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Abstract: A new, eco-friendly process utilising the green solvent propylene carbonate (PC) has been
developed to perform N-alkylation of N-, O- and/or S-containing heterocyclic compounds. PC
in these reactions served as both the reagent and solvent. Importantly, no genotoxic alkyl halides
were required. No auxiliary was necessary when using anhydrous PC. Product formation includes
nucleophilic substitution with the concomitant loss of water and carbon dioxide. Substrates prepared,
including the newly invented PROTAC drugs, are widely used.
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1. Introduction

Propylene carbonate (PC) has been ranked as one of the greenest solvents according to
the GlaxoSmithKline sustainability guide [1]. PC is a carbon-neutral, polar aprotic solvent
with a boiling point of 242 °C, serving as an excellent solvent to perform chemical reactions
at higher temperatures [2]. All three carbon atoms of the ring are electrophilic sites [3].
PC has been shown to be an efficient solvent for several transformations under various
conditions. Various Suzuki-Miyaura reactions were carried out in PC [4]. Interestingly,
aside from C-C bond formation, in a few cases, N-alkylation occurred and products with a
2-hydroxypropyl side chain were observed, as PC served not only as a reagent, but also as a
solvent. Several remarkable examples are reported for alkylation reactions on heteroatoms
with PC, including 2-hydroxypropylation of adenine with PC and NaOH in DMF [5].
The O-alkylation of phenol was performed in the presence of NaOCHj3 and with glycerol
carbonate as the reagent and solvent [3,6]. The synthesis of N-(2,3-dihydroxy)propylanilines
and the mechanism of the reaction were also investigated in a reaction of glycerol carbonate
with primary amines catalysed by faujasites [7]. Aminolysis as a side reaction was also
reported in the transformation of glycerol carbonate with butylamine [8]. The alkylation of
resorcinol with ethylene carbonate was carried out using a triorgano-substituted phosphane
catalyst [9]. In another study, a similar reaction was executed using alkali-loaded large-
pore zeolites as catalysts [10]. Inspired by these results, we have decided to explore the
possibilities of applying PC both as a solvent and reagent in order to perform alkylation of
certain N-, O- and S-containing substrates in one step. Usually, the alkylation of a nitrogen
heteroatom can be achieved with alkyl halides or epoxides [11]; however, these reagents are
generally considered as genotoxic agents [12]. To overcome these considerable restrictions,
several reactions were carried out where less reactive reagents, like carboxylic acids, were
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used for N-alkylation [13]. However, these reactions needed a special catalyst or special
experimental set-up, like the safe handling of hydrogen gas. In a similar way, nitroarenes
were utilised for N-alkylation under reductive conditions [14]. Alcohols were also used for
N-alkylation, but this reaction required catalytic conditions as well [15,16]. In 2010, M. Selva
and co-workers published the selective synthesis of bis-N-(2-hydroxy)alkylanilines with
ethylene and propylene carbonate [17], respectively, starting with primary aniline and in the
presence of a catalytic amount of phosphonium-based ionic liquids. They conclude that the
reactions with PC take place at higher temperatures than those for ethylene carbonate (EC),
but only in the presence of phosphonium ionic liquid. By studying the kinetic properties of
the reaction of aniline with EC, they found that in the first two hours, the concentration of
N-2-hydroxyethylaniline increased as the concentration of starting aniline decreased, but
in the following hours, the concentration of bis-N-(2-hydroxyethyl)aniline increased with a
parallel decrease of concentration of the monoalkylated product.

The aim of this work is to study the catalyst-free alkylating nature of PC under alkaline
conditions with the aid of a microwave (Scheme 1).

o

o]
T X base S X
— A .
; .,Y+°J<o—>f7/lv
St~z )\/ Mw RSP 4
X:-C=0, -NH Z: -C=0, -N(H), -CO-NH-,

Y: -C=0, -N(H) -CH=N-, -NH-C(SH)=

Scheme 1. General outline of the performed reactions.

Substrates used in the study are phthalimide (1), isatin (2), phthalazin-1(2H)-one
(3), pyrimidin-4(3H)-one (4), 6-methylpyrimidine-2,4(1H,3H)-dione (5), 1H-benzotriazole
(6) and 2-thiouracil (7) (Figure 1). These compounds have been selected since they are
substructures of drug molecules discovered previously. Phthalimide (1) is a subunit
of anticancer pomalidomide [18] and PROTACsSs [19], which promote protein degrada-
tion [20]. The other investigated heterocycles are structural elements in CNS drugs or
antimicrobial agents [21] (isatin), antihistamine azelastine [22] (phthalazinone), antipsy-
chotic risperidone [23] (pyrimidinone), 5-HT2 and «1 receptor antagonist ketanserin [24]
(6-methyluracil). 1H-benzotriazole derivatives were found to influence metabotropic gluta-
mate receptors [25], while 2-thiouracil is a subunit of the PI3K¢ inhibitor dezapelisib [26].
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Figure 1. The structures of substrates studied.

2. Results

Due to our experiences with Suzuki-Miyaura reactions [4a] and green chemical trans-
formation [4b, ¢, d], we returned to the 1M solution of Na,CO3 used as a base in the
N-alkylation reaction of N-heterocyclic compounds mentioned before.

All seven substrates contain a nitrogen atom with an acidic hydrogen attached. Our
aim was to demonstrate that the corresponding nitrogen nucleophile, formed via proton
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loss in the presence of a base, can attack the most electrophilic and less sterically hindered
side of PC that is the CH, group. In order to achieve our goal, we tried to optimise the
quantity of PC. Note, however, that it needs to be used in excess, because it is the reagent
and solvent as well.

2.1. Phthalimide (1)

Our prototype molecule was phthalimide [27-31] with a nitrogen atom in between two
electron-withdrawing carbonyl groups. It is a symmetric molecule existing in a tautomeric
equilibrium of 1a and 1b (Scheme 2).

(6]
NH —— /N
12 O 1b OH

Scheme 2. Tautomer of phthalimide.

The reaction mixture was heated either by an oil bath or microwave (MW) irradiation.
In order to optimise the amount of substances and reaction conditions, we started using
1 mmol each of the substrates, 1M Na;COj3 and varied amounts of PC (6,9, 12 and 18 mmol).
The reaction temperature was 130 °C under MW conditions, which corresponds to 150 °C in
the oil bath (Table 1). PC in excess amounts was found to be detrimental. In the beginning,
we used a temperature of 130 °C in the MW. Unfortunately, our attempt failed with the
use of ag. 1M NapCOj3 (Table 1, entry 1). Similar results were found with 1M of K,CO;3,
KOH and NaOAc. Our attempts to add para-toluenesulfonic acid to protonate the hydroxy
function and form a better leaving group, as well as raising the temperature to 170 °C (oil
bath) and 150 °C (MW), were also unsuccessful.

Table 1. N-Hydroxyalkylation of phthalimide (1).

: o,
Entry Heating (mnI:oCI /%) Base T (°CO) Time (h) Drying Agent Y1e1c81 e
1 MW 6/99% 1 mmol 1M Na,;COs3 130 2 none -
2 MW 9/99% 1 mmol 1M Na,CO3 130 2 100 mg MS (3 A) 49
3 MW 9/99% 1 mmol Na,CO3 2 150 1 1 mmol CaCl, 63
4 MW 9/99.7% 1 mmol Na,COj; @ 150 1 none 70
5 oil bath 9/99% 1 mmol Na,COj3 2 170 4 1 mmol CaCl, 66

2 Aqueous or powder.

It has been suspected that the 99% purity of PC used in excess was a problem. Conse-
quently, a small amount (100 mg) of molecular sieve as a drying agent (Table 1, entry 2) was
added. The reaction under these modified conditions resulted in successful N-alkylation
of phthalimide with a yield of 49% (Scheme 3). Then, the molecular sieve was swapped
with anhydrous CaCl; (entry 3) that raised the yield to 63% at 150 °C using the MW, and to
66% at 170 °C in the oil bath, although the reaction time had to be increased from 1to 4 h
(entry 5). Finally, the alkylation with similar ratios of reagents and high-purity (99.7%) PC
without a drying agent was carried out; the highest yield of 70% was achieved (150 °C, 1 h,
MW; entry 4).

o) o]
99.7% PC, Na,CO;3
MW, 1 h, 150 °C _>7
0 HO
1 © 8

Scheme 3. N-Hydroxyalkylation of phthalimide (1).
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2.2. Isatin (2)

For this substance (Scheme 4), both conventional heating and microwave irradiation
were tested using both 99% and high-purity (99.7%) PC. Unfortunately, at the beginning,
the reaction was unsuccessful (see, for example, Table 2, entry 1). In the single successful
attempt performed with 99.7% PC, the desired substance [32,33], 1-(2-hydroxypropyl)-1H-
indole-2,3-dione (9), was isolated in a 77% yield (Table 2, entry 2) without a drying agent.
We have tried to interpret these experimental results. In a study, isatine was shown to be
water sensitive [34,35]; we surmise that a possible ring opening of isatine may contribute to
the results found.

o

o)
% 99.7% PC, Na,CO; o
o a’ N
N MW, 1 h, 150 °C OH
2 9 \\<
Scheme 4. N-Alkylation of isatine (2).

Table 2. N-Hydroxyalkylation of isatine (2).

Entry Heating (mnl:ocl /%) Na,CO; T (°Q) Time (h) CaCl, Ylel;l (%)
1 MW 9/99% 1 mmol 160 1 1 mmol -
2 MW 9/99.7% 1 mmol 150 1 none 77

2.3. Phthalazin-1(2H)-One (3)

Phthalazin-1(2H)-one also exists as a tautomeric mixture in which the exo-cyclic double
bond shifts to the benzocondensed heteroring (Scheme 5) and the hydrogen attached to
the nitrogen atom moves to the oxygen atom. In the lactim tautomer we have an aromatic
heteroring system, but the hydroxy group formed has lower nucleophilicity; thus, only
N-alkylation will occur, as in all other cases.

(0] OH
A
N _N
3a 3b

Scheme 5. Tautomers of phthalazin-1(2H)-one.

In the case of phthalazinone, some conclusions can be drawn by comparing reaction
methods (oil heating and microwave irradiation) and reaction time. More solvent was used
than for the previous cases, because of the increased molecular mass of the substrate. A
yield of 28% was found using traditional oil heating in the presence of Na;CO3 and 1 mmol
CaCl, with 99% PC (Table 3, entry 1, Scheme 6). The 4 h MW irradiation improved the
yield to 50% (Table 3, entry 2), demonstrating that MW heating is more efficient than oil
heating. In a further test, reducing the reaction time to 2 h and utilising 99.7% PC has
created the product 2-(2-hydroxypropyl)phthalazin-1(2H)-one (10) with the highest yield
of 55%, even without using the drying agent (Table 3, entry 3). This latter alkylated product
is a new compound (Scheme 6). Furthermore, we can start to see a pattern, implying that
the absence of water is critical in these N-alkylation reactions.

Table 3. N-Hydroxyalkylation of phthalazin-1(2H)-one (3).

Entry Heating (mnl:ocl /%) Na,CO;3 T (°C) Time (h) CaCl, Ylelld(l) (%)
1 oil bath 12/99% 1 mmol 170 4 1 mmol 28
2 MW 12/99% 1 mmol 150 4 1 mmol 50

3 MW 12/99.7% 1 mmol 150 2 none 55
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Scheme 6. N-Alkylation of phthalazin-1(2H)-one (3).

2.4. Pyrimidin-4(3H)-One (4)

In pyrimidin-4(3H)-one (4), one N-atom is in the near proximity of the oxo functional
group and the other is further from it, and because of this, it produces two different
derivatives, namely a 1N- and 3N-alkylated products molecule. In addition, the 1N-
alkylated product (12) was the major product (Schemes 7 and 8).

o] 0]
H B~ N:™
() 0
N

Scheme 7. The structure of pyrimidin-4(3H)-one anions.

o}
N
_997% PC, NazCOs OH ﬁk
NH
(e e ﬁ T
N
4
Scheme 8. N-Alkylation of pyrimidin-4(3H)-one (4).

Oil bath treatment has provided a decent yield of 28% of the 3N-alkylated (11) product
and 54% of the 1N-alkylated derivative (12) (Table 4, entry 1). Under MW irradiation, 99%
purity PC provided a lower amount of product 11 (17%), but 12 was isolated with a similar
yield of 58% (data not shown). Testing 99.7% PC resulted in the highest yields of 42% and
57%, respectively, proving the great reactivity of this substance (Table 4, entry 2) towards
the alkylating agent. An explanation for this phenomenon could be the higher acidity of
the hydrogen attached to the 3N due to the proximity of the strong electron-withdrawing
carbonyl group. Consequently, the base will abstract this proton and the formed negative
charge will be in conjugation with the adjacent double bond, generating a partial negative
charge on the 1IN (Scheme 7). Consequently, it has a higher stability than the other one,
because of the resulting quinoidal structure. This accounts for the observed selectivity
pattern. Both synthesised products, 11 and 12, are new compounds.

Table 4. N-Hydroxyalkylation of pyrimidin-4(3H)-one (4).

. PC o . Yield (%)
Entry Heating (mmol/%) Na,CO3 T(°O) Time (h) CaCl, 11,12
1 oil bath 9/99% 1 mmol 170 3 1 mmol 28, 54
2 MW 9/99.7% 1 mmol 150 1 none 42,57

2.5. 6-Methylpyrimidine-2,4(1H,3H)-Dione (5)

While using solvent in high excess, oil bath conditions required a long time to detect
any product at all. Products were barely detected with 99% PC, which made the use of
1 mmol CaCl, necessary (a yield of 6%, Table 5, entry 4). Nevertheless, under MW condi-
tions with less PC, we could synthesise the dialkylated product 1,3-bis(2-hydroxypropyl)-
6-methylpyrimidine-2,4(1H,3H)-dione (13) (Scheme 9) with a yield twice as high (Table 5,
entry 1).
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Table 5. Results with 6-methylpyrimidine-2,4(1H,3H)-dione (5).
. PC o . Yield (%)

Entry Heating (mmol/%) Na,CO3 T (°O) Time (h) CaCl, 13

1 MW 9/99% 1 mmol 150 6 1 mmol 12

2 MW 9/99.7% 1 mmol 150 2 none 22

3 MW 9/99.7% 1 mmol 150 6 none 49

4 oil bath 12/99% 1 mmol 170 9 1 mmol 6

(o]
(6]
N
NH 99.7% PC, Na;CO3 | /O)j

| ,g MW, 6 h, 150 °C N” 70

N OH

o H/
H
5 13
Scheme 9. N-Alkylation of 6-methylpyrimidine-2,4(1H,3H)-dione (5).

With higher-quality PC, adding the drying agent was no longer required and we
attained a yield of 22% in 2 h (Table 5, entry 2). The highest productivity (49% yield)
was achieved by using the MW for 6 h without the drying agent (Table 5, entry 3). The
synthesis of 1,3-bis(2-hydroxypropyl)-6-methylpyrimidine-2,4(1H,3H)-dione (13) appeared
in a Polish patent synthetised by carcinogenic reagents [36]. In our method, using the
green PC as a reagent and solvent allowed us to obtain the dialkylated product (13) in a
similar yield (49%), with a decreased reaction time of 6 h (Table 5, entry 3). Interestingly,
in the transformation of 6-methylpyrimidine-2,4(1H,3H)-dione (5) we could not detect
any monoalkylated molecule; only dialkylated compound 13 was formed (Scheme 9).
Presumably, the nitrogen atom between the carbonyl groups is alkylated first, leading to
a product with a single 2-hydroxypropyl side chain. The latter then undergoes a second
reaction, resulting in product 13 (Scheme 10).

O

ﬁ 2

o

N2

Scheme 10. Possible transformation routes in the alkylation of 6-methylpyrimidine-2,4(1H,3H)-dione.

It seems that PC is a good alkylating agent, and the proximal electron-donating methyl
group does not influence the alkylation of both nitrogen atoms. In order to confirm the
alkylating power of the present system, we decided to probe its reactivity with a substrate
which does not contain such a strong electron-withdrawing group as the carbonyl group.

2.6. 1H-Benzotriazole (6)

This substrate has three nitrogen atoms in positions 1, 2 and 3 and it has the following
two isomers: 1H- and 2H-benzotriazole (Scheme 11). The nitrogen atoms have an electron-
withdrawing effect and, consequently, the attached hydrogen atoms can be removed by a
base, while the nucleophiles obtained can be alkylated by PC. The 2-hydroxypropyl side
chain obtained after N-alkylation has a steric demand. As a result, it is not expected to
deliver a dialkylated product at the benzotriazole ring. Furthermore, if one considers that
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the nucleophile obtained by deprotonation of the 1N atom is more stable than the 2N atom,
alkylation is expected to take place on the 1N atom [37,38]. Nevertheless, we were curious
to know if N-alkylation occurs at all.

N N
=
@ N == ©: A
"’ = 7/
N N

Scheme 11. Isomeric 1H- and 2H-benzotriazoles.

The results of our experiments with benzotriazole are summarised in Table 6. These
data show that N-alkylation can take place on both nitrogen atoms (Scheme 12). In each
case, the quantity of the 1N-alkylated product (15) was higher than that of the 2N-alkylated
product (14). Using PC in the presence of the drying agent and oil bath heating, we
measured 22% of 1-(2H-benzotriazol-2-yl)propan-2-ol (14) and 47% of 1-(1H-benzotriazol-
1-yl)propan-2-ol (15). Under identical reaction conditions, using microwave irradiation,
the amounts of both 14 and 15 increased (entry 2). As usual, the best results were achieved
without the drying agent (CaCl,) and by utilising high-purity PC under MW conditions
(entry 3). As expected, in all cases, the 1N-alkylation reaction (product 15) occurs at a
higher percentage (47-55%) than the 2N-alkylation process (product 14, 22-35%).

Table 6. N-Alkylation of 1H-benzotriazole (6).

. PC o . Yield (%)
Entry Heating (mmol/%) Na,CO3 T(°O) Time (h) CaCl, 14, 15
1 oil bath 9/99% 1 mmol 170 3 1 mmol 22,47
2 MW 9/99% 1 mmol 150 3 1 mmol 25,53
3 MW 9/99.7% 1 mmol 150 4 none 35,55

H
N 99.7%, PC, 99.7%, PC, NayCO5 =N
N—————————>
MW, 4h,150°C //_>_ @
6

Scheme 12. Results with benzotriazole (6).

2.7. 2-Thiouracil (7)

The last substrate in our N-alkylation experiments was 2-thiouracil. It is already
known that 2-thiouracil and its 5- and 6-methyl derivatives are oxidisable with hypervalent
iodine [39], for example, using iodosylbenzene or employing ozone. In each case, the
thiocarbonyl moiety is attacked and desulfurisation occurs, creating uracil and carbonyl
compounds [40]. According to the literature, 2-thioxo-1,2,3,4-tehtrahydropyrimidin-4-one
reacted with propylene oxide in a similar manner [41]. However, propylene oxide is
not an environmentally benign reagent. In this report, NaOMe/MeOH, KOH/MeOH
and NaOH/H;O as base-solvent systems were applied, and in each case, the desired
derivatives were isolated in an almost quantitative yield. It seems that, in the presence of a
base, the thiol functional group between the two nitrogen atoms of the starting 2-thiouracil
is replaced by a hydroxy group, as depicted in Scheme 13.

Based on these findings, we were not surprised to obtain two products; both monoalky-
lated 1-(2-hydroxypropyl) pyrimidine-2,4(1H,3H)-dione (16) and dialkylated-uracil (17)
were detected (Scheme 14). 1,3-Bis(2-hydroxypropyl)pyrimidine-2,4(1H,3H)dione (17) is a
new compound, while 1-(2-hydroxypropyl)pyrimidine-2,4(1H,3H)-dione (16) is mentioned
in a patent [42], but it has not yet been characterised. We observed both monoalkylation
(11%) and dialkylation (5%) in oil bath heating (Table 7, entry 1). The yields are not satisfac-
tory, and the reaction under MW irradiation provided similar results with a more balanced
product ratio. By increasing the reaction time to 7 h, the two compounds were produced in
an equal amount of 13%.
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Scheme 13. Hydrolysis of 2-thiouracil and its tautomer.
o o
o NH ﬁl\ /ﬁ/
99% PC, NayCO3 OH
)\ CaCly, MW, 3 h, 150 °C H/ H/
Scheme 14. N-Alkylation of 2-thiouracil (7) with 99% PC and CaCl,.
Table 7. N-Alkylation of 2-thiouracil (7).
. PC o . Yield (%)
Entry Heating (mmol/%) Na,CO3; T (°C)  Time (h) CaCl, 16,17, 18, 19
1 oil bath 9/99% 1 mmol 170 3 1 mmol 11, 5, n.i., n.i.
2 MW 9/99.7% 1 mmol 150 2 none ni., 7,34,17
3 MW 9/99.7% 1 mmol 150 4 none n.i., 30,20, 14

Next, 99% PC was replaced by 99.7% PC and reactions were performed without CaCl,.
Under these modified conditions, three products (17, 18 and 19; Scheme 15) were detected
with 1,3-bis(2-hydroxypropyl)pyrimidine-2,4(1H,3H)dione (17) in a significantly decreased
yield of 7%. As already discussed, (Scheme 13) both 2-thiouracil and uracil are present in
the alkaline solution. The high-quality PC increases the cyclisation rate (Table 7, entry 2) of
the mono-N-alkylated product (16) to serve the following two new products: one with an
oxazole ring (18, 34%) [43,44] and the other with a thiazole ring (19, 17%). By increasing the
reaction time (Table 7, entry 3), the amount of both products 18 and 19 decreases somewhat
(20% and 14%), while more dialkylated product can be obtained (17, 30%).

L S— % Aol ﬁi

SH MW, 4 h, 150 C

7 17 18 19

Scheme 15. N-Alkylation of 2-thiouracil (7) with 99.7% PC without CaCl,.

We have demonstrated that the sensible equilibrium, observed in previous studies
performing alkylation of 2-thiouracil, exists under our conditions as well, serving different
products. We assume that the cyclised compounds (18, 19) can be obtained after monoalky-
lation has taken place on the 1N atom, followed by elimination of a water molecule from
the alkylated side chain and the hydrogen of the hydroxy or thiol group attached to the C-2
atom (Scheme 16). Dialkylated product 17 and thiazole-condensed product 19 have not yet
been published.
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N/)\OH k(OH N\\_{’
Scheme 16. Cyclisation products of uracil and 2-thiouracil.

2.8. Theoretical Calculations

For the elucidation of the results obtained, theoretical calculations were carried
out [44-47] and pKa values were determined for compounds 1-7. In the case of 1-3,
there is only a single protic hydrogen in the molecules, attached to the nitrogen atom with
calculated pKa values of 8.63, 9.70 and 11.89, respectively. These data indicate that under
alkaline conditions, protons can be removed and the formed anions as nucleophiles are
capable of opening PC, providing the N-alkylated product.

Considering compound 4, there is only a single C-H in the molecule with a protic
nature, but the two nitrogen atoms can also carry protic hydrogens. As a consequence,
two products are expected. The pKa values calculated are 7.91 and 8.40 for 1N and
3N, respectively, indicating that the 1N position is more acidic. This corroborates our
experimental results, since the 1N-alkylated product was formed with a larger amount.
Importantly, no doubly alkylated product was observed.

Regarding compound 5, both nitrogen atoms bear a hydrogen of protic nature; thus,
double alkylation might be expected. The pKa values calculated are 9.44 and 9.34 for 1N
and 3N, respectively. According to these data, the first alkylation may happen in position 3.
The pKa value calculated for the 3N-alkylated derivative of 5 is 8.81. Accordingly, the
alkylation of 5 in position 3 enhanced the acidity of position 1, and this explains why the
doubly alkylated product was isolated as the sole derivative.

Concerning compound 6, there is only a single hydrogen of protic character in the
molecule. However, the anion formed after deprotonation has two mesomeric forms, with
the negative charge located at either position 1 or position 2. Theoretical calculations
suggest that the latter mesomeric form is slightly more stable (~1 kcal/mol); thus, charge
transition is possible.

Finally, for compound 7, results may be expected to be like those of 5. The pKa values
calculated are 6.54 and 7.15 for 1N and 3N, respectively. Both protons have a significant acidic
nature, and the observed double alkylation is in harmony with theoretical calculations.

The results of the reactions are summarised in Table 8.

The cyclised compounds (18, 19) can be obtained only after monoalkylation has taken
place on the 1N atom, followed by elimination of a water molecule.

Table 8. Product yields under optimised reaction conditions.

Product(s)
Reactant Yield (%)
0
N
1 _>7
O HO

8: 70%
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Table 8. Cont.

Product(s)
Yield (0/0)

0]

—

Reactant

9: 77%
(@]
3[a] Y
N OH
10: 550/0

o

(o] o f‘\lN
N . L
4 | g N
N H/OH
11: 420/0 12' 570/0
(0]
N
ﬁ Y
N 6]
H/OH
13: 49%
=N //< OH
N + N
LRy Cr
HO N

14: 35% 15: 55%

RN

17: 30% 18: 20% 19: 14%

[a]: reaction time 2 h, [b]: reaction time 6 h, [c]: reaction time 4 h.

3. Materials and Methods

Experimental

Phthalimide (99%) and propylene carbonate (99%) were purchased from Alfa Aesar.
1(2H)-Phthalazinone (99%), 4(3H)-pyrimidone (98%), 2,4-dihydroxy-6-methylpyrimidine
(97%) and propylene carbonate (99.7%) were purchased from Sigma-Aldrich. Isatin
(98%) was purchased from Reanal, 1H-benzotriazole (99%) was purchased from Merck,
2-thiouracil (98%) was purchased from Fluka, sodium carbonate (99.5%) was purchased
from Acidum and calcium chloride (98.1%) was purchased from Molar.

Thin-layer chromatography (TLC) was performed on aluminium sheets precoated
with Merck 5735 Kieselgel 60F254 (Merck, Darmastadt). Column chromatography was
carried out with Merck 5735 Kieselgel 60F (0.040-0.063 nm mesh). All other chemicals and
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solvents were purchased from different commercial sources and used as received without
further purification.

Freeze-drying was performed one night in a LYPH-Lock 1L lyophiliser LabConco
(Kansas City, MI, USA) with a high vacuum pump at 10 mmHg and —50 °C. Melting points
were measured on a Biichi M-550 apparatus (Biichi Labortechnik AG, Flawil, Switzerland)
and are not corrected.

Procedures

Method A: Reaction under oil bath (with 99% PC and drying agent)

The substrate (4 mmol of 1, 2, 4, 5, 6 or 7, except for 3: 3 mmol), the solid Na,COj3
(4 mmol in the case of 1, 2, 4, 5, 6 or 7, except for 3: 3 mmol), the drying agent CaCl,
(4 mmol in the case of 1, 2, 4, 5, 6 or 7, except for 3: 3 mmol) and 99% propylene carbonate
(36 mmol, 3mL, d = 1.204 g/mL in the case of 1, 2, 3, 4, 6 or 7, except for 5: 48 mmol, 4 mL,
d =1.204 g/mL) were measured into a round-bottom flask with a Liebig-condenser and
gas-outlet adapter and the suspension was treated at reflux temperature at a max. oil bath
temperature of 170 °C. After the different reaction time (Tables S2-58), the suspension was
cooled down and the unreacted solid filtered off. After washing with water, the mother
liquid was neutralised with 10% HCI solution and the aqueous layer was extracted with
CHCl3 (3 x 25 mL, in the case of 2, 5) and EtOAc (3 x 25 mL, in the case of 1, 3, 4, 6, 7),
respectively. Usually, the organic phase contained the product (10, 11, 12, 16 and 17), but
in some cases, the extraction was satisfactory only to separate the unreacted propylene
carbonate and propylene glycol from the raw product, which remained in the neutralised
aqueous phase (product 8, 9, 13, 14, 15, 18 and 19). The collected organic phase was
washed with 10% CuSOjy solution (2 x 15 mL) and evaporated after drying over Nay;SOy
and filtration. In each case, the crude product was lyophilised overnight at 10 mmHg
and —50 °C and weighted before the product was purified by column chromatography
(silica gel, 0.040-0.063 mesh size, except product 10, obtained after treatment with hex-
ane). The unsuccessful reactions are not described in detail, but some are mentioned in
Tables S2 and S3. All pure products—S8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19—were
characterised by 'H-, 13C-NMR spectroscopy and HPLC-MS.

Method B: Reactions under MW conditions (with and without drying agent)

MW-assisted experiments were carried out in a monomode CEM-Discover MW re-
actor using the standard configuration as delivered, including proprietary software. The
experiments were executed in 80 mL MW process vials, a dynamic method with control of
the temperature by infrared detection. Conditions: 5 min. ramp time, 150 °C temperature,
different hold time, max. 200 Psi pressure and 300 W power. The amount of reagents was
identical to that used in Method A; however, in spite of that, the use of drying agent was
not necessary when 99.7% PC was the reagent and solvent too. After the corresponding
reaction time (Tables 52-58), the vial was cooled to 50 °C by air jet cooling, followed by the
usual work-up, described in Method A.

Structure characterisation data:

72 mg (11%) yellowish oil 1-(2-hydroxypropyl)pyrimidine-2,4(1H,3H)-dione (16),
C7H19N03: 170.17, CAS Reg. No: 1479918-99-4, Rf = 0.40 (CHCl3/MeOH 5/1), rt = 0.23
(94%), m/z = 171.

'H NMR (400 MHz, DMSO-dy): § = 1.04 (d, ] = 6.2 Hz, 3H, CH3), 3.38 (dd, ] = 13.6,
8.4 Hz, 1H, CHy), 3.71 (dd, | =13.6, 3.6 Hz, 1H, CHy), 3.82 (m, 1H, CHOH), 5.49 (d,
] =7.8Hz, 1H, O=CCH), 7.52 (d, ] = 7.8 Hz, 1H, NCH).

13C NMR (100 MHz, DMSO-dg): & = 20.7, 54.5, 64.0, 100.0, 146.9, 151.3, 164.1.

42 mg (5%) white oily solid 1,3-bis(2-hydroxypropyl)pyrimidine-2,4(1H,3H)-dione
(17), C10H14N,O4: 228.25, Rf = 0.55 (CHCl3 /MeOH 5/1), rt = 0.22' (100%), m/z = 229.

'H NMR (400 MHz, DMSO-dg): & = 1.00 (d, ] = 6.0 Hz, 3H, N°*CH,CHCH3), 1.05 (d,
] = 6.2 Hz, 3H, N!CH,CHCH3), 3.44 (m, 1H, N'CHy), 3.66 (m, 1H, N>CHy), 3.77 (m, 1H,
N!CH,), 3.84 (m, 1H, N3CHj,), 3.83 (m, 1H, N'CH,CH), 3.89 (m, 1H, N3CH,CH), 4.67 (d,
] =5.2 Hz, 1H, N3CH,CHOH), 4.93 (d, ] = 4.8 Hz, 1H, N'CH,CHOH) 5.63 (d, ] = 7.8 Hz,
1H, O=CCH), 7.54 (d, ] = 7.8 Hz, 1H, NCH).
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13C NMR (100 MHz, DMSO-dg): & = 20.7, 21.1, 47.1, 55.7, 63.3, 64.0, 99.4, 145.3,
151.5,162.9.

4. Conclusions

We have studied the N-alkylation power of PC functioning as both an alkylating agent
and solvent, under alkaline conditions (solid NayCOj3), either without the use (anhydrous
PC (99.7%)) or in the presence of a drying agent (CaCly, 99% PC) in one-pot reactions.
In each case, N-alkylation took place, and we were able to prepare new monoalkylated
compounds 12 and 14. In the case of 6-methyluracil (5) and 2-thiouracil (7), dialkylation
occurs under our reaction conditions, suggesting that the electron-donating methyl and
thiol groups activate the heterocyclic system towards the electrophilic carbon atom of PC. In
the case of 2-thiouracil (7), both dialkylation and monoalkylation were observed, delivering
new compounds 9 and 19, in addition to the monoalkylated product 8 and the oxazole-
condensed ring system 18. It is suggested that the most productive N-alkylation is achieved
with the use of anhydrous PC under MW conditions. We were also able to transform
compound 7 into two cyclised compounds (18, 19) by dehydration. N-Alkylation was
also successful in the case of benzotriazole (6), synthesizing two monoalkylated products.
This is despite the lack of the electron-withdrawing carbonyl group. Finally, the observed
experimental data were supported by theoretical calculations.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25105523 /5s1.

Author Contributions: Conceptualisation, A.C. (Andrea Czompa) and LM.M.; methodology, LM.M.; vali-
dation, A.C. (Andrea Czompa) and L. M.M.; formal analysis, LM.M.; investigation, A.C. (Andrea Czompa),
D.B., B.B,, PS., EEE. (Eszter Erdei) and A.C. (Attila Csomos); resources, LM.M.; data curation, B.B.;
writing—original draft preparation, A.C. and E.E.; writing—review and editing, L M.M.; visualisation,
B.B.; supervision, LM.M.; funding acquisition, LM.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Hungarian Research Foundation (OTKA ANN 139484).
The financial support of the National Research, Development and Innovation Office (TKP2021-EGA-
31) is acknowledged. Project no. RRF-2.3.1-21-2022-00015 has been implemented with support
provided by the European Union. E.E. acknowledges the grant of EFOP-3.6.3-VEKOP-16-2017-00009.
This work was supported by the KDP-2021 program of the Ministry of Innovation and Technology
from the Source of the National Research, Development, and Innovation Fund (NKFIH).

Data Availability Statement: Data are contained within the article or Supplementary Materials.

Acknowledgments: We are grateful to the Hungarian Research Foundation (OTKA ANN 139484). The
financial support of the National Research, Development and Innovation Office (TKP2021-EGA-31) is
acknowledged. Project no. RRF-2.3.1-21-2022-00015 has been implemented with support provided by
the European Union. E.E. acknowledges the grant of EFOP-3.6.3-VEKOP-16-2017-00009.

Conflicts of Interest: Mr. Attila Csomos was employed at Femtonics Ltd. The authors declare that
this research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest. The funders had no role in the design of the study; in the
collection, analyses, or interpretation of data; in the writing of the manuscript or in the decision to
publish the results. The authors declare no conflicts of interest.

1. Alder, C.M.; Hayler, ].D.; Henderson, R.K.; Redman, A.M.; Shukla, L.; Shuster, L.E.; Sneddon, H.F. Updating and further
expanding GSK’s solvent sustainability guide. Green Chem. 2016, 18, 3879-3890. [CrossRef]

2. Agatemor, C.; Quintana, A.A.; Sztapka, L.M.; Ebinuma, V.C.S. Enabling sustainable chemistry with ionic liquids and deep eutectic
solvents: A fad or the future? Chem. Int. Ed. 2022, 37, €202205609.

3.  Tabanelli, T,; Giliberti, C.; Mazzoni, R.; Cucciniello, R.; Cavani, F. An innovative synthesis pathway to benzodioxanes: The
peculiar reactivity of glycerol carbonate and catechol. Green Chem. 2019, 21, 329-338. [CrossRef]

4.  Czompa, A,; Pasztor, B.L.; Sahar, J.A.; Mucsi, Z.; Bogdan, D.; Ludanyi, K.; Varga, Z.; Mandity, .M. Scope and limitation of
propylene carbonate as a sustainable solvent in the Suzuki-Miyaura reaction. RSC Adv. 2019, 9, 37818-37824. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms25105523/s1
https://www.mdpi.com/article/10.3390/ijms25105523/s1
https://doi.org/10.1039/C6GC00611F
https://doi.org/10.1039/C8GC02811G
https://doi.org/10.1039/C9RA07044C

Int. J. Mol. Sci. 2024, 25, 5523 13 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

Chavakula, R.; Mutyala, N.; Chennupati, S. Synthesis of (E)-9-(Propen-1-yl)-9H-adenine, a Mutagenic Impurity in Tenofovir
Disoproxil Fumarate. Org. Prep. Proced. Int. 2013, 45, 336-340. [CrossRef]

Du, X.X,; Zi, Q.X.; Wu, YM,; Jin, Y,; Lin, J.; Yan, S.J. An environmentally benign multi-component reaction: Regioselective synthesis of
fluorinated 2-aminopyridines using diverse properties of the nitro group. Green Chem. 2019, 21, 1505-1516. [CrossRef]

Selva, M.; Fabris, M. The reaction of glycerol carbonate with primary aromatic amines in the presence of Y-and X-faujastites: The
synthesis of N-(2,3-dihydroxy)propyl anilines and the reaction mechanism. Green Chem. 2009, 11, 1161-1172. [CrossRef]

Nohra, B.; Candy, L.; Blanco, ].-F,; Raoul, Y.; Mouloungui, Z. Aza-Michael versus aminolysis reaction of glycerol carbonate
acrylate. Green Chem. 2013, 15, 1900-1909.

Dressler, H. CA 2043455C.

Kinage, A K.; Gupte, S.P,; Chaturvedi, R K.; Chaudhari, R.V. Highly selective synthesis of mono-ethylene glycol phenyl ethers via
hydroxyalkoxylation of phenols by cyclic carbonates using large pore zeolites. Catal. Commun. 2008, 9, 1649-1655. [CrossRef]
Osterman-Golkar, S.; Bailey, E.; Farmer, P.B.; Gorf, S.M.; Lamb, J.H. Scand, Monitoring exposure to propylene oxide through the
determination of hemoglobin alkylation. J. Work Environ. Health 1984, 10, 99-102. [CrossRef]

Sobol, Z.; Engel, M.E.; Rubitski, E.; Ku, W.W.; Aubrecht, J.; Schiestl, R.H. Genotoxicity profiles of common alkyl halides ad esters
with alkylating activity. Mutat. Res. 2007, 633, 80-94. [CrossRef] [PubMed]

Sorribes, I.; Cabrero-Antonino, J.R.; Vicent, C.; Junge, K.; Beller, M. Catalytic N-alkylation of amines using carboxylic acids and
molecular hydrogen. . Am. Chem. Soc. 2015, 137, 13580-13587. [CrossRef] [PubMed]

Wahba, A.E.; Hamann, M.T. Reductive N-alkylation of nitroarenes: A green approach for the N-alkylation of Natural Products.
J. Org. Chem. 2012, 77, 4578-4585. [CrossRef] [PubMed]

Wie, D.; Yang, P; Yu, C.; Zhao, E; Wang, Y.; Peng, Z. N-alkylation of amines with alcohols catalyzed by manganese(II) chloride or
bromopentacarbonylmanganese(I). . Org. Chem. 2021, 86, 2254-2263.

Elangovan, S.; Neumann, J.; Sortais, J.B.; Junge, K.; Darcel, C.; Beller, M. Efficient and selective N-alkylation of amines with
alcohols catalysed by manganese pincer complexes. Nat. Commun. 2016, 7, 12641. [CrossRef] [PubMed]

Selva, M.; Fabris, M.; Lucchini, V.; Perosa, A.; Noé, M. The raction of primary aromatic amines with alkylene carbonates fort he
selective synthesis of bis-N-(2-hydroxy)alkylanilines: The catalytic effect of phosphonium-based ionic liquids. Org. Biomol. Chem.
2010, 8, 5187-5198. [CrossRef]

Lacy, M.Q.; Hayman, S.R; Gertz, M.A ; Dispenzieri, A.; Buadi, F; Kumar, S.; Greipp, PR.; Lust, ].A.; Russell, S.J.; Dingli, D.; et al.
Pomalidomide (CC4047) plus low-dose dexamethasone as therapy for relapsed multiple myeloma. J. Clin. Oncol. 2009, 27, 5008-5014.
[CrossRef]

Lu, J,; Qian, Y.; Altieri, M.; Dong, H.; Wang, ].; Raina, K.; Hines, J.; Winkler, ].D.; Crew, A.P,; Coleman, K,; et al. Hijacking the E3
ubiquitin ligase cereblon to efficiently target BRD4. Chem. Biol. 2015, 22, 755-763. [CrossRef]

Neklesa, T.K.; Winkler, J.D.; Crews, C.M. Targeted protein degeneration by PROTACs. Pharmacol. Ther. 2017, 174, 138-144.
[CrossRef]

Varun, C.; Sonam; Kakkar, R. Isatin and its derivatives: A survey of recent syntheses, reactions, and application. Med. Chem.
Commun. 2019, 10, 351-368. [CrossRef]

Kemp, J.P; Meltter, E.O.; Orgel, H.A.; Welch, ML].; Bucholtz, G.A.; Middleton, E., Jr.; Spector, S.L.; Newton, ].J.; Perhach, J.L., Jr. A
dose-response study of the bronchodilator action of azelastine in asthma. J. Allergy Clin. Immunol. 1987, 79, 893-899. [CrossRef]
[PubMed]

Grant, S; Fitton, A. Risperidone: A review of its pharmacology and therapeutic potential in the treatment of schizophrenia. Drugs
1994, 48, 253-273. [CrossRef] [PubMed]

Brogden, R.N.; Sorkin, E.M. Ketanserin: A review of its pharmacodynamic and pharmacokinetic properties, and therapeutic
potential in hypertension and peripheral vascular disease. Drugs 1990, 40, 903-949. [CrossRef] [PubMed]

Beshore, D.C.; Dudkin, V.; Garbaccio, R.M.; Johnson, A.W.; Kuduk, 5.D.; Skudlarek, ].W.; Wang, C.; Fraley, M.E. US 2012/0135977A1.
Sun, J.; Feng, Y.; Huang, Y.; Zhang, S5.-Q.; Xin, M. Research advances on selective phosphatidylinositol 3 kinase 6 (PI3K®¢) inhibitors.
Bioorg. Med. Chem. Lett. 2020, 30, 127457. [CrossRef] [PubMed]

Ranise, A.; Spallarossa, A.; Cesarini, S.; Bondavalli, F.; Schenone, S.; Bruno, O.; Menozzi, G.; Fossa, P.; Mosti, L.; La Colla, M.; et al.
Structure-based design, parallel synthesis, structure—activity relationship, and molecular modeling studies of thiocarbamates,
new potent non-nucleoside HIV-1 reverse transcriptase inhibitor isosteres of phenethylthiazolylthiourea derivatives. Med. Chem.
2005, 48, 3858-3873. [CrossRef] [PubMed]

Fry, ES., Jr.; Maienthal, M.; Benson, W.R. Synthesis of isopromethazine hydrochloride. J. Pharm. Sci. 1983, 72, 568-569. [CrossRef]
[PubMed]

Sikoraiova, J.; Marchalin, S.; Daich, A.; Decroix, B. Acid-mediated intramolecular cationic cyclization using an oxygen atom as internal
nucleophile: Synthesis of substituted oxazolo-, oxazino-and oxazepinoisoindolinones. Tetrahedron Lett. 2002, 43, 4747-4751. [CrossRef]
Thibadeau, S.; Martin-Mingot, A.; Jouannetaud, M.-P; Karam, O.; Zunino, F. A novel, facile route to B-fluoroamines by
hydrofluorination using superacid HF-SbF5. Chem. Comm. 2007, 30, 3198-3200. [CrossRef]

Gupta, P; Rouf, A.; Shah, B.A.; Mukherjee, D.; Taneja, S.C. Efficient Preparation of Biologically Important 1, 2-Amino Alcohols.
Synth. Commun. 2013, 43, 505-519. [CrossRef]

Faldi, A.; Saunier, J.P.; Metais, E. FR 2915887A1.

Moeller, H.; Oberkobusch, D.; Hoeffkes, H. EP 1300132A2.


https://doi.org/10.1080/00304948.2013.798576
https://doi.org/10.1039/C8GC03698E
https://doi.org/10.1039/b904821a
https://doi.org/10.1016/j.catcom.2008.01.019
https://doi.org/10.5271/sjweh.2352
https://doi.org/10.1016/j.mrgentox.2007.05.004
https://www.ncbi.nlm.nih.gov/pubmed/17644026
https://doi.org/10.1021/jacs.5b07994
https://www.ncbi.nlm.nih.gov/pubmed/26484397
https://doi.org/10.1021/jo300303d
https://www.ncbi.nlm.nih.gov/pubmed/22482705
https://doi.org/10.1038/ncomms12641
https://www.ncbi.nlm.nih.gov/pubmed/27708259
https://doi.org/10.1039/c0ob00105h
https://doi.org/10.1200/JCO.2009.23.6802
https://doi.org/10.1016/j.chembiol.2015.05.009
https://doi.org/10.1016/j.pharmthera.2017.02.027
https://doi.org/10.1039/C8MD00585K
https://doi.org/10.1016/0091-6749(87)90238-7
https://www.ncbi.nlm.nih.gov/pubmed/3294977
https://doi.org/10.2165/00003495-199448020-00009
https://www.ncbi.nlm.nih.gov/pubmed/7527327
https://doi.org/10.2165/00003495-199040060-00010
https://www.ncbi.nlm.nih.gov/pubmed/2079001
https://doi.org/10.1016/j.bmcl.2020.127457
https://www.ncbi.nlm.nih.gov/pubmed/32755681
https://doi.org/10.1021/jm049252r
https://www.ncbi.nlm.nih.gov/pubmed/15916438
https://doi.org/10.1002/jps.2600720525
https://www.ncbi.nlm.nih.gov/pubmed/6864509
https://doi.org/10.1016/S0040-4039(02)00910-3
https://doi.org/10.1039/b703629a
https://doi.org/10.1080/00397911.2011.603876

Int. J. Mol. Sci. 2024, 25, 5523 14 of 14

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Shmidt, M.S.; Reverdito, A.M.; Kremenchuzky, L.; Perillo, I.A.; Blanco, M.M. Simple and efficient microwave assisted N-alkylation
of isatin. Blanco Mol. 2008, 13, 831-840. [CrossRef]

Casey, L.A; Galt, R.; Page, M.I. The mechanism of hydrolysis of the y-lactam isatin and its derivatives. J. Chem. Soc. Perkin Trans.
1993, 2, 23-28. [CrossRef]

Chmiel-Szukiewicz, E. PL 228504B1.

Molnar, I. In 1-und in 2-Stellung dialkylaminoalkylierte Benztriazole. Helv. Chimica Acta 1963, 46, 1473-1479. [CrossRef]
Pchelka, B.K.; Loupy, A.; Petit, A. Preparation of various enantiomerically pure (benzotriazol-1-yl)-and (benzotriazol-2-yl)-alkan-
2-ols. Tetrahedron Asymmetry 2006, 17, 2516-2530. [CrossRef]

Moriarty, R.M.; Prakash, I.; Clarisse, D.E.; Penmasta, R.; Awasthi, A.K. Conversion of Thiocarbonyl into Carbonyl in Uracil,
Uridine, and Escherichia coli Transfer RNA using Hypervalent iodine oxidation. J. Chem. Soc. Chem. Commun. 1987, 16, 1209-1210.
[CrossRef]

Matsui, M.; Kamiya, K.; Kawamura, S. Ozonization of thio-and azauracils. Bull. Chem. Soc. Jpn. 1989, 62, 2939-2941. [CrossRef]
Novakov, I.A,; Orlinson, B.S.; Navrotskii, M.B. Desulfurization of 2-thioxo-1,2,3,4-tetrahydropyrimidin-4-ones with oxiranes and
2-haloacetonitriles. Russ. J. Org. Chem. 2005, 41, 607-609. [CrossRef]

Atanu, R.; Conlee, C.R.; Defougerolles, A.; Fraley, A.W. WO 2015/089511A2.

Agami, C.; Dechoux, L.; Melaimi, M. An Efficient Synthesis of Pyrimidines from 3-Amino Alcohols. Org. Lett. 2000, 2, 633-634.
[CrossRef] [PubMed]

Agami, C.; Dechoux, L.; Hamon, L.; Melaimi, M.J. An efficient synthesis of a new series of acyclonucleosides starting from
-amino alcohols. Org. Chem. 2000, 65, 6666-6669. [CrossRef]

Bochevarov, A.D.; Watson, M.A.; Greenwood, J.R.; Philipp, D.M. Multiconformation, density functional theory-based pK,
prediction in application to large, flexible organic molecules with diverse functional groups. J. Chem. Theory Comput. 2016,
12, 6001-6019. [CrossRef]

Yu, H.S.; Watson, M. A.; Bochevarov, A.D. Weighted averaging scheme and local atomic descriptor for pK, prediction based on
density functional theory. J. Chem. Inf. Mod. 2018, 58, 271-286. [CrossRef]

Klici¢, J.J.; Friesner, R.A.; Liu, S.Y.; Guida, W.C. Accurate prediction of acidity constans in aqueous solution via density functional
theory and self-consistent reaction field methods. J. Phys. Chem. A 2002, 106, 1327-1335. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/molecules13040831
https://doi.org/10.1039/P29930000023
https://doi.org/10.1002/hlca.19630460505
https://doi.org/10.1016/j.tetasy.2006.08.019
https://doi.org/10.1039/c39870001209
https://doi.org/10.1246/bcsj.62.2939
https://doi.org/10.1007/s11178-005-0211-1
https://doi.org/10.1021/ol991385x
https://www.ncbi.nlm.nih.gov/pubmed/10814396
https://doi.org/10.1021/jo000812d
https://doi.org/10.1021/acs.jctc.6b00805
https://doi.org/10.1021/acs.jcim.7b00537
https://doi.org/10.1021/jp012533f

	Introduction 
	Results 
	Phthalimide (1) 
	Isatin (2) 
	Phthalazin-1(2H)-One (3) 
	Pyrimidin-4(3H)-One (4) 
	6-Methylpyrimidine-2,4(1H,3H)-Dione (5) 
	1H-Benzotriazole (6) 
	2-Thiouracil (7) 
	Theoretical Calculations 

	Materials and Methods 
	Conclusions 
	References

