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Abstract

4,6-dihydroxy-2-methylpyrimidine (MPD) serves as a crucial precursor in the
pharmaceutical industry and the synthesis of organic compounds and has recently gained
attention as a key intermediate in the production of the energetic material FOX-7. A
modern synthetic approach involves the condensation of acetamidine hydrochloride
(C2HsN2-HCI) and diethyl malonate (C7H1204) in an organic alkaline medium; however,
limited data are available regarding the technological parameters that govern this process.
In this study, the Taguchi experimental design method was employed to determine the
optimal conditions for maximizing MPD yield. Validation experiments confirmed that the
optimal parameters included a sodium methoxide concentration of 18%, a reaction time of
180 minutes, and a DEM/Ace-HCI molar ratio of 1.4. Under these conditions, a maximum
MPD yield of 88.5% was achieved. The synthesized MPD was subsequently identified and
characterized through nuclear magnetic resonance (NMR) spectroscopy, Fourier-transform
infrared (FTIR) spectroscopy, and melting point determination. Additionally, powder X-ray
diffraction (PXRD) analysis was conducted, with the PXRD pattern of MPD being reported
for the first time, providing valuable structural insights into the synthesized compound.
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1. Introduction

In recent years, the development and utilization of safer explosives have been of
growing interest to many advanced nations [1]. 1,1-diamino-2,2-dinitroethylene (FOX-7),
a low-sensitivity explosive compound, was first synthesized in 1998 by the Swedish
Defence Research Agency (FOI) [2]-[4]. Since its discovery, significant attention has
been directed toward this compound by researchers [5]-[7]. Among the various
synthetic approaches investigated for FOX-7 production, the direct nitration of
4,6-dihydroxy-2-methylpyrimidine (MPD) has been recognized as a highly efficient and
safe method [8].
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The first synthesis of MPD was reported in 1940 by L. P. Ferris and A. R. Ronzio [9]
through the condensation of acetamidinium chloride (C2HsCINO) and diethyl malonate in
a sodium methoxide (CH3ONa) solution. However, several limitations were associated
with this method, including a low yield (43%), the use of C2HsCINO, which is difficult to
obtain, highly toxic, and unstable, and a prolonged reaction time of three days.

To improve synthetic efficiency and reduce production costs, a more favorable
approach has been developed using acetamidine hydrochloride (Ace-HCI) and diethyl
malonate (DEM), as outlined in the following reaction [10] (Fig. 1):
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Fig. 1. Synthesis of MPD.

This cyclization reaction takes place in an organic alkaline medium and presents
significant technological challenges. Due to its strong nucleophilic properties, sodium
methoxide (CH3ONa) has been selected as the base, as it enhances substitution at the
acyl carbon and promotes ionization, thereby facilitating the reaction [11]. Methanol has
been chosen as the solvent due to its higher dielectric constant (¢ = 33) compared to
ethanol (¢ = 24), which improves ion stabilization and increases the efficiency of
nucleophilic attack. The reaction is conducted near methanol’s boiling point (~50°C),
ensuring sufficient thermal energy to drive the process while minimizing excessive
solvent evaporation. Under these controlled conditions, an optimal balance is achieved
between reaction rate, selectivity, and overall yield.

To further enhance reaction efficiency and maximize vyield, a systematic
investigation of key technological parameters has been conducted. The study focused on
three critical factors: CH3sONa concentration (14-20 wt%), reaction time (60-240 minutes),
and the DEM/Ace-HCI molar ratio (0.8-1.4), all of which significantly influence
reaction kinetics, product selectivity, and overall yield. To optimize these conditions
while minimizing experimental complexity, the Taguchi method [12] was applied,
providing a structured and efficient experimental design approach.

For statistical reliability, three control factors were examined at three levels, and a
total of 16 experimental runs were designed using an L16(4%?) orthogonal array. The
resulting MPD was characterized using FTIR spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, and melting point determination. Additionally, powder X-ray
diffraction (PXRD) analysis was performed, with MPD's PXRD pattern being reported
for the first time, offering valuable structural insights into the synthesized compound.
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2. Experiment

2.1. Chemicals

The chemicals used in this study include acetamidine hydrochloride
(C2HeN2-HCI, 99%) and diethyl malonate (C7H1204, 99%), both sourced from Merck,
Germany; absolute methanol (CH3OH) from Fisher Scientific, USA; sodium metal (Na,
99%), hydrochloric acid (HCI, 37%), and calcium hydride powder (CaHz) from Xilong
Scientific Co., Ltd., China. The purity of all chemicals was ensured based on supplier
specifications, and they were used directly without further purification.

2.2. Design of the experiment conditions

An L16(4%*') orthogonal array was utilized to optimize reaction parameters,
incorporating three control factors at four levels. These factors included sodium
methoxide concentration, reaction time, and the DEM/Ace-HCI molar ratio, each
examined at three levels, as detailed in Tab. 1. A full factorial experimental design
would necessitate 64 experiments (N = 4°). However, by employing the Taguchi
method, the experimental workload was reduced to 16 trials (N = 4%1), as outlined in
Tab. 2. Each experiment was performed in duplicate to ensure statistical reliability and
to evaluate the signal-to-noise (S/N) ratio.

Tab. 1. Control factors and levels in the Taguchi experimental design

Levels
Control factors
1 2 3 4
A. Sodium methoxide concentration (%) 14 16 18 20
B. Reaction time (minutes) 60 120 180 240
C. DEM/Ace-HCI molar ratio 0.8 1.0 1.2 14

2.3. Apparatus and procedures for the synthesis of MPD

Sodium metal is highly reactive and poses significant fire and explosion hazards upon
contact with air or water. Appropriate safety measures, including the use of safety goggles,
a face shield, and flame-resistant clothing such as a leather lab coat, are required to mitigate
risks during handling. All equipment and chemicals exposed to sodium must be thoroughly
dried, and prolonged air exposure of sodium should be avoided.

A schematic diagram of the experimental procedure is shown in Fig. 2. For the
preparation of dry methanol, the required volume was accurately measured and
transferred into a sealable glass beaker. Calcium hydride (CaH2) was added at a ratio of
10-15 g per 1000 mL of methanol, followed by stirring with a glass rod for 3-5 minutes.
The beaker was then sealed, and the mixture was allowed to stand for 3-5 hours. The
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dried methanol was subsequently decanted into a three-neck flask equipped with a
mechanical stirrer and a reflux condenser. Sodium metal was weighed based on
stoichiometric calculations to achieve the desired concentration. The sodium was cut
into small pieces (5 x 5 mm), flattened using a cylindrical metal roller on filter paper,
and gradually added to the dried methanol to generate a sodium methoxide solution.

Sodium metal

Sodium methoxide| Adjust to pH=6 with Dry under vacuum
hydrochloric acid 37% Washing water at 100°C
Crystallization Filtration and washing >

Acetamidine hydrochloride

Diethyl malonate

Synthesis
of MPD

Fig. 2. Schematic diagram of the experimental procedure.

A sequential addition of Ace-HCIl and DEM was performed into 300 mL of
sodium methoxide solution at a predefined concentration. The reaction mixture was
maintained at 50°C under continuous stirring at 300-350 rpm. Upon reaction
completion, the mixture was cooled to room temperature, and neutralization was
conducted using 37% hydrochloric acid until the pH reached 6. Subsequently, 250 mL
of distilled water was introduced, followed by stirring for 1 hour. The resulting
precipitate was filtered, washed with water, and dried under vacuum at 100°C.

The morphology of the synthesized material was examined using a standard camera
and a NIKON YS100 microscope. FTIR spectroscopy (Perkin-Elmer Spectrum 400) was
employed to identify functional groups, utilizing a wavenumber range of 400-4000 cm™.
Proton nuclear magnetic resonance (*H NMR) and carbon-13 nuclear magnetic resonance
(*3C NMR) spectra were recorded using a Bruker Avance 600 MHz spectrometer.

The melting point of MPD was determined using an EZ-Melt apparatus. An initial
estimation of the melting temperature range was obtained through differential scanning
calorimetry (DSC), and the heating temperature was subsequently set within the
predicted range, with a controlled heating rate of 5°C/min.

2.4. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) analysis was performed with a Bruker D8
Advance instrument, operating with Copper Ko radiation at a wavelength (A) of
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1.54 nm. The X-ray tube was maintained at 40 kV and 30 mA, and data collection was
conducted over a diffraction angle range (26) of 10° to 80°, with a step size of 0.01°.

3. Results and discussion
3.1. Analysis and verification of Taguchi experiments

The synthesis process of MPD was conducted twice under 16 experimental
conditions designed using the Taguchi method, with the average experimental results
presented in Tab. 2.

Tab. 2. Experimental design matrix and experimental results

Control factors Encoded
EXp. factors Yield of
No. | Sodium methoxide | Reaction time | DEM/Ace-HCI MPD (%)
concentration (%) (minutes) molar ratio X1 x2 | x3
T1 14 60 0.8 1 1 1 66.2
T2 14 120 1.0 1 2 2 74.2
T3 14 180 1.2 1|3 3 83.3
T4 14 240 1.4 1|4 | 4 83.8
T5 16 60 1.0 2 1 2 77.1
T6 16 120 0.8 2 2 1 70.5
T7 16 180 1.4 2 | 3| 4 86.3
T8 16 240 1.2 2 | 4| 3 85.7
T9 18 60 1.2 3 1 3 86.2
T10 18 120 1.4 3 2 | 4 88.0
T11 18 180 0.8 313 1 76.4
T12 18 240 1.0 3| 4| 2 81.3
T13 20 60 14 4 1 4 87.3
T14 20 120 1.2 4 | 2 3 87.0
T15 20 180 1.0 4 | 3 2 74.2
T16 20 240 0.8 4 | 4 1 69.3

The experimental data were converted into signal-to-noise (S/N) values through
Taguchi method analysis. The S/N ratio indicates the impact of noise variables on the
desired attributes. In organic compound synthesis studies, synthesis yield is selected as
the target characteristic. The obtained yield analysis follows the "larger-is-better"
criterion, where a higher value represents a higher yield. Thus, the S/N ratio is
calculated using the following formula:
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The results of calculations using Minitab software are shown in Tab. 3, Figs. 3, 4.

Table 3. Contribution range and ranking of factors to MPD synthesis yield

Control factors
Levels A. Sodium methoxide B. Reaction time C. DEM/Ace-HCI
concentration (%) (minutes) molar ratio

1 76.88 79.20 70.60

2 79.90 79.92 76.70

3 82.97 80.05 85.55

4 79.45 80.03 86.35
Range 6.10 0.85 15.75
Rank 2 3 1

Table 3 describes the range and significance level of each factor on MPD
synthesis yield. The three control factors contribute as follows: 6.10% (A), 0.85% (B),
and 15.75% (C). From this, the influence of each control factor on reaction efficiency
follows the order C > A > B. The trend of the individual effects of control factors on yield
and S/N ratio is illustrated in Figs. 3, 4.

Main Effects Plot for Means Main Effects Plot for SN ratios
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Fig. 3. Thetrend of factor influence on MPD synthesis yield. Fig. 4. The trend of factor influence on SN ratio.

The highest yield for each factor was used to determine the optimal conditions,
initially identifying A3B3C4 as the most suitable experimental setup. However, for
large-scale synthesis, economic factors needed to be considered.

To ensure the accuracy of the Taguchi experimental design, three parallel

experiments were conducted under the optimized conditions (A3B3C4). An average
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MPD vyield of 88.5% was achieved (sample T17), exceeding the results obtained from
the 16 experimental sets initially designed using the Taguchi method.

3.2. Structure determination of MPD

The MPD compound is observed as a white powder, with small and uniform
crystalline particles under a microscope (Fig. 5). The average particle size is measured
to be approximately 5 um using ImageJ software [13]. The MPD sample synthesized
under condition T17 is subjected to melting point determination, followed by
characterization through FTIR spectroscopy and NMR spectroscopy. The melting point
of MPD is also confirmed.

Fig. 5. Images of the MPD product: (a) as observed with the naked eye
and (b) under a microscope at x300 magnification.

3.2.1. FTIR spectral analysis

The FTIR spectrum of the solid MPD product (KBr disk) is shown in Fig. 6, with
the following peaks observed: 3461 cm™, corresponding to the O-H stretching vibration;
3088 cm™*, which may be attributed to the sp? C-H stretching vibration of the pyrimidine
ring; 2800 cm™, potentially associated with the sp® C-H stretching vibration of the
-CHs group; 1693 cm™ and 1643 cm™, assigned to the C=N stretching vibrations
characteristic of the pyrimidine ring; 1578 cm, which may correspond to C=C bond
vibrations within the heterocyclic system; 1219 cm, possibly indicating C-O stretching
vibrations associated with alcohol or phenol-like hydroxyl groups; and the region
between 600-900 cm™, where out-of-plane C-H bending vibrations of the pyrimidine
ring may be present.

When compared to the infrared spectrum of 4,6-dihydroxy-2-methylpyrimidine
reported in the literature [11], [14], consistent functional groups are observed,
confirming that the synthesized product is 4,6-dihydroxy-2-methylpyrimidine.
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Fig. 6. FT-IR spectra of the MPD sample: (a) obtained under condition T17
and (b) reference spectrum from [14].

3.2.2. (*H, 3C)-NMR spectral analysis
For structural analysis, the synthesized product is dissolved in deuterated
dimethyl sulfoxide (DMSO-D6) and examined using nuclear magnetic resonance

spectroscopy (H-NMR, ¥C-NMR). The NMR spectra of the MPD product are
shown in Figs. 7, 8.
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Fig. 7. *H NMR spectrum of the MPD. Fig. 8. *C NMR spectrum of the MPD.
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In the *H-NMR spectrum (Fig. 7), chemical shifts are observed at § = 2.23, 4.99,
and 11.72 ppm, corresponding to hydrogen atoms in the -CHs, -CH, and -OH positions,
respectively. The *H-NMR spectrum is in complete agreement with published data [11].
The 3C-NMR spectrum (Fig. 8) shows chemical shifts at § = 165.91, 159.37, 86.47, and
20.03 ppm, which are assigned to carbon atoms at positions C(2,4), C(6), C(3), and
C(7), respectively. The C-NMR spectrum is in complete agreement with published
data [15].

3.2.3. Melting point determination of MPD

The melting point of the MPD sample (T17) is presented in Tab. 4. Consistency
with reported values from the CAS database [16] was observed. A deviation within
+5°C was noted, which can be attributed to the heating rate of 5°C/min used in the
measurement process.

Tab. 4. Melting point measurement results of the MPD sample

Exp. No. Value (°C) Reference [16]
1 365
360°C
2 360
(CAS 40497-30-1)
3 365
Mean value 363.3

3.3. Powder X-ray diffraction analysis

The powder X-ray diffraction (PXRD) patterns of MPD were recorded over a 26
range of 10-80° (Tab. 5 and Fig. 9). Tab. 5 presents the PXRD peak values of MPD,
which were calculated using X'Pert HighScore Plus software [17]. A total of 18
characteristic diffraction peaks were identified, with the corresponding d-spacing values
(d), full width at half maximum (FWHM), and average crystallite size determined using
the Scherrer equation.

The positions of the intensity peaks were identified, along with their FWHM and
d-spacing values. A reflection peak was observed at 26 = 27.24°, corresponding to a
d-spacing value of 32.71 nm and a grain size of 23.14 nm.

94



Journal of Science and Technique - ISSN 1859-0209

1800

1600 —
1400 —
1200 —
1000 —
800 —
600 —
400 —

200 +

Aas

W

10 20

T T T
30 40

[°2Theta]

60

Fig. 9. PXRD pattern of MPD.

Tab. 5. PXRD data of the MPD

80

No. Angle in 20 d value in nm FWHM Grain size in nm
1 12.30 71.92 0.335 23.85
2 13.67 64.74 0.345 23.20
3 15.29 57.89 0.327 24.54
4 17.44 50.80 0.318 25.27
5 18.47 47.99 0.311 25.86
6 19.37 45.78 0.289 27.91
7 20.62 43.04 1.002 8.06
8 23.84 37.30 0.442 18.38
9 24.76 35.93 0.332 24.51
10 27.24 32.71 0.316 25.88
11 29.34 30.42 0.347 23.69
12 30.74 29.07 0.334 24.66
13 35.35 25.37 0.537 15.54
14 37.94 23.69 0.331 25.41
15 40.07 22.48 0.422 20.03
16 41.51 21.74 0.494 17.19
17 54.62 16.79 0.355 25.19
18 56.21 16.35 0.242 37.29
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4. Conclusion

In this study, the Taguchi experimental design method was utilized to determine
the optimal reaction conditions for the condensation of Ace-HCI and DEM in a sodium
methoxide medium for MPD synthesis. The reaction temperature was maintained at
50°C, and the optimal synthesis parameters were identified as follows: sodium
methoxide concentration of 18%, reaction time of 180 minutes, and a DEM/Ace-HCI
molar ratio of 1.4, resulting in a maximum MPD vyield of 88.5%.

To characterize MPD, several advanced analytical techniques were applied,
including FTIR spectroscopy, NMR spectroscopy, and melting point determination. The
results confirmed that the synthesized product was MPD. Additionally, for the first
time, PXRD data for MPD were reported in this study.
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NGHIEN CUU TOI UU HOA QUY TRINH TONG HOP VA MOT SO
TINH CHAT CUA 4,6-DIHYDROXY-2-METHYL PYRIMIDINE

Nguyén Xuan Thanh?, Nguyén Trong Pail, Hoang Vin Quyén?,
Nguyén Qudc Tu', Hoang Trung Hiru?

YWién Thuéc phong Thude né, Tong cuc Cong nghiép Quoc phong
2Khoa Thiét bi dac biét, T ruong Pai hoc Ky thudt Lé Quy Pon

Tém tit: 4,6-dihydroxy-2-methylpyrimidine (MPD) 1a mét tién chat quan trong trong
nganh dugc pham va tong hop cac hop chét hitu co, déng thoi gan diy di thu hat sy quan tim
nhu mot chit trung gian trién vong trong quy trinh san xut vat liéu ning luong cao giam nhay
FOX-7. M6t phuong phap téng hop hién dai dwa trén phan Ung ngung tu gitra acetamidine
hydrochloride (CzHsN2-HCI) va diethyl malonate (C7H1,04) trong méi trudng kiém hiru co.
Tuy nhién, cac dit liéu lién quan dén thong sb cong nghé anh hudng dén hiéu suat phan tng van
con han ché. Trong nghién ctru nay, phuong phép thiét ké thi nghiém Taguchi di duogc ap dung
nham t6i vu hoa diéu kién phan tng dé nang cao hiéu suit tong hop MPD. Két qua tir cac thi
nghiém xac nhdn cho thiy cac diéu kién toi uu bao gdm: ndng d6 natri methoxide 18%, thoi
gian phan tmg 180 phut, va ti 16 mol DEM/Ace-HCI 14 1,4. Trong diéu kién nay, hiéu suit tong
hop MPD dat tdi da 88,5%. San pham MPD thu duoc di dugc dinh danh thong qua cac ky thuét
phé nhu: cong hudng tir hat nhan (NMR), hdng ngoai (FTIR) va diém néng chay. Dic biét,
phan tich nhidu xa bot tia X (PXRD) ciing lan dau tién dugc xac dinh va cong bé.

Tir khéa: 4,6-dihydroxy-2-methylpyrimidine; toi wu hod,; phwong phdp Taguchi; FOX-T.
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