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SYNTHESIS, CRYSTAL STRUCTURE AND DFT STUDY
OF NOVEL (28,2'S,6R,6'R)-4,4'-(6-BROMOPYRIDO[2,3-d]
PYRIMIDINE-2,4-DIYL)BIS(2,6-DIMETHYLMORPHOLINE)*

Y.-M. Chen"***, D.-M. Chen'?, Q.-M. Wu'?,
W.-J. Ye'?, C.-S. Zhao'?, W.-K. Liao’, and
Z.-X. Zhou'**

(25,2'S,6R,6'R)-4,4'-(6-Bromopyrido[2,3-d]pyrimidine-2,4-diyl)bis(2,6-dimethylmorpholine) is a novel
organic intermediate having pyrido[2,3-d]pyrimidine. It is synthesized by four steps and confirmed by 'H
and “C NMR and FTIR spectroscopy and MS. Meanwhile, the single crystal of the title compound is
subjected to the crystallographic analysis and the conformation determination. Moreover, density functional
theory (DFT) is used to calculate the optimized structures of the molecule which are compared with the
X-ray measurement. The result of the molecular structure optimized by DFT is consistent with the crystal
structure determined by single crystal X-ray diffraction. Finally, in order to further investigate some
physical properties of the title compound by the B3LYP/6-311G(2d.,p) method, the molecular electrostatic
potential and frontier molecular orbitals are calculated. The calculated and experimental data show that the
title compound has good chemical stability and nucleophilic reactivity. Hirshfeld surface analyses can
explain the atom pair contacts of the crystal and the quantitative analysis of intermolecular interactions is

performed.
DOI: 10.1134/S0022476621100036

Keywords: pyrido[2,3-d]pyrimidine, synthesis, crystal diffraction, DFT.

INTRODUCTION

Pyrido[2,3-d]pyrimidine derivatives are a class of compounds with potential biological and pharmacological
activities. Compounds bearing a pyrido[2,3-d]pyrimidine scaffold possess a wide range of biological properties, such as
antitumoral [1], antiviral [2], antiproliferative [3], antihypertensive [4], cardiotonic [5], antifungal [6], anti-inflammatory [7],
and antihistaminic [8]. Some pyrido[2,3-d]pyrimidine derivatives have been confirmed to have biological activities. For
instance, compound 2 [9] can inhibit breast cancer cells, compound 3 [10] was found to have an excellented antimicrobial
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Fig. 1. Structures of pyrido[2,3-d]pyrimidine derivatives.

activity; compound 4 [11] showed significant potent analgesic activities; and compound 5 [12] exhibited a superior antitumor
activity (Fig. 1). Now, a number of pyrido[2,3-d]pyrimidine compounds with a high activity and a high selectivity, which can
be developed as medicines or pesticides, are also constantly being discovered. The synthesis and research of pyrido[2,3-
d]pyrimidine derivatives are in the ascendant in the chemical circles at home and abroad. This is a very meaningful subject
with good application prospects. We believe that in the near future, pyrido[2,3-d]pyrimidine compounds will occupy a very
important position in the field of organic synthesis and related research.

At present, there have been many reports on the research of pyrido[2,3-d]pyrimidine derivatives, but crystal
structure studies of pyrido[2,3-d]pyrimidine derivatives have never been reported. We studied the crystal structures of
pyrido[2,3-d]pyrimidine derivatives, which are of great significance for the development of medicine. In this study we
designed and synthesized (2S5,2'S,6R,6'R)-4,4'-(6-bromopyrido[2,3-d]pyrimidine-2,4-diyl)bis(2,6-dimethylmorpholine) (1),
a novel pyrido[2,3-d]pyrimidine compound, by substitution and cyclization reactions (Scheme 1). Its structure was confirmed
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Scheme 1. Synthetic route for 1.

by 'H and ">C NMR, FTIR spectroscopy and MS. In addition, the crystal structure of title compound 1 was confirmed by
X-ray diffraction (XRD) and subjected to the conformational analysis. Moreover, density functional theory (DFT) was used
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to calculate the optimized structure of the molecule, which was compared with the X-ray measurement. The results showed
that the molecular structure optimized by DFT is consistent with the crystal structure determined by single crystal XRD.

EXPERIMENTAL

General remarks

All the chemicals and reagents used were purchased from commercial supplies. Using TMS as an internal standard,
'H and "*C NMR spectra (400 MHz) spectra were recorded in the DMSO-dj solvent on a JEOL-ECX NMR spectrometer. MS
studies were conducted on an Agilent 1100 organic mass spectrometer. The IR spectrum of compound 1 was recorded in the
range of 4000-400 cm ™' on a Bruker IFS-55V IR spectrometer (Bruker, Germany). The XRD data were collected on a Bruker
APEX 11 X-diffractometer with graphite monochromatized K, radiation (A = 0.71073 A). The reactions mentioned here were
monitored by TLC. The crude products synthesized were purified by recrystallization and column chromatography. TLC was
performed on GF254 silica gel.

Synthetic procedure

Synthesis of 2-amino-5-bromonicotinic acid (7). 2-Aminonicotinic acid (100 g, 724 mmol) and glacial acetic acid
(500 mL) were added to a 1000-mL three-necked flask in an ice-water bath at 0 °C. Then liquid bromine (37.1 mL,
724 mmol) was slowly added dropwise with stirring. After the completion of the dropwise addition, the reaction solution was
heated to room temperature and refluxed for 5 h. The yellow solid precipitated in the reaction was filtered. The filter cake
was washed with glacial acetic acid (100 mL). Then glacial acetic acid in the product was washed away with water (50 mL)
to obtain 7 (151.1 g, yield 93.8%) as a white solid.

Synthesis of 6-bromopyrido|2,3-d]pyrimidine-2,4-diolee (8). Compound 7 (100 g, 461 mmol) and urea (276.7 g,
4610 mmol) were added to a 1000-mL three-necked flask. After stirring for 6 h at 160 °C, the reaction solution was cooled to
100 °C and quenched by adding water. At this temperature excess urea in the reaction solution was dissolved. A large amount
of a white solid precipitated out when the reaction mixture was cooled to room temperature. Then, it was filtered, the filter
cake was washed with saturated NaOH (150 mL), proper glacial acetic acid was added to the filtrate, and pH was adjusted to
6 to 7. After filtration, the filter cake was dried to obtain compound 8 (103.2 g, yield 93.8%) as a white solid.

Synthesis of 6-bromo-2,4-dichloropyrido[2,3-d]pyrimidine (9). Compound 8 (80g, 330.5 mmol) and
chlorobenzene (200 mL) were added to a 1000-mL three-necked flask. Subsequently, N,N-diisopropylethylamine (8.5 g,
66.1 mL) and POCI; (308.1 mL, 3305 mmol) were slowly added to the flask. Then the reaction was stirred for 12 h at 110 °C
under nitrogen. The reaction mixture was poured into ice water (150 mL) to afford a black solid. Then, it was filtered, the
filter cake was washed with CH,Cl,, proper saturated NaHCO; was added to the filtrate, and pH was adjusted to 8. The mixed
solution was extracted with CH,Cl, (100 mLx3). The extraction fluid was purified by silica gel column chromatography
(CH,Cl, as eluent) to obtain compound 9 (68.1 g, yield 73.3%) as a brown-red solid.

Synthesis of (2S,2'S,6R,6'R)-4,4'-(6-bromopyrido[2,3-d]pyrimidine-2,4-diyl)bis(2,6-dimethylmorpholine) (1).
(2R,65)-2,6-Dimethylmorpholine (12.4 mL, 106.7 mmol) was slowly added dropwise to a solution of compound 9 (15 g,
53.8 mmol) and triethylamine (16.3 g, 161.4 mmol) in CH,Cl, (30 mL) in MeOH (200 mL). After stirring for 2 h at room
temperature and quenching with water, the reaction solution was filtered. The filter cake was dried to obtain title compound 1
(21.4 g, yield 92.5%) as a yellow solid. 'H NMR (400 MHz, DMSO-d;) & 8.72 (s, 1H, 2-CH), 8.28 (s, 1H, 4-CH), 4.59 (d,
J=11.5Hz, 2H, 9-CH, 11-CH), 4.09 (d, J=12.8 Hz, 2H, 8"-CH, 12"-CH), 3.70 (s, 2H, 14"-CH, 18"-CH), 3.55 (s, 2H,
15-CH, 17-CH), 2.91 (t, J=11.7 Hz, 2H, &'-CH, 12'-CH), 2.58 (d, J=12.0 Hz, 2H, 14'-CH, 18'-CH), 1.15 (dd, J=12.8,
6.1 Hz, 12H, 10-CH, 13-CH, 16-CH,19-CH). *C NMR (100 MHz, DMSO-d,) & 164.26 (C6), 161.06 (C7), 159.45 (C5),
156.11 (C2), 136.52 (C3), 109.69 (C1), 106.97 (C4), 71.53 (C9, C11), 71.21 (C15, C17), 54.74 (C8, C12), 49.48 (C14, C18),
19.21(C10, C13), 19.07 (C16, C19). MS (ESI): m/z = 437.1389 [M+H]".
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X-ray crystal structure description

The crystals of title compound 1 were obtained by solvent evaporation. An appropriate amount of title compound 1
as a light yellow powder was dissolved in acetone/DMF and filtered. The filtrate was placed into the sample tube, and the
tube mouth was covered with a plastic film with several small holes. After a period of time, the solvent was slowly
evaporated at room temperature, and a single crystal of title compound 1 was obtained. The colorless transparent crystal with
dimensions of 0.15x0.08x0.05 mm was selected and placed on the Bruker APEX II diffractometer for data collection. Using
graphite monochromatized MoK, radiation (A =0.71073 A), 15435 diffraction spots of 4.006° to 52.044° (index ranges:
—11<h<11,-15<k< 14,22 <1<21) were collected at 170.0 K by ®/20 scanning; 3924 were independent (R;, = 0.0864,
R;=10.0875), out of which 2186 were observed with /> 2c(/). The crystal was kept at 170.0 K during data collection. Using
Olex2 [13], the structure was solved with the ShelXT [14] structure solution program using Intrinsic Phasing and refined with

the ShelXL [15] refinement package with the least squares minimization. Final R=0.0639 and wR=0.1831
(w=1/[c"(Fg)+(0.0758P)> +3.0949P], where P=(Fg +2F.)/3, (A/G)max=0.000, S=1.032, (Ap)msy=0.601 and

(AP)min = —0.508 e/A’.
The single crystal XRD data for compound 1 have been deposited with the Cambridge Crystallographic Data Center
(CCDC 2060554). It can be freely obtained through the request at the website: www.ccdc.cam.ac.uk/data_request/cif.

DFT calculation

In order to verify the reliability of the XRD crystal data, we used the Gauss09 software package to perform the DFT
calculation in the ground state (vacuo). Based on the optimized structures, geometrical, electronic, and energy parameters

were excerpted from the GuassView 5.0 program [16].
RESULTS AND DISCUSSION

Synthesis and characterization

Title compound 1 was obtained in four steps: substitution, cyclization, substitution, and again substitution. Its
structure was confirmed by 'H and >C NMR, FTIR spectroscopy and MS, which is shown in Supporting Materials S1-S4
(Supplementary Materials).

Crystallographic analysis

In order to further understand the structural characteristics of compound 1, it was analyzed by XRD. The measured
values show that compound 1 has the monoclinic system with the P2,/n space group (unit cell dimensions: a = 9.2481(7) A,
b=12.4782(10) A, ¢ =17.8247(14) A). Experimental and DFT-optimized crystal structures of compound 1 are shown in
Fig. 2. Crystal data and structure refinement for compound 1 are shown in Supporting Materials (Table S1, Supplementary
Materials).

Bond lengths, bond and torsion angles in the crystal structure are within the normal range (Table S2, Supplementary
Materials). From these data we can clearly see that the bond lengths, bond and torsion angles from the XRD data and
calculated by DFT are different. This is because the DFT calculation is performed for a single molecule, and the X-ray crystal
will be affected by the interaction between other molecules. The dihedral angle of the 2-substituted 2,6-dimethylmorpholine
ring plane and the pyrido[2,3-d]pyrimidine ring plane is 8.57°, and the dihedral angle of the pyrido[2,3-d]pyrimidine ring
plane and the 4-substituted 2,6-dimethylmorpholine ring plane is 53.81°, which indicate that 2,6-dimethylmorpholine and the
pyrido[2,3-d]pyrimidine ring planes are not in the same plane.

The crystal molecular packing of compound 1 was formed by hydrogen bonds and n—n stacking interactions (Fig. 3).
In the hydrogen bonded crystals, the bonding force mainly depends on the hydrogen atom and the two atoms with a large

electronegativity and a small atomic radius to form X—H---Y. The hydrogen bond in the molecular structure of compound 1
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Fig. 3. Crystal structure stacking (a) and hydrogen bonding (b)
diagrams of 1.

includes two intermolecular C11-H11---N1 (2.60 A), C17-H17---N1 (2.62 A) hydrogen bonds and intramolecular C14—
H14A---N4 (2.33 A) hydrogen bonds (Table 1). It is worth noting that the crystal packing is further stabilized by two weak
n—n stacking interactions (dc, ¢, = 3.523 A) between N1-C2-C1-C3-C4-C5 and N2-C5-C4-C6-N4—C7. The sum of these

interactions results in the formation of a three-dimensional framework (Fig. 3).
Conformational determination

A reliable conformational analysis can enable us to further investigate the physical and chemical properties of
compound 1. We first used the Spartan08 program [17] with a molecular mechanics force field (MM FF) [18, 19] to search
for the initial conformation of compound 1, which was geometrically optimized and frequencies were calculated using
DFT/B3LYP/6-311G** in the Gaussian09 package [16]. According to the relative free energy, we predicted the percentage of
each conformation in a mixture equilibrated at room temperature. Table 2 shows the Gibbs free energy (G), the relative Gibbs
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TABLE 1. Hydrogen Bond Geometry of 1

D-H---4 d(D-H), A d(H---4), A dD---4), A Z(D-H---4), deg
Cl1-H11---N1" 1.00 2.60 3.428(12) 140
Cl14-H14A---N4 0.99 233 2.764(8) 106
C17-H17---N1% 1.00 2.62 3.482(9) 144

M, 1-y, 1—z; 7 1=, 1/2+y, 3/2—=.

TABLE 2. Gibbs Free Energy (G), Relative Gibbs Free Energy (AG) "', and Boltzmann Weighting Factor Pi ™ of the
Conformers of 1

Conformer G, kcal/mol AG, kcal/mol Pi,%
1-1 -2345602.125 0 33.83
1-2 -2345602.106 0.0195 32.73
1-3 -2345601.941 0.1845 24.70
1-4 —2345601.332 0.7932 8.74

# Related to the most stable conformer.
"2 Boltzmann weighting factor (Pi,%) based on AG.

exp(—Gi/ RT)
> exp(=Gi/ RT)

free energy (AG =exp(—(Gi/RT)), and the Boltzmann weighting factor {Pi = -100 %J of the two
conformers of compound 1.

Four conformers of compound 1 (Fig. 4) are: 1-1 (33.83%), 1-2 (32.73%), 1-3 (24.70%), and 1-4 (8.74%). The
difference between the three conformers is mainly caused by the orientation of the 4-substituted 2,6-dimethylmorpholine
ring. The C6-NS5 bond was used as a spin key to rotate the 2,6-dimethylmorpholine group by 360°, and the potential energy
surface of the molecule was scanned (Fig. 5). It is interesting that conformers 1-2 (32.83%), 1-3(24.70%), and 1-4 (8.74%)
belong to one local minimum.

The DFT-optimized structure was compared with the experimental crystal structure of compound 1. The crystal
conformation obtained by XRD (Fig. 2) is consistent with that of conformer 1-3 calculated by DFT. For the C3—-C4-C5, C3—
C4-C6, C5—C4-C6 bond angles the experimental values are 117.8°, 126.3°, 115.6°, respectively, which are similar to the
calculated values of conformer 1-3 of 118.3521°, 125.9202°, 115.5074°. From most of the geometric parameters (bond
lengths, bond and torsion angles given in Table S2, Supplementary Materials), we can clearly see that the experimental value

of the crystal is almost the same as the calculated value of conformer 1-3.

1-1 (33.83%) 1-2 (32.73%) 1-3 (24. 70% 1-4 (8.74%)

Fig. 4. Relatively stable conformers of 1.
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Fig. 5. Potential energy surface scan curve of 1.

Molecular electrostatic potential (MEP)

In order to understand the interaction between the molecules and the reaction sites in the molecules of compound 1,
MEP of conformer 1-3 was investigated using the B3LYP/6311G (2d,p) method. Different colors indicate different
electrostatic potentials at molecular surfaces in the MEP diagram, and the electrostatic potential increases in the order
red < orange < yellow < green < blue (see the electronic version). As shown in Fig. 6, the Ol and O2 atoms in the 2,6-
dimethylmorpholine ring and the N1 and N2 atoms in the pyridine [2,3-d] pyrimidine ring of conformer 1-3 are surrounded
by a negative charge, which may become nucleophilic attack sites. Moreover, the positive charge regions were localized on

the hydrogen atoms of C12 and C18 atoms.
Frontier molecular orbitals (FMOs)

Using the B3LYP/6-311G(2d,p) method, we calculated the energies of the lowest unoccupied molecular orbital
(ELumo), the highest occupied molecular orbital (Eyomo), and their orbital energy gap (AE) to further investigate the structure
stability of conformer 1-3. FMOs and their respective positive and negative regions in red and green colors are illustrated in
Fig. 7. The Epymo and Eyonmo values are —2.0643 eV and —5.8534 eV, respectively, and their orbital energy gap is —3.7891 eV

<o |IE £ T L s

Fig. 6. MEP diagram of conformer 1-3.
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Epono = 20643 eV

AE =-3.7891 eV

Egono =—5-8534 ¢V

Fig. 7. HOMO and LUMO of conformer 1-3.
for conformer 1-3. The large HOMO-LUMO energy gap means a good chemical stability, high hardness and excitation
energy of the excited state for the calculated conformer.
Hirshfeld surface analyses
Hirshfeld surfaces analyses can clearly show the quantitative analysis of intermolecular interactions and contacts

caused by supermolecular accumulation in crystals. The d,,m Hirshfeld curvatures for conformer 1-3 were displayed using

a red-blue-white color scheme in Fig. 8a (see the electronic version), where red highlights shorter contacts, blue depicts areas

——
06 1.0 14 18 22 4, 06 10 14 18 22 d

Fig. 8. Hirshfeld surface analyses mapped with dj,om of conformer 1-3 (a); 2D fingerprint plots of conformer
1-3 resolved into H---H contacts (b), C---H contacts (c), O---H contacts (d), and N---H contacts (e).
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with no interaction contacts, and white shows contacts around the Van der Waals separation. Large red spots indicate the
existence of C-H---O and N---H hydrogen bonds on the surface. Breakdown of the Hirshfeld surfaces (fingerprint plot and
dhorm property) into the contributions from H---H (58.3%), C---H (6.2%), O---H (5.9%) and N---H (10.6%) interactions,

respectively, is shown in Fig. 8b—e.

CONCLUSIONS

In this paper, (25,2'S,6R,6'R)-4,4'-(6-bromopyrido[2,3-d]pyrimidine-2,4-diyl)bis(2,6-dimethylmorpholine) as
a novel compound was synthesized in four steps. Its structure was confirmed by 'H and *C NMR, FTIR spectroscopy, MS,
and single crystal XRD. We conducted the conformational analysis and crystallographic studies on the title compound. Their
data demonstrate an excellent correlation. The calculated data and experimental data on MEP and FMOs show that title
compound 1 has good chemical stability and nucleophilic reactivity. Hirshfeld surface analyses can explain the atomic pair
contacts of the crystal and the quantitative analysis of intermolecular interactions.
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