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One of the advantages of dihydropyrimidinones (DHPMs) is the molecular diversity that could be
achieved through their synthesis from a three-component reaction by varying the starting reaction mate-
rials. Differences in substituted functional groups could lead to varying reactivities and thermal stability
amongst the analogues. In this study, two different classes of DHPMs were synthesized and the effects of
the various substituents on the DHPM ring were investigated. The compounds were structurally charac-
terized using single-crystal X-ray diffractometry, 'H, 3C, COSY, HSQC and HMBC NMR techniques, FT-IR
and High Resolution Mass Spectrometry (HRMS). N1 methylation of the DHPM was found to increase the
thermal stability of the series of DHPMs investigated, which is an added advantage in thermal reactions.
The nature of the alkyl substituent of the ester group at position 5 of the DHPM was also found to affect
the ease of the nucleophilic substitution reaction during the functionalization of the DHPMs. A comple-
mentary DFT study aided in understanding the above results as well as to compare the general stability
of the range of compounds.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Dihydropyrimidinones (DHPMSs) derived from the Biginelli mul-
ticomponent reaction (MCR) have attracted interests since the early
1980s due to their structural similarity to the well-studied dihy-
dropyrimidine (DHP)-based calcium channel inhibitors (CCI) such
as Amlodipine and Nifedipine [1-3]. It has been established that,
apart from other therapeutic properties they possess [1], DHPMs
share a similar therapeutic profile to DHP CCIs [2-5].

Complex molecules could be strategically synthesized by apply-
ing the basic knowledge of a two-component reaction, but this
is usually time-consuming [6]. Multicomponent reaction (MCR) is
a useful tool in this regard as it can selectively generate diverse
chemical libraries on a short time scale [6]. As MCRs involve the
use of more than two starting reaction materials, it is possible
to strategically vary one material, to generate a library of various
chemical compounds [6,7].

With the rise in cancer cases [8,9] in Africa and continued
prevalence of the historically endemic malaria [10], there is a po-
tential therapeutic challenge of having to treat, simultaneously, pa-
tients bearing “a double burden of diseases” [11]. There is a risk of
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drug-drug interactions from the current separate chemotherapeutic
agents used in the treatment regimens of cancer and malaria [12].
One alternative option would be to use hybrid drugs [13]. Since
DHPMs are known for their anticancer activities [14], this class of
compounds can be synthesised with a chlorine atom at position
6 of the DHPM, which could easily be converted to an azide. An
azide is a key reactive functional group in click chemistry that can
be further employed to link a known antimalarial compound. In
addition, the chloro precursor could be utilized in cyclization reac-
tions to form fused heterocyclic systems to generate different bio-
logically active libraries.

Previous studies on the functionalization of the halogenated
DHPM reported the use of bromo and chloro analogues while,
to the best of our knowledge, nothing could be found on how
the ester substituents at the position 5 of the DHPM affect the
ease of the functionalization [15,16]. Similarly, the previously
reported thermal stability studies were carried out on DHPM with
unsubstituted urea analogues but nothing could be found on how
the alkyl substituents on the urea affect the thermal stability
of the chloro DHPM [15,16]. We describe here the syntheses of
dihydropyrimidinone-containing alkyl chlorides and function-
alize them as the corresponding alkyl azides to yield useful
precursors for click chemistry as part of ongoing research to syn-
thesise biologically active dihydropyrimidinone-containing triazole
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Scheme 1. Synthesis of the DHPM 4a-h. Reagents and conditions: Conc. HCl (32%), absolute EtOH, reflux (65 °C), 3 h.

Table 1

TH and '3C chemical shifts (in ppm) of compound 4a.
No H Bc No H 3¢
C, 459 (1H, d, 2Jyy = 10.7 Hz), 399 G 4.03 (2H, q, 3y = 7.1 Hz) 60,5

4.76 (1H, d, ?Juy = 10.6 Hz)

N; 947 (1H, s) Co 112 (3H, t, 3Jyy = 7.1 Hz) 144
C, 152.6 Cio 136.5
N; 779 (1H, s) Cirgs 716 (2H, d, 3y = 85 Hz)  128.0
C, 5.4 (1H, d, 3Juy = 3.3 Hz) 537  Ciz14 689 (2H, d, 3y = 85 Hz) 1143
Cs 102.6 Ci3 159.1
Cs 1461 Cys 3.72 (3H, s) 55.5
I 164.7

compounds. Additionally, the effect of the alkyl substituent on
the thermal stability of DHPM was carried out to establish the
optimum temperature which could be used during cyclization
reactions.

2. Results and discussion
2.1. Synthesis of the DHPMs

The dihydropyrimidones 4a-h were synthesized via an HCl-
catalysed three-component Biginelli reaction as previously re-
ported in the literature but with simple modifications using
the appropriate benzaldehyde, urea and alkyl 4-chloroacetoacetate
(Scheme 1) [1,17]. In the previous procedure involving HCl as the
catalyst, the reaction mixture was stirred in neat condition at 100
°C. In this case, the reaction temperature was lowered to 65 °C
while using absolute ethanol as the reaction solvent. After the
completion of the reaction, the mixture was then placed in crushed
ice overnight to afford the crude products as microcrystalline pre-
cipitates. The precipitates formed were filtered, washed with cold
water and recrystallized from hot ethanol to afford pure products.

2.2. NMR characterization

Compound 4a was chosen as a representative example for
a comprehensive NMR characterization using 'H, 13C, DEPT-135,
COSY, HSQC and HMBC techniques. For a summary of the 'H and
13C assignments (from HSQC and HMBC spectra), see Table 1. The
numbering used is based on the SCXRD diagram of 4a in Fig. 1.
From the 'H NMR of 4a, the 3H (3Jyy = 7.1 Hz) triplet at &y
1.12 ppm, the 2H (3Jyy = 7.1 Hz) quartet at 8y 4.03 ppm and the
3H singlet at §y 3.72 ppm were assigned to C(9)H3, C(8)H, and the
methoxy at C16, respectively. This was based on their multiplicity,
coupling constants and the strong COSY correlation between the
peaks at 8y 1.12 ppm and 4.03 ppm. The signals for the methylene
protons C(1)H, appeared as two doublets at 8y 4.59 (]Jyy = 10.7)
and 4.76 (%Jyy = 10.6) ppm and were assigned to C(1)H,. The
two doublets for the two geminal methylene protons at C6 were
attributed to the enantiomeric nature of the compounds [18,19].

The assignment was supported by their strong correlation in the
COSY spectrum. Furthermore, a doublet appearing at §y 5.14 ppm
(3Jyn = 3.3 Hz), as well as a singlet at 9.47 ppm showed correla-
tions in the COSY spectrum with the singlet at 7.79 ppm, while the
singlet at 7.79 ppm showed correlations to both signals at 5.14 and
9.47 ppm. Therefore, §y 5.14, 7.79 and 9.47 ppm were assigned to
C(4)H, N(3)H and N(1)H, respectively. Expectedly, the aromatic pro-
tons at 8y 6.89 (d, 3Jyy = 8.5 Hz) and 7.16 ppm (d, 3Jyy = 8.5 Hz)
have strong correlations in the COSY spectrum. In relation to the
DFT section below (vide infra), the calculated 'H and 3C NMR
spectra of selected compounds (4a, 4e, 4 h) have been considered
(Figures S16-S21). In general, the relative "H NMR signals (cor-
rected using TMS) shifts of between 0.1-2.0 ppm relative to the ex-
perimental signals were observed for each of the three compounds
considered. The calculated 13C NMR signals of corresponding com-
pounds were more accurately predicted. For example, calculated
signals for the carbonyl groups in 4a at §¢ 166.7 and 163.8 ppm
(and other signals) appeared within 0.1-13.7 ppm (up to 26% er-
ror) to those experimentally observed (calculated signals in brack-
ets, 8¢): 164.7 (169.1), 159.1 (162.7), 152.6 (152.5), 146.1 (150.1),
136.5 (136.3), 128.0 (132.5), 114.3 for 2 carbons (120.4 and 111.5),
102.6 (106.4), 60.5 (65.8), 55.5 (59.9), 53.7 (59.4), 39.4 (53.1), 144
(15.4) ppm. Similar observations were also made with the calcu-
lated versus experimentally observed signals in the 13C NMR spec-
tra of compounds 4e and 4 h.

2.3. Functionalization of the DHPMs

The C6 chlorine allowed the functionalization of the DHPMs
with ease [16,20,21]. The C6 chlorine was attached via a chlori-
nated f-ketoester [16] used in the Biginelli MCR to explore how
its functionalization could be affected by varying the alkyl group
of the ester at position 5 of the DHPM (Scheme 1). The use of a
chlorinated B-ketoester is synthetically more feasible than the tan-
dem bromination [21,22] of the C6 methyl group using elemental
bromine due to its notable stability, low cost and commercial avail-
ability [16].

To investigate the ease of their substitution, we substituted the
chlorine in position 6 with an azide that would be used for further
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Fig. 1. Some HMBC correlations in compound 4a and the molecular structure of 4a.
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Scheme 2. Azidation reaction. Reagents and conditions: NaNs;, DMF, N,, 6 h, 25 °C.

derivatization in click reactions [20,22]. We assessed the ease of
the azidation by stirring the DHPMs in DMF at 25 °C in the pres-
ence of approximately one molar equivalent of sodium azide only.
Previous methods with similar compounds involved the use of cat-
alysts [20], long hours of stirring in hexamethylorthophosphoric
triamide (HMPA) [23] or microwave irradiation [20]. Interestingly,
compounds 4e-h with a methyl group produced the correspond-
ing azides in near quantitative yields (Scheme 2) whereas com-
pounds 4a-d with an ethyl group failed to be converted to the cor-
responding azides even at an elevated temperature and prolonged
stirring.

The reaction was monitored by Fourier transform infrared spec-
troscopy (FT-IR) and the presence of the azide functional group
was confirmed with the absorption band around 2100 cm™!
(Fig. 2).

As an example, we compared the '"H NMR of 4 g and 5 g
(Fig. 3), and observed a change in the 8y value of C(1)H, from &y
4,66 ppm in 4 g to 6y 4.40 ppm in 5 g, which indicated an up-
field shift [24] due to the presence of the electron-donating azide
group. In the same way, the 3C peak of C(1) also shifted from 8
39.7 ppm in 4 g to 48.5 ppm in 5 g [24].

24. X-ray crystallography
Apart from the unambiguous confirmation of the presence of

the azide group in compounds 5e-h, the respective structural
changes that occurred from the conversion of the alkyl chloride to

the alkyl azide were investigated by SCXRD (Fig. 4). The X-ray crys-
tallography of all the structures from both the alkyl chloride and
alkyl azide series confirmed their racemic nature by crystallising in
the centrosymmetric space groups of P-1 (4a-c, 5f, 5 g), P2¢/n (4d),
P21/c (4f), and C2/c (5 h). All structures exhibited only one chiral
centre at C4 and likewise, a distorted half-chair conformation was
observed with the heterocycle mean plane through the five copla-
nar atoms (N3-C2-N1-C6-C5) intersecting at ca. 22.5°—43.9° with
the mean plane of the N3-C4-C5 inclined-section of the heterocy-
cle. A general trend amongst these distortions was observed for
the NMe-substituted heterocycles (4b, 4d, 4f, 5f, 5 h) which ex-
hibited larger intersection angles (28.6°-43.9°) as compared to the
NH-substituted heterocycles (4a, 4c¢, 5 g) (22.5°-23.4°). Interest-
ingly in all the structures, the aryl groups occupy the axial position
even though large, bulky substituents of cyclohexanes in the cor-
responding chair conformations usually occupy the equatorial po-
sitions. No apparent steric hindrance of 1,3-diaxial repulsion could
be observed due to the planar nature of the heterocycle (Carene-
C4-H4 angle between 107.52°—108.30°). Therefore, the fact that the
alkyl chloride/azide chain occupies the trans position to that of the
aryl group, as well as favourable intermolecular interactions in the
solid state, could be seen as a determining factor. However, this
conformation is free to oscillate while in solution to a more en-
ergetically favourable conformer. Within all of the structures, the
mean plane of the pyrimidinone ring intersects the mean plane of
the para-substituted arene on C4 in a narrow range of between
79.0° (4f) and 89.37° (5 g). Other minor differences amongst the
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Fig. 3. "H NMR of 4 g (a) and 5 g (b) indicating the J-coupling constants and the chemical shifts of C(7)H, as a result of the azidation reaction (300 MHz, DMSO-ds).

different structures include a narrow range for the C2-O1 bond
distances (1.229(2)—1.238(2) A), as well as the obvious C1-Cl and
C1-N3 bond distance differences (X = Cl: 1.7873(16)—1.8080(18)
A; X = N3, 1.482(2)-1.488(3) A). In all structures, strong inter-
molecular N-HeeeO hydrogen bonds (N-HeeeO = 1.962 A, 173.1°)
form molecular dimers with two pyrimidinone molecules and also
link these dimers via other N-HeeeO and weaker C-HeeeCl in-
teractions to extend into a three-dimensional network. All other
bond lengths and angles are observed to fall within the ex-
pected ranges and are in good agreement with related structures
[25-27].

2.5. DFT study of the alkyl chlorides and azide DHPMs

To gain more insight into the substituent effect(s) that direct
the ease and outcome of the azidation reactions of the alkyl chlo-
ride compounds 4a-h to produce compounds 5e-h, as well as to
gain a general understanding of the consequent racemic nature of
all the compounds, a Density Functional Theory (DFT) computation
study was performed. In general, input structures were obtained
from the crystallographic information files (CIFs) and further opti-
mized until conversion with zero imaginary frequencies. In all the
structures, a relatively small energy difference of between 0.0045
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Fig. 4. Perspective views of the molecular structures of 4a (a), 4b (b), 4c (c), 4d (d), 4f (e), 5f (f), 5 g (g), and 5 h (h). Thermal ellipsoids are drawn at 50% level.

Table 2

(a) )]

Calculated relative Gibbs free energies (eV) and orbital energies for the different isomers of compound 4a-h, and 5e-h.

Functional groups

Compound Alkyl chloride/azide Ester R2 R3 Relative E (eV) Isomer Energy gap (eV)

4a chloride COOEt OMe H 0.0000 R -4.49
0.0072 S

4b chloride COOEt OMe Me 0.0129 S —-4.31
0.0000 R

4c chloride COOEt F H 0.0000 R —4.85
0.0045 S

4d chloride COOEt F Me 0.0000 S —4.55
0.0557 R

4e chloride COOMe OMe H 0.0000 R -4.49
0.0214 S

4f chloride COOMe OMe Me 0.0077 R —-4.35
0.0000 S

4g chloride COOMe F H 0.0000 R —-4.85
0.0053 S

4h chloride COOMe F Me 0.0096 R —4.55
0.0000 S

Se azide COOMe OMe H 0.0077 R -4.75
0.0000 N

5f azide COOMe OMe Me 0.0194 R —4.46
0.0000 S

5g azide COOMe F H 0.0339 R —4.94
0.0000 S

5h azide COOMe F Me 0.0000 R —-4.71
0.0267 S

Values in bold indicate the lowest calculated energy enantiomer.

and 0.0557 eV was observed for all stereoisomers of all compounds
(Table 2). This implies that both isomers can experimentally exist,
as has been established by SCXRD.

Shown in Fig. 5 are the HOMO and LUMO orbital plots. The gen-
eral populations of the HOMOs and LUMOs of both the alkyl chlo-
rides (4a-h) and alkyl azides (5e-h) are comparative as follows: (i)
The HOMO of 4a, 4e and 5e, differing only in the chloride/azide
functional groups, shows the major contribution from the arene

groups on C4, whereas the LUMO of 4a, 4e and 5e shows a shift
in contribution towards both the ester functional group, as well as
C6. Interestingly, no LUMO contribution on the CH,N3-group of 5e
is present in contrast to the CH,Cl-group of either the methoxy
derivative 4e or ethoxy derivative 4a, despite 5e being considered
as the more reactive analogue; (ii) Upon substitution of the 4’-
OMe group for a 4’-F group, the distribution of the HOMOs of both
4 h and 5 h, which are chloride and azide-containing groups, re-
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spectively, shifts completely away from the arene groups on C4 to
rather include the pyrimidinones backbone atoms of N1, C5 and
C6. The LUMOs of 4 h and 5 h, however, are relatively comparable
with the LUMOs of 4a, 4e and 5e, i.e. the 4'-OMe-containing arene
groups.

In general, an expected increase in energy of around 8 keV is
observed upon substitution of the chloride group for a more reac-
tive azide functional group. This is sensible when considering the
energy gaps of the alkyl chloride and corresponding alkyl azide
compounds: a decrease of between 0.09 eV and 0.26 eV is seen
upon substitution of the chloro group in compounds 4e-h to form
compounds 5e-h. Interestingly, a noticeable increase in energy gap
and therefore the stability of the molecule is seen in analogous ex-
amples upon substitution of a 4’-OMe group for a 4’-F group. De-
pending on the other substituents, a decrease of between 0.24 eV
(4b and 4d) and 0.35 eV (5e and 5 g) is observed. The current
available data is insufficient to convincingly explain the reduced
reactivities of compounds 4a-4d with COOEt groups when the con-

version to their analogous azide counterparts was attempted. Ad-
ditional natural bond orbital (NBO) interactions were evaluated as
part of the DFT studies to observe any interaction involving the
chlorine, ester and arene groups, although no significant interac-
tions of the donor/acceptor atom orbitals were observed.

2.6. Thermal stability study of compounds 4a-d

The effect of the N1 methylation on the thermal stability of
compounds 4a-d was studied using Differential Scanning Calorime-
try (DSC) and Thermogravimetric Analysis (TGA). As mentioned
earlier, the C6 alkyl chloride could be used to access some molec-
ular transformations that include thermal ring closures and rear-
rangements [16,28,29]. Since such reactions are normally carried
out at high temperatures, it is necessary to carefully analyse their
thermal properties in order to choose an optimum reaction tem-
perature to avoid decomposition of reactants. The melting points
of 4a-d were determined and found to be in close agreement with
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Table 3
Thermal analysis of 4a-d.
Compound  MP? (°C) MP®(°C) OT’(°C) MP°(°C) FD(°C) WL(%) CS Lost
4a 172-174 177.85 173.65 177.12 176.69 19.62 urea
4b 141-143 141.55 138.53 141.35 250.01 34.19 benzaldehyde
4c 154-157 159.24 155.02 158.41 163.93 17.77 urea
4d 158-160 161.04 158.14 159.74 252.6 34.21 benzaldehyde

MP = melting point, OT = onset temperature, FD = first decomposition, WL = weight loss, CS = correspond-

ing synthon.
@ = Gallenkamp.
b — DSC.
¢ = TGA-DSC.
¥l Y-2
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Fig. 7. TGA-DSC thermogram of 4b.

the melting temperatures obtained from DSC studies (Table 3). The
DSC thermogram obtained involved initial heating from —20 °C to
250 °C at the rate of 10 °C/min under a nitrogen purge with a flow
rate of 10.0 mL/min. This was followed by a slow cooling and then
the second heating. The only melting obtained on the DSC thermo-
gram was in the first heating and no corresponding crystallization
exotherm was observed on slow cooling. This DSC isotherm indi-
cates a decomposition during heating after the melting tempera-
ture. To better understand the temperature-weight loss relation-
ship, a TGA study was performed on all the four compounds. The
TGA-DSC hyphenated thermograms showed the first weight loss at
the melting point for compounds 4a and 4c¢ at 176.69 and 163.93
°C, respectively which correspond to the initial melting points ob-
tained from DSC (Table 3). Compounds 4b and 4d only showed the
first weight loss at 250.01 °C and 252.60 °C, respectively, which
is approximately a 100 °C difference between their melting points
and the first weight loss (Figs. 6 and 7).

These results clearly show that the N1 methylation of 4b and
4d increases their thermal stability as compared to 4a and 4c with-
out a methyl group at N1. Interestingly, both 4a and 4c lost 19.62
and 17.77 wt%, respectively, during the first decomposition, which
corresponds to the urea synthon. 4b and 4d also lost 34.19 and
34.21 wt%, respectively, which corresponds to the benzaldehyde
synthon in the DHPM. (See the SI for the full thermograms.) It can
be concluded from these thermal analyses that 4a and 4b could
safely withstand thermal reactions up to 150 °C while 4b and 4d
could be heated up to 240 °C.

3. Conclusion

Two different classes of DHPM were synthesized, which differ
in the ester substituent at position C5. This was found to be the

primary contributor that influence the ease of nucleophilic substi-
tution reaction involving the alkyl chloride at C6. During the nucle-
ophilic reaction, compounds 4e-h, with a methyl ester at C5, fur-
nished the desired azide products at 25 °C without the use of any
catalyst or microwave irradiation while azidation of compounds
4a-d with ethyl ester failed, even at an elevated temperature and
prolonged stirring. The formation of the azide product was mon-
itored with FT-IR and its presence was established with further
characterization. Although subtle energetic differences in the es-
ter and aryl group substituents of 4a-h could be established, no
conclusive computational evidence could be provided for the lack
of azide formation by compounds 4a-d. The presence of the methyl
group at N1 of the DHPM was also found to contribute to the ther-
mal stability that was established using DSC and TGA.

4. Experimental
4.1. General

A Gallenkamp melting point apparatus was used for the melt-
ing point determination in open capillary tubes and are uncor-
rected. TH and '3C NMR spectra were recorded on either a Bruker
Avance 400 (at 400.21 MHz for 'H and 100.64 MHz for 13C) or 300
(at 300.13 MHz for 'H and 75.48 MHz for 13C) spectrometers us-
ing CDCl3 or DMSO-dg as solvents at room temperature. Chemical
shifts were recorded as part per million (ppm) using tetramethylsi-
lane as an internal standard. 2D NMR experiments were recorded
on Bruker Avance 400. Mass analysis was performed on Waters®
Synapt G2 High Definition Mass Spectrometry (HRMS) system with
flow injection analysis (FIA) using electrospray ionization (ESI)
probe. The MS data were acquired and processed on MassLynx™
software (version 4.1). FT-IR measurements were made on a Bruker
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Alpha Platinum-ATR spectrometer as neat. All reagents and sol-
vents were purchased from Sigma-Aldrich and used without fur-
ther purification. Differential scanning calorimetry (DSC) data were
obtained using a TA DSC Q2000 analyser under a nitrogen atmo-
sphere at a scan rate of 10 °C/min from —20 °C to 250 °C for the
first heating. This was followed by a slow cooling to —20 °C at a
rate of —20 °C/min and finally the second heating to 250 °C at a
rate of 10 °C/min. Thermogravimetric analysis (TGA) data were ob-
tained using a TA SDT Q600 analyser (DSC-TGA standard). The sam-
ples were heated up to 600 °C at a rate of 10 °C/min under a flow
of nitrogen.

4.2. General procedure for the synthesis of tetrahydropyrimidine-5-
carboxylates (4a-h)

To a mixture of the appropriate benzaldehyde (15.00 mmol),
(m)ethyl 4-chloroacetoacetate (15.00 mmol) and urea or N-
methylurea (45.00 mmol) in 10.0 mL ethanol was added 7 drops
of concentrated HCl. The mixture was heated at 65 °C for 3 h.
The resulting mixture was cooled to room temperature and fur-
ther cooled in crushed ice overnight. The precipitate formed was
filtered and recrystallized from hot ethanol to give the pure prod-
ucts.

Ethyl 6-(chloromethyl)—4-(4-methoxyphenyl)—2-0x0-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (4a): White crystals, Yield
83.6%. m.p. 172-174 °C. FI-IR: v (cm~!') = 3386 (N-H), 1680
(C = 0, ester), 1643 (C = 0, amide). '"H NMR (400 MHz, DMSO-
dg): 8y 9.47 (s, 1H, NH), 7.79 (s, 1H, NH), 7.16 (d, 3Juy = 8.5 Hz, 2H,
ArH), 6.89 (d, 3Jyy = 8.5 Hz, 2H, ArH), 5.14 (d, 3Jyy = 3.3 Hz, 1H,
CH), 4.76 (d, 2Jyy = 10.6 Hz, 1H, CH>), 4.59 (d, 2Jyy = 10.7 Hz, 1H,
CH,), 4.03 (q, 3Juy = 7.1 Hz, 2H, CH,CH3), 3.72 (s, 3H, OCH3), 1.12
(t, 3Juy = 7.1 Hz, 3H, CH,CH3). 13C NMR (101 MHz, DMSO-dg): 8¢
164.7, 159.1, 152.6, 146.1, 136.5, 128.0 (2C), 114.3 (2C), 102.6, 60.5,
55.5, 53.7, 39.9, 14.4. ESI-HRMS (m/z) calculated for C;5H;gCIN;Oy4:
325.0955, found: 325.0988 [M + H]*.

Ethyl 6-(chloromethyl)—4-(4-methoxyphenyl)—1-methyl-2-oxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate  (4b): White crystals,
Yield 93.2%. m.p. 141-143 °C. FI-IR: v (cm~!) = 3198 (N-H), 1679
(C = 0, ester), 1623 (C = 0, amide). '"H NMR (400 MHz, CDCl3):
8y 716 (d, 3Jyy = 8.7 Hz, 2H, ArH), 6.82 (d, 3Jyy = 8.7 Hz, 2H,
ArH), 5.77 (d, 3Jyy = 3.3 Hz, 1H, NH), 5.35 (d, 3Jyy = 3.2 Hz,
1H, CH), 4.93 (s, 2H, CH>), 414 (q, 3Jyy = 7.1 Hz, 2H, CH,CHs),
3.78 (s, 3H, OCH3), 3.38 (s, 3H, NCH3), 1.20 (t, 3Jyy = 7.1 Hz,
3H, CH,CH3). 13C NMR (101 MHz, CDCl3): 8¢ 164.8, 159.4, 153.6,
146.1, 134.7, 127.6 (2C), 114.2 (2C), 107.1, 60.9, 55.3, 53.4, 37.5, 29.4,
14.1. ESI-HRMS (m/z) calculated for C;gHqCIN;O4: 339.1111, found:
339.1157 [M + H]*.

Ethyl 6-(chloromethyl)—4-(4-fluorophenyl)—2-o0xo-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (4c): White crystals, Yield
88.0%. m.p. 154-157 °C. FT-IR: v (cm~!) = 3356 (N-H), 1683
(C = 0, ester), 1639 (C = 0, amide). '"H NMR (400 MHz, DMSO-
dg): 8y 9.55 (d, 3Jyy = 2.0 Hz, 1H, NH), 7.87 (dd, 3Jyg = 3.4,
1.9 Hz, 1H, NH), 7.32 - 7.24 (m, 2H, ArH), 7.21 - 713 (m, 2H, ArH),
5.20 (d, 3Jyg = 3.4 Hz, 1H, CH), 4.77 (d, 2Jyy = 10.6 Hz, 1H, CH,),
4.58 (d, 2Jyy = 10.7 Hz, 1H, CH,), 4.03 (qd, 3Jyy = 7.1, 1.8 Hz, 2H,
CH,CH3), 110 (t, 3Jyy = 7.1 Hz, 3H, CH,CH3). 13C NMR (101 MHz,
DMSO-dg) 8¢ 164.6, 162.0 (d, 'Jor = 243.6 Hz), 152.4, 146.6,
140.6 (d, 4Jcr = 3.0 Hz), 128.8 (2C, d, 3J = 8.4 Hz), 115.8 (2C, d,
2Jcg = 21.3 Hz), 102.1, 60.5, 53.7, 14.3. ESI-HRMS (m/z) calculated
for C14H;5CIFN,03: 313.0755, found: 313.0757 [M + H]*.

Ethyl 6-(chloromethyl)—4-(4-fluorophenyl)—1-methyl-2-o0xo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate  (4d): White crystals,
Yield 92.2%. m.p. 158-160 °C. FT-IR: v (cm~!) = 3351 (N-H),
1672 (C = 0, ester), 1627 (C = O, amide). 'H NMR (400 MHz,
CDCl3): 8y 7.24 (dd, 3Jyy = 8.6, *Jyr = 5.3 Hz, 2H, ArH), 7.01 (t,
3unnr = 8.7 Hz, 2H, ArH), 621 (d, 3Juyy = 3.4 Hz, 1H, NH), 5.41

(d, 3Jqy = 3.4 Hz, 1H, CH), 5.00 (d, 2Jyy = 11.9 Hz, 1H, CH,), 4.92
(d, 2Jyy = 11.8 Hz, 1H, CH;), 417 (q, 3Jyy = 7.1 Hz, 2H, CH,CH3),
3.40 (s, 3H, NCH3), 1.22 (t, 3Jyy = 7.2 Hz, 3H, CH,CH3). 13C NMR
(101 MHz, CDCl3): 8¢ 164.6, 162.5 (d, !Jop = 246.9 Hz), 153.6,
146.6, 138.3 (d, 4Jcp = 3.2 Hz), 128.1 (2C, d, 3Jz = 8.3 Hz), 115.8
(2C, d, 3Jcr = 21.6 Hz), 106.8, 61.1, 53.2, 37.4, 29.5, 14.0. ESI-HRMS
(m/z) calculated for CysHq7CIFN,053: 327.0912, found: 327.0944
[M + H]*.

Methyl 6-(chloromethyl)—4-(4-methoxyphenyl)—2-ox0-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (4e) White solid, Yield 84.6%.
m.p. 98-100 °C. FT-IR: v (cm~!) = 3223 (N-H), 1689 (C = O, ester),
1645 (C = 0, amide). 'H NMR (400 MHz, DMSO-dg) 8y 9.48 (d,
4Jun = 2.0 Hz, 1H, NH), 7.77 (t, 34y = 2.7 Hz, 1H, NH), 7.16 (d,
3Juu = 8.7 Hz, 2H, ArH), 6.88 (d, 3Jyy = 8.7 Hz, 2H, ArH), 5.13 (d,
3Jun = 3.3 Hz, 1H, CH), 4.75 (d, 2Jgy = 10.7 Hz, 1H, CH,), 4.60 (d,
2Jun = 10.7 Hz, 1H, CHy), 3.71 (s, 3H, OCH3), 3.57 (s, 3H, OCH3).
13C NMR (101 MHz, DMSO-dg) 8¢ 165.2, 159.1, 152.6, 146.5, 136.3,
127.9 (2C), 1144 (2C), 102.2, 55.5, 53.5, 51.9, 36.6. ESI-HRMS (m/z)
calculated for C14H5CIN;O4: 311.0798, found: 311.0820 [M + H]*.

Methyl  6-(chloromethyl)—4-(4-methoxyphenyl)—1-methyl-2-oxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate (4f): White crystals, Yield
85.6%. m.p. 174-177 °C. FI-IR: v (cm~!) = 3414 (N-H), 1682
(C = 0, ester), 1616 (C = 0, amide). 'H NMR (300 MHz, CDCl;)
8u 716 (d, 3Jyy = 8.4 Hz, 2H, ArH), 6.83 (d, 3Jyy = 8.4 Hz, 2H,
ArH), 5.79 (d, 3Jqy = 3.2 Hz, 1H, NH), 5.34 (d, 3Jyy = 3.1 Hz, 1H,
CH), 4.96 (d, 2Jyy = 11.7 Hz, 1H, CH,), 491 (d, 2Jyy = 119 Hz, 1H,
CH,), 3.78 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 3.38 (s, 3H, NCH3).
13C NMR (101 MHz, CDCl3) 8¢ 165.3, 159.4, 153.7, 146.5, 134.6,
127.5(2C), 114.2 (2C), 106.8, 55.3, 53.1, 51.9, 37.5, 29.4. ESI-HRMS
(m/z) calculated for Cy5H;gCIN;O4: 325.0955, found: 325.0961
[M + HI*.

Methyl 6-(chloromethyl)—4-(4-fluorophenyl)—2-o0xo0-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (4 g) White solid, Yield 79.9%.
m.p. 182-184 °C. FT-IR: v (cm~!) = 3234 (N-H), 1691 (C = O,
ester), 1645 (C = 0, amide). 'H NMR (300 MHz, DMSO-dg) 8y 9.55
(s, 1H, NH), 7.87 (d, 3Jyy = 3.4 Hz, 1H, NH), 7.28 (dd, 3}y = 8.6,
4Jyr = 5.5 Hz, 2H, ArH), 7.16 (t, 3Jyuur = 8.8 Hz, 2H, ArH), 5.21
(d, 3Jyy = 34 Hz, 1H, CH), 477 (d, %Jyy = 10.8 Hz, 1H, CH,),
4.58 (d, %Jyy = 10.8 Hz, 1H, CH,), 3.57 (s, 3H, OCH3). 13C NMR
(75 MHz, DMSO-dg) 8¢ 165.1, 162.0 (d, Jor = 243.6 Hz), 152.5,
146.8, 140.4 (d, 4Jcz = 3.0 Hz), 128.7 (2C, d, 3Jcr = 8.3 Hz), 115.9
(2C, d, 2Jcp = 21.5 Hz), 101.9, 53.5, 52.0 (d, 2jcy = 4.10 Hz), 39.7.

Methyl 6-(chloromethyl)—4-(4-fluorophenyl)—1-methyl-2-oxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate (4 h) White solid, Yield
87.2%. m.p. 139.142 °C. FT-IR: v (cm~!) = 3285 (N-H), 1681 (C = O,
ester), 1655 (C = O, amide). TH NMR (300 MHz, CDCl3) 8y 7.21
(dd, 3Juy = 8.6, 4Jyr 5.3 Hz, 2H, ArH), 6.99 (t, *Jyyur = 8.7 Hz, 2H,
ArH), 5.97 (d, 3Jyy = 3.2 Hz, 1H, NH), 5.38 (d, 3Jyy = 3.4 Hz, 1H,
CH), 498 (d, ZJHH =118 Hz, lH, CHz), 4.89 (d, ZJHH =119 Hz, 1H,
CH,), 3.70 (s, 3H, OCH3), 3.38 (s, 3H, NCH3). 13C NMR (101 MHz,
CDCl3) 8¢ 165.1, 162.5 (d, Jog = 247.0 Hz), 153.5, 147.0, 138.2
(d, ¥ = 3.2 Hz), 128.0 (2C, d, 3J = 8.2 Hz), 1159 (2C, d,
2Jcp = 21.5 Hz), 106.4, 53.1, 52.0, 37.4, 29.5. ESI-HRMS (m/z) calcu-
lated for C14H;5CIFN,05: 313.0755, found: 313.0835 [M + H]*.

4.3. General procedure for the azidation of 4e-h using 4f as an
example

Sodium azide (2.97 mmol, 0.19 g) was added to dry DMF
(55.0 mL) under nitrogen. To this mixture was added a solu-
tion of 4e (2.70 mmol, 0.88 g) in 10.0 mL dry DMEF. The result-
ing mixture was stirred overnight under nitrogen at room tem-
perature. The reaction mixture was poured into distilled water
(100.0 mL) and extracted with EtOAc (3 x 25.0 mL). The combined
organic layers were washed with brine (25.0 mL) and distilled wa-
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ter (5 x 25.0 mL), dried with MgSOy, filtered and concentrated in
vacuo to give the pure product.

Methyl 6-(azidomethyl)—4-(4-methoxyphenyl)—2-0xo0-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (5e) White solid. Yield 92.7%.
m.p. 129-132 °C. FT-IR: v (cm~!) = 3218 (N-H), 2101 (N3), 1689
(C = 0, ester), 1646 (C = 0, amide). '"H NMR (300 MHz, DMSO-dg)
Su 943 (s, 1H, NH), 7.81 (d, 3Jyy = 3.2 Hz, 1H, NH), 717 (d,
3Juy = 8.6 Hz, 2H, ArH), 6.88 (d, 3Jyy = 8.6 Hz, 2H, ArH), 5.15 (d,
3Juu = 3.3 Hz, 1H, CH), 4.46 (d, 2Jyy = 12.9 Hz, 1H, CH;), 4.33 (d,
2Jun = 12.9 Hz, 1H, CHy), 3.71 (s, 3H, OCH3), 3.57 (s, 3H, OCH3).
13C NMR (101 MHz, DMSO-dg): 8¢ 165.6, 159.1, 152.4, 144.9, 136.5,
127.9 (2C), 114.3 (2C), 102.7, 55.5, 53.7, 51.8, 48.5. ESI-HRMS (m/z)
calculated for C14HgN504: 318.1202, found: 318.1245 [M + H]*.

Methyl  6-(azidomethyl)—4-(4-methoxyphenyl)—1-methyl-2-oxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate (5f) White crystals,Yield
93.4%. m.p. 128-131 °C. FI-IR: v (cm~!) = 3202 (N-H), 21,141
(N3), 1678 (C = O, ester), 1627 (C = O, amide). 'H NMR (300 MHz,
CDC13) (SH 7.18 (d, 3]].".[ =84 Hz, 2H, AI'H), 6.84 (d, 3_]]_".[ = 8.6 HZ,
2H, ArH), 5.75 (d, 3Jyy = 3.2 Hz, 1H, NH), 5.37 (d, 3Jyy = 3.0 Hz,
1H, CH), 4.73 (d, 2Jyy = 13.6 Hz, 1H, CHy), 4.44 (d, 2Jyy = 13.6 Hz,
1H, CH,), 3.78 (s, 3H, OCHs3), 3.69 (s, 3H, OCH3), 3.28 (s, 3H,
NCH3). 3C NMR (101 MHz, CDCl3) 8¢ 165.7, 159.5, 153.5, 144.7,
134.6, 127.5 (2C), 114.2 (2C), 107.9, 55.3, 53.5, 51.9, 46.5, 29.9. ESI-
HRMS (m/z) calculated for Ci5HgN504: 332.1359, found: 332.1353
[M + H]*.

Methyl 6-(azidomethyl)—4-(4-fluorophenyl)—2-oxo-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (5 g) White crystals, Yield
97.4%. m.p. 136-139 °C. FT-IR: v (cm~!) = 3226 (N-H), 2098 (N3),
1694 (C = O, ester), 1648 (C = O, amide). '"H NMR (300 MHz,
DMSO-dg) 8y 9.53 (s, 1H, NH), 7.91 (d, 3Jyyq = 3.3 Hz, 1H, NH), 7.30
(dd, 3.]HH = 85, 4_]].": =55 HZ, 2H, AI'H), 718 (t, 3.]HH,HF = 8.7 HZ,
2H, ArH), 5.22 (d, 3Jyy = 3.3 Hz, 1H, CH), 449 (d, 2Jyy = 12.9 Hz,
1H, CH,), 4.33 (d, 2Jyy = 12.9 Hz, 1H, CH,), 3.59 (s, 3H, OCHj3).
13C NMR (75 MHz, DMSO-dg) 8¢ 165.5, 162.0 (d, 'jcr = 243.7 Hz),
152.3, 145.3, 140.6 (d, 4Jcz = 3.0 Hz), 128.7 (2C, d, 3Jcr = 8.3 Hz),
115.8 (2C, d, 3Jcr = 21.6 Hz), 102.3, 53.7, 51.9 (d, %Jon = 5.1 Hz),
48.5. ESI-HRMS (m/z) calculated for C13H;3FN503: 306.1002, found:
306.1021 [M + H]*.

Methy! 6-(azidomethyl)—4-(4-fluorophenyl)—1-methyl-2-oxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylate (5 h) White crystals,
Yield 95.6%. m.p. 123-126 °C. FT-IR: v (cm~!) = 3206 (N-H), 2110
(N3), 1689 (C = 0, ester), 1626 (C = 0, amide). "H NMR (300 MHz,
DMSO-dg) 8y 8.16 (d, 3Jyy = 3.8 Hz, 1H, NH), 7.30 (dd, 3}y = 8.5,
44k 5.5 Hz, 2H, ArH), 718 (t, 3Juynr = 8.7 Hz, 2H, ArH), 5.22 (d,
3Jun = 3.8 Hz, 1H, CH), 4.70 (s, 2H, CH,), 3.64 (s, 3H, OCH3), 3.35
(s, 3H, NCH3). 3C NMR (75 MHz, DMSO-dg): 8¢ 165.9, 162.0 (d,
1Jep = 243.7 Hz), 153.2, 146.4, 139.7 (d, #Jc¢ = 3.1 Hz), 128.6 (d,
3Jcp = 8.3 Hz, 20), 115.9 (d, %J¢ = 21.3 Hz, 2C), 106.5, 52.3, 52.2,
46.6, 29.8. ESI-HRMS (m/z) calculated for Ci4H15FN503: 320.1159,
found: 320.1142 [M + H]*.

4.4. X-ray crystallography

Single crystal diffraction experiments of compounds 4a, 4c, 4d,
4f, 5 g, and 5 h were performed using Quazar multi-layer optics
monochromated Mo Ko radiation (k = 0.71069 A) on a Bruker D8
Venture kappa geometry diffractometer with duo Ius sources, a
Photon 100 CMOS detector and APEX III control software [30]. Data
reduction was performed using SAINT+ [30], and the intensities
were corrected for absorption using SADABS [30]. Single crystals of
4b and 5f were analysed on a Rigaku XtaLAB Synergy R diffrac-
tometer, with a rotating-anode X-ray source and a HyPix CCD de-
tector. Data reduction and absorption were carried out using the
CrysAlisPro (version 1.171.40.23a) software package [31]. All X-ray
diffraction measurements were performed at 150(1) K, using an
Oxford Cryogenics Cryostat. All structures were solved by direct

methods with SHELXS-2013 [32] using the OLEX2 [33] interface.
All H atoms were placed in geometrically idealised positions and
constrained to ride on their parent atoms. For data collection and
refinement parameters, see the SI (Tables S1-S3). The X-ray crys-
tallographic coordinates for all structures have been deposited at
the Cambridge Crystallographic Data Centre (CCDC), with deposi-
tion numbers CCDC 1,980,412-1,980,419. The data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
viawww.ccdc.cam.ac.uk/data_request/cif.

4.5. Computational chemistry methods

All calculations were carried out using Density Functional The-
ory (DFT) using the B3LYP-D3 (B3LYP with the Grimme empiri-
cal dispersion correction D3) hybrid functional [34,35], as imple-
mented in the Gaussian 09 package [36]. The triple-¢ basis set
def2-TZVPP [37] was used for all atoms (C, H, N, O, F, Cl). The ge-
ometries of all compounds were fully optimised without any sym-
metry restrictions, ensuring that the local minima had zero imagi-
nary vibrational frequencies and to provide the thermal correction
to free energies at 298.15 K and 1 atm. All calculations were per-
formed in either chloroform (¢ = 4.71) or DMSO (¢ = 46.83) as
solvents and corresponds to the solvent that a specific compound
was dissolved in as part of the NMR studies. Simulated NMR spec-
tra were calculated using the same level of theory and respective
implicit solvent model using the GIAO method [38]. The relative
'H and 13C chemical shifts (8y, 8¢) were estimated by using the
corresponding TMS shielding calculated at the same level of the-
ory and again using the same implicit solvent model. The implicit
solvent Polarizable Continuum Model (PCM) [39] that uses the in-
tegral equation formalism variant (IEFPCM) [40] was used for sol-
vent calculations in Gaussian. All energies used and reported in
this work are zero point vibrational-corrected.
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