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Abstract

Histone deacetylases (HDACs) play an essential role in the transcriptional regulation of cells through the deacetylation of nuclear
histone and non-histone proteins and are promising therapeutic targets for the treatment of various diseases. Here, the synthesis of
new compounds in which a hydroxamic acid residue is attached to differently substituted pyrimidine rings via a methylene group
bridge of varying length as potential HDAC inhibitors is described. The target compounds were obtained by alkylation of
2-(alkylthio)pyrimidin-4(3H)-ones with ethyl 2-bromoethanoate, ethyl 4-bromobutanoate, or methyl 6-bromohexanoate followed
by aminolysis of the obtained esters with hydroxylamine. Oxidation of the 2-methylthio group to the methylsulfonyl group and
following treatment with amines resulted in the formation of the corresponding 2-amino-substituted derivatives, the ester group of
which reacted with hydroxylamine to give the corresponding hydroxamic acids. The synthesized hydroxamic acids were tested as
inhibitors of the HDAC4 and HDACS isoforms. Among the synthesized pyrimidine-based hydroxamic acids N-hydroxy-6-[6-
methyl-2-(methylthio)-5-propylpyrimidin-4-yloxyJhexanamide was found to be the most potent inhibitor of both the HDAC4 and
HDACS isoforms, with an IC5q of 16.6 pM and 1.2 pM, respectively.

Introduction

Histone deacetylases (HDACS) are a family of intracellular pro-  opens the chromatin for transcription. HDACsS also interact with
teins responsible for removing acetyl groups in histones. This  other cellular proteins to regulate vital functions such as cell
function is essential in the transcription of DNA, as histones differentiation or apoptosis. They have also been shown to play

with acetyl groups do not interact as strongly with DNA, which  a significant role in pathologies such as cancer, neurodegenera-
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tive diseases, and metabolic disorders [1,2]. HDACs are struc-
turally divided into 18 isoforms, which are grouped into 4
classes. The 11 isoforms belonging to classes I, II, and IV are
dependent on the Zn2* ion in their catalytic site, while the
remaining 7 isoforms of class III, known as sirtuins, are depend-
ent on the NAD™ coenzyme [3,4]. According to current know-
ledge, HDAC inhibitors usually have several structural
subunits: a zinc chelating group, a hydrophobic linker, and a
hydrophobic (usually aromatic) cap [1,2,5]. One of the most
commonly used zinc chelating groups in HDACs inhibitors is a
hydroxamic acid moiety (-CONHOH) [6-15]. The ability of
hydroxamic acids to form chelates with various metal cations,
including the Zn2* ion found in the catalytic center of most
HDAC proteins, gives them good biological activity in inhibit-
ing these proteins. To date, three HDAC inhibitor drugs con-
taining this functional group in their structure have been ap-

proved [6,7] (Figure 1).

However, the main disadvantage of many HDAC inhibitors is
their low selectivity: most of them interact with all HDAC
isoforms of groups I, II, and IV. Thus, efforts are currently
underway to synthesize inhibitors selective for certain HDAC
isoforms [2]. On the other hand, pyrimidines represent an im-
portant group of heterocyclic compounds exhibiting a broad

vorinostat

Figure 1: FDA-approved HDAC inhibitors with a hydroxamic acid moiety.
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spectrum of biological activity [16-20]. Pyrimidine-based
hydroxamic acids with HDAC inhibitory activity have also been
described [21,22].

Herein, we report on the synthesis of novel pyrimidine deriva-
tives in which the hydroxamic acid fragment is linked to a vari-
ably substituted pyrimidine moiety via a methylene group
bridge of varying length and the evaluation of their HDAC

inhibitory activity.

Results and Discussion
Chemistry

Commonly, hydroxamic acids (N-hydroxyamides) are prepared
by coupling activated carboxylic acids with O-protected
hydroxylamine [23-25] or by treatment of esters with hydroxyl-
amine [26-30]. In this work, the pyrimidine-based hydroxamic
acids were synthesized by aminolysis of the corresponding
esters. The required esters 3 and 4 were obtained by alkylation
of pyrimidinones 1 and 2 with ethyl 2-bromoethanoate in tri-
ethylamine in the presence of tetrabutylammonium bromide at
50-60 °C in 73% and 70% yields, respectively (Scheme 1).

In order to functionalize the 2nd position of the pyrimidine ring,
the 2-methylthio group of compound 3 was oxidized to the
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Scheme 1: Synthesis of compounds 3-18. Reagents and conditions: (a) ethyl 2-bromoethanoate, TBAB, TEA, 50-60 °C, 0.5 h; (b) oxone, DMF, 40
°C, 0.5 h; (c) corresponding amine, DMSO, 50-70 °C, 0.5 h; (d) HoO, DMSO, 100 °C, 0.5 h; (e) H20, reflux, 1 h; (f) aqueous NaOH, dioxane, rt, 12
h, then, conc. HCI to pH 2; (g) NH2OH-HCI, KOH, H20 (H>,0/MeOH for 7), 0-5 °C, 1-4 h (rt, 96 h for 7), then, conc. HCI to pH 5-6.
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better leaving 2-methylsulfonyl group. In our previous work
[31] we investigated the oxidation of some 2-methylthiopyrim-
idines with m-CPBA and oxone and found that oxone gave
better results, so we have chosen it for this reaction. Thus,
heating compound 3 in dimethylformamide at 40 °C for 0.5 h
with oxone gave compound 5 in 80% yield. In the NMR spec-
tra of compound 5, the peaks of the methylsulfonyl group are
downfield shifted by 0.8 ppm and 24.8 ppm in the 'H and
13C NMR spectra, respectively, in comparison with the signals
of the methylthio group of compound 3 (see Supporting Infor-
mation File 1, Figures S1, S2 and S5, S6). Heating compound §
with primary and secondary amines in dimethyl sulfoxide at
50-70 °C for 0.5 h gave the corresponding (2-substituted
pyrimidin-4-yloxy)acetates 6-9. In order to replace the
2-methylsulfonyl group with a hydroxy group, we tested several
techniques. It was found that heating compound 5 with water in
dimethyl sulfoxide at 100 °C or boiling for 1 h in water led to
hydrolysis of both 2-methylsulfonyl and 4-(ethoxycarbonyl)me-
thoxy groups with the formation of 6-methyluracil (10) in 40%
and 56% yields, respectively. Compound 11 was successfully
synthesized by stirring compound 5 with aqueous sodium
hydroxide solution in dioxane at room temperature for 12 h.
Hydroxamic acids 12-18 were synthesized by the interaction of
esters 3, 4, and 6-9, with hydroxylamine in water at 0-5 °C (in
case of ester 7, in a mixture of water and methanol 1:1 at room

temperature).

To investigate the effect of an alkyl substituent at the fifth posi-
tion of the pyrimidine ring and the length of the methylene
bridge linking the pyrimidine ring and the hydroxamic acid
residue on the HDAC activity, hydroxamic acids 25-31 were
synthesized (Scheme 2).

In contrast to the synthesis of esters 3 and 4, alkylation of
pyrimidinones 1 and 19 with the corresponding bromoesters in
triethylamine in the presence of tetrabutylammonium bromide
at 50-60 °C afforded mixtures of the O-alkylation 20a—24a and
N(3)-alkylation 20b—24b products (Table 1, entries 1-5), which
are easily separated by column chromatography. The overall
yields are reasonable with the exception of the synthesis 24a
and 24b. To improve the yield of the alkylation reaction of
compound 19 with methyl 6-bromohexanoate and select the
conditions favoring the formation of the O-isomer, a weak base,
potassium carbonate, and a bipolar aprotic solvent, dimethyl-
formamide, were used. The reaction was carried out at room
temperature for 120 hours and a significant increase in the
overall yield (from 52 to 71%) and selectivity (from 1.4:1 to
2.5:1) in favor of the O-isomer 24a were observed (compare
entries 5 and 6 in Table 1). The best alkylation results were ob-
tained when the alkylation reaction was carried out at 50-60 °C.

These reaction conditions proved to be the most successful with
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Scheme 2: Synthesis of compounds 20-31. Reagents and conditions:
(a) ethyl 2-bromoethanoate (for 22) (or ethyl 4-bromobutanoate (for 20,
23), or methyl 6-bromohexanoate (for 21, 24)), TBAB, TEA, 50-60 °C,
0.5—4 h; (b) NH2OH-HCI, KOH, MeOH, 0-5 °C, 1 h, then ester 20-24,
0-5 °C,1 h, then conc. HCI to pH 5-6.

an overall reaction yield as high as 82% and a ratio of O- to
N-isomers 24a to 24b as high as 3.3:1 (Table 1, entry 7).

As expected, the polar aprotic solvent dimethylformamide
promoted the reaction of the electrophile with the more nega-
tively charged oxygen atom by well solvating the cation. Thus,
this method allows the synthesis of the O-isomer 24a in an
acceptable 63% yield, though the alkylation reaction is not very
selective. Hydroxamic acids 25-31 were obtained in 52-92%
yields in the usual way by treating the corresponding esters with
hydroxylamine in methanol at 0-5 °C (Scheme 2).

It is known that there are two possible tautomeric forms of each
hydroxamic acid: the keto and enol tautomer. Furthemore, each

tautomer can adopt an E or Z conformation (Figure 2) [32-36].

The results of NMR spectra and theoretical calculations showed
that hydroxamic acids tend to adopt the more stable kefo-E and
keto-Z conformations [36]. In the 'H NMR spectra of the syn-
thesized hydroxamic acids 12-18 and 25-31 two sets of proton
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Table 1: Alkylation of pyrimidin-4(3H)-ones 1 and 19 with bromoesters (1.1 equiv).

R2 BI’M)J\ .R8 2 R2 R
(o AL & RN O i g
g P \Pg ©
1,19 ! 20a-24a ! 20b-24b |
entry substr. R? R3 n solvent (TBAB or  reaction temp., °C alkylation product (yield, %)
base) (time, h)
O-isomer N-isomer
1 1 H Et 3 TEA (TBAB) 50-60 (4) 20a (45) 20b (31)
2 1 H Me 5 TEA (TBAB) 50-60 (4) 21a (50) 21b (28)
3 19 n-Pr Et 1 TEA (TBAB) 50-60 (4) 22a (62) 22b (12)
4 19 n-Pr Et 3 TEA (TBAB) 50-60 (4) 23a (37) 23b (32)
5 19 n-Pr Me 5 TEA (TBAB) 50-60 (4) 24a (30) 24b (22)
6 19 n-Pr Me 5 DMF (KoCO3) rt (120) 24a (51) 24b (20)
7 19 n-Pr Me 5 DMF (KoCOs) 50-60 (4) 24a (63) 24b (19)
In vitro HDAC4 and HDACS inhibitory activi-
R. O R O ties of the synthesized compounds
\|¢ — \( Compounds 12-18 and 25-31 were tested as inhibitors of
H’N\OH Ho/N\H HDAC4 and HDACS isoforms according to the procedures de-
Keto-Z Keto-E scribed previously [371. The activity data of. the tested com-
pounds are presented in Table 2. A comparison of the ICs
values for compounds 12-18, which differ only in the substitu-
1 ‘ ‘ ent at the second position of the pyrimidine ring, reveals that the
presence of a methylthio group at this position gives compound
R. _OH R _OH 12 a slight advantage in the inhibition of the HDAC4 isoform,
\f — m/ while the presence of a more bulky substituent at the second po-
N\OH HO/N sition of the pyrimidine ring favors the inhibition of HDACS8
isoforms (Table 2, compounds 13-15 and 17). However, most
enol-Z enol-E

Figure 2: The conformational and tautomeric forms of hydroxamic
acids according to [36].

signals from the NH and OH groups of the hydroxamic acid
residue are observed. Following data [36], we assigned the
more intense peaks to the keto-E form and the less intense ones
to the keto-Z form. It is interesting to note that two proton
signals of the OCH, groups are also observed in the 'H NMR
spectra of compounds 12, 13, 16-18, 27, and 30. The fact that
the ratio of the intensities of these signals is the same as the
ratio of the intensities of the signals of the NH and OH groups
of the hydroxamic acid moiety suggests that two OCH, group
signals are also due to the two isomeric forms. The fragment of
the 'H NMR spectrum of compound 12 is presented in Figure 3
(full NMR spectra of the compounds are given in Supporting

Information File 1).

of the compounds tested, with the exception of 29, were inac-
tive or showed weak inhibitory effect on the HDAC4 isoform.

Comparison of the potency of the HDACS isoform inhibitory
activity of compounds 12, 25, and 26 with that of compounds
27-29 suggests that the propyl substituent at the position 5 of
the pyrimidine ring is favorable for this effect. Extension of the
methylene bridge connecting the pyrimidine ring to the hydrox-
amic acid residue to the same series of compounds also in-
creases the ability of the compounds to inhibit the HDACS
isoform, except in the case of compound 28. It should be noted
that both, HDAC4 and HDACS isoforms were most inhibited
by compound 29 (IC5q 16.6 and 1.2 uM, respectively). The
structure of this most active compound is distinguished by the
fact that the compound not only has a propyl substituent at posi-
tion 5 of the pyrimidine ring, but also has the longest
pentamethylene group bridge connecting the pyrimidine ring to

the hydroxamic acid residue.
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Figure 3: Fragment of the "H NMR spectrum in DMSO-dg of compound 12.
Table 2: Inhibitory activities (ICsp) of tested compounds against HDAC4 and HDACS.
NHOH NHOH O
O/\g » o g N NHOH
P P LA
[N A N ©
N~ "R (orR") N~ °S |
12-18 25-29 30, 31
compound R R! R2 n ICs02, UM
HDAC4 HDAC8

12 SMe 38 28
13 SEt >100 13
14 NHCH>CH=CH, >100 15
15 NHCH>CgHs >100 14
16 NMe»> >100 35
17 pyrrolidin-1-yl >100 13
18 OH >100 60
25 H 3 >50 5.65
26 H 5 >50 2.05
27 n-Pr 1 38 1.4
28 n-Pr 3 >35 2.4
29 n-Pr 5 16.6 1.2
30 1 >35 >35
31 3 >35 >35
vorinostat 27b 5.3p

2|C50 values were determined by measuring the inhibition of enzymatic activity using BOC-LYS-(TFA)-AMC as a substrate, 100 mM TRIS, 300 mM

KCl, pH 8.0 buffer, at 30 °C. PTaken from ref [38].
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Conclusion

In summary, starting with corresponding 2-(alkylthio)pyrim-
idin-4(3H)-ones we have developed an efficient synthesis of
hitherto unknown pyrimidine-based hydroxamic acids, wherein
the hydroxamic acid residue is attached to the pyrimidine ring
by a methylene linker of varying length. The 'H NMR spectra
show that the synthesized hydroxamic acids in solution exist as
an equilibrium mixture of two isomeric forms. The inhibitory
activity of the synthesized hydroxamic acids on HDAC4 and
HDACS isoforms shows that most of them are prone to inhibit
HDACS isoform rather than HDAC4. The most potent inhibitor
of both the HDAC4 and HDACS isoforms was found to be
N-hydroxy-6-[6-methyl-2-(methylthio)-5-propylpyrimidin-4-
yloxy]hexanamide (29) with an ICs5( of 16.6 and 1.2 uM, re-
spectively. We believe that the obtained data on HDAC
inhibitory activity of the synthesized pyrimidine-based hydrox-
amic acids will be useful in the future design of potent HDAC
inhibitors.

Experimental

Melting points were determined in open capillaries with a
digital melting point IA9100series apparatus (ThermoFisher
Scientific). All reactions and purity of the synthesized com-
pounds were monitored by TLC using silica gel 60 F254 alumi-
num plates (Merck). Visualization was accomplished by UV
light. Column chromatography was performed using silica gel
60 (0.040-0.063 mm) (Merck). NMR spectra were recorded on
a Bruker Ascend 400 spectrometer (400 MHz and 100 MHz for
'H and 13C, respectively). "H NMR and '3C NMR were refer-
enced to residual solvent peaks. High-resolution mass spectrom-
etry (HRMS) analyses were carried out on a Dual-ESI Q-TOF
6520 (Agilent Technologies) mass spectrometer.

The starting compounds 1 [39], 2 [39] and 19 [40] were pre-
pared following the reported methods. Synthetic details, charac-
terization and analytical data as well as 'H and '3C NMR spec-
tra of all synthesized compounds are presented in the Support-

ing Information File 1.

General procedure for the synthesis of esters
3, 4, and 20-24

To a mixture of pyrimidinone 1, 2 or 19 (1 mmol) and TBAB
(0.032 g, 0.1 mmol) in TEA (0.4 mL) at 50-60 °C the corre-
sponding bromoester (1.1 mmol) was added dropwise under
stirring. The reaction mixture was stirred at this temperature for
0.5-4 h (for details see Supporting Information File 1), then
cooled to room temperature, and poured into ice water (30 mL).
In case of esters 3 and 4, the resultant precipitate was collected
by filtration, washed with cold water, dried, and recrystallized
from hexane. In case of esters 20-24, the resultant mixture was

extracted with chloroform (3 x 10 mL). The organic solutions

Beilstein J. Org. Chem. 2022, 18, 837-844.

were combined, washed with brine, dried over Na;SQOy, and
evaporated under reduced pressure. The residue was purified by

column chromatography.

General procedure for the synthesis of esters
6-9

To a suspension of compound 5 (0.274 g, 1 mmol) in dry
DMSO (0.3 mL) the corresponding amine (2 mmol; in the case
of 8 — the solution of dimethylamine in DMSO) was added. The
reaction mixture was stirred at 50-70 °C for 0.5 h, then cooled
to room temperature, and poured into ice water (10 mL). The
resultant precipitate was collected by filtration, washed with
water, dried, and recrystallized from hexane.

6-Methyluracil (10)

Method A. To a suspension of compound 5 (0.274 g, 1 mmol)
in DMSO (0.3 mL) H,0 (0.036 g, 2 mmol) was added. The
reaction mixture was stirred at 100 °C for 0.5 h, then cooled to
room temperature, and poured into ice water (5 mL). The resul-
tant precipitate was collected by filtration, washed with ice

water, and dried to yield white powder.

Method B. A mixture of compound 5 (0.274 g, 1 mmol) and
H,O (5 mL) was heated at reflux for 1 h, then cooled to 0 °C.
The resultant precipitate was collected by filtration, washed
with ice water, and dried to yield 0.07 g (56%) of compound 10.

Ethyl (6-methyl-2-ox0-1,2-dihydropyrimidin-4-
yloxy]acetate (11)

To a solution of compound 5 (0.274 g, 1 mmol) in dioxane
(25 mL) a 1 M aqueous solution of NaOH (2 mL) was added.
The reaction mixture was stirred at room temperature for 12 h,
then water (15 mL) was added to the mixture, and stirring was
continued for 5 min. The reaction mixture was acidified with
conc. HCI to pH 2 and extracted with DCM. The extract was
washed with brine, dried over Na;SQOy, and evaporated under
reduced pressure. The residue was purified by column chroma-
tography to give 0.155 g (73%) of compound 11.

General procedure for the synthesis of
hydroxamic acids 12—-18

To a mixture of esters 3, 4, 6-9, or 11 (1 mmol) and
NH,OH-HCI (0.204 g, 3 mmol) in H,O (3 mL) (in the case of
ester 7 in a mixture HO/MeOH 1:1, 6 mL) at 0-5 °C a
solution of KOH (0.392 g, 7 mmol) in H,O (1 mL) was
added dropwise under stirring. The reaction mixture was
stirred at this temperature for 1-4 h (in the case of ester 7 it was
stirred at room temperature for 96 h), then acidified with conc.
HCl to pH 5-6. The resultant precipitate was collected by filtra-
tion, washed with ice water, and dried to yield compounds
12-18.
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General procedure for the synthesis of

hydroxamic acids 25-31

A mixture of NH,OH-HCI (0.556 g, 8 mmol), KOH (0.672 g,
12 mmol), and methanol (5 mL) was stirred at room tempera-
ture for 0.5 h, then cooled to 0-5 °C and filtered. To the filtrate
the corresponding ester 20-24 (1 mmol) was added. The reac-
tion mixture was stirred at 0-5 °C for 1 h, then the solvent was
removed under reduced pressure, the residue was dissolved in
water, cooled to 0-5 °C and acidified with conc. HCI to pH 5-6.
The resultant precipitate was collected by filtration, washed
with ice water and dried (compound 30 was recrystallized from
a mixture of ethanol/water 1:1). In case of compound 29, after
acidification, the reaction mixture was extracted with chloro-
form (3 x 10 mL), the organic solutions were combined, washed
with brine, dried over Na;SOy, and evaporated under reduced

pressure. The residue was purified by column chromatography.

Supporting Information

Supporting Information File 1

Compounds characterization and analytical data; HDAC
enzyme activity assay; references; NMR spectra.
[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-84-S1.pdf]
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