), cyanoacetamide (1.5 mol-L-!) and NaOH (2.0 mol-L-!) were set
at 1:1.5:2, respectively.

TABLE II. The optimization of the flow rate in the synthesis of 3-cyano-4,6-dimethyl-2-pyri-
done (1) and 3-cyano-6-hydroxy-4-methyl-2-pyridone (2)

ide)b
F (acetylacetone/ethyl ~ F (cyanoacetamide) F (NaOH?c Fd © Y (172)f

acetoacetate)? / mL-min’! mL-min’! mL-min- Lemin! mi Y
¢=1.0mol-L"! c=15molL!  ¢=20molLt T M °

0.1 0.1 0.1 0.3 16.3  60/59

0.2 0.2 0.2 0.6 8.2 61/59

0.3 0.3 0.3 0.9 5.4 61/52

0.4 0.4 0.4 1.2 4.1 59/45

Flow rate of acetylacetone or ethyl acetoacetate solution; Pflow rate of cyanoacetamide solution;
°flow rate of sodium hydroxide solution; dotal flow rate of reaction mixture; ®residence time in the
microreactor; fobtained yield of compound 1 or 2

By comparing the results shown in Tables I and I, it could be concluded that
the increase in concentration in the synthesis of compound 1 did not significantly
affect an increase in the yield. On the contrary, when the optimization of
compound 2 was performed, the change in the molar concentration and the ratios
of ethyl acetoacetate, cyanoacetamide and NaOH led to an increase of the yield,
as shown in Table II. Moreover, by comparing the yields of compound 2
obtained in the continuous flow system with those derived under conventional
conditions (reflux, 480 minutes), it is evident that the former method acquired
higher yields in a shorter reaction time, 59 % in 8.2 min in comparison to 61 % in
480 minutes, respectively.

CONCLUSIONS

Six different 2-pyridones were obtained under continuous flow synthesis.
Compared to the conventional method, the use of the particularly controlled
continuous flow assembly allowed fast and effective preparation of compounds 1
and 2. The main advantage of this system is that the reaction was realized at
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room temperature within a relatively short reaction time. Optimization of the
novel method for compounds 1 and 2 resulted in good yields (61 % yield in
5.4 min for compound 1 and 59 % yield in 8.2 min for compound 2). Improved
process control was enabled by managing the automated flow, which allows for
changes in the flow ratio of the starting solutions in the system, during the syn-
thesis. Another advantage of the microreactor system compared to the batch
method is the energy efficiency of the former, since the reaction was performed
at room temperature. The continuous flow synthesis is a safe method, because the
reaction occurs in a closed system and contact with potentially dangerous sub-
stances is minimized. Additionally, scale up and the transition from a laboratory
to an industrial level are facilitated, unlike in batch systems. Thus, the presented
method for the synthesis of 2-pyridone-based compounds has promising potential
in the process industry. However, the level of conversion of N-substituted
4-methyl-3-cyano-2-pyridones was low, which led to the conclusion that this
method is not suitable for the synthesis of these compounds.

Acknowledgement. The work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia under the research projects: 01172013
and TR34009.

U3BOJ
CHUHTE3A 6- U 1,6-CYIICTUTYNCAHUX 3-ITUJAHO-4-METUJI-2-ITHPUIOHA
METOJOM KOHTHHYAJIHOTI [TPOTOKA

JYJIUJAHA TADUR', MAPUHA MUXAJJIOBUR', MURA JOBAHOBUR® u IYILIAH MUJUH®

"Unosayuonu uenitiap Texnonowxo-metwmanypwxoi paxyniieia, Kapueiujesa 4, 11120 Beoipag u
ZTexuommKo—MCmaﬂymeu paxyninein, Ynusep3uuiei y Beoipagy, Kapneiujesa 4, 11120 Beoipag

Y oBOM pany npriKasaHa je CHHTe3a 1IecT 6- U 1,6-cyncTuTyrcanux 3-1ujaHo-4-MeThn-2-
-IIUPHUIOHA YyNOTPedOM MHUKpPOpeaKkTopa 3a KOHTHHyalHy cHHTe3y. CHHTe3a je M3BpLIEHa Ha
codHOj TemMnepaTypu U nodUjeHH pe3yiTaTd cy ynopeheHM ca pesyiTaTUMa HOOHjeHUM Kia-
CUYHHUM TIOCTYTIKOM. Y IWbY ONTHMH3aLHje MOCTYIKa CHHTe3€ KOHTHHYQJHUM IPOTOKOM H
nosehama NprUHOCA IPOU3BOZIA, MEHAHO je PEeTEHIIMOHO BpeMe Y MUKPOPeaKkTopy TPOMEHOM
NpOTOKa pacTBopa peaxkTaHaTa. Takohe, onTHMH30BaHa je peaxkuuja foOWjama 3-LiMjaHO-
-4,6-mUMeTWI-2-IUPUAOHA U 3-LIIMjaHO-6-XUAPOKCH-4-MeTHI-2-IUPUAOHA KOjU CYy KOMEpLU-
janmHo BakHU 3a (papMaLieyTCKy UHAYCTPUjy U IPOU3BOIKY 00ja. Oba 2-mupunoHa cy fodujeHa
y 3azmoBosbaBajyhem mpusHocy o oxo 60 % 3a mMame on 10 min. CHHTeTHCaHa jemumema Cy
oKapaKTepucaHa TaukoM Tombemwa, FT-IR, TH-NMR u UV-Vis cnexrpuma. EdukacHocT pas-
BHjEHOT [TOCTYTNKa UMa Jodap NOTeHIHjasl 38 HHAYCTPUjCKy TPUMEHY.

(ITpummbeHo 3. jyna, peBunupaHo 24. okrodpa, mpuxsaheHo 29. oktodpa 2018)
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